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Abstract

Recycling industrial solid wastes as building materials in the construction field exhibits great environmental benefits. This
study designed an eco-friendly non-sintered brick by combining multiple industrial solid wastes, including sewage sludge,
fly ash, and phosphorus gypsum. The mechanical properties, microstructure, and environmental impacts of waste-based non-
sintered bricks (WNBs) were investigated comprehensively. The results revealed that WNB exhibited excellent mechanical
properties. In addition, steam curing could further promote the strength development of WNB. The compressive strength of
WNB with 10 wt% of sewage sludge reached 13.5 MPa. Phase assemblage results indicated that the incorporation of sewage
sludge promoted the generation of ettringite. Mercury intrusion porosimetry results demonstrated that the pore structure of
WNB varies with the dosage of sewage sludge. Life-cycle assessment results revealed that the energy consumption and CO,
emission of WNB were 45% and 17% lower than those of traditional clay bricks. Overall, the development of WNB in this
study provided insights into the co-disposal of industrial solid wastes.

Keywords Industrial solid waste - Sewage sludge - Wasted-based non-sintered bricks - Environmental benefits - Mechanical

properties - Life-cycle assessment

Introduction

With the rapid progress of urbanization, a large number
of industrial solid wastes have been produced (Wang et al.
2022, 2020, 2023; Xu et al. 2023). Industrial solid wastes
usually occupy abundant land resources and pollute water,
soil, and air, which is harmful to humans (Mendes et al.
2019; Wang et al. 2024a, 2024e; Yao et al. 2024). In addi-
tion, mining natural sand also has shortcomings, such as
resource shortage and environmental pollution. The utili-
zation of industrial solid waste-based building materials
is regarded as a promising disposal method, which saves
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natural building materials and realizes the resource recov-
ery of industrial solid wastes (He et al. 2023; Wang et al.
2024d; Xia et al. 2024). Industrial solid wastes, sewage
sludge (SS), fly ash (FA), and phosphorus gypsum (PG) have
garnered increasing attention recently. SS is produced as a
waste product after undergoing mechanical, biological, and
chemical treatment processes in sewage treatment facilities
(Cwiertniewicz-Wojciechowska et al. 2023; Liu et al. 2023;
Xia et al. 2023a). FA and PG are generated in significant
quantities by the industrial processes of coal combustion in
power plants and the production of phosphoric acid in the
fertilizer industry, respectively.

The increasing urbanization has resulted in a significant
increase in the generation of SS, with China producing
approximately 40 million tons annually. It is urgent to solve
the problem of SS disposal. Notably, the composition of SS
is very complex. More than half of the compounds in SS are
harmful substances, for instance, heavy metals and patho-
genic organisms, which will cause irreversible damage to the
bloodstream, nervous system, and organs (Riaz et al. 2020;
Zhou et al. 2023). If not properly managed, SS will cause
serious environmental problems, such as water pollution and
soil contamination (Sigua and Adjei 2005, Xia et al. 2022).
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The SS removing water through sewage plants is stable and
odorless. This simplifies the subsequent treatment steps for
SS. However, due to economic constraints, the subsequent
treatment steps of sewage sludge are limited to landfill and
deposition inside waste pits (Lu et al. 2017). Interestingly,
due to the presence of SiO,, Fe,0;, and Al,O5, SS has the
potential for building material utilization (Dang et al. 2023;
Ma et al. 2024; Xia et al. 2023b). Previous research has
shown that sewage sludge ash can partially replace cement
in concrete production due to its pozzolanic activity (Baeza
et al. 2014). This is attributed to the fact that the mineral
composition of SS after high-temperature-treatment is simi-
lar to that of cement clinker (Chikouche et al. 2016; Ma et al.
2023). However, the thermal treatment of SS consumes a
substantial amount of energy and contributes to increased
carbon dioxide emissions, diminishing its environmental
advantages. Therefore, dried SS is considered more suit-
able as a building material than sewage sludge ash. FA is
also used as a supplement cementitious material in concrete
production due to its unique components. However, the FA
generation in China in 2019 alone reached 540 million tons
and accounted for 39.13% of general industrial solid waste,
leading to substantial FA accumulation (Hou et al. 2023;
Jitchaiyaphum et al. 2013; Zhang et al. 2022a), although
over 70 million tons of PG are produced by the phosphate
fertilizer industry in China. However, due to strong acidity
and complex impurity, less than 15% of PG can be reused
in agriculture, sulfuric acid production, cement production,
building materials, and soil stabilization (Ding et al. 2019).
The accumulation of SS, FA, and PG essentially occupies
land resources. This poses significant environmental chal-
lenges due to the potential of sewage sludge, FA, and PG to
leach contaminants into the surrounding soil, atmosphere,
and groundwater (Zhang et al. 2022a).

As a building material widely used in brick-paved roads,
clay bricks consume large amounts of non-renewable clay
resources from arable land. The usage of clay bricks as a
traditional building material is facing limitations due to the
scarcity of arable land resources in China (such as roadbeds)
(Cheng et al. 2021; Yague et al. 2005). To minimize the pro-
duction of clay bricks, using wastes in place of natural clay
for manufacturing sintered bricks has significantly achieved
both harmlessness and resource utilization (Wu et al. 2022a).
However, the sintering process for clay bricks consumes vast
energy and increases carbon emissions (Shaik et al. 2022).
In addition, the collaborative disposal of multiple indus-
trial solid wastes has great prospects for the application of
building materials. This is regarded as an excellent industrial
solid waste treatment method.

Therefore, this study investigates the feasibility of recy-
cling multiple industrial solid wastes into non-sintered
bricks. The developed waste-based non-sintered bricks
(WNBs) were composed of SS, FA, PG, and quicklime. The
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macro-properties of WNB, including mechanism strength,
bulk density, and water absorption, were investigated. In
addition, the phase assemblage and microstructure of WNB
were evaluated via X-ray diffraction (XRD) and scanning
electron microscopy (SEM). The pore structure of WNB
was conducted using mercury intrusion porosimetry (MIP).
Furthermore, the leaching behavior of potentially toxic ele-
ments (PTEs) in WNB was evaluated based on the toxicity
characteristic leaching procedure (TCLP). The environmen-
tal impacts of WNB were determined by life cycle assess-
ment (LCA) and compared with the traditional clay bricks.

Materials and methods
Materials

The SS was collected from Longjiang Environmental Protec-
tion Group Co. Ltd. in Harbin, China. The thermal behavior
of the raw sewage sludge is shown in Fig. S1. The results
indicated that the decomposition of organic matter in SS
was mainly at 292.2 °C. Thereby, the raw SS was dried in
a muffle furnace at 300 °C for 2 h to decompose organic
matter and then broke into small pieces, avoiding energy
consumption and the release of a large number of harmful
gases (volatile organic compounds, ammonia, and polycy-
clic aromatic hydrocarbons) caused by the high-temperature
calcination process of sludge (Peng et al. 2016; Xia et al.
2023e). Table S1 shows the chemical compositions of the
SS, which mainly contains SiO,, Fe,03, and Al,O5. The
morphology, XRD pattern, and Fourier transform infrared
(FT-IR) pattern of sewage sludge are shown in Fig. S2, S3,
and S4, respectively. The main mineral phases in sewage
sludge included quartz and hematite. Absorption bands of
FT-IR (777.18 cm™', 3120.25 cm™', and 470.54 cm™") fur-
ther demonstrated the presence of SiO,, Al,O5, and Fe,04
in SS. The quicklime used in this study was manufactured
by Hangzhou Haituo Calcium Industry Co. Ltd. in China.
The FA was sourced from a thermal power plant in Harbin,
China, and the PG was produced by Guizhou Wengfu Group
in China.

Preparation of WNB

In the WNB, quicklime was added as an alkali-activator. It
increased the pH of the mixture, facilitating the dissolution
of sulfates and aluminosilicates. FA provided aluminosili-
cates, which were crucial for forming C-(A)-S—H gels during
hydration. PG was added as a sulfate activator, which could
react with aluminates to form ettringite under the action
of the alkali-activator. The high-temperature conditions in
the preparation process accelerated the dissolution of alu-
minosilicates and sulfates and the formation of ettringite,
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shortening the curing age and improving the mechanical
strength of WNB. Besides, dried sludge was crushed as
aggregate to avoid energy consumption during grinding.

The mixture proportions of the twelve groups of WNB
are listed in Table 1. The dosage of PG was fixed at 3 wt%,
and the water-to-binder ratio was maintained at 1:1.2 in all
mixtures. The dosage of quicklime varied from 10 wt% to
15 wt% and 20 wt%. Additionally, SS was used as aggregate
and partially replaced the river sand at 0, 10 wt%, 20 wt%,
and 30 wt%. The ratio of binder materials to aggregates in
WNB was 1:0.67.

For the preparation of WNB, the corresponding weight
of binder materials was blended with river sand and SS
for 2 min to ensure a homogeneous distribution (Xia et al.
2023d). Subsequently, water was slowly added and blended
for another 3 min. The fresh specimens were poured into
steel models (40 x40 x 160 mm?) and vibrated 60 times to
remove bubbles (Shi et al. 2024b; Wang et al. 2024c¢). After
that, the specimens were covered with polyethylene films
and pre-cured for 24 h at room temperature. The hardened
samples were demolded after pre-curing and transferred
into steam curing boxes with different temperatures (50 °C,
70 °C, and 90 °C) to explore the most suitable accelerated
curing condition of WNB. The preparation of samples for
microanalysis was performed as follows (Yu et al. 2024a;
Zhu et al. 2024b): (i) specimens were cut into small pieces
after steam curing for 1 day and 3 days; (ii) broken samples
were immersed in isopropanol for 7 days to stop reaction;
(iii) the samples were dried at 40 °C for another 3 days.

Test and characterization

The compressive strength and flexural strength of WNB with
different mixture proportions and curing temperatures were
measured with a loading rate of 1.0 kN/s (Zhu et al. 2024a).
The bulk density and water absorption test of the specimen

were carried out according to GB/T2542-2012. The samples
were placed in a blast drying oven at 105 °C and dried to
constant weight. Measure the length of the three sides of
WNB with a micrometer. To calculate the volume of the
specimen, the length, width, and height were measured twice
in the middle of the two surfaces of WNB, respectively. The
bulk density p was calculated according to Eq. (1). The water
absorption rate was determined by the difference of weight
after soaking the WNB in 20 °C water for 24 h, calculated
according to Eq. (2).

P=7

% ey

where m and V represent the weight and volume of samples,
respectively.
24

M,, — M,
29 % 100%
MO

Wy = @)
where W,, represents the water absorption rate of WNB after
soaking in 20 °C water for 24 h, and M, and M,, represent
the weight of WNB before and after soaking in water for
24 h, respectively.

The mineral compositions of WNB were determined
by XRD analysis, which was conducted using the Rigaku
Smartlab 9-kW instrument operating at 40 kV and 40 mA.
The scanning range was 5° to 60° 20, and the step size was
0.0135° 26 (Wang et al. 2024b). The morphology of hydra-
tion products in hardened WNB was detected by SEM (TES-
CAN) under the secondary electron mode with a voltage
of 30 kV (Yu et al. 2024b). The pore structure parameters
of the hardened mortar samples were determined via MIP
(IV 9500) with a maximum pressure of 228 MPa (Shi et al.
2024a). The leaching behavior of heavy metals in hardened
WNB was determined by TCLP. LCA of WNB aimed to
evaluate its environmental impacts, specifically examining

Table 1 Mixture proportions of

WNB (%) Samples Quicklime Fly ash Ig’;);;pl)r};orus Sewage sludge Sand Water
Q10S0 10 47 3 0 40 50
Q1081 10 47 3 10 30 50
Q1082 10 47 3 20 20 50
Q1083 10 47 3 30 10 50
Q15S0 15 42 3 0 40 50
Q1581 15 42 3 10 30 50
Q1582 15 42 3 20 20 50
Q1583 15 42 3 30 10 50
Q20S0 20 37 3 0 40 50
Q20S1 20 37 3 10 30 50
Q2082 20 37 3 20 20 50
Q2083 20 37 3 30 10 50
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global warming potential (GWP), fossil fuel depletion
(FFD), acidification potential (AP), and photochemical
ozone creation potential (POCP) (Mulya et al. 2022). The
LCA model was built through the SimaPro software, focus-
ing on the “from cradle to gate” stage, and its system bound-
ary was illustrated in Fig. S5 (Xia et al. 2023c). The life
cycle inventory (LCI) data were sourced from the Ecoinvent
3.1 database, supplemented by previous studies (Capony
et al. 2013; Cuenca-Moyano et al. 2019, Gupta and Kua
2020).

Results and discussion
Physical properties

The mixture proportions of WNB significantly influenced
its physical properties. The 1-day and 3-day compressive
strength and flexural strength of WNB under different cur-
ing temperatures are shown in Fig. 1. It could be observed
that both the compressive strengths and flexural strength of
WNB decreased with the increase in the dosage of SS. This
indicated that the incorporation of SS exhibited an adverse
impact on the strength development of WNB. This could
be attributed to the porous characteristics of SS, as well as
its lower hardness as a substituted aggregate. Both of them
result in a deterioration of mechanical properties. However,
compressive and flexural strengths increased in some inter-
vals with the increasing SS dosage. This phenomenon was
because the activity component in sludge was dissolved to
form additional hydration products, offsetting the above
adverse effects. With the increase in the quicklime dosage,
the compressive strength and flexural strength of WNB
increased first and then decreased. WNB with 15 wt% of
quicklime exhibited the best mechanical properties. This can
be attributed to the balance between calcareous materials
and siliceous materials. The absence of quicklime contrib-
uted to a deficiency in calcareous raw materials, thereby
hindering the generation of hydration products (Gnisci
2022; Wu et al. 2022b). Conversely, an excessive dosage
of quicklime resulted in insufficient siliceous raw materi-
als. Moreover, the strength development of WNB was also
influenced by the curing temperature and curing ages. Gen-
erally, with the increase in the curing temperature and age,
the mechanical properties of specimens are enhanced due
to the compact microstructure and substantial C-S—H gels
(Balendran and Martin-Buades 2000, Chen 2021). Higher
curing temperatures promoted the dissolution of reactants
and the precipitation of hydration products. Thus, under a
high curing temperature, the matrix of WNB specimens was
filled with more hydration products, promoting its strength
development. It could be observed that under conditions
at 70 °C for 3 days and 90 °C for 1 day, the compressive
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strength of WNB with 15 wt% quicklime and 20 wt% SS still
maintained a level of § MPa. However, unevenly distributed
hydration products caused by prolonged high-temperature
curing might also contribute to the opposite phenomenon:
the decrease in strength with increasing curing temperature
and age in some intervals (Duan et al. 2022). Obviously, the
compressive strength of WNB with 15 wt% quicklime and
curing condition at 90 °C for 3 days was higher than WNB
with other dosage of quicklime and steam curing regime,
and the compressive strengths of WNB with 0, 10 wt%, 20
wt%, and 30 wt% sewage sludge were 23.4, 13.5, 6.8, and
4 MPa, respectively. Besides, curing at 90 °C for 3 days,
the phase composition and microstructure of WNB develop
sufficiently to be clearly observed. These four groups were
selected to investigate variations in phase composition and
microstructure. However, due to the compressive strength
of WNB with 15 wt% quicklime and 30 wt% SS lower than
5 MPa, just WNBs with 0, 10 wt%, and 20 wt% SS were
selected to perform pore structure and leaching behavior.
Although the characteristics of waste materials hindered the
strength development of WNB, the mechanical properties
of WNB could be guaranteed based on the regulation of
raw materials proportions and the activation of the steam
curing regime.

The bulk densities of WNB with different dosages of SS
are shown in Fig. 2a. Obviously, the bulk density of WNB
decreased with the increase in the dosage of SS. This could
be attributed to the low density of SS particles. In addition,
the water absorption characteristic of WNB varied with the
dosages of SS, as shown in Fig. 2b. Due to the irregular
shape and large specific surface area of SS particles, the
water absorption rate of WNB increased with the incorpora-
tion of SS (Zhang et al. 2022b). The water absorption rate of
the WNB specimen with 20 wt% SS was close to 50%, which
was 14% higher than that of SS-free WNB. In Fig. 2c, the
strength retention of WNB after soaking in water for 24 h
declined with the dosage of SS increase. This was associ-
ated with the increase in the porosity of the specimens. The
porous characteristics and extremely weak pozzolanic activ-
ity of SS exhibited an adverse impact on the pore structure
of WNB specimens. The high-water absorption rate of the
WNB specimen could seriously affect its frost resistance.

Phase assemblage

The phase assemblage of WNB was associated with its
mixture proportions. As shown in Fig. 3, the major min-
eral phases in WNB specimens included quartz, ettring-
ite, hematite, limestone, and gypsum. During the reac-
tion process of WNB, portlandite was generated first as
the intermediate hydration product from the reaction of
quicklime, as shown in Eq. (3). Subsequently, portlandite
was consumed by the precipitation of C-S—H gels and
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Fig. 1 Mechanical strength of WNB under different curing temperatures and ages
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ettringite as shown in Eq. (4). It should be noticed that the
incorporation of SS promoted the generation of ettringite
in WNB. This was because aluminates and ferrite were

AS,+6.4Ca(OH), + 3CaSO, « 2H,0+33.6H,0 — 2C, ,SH,+C,AS;H,,

the most soluble elements in SS, and these phases could
be captured by sulfates with the generation of ettringite.

CaO + H,0 — Ca(OH), ?3)

“

where AS, represents the active aluminosilicates in FA and
SS, and C¢A$;H5, represents the ettringite.

Micromorphology

The micromorphology of WNB was influenced by its mix-
ture proportions. As shown in Fig. 4a—d, with the increase in
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the addition level of SS, the matrix of WNB was looser and
filled with fewer hydration products. This could be attrib-
uted to the porous structure and weak pozzolanic reactivity
of SS. This was consistent with the compressive strength
results, which showed that the compressive strengths of
WNB decreased with the increase in the addition level of
SS. In addition, although the differences in compactness
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Fig.3 Phase assemblage of WNB with various sewage sludge content

between different samples are relatively small, the presence
of sewage sludge particles is quite pronounced (Fig. 4e-h).
C-S—H gels were the major hydration products, and their
generation greatly influenced the strength development

Q1581
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N
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Fig.4 SEM images of WNB with various sewage sludge content

of WNB. However, it is well known that C-S—H gels are
amorphous, and it is not easy to characterize their content
quantitatively. Therefore, the relative content of C-S—-H
gels was reflected based on the coating situation of fly ash
particles. Obviously, in sewage SS-free WNB, the FA par-
ticle was tightly surrounded by hydration products, while
in sewage SS-contained WNB, the FA particle was coated
with plenty of unreacted and porous sludge particles. This
further revealed that the incorporation of SS inhibited the
generation of hydration products, especially C-S—H gels. It
was attributed to the minor elements and orthophosphate
ions (PO43_) in SS (Cyr et al. 2007; Mejdi et al. 2020).
Moreover, the micromorphology of ettringite in WNB var-
ied with the additional level of SS, as shown in Fig. 4i-m.
In SS-free WNB, the needle-like ettringite was distributed
in the pore of the matrix. Thus, the matrix of Q15S0 was
majorly filled with C-S—H and refined with ettringite, lead-
ing to an excellent mechanical property. With the incorpora-
tion of SS, more ettringite was generated on the surface of
SS particles due to the dissolution of aluminates and ferrites
from SS. Besides, it should be noted that the crystal size
of ettringite sharply increased with the addition of SS. In
Q1583, the large and coarse ettringite was distributed on the
surface of C-S—H, which could not exhibit the refinement
effect on the pore structure of WNB.
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Pore structure

The pore structure of WNB is shown in Fig. 5. It could be
observed that the cumulative pore volume of WNB increased
with the increase in the dosage of SS. This indicated that
the addition of SS resulted in the deterioration of the pore
structure of WNB. This could be associated with the porous
characteristics of SS. It is well known that the mechani-
cal properties of building materials were associated with
pore volume. The mechanical properties increased with the
increase of total pore volume. This was consistent with the
result that the compressive strengths of WNB decreased
while its cumulative pore volume increased. The critical
pore size of specimens is the inflexion on the cumulative
pore volume curve, representing the maximum pore size
corresponding to a significant increase in the volume of
intrusion mercury. Figure 5a also showed that the critical
pore size of SS-contained WNB was over 0.1 pm, while the
critical pore size of SS-free WNB was only 0.03 pm. This
indicated that the critical pore diameter increased with the
incorporation of SS, which increased the pore connectivity
of WNB (Lyu et al. 2020). The deterioration of the pore
structure was in accordance with the results that the water
absorption rate of WNB increased with the incorporation
of SS. To more comprehensively evaluate the effect of SS
incorporation on the pore structure of WNB, the pores of
WNB were divided into three zones based on pore diameter
ranges (Fig. 5b). Pore sizes of 10~ 1000 pm, 0.1 ~10 pm,
and less than 0.1 pm were defined as air pores, mesopores,
and capillary pores, respectively (Wang et al. 2021). With
the increase in the incorporation level of SS, the relative
content of mesopores increased, and the relative content of

0.16 . '
(@ : :
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| I 1
E 0.12 : :
Y 1 1
£ I | = ) wt% SS
= 1 1
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Pore diameter (pm)

Fig.5 Pore structure of WNB with various sewage sludge content
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capillary pores decreased. Enlarging pore size could result in
the lower mechanical properties of paste specimens.

Leaching behavior

The leaching behavior of PTEs in the matrix of WNB
is shown in Fig. 6. With the increase in the additional
level of SS, the concentration of PTEs in the leachate
of WNB was increased. The leaching concentration of
Cr and Pb was 0.046 and 0.009 mg/L, respectively. The
leaching behavior of PTEs in all specimens complied with
the requirements of construction materials based on the
Chinese standard of GB 18599-2020. This indicated that
the PTEs were stabilized in the matrix of WNB, and the
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developed WNB could be safely used as pavement materi-
als. The excellent immobilization effect of WNB on the
PTEs could be attributed to the following reasons. PTEs
mainly existed in organic matter, sulfide, oxide, hydrate,
and other elements of SS. The desiccation of SS was
accompanied by the decomposing of organic. The reduc-
tion of organic content in SS made PTEs combine with
inert residues. The conversion of SS from active to inert
weakened the migration ability of heavy metals (Chen
et al. 2021). Besides, when SS was mixed with quicklime,
the acid-soluble heavy metals in SS transformed. The dif-
fusion ability of acid-solution heavy metals was reduced
(Yuan et al. 2011). In addition, the migration of heavy
metals during the curing process of WNB specimens was
relatively complex. The heavy metals may be adsorbed
onto the surface of the C-S—H gels in the form of ions or
reacted with other elements, resulting in the heavy met-
als being effectively consolidated in the matrix of WNB
(Cui et al. 2022; Liu et al. 2022a, 2022b). Moreover, the
matrix structure of WNB could further inhibit the leaching
behavior of PTEs due to its physical coating effect.

Environmental impacts

LCA was conducted to evaluate the environmental impacts
of WNB, including FFD and GWP, as shown in Fig. 7. It
was observed that the FFD and GWP values of SS were
negative. This was attributed to the avoidance of environ-
mental impacts associated with the conventional treatment
of sewage sludge (Huang et al. 2023). The FFD and GWP
values of WNB decreased with the increase in the incor-
poration level of SS. FFD and GWP values of Q15S3 were
1.806 MJ/kg and 0.230 kg CO,/kg, respectively. This was

() (b)

posed by reducing environmental impacts by avoiding land-
fills and incineration (Septien et al. 2020). Furthermore,
the environmental impacts contributed by quicklime were
significant in WNB; the FFD and GWP values of quicklime
were far higher than those of other binder materials. Under
the exact content of SS, the FFD and GWP values of WNB
escalated with the increase in the addition level of quick-
lime. This was attributed to FA and PG being industrial
solid wastes, and recycling them as binder materials in
WNB exhibited great environmental benefits. In addition,
both raw materials and the mixing process were taken into
consideration for environmental impacts. It was observed
that the environmental impacts during the mixing process
were significantly smaller compared to raw materials. This
could be attributed to that the production of raw materials
required high-power mechanical to process.

In order to comprehensively evaluate the influences
of SS incorporation on the environmental impacts and
mechanical properties of WNB, the original results of LCA
were normalized according to the compressive strength of
WNB after curing for 1 day at 90 C or 3 days at 90°C.
Compressive strength is considered an essential parameter
in construction materials (Proske et al. 2018). The nor-
malized results of LCA were calculated according to the
Eq. (5).

OR

NR = —

CS ©)

where OR and NR represented the original results and
normalized results of environmental impacts of WNB,
respectively, and CS represented the compressive strength
of WNB after corresponding curing ages. The normalized
results are shown in Fig. S6. The reduction in environmental
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Q2082 [ | M 2325 | Q2082 1 0282
Water
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Fig. 7 Environmental impacts of WNB with various sewage sludge content
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impacts of WNB was at the cost of a decrease in its com-
pressive strength. The normalized results of FFD and GWP
showed a slight increase with the additional level of SS.
Furthermore, the normalized results of WNB after 3 days of
curing were higher than after 1-day curing. This was attrib-
uted to the fact that random internal defects could be gener-
ated in WNB specimens after long-term high-temperature
curing (Xiang et al. 2021). The values of AP and POCP
decreased significantly with the increase in the additional
level of SS. This was consistent with the original results of
LCA. Interestingly, at the 10% dosage level of quicklime,
the normalized results (3 days) of FFD and GWP with 30%
SS incorporation were lower than those with 20% SS incor-
poration. This revealed that a higher dosage of SS may not
necessarily lead to an increase in normalized results.

To present a more comprehensive comparison of the envi-
ronmental advantages of WNB, the environmental impacts
of traditional clay bricks were also collected to compare with
Q1583 samples (Fig. 8). Compared to traditional clay bricks,
the environmental impacts of WNB were significantly lower.
The FFD value of Q15S3 was only half that of clay bricks,
and the GWP value of Q15S3 decreased by one-third com-
pared to traditional clay bricks. Besides, the AP and POCP

Q1583 clay brick
4
FFD
3k
2F
1 o
0 0.4
GWP
103
10.2
10.1
0.03 - 0.0
—0.03}
—0.09+
-0.15 9
POCP
16
13
10
x107°
-3

Fig.8 Comparison between developed non-sintered bricks and tradi-
tional clay bricks
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values of Q15S3 even turned negative due to reduced envi-
ronmental impacts by avoiding landfilled sewage sludge (Sep-
tien et al. 2020). The WNB has the potential to replace tra-
ditional clay bricks as a new building material, which could
avoid the carbon emissions generated by traditional clay
brick firing and the consumption of non-renewable resources.
Besides, the development of WNB provides a feasible solu-
tion for the resource utilization of industrial solid waste.

Conclusions

This study aimed to investigate the synergy effect of multiple
industrial solid wastes in non-sintered bricks and designed
an eco-friendly WNB as a substitution for traditional clay
bricks. The key findings of this research were as follows:

1. The compressive strength of WNB met the A5 grade
of building materials, demonstrating its potential as a
viable construction material.

2. Sludge incorporation increases the proportion of large
pores within the WNB matrix, resulting in a weaker
microstructure. Additionally, harmful elements in the
sludge inhibit the formation of C-S—H gels, further com-
promising the mechanical properties.

3. The leaching behavior results demonstrated that PTEs
present in SS were effectively immobilized in WNB
specimens, ensuring compliance with environmental
safety requirements.

4. Compared to traditional clay bricks, the manufacture of
WNB reduced nearly 45% in energy consumption and
17% in CO, emissions, highlighting its environmental
benefits.

Overall, WNB showed excellent promise as a substitu-
tion for traditional clay bricks, offering a sustainable and
eco-friendly solution for the construction industry. Future
research will focus on further enhancing the durability and
mechanical properties of WNB to ensure its long-term
viability and performance.
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