ﬂ buildings

Article

Study on the Properties and Pore Structure of Geopolymer Foam
Concrete Incorporating Lead-Zinc Tailings

Yifan Yang, Ming Li, Qi He * and Chongjie Liao

check for
updates

Academic Editor: Mijia Yang

Received: 20 April 2025
Revised: 9 May 2025
Accepted: 15 May 2025
Published: 18 May 2025

Citation: Yang, Y.;Li, M.; He, Q,; Liao,
C. Study on the Properties and Pore
Structure of Geopolymer Foam
Concrete Incorporating Lead—-Zinc
Tailings. Buildings 2025, 15, 1703.
https://doi.org/10.3390/
buildings15101703

Copyright: © 2025 by the authors.
Licensee MDP], Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license

(https:/ /creativecommons.org/
licenses /by /4.0/).

School of Civil Engineering, University of South China, Hengyang 421001, China; 15773585299@163.com (Y.Y.);
1995000075@usc.edu.cn (M.L.); 17742818301@163.com (C.L.)
* Correspondence: qihe0211@usc.edu.cn

Abstract: Geopolymer foam concrete (GFC) is a green, lightweight material produced by
introducing bubbles into the geopolymer slurry. The raw materials for GFC are primarily
silicon—aluminum-rich minerals or solid waste. Lead-zinc tailings (LZTs), as an industrial
solid waste with high silicon-aluminum content, hold significant potential as raw materials
for building materials. This study innovatively utilized LZTs to prepare GFC, incorporating
MK, GGBS, and alkali activators as silicon-aluminum-rich supplementary materials and
using H,O, as a foaming agent, successfully producing GFC with excellent properties. The
effects of different LZT content on the pore structure and various macroscopic properties of
GFC were comprehensively evaluated. The results indicate that an appropriate addition of
LZT effectively optimizes the pore structure, resulting in uniform pore distribution and
pore shapes that are more spherical. Spherical pores exhibit better geometric compactness.
The optimal LZT content was determined to be 40%, at which the GFC exhibits the best
compressive strength, thermal conductivity, and water resistance. At this content, the
dry density of GFC is 641.95 kg/m?, the compressive strength reaches 6.50 MPa after
28 days, and the thermal conductivity is 0.176 (W/(m-K)). XRD and SEM analyses indicate
that under the combined effects of geopolymerization and hydration reactions, N-A-5-H
gel and C-S-H gel were formed. The preparation of GFC using LZTs shows significant
potential and research value. This study also provides a feasible scheme for the recycling
and utilization of LZTs.

Keywords: lead and zinc tailings; geopolymer foam concrete; pore structure; compressive
strength; thermal conductivity; microstructure

1. Introduction

It is evident that contemporary mining and beneficiation operations worldwide, en-
compassing both developing and developed countries, result in the mass production of
tailings on an annual basis [1-3]. In China, for instance, statistical data [4] reveal that
since 2011, the utilization of clearly measured tailings has fallen short of 36% (Figure 1).
Lead-zinc tailings, a specific type of tailings, are the residual solid waste that is left over
after lead—zinc ore has undergone the processes of crushing and flotation. In comparison
with other tailings, these tailings frequently contain heavy metals such as lead and zinc. The
disposal of lead—zinc tailings consumes a significant amount of land resources and poses a
serious threat to the local environment, particularly soil, groundwater, and surrounding
ecosystems [5,6]. Consequently, there is an imperative for rigorous research to explore the
diversified recycling and utilization of lead—zinc tailings.
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Figure 1. Comprehensive utilization of tailings in China from 2011 to 2021.

In recent years, many scholars have conducted extensive research on the resource
utilization of lead-zinc tailings and achieved a large number of research results. Li et al. [7]
used F-grade fly ash and desulphurization gypsum as the main raw materials and modified
the lead-zinc tailings by geopolymerization, which can produce a geopolymer material with
dimensional stability and unconfined compressive strength that meets the requirements
of building material standards. Luo et al. [8] used lead—zinc tailings and coal gangue
to produce ceramsite. The bulk density and compressive strength of the ceramsite after
high-temperature sintering with 30% lead-zinc tailings were 696 kg/m? and 2.26 MPa,
respectively. Ou et al. [9] used a lead-zinc waste sintering method to prepare a CaO-
Al,03-5i0; system glass-ceramic. Orthogonal experiments were used to determine that the
optimum lead-zinc scrap addition was 25%. Evidently, the utilization of lead—zinc tailings
as raw materials for the fabrication of building materials exhibits considerable potential
and furnishes an efficacious method for the recycling and utilization of such tailings [10,11].

As a common building material, foam concrete has excellent lightweight and thermal
insulation properties [12]. It is widely used in prefabricated non-load-bearing components,
wall filling, roof insulation, and other fields [13]. However, conventional foamed concrete
primarily utilizes Portland cement as the cementitious material, and it should be noted
that cement production results in the emission of a considerable amount of carbon dioxide
during the entire production process. In contrast with Portland cement, geopolymers—a
novel category of inorganic cementitious materials—exhibit considerable low-carbon ad-
vantages [14]. They are formed through a geological polymerization reaction, resulting in a
three-dimensional network structure comparable to that of ceramics [15,16]. Geopolymer
foam concrete (GFC) is a novel, eco-friendly, porous lightweight material that is prepared by
introducing bubbles into the geopolymer slurry [17,18]. In comparison with conventional
cement-based foamed concrete, GFC, prepared by alkali activation of a precursor material
containing aluminosilicate, exhibits superior mechanical properties and remarkable heat
and corrosion resistance [19]. Moreover, a further advantage of GFC is that its production
process greatly reduces cement consumption and carbon emissions [20].

In addition, the raw materials for preparing GFC are mostly aluminosilicate minerals
and solid wastes with high aluminosilicate content, such as metakaolin (MK), ground
granulated blast furnace slag (GGBS), fly ash (FA), etc. Table 1 summarizes the information
on GFC from the relevant literature [21-32], showing that most studies use MK and GGBS
as raw materials for GFC preparation. Nevertheless, MK and GGBS are comparatively
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costly, compelling some researchers to substitute MK or GGBS with industrial solid wastes,
including FA [22,23], waste glass powder [24], rice husk ash [25], and steel slag [32].
This results in samples that still exhibit the relatively desirable macroscopic properties.
In summary, the utilization of industrial solid waste in the fabrication of GFC holds
considerable potential and research value.

Table 1. Relevant information of GFC studied in the literature.

Macroscopic Properties

Ref. Raw Material Foaming Agent Curing Tsmperature ] Compressive Thermal
O Density (kg/m?) Strength (MPa) Conductivity
8 (W/mK)

[21] MK + GGBS H,O, 20 264-480 0.53-3.34 0.084-0.139

[22] FA + Slag Pre-foaming 27 +2o0r75 1100-1290 0.5-16.5 —

[23] FA + GGBS H,O, Room temperature 142-1021 3.2-44.8 0.183-0.646

[24] FA + Waste glass Pre-foaming Room temperature 615-781 1.6-3.6 —

[25] MK + rice husk H,0, 70 174-813 0.26-5.57 0.082-0.184
GGBS + FA +

[26] H,0, 2042 375-410 2.0-3.5 0.100-0.165
cenospheres

[27] FA + GGBS Aluminum powder 20 264-634 0.3-5.2 —

[28] MK Aluminum powder 80 360-590 — 0.12-0.17

[29] Slag + FA + PVA Pre-foaming — 340-390 2.8-3.8 —

[30] FA + Basalt H,0, 75 300-357 0.6-1.5 0.093-0.111

powder
[31] FA + MK Aluminum powder, 40 370-820 1444 —
H,O,
[32] FA +wastesteel Pre-foaming 85 1142-1541 1628 0.342-0.599

slag

Lead-zinc tailings are also a type of industrial solid waste with high silicon and
aluminum content. However, there have been no reports on the use of these tailings to
prepare GFC. Consequently, this study employs an innovative approach by utilizing lead—
zinc tailings as a substitute for a portion of the active silicon-aluminum raw materials in the
preparation of GFC. This approach has the potential to reduce the production cost of GFC
to a certain extent [33]. Additionally, it can serve as a method of managing the disposal of
tailings, thereby promoting the recycling and utilization of lead-zinc tailings [34,35].

In this experiment, alkaline activators were employed to chemically activate lead—
zinc mine tailings, with MK and GGBS incorporated as supplementary aluminosilicate
materials to enhance the geopolymerization reaction. In the formulation of GFC, hydrogen
peroxide was employed as the foaming agent. Subsequently, the research systematically
evaluated the influence of varying lead-zinc tailing dosages on key macroscopic properties,
including fluidity, dry density, compressive strength, thermal conductivity, and drying
shrinkage, among others. Using a stereoscopic microscope combined with Image-Pro-Plus
software to study the pore structure of the samples, we analyzed the microscopic pore
structure to identify the intrinsic mechanisms causing the differences in the macroscopic
properties of GFC. Through a thorough comparison process, we ascertained the optimal
dosage of lead-zinc tailings to prepare GFC, which exhibited exceptional performance and
met the relevant specifications. In the end, the hydration products and microstructure of
the samples were analyzed using an X-ray diffractometer (XRD) and a scanning electron
microscope (SEM).

2. Materials and Methods
2.1. Raw Materials

GFC was prepared using lead-zinc tailings (LZTs), metakaolin (MK), and ground
granulated blast furnace slag (GGBS) as aluminosilicate precursors. The LZT utilized in
the experiment was obtained from a tailing pond situated at Shuikoushan, Hengyang City,
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China. The chemical composition of the LZT is characterized by a high SiO, content of
72.47% and a CaO content of 10.74%. The MK used in the experiment was supplied by
Hongle Mining Products Co., Ltd., located in Gongyi City, China, and was employed as an
aluminum supplement to adjust the silicon-to-aluminum ratio of the system. The GGBS
was obtained from Longze Water Purification Materials Co., Ltd. in Gongyi City, China, and
has a CaO content of 34.00%. It is utilized as a calcium supplement to regulate the setting
time of the geopolymer. The X-ray fluorescence (XRF) analysis of three types of geopolymer
precursor materials is shown in Table 2. The phase composition of the LZT was determined
through a combination of X-ray diffraction (XRD) analysis and the utilization of Jade 9.0
software. The results are displayed in Figure 2, which indicates that the primary mineral
phases of LZT are quartz and hatrurite. Additionally, a laser particle size analyzer was
utilized to assess the size distribution of the three raw materials, as depicted in Figure 3.

Table 2. The main chemical composition (%) of raw materials.

Composites SiO, Al,Os3 CaO Fe,O3 MgO SO3 TiO,
LZT 72.47 6.18 10.74 2.67 1.46 4.45 0.20
MK 48.60 44.74 0.55 2.89 0.21 0.22 2.19

GGBS 34.50 17.70 34.00 1.03 6.01 1.64 1.19
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Figure 2. XRD pattern of LZT.
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Figure 3. Differential particle distribution of raw materials.

Sodium hydroxide and liquid sodium silicate are mixed in a precise ratio to create
the alkali activator. The NaySiO3 solution utilized in the experiment exhibited a modulus



Buildings 2025, 15, 1703

50f 20

of 3.3, comprising 8.53% NayO and 26.98% SiO,. The NaOH utilized in this study is
analytically pure flaked sodium hydroxide, produced by Sinopharm Chemical Reagent
Co., Ltd., Shanghai, China. The water utilized in the experiment was obtained from the
laboratory’s tap.

A 30% hydrogen peroxide solution is utilized as the chemical foaming agent. The
foam stabilizer, calcium stearate analytical pure, was supplied by Tianjin Zhiyuan Chemical
Reagent Co., Ltd., Tianjin, China. It is a white powder with a relative molecular mass
of 607.03. The foam stabilizer functions as a surfactant, reducing surface free energy
and enhancing the toughness of the bubbles. This, in turn, reduces bubble breakage and
coalescence.

2.2. Heavy Metal Leaching Concentration Testing

The heavy metal concentration leaching test for LZT was conducted using the hori-
zontal oscillation method, with the results and concentration limits listed in Table 3. As
demonstrated in Table 3, the measured leaching concentrations of Pb and Zn in the tailings
are both below the limits specified by Chinese national standards. Consequently, lead—zinc
LZTs do not meet the criteria for designation as hazardous solid waste materials. Moreover,
the alkaline solubility, gelation network bonding, solidification mechanism [36], and the
physical encapsulation effect of geopolymer facilitate the effective solidification of heavy-
metal elements in LZTs. Consequently, LZTs can be safely utilized as a raw material in the
production of GFC, thereby achieving two objectives: the solidification of hazardous heavy
metals and the enhancement of the utilization rate of tailings solid waste.

Table 3. Leaching concentration (mg/L) of heavy metals from LZT.

Concentration Limits for Harmful

Composites Heavy Metal Leaching Values of LZT Components in Leachate
Pb 3.29 5
Zn 1.87 100

2.3. Mix Proportion

In this experiment, consider that the addition of GGBS can shorten the initial setting
time of the geopolymer slurry, thereby preventing the collapse of the molds of the expanded
specimens. However, it has been demonstrated that the addition of GGBS in excess
can lead to rapid hardening [23,37], resulting in incomplete decomposition of hydrogen
peroxide. Consequently, the GGBS content was established at 15%. The NayO content
(alkali equivalent) directly determines the alkalinity of the system, thereby influencing
the reaction mechanism of geopolymers [11]. An NayO content that is too low limits the
solubility of [SiO4]*~ and [AlO4]°~, while an excessively high content can lead to alkali
efflorescence on the geopolymer surface. Following preliminary exploratory experiments,
the NayO content was determined to be 7.5% in this experiment, with the alkali activator
modulus maintained at 1.3.

Liquid sodium silicate, NaOH, and water were meticulously amalgamated in precise
proportions to formulate the requisite solvent for the experiment, ensuring a constant liquid-
to-solid ratio of 30% throughout the duration of the study. The liquid mass encompasses
the mass of the liquid within the water glass and the mass of water, whereas the solid
mass comprises the combined masses of the three silica—alumina materials, NaOH, and
the solid content in the water glass. LZT content was selected at 30%, 40%, 50%, 60%,
and 70% of the precursor raw material, and single-factor experiments were conducted to
further investigate the effect of different LZT contents on GFC. The specific experimental
mix design is delineated in Table 4.
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Table 4. Mix proportions of GFC samples (g).

Samples Calcium Solvents (Including Alkaline
Coge LZT MK GGBS H,0, Stearate Activators and %Vater)

GFC-30 90 165 45 4.50 3.0 165.42

GFC-40 120 135 45 4.50 3.0 165.42

GFC-50 150 105 45 4.50 3.0 165.42

GFC-60 180 75 45 4.50 3.0 165.42

GEC-70 210 45 45 4.50 3.0 165.42

2.4. Specimens Preparation

According to the test mix ratio, LZT, MK, GGBS, and calcium stearate are added to the
mixer in sequence. To ensure uniform mixing of the raw materials, the mixture is blended
at low speed for five minutes. Water and the prepared alkali activator are then added to the
dry materials. The mixture undergoes low-speed mixing for 2 min, followed by high-speed
mixing for 2 min to ensure homogeneity of the geopolymer slurry. Subsequently, the HyO,
foaming agent is incorporated, followed by a low-speed mixing process lasting 40 s. The
slurry is finally poured into the corresponding molds. Additionally, the slurry only needs
to be poured into the mold to 1/2-2/3 of its capacity and then left to expand naturally. This
phenomenon can be attributed to the reaction of HyO, with OH in an alkaline environment,
which accelerates the decomposition rate of hydrogen peroxide [31,38]. The process of
decomposition generates oxygen, which forms uniform bubbles within the geopolymer
slurry [39]. This leads to the expansion of the slurry within the mold, resulting in the slurry
filling the entire mold.

Upon reaching the initial setting time, the molded body ceases expansion. Cover with
plastic wrap to prevent moisture loss. Subsequently, the sample should be placed at room
temperature to facilitate the process of further curing. After 24 h, demold the sample and
cut off the expanded portion of the mold. Test specimens should be stored in a curing
chamber maintaining a temperature of 20 &+ 2 °C and >90% relative humidity. Designated
curing durations must be completed prior to testing. A flowchart of the methodology route
used in this work is illustrated in Figure 4.

- Ny T T T e e i '

’ ' )
! : sodium ' Slep 1: : ' curing [
, : NaOHi silicate : ! : : !

1 | C— 1
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Figure 4. A flowchart of the methodology route used in this work.
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2.5. Testing Methods
2.5.1. Identification and Analysis of Pore Structure

Initially, the cross-section of the test specimen is ground and polished using sandpaper
with grit sizes of 60, 200, and 1000, respectively. The residual powder on the cross-section
is then removed using a soft-bristled brush. Subsequently, an Olympus stereomicroscope is
employed to observe and photograph the cross-section of the test specimen with a fixed
focal length and exposure parameters. The GFC cross-section photographs are then pre-
processed using PS software, such as color correction, background removal, and contrast
enhancement. Finally, the images were converted to 8-bit grayscale images using Image-
Pro-Plus software and subjected to binarization processing. The macroporous structure
of the pores was identified and statistically analyzed to obtain the average pore diameter
(Feret diameter), porosity, and average roundness value (arithmetic mean of the roundness
values of all pores) of the GFC. The roundness value is indicative of the degree of deviation
of the pore shape from a spherical shape. The calculation formula for roundness is shown
in Equation (1).

P2
= 1A 1)
where R is the roundness value; P is the pore circumference (um); and A is the pore area
(um?).

2.5.2. Macroscopic Properties

The dry density, water absorption rate, softening coefficient, and drying shrinkage
rate of GFC were tested according to JG/T 266-2011 [40] specifications. Fluidity assessment
followed JGJ /T 341-2014 [41] using cylindrical molds (h = 80 mm, d = 80 mm) with an
electronic vernier caliper. Compressive strength was evaluated using a computer-controlled
electro-hydraulic testing machine on 40 mm x 40 mm x 40 mm specimens under a 1.5 kN/s
loading rate. In compliance with GB/T 10294-2008 [42], 300 mm x 300 mm X 30 mm
specimens were prepared, and thermal conductivity was determined using an HFM436
thermal conductivity analyzer. Furthermore, each performance characteristics were assayed
under uniform test conditions, and the mean value of three samples was considered the
final test result.

2.5.3. XRD and SEM Characterization

X-ray diffraction (Rigaku SmartLab SE, Tokyo, Japan) was used to analyze the mineral
phases of the raw materials and the hydration products of GFC. Standard cured test
specimens were cut into small pieces of approximately 0.5 cm?, placed in anhydrous
ethanol to stop hydration, dried before testing, and then ground flat with sandpaper. A
scanning electron microscope (TESCAN MIRA LMS, Brno, Czech Republic) was used to
observe the microstructure of the GFC specimens after gold spraying.

3. Results and Discussion
3.1. Pore Structure

As demonstrated in Figure 5, optical microscope images of the pore structure of
GFC under varying LZT content are presented. The pores were identified and counted
using Image-Pro-Plus software, as demonstrated in Figure 6. It has been observed that
at a tailings content of 30%, the pore shapes are predominantly irregular polygons, with
dense small pores distributed between the larger pores, and the distribution of pores with
different diameters is uneven. In the case of LZTs with contents of 40% and 50%, the
predominant pore morphology is that of closed pores. The pore shapes become more
regular and spherical in shape, and the pore distribution becomes relatively uniform. In
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addition, the spacing between pores is relatively consistent, and there are no discernible
areas of local pore density or sparsity. However, as the tailings content is increased, the
pore diameter undergoes a significant increase, particularly at 70% tailings content, where
the uniformity of pore distribution deteriorates and notable bonding phenomena occur
between pores, leading to an increase in merged pores and interconnected pores formed by
the combination of small pores.

V7 s%s
Independent —>

closed poresa\l

Figure 5. Microscopic images of pore structures were captured at a fixed focal length, with labels
(a—e) denoting representative cross-sectional images of the pore structure of GFC at varying LZT
contents: (a) 30%; (b) 40%; (c) 50%; (d) 60%; (e) 70%.

Figure 6. Pore structure images identified and calculated by Image-Pro-Plus software. Labels
(a—e) correspond to images of the pore structure of GFC under LZT contents ranging from 30% to
70%.

The data regarding the pore structure for each group consists of pores measured from
three distinct cross-sections. The pore structure parameters of GFC under varying LZT
content are illustrated in Figure 7. The study indicates that an increase in LZT content
leads to an increase in porosity, with the average pore diameter increasing from 212.02 um
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to 286.09 um. This phenomenon is attributed to the enhanced flowability of GFC as LZT
content rises, which decreases the relative viscosity of the slurry. This reduction in viscosity
enables bubbles to surmount viscous resistance and expand more readily, leading to the
formation of larger, independent pores [28]. Furthermore, the surface of tailings particles is
characterized by a relative roughness, which, under the influence of friction, can lead to the
rupture or merging of some bubbles into larger interconnected pores. This process results
in an augmentation of both the average pore diameter and porosity.

Average pore size

300 — @ Average roundness value 1136 975
. I
& Porosity I J134 o
250 2
i - T 1132 = 15
= I s
Z200f %”,% 1130 > -
) 72} e
) § - 1 41.28 g B
3150 f < _-B--8 S 465 %
= §, -~ 41.26 = e
) N L o S
S 100 9 3 {124 o -
> T~ - -7 < 60
< s % 1122 5
- »
4120 <
0 L L L L L .18 455

30 40 50 60 70
Content of LZT/%

Figure 7. Pore structure parameters of GFC with varying LZT content.

However, as the LZT dosage increases, the average roundness value of GFC initially
decreases and then increases. At a tailings dosage of 30%, the average roundness value of
the pores is 1.279, and the roundness of the pores in the formed samples is relatively poor,
with most pores exhibiting irregular shapes. The study found that at a 50% LZT content,
the average roundness value was the smallest, indicating that appropriately increasing
the tailings content helps improve pore shape roundness. This phenomenon is primarily
attributed to the optimization of the slurry rheological properties and the provision of
additional nucleation sites for bubbles by the tailing particles [43]. Pores with shapes close
to spherical have better geometric compactness, resulting in more uniform distribution of
compressive stress on the pore walls when subjected to pressure [20,38,39]. Furthermore, an
excessive addition of LZT results in a diminished stability of the bubble liquid membrane,
thereby causing the average roundness value to gradually increase.

As shown in Figure 8, the effect of LZT content on pore size distribution is evident.
The pore size distribution of GFC displays a tendency toward skewed distributions, with
an evident trend of pore size distribution shifting toward larger pore sizes as the level
of LZT content rises. As the LZT content increases from 30% to 70%, the percentage of
pores in the 200-300 um pore size range exhibits a corresponding increase, reaching 36.99%,
47.96%, 44.85%, 40.00%, and 24.22%, respectively. This is particularly evident at a 40% LZT
content, where nearly 50% of the pores fall within this range, suggesting that the pore size
distribution is relatively uniform at this content, exhibiting a lower dispersion degree in
the pore size distribution. However, when the tailings content exceeded 60%, there was a
substantial increase in the proportion of pores with diameters greater than 400 pm.

Figure 8 also shows the skewness coefficients of the pore size distribution under
different LZT dosages. It is evident that all skewness coefficients are positive, indicating that
the pore size distribution of GFC exhibits a positively skewed distribution. Furthermore,
the tailings content exerts a substantial influence on the degree of skewness in the pore
size distribution. At a 40% LZT content, the skewness coefficient is minimal, and the pore
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size distribution exhibits higher symmetry and is close to a normal distribution. This
indicates that the pore size distribution exhibits optimal uniformity at a 40% LZT content.
In general, high-performance foam concrete is characterized by a relatively uniform pore
size distribution, with no significant presence of excessively large or small pores [44,45].

55
50 F N 307 [ 40% | 150% | 160% | 170% Content of LZT Skewness Coefficient
ast a0 0175
a0} 0% 0222
c\g 35 i 70% 0.238
> /
F30F )/
=
o 25F /
g /
/
& 20 F , ,
s
wof .
/
ji Ol
0 ot mesd B
<100 100200 200-300 300—-400 400-500 >500

Pore size distribution/pm

Figure 8. Effect of LZT content on pore size distribution of GFC, the dashed line indicates the trend
line of this distribution.

3.2. Fluidity and Dry Density

Figure 9 demonstrates the increased fluidity of GFC that occurs with the incorporation
of LZT; however, the growth rate gradually decelerates. The larger average particle size of
the tailings (see Figure 3) results in a lower water requirement for particle wetting, thereby
achieving significantly improved fluidity under a constant liquid-solid ratio. However,
the presence of a rougher surface on the tailings results in an increase in resistance to
the flow of the slurry, thereby limiting the growth rate of flowability. Increasing the
flowability of the slurry appropriately facilitates bubble encapsulation, thereby enhancing
bubble stability. This is because higher fluidity corresponds to lower yield stress, reducing
the resistance that bubbles must overcome when moving within the slurry [31]. This
appropriate variation prevents local aggregation of bubbles, thereby reducing their rupture
or merger. Consequently, this results in a more uniform pore distribution in the GFC.
Additionally, the discrepancy in the stability of GFC bubbles, attributable to alterations in
fluidity, can also be discerned through microscopic imagery of stomata, as illustrated in
Figure 5.

With rising LZT content, the dry density of GFC initially decreases and subsequently
increases (Figure 9). As the LZT content ranges from 30% to 50%, the measured dry density
of the samples is found to be relatively low, primarily due to the increase in the average
pore diameter and porosity of the GFC samples (Figure 7). Ata LZT content of 40%, the
measured dry density of the GFC samples is the lowest, with a dry density of 641.95 kg/m?.
As the LZT content continues to increase, although the average pore diameter and porosity
of the GFC samples increase, the high density of LZT itself causes a large number of
high-density tailings particles to fill the internal structure of the material, resulting in an
overall increase in the total mass of GFC per unit volume. It is particularly evident that at
a 70% LZT content, the augmentation in porosity diminishes the stability of the internal
pore structure of GFC. Meanwhile, its substantial density may precipitate local collapse,
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resulting in the formation of a non-uniform structure with a dense bottom and a porous
top. This phenomenon directly culminates in a substantial increase in dry density.

740 210
Fluidity I

720 —@~— Dry density I 4200
< i I
5, 700 119 ¢
g -
~ / ~
2 680 | I , {180 &
n °
c / 2
S I ’ 2
> 660 | , {10
S
a %\ %, - - %

640 ~§- - 1 160

620 . . . L . 150

30 40 50 60 70
Content of LZT/%

Figure 9. Influence of various LZT content on the fluidity and dry density of GFC.

3.3. Compressive Strength

As displayed in Figure 10, the compressive strength of GFC demonstrates an initial
increase and subsequent decrease with increasing LZT content. The findings indicate that,
at a LZT content of 40%, the compressive strength of GFC samples at all ages achieves its
maximum values, with the corresponding measurements recorded at 5.39 MPa, 5.53 MPa,
and 6.50 MPa, respectively. It is noteworthy that the compressive strength of all samples at
three days reached 70% or more of the 28-day strength. This is primarily attributed to the
higher CaO content in the GGBS and LZT components. In comparison with Si-O and Al-O
bonds, Ca-O bonds demonstrate a higher propensity for breakage [46]. The reaction of
the precipitated Ca?* with the silicoaluminate monomers is catalyzed by alkali activators,
resulting in the formation of C—(A)-S-H gel. The spatial network structure, which is formed
rapidly, significantly enhances the early strength of GFC.

[ 30%

40%
I 50%
[ 60%
[ 70%

(=)

n

Compressive strength/MPa
-

Figure 10. Influence of different content of LZT on compressive strength of GFC.

A moderate increase in the LZT content has been shown to promote the development
of GFC strength. The enhancement in strength from 30% to 40% can be attributed to the
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optimization of the pore structure. In light of the preceding analysis of the pore structure,
the GFC containing 40% tailings exhibits uniform pore distribution. Its small average
roundness value indicates that the pore shapes are closer to spherical. This results in a
more uniform distribution of compressive stress on the pore walls under pressure, thereby
effectively preventing stress concentration and crack initiation [38,39]. Additionally, a
proportion of the tailing particles function as an inert skeleton, filling the material voids
and enhancing the overall compactness of the GFC. Concurrently, the alkali exciter has
the capacity to activate the active components in LZT, thereby facilitating the generation
of geopolymer gels in conjunction with MK and GGBS. These gelling products have the
potential to function as bonding and reinforcing agents [7], further bonding the unreacted
tailings particles.

Nevertheless, when the LZT content surpasses 40%, a decline in the compressive
strength of GFC samples at all ages is evident. When the LZT content is set at 50%, 60%,
and 70%, the compressive strength of the specimens at 28 days is 5.55 MPa, 4.86 MPa,
and 3.31 MPa, respectively. This represents a decrease of 14.62%, 25.23%, and 49.08%,
respectively, compared to the optimal group. This phenomenon is primarily attributable to
the change in the silicon-to-aluminum ratio (Si/ Al) within the system, which serves as a
pivotal factor in determining the structural morphology of the geopolymer [21,47]. As LZTs
continue to replace MK, the amount of aluminum participating in the reaction decreases,
directly leading to insufficient formation of geopolymer gel, which fails to effectively bind
and strengthen the material. Moreover, due to their inert nature, the hydration reaction of
tailings particles is not significant, resulting in reduced strength of the GFC. As mentioned
earlier in Table 1 above, the GFC in this study exhibited higher compressive strength
compared to some samples prepared from industrial solid waste [24-26,30,32]. This finding
suggests that the preparation of GFC using LZTs has considerable potential.

3.4. Thermal Conductivity

Thermal conductivity is the primary indicator of the thermal insulation performance of
foam concrete. Foam concrete with low thermal conductivity has the potential to markedly
reduce the energy consumption of building operations. As demonstrated in Figure 11, the
thermal conductivity initially decreases and subsequently increases with an increase in LZT
content. It is noteworthy that at 40% LZT content, the thermal conductivity of GFC is the
lowest, measuring at 0.176 W/(m-K). In general, the thermal conductivity of foam concrete
is associated with its pore structure and dry density. At a tailings’ content of 40%, GFC
exhibits the lowest dry density, with its pores predominantly comprising closed, nearly
spherical gas pores. The presence of closed pores functions as minute insulating units,
impeding heat conduction through continuous pathways and thereby effectively hindering
rapid heat transfer within the material [19,48]. Furthermore, pores with smaller average
roundness values possess relatively regular and stable geometric shapes, which renders
them less susceptible to local heat bridges or heat short circuits during heat conduction [38].
As a result, gas convection heat transfer is suppressed, thereby reducing localized heat
concentrations. However, as the LZT content increases, the higher dry density of GFC
enhances thermal conductivity efficiency. Additionally, the numerous interconnected pores
within the material form pathways for heat transfer, allowing heat to flow without being
obstructed by numerous closed thermal insulation units. This results in a significant
increase in the thermal conductivity coefficient.

The thermal conductivity of foam concrete is closely related to its dry density. In this
study, thermal conductivity and dry density data from the relevant literature were collected
and compared with the experimental results (see Figure 12). Linear regression analysis was
performed on the dry density and thermal conductivity of GFC in this study, yielding the
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fitting equation y = 4.16 x 10~*x — 0.09, with R? = 0.9695, indicating a significant linear
relationship between the two variables. In addition, It has been observed that materials
with lower dry density exhibit lower thermal conductivity [26,49-52]. This phenomenon
is primarily attributed to the higher porosity present within the material or the presence
of low-thermal-conductivity media, which contribute to the material’s excellent thermal
insulation properties. However, lower dry density implies lower mechanical strength, and
insufficient material strength may limit its application scope in actual engineering projects.
The lead—zinc tailings geopolymer foam concrete prepared in this experiment exhibits
both ideal thermal insulation properties and lightweight and high-strength characteristics.
Furthermore, in comparison with cement-based foam concrete that possesses a similar dry
density grade [45], the GFC under consideration in this experiment exhibits a reduced
thermal conductivity.
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Figure 11. Effect of LZT content on thermal conductivity of GFC.
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et al. [45], Yang et al. [49], Novais et al. [50], Zhang et al. [51], Zhang et al. [52].
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3.5. Water Absorption and Softening Coefficient

As illustrated in Figure 13, an augmentation in LZT content gives rise to contrasting
trends in the water absorption rate and softening coefficient of GFC. Specifically, the water
absorption rate exhibited an increase that was correlated with rising LZT content, with the
rate showing marked acceleration. The water absorption rate of foam concrete is indicative
of the interconnected /open pores within the material [19,53]. When LZT content ranges
between 30% and 50%, pores in GFC material are predominantly closed pores, thereby
effectively impeding pathways for external water penetration. However, the presence of
excessive LZT content has been demonstrated to induce degradation of the pore structure,
resulting in an augmented number of interconnected and large pores within the GFC. This
change subsequently leads to a substantial augmentation in the rate of water absorption.
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Figure 13. Effect of LZT content on water absorption and softening coefficient of GFC.

The softening coefficient is a critical indicator of the water resistance of foam concrete
materials. The softening coefficients of GFC materials were found to vary with different LZT
content levels, exhibiting values of 0.911, 0.914, 0.901, 0.870, and 0.831, respectively. The
disparities in water absorption rates were the underlying cause of the variations in softening
coefficients. Furthermore, the softening coefficients of all GFC groups are relatively high,
indicating that the material possesses strong resistance to water erosion. This phenomenon
is primarily attributed to the dense gel network formed by the geopolymer gel in GFC and
the micro-aggregate filling effect of LZT, which serves to minimize the impact of water
erosion on the material [54,55].

3.6. Drying Shrinkage

Figure 14 displays the drying shrinkage of GFC as a function of LZT content. Dur-
ing the initial phases of specimen curing, the drying shrinkage of GFC undergoes rapid
development. This phenomenon can be attributed to the predominant occurrence of dis-
solution and condensation reactions of the silicon-aluminum precursor raw materials in
an alkaline environment during the initial stages of the process. This results in elevated
water consumption, attributable to the progression of geopolymerization reactions [56,57].
The phenomenon of drying shrinkage principally entails the contraction of gel pores and
capillaries, culminating in a decline in the water saturation of the internal capillaries as
moisture is lost to the external environment. As the LZT content increased from 30%
to 70%, the drying shrinkage of GFC persisted in its escalation, with the 56-day drying
shrinkage rate rising from 2439 x 107° to 5613 x 10~°. On one hand, the larger average
particle size of LZT relative to MK results in a smaller specific surface area, which leads to
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a reduced capacity for water adsorption. Consequently, more water remains in the system,
awaiting evaporation and loss. On the other hand, an excess of LZT content has been
shown to increase the number of interconnected pores within the GFC, thereby providing
direct pathways for moisture migration. Additionally, an increase in LZT content results
in a reduction in GFC strength, consequently diminishing its capacity to resist shrinkage
stress. In comparison with the findings of other studies [26,58], the drying shrinkage of the
specimens in this study was marginally higher. However, certain scholars have achieved
reduced drying shrinkage or enhanced crack resistance by incorporating fibers such as
polypropylene [59], polyvinyl alcohol [29], and basalt fibers [60] into the material. There-
fore, future studies can optimize the mix ratio of this experiment by incorporating fibers to
reduce the drying shrinkage rate of GFC.
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Figure 14. Drying shrinkage of GFC samples with various content of LZT.

3.7. XRD and SEM Analysis

In accordance with the preceding analysis of the pore structure and physical-
mechanical properties of GFC, the optimal dosage of LZT was ascertained to be 40%.
The prepared samples were then cured for 28 days and subsequently subjected to XRD
and SEM testing. The XRD patterns of the GFC samples are displayed in Figure 15. It has
been observed that hydration products, including C-5-H gel and silicoaluminate minerals
(tetragonal sodium zeolite), have formed. Furthermore, a broad, amorphous diffuse peak
emerges in the 20-40° diffraction angle range, aligning with the diffraction peak character-
istics of geopolymers [11,61]. This signifies the formation of amorphous silicoaluminate
gel. Concurrently, the presence of well-crystallized, strongly reflective phase peaks of
calcium iron garnet was observed. In addition, sharp characteristic peaks indicative of
quartz crystals were identified. This phenomenon can be attributed to the relatively low
activity of this component in LZT, which hinders its complete dissolution in an alkaline
environment. Consequently, the majority of the component retains its crystalline structure.
However, these minerals form a rigid framework with high strength, tightly bonded to the
gel-like products, thereby enhancing the material’s mechanical properties.
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Figure 15. XRD spectrum of sample cured for 28 days.

Figure 16 presents scanning electron microscopy (SEM) images of GFC. In Figure 16a,
as the geopolymerization and hydration reactions progressed, a structurally dense gel phase
was formed, primarily composed of amorphous sodium aluminum silicate gel (N-A-S-H
gel) and flake-like C-S-H gel. The silica—alumina precursor is dissolved under the action of
an alkaline activator. The active silica and alumina tetrahedra undergo geopolymerization,
resulting in the formation of N-A-S-H gel. The formation of C-5-H gel is a consequence
of hydration reactions between the silica tetrahedra within the system and CaO from LZT
and GGBS. Furthermore, the figure indicates the presence of unreacted tailings particles,
which correspond to the quartz phase diffraction peaks observed in the XRD spectrum. The
micro-aggregate filling effect of LZT is responsible for the formation of the mineral skeleton
of the GFC. And the gelatinous products exhibit a high degree of adhesion to the tailing
particles [62], thereby forming a dense and stable microstructure. As shown in Figure 16b,
amorphous N-A-S-H gel is observed to extensively coat the pore surfaces, resembling a
thick protective layer. This process has been shown to enhance the stability and strength of
the pore structure. Figure 16¢ displays that the pores in GFC predominantly manifest as
closed pores, exhibiting shapes that approximate regular spherical forms. The presence of
microcracks on the pore surfaces was observed, primarily due to damage incurred during
the sample preparation process for SEM testing. Additionally, the presence of microcracks
may be attributed to insufficient bonding or encapsulation of certain tailings particles by the
gel products [43,63]. This phenomenon results in the initiation and subsequent expansion
of the microcracks.

Vs
¥ N-A-SeH gel gk

.V S
LZT particle* 4.

Y

Figure 16. SEM images of samples at different magnifications. (a) is the image obtained by zooming
in on the red boxed area in (b), and similarly, (b) is the image obtained by zooming in on the red
boxed area in (c).
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4. Conclusions

This study innovatively utilized LZT to prepare geopolymer foam concrete (GFC),
incorporating MK and GGBS as silicon—aluminum-based supplementary materials, and
using H,O; as a foaming agent, successfully producing GFC with excellent performance
across all parameters. A thorough investigation was undertaken to ascertain the impact
of varying LZT concentrations on the pore structure and macroscopic properties of GFC.
Through microscopic pore structure analysis, the intrinsic mechanisms that give rise to
these variations in macroscopic properties were elucidated. Based on the experimental
results and analysis, the following main conclusions were drawn:

1. The use of LZT for the preparation of GFC holds significant potential and research
value. This investigation proposes a feasible scheme for the recycling and reuse of
LZT. Furthermore, it provides a reference and further research directions for the
preparation of foam concrete from such industrial solid waste.

2. Increases in the LZT content result in a gradual rise in the average pore size and poros-
ity of GFC, while the average roundness value initially declines and subsequently
rises. At 40% and 50% LZT contents, the pore distribution of GFC is most uniform,
with relatively small average roundness values, and most pores are closer to spherical
in shape, exhibiting good geometric compactness.

3. As the LZT content increases, the flowability, water absorption, and drying shrinkage
of GFC gradually increase, while the dry density first decreases and then increases.
Appropriately increasing the LZT content has a positive effect on the compressive
strength of GFC. At a tailings’ content of 40%, the material’s compressive strength at
28 days reaches its maximum value of 6.50 MPa.

4. A comparison of this GFC with foam concrete prepared in other studies reveals that
the former possesses not only the characteristics of light weight and high strength,
but also ideal thermal insulation properties. The thermal conductivity (K) of GFC is
found to be 0.176 W/(m-K) when the optimal LZT content is utilized. This material
can effectively reduce building energy consumption, indicating that it has promising
application prospects in the field of building insulation.

5. The silicon-aluminum precursor material was subjected to an alkaline activator, re-
sulting in the formation of N-A-S-H gel and C-5-H gel. The gel products exhibited a
strong bond with the unreacted tailings particles, and the interfaces between different
phases were firmly bonded. This resulted in a microstructure with high compactness,
which had a positive effect on the development of material strength.

6. However, this study still has room for further exploration. The complex service
environment places high demands on the durability of GFC, such as freeze resistance
and dry-wet cycle performance, which require further in-depth research. Additionally,
by further adjusting the amount of foaming agent, foaming method, and curing
conditions, GFC with more diverse performance can be prepared.
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