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Abstract: Considering that copper mine tailings (CMTs) are
fly ash
(FA), and kaolin to produce geopolymers, to make full use of

commonly mixed with ordinary Portland cement,

CMTs, the properties of geopolymers manufactured under
different material mass ratios and curing methods ( standard
curing, water bath curing, and 60 C curing) are evaluated
with significantly increased dosage of CMTs. Porosity and
unconfined compressive strength tests, X-ray diffraction, field
emission scanning electron microscopy, and energy dispersive
to determine

spectroscopy are used the physical and

mechanical  properties,  microstructure, and  mineral
composition of geopolymers. Finally, costs and CO, emissions
of specimens with different material mass ratios during the
preparation processes are compared. The results show that
during the geopolymerization of low-calcium materials,
various geopolymer gels, including calcium silicate, calcium
silicoaluminate, and mainly sodium silicoaluminate gels,
coexist. The solid waste, cost, and carbon dioxide emission
reductions can reach 100%, 166.3 yuan/t, and 73. 3 kg/t,
respectively. Under a curing condition of 60 C, the sample
with a CMTs mass fraction of 70% and an FA mass fraction of
30%

strength. The resource utilization of CMT and FA is realized

meets the requirements of porosity, compressive
in a more economical way.
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ccording to the National Bureau of Statistics, re-
fined copper production in 2023 was approximately
1.299 x 107 t. For every ton of refined copper produced,
2-3 t of copper slag and 196. 5 t of tailings are discharged
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into the environment, mainly stored in tailings dams or
underground'" . Therefore, in 2023 alone, the discharge
of copper mine tailings was approximately 2. 55 x 10° t.
This large amount of tailings generated by mining needs
large disposal land and advanced sealing technology;
therefore, the comprehensive utilization of tailings is cur-
rently one of the most concerning and challenging top-
ics'’. The amount of copper mine tailings (CMTs) has
increased substantially during the last century because of
the increased demand for copper and the improvements in
processing/extraction techniques' . CMTs were classified
as nonhazardous materials by the US Environmental Pro-
tection Agency in 1991 and the Basel Convention in
1996. As long as they meet regulatory requirements,
CMTs can be freely used in various applications interna-
tionally, particularly in the construction industry, as al-
ternative natural resources'”’. However, because of the
lack of efficient, economical, and reasonable utilization
methods, CMTs are predominantly deposited near mines
and factories, occupying valuable land resources. There-
fore, comprehensive research on the rapid reduction of
CMTs in China is of utmost importance for environmental
protection and economic benefits.

The studies on comprehensive utilization schemes
mainly focus on cementing components, aggregates, and
bricks”™. The main alkali activators used are sodium hy-
droxide (SH), sodium silicate (SS), potassium hydrox-
ide, 71
such as high-content ordinary Portland cement ( OPC),
natural sand, and silica fume improves the performance of
Kundu et al. ' suggest that the op-
timal replacement proportions of CMTs for OPC in ce-
and 10%, respectively. The
difference in the optimal replacement rate may be attribu-
ted to variations in how other materials are mixed and
cured, but it does not substantially reduce OPC use. Ei-
ther solid waste consumption is unsubstantial, or the envi-

and calcium oxide The addition of materials

concrete with slag'”.

ment concrete are 15%

ronmental and economic benefits are insufficient. Reduc-
ing energy consumption and CO, emissions is particularly
crucial because of the requirements for limiting carbon
emissions. Moreover, the issue of natural sand as a non-
renewable resource must be addressed.

This study investigates the feasibility of producing
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geopolymer bricks, which considerably enhance CMTs us-
age near ambient temperature. The study explores a simple
combination of CMTs with other materials such as fly ash
(FA), kaolin (KL), and OPC to completely replace natu-
ral aggregates and clay while substantially reducing the ce-
ment content. The selection of the optimal sample is based
on factors such as unconfined compressive strength
(UCS), porosity, economic viability, and CO, emissions.
To evaluate the mechanical properties and microstructure
of the specimens under different curing conditions ( stand-
ard curing, water bath curing, and 60 ‘C curing), various
tests were conducted, including UCS testing, water ab-
sorption analysis, porosity assessment, X-ray diffraction

(XRD), field emission scanning electron microscopy

1 Experimental Program

1.1 Materials

The CMTs used in this study were obtained from
Tongling, Anhui Province. Table 1 provides the main
chemical composition of CMTs, OPC, FA, and KL (by
weight percentage). The total sum of chemical composi-
tions (Si0O,, Al,O,, and Fe,0,) in FA exceeds the mini-
mum requirement of 70% for cementitious or pozzolanic
action of class F FA. The CaO content of OPC is consid-
erably higher than that of CMTs, FA and KL, while the
Additionally, 98% pure
commercial-grade SH flakes are used as the alkali activa-

Al,O, composition is lower.

(FESEM), and energy dispersive spectroscopy (EDS). tor.
Table 1 Main chemical composition of CMTs, OPC, FA, and KL %
Material w(CaO) w(SiO,;) w(Al,03) w(MgO) w(Na,0) w(S0;) w(K,0) w(S,0;) w(Fe,03) w(P,05) w(TiO,) w(MnO) w(CuO)
CMTs 5.57 53.21 13.32 1.21 0.17 3.84 3.59 8.98 0.32 0.41 0.34 0.18
OPC 63.40 19.40 4.80 1.50 1.70 1.20 4.30
FA 5.60 45.10 24.20 2.10 0.85
KL 0.50 55.00 45.00 0.30 0.01

1.2 Mix design and procedure

The adopted mixture proportions are presented in Table
2, including the material mixing ratios and curing meth-
ods. The aim is to utilize CMTs mass fraction of more
than 50% and OPC mass fraction of less than 10% to en-
hance CMTs usage and reduce the cement quantity. Mo-
reover, previous tests indicated that specimens with
CMTs mass fraction of more than 80% were challenging
to achieve strength through self-compaction during cu-
ring. The water-to-materials ratio was 0. 18, and the con-
centration of SH was 10 mol/L. These mixtures were
to prepare CMTs
geopolymers with a 50 mm diameter and 100 mm height.

used alkali-activated cylindrical

Table 2 Mixture proportion %
Materials S1 S2 S3 S4
CMTs 70 70 60 50
OPC 10
FA 20 30 40 33
KL 17

CMTs, OPC, FA, and KL were mixed in a laboratory
concrete mixer for 5 min at a speed of 22-24 r/min. The
room-temperature SH solution was then added to the mix-
er and rotated for 3 min to obtain a homogeneous mix-
ture!'”
mogenized using a vibration table, and covered with a
U Subsequent-

ly, all the specimens with molds were placed in a stand-

. The mixed slurry was poured into the mold, ho-
polyethylene sheet to prevent water loss
ard curing room for 24 h. Finally, the specimens were

demolded and tested under different curing methods at va-
rious ages. Fig. 1 illustrates the mortar of S4 specimens

cured at 60 C after demolding. Standard curing refers to
an environment with a temperature of (22 +2) C and a
relative humidity (RH) of (95 +5) % . Water bath curing
involves immersing the specimen in water at (22 +2) C
under (95 +5) % RH air conditions. Similarly, 60 C cu-
ring involves placing the specimen in an oven at 60 C.

Fig.1 S4 sample. (a) Mortar; (b) Samples cured at 60 C
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1.3 Test methods

At different curing ages, the mechanical performance
of the specimens was tested using the UCS test, the phys-
ical properties were tested using the water absorption and
porosity test, and the mineralogical characterization and
micromorphology were tested using XRD, FESEM, and
EDS.

Water absorption and porosity tests were performed ac-
cording to ASTM C642-21",

The UCS test was conducted at 7, 14, and 28 d to
measure the strength variations of specimens with differ-
ent material ratios under various curing conditions. Speci-
mens retrieved from the curing room were covered with
towels and tested promptly to prevent water exchange
with the environment. Each specimen was subjected to
the UCS test at a constant strain rate of 3 mm/min until
the load values decreased with increasing strain or until a
15% strain was reached. The peak value of the UCS was
recorded for each specimen'"’.

XRD studies were applied to specimens under different
curing conditions using Rigku-XRD ( SmartLab) under
the following conditions: Cu K_ is 0.154 178 nm; scan-
ning speed is 5°/min; and scanning range 26 is 10°-60°.
The specimens were crushed into powder in an agate mor-
tar and sieved with a 0. 08 mm square-mesh sieve!'".
Then, specimens were heated for approximately 2 h at 80
C to reduce the amount of adsorbed water'"’. Immedi-
ately after being removed from the oven, the specimens
were tiled on the specimen stage and introduced into the
vacuum system to test the chemical composition.

The micromorphology analysis of specimens was con-
ducted using FESEM and EDS. Before FESEM and EDS
analyses, the moisture-removed specimens were cut into
slices 1-2 mm thick and coated with gold. The images
were taken at approximately 2 000 x magnifications.
FESEM and EDS analyses of specimens were conducted
after 28 d of curing.

2 Results and Discussions

2.1 UCS analysis

Fig.2 shows the UCS of four specimens (S1, S2, S3,
and S4) at 7, 14, and 28 d of standard curing, water
bath curing, and 60 C curing. Overall, regardless of the
curing condition, the specimen with OPC mass fraction of
10% exhibits the highest UCS. Under the 60 C curing
condition, this specimen surpasses the minimum compres-
sive strength requirements for non-fired rubbish gangue
brick specified in the Chinese standard JC/T 422—
2007""", reaching over 12 MPa. Conversely, the speci-
mens without OPC display considerably lower UCS val-
ues. Among them, the specimen with KL (S4), which
replaces a portion of FA, exhibits the lowest UCS. The
addition of OPC greatly enhances the UCS of the speci-

men. This outcome is attributed to the increased concen-
tration of calcium ions resulting from the OPC content,
which facilitates alkali activator reactions with silicate
ions, leading to more calcium silicate hydrate ( C-S-H)
formation. The EDS analysis in the following section fur-
ther supports this explanation. Consequently, some re-
searchers have sought to increase specimen strength by in-
creasing the calcium ion concentration or curing tempera-

9,16
ture' '

| —E—D1(WALCI Daul Curng)

UC /MPa

Age/d

Fig.2 UCS of samples at different curing ages under various
curing conditions

Regarding the curing conditions, there is no significant
difference in UCS between standard curing and water bath
curing for all specimens. However, under the 60 C cu-
ring condition, the UCS of all specimens shows consider-
able improvement. Geopolymerization involves dissolu-
tion and polycondensation as the main steps. Increasing
the curing temperature accelerates the dissolution of silica
and alumina species, promoting polycondensation''.
When the FA proportion is increased from 30% to 40% ,
the Al ion content in the specimen also increases. Under
60 C curing, despite a relatively small 10% reduction in
CMTs ( calcined marlstone) content, the UCS of the S2
specimen remains higher than that of the S3 specimen.
Although KL contains higher Al ions, it has not been cal-
cined at high temperatures (60 C) to achieve better poz-
zolanic activity. Test results demonstrate that even under
an alkali activator and 60 C curing conditions, KL strug-
gles to exhibit sufficient cementitious properties, resulting
in the lowest UCS among the specimens. Additionally,
under the 60 C curing condition for 28 d, the UCS of Sl
and S2 meets the minimum individual compressive
strength requirement for Grade negligible weathering
building brick according to ASTM C62-17"""". Although
the UCS of the specimens mixed with FA (S2 and S3) is
lower, it is considerably higher than that of the same
specimens under other curing conditions. Analyzing the
UCS growth rate of specimens under 60 C curing ( see
Fig.3), S1 exhibits rapid early strength growth (0-7 d),
while S2 and S3 exhibit a higher growth rate during the
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later curing stage (7-28 d). Notably, the UCS growth
rate of S2 remains consistent during the 0-14 d and 14-28
d curing periods, indicating the potential for continued
UCS growth beyond 28 d of curing. This result suggests
that S2 and S3 require a longer curing period than S1 to
achieve stable compressive strength. Because of the high
pozzolanic reactivity of OPC, S1 demonstrates a relative-
ly noticeable UCS growth rate even under standard curing
and water bath curing. By extending the curing age (60
C), the minimum compressive strength requirements
specified in the Chinese standard JC/T 422—2007""' can
be met for non-fired rubbish gangue brick.
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Fig.3 Growth rates of UCS by samples under 60 C curing

2.2 Analysis of water absorption and porosity

Fig. 4 illustrates the water absorption and porosity of
each specimen under different curing conditions for 28 d.
At a curing temperature of 60 C, all specimens meet the
water absorption requirement of ASTM C62-17""" for
Grade SW (18% ) after 5 h of boiling, which is identical
to the maximum water absorption requirement for non-
fired rubbish gangue brick (18% ''). Only specimens S1
and S2 meet this requirement under other curing condi-
tions. Additionally, the maximum water absorption of
S1, S2, and S3 after 5 h of boiling under all three curing
conditions meets the requirements of Grade MW (22% ),
except for S4 under standard and water bath curing. Mo-
reover, under the curing condition of 60 C, the maxi-
mum 24-h cold water absorption of all specimens meets
the minimum requirement of ASTM C902-22""" for Class
MX (14% ), with S1 even meeting the minimum require-
ments of Class SX (8% ). Based on the water absorption
requirement of ASTM C902-22'"*!, the priority order of
the specimens is S1, S2, S3, S4. The materials cured at
60 C exhibit higher reactivity and more geopolymeriza-
tion products, resulting in more compact specimens and
lower porosity.

2.3 XRD analysis

Fig.5 presents the XRD test results of each specimen
under different curing conditions for 28 d. Under all curing
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Fig.4 Water absorption and porosity of the samples under dif-
ferent curing conditions for 28 d. (a) Standard curing; (b) Water
bath curing; (c) 60 C curing

conditions, CMTs primarily comprise crystalline materials
with a substantial amount of silica, which aligns with the
compositions shown in Table 2. The XRD analysis also
reveals the presence of geopolymer gels (C-S-H, C-A-S-
H, and N-A-S-H), quartz ( SiO, ), and albite
(NaAlSi,O;) minerals. This finding indicates the forma-
tion of C-S-H gel, contributing to the development of
strength!” . Furthermore, multiple geopolymer gels ( C-
S-H, C-A-S-H, and N-A-S-H) are observed, suggesting
that during the hydration reaction, not all metal cations
(Na™) used to balance the electrical charge are complete-
ly replaced by Ca’*, and some Si is replaced by Al. No-
tably, the XRD pattern of S4 exhibits a prominent peak
of dolomite (CaMg(CO,),) compared to other specimens
because of the higher magnesium content in the KL. No-
tably, the geopolymerization process is accelerated under
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the 60 C curing condition for 28 d. In addition to
geopolymer gel formation, the silica wave peak of Sl is
lower than that of the other specimens, particularly at the
peaks near 20°-30° and 50°. Despite the decrease in crys-
talline peak intensity, the patterns remain crystalline be-
cause of the partial dissolution of the mine tailings parti-
Additionally, the FESEM micrographs show that
most particles only react on their surface and partially dis-
solve in the alkaline solution. However, under the three
curing conditions, the corresponding peaks of S3 are
slightly lower than those of S2, which can be attributed to
the reduction in CMTs content leading to a decrease in Si
content in S3.
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Fig.5 XRD test results of each sample under different curing
conditions for 28 d. (a) Standard curing; (b) Water bath curing; (c)
60 C curing

2.4 FESEM and EDS analyses

Fig. 6 presents the morphological and microstructural
features observed through FESEM of four specimens
cured at 60 C for 28 d. In Fig.6(a), the geopolymeric
gel is continuous and acts as a binder for the matrix. Nee-
dle-like products are seen within the holes, crossing each

(a)

(b)

(¢)

(d)
Fig. 6 FESEM micrographs of the chemical reaction products
in different mortars. (a) SI; (b) S2; (c) S3; (d) S4
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other and randomly arranged around cluster-like products.
This observation aligns with the findings of Yan et al''*'.
Some geopolymeric gels appear as independent particles,
not tightly bonded with others ( see Figs. 6 (b)-(d)).
During the microstructural examination, unreacted parti-
cles embedded within the matrix were observed, indica-
ting incomplete dissolution of Al and Si. Additionally,
cracks and holes resulting from the falling of FA particles
were observed, possibly due to mechanical damage dur-
ing specimen preparation for SEM observation or the cu-
ring conditions during the reaction process'''. This obser-
vation indirectly suggests that when excessive FA is incor-
porated, some particles may not participate in geopolyme-
rization and instead become attached to the geopolymer
gels or detach. In comparison to Fig. 6(b), Fig.6(c)
shows that considerably more micro-cracks are found
around unreacted FA particles as the FA content increases.
Although the specimen in Fig. 6(d) has the same CMTs/
FA mass ratio as that of Fig.6(c), it contains a smaller to-
tal amount of FA. The morphology of FA exhibits a
smooth texture with some micro-cracks, which can affect
the strength of the geopolymer'™ . Thus, the morphology
shows that S1 has better strength than the other specimens.

EDS testing was performed at the same position as that
of Fig. 6 to analyze the main chemical reaction products.
For simplicity, only the EDS test results of specimen S1
cured at 60 C for 28 d are shown. Geopolymerization
products are identifiable in different parts of Fig. 7(a).

(a)

(¢) (d)

Analysis of Figs.7(c)-(e) reveals that the main chemical
reaction products detected in regions 1 and 2 have differ-
ent sources. Geopolymerization products detected in re-
gion 2 are likely due to cement hydration, while those
recognized in region 1 might result from pozzolanic reac-
tions between copper slag and SH"'". The EDS data plots
(see Figs. 6(b)-(d)) clearly show that the geopolymer-
ization products in region 1 have less calcium distribution
compared to aluminum, sodium, and silicon, whereas re-
gion 2 has less sodium distribution. The inference of the
XRD test results (see Fig.5) is that region 1 mainly con-
tains N-A-S-H, while region 2 mainly comprises C-A-S-
H. Additionally, in the microscopic image of S1 with
OPC, the coexistence of C-A-S-H gel and N-A-S-H gel
in region 3 can be more clearly observed. EDS tests were
also conducted on other specimens under the same curing
conditions, and the same type of marks apparent in Fig. 6
(a) are labeled in Figs. 6(b)-(d). The calcium content in
In the
FESEM image, the geopolymeric gels contained more N-
A-S-H gel, consistent with the research findings of You
1.™. In terms of microstructure, specimens with a

the experimentally prepared specimens is low.

et a

higher proportion of N-A-S-H gel exhibited more particle
shedding and pores, while the S1 specimen containing
more C-A-S-H gel showed considerably higher UCS than
the other specimens. According to the above analysis, C-
A-S-H gel improves the bearing capacity of the specimen
structure more effectively than N-A-S-H gel.

(b)

(e) (H)

Fig.7 SEM/EDS micrographs of S1 cured at 60 °C for 28 d. (a) SEM; (b) EDS; (c¢) EDS-Ca K; (d) EDS-Na K; (e) EDS-Al K;

(f) EDS-Si K
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2.5 Estimation of economics and CO, emission

Table 3 compares the costs and carbon dioxide emis-
sions of the four specimens preparation processes. The
well-performing specimens S1 and S2 were compared
with brick specimens in Refs. [§,23], denoted as B1 and
B2. The estimated results are presented in Table 3. For
specimens S1, S2, BI, and B2, 0.7347, 0.816 3,
0.400 0, and 0.796 2 t of solid waste can be consumed
per ton of specimen, respectively. The economic effects
mainly depend on estimating the market price of CMTs/
CS, OPC, SH, and nonrenewable materials and electrici-
ty costs during specimen curing. The costs of the four
specimens are approximately 189.5, 166.3, 357.5, and
177.3 yuan/t. The total CO, emissions are calculated by
summing the CO, emissions during the stages of OPC and
SH production and specimen curing. The total CO, emis-
sions of the four specimens are approximately 147. 79,
73.3, 31.9, and 151.7 kg/t, respectively. B2 has rela-
tively low CO, emission because the CO, emission during
the exploitation of natural sand and clay is not estimated.
Furthermore, according to Medina-Martos et al. ™, the

main production method of commercial SH involves
membrane cells, and the maximum CO,-emission limit
value per ton of SH is 1. 958 t according to the regula-
tions of the Standardization Administration of China. Ac-
cording to Amran et al.'"®', the CO, emission from OPC
production is 913 kg/t. Since specimens per ton are com-
pared, the comparison of material freight and CO, emis-
sion during transportation is ignored. For the convenience
of estimation, the form of power generation is assumed to
be purely thermal, and the industrial power consumption
is assumed to be 1 yuan/(kW - h).

The results show that S2 has the lowest cost. Com-
pared with S1 and B2, S2 has a higher solid waste reduc-
tion, less SH usage, and the lowest CO, emission. More-
over, Bl consumes nonrenewable resources ( natural sand
and clay) and reduces solid waste by less than 1/2 com-
pared to S2. Therefore, the S2 specimen has better cost
performance. These estimation results indicate that the
carbon footprint and life cycle assessment of the compre-
hensive application of different solid waste materials has
considerable research importance.

Table 3 Summary of economic and CO, emission estimates

Sample label S1 S2 B1!%! B2!8!
. . 70% CMTs, 70% CMTs,
Solid waste materials 20% FA 0% FA 40% CS 100% CMTs
OPC 10% 0 0 0
. Natural sand 0 0 21% 0
Nonrenewable material
Clay 0 0 39% 0
Alkali activator SH/t 0.036 7 0.036 7 0 0.076 4
. 5 K/min,
Curing method 60 C, 28d 60 C, 28 d soaking at 1025 C for 1 h 90 C, 7d
CO, emission/kg 147.79 73.3 31.9 151.7
Cost assessment/(yuan - t™h 189.5 166.3 357.5 177.3

3 Conclusions

1) The specimen prepared with CMTs mass fraction of
70% and FA mass fraction of 30% (S2) under a curing
temperature of 60 C demonstrated several advantages,
including 100% solid waste reduction, a cost of 166.3
yuan/t, and carbon dioxide emissions of 73. 3 kg/t.
Using CMTs in a more energy-efficient manner, it is fea-
sible to produce environmentally friendly geopolymer
bricks without using OPC, natural sand, or clay.

2) Compared to specimens containing 10% OPC,
specimens without OPC required a longer curing age to
reach the desired compressive strength. However, under a
curing temperature of 60 C, the OPC-free specimens ( S2
and S3) could meet the requirements for UCS and water
absorption of bricks if given sufficient curing time.
Among the three curing conditions ( standard curing, water
bath curing, and 60 C curing), higher temperatures were
found to promote geopolymerization of the specimens.

3) The decrease in the silica peak observed in the XRD
results under similar silica contents indicates a greater in-
volvement of silica in the geopolymerization process.
During the geopolymerization of low-calcium materials,
various geopolymer gels (C-S-H, C-A-S-H, and mainly
N-A-S-H) were found to coexist. Additionally, the C-A-
S-H gel had a greater influence on the growth of compres-
sive strength.

4) As a building material, geopolymer tailings brick
needs to meet the requirements of strength, porosity, and
durability. The reactivity of tailings is very low, and
when the strength is too low to meet the requirements, it
can be increased by combining other methods, such as
preloading. However, this tactic can greatly affect the
porosity of the brick, making it difficult to meet the po-
rosity requirements. Therefore, further study is warranted
on the effect on the porosity, durability, and geopolymer
reaction of geopolymer tailing brick that was further in-
creased in strength by adopting various methods.
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