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The development of manganese mines has prospered with the rapid development of China’s economy. Manganese tailings have
not been reasonably and effectively studied due to capital constraints and backward technology, directly leading to ecological
damage, environmental pollution, fast urban development, and incomplete city construction. In China, these phenomena have
resulted in long-term waterlogging in the southern cities and water shortages in the northern cities. Permeable bricks, which
are prepared through the sintering of manganese tailings, serve as materials for the construction of sponge cities, ease
environmental pressure to a certain extent, and contribute to ecological restoration. In this paper, manganese tailings, kaolin,
and calcium oxide are used as main raw material, binder, and sintering aid, respectively. The materials are mixed at a certain
ratio and subjected to ball milling, sieving, batching, and foaming. The slurry is molded and sintered at a high temperature
to obtain permeable bricks that perform well in terms of porosity, compressive strength, and water permeability. Based on the
performance of permeable bricks prepared using manganese tailings, the optimal firing system for preparing the porous
materials of manganese tailings is as follows: sintering temperature, 1,030 oC; heating rate, 6 oC/min; and holding time, 1 h.
The permeable brick prepared using manganese tailings has porosity, shrinkage, compressive strength, and water permeability
of about 71%, 8.7%, 2.68 MPa, and 2.2 × 10−2 cm/s, respectively.
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Introduction

Tailings refer to the solid mineral wastes that are
discarded after the selection of useful minerals or
ingredients and have low use. China has a large demand
for manganese. However, the development of manganese
ores is based on lean ores, and the mining conditions
and selectivity are poor [1, 2]. The demand for manganese
ores continues to increase, resulting in shortage. At
present, China’s electrolytic manganese production ranks
first in the world as China produces about 98% of the
world’s total output [3, 4]. All tailings are recyclable and
reusable and still contain many useful ingredients.
Previously, the useful ingredients contained in the tailings
cannot be effectively extracted due to lack of technology
and economic constraints. At present, tailings can be
recycled and used with the support of today’s technical
support and economic conditions. Many examples of
reasonable utilization of waste resources at home and
abroad are available. For example, the tailings of the
beneficiation plant in Hubei Province are rich in gold,

silver, copper, and other metal components. As early as
1985, the mining industry has used weak magnetic–
strong magnetic technology to reselect the tailings.
This technology can recover up to tens of thousands of
concentrates from the tailings every year [5, 6] due to
the continuous development and progress of beneficiation
technology.

China has lower comprehensive utilization rate and
efficiency of manganese tailings than some developed
countries due to backward technology, insufficient
capital investment, and small production scale [7, 8].
The considerable economic benefits, coupled with the
lack of attention to environmental protection and the
inability to produce competitive products, have led to
the insufficient recycling of manganese tailings for various
reasons. Today’s treatment methods of manganese
tailings are clean, and the comprehensive utilization
technology of manganese tailings is the core technology.
In the comprehensive utilization of manganese tailings,
the predecessor has also made many contributions and
used manganese tailings as a cosolvent and colorant for
quartz–feldspar–kaolin clay ceramics. Previous studies
have shown that the utilization and consumption of
manganese tailings is low, but the solid accumulation
of manganese tailings increases rapidly. Thus, finding
an effective and feasible method to consume manganese
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tailings is necessary [9-12].
At present, domestic permeable bricks generally have

high porosity and ecological characteristics [13, 14].
These bricks have a certain strength, good air permeability,
and water permeability. The development of permeable
bricks has started late in China due to the insufficient
urban construction experience in China and relatively
backward technical level. In recent decades, many urban
construction problems have gradually been discovered
with the rapid development of cities. Flooding disasters
occur frequently in southern cities, but insufficient
water storage occurs in northern cities, resulting in the
study of permeable bricks a concern. At present, the main
pavements used in the cities of China are nonsintered
and sintered permeable bricks [15, 16]. The main raw
materials used are fly ash, residues after aluminum
extraction from fly ash, coal gangue, sand, and pebbles.
At present, less manganese tailings are used as main
raw materials to prepare permeable bricks. In this paper,
manganese tailings are used as the main raw materials,
and kaolin clay is used as binder. The permeable bricks
are prepared by adjusting the sintering process, providing
a reference for the future preparation of permeable
bricks with good performance.

Experimental Materials and Methods

Manganese tailings were collected in this study (Fig.
1). Fig. 2 shows the XRD pattern of the manganese
tailings, which are composed of silica, manganese
oxide, and ferric oxide. The raw materials used in this
experiment are shown in Fig. 2. The main raw material
used in the experiment was manganese tailings, and
calcium oxide and kaolin were used as sintering aid

and binder, respectively. The materials were mixed at a

certain ratio, ball milled, and foamed. The slurry was
poured into a mold and dried to obtain the blank
permeable brick. Atmospheric sintering was carried out
using the SX-G12133 high-temperature furnace to
study the effect of sintering on the performance of
permeable bricks, and the sintered permeable brick
samples were obtained and stored for future use. The
density of the sintered sample was determined using
the AR2140 electronic balance, and the porosity of the
sample was determined through the relationship with
the theoretical density. According to the standard of
permeable pavement bricks and permeable road panels
(GB/T25993-2010), the water permeability coefficient
of the sample can be measured using the stable water
pressure method. The phase separation and microsctructure
of the sample were determined using the D8 Advance
X-ray diffractometer and the SU8010 scanning electron
microscope (SEM), respectively.

Results and Discussion

Effect of sintering temperature on the performance
of permeable brick

Fig. 3 shows the permeable bricks sintered at different
temperatures. The samples sintered at 900 oC and
1,000 oC are evidently underfired and have extremely
poor strength. The sample sintered at 1,100 oC is shaped
like a pie and shows evident oversintering. Thus, the
sintering temperature range should be between 1000 oC
and 1,100 oC. The sintering temperature gradient used
is 20 oC, and the preliminary sintering temperatures
used are set to 1,010 oC, 1,030 oC, 1,050 oC, 1,070 oC,
and 1,090 oC.

Fig. 4 shows the performance evaluation results of

samples prepared at different sintering temperatures at
a heating rate of 4 oC/min and holding time of 2 h. Fig.

Fig. 2. XRD pattern of the manganese tailings.Fig. 1. Manganese tailings sample powder.

Table 1. Chemical composition of the manganese tailings

Chemical composition SiO2 AlO3 CaO MgO K2O Na2O TiO2 MnO Fe2O3 LOI

Content (wt.%) 34.34 8.44 0.35 0.73 1.52 0.21 0.27 21.58 20.37 12.39
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4(a) shows that increasing temperature results in
gradually decreasing porosity and gradually increasing
shrinkage. The porosity of the sample sintered at 1,030
oC is the best, and the porosity decreases linearly after
1,070 oC. Fig. 4(b) shows that increasing temperature
results in gradually decreasing water permeability and

gradually increasing compressive strength.
Figs. 5(a-c) show that at sintering temperatures of

1,010 oC, 1,030 oC, and 1,050 oC, the size of the pores
on the surface is similar, and some small holes and
cracks are observed on the pore wall. The rate is
relatively high. Water can pass through the holes, and

Fig. 3. Effect of sintering temperature on the sample shape.

Fig. 4. Effect of sintering temperature on the performance of the sample.
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the water permeability is relatively high. Fig. 5(d) shows

the SEM image of the sample prepared at a sintering
temperature of 1,090 oC, which have smaller pores,
glowing pore wall, and fewer pores compared with the
samples sintered at the previous temperatures. The
sample has a clear liquid phase, smooth pore walls, and
dense pore structure. Thus, low porosity and low water
permeability are observed, and some pores are closed
by the liquid phase [17-18]. At low temperature, the
skeleton of the sample (Fig. 5c) shows porosity and
density. However, as the temperature increases, the
grains continue to grow, and increasing liquid phase
and decreasing pore structure are observed. Fig. 5(d)
shows many grains on the surface, and an evident
glass phase and a dense structure are observed. The
compressive strength of the pore structure continues to
increase as the temperature rises but is basically
unchanged at 1,010 oC–1,050 oC. At temperatures above
1,050 oC, the compressive strength increases rapidly,
and the water permeability decreases continuously. As
such, the optimal sintering temperature is 1,030 oC.

Effect of heating rate on the performance of
permeable brick

Fig. 6 shows the effect of heating rate on the perfor-

mance of the permeable bricks prepared using manganese

tailings at a sintering temperature of 1,030 oC and
holding time of 2 h. Fig. 6(a) shows that as the heating
rate increases, the porosity generally increases. However,
at heating rates above 4 oC/min, the porosity growth
and the shrinkages rates decrease. A low heating rate
results in long sintering cycle. The movement of the
particles in the green body results in a dense green
body. Fig. 6(b) shows that increasing heating rate
results in gradually decreasing compressive strength
and gradually increasing water permeability due to
insufficient degree of sintering densification, dispersed
crystal grains, and large gap. Thus, the sintering neck is
not sufficiently formed between the crystal grains, and
the bonding surface is not sufficiently formed between
the particles, resulting in a relatively loose internal
structure of the hole and decreased compressive strength.
The compressive strength and porosity are highest at
heating rates of 2 oC/min and 8 oC/min, respectively.
However, the change is not large. The difference between
the maximum and the minimum porosity values does
not exceed 1%, and the maximum difference in com-
pressive strength is about 0.2. The maximum shrinkage
difference is about 0.5%, and the shrinkage rate is
smallest at a heating rate of 6 oC/min. Fig. 6(a) shows

Fig. 5. Effect of sintering temperature on microstructure of the sample.
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that as the heating rate increases, the compressive
strength gradually decreases. Fig. 6(b) shows that the
compressive strength, porosity, and water permeability
at heating rates of 4 oC/min and 6 oC/min are not
different. Therefore, considering the comprehensive
energy consumption, the optimal heating rate is 6 oC/min.

Effect of holding time on the performance of
permeable brick

Fig. 7(a) shows that increasing holding time results
in gradually decreasing porosity. However, the porosity
is about 70%, and the difference is about 1%. The
shrinkage rate is almost the same at 8%–9%. Fig. 7(a)
also shows that the porosity at holding times of 0.5 and
2 h is similar, which may be caused by the insufficient
setting of the holding time. If the holding time is long

enough, the green body may change drastically during
the sintering process. A new phase may be generated,
and the performance may change significantly. If sufficient
heat is not provided, the grains cannot grow sufficiently,
and the microstructure and the pore structure remain
unchanged. Fig. 7(b) shows that as the holding time
increases, the water permeability gradually decreases,
but the difference is not large. Moreover, the compressive
strength gradually increases. At holding time of 1.5 h, the
compressive strength almost stabilizes. The compressive
strength at holding times of 0.5 and 2 h is not different.
Fig. 8 shows that the pore structure at holding times of
0.5 and 2 h has about the same size and sparse structure.
Considering the performance requirements of permeable
bricks and the factors of energy consumption, the
optimal holding time is 1 h.

Fig. 6. Effect of heating rate on the performance of the sample.

Fig. 7. Effect of holding time on the performance of the sample.
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Conclusion

Permeable bricks are prepared using manganese
tailings added with kaolin, calcium oxide, water, and
foaming agent. The raw materials are subjected to ball
milling, foaming, and drying. The permeable brick is
obtained through the sintering process and subjected to
performance analysis. As the sintering temperature
rises, the pore structure, liquid phase, and compressive
strength increase, whereas porosity and water permeability
decrease. As the heating rate increases, the porosity and
water permeability increase a little, and the compressive
strength decreases. A long holding time results in
slightly decreased porosity and increased compressive
strength, which remain basically unchanged. Based on
the performance of permeable bricks prepared using

manganese tailings, the optimal firing system is as
follows: sintering temperature, 1,030 oC; heating rate,
6 oC/min; and holding time, 1 h. The permeable brick
prepared using manganese tailings has a porosity,
shrinkage, compressive strength, and water permeability
of about 71%, 8.7%, 2.68 MPa, and 2.2 ×10−2 cm/s,
respectively.
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