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High-strength ceramsite was prepared by using demagnesium boron mud and oil shale (OS) semi-coke as the main raw
materials, Na,SiO; as binder, and Na,CO; as foaming agent. In the ceramsite with a 1:1 ratio of demagnesium boron mud and
OS semi-coke, 3% Na,SiOs, and 10% Na,CO; sintered at 1070 °C, the porosity, apparent density, and compressive strength
reached 22.63%, 1398.33 kg/m® and 11.50 MPa, respectively. Na,COj; played a decisive role in the sintering of high-strength
ceramsite. Thermogravimetric analysis and X-ray diffraction results showed that the gas produced by raw meal during the
heating process reduced the apparent density of ceramsite, and that new minerals such as albite and forsterite were produced
during the firing process. The forsterite formed islands within an albite framework, thereby strengthening the ceramsite.
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Introduction OS semi-coke reportedly leaches more heavy metals

(Cr, Mn, Co, V, Zn, and Cu) than natural OS [7-9].

As the residue of borax and boric acid production Such large quantities of OS semi-coke can hinder the
from willemite or magnesite, China's boron mud is development of the OS industry unless properly
mainly composed of MgO and SiO,, with minor Fe,0s, managed [10]. The utilizations of OS semi-coke in com-
B,0s, Ca0O and ALO; [1]. The borax industry discharges bustion [11], solid adsorbents, carbon-based adsorbents,
a huge amount of boron mud (typically 4-5 tons per ton geopolymers, ingredients of construction materials, and
of borax production). Over 800 thousand tons of boron others have been well studied [12, 13]. However, as the
mud have been generated per year and more than 10 existing technologies are immature, they are not widely
million tons have accumulated in China [2]. With its used in practice. More economical and environmentally
high alkali content and fine particles, stacked boron friendly methods for OS semi-coke disposal are required.
mud causes serious pollution of air, soil, and ground Proper disposal of these solid wastes is an urgent
water. In recent years, some efforts have been made to environmental problem. In particular, the solid waste
extract the valuable elements like silicon and magnesium must be converted to a valuable secondary product
from boron mud, prepare boron magnesium fertilizer, [14]. Mineral wastes that cannot easily be reused as
soil conditioner or functional building materials [2-5]. raw materials are increasingly being converted to new
However, after silicon and magnesium removal, large artificial aggregates [15-17]. Artificial aggregate can
volumes of waste residues remain. The production of also solidify contaminants, greatly reducing the leaching
boron-magnesium fertilizer is relatively low, and cannot of heavy metal ions and providing new ideas for the
consume the huge amount of boron mud produced resource utilization of tailings [18]. Traditional light
by ludwigite. Therefore, the resource utilization of weight aggregates (LWA) are usually formed from natural
high-value components in bulk boron mud is urgently raw materials such as clay and shale. Demagnesium
demanded. boron mud is a mineral waste with a clay-like elemental
Oil Shale (OS) is regarded as a potential supplement composition [19]. Therefore, a new type of ceramsites
and substitute of fossil fuels [6]. However, the environ- might be formed from demagnesium boron mud as a
mental impacts of OS semi-coke produced from the oil substitute of clay minerals. Another raw material is OS
shale retorting process have gradually raised concern. waste residue, which is widely used in firing ceramsites
[20,21]. The main components of this residue (SiO,

*%l‘fefggngg% :(;Jstgggo and Al,O3) are good candidates for ceramsite formation
Fax +86-024-83679128 [22]. Unfortunately, the comm_only used_amﬁmal ceramsites
E-mail: liliang@mail.neu.edu.cn are low-strength, high-density materials unsuitable for
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preparing high-performance concrete. This study is the
first attempt to prepare a new aggregate product with
higher strength and lower weight than the current
artificial lightweight aggregates from boron mud and
OS semi-coke, which can not only solve the huge
environmental risk caused by large-scale storage, but
also realize the high-value resource utilization of the
two kinds of solid wastes. Moreover, the study also
provide an imagel grayscale analysis method to explore
the pore change law during the ceramsite firing process,
and it can also provide a certain reference for the
related research of ceramsite.

Materials and Methods

Materials

Demagnesium boron mud

Boron mud was taken from boron mud storage
yard in Kuandian County, Liaoning Province, China.
Demagnesium boron mud was obtained by acid leaching
from boron mud. A 4:1 mixture of 50% sulfuric acid
and boron mud was used and heated at 70 °C for 120
min to remove magnesium from boron mud. The acid-
leaching boron mud was then washed with distilled
water to pH 6. After being dried to constant weight,
demagnesium boron mud was passed through a 300-
mesh sieve, and taken the lower part of the sieve as a
spare.

OS semi-coke

OS semi-coke was taken from the dry distillation
waste slag dump of Fushun Open-pit Mine, Liaoning
Province, China. OS semi-coke was crushed with a
crusher and filtered through a 50-mesh sieve. Then the
sieves were put into the ball mill for ball milling to
below 300 meshes as a spare. The main elements of
demagnesium boron mud and OS semi-coke are shown
in Table 1.

Preparation of LWA

Demagnesium boron mud and OS semi-coke were
mixed in the ratio of 1:1. A certain amount of foaming
agent Na,CO;, 3 g Na,SiO; and an appropriate amount
of water were added to every 100 g of the mixture.

The mixture was compacted into a cylinder with a
diameter of 25 mm and a height of 10 mm by a mold,
and then dried at 120 °C for 2 h to obtain the green
bodies. The prepared green bodies were then fired in a
furnace with high temperature resistance. In the furnace,
after heated from room temperature to 500 °C at 10 °C/
min, the green bodies were preheated at 500 °C for 10
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min, and then heated at 15 °C/min to 900 ~ 1100 °C.
After holding at the target temperature for 20 min, the
power supply was stopped and the samples were cooled
naturally to room temperature in the furnace.

Analysis method

The porosity measurement method was adopted by
imagel grey analysis method. The specific method is as
follows. The ceramsites was cut from the center, and
the cross section of the ceramsite was polished and
coated with thick aluminum powder. After flattening
the powder with a knife, the surface was imaged with a
digital camera and analyzed with ImageJ software to
observe the internal pore morphology and calculate the
porosity. The compressive strength of ceramsites was
measured by the maximum pressure withstood by the
ceramsites under the crushing strength machine (Instron
Corporation 34SC-5, America). The density of the
ceramsite was measured by the Archimedes method.
The water absorption of ceramsite was recorded by the
rate of weight change before and after the ceramsite
was soaked for 30 min. The thermal behavior of the
raw materials was studied by using a thermogravimetric
analyzer (NETZSCH-Gerdtebau GmbH DSC404F3,
Germany). The test conditions were set as follows. In
an air atmosphere, the sample was heated from room
temperature at a rate of 10 °C/min, and the end tem-
perature is 1200 °C. The properties of both raw materials
and the sintered products were characterized by X-ray
diffraction spectroscopy (XRD) (PANalytical B.V. X
Pertpro, Netherlands) and scanning electron microscopy
(SEM) (Carl Zeiss AG ULTRA PLUS, Germany).

Results and Discussion

Effect of Na,CO; on the physical characteristics of
LWA

The porosities, compressive strengths, apparent
densities, and water absorptions of the ceramsite with
different Na,COs contents are presented in Fig. 1.

As shown in Fig. 1(a), When there was no foaming
agent in green bodies, the porosities in the ceramsite
were less than 4%, and the firing temperature had
almost no effect on the porosity, which meant that the
organic gas in the raw materials could not create pores.
However, after adding Na,CO;, the firing temperature
had a significant effect on the porosity of the ceramsite.
The porosities of the samples containing 5% and 10%
Na,CO; increased rapidly between 900 and 950 °C,
because Na,CO; decomposes and releases CO, at 853
°C. At this temperature, the liquid phases were small

Table 1. Raw materials of demagnesium boron mud and OS semi-coke (wt%), determined by X-ray fluorescence analysis

SiO, AlO; MgO Fe,0; Others Loss
Demagnesium boron mud 48.95 3.81 14.9 11.99 3.62 8.71
OS semi-coke 41.67 16.9 3.96 8.08 3.16 26.23
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and the formed liquid phase could not fill the pores
occupied by gas. After 950°C, the porosity increase
rates of the 5% and 10% Na,CO; ceramsites slowed
because more liquid phases were produced at such
temperatures, which partially filled the cracks produced
at low temperatures. At this time, gas continued to
escape, slowing the rate of void reduction. The viscous
phase of the 5% Na,CO; ceramsite was low, and the
volatile compounds formed by thermal decomposition
could escape from the aggregates, thereby reducing the
porosity and expansion, and increasing the density [23].
The 5% and 10% Na,CO; ceramsites reached solid-
liquid equilibrium at 1050 and 1030 °C, respectively.
When the bubbles could no longer balance the internal
and external pressures, they burst, and the number of
bubbles increased explosively [24]. Beyond the solid—
liquid equilibrium point, the gas production rate exceeded
the liquid formation rate, and more gas formed inside
the ceramsite. At 1070 °C, the porosities of the 5% and
10% Na,COj; ceramsites developed second peaks at
13.97% and 22.63%, respectively. As the temperature
rose further, the internal viscosity of the ceramsite
decreased.

The image] gray scale analysis method was used to

analyze the pore characteristics of ceramsite under 10%
sodium carbonate foaming agent at different tempera-
tures, and the results are shown in Fig. 2. When the gas
first generated, it partially broke through the structure,
forming larger pores as shown in Fig. 2(a). After the
gas escaped from the loose structure of the top, as the
temperature rose, the rate of gas generation became
faster. This process increased the cavity size (Fig. 2(b)).
Most of the small cavities resided in the centers of the
ceramsite samples. When the small cavities gathered
together, the cavities moved through the ceramsite,
forming long and narrow pores in the ceramsite. Once
the cavities reached the ceramsite surfaces, a low
number of small bubbles formed near the glaze surface
(Fig. 2(c) and (d)). When the small bubbles on the
surface converged at 1100 °C, the void ratio rebounded.
Since the large cavities had exited in the previous
stage, the number of small bubbles was not increased
from the previous stage, so the void ratio did not
further rise. confirming that the foaming agent played
an important pore-forming role in the ceramsite. From
the images in Fig. 2, the gaps were inferred to form as
follows: 1) Generated gas lifted the surface of the
ceramsite; 2) small bubbles inside the ceramsite merged
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Fig. 1. Temperature dependences of the physical properties of ceramsites with different Na,COj; contents: (a) Porosity, (b) compressive

strength, (c) apparent density, (d) water absorption.
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Fig. 2. ImageJ analyses of the 10% Na,CO; ceramsite cross-sections at different temperatures: (a) 950 °C, (b) 1070 °C, (c) 1090 °C, (d)

1100 °C.

into larger bubbles; 3) the large bubbles moved from
through the ceramsite and eventually escaped; 4) as the
large bubbles were removed, more bubbles were
transferred from the center to below the glaze.

The changes of the ceramsite compressive strengths
are shown in Fig. 1(b). The results showed that the
temperature had great influence on the compressive
strengths of the ceramsite. When the temperature
increased from 900 °C to 950 °C, the gas escaped from
the small gaps in the raw material, and the fine soil
particles could overlap but not melt together. The grains
remained loose and the strength was not high at this
time. After heating, the glaze thickened and wrapped
the ceramsite, increasing the overall strength of the
material. In addition, the SiO, and Na,CO; reacted at
the higher temperature, generating more Na,SiO; as
shown below:

N8.2CO3+ SIOZ — NaZSiO3+COzT (1)

This reaction further increased the compressive strength
of the ceramsite. The strengths of the 5% Na,CO; and
10% Na,COj; ceramsites peaked at 25.2 MPa (1050 °C)
and 18.36 MPa (1030 °C), respectively. These differences
were attributed to the different internal viscosities of
the ceramsites with different Na,COj; contents. At these
temperatures, the compressive strengths of the ceramsites
far exceeded those of similar light aggregates in
previous studies [25, 26]. The compressive strength
was lowest at 1090 °C, when the cavities generated by
the tiny bubbles moved through the ceramsite forming
vertical holes, just as shown in Fig. 2(c). The gas
enclosed in the holes formed their own holes through
the molten glass phase [27], and the compressive strength
decreased accordingly. The minimum compressive
strength was followed by a slight increase as the large

cavities exited the glaze, and the liquid-phase part
blocked the depressions left by the escaped cavities,
forming a compact internal structure with increased
strength. Meanwhile, the control experiment showed
that without Na,CO;, the compression resistance of
ceramsite was not effectively improved. Therefore,
Na,CO; played a dual role of pore formation and
strengthening in the ceramsite.

The changes of the ceramsite apparent densities are
shown in Fig.1 (c). When the temperature rose from
900 °C to 950 °C, the ceramsite surface had not yet
reached solid-liquid equilibrium, and the gas formed a
cavity under the surface. At this time, the volume of
the ceramsite increased slightly, just shown as Fig.
3(b), reducing the apparent density. After 950 °C, the
liquid phase in the surface layer gradually increased
and filled the cavities formed in the sintering stage
within sufficient time, causing the surface to shrink.
The apparent density slowly increased at this stage.
After 1030 °C, the densities of the 5% and 10%
Na,CO; ceramsites were markedly different. From
1030 to 1070 °C, the density of the 5% Na,COs
ceramsite was little changed, whereas that of the10%
Na,CO; continued decreasing. The high temperature
increased the plasticity of the ceramsites, and the trace
gas traveling through the ceramsite collected inside the
ceramsite. The hard 5% of the surface blocked the
internal gas from escaping the glaze, and a dense melt
chamber was formed; consequently, the liquid phase
could not freely flow and settle [28], and the weight
and volume remained almost unchanged. However, the
surface of the 10% Na,CO; ceramsite was softer at this
temperature, as evidenced from the melted edges and
corners of the ceramsite in Fig. 3(d). This observation
proves that the ceramsite simultaneously collected and
expanded trace gases, causing a rapid drop in apparent
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Fig. 3. Surface morphology of 10% Na,CO; at different temperatures: (a) 900 °C, (b) 950 °C, (c) 1070 °C and (d) 1090 °C.
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density at 1090 °C. The apparent densities of both the
5% and 10% Na,CO; ceramsites were smallest (1178.3
and 1295.0 kg/m®, respectively) at this temperature. At
1100 °C, the apparent density slightly recovered as the
large cavities formed in the previous stage escaped the
ceramsite glaze. At this time, many liquid phases blocked
the gas escape, and the volume reduction raised the
apparent density. In the ceramsite without the foaming
agent, the apparent density was always relatively high.
Although the density decreased after 1030 °C, it con-
sistently remained above those of the ceramsites with
the foaming agent. In addition, the Archimedes method
should always give a higher ceramsite density in the
control than in the experimental samples, because the
ceramsite without foaming agent adsorbed water at a
higher rate during the water absorption test.

Fig. 1(d) plots the water absorption changes in the
ceramsites with different Na,COs contents as functions
of temperature. In both ceramsites, the water absorption
decreased with increasing temperature. The initial water
absorption rates of 30.64% (5% Na,CO;) and 35.03%
(10% Na,CO;) were reduced to 1.35% (5% Na,COs)
and 1.16% (10% Na,COs;) at the highest firing tem-
perature. In general, the water absorption of ceramsite
is closely related to the number, shape, and direction of
openings on the ceramsite surface. A porous surface
will absorb more water than a surface with few holes.
Closed-cell pores also effectively reduce the water
absorption, and a downward opening direction counters
the escape of gas from the pores. All of these morpho-
logies effectively reduce the water absorption. During
the heating process, the ceramsite became tightly wrapped
by the glaze, which sealed the open-pore structure of
the ceramsite surface. Consequently, the water molecules
were blocked from the ceramsite interior during the
water absorption experiment.

Thermodynamic behavior in the process of LWA
firing

Thermogravimetric analysis (TGA) curve shows the
characteristic temperature behavior, thermal weight loss
corresponding to heat absorption, and the release peak
of the mixture during sintering. The TGA results provide
a reference for understanding the foaming mechanism
of raw meal. The thermogravimetry (TG), differential
scanning calorimetry (DSC), and Derivative thermo-
gravimetry (DTG) curves of the raw material with 10%
Na,COj; are shown in Fig. 4. The TG curve exhibits two
obviously declining stages during the firing process,
one located between 30 and 100 °C, the other between
400 and 800 °C. The first declining stage is mainly
explained by moisture evaporation from the raw
material. During this stage, the ceramsite lost 5.8% of
its weight, indicating that the moisture content was
reduced by drying at 120 °C for 20 min. Meanwhile,
the trough in the DSC curve indicated an endothermic
reaction at this stage. During the second declining
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Fig. 4. Thermogravimetric analysis of 10% Na,COs.

stage, the TG reduced by approximately 10%. As the
raw material contained less than 10% Na,CQO;, this
stage was attributed to dissolution of the carbonate
contained in the OS semi-coke, accompanied by sulfide
volatilization and a small amount of decomposed,
volatized organic matter. The DTG curve exhibited
troughs at 500 and 800 °C. Two different reactions
resulted in carbide and sulfide losses between 400 and
500 °C, and sodium carbonate began decomposing
around 820 °C [29]. Unlike redox foaming agents,
decomposition foaming agents are unaffected by the
external environment, so the experimental error is
reduced [30]. The foaming principle of Na,COs is

N3.2CO3 g NazO + COQT (2)

The DSC curve during the heating process reveals
that Al, Mg, Si, and other elements reacted with each
other. Because most of these reactions were chemical
reactions, a large amount of heat was exothermic. The
exothermic reaction began weakening at 950 °C, when
the glaze formed and the ceramsite surface began changing
to the glass phase. The sudden change at 1100 °C might
cause overheating. To avoid this situation, the sintering
time of the 10% Na,CO; ceramsite should be controlled
between 950 °C and 1100 °C.

Crystal phases and chemical composition analyses

Fig. 5 shows the XRD patterns of the raw material
and porous ceramsite. The raw meal mainly contained
quartz, hematite, donpeacorite, phlogopite, and ferro-
glaucophane. The main elements in quartz and hematite
were Si and Fe, respectively. Phlogopite and ferro-
glaucophane were dominated by Al, while donpeacorite
mainly contained Mg. The quartz minerals enhanced
the glass phase during heat treatment, while the clay
minerals enabled the expansion process [32]. From a
microscopic viewpoint, the crystalline material in the
ceramsite raw material intensified the atomic thermal
vibrations as the temperature increased, and the order
of the atomic arrangement was gradually destroyed.
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Fig. 5. XRD spectra of raw materials, ceramsite with no foaming agent and 10%Na,CO;.

This amorphous transformation was necessary for
reaching the molten state. After firing, quartz and
hematite remained in the ceramsite, but new minerals
such as forsterite, albite, and clinostatite were formed.
Albite formed a framework of mineral component in
the siliceous aggregate [17, 33]. The liquid phase was
formed during the firing process and compacted the
ceramsite by filling the gaps in the framework. Albite
is also a common component of feldspar rock and often
exists in the siliceous mineral aggregates of concrete
[34]. The appearance of albite shows that Na,CO; and
SiO, and Al,Os in the raw material reacted during the
ceramsite formation. Si in the silica tetrahedral network
was replaced by Al, forming an aluminum tetrahedral
structure [35]. As trivalent aluminum could replace the
necessary tetravalent silicon, a positive charge must
have compensated the tetrahedrally coordinated aluminum
to maintain electrical neutrality [36]. These positive
charges were provided by other cations [37], such as
Na'. Because of its high Mohs hardness and its special
frame-like structure, albite wrapped and bonded the
surrounding materials, enhancing the mechanical strength

of the ceramsite. The fired ceramsite also contained
forsterite, a silicate mineral with an island structure.
The high-strength characteristics of ceramsite imply
that magnesium was chemically active and easily
attracted by nearby aluminum or silicon tetrahedrons,
where it reacted with aluminum or silicon to form a
new crystal phase [38]. The Mg from enstatite in the
raw meal and Si in quartz underwent ion replacement,
crystal rearrangement, decomposition, redox, and other
reactions, forming some magnesium aluminosilicates.
At this stage, the following reaction occurred:

Mgz[Sizos]Fez[Sizod + N3.2CO3 + A1203
g ZMgO SIOZ + Na20A120368102 + F6203+C02T
A3)

During the heating process, part of the enstatite in the
raw meal was converted into another form, clinoenstatite,
with similar properties to enstatite.

Morphological structure analyses
The SEM image of raw meal shows a loose structure
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Fig. 6. SEM images of raw meal and ceramsites: (a) Raw material, (b) 0% Na,CO; ceramsite at 1070 °C, (c) 10% Na,CO; at 1070 °C
ceramsite (80 magnification), (d) 10% Na,COs ceramsite at 1070 °C (4000 x magnification).

with a rough surface and a relatively uniform distribution
of minerals (Fig. 6(a)). The sample fired without the
foaming agent exhibited both dense (Fig. 6(b)-1) and
loose (Fig. 6(b)-2) areas. After scanning these areas
with energy-dispersive X-ray spectroscopy (SEM-EDX),
the proportions of atoms differed from those of the raw
material. The dense areas contained increased quantities
of Al and Si, and a small amount of Na, suggesting a
mineral phase change to albite (Na,OAl,036Si0;). In
the loose areas, the Mg content was increased but had
not reached the required temperature for the formation
of mafic or forsterite minerals [31]. Therefore, no sup-
porting minerals that would improve the compressive
strength had formed at this time. Moreover, the new
mineral albite could melt within the mineral gaps. On
the ceramsite surface, which is more susceptible to heat
than its interior, the openings were easily filled by
albite, and the glaze became more complete, filling
most of the surface holes. Comparing these results with
that of the control, we inferred that the foaming agent
was closely related to glaze formation, and hence to the
decreased water absorption of ceramsite. The gas
produced by the organic matter in 0% Na,CO; ceramsite
could not form pores at the existing ratio of raw
materials. After adding the foaming agent (Fig. 6(c)),
porous (Fig. 6(c)-3) and dense (Fig. 6(c)-4) areas
appeared, and the pores were uniformly distributed in
the porous area. SEM-EDX (Fig. 6(c)-3) revealed a

predominance of Mg and Na in the porous and dense
areas, respectively, indicating that the tight and porous
areas were partially fused with each other. A high-
magnification image of the porous area (Fig. 6(d))
revealed other minerals scattered on a frame-like struc-
ture interspersed with holes. Forsterite (Fig. 6(d)-5) and
hematite (Fig. 6(d)-6) were identified as the main
minerals, while the main structure was dominated by
albite (Fig. 6(d)-7). The forsterite was distributed on
the pore-filled ceramsite, and hematites with higher
hardness were embedded in the albite framework,
increasing the pressure resistance of ceramstite.

Conclusions

The effects of Na,CO; on ceramsite prepared from
demagnesium boron mud and oil shale semi-coke were
studied. The main conclusions of the study were
summarized as below:

1. The dosage of sodium carbonate had a great
influence on the performances of ceramsite fired from
the main raw materials of demagnesium boron mud
and oil shale semi-coke. When the temperature was
1070 °C, with adding 10% Na,COs, the porosity, com-
pressive strength, apparent density and water absorption
of ceramsite reached 22.63%, 11.50 MPa, 1398.33 kg/
m® and 1.43%, respectively. The performances of
ceramsite met the requirements of light weight and
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high strength.

2. Using Image] grayscale analysis method to
explore the foaming law in the ceramsite firing process,
it was found that the temperature had a significant
influence on the foaming process of ceramsite. When
the firing temperature was low, the gas generated by
Na,CO; decomposition was difficult to escape due to
insufficient melting of the surface of the ceramsite, and
it accumulated inside the ceramsite to form a large
cavity. However when the firing temperature was too
high, the molten mineral inside the ceramsite quickly
filled the pores, which caused the bubbles to be mainly
distributed on the outer surface of the ceramsite.

3. Through the phase analysis of the high-strength
lightweight ceramsite prepared with Na,CO; as the
foaming agent, it was found that the quartz, phlogopite,
hematite, amphibole and enstatite in the raw meal were
converted into albite and magnesium Olivine and
clinostatite form a structure with forsterite as filling
and albite as skeleton, which could promote the firing
of ceramsite with high strength and low density.
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