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Earth materials refer to the naturally occurring materials
including rocks, minerals, and soils. Traditionally, the studies
of Earth materials including mineralogy (the study of miner-
als), petrology (the study of rocks), and pedology (the study
of soil) were limited to their occurrence, characterization,
and resource utilization. The interactions between Earth
materials and anthropogenic compounds (most of them are
contaminants) only attracted recent attentions. This is the
area that has experienced accelerated research since 1990.
Still, due to the use and misuse of emerging compounds
(ECs), many are on the targeted watch list and more studies
are in great need to explore their fate and transport in the
natural environment. In addition to the interactions between
of the ECs and Earth materials, development of cost-efficient
or energy efficient materials from raw Earth materials for
environmental application also picked up recently due to
advancement of modern technology. Moreover, studies on
mechanical responses of Earth materials to natural and
anthropogenic-induced hazards may guide for better struc-
tural design and hazard prevention.

In this special issue, we have a collection of 23 papers cov-
ering the topics of the following general areas: (1) materials
(13 papers), including materials, resources, innovation, and
utilization for environmental application, and (2) engineering
applications (10 papers), including soils and foundation
stabilization and and rhyology improvements.

In the area of materials, the materials innovation studies
addressed either new preparation methods of current Earth
materials for new environmental applications in contami-
nant removal and water treatment or new applications in

energy transfer processes. A unique method for the synthesis
of BaLa

2
ZnO
5
:Er3+/Yb3+ was developed and the tunable

up-conversion luminescence and energy transfer process
between Yb3+ and Er3+ was demonstrated. A TiO

2
-ZrO
2

composite film with the grain size of 50 nm was synthesized
by electric field and heat treatments and then doped with
nitrogen atoms. Photocatalytic experiments using this com-
posite film resulted in significant increase in methylene blue
degradation under visible light irradiation.

Simulation using first principle on the structural and
electronic properties of nitrogen doped rutile TiO

2
of oxygen

vacancies showed that the impurity elements do not affect
the migration of Fermi level while the conduction band
of metal atoms move to the Fermi level, forming the N-
type semiconductor material. A TiO

2
/diatomite composite

prepared by loading TiO
2
on the surface of diatomite resulted

in a good photocatalytic enhancement through absorbing
organic compounds with diatomite and degrading them
by TiO

2
and the composite was more active than nano-

TiO
2
for the degradation of methylene blue. For the heavy

metal removal side composite cementations materials were
prepared with lead-zinc tailings and lead-zinc smelting slag
mixed with cement clinker with low lead leaching potential
over a large pH range. To make full use of barite mineral
and obtain composite material bearing, the property of both
barite and TiO

2
was developed by coating barite surface

with TiO
2
via a solution method and hydrolysis process.

The hiding power and oil absorption value of the composite
powder were similar to TiO

2
alone. In addition to these

new solid materials, a new enhanced flocculent based on
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bentonite and formulated with addition of polymeric chlo-
ride aluminum, cationic polyacrylamide, ferrous sulfate, and
aluminum sulfate was developed for potential application in
drinking water in Karamay City, Xinjiang. The treated water
reached or exceeded the drinking water standard of China
in decolorization and deodorization as well as heavy metal
removal.

From materials utilizations studies, several Earth mate-
rials were utilized for the removal of contaminants. Uptake
of ciprofloxacin on synthesized birnessite was mainly via
surface adsorption, instead of cation exchange and quan-
tum mechanics simulation showed that the final energy of
the interactions between ciprofloxacin and birnessite was
decreased under the condition when the average oxidation
states ofMnwere lower. Studies on the effect of sintering tem-
perature on membranes performance showed that increases
in sintering temperature of themembranes raised the average
pores diameter from 0.116 to 0.179 𝜇m but decreased the
porosity of the membrane from 40.30 to 25.16%, which
reduced the water permeated flux for temperatures from 900
to 1100∘C. Studies on interactions between phosphoric/tannic
acid and different forms of FeOOH showed that 3% tannic
acid +10% phosphoric acid +FeOOH was the most suitable
formula for rust stabilizer and its reaction products were
made upof iron phosphate and chelate of iron and tannin.The
results provided optimal combinations for the preservation
of iron, especially iron cultural relics. The experimental and
simulated breakthrough curves showed that classical colloid
filtration theory is able to predict the transport and fate of
iron oxide nanoparticles stabilized with PAA up to 500 ppm
in a porous media.

As an Earth material or resource, groundwater was
evaluated based on Energy theory for Beijing area. In terms
of monetary value of groundwater in Beijing, it was 7.64,
6.00, and 3.25 billion Yuan, accounting for 45.24%, 35.52%,
and 19.24% of the total value, respectively. Based on the data
from 2007 input-output tables for each province in China,
energy embodied in China’s interprovincial trade through
input-output analysis was estimated. The results showed that
a sizable transfer of energy from the central and western
provinces to the eastern and coastal provinces is embodied
in China’s interprovincial trade.

In the area of environmental application on stabilities
of soil and foundations, the rock-soil aggregate sampled
from the deep layer of sliding mass at Jinpingzi area of
Wudongde hydropower plant on Yangtze River was investi-
gated for its mechanical behavior. Results from large-scale
laboratory triaxial tests show that variation of stone content
and gradation affected themechanical characteristics of rock-
soil aggregate considerably. Results of studies on hydraulic
fracture propagation characteristics in glutenite formation
by a series of servocontrolled triaxial large-scale fracturing
experiments showed that the fractures extended along the
gravel and sandstone cementing face, the extension pressure
was fluctuating, and the degree of fluctuation was more
drastic with the gravel diameter increase in the process of
the fracture extension. An orthogonal study on low-strength
similarmaterials comprising sand, fly ash, and plaster and the
sensitivity analyses suggested that their compression strength

and elastic modulus decreased as the sand-binder ratio or
cement ratio increases. Numerical experiments of biaxial
compression using the granular discrete element method
were performed in the macro- and microparametric analyses
to study the influences of strength of the cementation as
affected by the sizes of stone blocks and the content of stone
blocks on the peak compressive and shear strength. The
seismic response of retaining wall in the Wenchuan earth-
quake was tested on large shaking table and an acceleration
record was acted in 3 directions. The results showed that
the dynamic earth pressure increases with the increase of
ground shaking from 0.1 g to 0.9 g and the relationship is
nonlinear. A glass-like casing was developed to mend the
instable borehole due to its great similarities in compositions
and structure. Different wt% aluminum and quartz sandwere
added into the composition, in order to boost the casing’s
mechanical properties and lower its cost. Investigation of
coal/rock intermixing, cracking and crushing of WC grains,
and adhesion of rock particles suggested that coal/rock
materials penetrate the cracks of the coal cutting tools to enter
inside the base material and degrade it. An introduction of
a modifier OTAC-KCl at a combination of ameliorant 0.3%
STAC and 3%KCl improved the wetting and drying cycles on
engineering properties of expansive soil after 14-day curing
time, while the untreated soil specimens collapsed when they
were immersed in water.

Finally, studies on coagulation behavior showed that
cationic polymer, hydroxy aluminum, and clay minerals are
three flocculants with different action mechanisms and a
more cost-efficient multiple flocculent could be prepared
by compositing them through appropriate technology. The
viscosity of an aqueous palygorskite suspension could be
increased via physical and chemical processing and the
contribution of MgO to viscosity caused the reinforcing of
flocculation and, in drilling applications, the higher viscosity
value would provide better cutting suspension and carrying
capacity.
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Expansive soil experiences periodic swelling and shrinkage during the alternate wet and dry environments, which will result in
severe damage to the slope stability. In this study, a promising modifier OTAC-KCl is introduced, which has a good diffusivity
and is soluble in water or other solvents easily. Firstly, a reasonable combination of ameliorant 0.3% STAC and 3% KCl is chosen
referring to the free swell test.Then, the best curing period, 14 days, is gotten fromUCS tests.The effect of wetting and drying cycles
on engineering properties of expansive soil improved by OTAC-KCl admixtures after 14-day curing is also studied accordingly.
Both treated and untreated expansive soil samples are prepared for the cyclic wetting-drying tests which mainly include cyclic
swelling potential and cyclic strength tests. Experimental results show that the swelling potential of expansive soil samples stabilized
with OTAC-KCl is suppressed efficiently, and the untreated soil specimens will collapse when immersed in water while the
treated specimens keep in good conditions. Moreover, expansive soil samples modified with 0.3% OTAC+ 3% KCl show enough
durability on the swelling ability, shear strength, and unconfined compressive strength, which means, that both the physical and
the mechanical properties of stabilized expansive soil have been improved effectively.

1. Introduction

Expansive soil is a kind of high plasticity clay which has obvi-
ous swell-shrink characteristics. It also has the engineering
properties of shrinking and cracking due towater loss and the
swelling and softening due to the moisture content increase
[1, 2]. Expansive soil problem mainly comes from its water
stability.

Recently, numerous researchers have investigated the
influence of wetting-drying cycles on the engineering prop-
erties of natural clay [3, 4]. The work of Ring [5] indicated
that the specimens’ height during 4 wetting and drying cycles
is the same and the initial compaction conditions are even
independent. Popescu [6], Osipov et al. [7], and Basma et al.
[8] studied expansive soil basic properties with full shrinkage
method and found that the swelling ability of specimens
increases with the number of wetting and drying cycles. Such

cyclic swelling and shrinkage potentials of the ground will
cause severe damage to the overlying structures such as the
pavements and embankment [2, 3]. So it is important to
improve the hydrophilic, physical, andmechanical properties
of expansive soil for slope stability of embankment and
highway engineering and reducing the cost of investment [9].

In recent decades, geotechnical engineers have made
great effort to find different methods to improve expansive
soil engineering properties [3]. Chemical stabilization is one
of the alternative solutions to overcome the undesirable
swell-shrink potentials of the expansive soils, which has
been extensively used [10]. When amendment is added
into soils, the reaction with clay particles will lead to the
improvement in many expansive soil engineering properties
[11]. In addition, various methods of chemical modifier have
been developed. Among them, inorganic admixture such
as lime, fly ash, and cement and organic stabilization like
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Table 1: Physical properties of expansive soil.

Dry density Free swell ratio (%) Natural water content (%) Liquid limit (%) Plastic limit (%) Specific gravity
1.53 55.0 20.2 54.0 25.0 2.74

ISS, HEC, K+, and polyvinyl alcohol are the most widely
applied methods for controlling the swell-shrink potentials
[10, 12–16]. On the other hand, new methods are still being
developed to increase the strength properties and to reduce
the swell potential of expansive soils [4]. With the intensive
study of expansion mechanism of expansive soil as well as
the continuous exploration of the amendment, a new kind of
stabilizer has come to light.

Because of the lowest hydration energy, K+ is regarded
as the best hydration swelling inhibitors [17]. However, it
works with hydrous expansive soil and the effect of the single
role is limited [18]. A kind of cationic surfactant named
octadecyl trimethyl ammonium chloride (chemical formula
C
21
H
46
NCl) or TC-8/OTAC for short is considered. It has a

good compatibility with other additives, and the synergistic
effect is significant [19]. Therefore, a new stabilizer OTAC-
KCl is developed.This new ameliorant can be soluble in water
or other solvents. The solution is sprayed on the surface of
natural expansive soil slope and diffuses throughout the soil
internal by permeation, and then the soil properties can be
improved efficiently.

This study aims to clarify the influence of cyclic wetting
and drying on the swelling behavior and strength properties
of natural expansive soils improved by OTAC-KCl. Thus, an
attempt to intermingle OTAC-KCl with expansive soil for
physical and mechanical properties studying is presented in
this paper.

2. Materials, Mechanism,
Optimum Ameliorant Content, and
Curing Period Determination

As a prerequisite of this research, the engineering properties
of the expansive soil used, swelling potential, shear strength,
and unconfined compressive strength are determined in the
laboratory according to the pertinent tests specified in GB/T
50123-1999 [20].

2.1. Materials. Expansive soil used in this study is from
Nanjing. It is a typical clayey soil extensively distributed in
Eastern China, which will cause damage to the slope safety.
All representative soil samples are subjected to engineering
properties measurements, including hydrometer tests, Atter-
berg limits, and free swell tests. All the results are presented
in Table 1.

2.2. Mechanism. Expansive soil used in this study is mainly
composed of hydrophilic clay minerals, which are mont-
morillonite, illite, and so forth. Montmorillonite, which is
with a high cation exchange capacity, plays a decisive role
in swell-shrink characteristic of expansive soil [21]. It is a
kind of layered aluminosilicate minerals, and its unit cell

consists of a silicon-oxygen tetrahedron and an aluminum-
oxygen octahedron. Si4+ in the tetrahedron and Al3+ in the
octahedron can be replaced easily by low cation; thus, the
equivalent negative charge increases in the crystal structure,
and then the surrounding cations are adsorbed to balance
the extra negative charge.Meanwhile, oxygen bridge between
montmorillonite crystal layers is very weak and cationic and
water molecules can easily get into and expand the interlayer.
KCl and OTAC can dissociate amount of K+ and NH4+ when
reacting with water in soil. K+ and NH4+ near to the clay
crystal can extrude water molecules and reform stronger
links by intercalating into the crystal. The inhibiting effect
on the swell-shrink is notable due to the lowest hydration
energy of these two positive ions. OTAC is a kind of cationic
surfactant and long-chain polymer, which can produce series
of physical and chemical reactions to improve expansive
soil engineering properties and turn the soil’s hydrophilicity
into hydrophobicity. The mechanism of OTAC-KCl can be
divided into two aspects. Firstly, the hydrophilic radical with
positive charge is absorbed on the surface of clay mineral;
thus, the hydrophobicity of soil gets strengthened and the
reaction of soil and water becomes weakened, and then the
swelling ability is suppressed. Secondly, due to the reaction
between amendment and soil, firm space grid structures are
formed among particles; the expansive soil strength will be
improved [22].

2.3. Free Swell Test and the Optimum Proportion of OTAC and
KCl. The expansive soil is air-dried and then the calcareous
concretions were removed. After these, it is pulverized with
a plastic mallet to crush the lumps and sieved at 2mm. The
different dosages of OTAC and KCl by taking into account
mass ratio of the dried soil are prepared. The ameliorants
are dissolved in water and sprayed on the expansive soil
surface; eventually, they permeate through soil. Three types
of mixtures, namely, soil-OTAC, soil-KCl, and soil-OTAC-
KCl, are prepared. The water contents of natural soil and
three types of improved specimens are all controlled with
the standard of 20% or so according to the initial moisture
content. All the prepared samples are sealed in plastic bags
for 48 h.

Once the amelioration period is achieved, the soil is
removed from the sealed container and dried carefully; then
it is pulverized until all the particles passed a 0.5mm sieve.
Free swell test of all the soil samples is conducted to measure
the improved effect of different ameliorants and dosage. The
effect of different content of amendments on the free swell
ratio of clayey soil samples is shown in Table 2.

Table 2 shows that, as KCl works alone, free swell ratio
decreases a little in the case of a high content. As for OTAC,
the rate can reduce to the desired value with a high dosage
of 1.5%. Big consumption brings a higher cost. Therefore,
KCl andOTAC combination ismore reasonable. Considering
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Table 2: Free swell rate of improved soil.

Modifier types and dosage Free swell ratio 𝛿ef (%)
OTAC (%) KCl (%)
— 6 47
1.5 — 36
1.0 — 41
0.5 1 40
0.5 2 33
0.5 4 31
0.5 6 30
0.5 8 27
0.3 2 34
0.3 3 31
0.3 6 25

the improved effect and economy cost, the combination of
0.3% OTAC + 3% KCl is chosen.

2.4. Unconfined Compressive Strength Test and Optimum Cur-
ing Period. Soil specimens are prepared according to the
procedure represented in Section 2.3. Improved specimens
are prepared by adding 0.3% OTAC and 3% KCl to the clayey
soil. After a thorough permeation, both untreated and treated
soil specimens are compacted into cylindrical soil samplers
with 50mm diameter and 50mm height. All specimens are
prepared at the initial moisture contents 20% and dry density
1.53 g/cm3. Then each kind of sample is divided into 3 groups
and cured in wet sand curing box for 7 days, 14 days, and 28
days, respectively.

The samples are saturated before tests. Because the vac-
uum saturation apparatus is inappropriate for UCS spec-
imens’ size, process of saturation is simplified. The cured
samples are taken from curing box and then soaked in water
for 48 h to saturate fully. Before the UCS test, the side and
bottom of the samples are coated with vaseline to prevent
moisture evaporation during the experiment. Unconfined
compression strengths test is performed on these samples
with the strain rate of 0.4mm/min until specimens failed
during 7–15min.When the dynamometer peak is gotten, tests
will be ended after axial strain growths 3%∼5%. Otherwise,
the tests will be stopped until axial strain reducing 20%. Every
group carries out two sets of tests to ensure the accuracy.
TheUCS values of untreated and treated samples for different
curing times are presented inTable 3 and theUCS curveswith
axial strain are shown in Figure 1.

Nomatter maintained or not, all of the untreated samples
crack when soaking in water within a few minutes. Uncured
improved samples damage a little within one hour and lose
strength after two hours.The improved samples maintained 7
days are in good conditions basically; the samplesmaintained
integrity when soaking in water for 48 hours and there are
little peelings on the specimens. Treated samples are cured
for 14 or 28 days without any peelings or cracks in the
process of soaking. From Table 3 and Figure 1, it can be
observed that the best curing duration of treated soils is
14 days. Comparing 7 days with 14 days, we conclude that

Table 3: Unconfined compressive strength of untreated and treated
soil under different curing periods.

Curing time (d)

Unconfined compressive
strength (kPa)

Natural soil 0.3% 1831 + 3%
KCl improved soil

0 Damage Damage
7 — 32.92
14 — 47.73
28 — 50.28
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Figure 1: Unconfined compressive strength curves of improved soil
with axial strain under different curing times.

the unconfined compressive strength increases with the cur-
ing period. However, when the soil samples are maintained
28 days, the UC strength does not have any obvious increase.
Soil specimens maintain stability after 14-day curing time.

Cyclic wetting-drying experiments are carried out in this
research to measure the physical and mechanical properties
of the expansive soil improved by 0.3% STAC + 3% KCl
combinations after 14-day curing time.

3. Testing Program and Results

The wetting-drying cycle test has the greatest advantage of
being repeatable on the same samples [4, 23–25]. Water
stability of stabilized soil under wetting-drying cycles is
investigated by two approaches. The first one takes the
swelling stability into account, and the other one measures
the loss of shear strength and unconfined compression
strength [26].

3.1. Cyclic Swelling Potential Test. Soil specimens are prepared
following the procedure described in Section 2.3. Improved
specimens are prepared by mixing the clayey soil with 0.3%
OTAC and 3% KCl. Soil specimens with a diameter of
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Figure 2: Absolute swelling ratio trends of the natural soil and
improved soil.

61.8mm and height of 20mm are made by cylindrical thin-
wall samplers. The samples are cured in wet sand curing
box for 14 days. After the curing process, all samples are
subjected to 4 cycles of wetting-drying. A wetting-drying
cycle consists of submerging in water until saturation and air-
drying to the initial moisture content of 20% (by the weight of
the samples). The cured cutting-ring specimens are saturated
with a vacuum saturation apparatus. Specimens are put in
the apparatus and soaked in water for 48 hours. This phase
is defined as the 0th cycle.Then, the wetted samples are taken
out and air-dried to the initial moisture content about 20%.
So far, a complete cycle is finished.

Initial height of the specimens at the beginning of swell-
shrink cycle marked ℎ

0
is thenmanually measured by vernier

caliper. Then, the heights of saturated specimens named ℎ
𝑤1

and air-dried samples named ℎ
1
are all measured. According

to Liu et al. [27] and Wu et al. [28], the absolute swelling
ratio and relative ratio are defined to quantitative analysis
the regularity and reversibility of swell-shrink characteristics
during cyclic wetting-drying process.

Definition of the absolute swelling ratio is the following:
𝛿
𝑎
: 𝛿
𝑎
= ((ℎ
𝑤
− ℎ
0
)/ℎ
0
) × 100%, where ℎ

0
is the initial height

and ℎ
𝑤
is the height after expansion.

Definition of the relative swelling ratio is the following:
𝛿
𝑟
: 𝛿
𝑟
= ((ℎ
𝑤
− ℎ
𝑖
)/ℎ
𝑖
) × 100%, where ℎ

𝑤
is the height after

expansion and ℎ
𝑖
is the height before certain wet-dry cycle.

The tests are carried on until the end of four cycles, and
the results are given in Figures 2 and 3 after 4 wetting and
drying cycles.

From Figures 2 and 3, it can be concluded that the
absolute swelling ratio of modified soil is always smaller
than natural soil and the suppression of swelling in stabilized
specimens is obvious. The absolute swelling ratio reaches
equilibrium at the 4th cycle of wetting-drying and increases
with increasing wetting and drying cycles for both kinds of
soil samples. The values are 16.5% and 6.54%, respectively,
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Figure 3: Relative swelling ratio trends of the natural soil and
improved soil.

after 4 cycles, while the initial values are 12.9% and 0.59%.
As for relative swelling ratio, natural soil decreases with
increasing cyclic wetting and drying, while improved soil
increases during the first two cycles, a peak occurs in the
second loop, and then relative swelling ratio reduces to be
stable gradually. This result shows that the expansion of the
soil is not entirely reversible.

According to the results of experiment, soil stabilized
with 0.3% OTAC and 3% KCl has a quite low swelling ratio
even wetting-drying for 4 times. The effect of ameliorants on
the swelling ability during wetting-drying cycles is notable
compared with natural soil.

3.2. Cyclic Direct Shear Test. Natural and improved soil
samples are made by cutting ringmolds and cured for 14 days
in wet sand curing box. Each kind of soil sample is divided
into four groups and saturated with a vacuum saturation
apparatus. This is called the 0th cycles. The first wetting-
drying cycle is completed after air-drying the saturated
samples to initial moisture content about 20%. Direct shear
tests are carried out by quadruple strain controlled direct
shear apparatus (Nanjing Soil Instrument Factory Co. Ltd.),
soil samples are placed in a shear testing device, and normal
loads of 50, 100, 150, and 200 kPa are applied and sheared
immediately. In these tests, the natural and stabilized soil
specimens are subjected to 4 cycles of alternate wetting-
drying. In order to get the trend of strength change during
cycles, the samples are tested at the 0th cycles and the 2nd
and 4th cycles. Results are described in Figures 4 and 5 and
Table 4.

The figures indicate that the shear strength of soil mod-
ified with 0.3% OTAC + 3% KCl is improved significantly.
Shear strength reduces with increasing wetting-drying cycles
while it increases with vertical pressure for both soils. The
shear strength of a soil can be expressed by two parameters
as the cohesion (𝑐) and the internal friction angle (𝜑).
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Table 4: The results of shear strength parameters during cyclic wetting-drying process.

Types of soil Shear strength under different vertical pressures (kPa) Internal friction angle Cohesion Note
50 100 150 200 𝜑/∘ c/kPa

Natural soil
0th cycle 19.1 29.6 37.6 40.7 8.3 13.5

Saturated samples

2nd cycle 15.8 24.3 32.1 36.1 7.8 9.9
4th cycle 11.6 16.5 25.7 30.7 7.6 4.5

Improved soil
0th cycle 41.9 50.3 58.6 74.4 12.0 29.8
2nd cycle 36.9 43.6 49.8 65.3 10.4 26.0
4th cycle 30.4 36.4 43.2 56.1 9.5 20.6
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Figure 4: Shear strength of natural soil during wetting-drying
cycles.

Mean 𝑐 and 𝜑 of the studied expansive soil and stabilized
soil are presented in Table 4, respectively. Cohesions are all
diminished with the cycles while internal friction strengths
changed a little. Comparing with the natural soil, the 0.3%
OTAC + 3% KCl amended soil has significantly higher 𝑐
values. Expansive soil improved by STAC combined with KCl
shows good water stability based on shear strength.

3.3. Cyclic Unconfined Compressive Strength Test. Multiple
modified specimens are prepared at optimum OTAC-KCl
dosages and the initial moisture contents. Samples are cured
in wet sand curing box for 14 days and immersed in water
for 48 h. The influence of additive on the strength behavior
of treated soils is examined by performing UCS studies on
the same soils at the 0th cycles, 2nd cycle, and 4th cycle. In
comparison, untreated soils are also tested at the same cycles.
The procedure is the same as mentioned in Section 2.4. The
cylindrical samples taken out from UCS apparatus and air-
dried to initial water content are used for the next wetting
and drying cycle.Thewetting-drying procedure is terminated
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The 4th cycle of wetting-drying
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Figure 5: Shear strength of improved soil during wetting-drying
cycles.

Figure 6: Natural samples disintegrate after 48-hour immersion in
water.

after 4 cycles of wetting-drying. The UCS values of untreated
and treated samples for different wet-dry cycle times are
presented in Table 5 and the photos taken in the process of
experiments are shown in Figures 6, 7, 8, and 9.
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Table 5: Results of unconfined compressive strength during cyclic wetting-drying process.

Types of soil Cycles Unconfined compressive
strength (kPa) Strength loss (%) Conditions of samples immersed in water

Natural soil 0th cycles — — Cracking after 10-minute immersion in water
— — —

Improved soil

0th cycles 47.73 — Keeping good conditions without peelings

2nd cycle 41.24 13.6 In good conditions basically, with a little amount
of peelings on the edges

4th cycle 37.33 21.8
In good conditions overall, with a little amount
of cracks on the surface and peelings on the
edges

Figure 7: Improved samples immersed in water for 48 h at 0
wetting-drying cycles.

Figure 8: Improved samples immersed in water for 48 h at 2nd cycle
of wetting-drying.

As shown in Table 5, the results obtained from UCS tests
indicate that, for the particular proportions of OTAC and
KCl in soil, an increase in wet-dry cycles induces a gradual
weakness in strength, and the strength loss is 21.8%.TheUCS
values of improved soil samples increase a lot comparing
with the natural soil samples and the gain of durability is
noticeable.

Figures 6 to 9 show that water stabilities of untreated
specimens are quite poor and they collapse after immersing
in water for the first 48 hours. Because the untreated samples
disintegrate after being immersed in water, all the untreated
samples fail in the water stability test. However, soil samples

Figure 9: Improved samples immersed in water for 48 h at 4th cycle
of wetting-drying.

improved by OTAC-KCl can go through numerous wetting-
drying cycles. Due to the admixtures, samples keep a good
condition until the end of the test.

4. Conclusions

Based on the study, the effect on the swelling potential, shear
strength, and unconfined compressive strength behavior of
expansive soils improved with 0.3% OTAC − 3% KCl during
wetting-drying cycles has been investigated and the main
conclusions are as follows.

Comparing with the natural expansive soil samples, it
is found that the improved soil samples will have a lower
swelling ability and a higher strength. The absolute swelling
ratio increases with the increasing wetting-drying cycles
while the relative swelling rates decrease with the cycles, and
both of them reach the final equilibrium at the last cycle
for the natural and modified soil samples. By the application
of the wetting-drying cycles on both untreated and treated
soils, the shear strength will reduce. Expansive soil improved
by OTAC-KCl has significantly higher 𝑐 values; stabilized
soil shows enough water stability based on shear strength.
Untreated specimens have poor water stability, which will
collapse after immersion in water at the first cycle. However,
for the modified soil, an increase in wetting-drying cycle will
induce a gradual weakness in strength; the strength loss is
21.8% after 4 cycles. Soil samples improved by OTAC-KCl
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can bear numerous wetting-drying cycles and keep a good
condition until the end of the test.
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Tomake full use of barite mineral and obtain a kind of composite particles material which has the property of both barite and TiO
2
,

the composite particles material with TiO
2
coated on the surface of barite particle was prepared by the method of TiOSO

4
solution

chemical hydrolysis and precipitation to form hydrolysis composite, removing the impurities of hydrolysis composite, drying, and
calcination in this study.The results were evaluated by the covering power of composites. Composite structure and properties were
characterized by means of XRD, SEM, FTIR, and XPS. The results showed that the surface of barite had been coated with rutile
TiO
2
uniformly and compactly and the hiding power value and oil absorption value of the composite powder were 18.50 g/m2 and

15.5 g/100 g, respectively, which had similar pigment performances to TiO
2
. The results also showed that it was mainly the strong

chemical bond between barite and TiO
2
that combined them firmly in barite/TiO

2
composite particle (B/TCP).

1. Introduction

The resource consumption, environmental pollution, cost
ascension, and strong demand problems brought about
during the production and application of TiO

2
limit its

development seriously. To alleviate these problems and
reduce the actual dosage of titanium dioxide, preparing
whitemineral/TiO

2
composite particlematerials with similar

pigment properties to TiO
2
caused a widespread concern.

Many studies show that mineral surface-coated TiO
2
com-

posite particles can be prepared by adding white mineral,
such as kaolinite [1–4], wollastonite [5, 6], montmorillonite
[7], sericite [8–10], tourmaline [11], and talc [12, 13] to the
titanium salt solution [14]. To make titanium salt solution
hydrolyzate (hydrated titanium dioxide, TiO

2
⋅H
2
O) crystal-

lize, the production needs to be calcined at about 600∘C to
900∘C. The studies above mainly researched the photocat-
alytic properties, pigment performance, and UV shielding
performance of nanotitanium dioxide. As a result of the
selected minerals which were more different from titanium
dioxide in density, the prepared composites were easy to layer
when mixed with other components and could not be used
effectively.

Barite with the main component of BaSO
4
and similar

density to titanium dioxide is a significant white nonmetallic
mineral. Its high reservation, chemical stability, and low
cost in China make it extensively applied in chemical raw
materials, drilling mud raw materials, glass raw material,
chemical fillers, and so on [15]. This is barite as mineral-TiO

2

composite particles substrate provides the basis. The density
of barite was close to TiO

2
, and both were 4.3 and 4.4 g/cm3,

and the oil absorption is low; therefore, preparing barite/TiO
2

composite powder paint is expected to obtain good effect.
There have been studies in preparing functional com-

posite particles by coating metal oxide on surface of barite
particles. Yang et al. [16] prepared Sb–SnO

2
/BaSO

4
conduc-

tive powder by chemical precipitation method. Zhou [17]
prepared barite loaded with nano-TiO

2
composites using

TiOSO
4
and TiCl

4
as titanium source in process of methyl

orange degradation. Wang et al. [18] prepared barite/TiO
2

composite particles by coating anatase TiO
2
on the surfaces

of barite particles through mechanochemical method. These
results showed that the prepared composite powders had
certain kind of pigment performance and it was mainly the
strong electrostatic attraction between barite and TiO

2
that

combined them firmly and then formed B/TCP. Therefore,
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the composites’ pigment performance and the combination
extent between barite and TiO

2
need to be improved.

To prepare barite coated with TiO
2
composite particles

and combine them firmly, chemical precipitation method
was used and the technology was studied in this paper.
The preparation process conditions, pigment properties of
composites, the structure of B/TCP, and the interaction
mechanism between TiO

2
and barite particles were also

investigated in this paper.

2. Experimental

2.1. Raw Materials and Reagents. The barite (particle size of
less than 10 𝜇m) used was provided by Antai Minerals Co.,
Ltd, Hebei Province, China. TiOSO

4
solution (concentration

of 152 g/1000mL) was produced by Jiaozuo Chemical Plant,
Henan Province, China. Concentrated sulfuric acid and
sodium hydroxide (analytical grade) were both purchased
from Jingwen Huabo Commerce Center, Beijing, China.

2.2. Chemical Precipitation Coating Process. The process of
preparing B/TCP by chemical precipitation method could be
expressed as follows:

Barite

Ultra-fine grinding
→

Preparation of core material
Fine barite powder

Hydrolysis precipitation of titanyl sulfate
→

Preparation of shell material

Barite/Titanium dioxide hydrate

Calcined of hydrolyzate
→ B/TCP.

(1)

Firstly, a certain amount of barite, grinding media, and
distilled water were put into a stirred mill (Type GSDM-
003, 3L, Beijing Gosdel Powder & Technology Co., Ltd.)
and stirred at a speed of 1000 r⋅min−1. The ratio of the
grinding media to powder fed and the concentration of
barite slurry were 4 : 1 and 45%, respectively. The particle
size under different grinding time was measured by BT-1500
type centrifugal sedimentation particle size analyzer. Then
the effects of grinding time on performance of B/TCP were
studied.

Secondly, the barite powders after grinding for a certain
time and distilled water were put into 800mL of flask and
stirred at a certain temperature. Then TiOSO

4
solution was

added in five times. The pH value of the reaction solution
was adjusted to 2.5 by adding H

2
SO
4
and NaOH aqueous

solution. When the reaction time was reached, the stir was
stopped.The precipitate was washed with 70∘Cdistilled water
until it was neutral. After that the washed precipitate was
filtrated and then dried.

Finally, the dried samples were calcined inmuffle furnace
at 800∘C for 1 h.The as-prepared B/TCP samples were kept in
a desiccator for characterization.
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Figure 1: Effect of grinding time on granularity about d
50
and d

90
of

barite.

2.3. Performance and Structure ResearchMeans. Thepigment
properties of B/TCP were evaluated and the preparation
conditions were optimized by measuring hiding power and
oil absorption comprehensively. The hiding power (the min-
imum mass of pigment used to cover evenly a unit area of
background surface when just hiding up its color, g⋅m−2) and
oil absorption value weremeasured according to theNational
Standards GB1709-79 and GB1712-79, respectively.

D/MAX 2000 X-ray powder diffractometer (XRD), made
in RigakuCompany, was used to analyze the crystalline phase
of B/TCP, and field emission scanning electron microscope,
model JSM-7001F, made in Japanese Electronics Company,
was used to observe the morphology of raw materials and
composite particles. The infrared spectra of powder and the
combined form between barite and titanium dioxide were
measured by NICOLET 750 type infrared spectroscopy and
ESCALAB 250 Xi type X-ray photoelectron spectroscopy
spectrometer (XPS), respectively.

3. Results and Discussion

3.1. The Pigment Properties and Structure of B/TCP. The
appropriate proportion between barite and TiO

2
was the

premise of coating TiO
2

on barite effectively. Hydrol-
ysis complex with barite under different grinding time
was prepared. The preparation conditions were as follows:
titanyl sulfate solution dosage : TiO

2
(included in TiOSO

4

solution) : barite = 1 : 1 (by mass), hydrolysis temperature
90∘C, hydrolysis time 90min, matrix slurry concentration of
barite 1.0%, and the pH value about 2.5. Then B/TCP was
prepared after hydrolysis complex was calcined at 800∘C for
1 h. The effects of grinding time and granularity of barite on
pigment properties of B/TCPwere evaluated by hiding power
value and oil absorption value comprehensively.The effects of
grinding time on granularity of barite and pigment properties
of B/TCP were shown in Figures 1 and 2, respectively.

Figure 1 showed that the granularity about d
50

and d
90

of barite decreased gradually with grinding time increasing,
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Figure 2: Effect of grinding time of barite on pigment properties of
B/TCP.

indicating that the particle size was gradually refining. The
granularity stabilized to a fixed value 90min later, indicating
that it might turn into a stable state. As shown in Figure 2,
the hiding power value of B/TCP prepared first gradually
increased and then declined, while the oil absorption value
showed an upward trend. When the grinding time of barite
reached 60min, both of the hiding power value and oil
absorption value of B/TCP prepared stabilized to a low
value, showing that the pigment property was optimal. The
granularity about d

50
and d

90
of barite prepared was 0.58 𝜇m

and 7.19 𝜇m, respectively. The hiding power and oil absorp-
tion value of B/TCP prepared under optimal conditions
were 18.50 g/m2 and 15.5 g/100 g, respectively. The pigment
property of B/TCP prepared was better than the results
of B/TCP prepared through mechanochemical method by
Wang et al. [18].

Figure 3 showed the SEM images of naked barite and
B/TCP prepared with barite under different times.

3.2. Grinding Time. It was shown that the naked barite
particle had regular square state and smooth surface without
tiny covering, while the composite particle with regular state
was covered with tiny covering in different degree. It could
be deduced that composite particle was composed of barite
particle as matrix and the tiny covering was TiO

2
. Compared

with the samples, it could be found that, after barite grinding
for 30min, 60min, and 90min, the composite particle had
more TiO

2
which was uniformly and compactly covering its

surface, in which after 60 min of grinding and TiO
2
coating,

the composite particles had best covering effect. The result
here corresponded to that of Figure 2, which also showed the
relevance between structure and properties of B/TCP.

When barite grinding time continued to 120min and
150min, therewasmuch areawith barite naked on the surface
of B/TCP, so TiO

2
covering degree was lower with worse

covering effect. Apparently, the barite grinding time should
not be too long during the preparation of B/TCP.

Table 1: EDS energy spectrum of naked barite and B/TCP.

Element Weight percent Atom percent
O 26.40 63.19
Mg 2.84 4.47
S 12.26 14.65
Ca 2.03 1.94
Ba 56.47 15.75
Total quality 100.00
C 4.68 12.84
O 28.67 59.03
S 7.32 7.52
Ti 14.23 9.79
Ba 45.10 10.82
Total quality 100.00

3.3. X-Ray Diffraction Analysis. The XRD patterns of naked
barite, rutile and anatase TiO

2
, and B/TCP prepared from

barite-TiOSO
4
hydrolysis complex after calcination at differ-

ent temperature were shown in Figure 4. It showed that the
XRD peaks appearing at 2𝜃 = 25.8, 26.8, 28.8, 31.5, and 43.0
were ascribed to that of barite; the XRD peaks appearing at
2𝜃 = 27.4, 36.8, 42.6, 54.3, and 56.6∘ were ascribed to that of
rutile TiO

2
; the XRD peaks appearing at 2𝜃 = 25.3, 37.8, 48.1,

and 55.1∘ were ascribed to that of anatase TiO
2
. Otherwise,

little anatase TiO
2
diffraction peaks were generated when

hydrolysis complex was calcined at less than 700∘C, without
rutile TiO

2
characteristic peak. It could be deduced that

there was little TiOSO
4
hydrolysate on the surface of barite

transformed into anatase crystalline phase. Almost all of TiO
2

on the surface of composite changed into rutile TiO
2
when

calcined temperature increased to 750∘C and 800∘C and the
diffraction peaks were strong. Meanwhile, the reflections of
barite substrate decreased greatly, indicating that composite
particle surface had mainly consisted of rutile TiO

2
and the

barite surface was basically covered with TiO
2
.

3.4. Scanning Electron Microscope and EDS Energy Spectrum
Analysis. The SEM images of naked barite and B/TCP were
shown in Figure 5, and the corresponding EDS spectrum
analysis results were shown in Table 1.

Figure 5 showed that barite rawmaterial was composed of
regular square particles with smooth surface. It corresponded
to the characteristic of orthogonal (oblique) crystal which
existed in the form of thick plate-like, columnar, or granular
aggregate. While B/TCP was composed of small TiO

2
parti-

cles uniformly and densely, it could be deduced that B/TCP
was composed of TiO

2
coated with barite and TiO

2
was not

aggregate. Obviously, barite was like a crystal core for the
generated TiO

2
⋅H
2
O growing and attached uniformly. And

then the Barite-TiO
2
⋅H
2
O composite particles were washed,

stirred, filtered, and calcined at high temperature many times
during the preparing process. But most of TiO

2
coating on

the surface of barite did not drop off and had regular shape,
compact arrangement, and fixed crystal type, indicating
that TiO

2
and barite particle were combined firmly, which

corresponded to XRD results.
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Figure 3: SEM images of naked barite (a), 30min of grinding (b), 60min of grinding (c), 90min of grinding (d), 120min of grinding (e), and
150min of grinding (f).

As shown in Table 1, the EDS date of barite raw material
was consistent with its elements, just a little Ca and Mg,
indicating that it was pure. By comparing the EDS spectrum
analysis of B/TCP and barite raw material, it could be found
that the weight percent of S and Ba significantly decreased,
while Ti increased obviously (the weight percent of 14.23%).
It was deduced that quantity of TiO

2
was generated on surface

of composites, which corresponded to XRD and the SEM
results.

3.5. IR Spectrum Analysis. IR spectrograms of rutile TiO
2
,

B/TCP (prepared by calcining at 800∘C for 1 h), and barite

were shown in Figure 6. In the spectrogramof rutile TiO
2
, the

IR absorption bands at 674 cm−1 and 473 cm−1 corresponded
to vibration of Ti–O. In the spectrogram of barite, the
bands at 1177 cm−1, 1115 cm−1, and 1076 cm−1 were assigned
to the asymmetric stretching vibration of S–O, resulting from
threefold degeneracy of S–O. 983 cm−1 band was assigned to
the symmetric stretching vibration of S–O, while bands at
635 cm−1 and 612 cm−1 corresponded to the bending vibra-
tion of S–O, which was also from the threefold degeneracy
[19]. Therefore, it could be inferred that the IR spectrogram
of this section mainly showed the inner vibration mode
of SO

4
group. By comparing Figure 6 (a, b, and c) curve, it
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2
(b),

anatase TiO
2
(c), and barite coated with TiO

2
powders ((d), (e), (f),

and (g)) calcined at 600, 700, 750, and 800∘C for 1 h.

was shown that the bands of B/TCP at 883 cm−1, 728 cm−1,
and 1440 cm−1 disappeared. Deducing from the above phe-
nomenon, there were some free hydroxyls on the surface
of B/TCP before being calcined and then they dropped off
after being calcined. It could also be found that the peak at
612 cm−1 in Figure 6(b) turned wider than that in Figure 6(c),
deducing that the banding form of Ba2+ and hydroxyl on the
surface of B/TCP might have changed and a new chemical
bond Ti–O–Ba was formed.

3.6. XPS Analysis. As Figures 7, 8, and 9 show, to prove the
binding energy of each main characteristic element before
and after B/TCPbeing formed and deduceTi–O–Ba chemical
bond formed, the naked barite, rutile TiO

2
, and B/TCP were

characterized with XPS under a CuK𝛼-radiation, a power
of 150W, and a background pressure of 6.5 × 10−10mbar
including all elements spectrum diagram and Ba, S, and Ti
elements spectrum diagram. The binding energy of Ba

3d in
naked barite was 779.61 eV, while it changed into 780.74 eV in
TiO
2
-coated barite powders.Therefore, the binding energy of

Ba
3d shifted to a higher value about 1.13 eV, indicating that the

chemical environment around Ba atom changed. Moreover,
the binding energy of S

2p in raw barite and Ti
2p in rutile TiO2

was 169.00 eV and 458.44 eV, respectively. However, the value
changed into 170.02 eV and 458.46 eV, respectively, in B/TCP.
Comparing with the binding energy in barite and rutile TiO

2
,

the binding energy of S
2p and Ti

2p shifted to a higher value
about 1.02 eV and 0.02 eV. From the change above, it could
be indicated that the chemical environment around S atom
in barite changed apparently after barite covering with TiO

2
.

The binding energy shift of Ti
2p was lower, deducing that it

still combined with O firmly in the form of Ti–O bond.

9𝜇m9𝜇m

(a)

1𝜇m1

(b)

Figure 5: SEM images of naked barite (a) and B/TCP (b).
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Figure 6: IR spectrum of samples: (a) the IR spectrogram of TiO
2
;

(b) the IR spectrogram of B/TCP; and (c) the IR spectrogram of
barite.

As a result of some free hydroxyl groups around Ba
atom and Ti atom which exist in barite-TiO

2
⋅H
2
O, Ba atom

and Ti atom were combined by dropping off hydrogen and
hydroxyl, forming Ti–O–Ba bond. The chemical shift is
generated due to the environmental changes of atoms, which
ismainly from the potential energy changes caused by valence
electron transfer. Valence electron transfer is closely related
to the electronegativity of corresponding element [20]. The
inner electrons of the atoms are mainly attracted through
Coulomb force by nucleus, which makes the electron have
a certain binding energy. Meanwhile, the inner electron is
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Figure 8: XPS spectrum of all elements of rutile TiO
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shielded by the outer electron. Therefore, when the valence
electrons shift to the large electronegativity atom, whose
electron concentration is increased, the shielding effect is
enhanced and the binding energy is decreased. On the
contrary, the binding capacity will increase. Due to the larger

electronegativity of Ti than that of Ba, the electron around
Ba transfers to O–Ti, and then the electron concentration
around Ti is increased, the shielding effect is enhanced, and
the binding energy is decreased, while the binding energy of
Ba is increased.
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4. Conclusion

(1) B/TCP was prepared through TiOSO
4

hydrolysis,
TiO
2
⋅H
2
O depositing and coating on the surfaces of barite,

and composite particles calcined method in TiOSO
4

hydrolysis system including barite. The results showed that
the composite powder had similar pigment performances
with titaniumdioxide and the oil absorption value and hiding
power value were 15.5 g/100 g and 18.50 g/m2, respectively.

(2) The structure and properties of B/TCP were influ-
enced greatly by the granularity of barite and the calcined
temperature of hydrolysis complex. The composite particles
with TiO

2
coating on the surface of barite uniformly and

compactly were prepared when the granularity about d
50
and

d
90
of barite was 0.58𝜇m and 7.19 𝜇m, respectively. When the

calcined temperature of hydrolysis complex was over 700∘C,
the TiO

2
on the surface of composite particle was rutile

crystalline.
(3) By analyzing the results of IR and XPS, we deduce

that barite and TiO
2
were combined with Ti–O–Ba chemical

bond in B/TCP,whichmadeTiO
2
coat on the surface of barite

uniform, compact, and firm.
(4) In the process of preparation of B/TCP, the pigment

performance of B/TCP would be more better, when TiO
2

coated on the surface of barite the more uniformly and
compactly, and they combined the more firmly. Therefore,
the results show that this study is very useful to improve the
pigment performance of B/TCP.
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Rock-soil aggregate, as a specific geomaterial, exhibits complicated mechanical behavior. The rock-soil aggregate sampled from
the deep layer of sliding mass at Jinpingzi area of Wudongde hydropower plant on Yangtze River is investigated to understand
its mechanical behavior. Large-scale laboratory triaxial tests are conducted considering different gradations, stone contents
and confining pressures. The results show that variation of stone content and gradation considerably affects the mechanical
characteristics of rock-soil aggregate. Further, the influences of stone content, and gradation variation on stress-strain curve, Mohr-
Coulomb criterion based shear strength parameters, Duncan-Chang model based deformation parameters, and internal friction
angle are analyzed. A modified Rowe’s stress-dilatancy equation describing the mechanical response of rock-soil aggregate is then
suggested.

1. Introduction

The rock-soil aggregate is emerging as a new concept as
the accumulation layered sliding mass receives increasing
attention. Geomaterials, therefore, are further categorized
into three existence forms, which are soil, rock, and rock-
soil aggregate [1]. Rock-soil aggregates are widely distributed
on the planet and already spotted in many engineering
construction cases. Due to this practical need, the mechan-
ical properties of rock-soil aggregate have been extensively
addressed by many scholars. Particularly during the past
decades, rock-soil aggregate gains its popularity as a hot issue
in geotechnical scope.

Rock-soil aggregate in accumulation layered sliding mass
is a natural geomaterial. It is composed of blocks, gravels,
and fine grained soil of various dimensions. Due to this
unique composition, it is characterized by high nonunifor-
mity and discontinuity [2, 3]. Its mechanical characteristics
and deformation failure mechanism are therefore different
from conventional geomaterials, such as soil and rock blocks
[4–6]. The fabric features of rock-soil aggregate, including
its granular composition, particle properties, and patterns

of spatial distribution, have significant influences on its
mechanical characteristics [7, 8].

For laboratory tests, researches are usually conducted
based on a series of tests, including large-scale in situ shear
test, laboratory shear test, laboratory uniaxial compressive
test, and seepage test [9–12]. Strength and seepage param-
eters can be then obtained and adopted by engineering
constructions. As for in situ test, the natural features of
stone content, stone spatial distribution, and its gradation
are maintained. However, rock-soil aggregates are randomly
distributed. Due to this fact, as well as the restrictions caused
by representativeness, operability, and financial cost, in situ
tests cannot be conducted in large amounts. Moreover, for
landslide occurring at deep layerwith a slidingmass thickness
greater than 25m, the stress state and stress path of rock-soil
aggregate have significant impact on the evolution process
of landslide. It is therefore not practical for in situ tests to
provide different stress state and stress path conditions.

As for triaxial test, the successful development of
laboratory large-scale triaxial testing equipment makes it
possible to conduct indoor tests for geomaterials containing
coarse grained particles. Moreover, stress state provided by
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Figure 1: Dolomite rock-soil aggregate in Jinpingzi landslide.

large-scale triaxial test is close to real situation and multiple
stress paths can be imposed. As a result, the measured
parameters are then rational and reliable and can well reflect
the inherent features of rock-soil aggregate. So far, researches
based on large-scale triaxial test focusing on the mechanical
characteristics of rock-soil aggregate sampled from natural
sliding mass are rarely reported.

The Jinpingzi landslide took place at Wudongde hydro-
power plant in Southwest China. The volume of the sliding
mass is about 2,700 × 104m3 and its thickness is about 45∼
100m. It is a deep layer sliding mass whose main contents
are ancient gully of gravelly soil and dolomite rock-soil aggre-
gates. The studied dolomite rock-soil aggregates are sampled
from this sliding mass (Figure 1). By performing laboratory
large-scale triaxial tests, the mechanical characteristics and
deformation failure patterns of the rock-soil aggregates are
analyzed.

2. Materials and Methods

2.1. Materials. The front side of the sliding mass in Jinpingzi
landslide is chosen as the sampling area.The obtained sample
has rich gradation (Figure 2(a)). Its particles have various
shapes, which are mostly angular and subangular. Most rock
block size ranges from 2 cm to 7 cm and the maximum
size reaches 15 cm. The rock-soil aggregates are primarily
composed of Z2d dolomite and siliceous dolomite, which
have high mechanical strength.

Laboratory particle analysis is conducted on the samples
of rock-soil aggregate firstly. The equivalent substitution
method is employed to reduce the scale of the oversized
particles. Particles with a diameter range of 5∼60mm are
used to equivalently substitute for those oversized particles
whose diameter exceeds 60mm. The proportion of particles
whose diameters are less than 5mm remains unchanged.The
obtained gradation used for test is plotted as the average line
in Figure 2(a). Gradations 1, 2, 4, and 5 are adjusted as wide
gradation for the test.

2.2. Large-Scale Triaxial Shear Apparatus and TestMethodolo-
gies. Thedimension of the sample is arranged asΦ300mm ×

600mm. The test is conducted on the large-scale triaxial test
machine and plotted in Figure 2(b).

The samples used in the triaxial test are in saturation
state. At the start of the test, the samples are all restored to
their natural stress state.The confining pressures are arranged
as 0.4MPa, 0.8MPa, 1.2MPa, and 1.6MPa. The densities of
saturated samples are obtained by compaction test (Table 1).
The compactness degree of all samples is controlled as 90%.

The consolidated-drained triaxial shear test is strain-
controlled. The shear velocity is fixed at 0.25mm/min (or
2.5%/h). The sample size, dry density, and gradation are
all calculated in accordance with test requirements. The
rock-soil aggregate samples are then weighed and mixed
uniformly.

3. Results and Discussions

3.1. Test Results. Large-scale saturated consolidated-drained
shear tests are performed on the prepared samples which are
arranged in 5 fixed gradations.The stress to strain curves and
volumetric strain to axial strain curves are then obtained.The
curves of different gradation samples are plotted in Figures 3
and 4.

The following findings can be summarized after analyzing
the triaxial test results.

(1) Remarkable nonlinearity is observed in the stress
to strain curve of rock-soil aggregate samples. The
maximumprincipal difference value, denoted by (𝜎

1
−

𝜎
3
)
𝑓
, increases as the confining pressure increases.

(2) When the confining pressure is low (𝜎
3
= 0.4MPa),

rock-soil aggregate exhibits slight strain softening
effect. The strain-hardening degree increases as the
confining pressure increases. When the confining
pressure approaches larger value (𝜎

3
=0.8MPa), rock-

soil aggregate takes on strain-hardening effect. The
stress-strain curves based on 20 samples all have wide
range of approximately horizontal distributions near
peak point.This indicates that rock-soil aggregate has
remarkable ductile plastic deformation features.

(3) By observing the volumetric strain to axial strain
curve, it is found that the shear contraction defor-
mation increases as the confining pressure increases.
When the confining pressure is low (𝜎

3
= 0.4MPa),

the samples firstly show shear contraction and
then show shear dilation. As the confining pressure
increases, the degree of shear dilation decreases.
When the confining pressure is high (𝜎

3
≥ 1.2MPa),

the samples basically exhibit shear contraction. As
the loading increases, the increasing extent of shear
contraction deformation becomes smaller.

The above observed macroscopic deformation findings
have close relevance to the adjustments of mesoscopic fabric
and particle rupture of rock-soil aggregate during loading
process. When the confining pressure is low, the resistance
against particlemovements is small.Therefore, when samples
are under shear state, particles are easy to overcome the resis-
tance and turn over adjacent particles, thus causing dislocated
slips. As a result, remarkable shear dilation deformation is
observed and the strain softening effect of stress to strain
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Figure 2: Laboratory triaxial test: (a) gradation of rock-soil aggregate; (b) stress-controlled large-scale triaxial test; (c) test sample of rock-soil
aggregate; (d) failure mode.

Table 1: Dry density of rock-soil aggregate samples.

Gradation Gradation 1 Gradation 2 Gradation 3 Gradation 4 Gradation 5
Dry density (g/cm3) 2.102 2.135 2.144 2.128 2.073
Rock proportion (P5) 50.89% 58.50% 66.16% 74.00% 82.17%

curve is weaker.When the confining pressure is high, the con-
straining effects among particles and resistance againstmove-
ments are considerable during shear failure process. There-
fore, when samples are under shear state, it is difficult for par-
ticles to overcome the resistance, thus lowering the possibility
of dislocated slips. As a result, shear dilation degree is low-
ered. As particles cannot turn over adjacent particles, stress
concentration is induced. It then leads to particle ruptures
and rearrangements. The stress to strain curve is hardening
type and the volumetric strain is primarily condensed.

3.2. Effects of Gradation and Stone Content

Stress-Strain Curves. To analyze the differences of deforma-
tion features among different samples, the stress to strain
curves and volumetric strain to axial strain curves obtained
from samples of different gradation groups are plotted in
Figures 5 and 6. The curves are all obtained from tests under
the same confining pressure.

It is found from Figures 5 and 6 that, under the same
confining pressure, the stress to strain curve obtained from
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Figure 3: Stress-strain curve under different confining pressure: (a) gradation 1, rock proportion (P5), 50.89%; (b) gradation 2, rock
proportion (P5), 58.50%; (c) gradation 3, rock proportion (P5), 66.16%; (d) gradation 4, rock proportion (P5), 74.00%; (e) gradation 5, rock
proportion (P5), 82.17%.
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Figure 4: Volumetric strain to axial strain curve under different confining pressure: (a) gradation 1, rock proportion (P5), 50.89%; (b)
gradation 2, rock proportion (P5), 58.50%; (c) gradation 3, rock proportion (P5), 66.16%; (d) gradation 4, rock proportion (P5), 74.00%;
(e) gradation 5, rock proportion (P5), 82.17%.
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Figure 5: Stress-strain curve under different gradation: (a) 𝜎
3
= 0.4MPa; (b) 𝜎

3
= 0.8MPa; (c) 𝜎

3
= 1.2MPa; (d) 𝜎

3
= 1.6MPa.

gradation number 1 sample is considerably lower with large
deviation extent compared to other curves, while other
curves obtained from gradation number 2 to number 5
samples are basically identical.

Under low confining pressure, the stress to strain curve
of gradation 1 is remarkably lower than curves of gradations
2∼5. As the confining pressure increases, curve of gradation
1 gradually approaches the curves of other gradations. Under
high confining pressure, curve distribution of all gradations
is basically similar.

For volumetric strain to axial strain relation, the shear
contraction effect of gradation 1 is more observable than
other gradations. Particularly for confining pressure lower
than 0.4MPa, the volumetric strain of gradations 2∼5 samples
firstly increases and then quickly decreases, turning the vol-
umetric strain magnitude from positive value into negative
value. Equally, during the process, shear contraction firstly

takes place and then remarkable shear dilation takes place.
On the other hand, although the volumetric strain of grada-
tion 1 sample is also firstly increasing and then decreasing, the
decreasing speed is lower and volumetric strain magnitude
maintains positive value during thewhole process. Compared
to other gradations, dilation effect of gradation 1 sample is not
obvious. As the confining pressure increases, shear dilation
effect of all gradations gradually becomes less observable.
Particularly, when the confining pressure exceeds 0.8Mpa
for gradation 1, shear contraction effect occurs and shear
dilation effect no longer exists. For other gradations under
confining pressure of 0.8Mpa, shear contraction effect is also
observed and shear dilation effect becomes less observable.
When the confining pressure is above 1.2Mpa, gradations
2∼5 samples take on shear contraction effect and shear
dilation effect no longer existed. In a word, under high
confining pressure, the volumetric strain to axial strain curves
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Figure 6: Volumetric strain to axial strain curve under different gradation: (a) 𝜎
3
= 0.4MPa; (b) 𝜎

3
= 0.8MPa; (c) 𝜎

3
= 1.2MPa; (d) 𝜎

3
=

1.6MPa.

of all gradations are observed to distribute uniformly. This
feature is basically consistent with that of stress to strain
curves.

The reason is that the proportion of fine grained particle
with diameters smaller than 5mm accounts for 49.11%.
Therefore, the skeleton effect provided by coarse grained
particles is not obvious. On the other hand, the rock pro-
portion ranges from 60% to 80% in gradation number 2 to
number 5 samples. Coarse and fine grained particles can
attain fully mutual contact. Coarse grained particles can
form skeletons and fine grained particles can fully fill the
voids inside skeletons, thus making it possible to reach an
optimum composition and produce considerable bite force.
Therefore, the deviatoric stress is larger. From the start of
loading to the arrival of maximum loading value, the stress
to strain curves of gradations number 2, number 3, and
number 4 almost coincide with that of gradation number
5. It indicates that when rock proportion ranges from 60%
to 80%, its variation has small influences on the stress to
strain curves before reaching the maximum value. After
reaching the maximum loading value, the stress to strain

curves develop dispersedly. As the composition of coarse
and fine particles of gradation number 3 sample reaches
optimal state, the maximum deviatoric stress is observed.
When the confining stress is low, the volumetric strain curves
of all samples exhibit remarkable shear contraction (or shear
dilation) characteristics.

Shear Strength Parameters. It is observed that the strength
envelope lines are typically linear under the condition of con-
fining pressure 0.4MPa∼1.6Mpa (Figure 7). Mohr-Coulomb
failure criterion has been adopted for determining shear
strength parameters 𝑐 and 𝜑. The variation laws of shear
strength parameters 𝑐 and 𝜑 with the variation of rock
proportion are plotted in Figure 8 and given in Table 2.

With the increase of the amount of stone, values of shear
strength parameter 𝜑 of different sample gradations show a
slowly increasing trendbut values of shear strength parameter
𝑐 show a slowly downward trend. For no sticky granular
medium such as rock-soil aggregate, its shear strength is
primarily provided by the bite forces among particles. As
the voids inside coarse particles of gradation number 3
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Figure 7: Mohr-Coulomb failure envelopes and Mohr circles: (a) gradation 1; (b) gradation 3; (c) gradation 5.
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Figure 8: Shear strength parameters to rock proportion curve: (a) shear strength parameter 𝑐; (b) shear strength parameter 𝜑.
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Table 2: Parameters of Duncan-Chang model, including E-Bmodel and E-𝜇model.

P5/% 𝑐/MPa Φ/∘ 𝐾 𝑛 𝐾
𝑏

𝑚 𝑅
𝑓

𝐺 𝐹 𝐷

50.9 126 38.0 919 0.333 355 0.284 0.869 0.435 0.238 4.303
58.5 164 38.4 1009 0.394 456 0.295 0.830 0.295 0.138 5.760
66.2 164 38.9 1076 0.376 470 0.274 0.845 0.351 0.178 5.618
74 136 39.2 1100 0.314 493 0.232 0.825 0.360 0.155 4.542
82.2 138 39.4 1094 0.347 455 0.337 0.814 0.256 0.054 5.742

and number 4 samples can be well filled by fine particles
and meanwhile coarse particles can mutually form favorable
skeletons, the bite forces of these two samples can reach
maximum value. As the rock proportions of gradation num-
ber 4 and number 5 samples are comparatively larger, the
coarse and fine particles are able to contact closely.Therefore,
their bite forces and shear strength are also considerable. The
proportion of fine particles in gradation number 1 samples
is comparatively larger than other samples; thus its shear
strength is smaller. The shear strength parameter 𝜑 ranges
from 38.0∘ to 39.4∘, which is not remarkably affected by P5.

Deformation Parameters. As mentioned above, rock-soil
aggregate behaves highly nonlinearly. A hyperbolic model
known as Duncan-Chang model is an incremental nonlinear
stress-dependent model which is suggested by Duncan and
Chang [13]. Mohr-Coulomb is its failure criteria which
includes two strength parameters 𝑐 and 𝜑.This model includ-
ing 𝐸-𝜇 mode and 𝐸-𝐵 model describes nonlinearity and
stress-dependent and inelastic behavior. Tangential elastic
modulus and tangential Poisson’s ratio can be described using
expressions proposed by 𝐸-𝜇model as follows [13]:

𝐸
𝑡
= 𝐸
𝑖
[1 −

𝑅
𝑓
(𝜎
1
− 𝜎
3
) (1 − sin𝜑)

2𝑐 cos𝜑 + 2𝑐𝜎
3
sin𝜑

]

2

,

𝜇
𝑡
=

𝜇
𝑖

(1 − 𝐴)
2
,

𝐴 = 𝐷 (𝜎
1
− 𝜎
3
) (𝐾𝑝

𝑎
(

𝜎
3

𝑝
𝑎

)

×[1 −

𝑅
𝑓
(𝜎
1
− 𝜎
3
) (1 − sin𝜑)

2𝑐 cos𝜑 + 2𝑐𝜎
3
sin𝜑

])

−1

,

(1)

where 𝑐 is cohesion and 𝜑 is internal friction angle. 𝑅
𝑓

is the principal stress ratio when failure occurs. 𝐷 is the
lateral expansive strain increment induced by deviatoric
stress increment.

Moreover, when 𝐸-𝐵 model is used, bulk modulus 𝐵
𝑡
of

rock-soil aggregate can be calculated by [14]

𝐵
𝑡
= 𝐾
𝑏
𝑝
𝑎
(

𝜎
3

𝑝
𝑎

)

𝑚

, (2)

where 𝐾
𝑏
is the ratio of initial bulk modulus to 𝑃

𝑎
when

confining pressure is normal atmosphere. 𝑚 is an index
describing the increasing extent of bulkmodulus as confining
pressure increases.

The relationship between initial elastic modulus 𝐸
𝑖
and

confining pressure, as well as the relationship between initial
Poisson’s ratio 𝜇

𝑖
and confining pressure, is given in Figure 9.

It is found that as the confining pressure increases, the initial
elastic modulus increases too. As lg(𝐸

𝑖
) and lg(𝜎

3
/𝑃
𝑎
) are

linearly related, the relationship between 𝐸
𝑖
and confining

pressure can be described as a stress-dependent parameter
using a power law formulation suggested by Janbu [15]:

𝐸
𝑖
= 𝐾𝑃
𝑎
(

𝜎
3

𝑃
𝑎

)

𝑛

, (3)

where 𝑃
𝑎
is normal atmosphere and 𝐾 is the ratio of 𝐸

𝑖
to 𝑃
𝑎

when the confining pressure is normal atmosphere. 𝑛 is an
index describing the increasing extent of 𝐸

𝑖
when confining

pressure increases.
It is also found fromFigure 9 that the initial Poisson’s ratio

𝜇
𝑖
decreases as the confining pressure increases and is linearly

related to lg(𝜎
3
/𝑃
𝑎
) as

𝜇
𝑖
= 𝐺 − 𝐹lg(

𝜎
3

𝑃
𝑎

) , (4)

where 𝐺 is the initial tangential Poisson’s ratio under normal
atmosphere. 𝐹 is an index describing the increasing extent of
tangential Poisson’s ratio when confining pressure increases.

It is found that the axial stress-strain curve of rock-
soil aggregate under medium and high confining pressure is
nonlinear and can be described using hyperbolic curve, from
Figure 10.

The relationship between deformation parameters and
stone content P5 is given in Table 2 on the basis of (1)∼
(4). With the increase of stone content P5, deformation
parameters 𝐾, 𝐾

𝑏
, and 𝐷 generally increase. This indicates

that higher value of stone content leads to stronger frame-
work supporting effect produced by coarse grained particles
and larger bulk modulus. The values of 𝐺 and 𝐹 are both
decreasing as P5 increases.The values of𝑚, 𝑛, and 𝑅

𝑓
are not

remarkably affected by P5.

Internal Friction Angle. The index of internal friction angle
of rock-soil aggregate is related to gradation, stone content,
and other factors. The cohesion of the sampled sliding mass
is assumed zero. Then the internal friction angle 𝜑 can be
obtained using

𝜑 = sin−1
𝜎
1
− 𝜎
3

𝜎
1
+ 𝜎
3

, (5)

where 𝜎
1
and 𝜎

3
are measured value of the first and the

third principal stress in test. The relationship between 𝜑 and
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Figure 9: Influence of confining pressure on initial deformation modulus and Poisson’s ratio in initial loading stage: (a) initial deformation
modulus; (b) initial Poisson’s ratio.

0

3

6

9

0 4 8 12 16 20

(𝜎
1
−

𝜎
3
)

(M
Pa

)

𝜀1 (%)

(a)

0

3

6

9

0 2 4 6 8 10 12 14 16

(𝜎
1
−

𝜎
3
)

(M
Pa

)

𝜀1 (%)

(b)

0

3

6

9

0 4 8 12 16

(𝜎
1
−

𝜎
3
)

(M
Pa

)

𝜀1 (%)

Solid line: calculated
Symbols: measured

𝜎3 = 0.4MPa
𝜎3 = 0.8MPa
𝜎3 = 1.2MPa
𝜎3 = 1.6MPa

(c)

Figure 10: Stress difference versus axial strains: (a) gradation 1; (b) gradation 3; (c) gradation 5.
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Figure 12: Internal friction angle to rock proportion curve: (a) internal friction angle when confining pressure equals normal atmosphere;
(b) gradual decrement of internal friction angle.

confining pressure is given in Figure 11. It is found from
Figure 11 that, as the increase of confining pressure, the
internal friction angle gradually decreases and is basically
log-linearly related to confining pressure as

𝜑 = 𝜑
0
− Δ𝜑lg(

𝜎
3

𝑃
𝑎

) , (6)

where 𝜑
0
is internal friction angle when confining pressure

is normal atmosphere. Δ𝜑 is gradual decrement of internal
friction angle. When confining pressure is low, internal
friction angle reaches its maximum. Based on (5) and (6),
the fitted values of 𝜑

0
and Δ𝜑 are shown in Figure 11. The

variation of these values with stone content is given in
Figure 12. It is found that, in general, 𝜑

0
andΔ𝜑 show gradual

increasing trend as stone content increases. When stone
content varies within 50% to 80%, the value of 𝜑

0
ranges from

47∘ to 51∘ and Δ𝜑 ranges from 4.9∘ to 8.5∘, indicating that
stone content variation does not have significant influences
on the values of 𝜑

0
and Δ𝜑. The variation law of peak internal

friction angle 𝜑 as confining pressure varies, presented in the
above expression, is suitable for rock-soil aggregate sampled
from natural sliding mass.

3.3. Stress-Dilatancy Behavior of Rock-Soil Aggregate. Charles
and Watts’ research [16] indicates that when principal stress
reaches its maximum, dilation rate, namely (𝑑𝜀V/𝑑𝜀1)𝑝, is
related to the maximum value of ratio of the first principal
stress to the third principal stress, namely (𝜎

1
/𝜎
3
)
𝑝
. Here,

the peak dilation coefficient is defined by the expression
𝐷
𝑝

= 1 − (𝑑𝜀V/𝑑𝜀1)𝑝. According to Indraratna’s study
[17], the hyperbolic curve is recommended to describe this
relationship between (𝜎

1
/𝜎
3
)
𝑝
and (𝑑𝜀V/𝑑𝜀1)𝑝, based on the
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Table 3: Parameters of stress-dilatancy equation.

P5/%
Rowe’s stress-dilatancy

equation
Modified Rowe’s

stress-dilatancy equation
1/K 𝐾 𝛼 𝛽 𝑅

𝑑

50.9 0.1933 5.17 0.1027 1.4462 4.82
58.5 0.1836 5.45 0.0542 1.8047 5.03
66.2 0.1826 5.48 0.0516 1.8165 5.11
74 0.1904 5.25 0.0716 1.6493 4.95
82.2 0.1819 5.50 0.0453 1.9152 5.03

condition that the confining pressure ranges from 1 kPa to
240 kPa. Rowe proposed the linear stress-dilatancy equation
[18, 19]. Based on the assumption of rigid plastic of rock-soil
aggregate, the equation is written as [18]

𝑅 = 𝐾𝐷 or 𝐷 =

𝑅

𝐾

, (7)

where𝑅 is the principal stress ratio and is calculated by 𝜎
1
/𝜎
3
,

𝐷 is dilation coefficient and is calculated by 1−(𝑑𝜀V/𝑑𝜀1), and
𝐾 is related to an angle of friction. Figure 13 shows the fitting
results of 𝐷 ∼ 𝑅 for all samples with different gradations.
According to the test results (Table 3), the value of 𝐾 for
rock-soil aggregate ranges from 5.17 to 5.50, indicating that
stone content variation does not have significant influences.
Also, it is obvious from Figure 13 that Rowe’s stress-dilatancy
equation obviously overestimated the dilatancy of rock-soil
aggregate, and the stress-dilatancy behavior does not have
significant influences on the stress level.

From another point of view, it is found from Figure 13(a)
that when the confining pressure ranges from 0.4MPa to
1.6MPa, 𝑅 exhibits a power function relationship with 𝐷

for all samples with different gradations. In order to model
the dilatancy during deformation of rock-soil aggregate, the
modified stress-dilatancy relationship becomes

𝐷 = 𝛼𝑅
𝛽
, (8)

where 𝛼 and 𝛽 are parameters obtained in tests. Let 𝛼 =

(1/𝑅
𝑑
)
𝛽; then (8) can be written as

𝐷 = (

𝑅

𝑅
𝑑

)

𝛽

. (9)

Obviously, the value of𝛽 reflects the influence of the stress
ratio 𝑅 on the dilatancy of rock-soil aggregate. Particularly,
when 𝛽 = 1, (9) is the original Rowe’s stress-dilatancy
equation, and at this time 𝑅

𝑑
= 𝐾.

Figure 13 shows that the modified stress-dilatancy equa-
tion can be used to describe the volume deformation char-
acteristics of rock-soil aggregate. The values of 𝛽 and 𝑅

𝑑

under different gradations are given in Table 3, in which
the value of 𝑅

𝑑
for rock-soil aggregate ranges from 4.82 to

5.11, indicating that rock content variation does not have
significant influences. The value of 𝛽 ranges from 1.4462 to
1.9152, which implied that the 𝛽 value is affected by rock
content variation, which mainly shows that when the rock

content variation is low, the 𝛽 value is small; when the rock
content variation is higher, 𝛽 value is larger.

Figure 14 shows the dilatancy-contraction relationship
of rock-soil aggregate expressed by formula (9). Under the
low confining pressure condition, when 𝑅 < 𝑅

𝑑
, rock-soil

aggregate shows shear contraction; when 𝑅 > 𝑅
𝑑
, the rock-

soil aggregate shows shear dilatancy; when 𝑅 = 𝑅
𝑑
, 𝑑𝜀V/𝑑𝜀1

is equal to 0. So formula (9) inherently assumes that the
𝑅
𝑑
value of rock-soil aggregate not only is the demarcation

point of contraction and dilatancy but also is stress ratio of
critical state corresponding to constant volume deformation.
Under high confining pressure, 𝑅 is always smaller than
𝑅
𝑑
and contraction occurs for rock-soil aggregate. When

𝑅 becomes larger and approaches 𝑅
𝑑
, rock-soil aggregate

gradually comes to critical state and remains constant volume
deformation.

4. Conclusions

The following understandings can be noted after we analyzed
the loading test results of rock-soil aggregate derived from
Jinpingzi sliding mass.

(1) Under the confining pressure of 0.4MPa, rock-soil
aggregate exhibits slight strain softening effect and
remarkable shear dilation effect. When confining
pressure exceeds 0.8MPa, the sample exhibits strain-
hardening effect and shear contraction effect. Under
low confining pressure condition, the variation of
stone content and gradation has significant influences
on stress-strain curve and volumetric strain-axial
strain curve. However, under high confining pressure
condition, stress-strain curves and volumetric strain-
axial strain curves of different gradations and stone
contents are basically similar, indicating that the
influences of gradation and stone content are smaller.
In general, rock-soil aggregate sampled from sliding
mass has both high bearing capacity and considerable
ductile plastic deformation characteristics.

(2) Initial elastic moduli lg(𝐸
𝑖
) and lg(𝜎

3
/𝑃
𝑎
) are linearly

related. Initial Poisson’s ratio and lg(𝜎
3
/𝑃
𝑎
) are nega-

tively linearly related.When confining pressure varies
withinmedium and high values, hyperbolic curve can
be used to describe the axial stress-strain relation of
rock-soil aggregate. When confining pressure ranges
from 0.4MPa to 1.6MPa, the Mohr strength enve-
lope line is typical linear style. When stone content
ranges from 50% to 80%, shear strength parameter
𝜑 obtained from Mohr-Coulomb strength criterion
gradually increases and shear strength parameter
𝑐 gradually decreases as stone content increases.
Internal friction angle is in negative linear relation
to lg(𝜎

3
/𝑃
𝑎
). Their relationship can be described

using the Duncan proposed expression. Moreover,
under low confining pressure, the internal friction
angle reaches its maximum value. This index also
maintains large magnitude with high stone content
and favorable gradation.
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Figure 13: Relationship between principal stress ratio and dilatancy rate under different gradations: (a) gradation 1, rock proportion (P5),
50.89%; (b) gradation 2, rock proportion (P5), 58.50%; (c) gradation 3, rock proportion (P5), 66.16%; (d) gradation 4, rock proportion (P5),
74.00%; (e) gradation 5, rock proportion (P5), 82.17%.
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Figure 14: Dilatancy-contraction relationship of rock-soil aggregate
expressed by the formula.

(3) Based on studying the volumetric deformation char-
acteristics of rock-soil aggregate and the relationship
between volumetric deformation and principal stress
ratio, a modified Rowe’s stress-dilatancy equation
suitable for rock-soil aggregate is suggested.

In summary, Duncan-Chang model is to certain extent
suitable for describing the deformation characteristics of
rock-soil aggregate. Future study will be conducted on how
to propose a practical constitutive model suitable for rock-
soil aggregate by combining Duncan-Chang model and the
proposed modified Rowe’s stress-dilatancy equation.
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Bentonite is characterized by the large specific surface, good adsorption, ion exchange ability, and nontoxicity. An enhanced
bentonite base composite flocculant (BTA) can be prepared from treating the calcium base bentonite and compositing various
functional additives. Bentonite was firstly treated by citric acid, then the talc and activated carbon turned to be acid part and
simultaneously the part that was treated by sodium bicarbonate and calcium hydroxide turned to be alkaline part, and finally the
acid bentonite part and alkaline bentonite part were mixed up with preground powder of polymeric chloride aluminium (PAC),
cationic polyacrylamide (CPAM), ferrous sulfate, and aluminum sulfate, and after all of the processing flocculant BTAwas obtained.
The optimum preparation process of flocculant BTA has shown 29.5% acid bentonite part, 29.5% alkaline bentonite part, 15% PAC,
1% CPAM, 5% ferrous sulfate, and 20% aluminum sulfate. BTA was used to treat drinking water with high turbidity and metal
ion in Karamay City, Xinjiang. The treated water was surely up to the drinking water standard of China in decolorization rate,
deodorization rate, heavy metal ion removal rate, and so forth, and contents of residual aluminum ions and acrylamide monomer
in drinking water were considerably decreased.

1. Introduction

China is facing water shortage and severe water pollution. In
order to reduce the harmofwater pollution, improve andpro-
tect environment, and achieve higher water quality, domestic
as well as industrial water was often purified. Among various
water treatment agents, flocculants have been found to be
with wide application due to their satisfying purification per-
formance, low cost, and convenience. Flocculants are the
most widely used agents with the largest consumption in
water treatment and mainly include inorganic flocculant,
organic polymer flocculant, microbial flocculant, and com-
posite flocculants [1].

In recent years, based on investigation of surface activity,
ultrafine effect, chemical component, and crystal structure of
natural minerals, minerals are found to have good environ-
ment attributes and natural minerals were applied in water
pollution management due to their self-purification in vari-
ous pollutants [2–6]. As flocculants, mineral materials have
the advantage in wide varieties, abundant reserve, low cost,

and little secondary pollution. The frequently used minerals
include montmorillonite, sepiolite, zeolite, kieselguhr, and
attapulgite [7–15].

Si4+ in Si–O tetrahedron and Al3+ in Al–O octahedron
of bentonite could be replaced by low valence states of Li+,
Mg2+, and Fe2+, thus making the unbalanced electrovalence
of bentonite unit cell, so bentonite interlayer is negatively
charged. In interlayer, the negatively charged surface will
often balance with exchangeable hydrated cations which are
unstable and also tend to exchange with other ions. Con-
sequently, bentonite has good adsorption and ion exchange
ability, cohesiveness, hydrophilicity, and large specific surface
[10, 11, 15], and, above all, it is nontoxic.

Bentonite was often used as adsorbent in water treatment
mainly due to its good adsorption and ion exchange ability
and this adsorption includes both exchange adsorption and
physical absorption [12].

There were a lot of researches on bentonite being water
treatment agent. For example, Liao andWang used bentonite
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as adsorbent to prepare purifier to treat sewage of winery
and the rate of deturbidity was reported as 37.6% at 5%
purifier dosage [13]. Combining bentonite with flocculant
PAC or PAM, Yuan et al. treated oily sewage and compared
the oil removal performance of different kinds of bentonite
and organic modified bentonite. They found that oil removal
rate was as high as 90% at calcium base bentonite dosage
of 2.5 g/L and PAC dosage of 400 ppm [14, 15]. Srinivasan
[6] and many other researchers [16–18] made a detailed and
comprehensive investigation on the applications of natural
clay minerals including bentonite in removing biological,
organic, and inorganic contaminants in drinking water.

2. Materials and Methods

2.1. Instruments and Materials. 101-1 Electric Blast Drying
Oven (Tianjin Qin Shite Instrument Co., Ltd); ZDM-50 Vib-
ration Mill (Tianjin Keqi Technology Co., Ltd); and SGE-2
Digital Turbidity Meter (Shanghai Yuefeng Instruments Co.,
Ltd.) were used.

All of the industrial produced samples in our work such
as calcium bentonite (Ningcheng, Inner Mongolia), polya-
luminum chloride (PAC) (Gongyi, Henan), Talc (Dandong,
Liaoning), activated carbon (Gongyi, Henan), polyacrylam-
ide (PAM), and cationic polyacrylamide (CPAM) (Xitao, Bei-
jing) obtained from China chemical market. All of the chem-
ical pure samples such as citric acid (chemically pure, CP),
sodium bicarbonate (CP), ferrous sulfate (CP), aluminium
sulfate (CP), and calcium hydroxide (analytical reagent, AR)
were obtained fromBeijing chemical reagent supply andmar-
keting Co.

2.2. Methods

2.2.1. Pretreatment of Raw Material

Pretreatment. Calcium base bentonite activation adopts the
thermal activation method. Calcium base bentonite was
heated for 24 h at 300∘C and then ground to 100–200mesh
by vibrating mill for spare.

Pretreatment of the Additives. Additives including citric acid,
talc, activated carbon, sodium bicarbonate, calcium hydrox-
ide, ferrous sulfate, and aluminum sulfate were ground,
respectively, to passing 200mesh screen for spare.

Pretreatment of the Flocculants. PAC, PAM, and CPAM were
ground, respectively, to passing 100mesh screen for spare.

2.2.2. Preparation of Flocculant Base Powder. Acid powder A
and basic powder B were firstly prepared, respectively, and
then powder A and powder B weremixed up in a proper ratio
to formAB component. As diatomite with pH= 7was used in
evaluation tests to simulate suspension liquid, the optimized
mass ratio of powder A and powder B was 1 : 1. After system
optimization, the compositions andmass ratio of component
A and component B were shown in Table 1.

Table 1: The compositions and the mass ratio of acid component A
and basic component B.

Acid component A Basic component B

Raw materials Content
(wt%) Raw materials Content

(wt%)
Ca-bentonite 80 Ca-bentonite 80
Citric acid 10 Sodium bicarbonate 10
Talc 9.5 Calcium hydroxide 10
Activated carbon 0.5

2.2.3. Preparation of Flocculant BTA

(1) Weigh rawmaterial referring to Table 1 and then after
being extruded by extruder, dried and ground for
10min to passing 100mesh screen, powder A and
powder B were obtained.

(2) Mix powder A and powder B at the mass ratio of 1 : 1
and then powder AB was obtained.

(3) Weigh PAC, PAM, ferrous sulfate, and aluminum sul-
fate in a certain proportion and then mix them up
with powder AB; vibrating grind for 10min, the enha-
nced flocculant BTA was obtained.

2.2.4. Mechanism of Preparation of Flocculant BTA. The pre-
ferred composition of the present product was manufactured
in two separately manufactured portions or subcomponents
(acid First Portion A and alkaline Second Portion B) by
extruding a calcium bentonite component that was not acid-
activated, together with an acid and optionally an alkali, sep-
arately from the sodium bentonite component, to prevent the
acid and alkali components from interacting or reacting with
the sodium bentonite component of the composition, while
the calcium bentonite-containing portion of the composition
should be extruded to activate the calcium bentonite and
bind any acid and alkali to the calcium bentonite, thereby
preventing any acid and alkali from interacting with the
sodium bentonite. It was not necessary to extrude the sodium
bentonite containing portion of the composition.

All components of the composition may be extruded,
so long as any acid and alkali components are maintained
separately from the sodium bentonite during the extrusion
process. Next, when extruded with calcium bentonite, the
acid and alkali disperse more quickly in the waste water to
prepare the waste water for later flocculation by the sodium
bentonite. Dispersing the acid as early as possible, prior to
dispersing the sodium bentonite, is important to break up
the oil and grease emulsions. Dispersing the alkali as early
as possible and prior to dispersing the sodium bentonite is
important for precipitation of dissolved metals, so that the
bentonite, later dispersed, can flocculate the oil, grease, and
precipitated metals, together with the flocculating agent. Of
all examples, various compositions were manufactured by
extruding all composition components in two separate com-
position portions and then grinding the two extruded com-
position portions into a desired granular particle size distri-
bution with other adding agents.
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The extruded calcium bentonite pellets, including bound
acid and optionally alkali, were ground to a desired granular
particle size distribution in the range of about 200𝜇m to
1000 𝜇m, and the ground granules from both portions of
the composition were combined into a single composition,
together with some other enhanced flocculating additives.

3. Results and Discussion

According to the composite principle, factors that could affect
the performances of flocculant BTAmainly included the con-
tent of inorganic polymer flocculant PAC, type and content
of precipitating aid, pH value of water in flocculation, and
content of ferrous sulfate and aluminum sulfate. These four
factors were investigated, respectively, and then compositions
and their ratios in BTA system were determined.

3.1. Influence of Inorganic Flocculant PAC on BTA Performan-
ces. Inorganic flocculant PAC with the largest consumption
was the most widely used and has excellent absorption and
bridging effect and charge neutralization performance. PAC
used in the test also functions as flocculant and therefore
investigating its influence rule on turbidity removal matters
much.

As shown in Figure 1, flocculation effect of BTAwas enha-
nced as a function of PAC content but the increase deg-
ree slows down. According to the data, the increase degree
accelerated generally when PAC content was lower than 45%
and rate of deturbidity reached 95.1% at PAC content of
40%, while when PAC content was 50%, rate of deturbidity
only increased to 96.9%. Consequently, taking cost into
consideration, PAC content in BTA was determined as 40%.

3.2. Influence of Organic Precipitating Aid on BTA Perfor-
mances. All derivatives of polyacrylamidewere excellent pre-
cipitating aid. The influences of anionic polyacrylamide
(PAM) and cationic polyacrylamide (CPAM) on flocculation
effect of BTA were investigated in tests, shown in Figure 2.

It was shown in Figure 2 that precipitating aid perform-
ance of cationic polyacrylamide (CPAM) significantly out-
performed that of anionic polyacrylamide (PAM) in both
rate of deturbidity and settling time. The performance and
structure of bentonite indicate that its interlayer was nega-
tively charged permanently. If the enhanced flocculant BTA
contained bentonite, cationic polyacrylamide was more apt
to adsorb and bridge with bentonite while anionic polyacry-
lamide will not react with bentonite obviously.

It was also found that only small amount of CPAM could
promote the flocculation effect of BTA greatly and floccula-
tion effect of BTA could be completely reflected. It was obse-
rved that the alum grains of enhanced flocculant BTA were
larger than that of flocculant PAC, since the settling velocity
of BTA was fast and it took only about 40 s for its floccules
to settle completely while it took 2 to 3min for PAC to settle
completely. Referring to test results, flocculation precipitating
aid adopted CPAM and its content accounts for 1% (mass
fraction) of BTA system.
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Figure 1: The effect of PAC in BAT on the rate of deturbidity.
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Figure 2: The effects of PAM/CPAM in BAT on the rate of detur-
bidity.

3.3. Influence of Flocculation Precipitating Aid on BTA Per-
formance. Results showed that when the proportion of ben-
tonite base powder, PAC, and CPAM in enhanced flocculant
BTA system was 59%, 40%, and 1%, respectively, the floccula-
tion effect could be as good as that of solid PAC and floc-
culating settling velocity is faster than that of solid PAC.
However, as the dosage of enhanced flocculant was often
large, thus costs in subsequent sludge treatment would incr-
ease and domestic flocculants were cheap, so it was necessary
to control the costs of flocculants. Consequently, PAC content
in the system should be reduced on condition that the floccu-
lation effect was as good as the deturbidity effect of solid PAC
and the settling velocity of sludge was faster than that of solid
PAC. Meanwhile, ferrous sulfate and aluminum sulfate were
considered to be added in the system as flocculation aid.

The flocculation effects of flocculation precipitating aids
with PAC content of 10%, 15%, 20%, and 30% were shown in
Tables 2, 3, 4, and 5, respectively. By adjusting the proportion
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Table 2:The influence of additives on coagulation behaviors of BTA
while PAC content was 10% (200NTU diatomite suspension).

AB (%) Aluminium
sulfate (%)

BTA
(mg/L)

Rate of
deturbidity

(%)

Settling
time (s)

5 25 100 99.2 20
10 20 100 99.1 20
15 15 100 95.3 60
20 10 100 95.8 60
25 5 100 95.1 60
— — PAC (100) 98.1 60

Table 3:The influence of additives on coagulation behaviors of BTA
while PAC content was 15% (200NTU diatomite suspension).

Ferrous
sulfate
(%)

Aluminium
sulfate (%)

BTA
(mg/L)

Rate of
deturbidity

(%)

Settling
time (s)

0 25 100 98.8 20
5 20 100 98.7 20
10 15 100 98.7 60
15 10 100 98.3 60
20 5 100 98.4 60
25 0 100 98.0 60
— — PAC (100) 98.5 60
— — PAC (50) 97.7 90

Table 4:The influence of additives on coagulation behaviors of BTA
with 20% PAC (200NTU diatomite suspension).

Ferrous
sulfate
(%)

Aluminium
sulfate (%)

BTA
(mg/L)

Rate of
deturbidity

(%)

Settling
time (s)

0 20 100 98.0 40
5 15 100 98.2 40
10 10 100 98.1 40
15 5 100 97.7 40
20 0 100 97.7 50
— — PAC (100) 98.4 60
— — PAC (50) 97.6 90

Table 5:The influence of additives on coagulation behaviors of BTA
with 30% PAC (200NTU diatomite suspension).

Ferrous
sulfate
(%)

Aluminium
sulfate (%)

BTA
(mg/L)

Rate of
deturbidity

(%)

Settling
time (s)

0 10 100 98.9 30
5 5 100 98.7 30
10 0 100 98.7 30
— — PAC (100) 98.5 90
— — PAC (50) 98.2 120
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Figure 3: The influence of pH on coagulation behaviors of BTA.

of ferrous sulfate and aluminum sulfate and comparing with
PAC, the optimal blending ratio of BTA was determined.

Results showed that generally rate of deturbidity changes
little when PAC content ranges from 10% to 30%, but it could
be observed in tests that floccules of BTA were small at PAC
content of 10%. Consequently, the content of PAC in the
system was finally determined as 15%.

According to the influence of ferrous sulfate and alu-
minum sulfate, flocculation effect generally got better as a
function of aluminum sulfate content. However, as ferrous
sulfate could increase the compactness of floccules and
decrease the function of COD, it was an indispensable part of
the system. Combining turbidity removal performance and
economic effect, the optimized compositions of enhanced
flocculant BTA were shown in Table 6.

3.4. Influence of pH on BTA Performance. It could be known
from flocculating mechanism that flocculation was caused
by hydrolysis of flocculant in water. BTA contained some
flocculants, for example, PAC, and the flocculation effect was
directly affected by pH of water, and therefore the suitable
environment of enhanced flocculant BTA should be deter-
mined. Diatomite suspension with pH of 6 to 10 was pre-
pared, respectively, to simulate sewage and then the suitable
environment could be found by observing the change of
flocculation effect, as shown in Figure 3.The best flocculation
effect of BTA was observed at pH 7, which agreed with the
suitable environment of PAC.

3.5. Application of Flocculant BTA in Treating Moderately
Polluted Drinking Water. Karamay City, located in Junggar
Basin of northwestern Xinjiang, is an industrial city that
mainly depends on oil industry. According to random inspec-
tion results, only 53.4% of drinking water in average met the
quality standard and that percentage in rain season and dry
seasonwas 45.6% and 61.9%, respectively. It was reported that
domestic drinking water of citizens came in sequence from
natural rawwater, processed water from drinking water treat-
ment plant, tip water of water supply network, and secondary
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Table 6: The optimized compositions of BTA.

Component Acid part A Basic part B PAC CPAM Ferrous sulfate Aluminium sulfate
Content (%) 29.5 29.5 15 1 5 20

Table 7: The treatment effect for Xinjiang Karamay City drinking water with enhanced flocculant BTA.

Number Testing items China National Standard
(China GB 5749-2006)

Testing results
(SN. G2013024) Unit

1 Chromaticity ≤15 <5 Degree
2 Turbidity ≤1 or ≤3 <0.5 NTU
3 Odor and taste No foreign order and taste No
4 Visible matter No No
5 pH 6.5–8.5 7.92
6 Total hardness (as CaCO3) ≤450 189 mg/L
7 Iron ≤0.3 <0.005 mg/L
8 Manganese ≤0.1 <0.022 mg/L
9 Copper ≤1.0 <0.0015 mg/L
10 Zinc ≤1.0 <0.0015 mg/L
11 Cadmium ≤0.005 <2.0 × 10−6 mg/L
12 Lead ≤0.01 <5.0 × 10−5 mg/L
13 Volatile phenol (as phenol) ≤0.002 <0.002 mg/L
14 Composite anionic detergent ≤0.3 <0.05 mg/L
15 Sulfate ≤250 93.82 mg/L
16 Chloride ≤250 109.38 mg/L
17 Total dissolved solids ≤1000 304 mg/L
18 Fluoride ≤1.0 0.38 mg/L
19 Cyanide ≤0.05 <0.002 mg/L
20 Arsenic ≤0.01 <9.0 × 10−4 mg/L
21 Selenium ≤0.01 <9.0 × 10−4 mg/L
22 Mercury ≤0.001 <9.0 × 10−5 mg/L
23 Chromium (hexavalent) ≤0.05 <0.004 mg/L
24 Nitrate (as nitrogen) ≤10 0.45 mg/L
25 Trichloromethane ≤0.06 <2.0 × 10−4 mg/L
26 Tetrachloromethane ≤0.002 <1.0 × 10−4 mg/L
27 Bacterial colony number ≤100 30 CFU/mL
28 Total 𝛼 radioactivity ≤0.5 <0.016 Bq/L
29 Total 𝛽 radioactivity ≤1 0.038 Bq/L
30 Oxygen consumption (as O2) ≤3 1.75 mg/L
31 Aluminum ≤0.2 0.092 mg/L

water supply in high-rise housing. Processed water referred
to water being treated in drinking water treatment plant,
and tip water of supply network meant water branched from
main water supply line, while secondary water supply meant
providing domestic drinking water for residents indirectly by
secondary water supply facilities, for example, impounding
reservoir and its attaching pipeline, valve, pumping unit, and
pressure tank. As raw water quality was unchangeable, the
drinking water quality cannot meet the standard all the year
round.

Tests on using enhanced flocculant BTA to treat the
source water of No. 2 Water Purification Plant of Xinjiang

Oilfield Company were carried out in 2013. The processed
water quality was tested by Water Quality Supervision
and Inspection Station, Xinjiang Petroleum Administration
Bureau. As shown in Table 7, the treated water was surely up
to the drinkingwater standard of China in decolorization and
deodorization rate, removal rate of heavy metal ion, and so
forth, and contents of residual aluminum ions and acrylamide
monomer in drinking water were considerably decreased,
thus reflecting the powerful adsorption property of bentonite
as natural mineral material and showing a great prospect
of the enhanced bentonite base flocculant in drinking water
treatment.
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Table 8: The costing evaluation for flocculant BTA based on the
price of raw materials purchased from Beijing chemical market in
2013.

Raw material Content
(wt%)

Price
(RMB¥/t)

Cost
(RMB¥/t)

PAC 15.0 2000 300
Ca-bentonite 47.2 500 236
Talc 2.95 600 17
Calcium hydroxide 2.95 700 20
Citric acid 2.95 5000 147
Sodium bicarbonate 2.95 1500 44
Ferrous sulfate 5.0 400 20
Aluminum sulfate 20.0 800 160
CPAM 1.0 25000 250
Total cost of raw materials (RMB¥/t) 1194
Estimated total produced cost (RMB¥/t) 200
Total cost of flocculant BTA (RMB¥/t) 1400

3.6. Applied Cost of Flocculant BTA. The main raw materials
of the new enhanced flocculant BTA used natural clay min-
eral bentonite, which is abundant in our country, combined
with simple production process to get the excellent coag-
ulation behavior, so BTA had a good economic feasibility.
Table 8 listed the raw materials of BTA and their market
prices. Due to the low cost and simple production process of
BTA, the solidmedicamentwas convenient for transportation
and sewage rate significantly faster than conventional PAC,
especially suitable for the modern small sewage treatment
needs. Therefore the new enhanced flocculant BTA would
have good applications in the future.

Using the new enhanced flocculant BTA to treat the
source water of No. 2 Water Purification Plant of Xinjiang
Karamay City in 2013, the original treatment price was 0.09∼
0.12RMB¥ per ton drinking water which included about
PAC 0.10RMB¥ coupled with the CPAM 0.01RMB¥. If we
used PAC only, the treated water quality could not meet the
drinking water standard. When the BTA flocculant was used
singly to treat the source water of above water plant, the
processed cost was only 0.03∼0.06RMB¥ per ton drinking
water, and the treated water quality was better.

3.7. Mechanism of Bentonite Based Flocculant
Enhancing Flocculation

3.7.1. PAC, CPAM, and Their Interactions. PAC and CPAM
really are typical and effective flocculantswidely used inwater
treatment sites. Their excellent coagulation properties had
been well studied and widely accepted.

The main coagulating function of PAC was its high
charge, which made it more effective at destabilizing and
removing suspended materials than other aluminium salts
such as aluminium sulfate and aluminium chloride, in which
the aluminium structure results in a lower net charge than
aluminium chlorohydrate. Aluminium chlorohydrate was the
best representative described as an inorganic polymer and as
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Figure 4:The FTIR of PAC after enhanced reaction of modification
with cationic PAM.

such was difficult to structurally characterise. However, tech-
niques such as gel permeation chromatography, X-ray crys-
tallography, and 27Al-NMR have been used in researches and
had been shown such that the material was based on Al

13

units with a Keggin ion structure and that this base unit then
underwent complex transformations to form larger polyalu-
minium complexes [18, 19].

The primary role of CPAM was characterized by its
macromolecular chains, because the macromolecular chains
had a variety of lively groups, which will capture many nucle-
ophilic substances by hydrogen bonds in themacromolecular
chains especially for negatively charged colloid particles.
CPAM was mainly used for turbidity, bleaching, adsorption,
adhesion, and other functions in water purification process
[18–20].

Figure 4 was the infrared structure changes of PACmod-
ified with PAM (formed PAC-PAM composite) before and
after enhanced modified reaction, which included physical
superposition infrared spectra of PAC + PAM with OMINIC
5.0 software. It was shown that Al interacted with –O– on
–CONH

2
, weakening the effect of PAM molecular chain

C=O. The characteristic absorption peak of PAM in 1 561∼
1 667 cm−1, that is, amide I belt and amide II belt, decreased
significantly in the spectra of PAC-PAM, and the absorption
peak of PAM in 3 202 cm−1 has already disappeared in PAC-
PAM too. We can also see that the IR spectra of PAM + PAC
and the IR spectra of PAM, PAC were significantly different,
which was enough to prove that the PAM used as coagulant
aid was through the chemical reaction between the PAM
and PAC to play a role rather than just physical blend. It
revealed that the essence of PAM composite synergistic PAC
was indeed to generate a greater molecular weight of the new
polymer (because of PAM, PAC flocculation characteristics
compared with PAC had greatly increased), and that was
not the traditional flocculation theory, which was considered
such that PAM only had a physical bridging role, and the
enlargement alum floc flowers formed just through mechan-
ical netting [21, 22].
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3.7.2. Bentonite, Flocculating Additives, andTheir Interactions.
Enhanced bentonite base flocculant BTA contained five kinds
of keymaterial with different function, that is, clay mineral to
quickly form flocculation core, inorganic polymer flocculant
to supply electrical neutralization, organic polymer to aid
precipitating functioning, and acid and alkaline bentonite
components to help adjusting pH of water. The flocculation
performance of this composite flocculant would not be
affected by clay minerals. On the contrary, clay minerals
would be improved flocculation and accelerate settling veloc-
ity. This composite flocculant was equipped with excellent
flocculation and turbidity removal performance and fast
settling, and it overcame the disadvantage of PAC in difficult
settling as a result of its light floccules, so it was suitable for
rapid treatment (i.e., enhanced flocculation) of sewage and
drinking water of various turbidities [23, 24].

Based on heterogeneous nucleation theory and differen-
tial flocculationmodel, bentonite, clay mineral with excellent
hydrophilicity, was selected as base in tests and mineral
base composite flocculant BTA was prepared by compositing
conventional inorganic polymer flocculant PAC, organic
polymer precipitating aid PAM, and other flocculation aids.
Composite flocculant BTA containedmany flocculation cores
and could produce flocculation core efficiently in the pres-
ence of water. Meanwhile, bentonite could adsorb other
micromolecules and colloid pollutants effectively due to
its good adsorption capacity [25, 26]. Enhanced flocculant
BTA made full use of the heterogeneous nucleation and
adsorption capacity of clay minerals, electrical neutralization
of inorganic polymer flocculant, and adsorption and bridging
capacity of organic polymer. Therefore, BTA, as a new func-
tional composite flocculant, would indeed enhance floccula-
tion performance and promoted flocculation efficiency.

4. Conclusions

Based on heterogeneous nucleation theory and differential
flocculation model, factors affecting flocculation perfor-
mance were analyzed comprehensively. Calcium base ben-
tonite being treated as the main base, a new functional ben-
tonite base composite flocculant BTA aiming at enhancing
flocculation rapidly, was prepared by compositing conven-
tional inorganic polymer flocculant, organic polymer pre-
cipitating aid, and other flocculation aids. Evaluation results
of flocculation performance showed that turbidity removal
performance of BTAwas as good as that of PACwhile settling
time of its floccules was one time faster than that of PAC’s
floccules. When BTA was used to treat drinking water with
high turbidity and metal ion content, the treated water was
surely up to the drinking water standard of China in dis-
coloration and deodorization rate, heavy metal ion removal
rate, and so forth and contents of residual aluminum ions and
acrylamide monomer in drinking water were considerably
decreased, thus reflecting the powerful adsorption property
of bentonite as environmental mineral material. Due to its
cheap raw materials, easily available material source, and
simple preparation process, the special enhanced bentonite
base flocculant showed a great prospect in drinking water
treatment.
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The composite cementitious materials were prepared with lead-zinc tailings, lead-zinc smelting slag, and cement clinker.The effect
of material ratio on the mechanical properties, the phase analysis, and microstructures were investigated. The effect of the pH and
stripping time on the leaching amount of lead ion was discussed. The results show that the additive amount of the tailings should
be minimized for the cementitious materials meeting the strength requirements, controlled within 10%. The leaching amount of
cementitious materials remains low in a larger range of pH, which can effectively reduce the leaching of heavy metal lead. The
leaching kinetics of lead ions in the three kinds of samples could be better described by the pseudo-second-model.

1. Introduction

In the process of exploiting and utilizing of mineral resource,
a series of environmental problems have been arisen. The
exploitation of the mine will produce a lot of waste rock
and gob, resulting in waste of resources and security risks.
The stacking of tailings from concentration and smelting
slag, sludge, and dust from metallurgical process have stolen
the land resources which produce a serious pollution to the
environment. Filling the gobs with tailings and other solid
waste can not only realize the control of solid waste pollution
and improve the utilization of the land but also prevent the
surface subsidence and improve the mining index. However,
if tailings and other solid waste are directly used to fill the
gobs, it will be prone to oxidation and ion release in the rain,
the sun, and other natural stress; toxic substances and heavy
metal ions can be released to the environment as well. A tail-
ings dam leakage occurred in Spanish Aznalcollar sulfur iron
mine in April 1998, resulting in the decline of the pH values
in the vicinity of the local underground water and the
concentration of heavy metal ions Zn, Mn, Co, Pb, Cd, and
Tl in underground water and soil was significantly increased

[1]. Sharma andAl-Busaidi investigated the changes of under-
ground water metal ion concentration and pH value through
the analysis of 12 years monitoring data of soil and water
around the copper mine tailings of Oman Mine Company
[2, 3] and confirmed the pollution of groundwater tailings.
Shaw monitored that the Hg concentrations in surface water
and groundwater continued to rise although the Murray
Brook gold mine in Canada had been closed for 10 years
[4]. Therefore, the tailing cannot be used to fill the gobs
directly. It had been confirmed that heavy metals could be
solidified in cement clinker crystalline lattice in the process
of cement kiln incinerating solidwaste.These elementswould
be compacted in the C-S-H consolidation gel or exist in small
pores after cement hydration and were not willing to release
under natural conditions. Via the use of the cement, heavy
metals and other harmful substances are not released into the
environment which can eliminate the hidden dangers of pol-
lution.The preparation of cementitious material with tailings
to replace a part of cement can not onlymeet the requirement
of structure and high strength but also reduce the cost. The
purpose of effectively recycling tailings and other waste was
achieved [5].
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Table 1: Chemical composition of raw materials/%.

Composition CaO SiO2 Al2O3 MgO Fe2O3 MnO K2O TiO2 FeO Pb Zn Na2O S LOI
Gangue 2.19 69.92 10.41 1.39 1.89 0.51 2.17 0.57 5.38 0.17 0.12 0.51 0.55 3.68
Smelting slag 13.54 27.72 11.32 6.12 1.69 1.79 1.12 0.6 25.28 0.92 3.2 3.25 2.15 0.57

Lead-zinc tailings lead and zinc smelting slag and cement
clinker were used in the experiment to prepare composite
cementitiousmaterial.The effect of the species and quantities
of hydration products under different ratio of raw materials
onmechanical properties was studied, which laid the theoret-
ical foundation for how to prepare cementitious material and
optimize its strength. Because external pH is the main factor
affecting the heavy metal leaching, the lead ion leaching of
tailings, smelting slag, and tailings-smelting slag cementi-
tious materials under different pH conditions were studied,
respectively, providing basis of suitable environment for the
prepared composite cementitious materials.

2. Experimental

2.1. Materials and Equipment. In this experiment, the raw
materials were lead-zinc tailings, smelting slag, and cement
clinker. The additives mainly contained gypsum. The XRD
analysis indicated that the main components in the tailings
were quartz and kaolinite, and the activationwas not difficult.
Lead and zinc smelting slagwas composed of SiO

2
, FeO, CaO,

Al
2
O
3
, and MgO; the main mineral composition was glass

phase which meant it was a potential hydraulic material with
high activity.The cement clinker came from a cement factory
of Baoding, Hebei province. The main compositions are
tricalcium silicate, dicalcium silicate, and calcium iron oxide.
Chemical composition of lead-zinc tailings and lead-zinc
smelting slag was shown in Table 1.

2.2. Experimentation

2.2.1. Preparation of Composite Cementing Material. Pre-
grinding the lead and zinc smelting slag for the raw smelting
slag is coarse. Add gypsum and clinker in the fine smelting
slag when it was grinded to a certain degree; the final specific
surface area of the mixture is 480∼720m2/kg. Standard mor-
tar specimenwasmade according to the “test for cementmor-
tar strength” (ISO, GB/T 17671-1999), and then the specimens
were mold unloading and were maintained in (20 ± 1)∘C and
humidity above 90% for 28 days.

2.2.2. Leaching Test. Use a static immersion method to
simulate the tailings, smelting slag, and cement products,
respectively. In each leaching experiment, 2 g samples were
soaked in a 100mL conical flask by the solid to liquid ratio of
1 : 25. The experiment was carried out at room temperature.
In order to study the effect of soaking time and initial pH
value on ion release, tailings, smelting slag, and the cement
products were soaked in the soaking liquid of the initial pH
values 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, and 12, respectively.The initial
pH values were adjusted with NaOH and HCl solutions; the
immersion time was 24 h. The pH value was adjusted every

Table 2: The ratio of materials for smelting slag cementitious.

Number Materials
Additive Smelting slag Cement clinker

1 5 55 40
2 5 60 35
3 5 65 30
4 5 70 25
5 10 55 35
6 10 60 30
7 10 65 25
8 10 70 20

8 h during the leaching process to ensure the stability of pH
value.

2.2.3. Analytic Technique. The strength of the sample was
tested using a microcomputer controlled electrohydraulic
servo pressure testing machine from Changchun new test-
ing machine Co. ltd. The concentration of lead ions was
determined by the two xylenol orange spectrophotometric
method at thewavelength of 575 nmby aT6 ultraviolet visible
spectrophotometer from Beijing Puxi General Instrument
Corp. The pH value was measured by pHS-3C pH meter
produced by Shanghai Leici instrument factory. The test
parameters of scanning electron microscope are as follows:
HV 20KV, mag 10000 times, WD 10.1mm, spot3.0, mode
SEI, DET ETD, and HFW 15 um. The XRD pattern was
determined by X-ray diffraction in the scanning speed of
40 kV × 100mA and 8∘/min conditions.

3. Result and Discussion

3.1. Strength Test and Analysis

3.1.1. Smelting Slag Cementitious Material. Smelting slag
cementitious material consists of zinc smelting slag, clinker,
and additive. In order to study the influence of smelting slag
admixture on the strength of cementitious materials, change
the ratio of slag and cement when the amount of admixture
is 5%; the specific mixture ratio and property were shown
in Table 2 and Figure 1. It can be seen from the chart that
the cementitious material bending strength and compressive
strength gradually decreased with the increase of smelting
waste content. Because of the latent activity of the slag,
cement clinker can be used as alkali activator to destroy the
vitreous structure of smelting slag.The active SiO

2
andAl

2
O
3

reacted with Ca(OH)
2
to form hydrated calcium silicate and

hydrated calcium aluminates, resulting in increased strength.
The increase of smelting slag resulted in the reduction of
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Figure 1: Strength among cementitious materials with various
smelting concentration.
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Figure 2: Comparison of compressive strength of smelting slag
cementitious materials with different additive content.

the proportion of cement clinker in raw materials. When the
content of gypsum was too low to inspire all smelting slag,
smelting slag existed in hydration and hardening body in the
form of low intensity, which led to the decrease of strength
of cementitious materials. The influence of different additive
dosage on the strength of cementitious materials was shown
in Figure 2. On the condition of same smelting slag content,
the compressive strength of cementitious material became
weak as the additive content increased from 5% to 10%. The
existence of gypsum made it easier to form ettringite when
the additive agent was plenty, so that the activity of smelting
slag can be taken full advantage of, but, at the same time, the
reduced amount of cement clinker in the system led to less
calcium hydroxide.
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Figure 3: Comparison of strength among cementitious materials
with different tailing content.

3.1.2. Tailings-Smelting Slag Cementitious Material. For the
optimization of comprehensive utilization of solid waste
and the comprehensive consideration of economic cost and
strength and other factors, appropriately add tailings in
the mixture of the proportion of 60% zinc smelting slag,
30% cement clinker, and 10% additive to develop a colored
solid waste cementitious material with certain mechanical
strength. Figure 3 showed the change of strength with differ-
ent amount of tailings addedwhen the proportion of smelting
slag/clinker/additive was 6/3/1. As can be seen from the
figure, the material strength decreased after the tailings were
added, which indicated that the addition of the lead-zinc
tailings goes against the improvement of the mechanical
properties of cementitious material. In order to meet the
strength requirements, the tailings added in cementitious
materials should be limited [6].

3.1.3. SEM Analysis. The scanning electron micrographs of
different smelting slag admixture cementitiousmaterial when
the amount of additive was 10% was shown (Figure 4), and
the magnification was 1000 times. The microstructure of
smelting slag cementitious material can be briefly described
as follows: needle shaped ettringite crystals and flocculent C-
S-H gel overlapped to form a spatial network structure, and
it filled the surface and holes and simultaneously mixed the
unreacted dehydrate gypsum and slag particles together to
form a whole. When the slag content was 55%, the hydration
products were ettringite, which was in the initial stage of
growth, and fiber was short and dense; independent existence
of slag almost cannot be seen; when the slag content was 60%,
the hydration products were C-S-H gel and flaky calcium
hydroxide; when the slag content increased up to 65%, the
structure of the material was loose and the raw material
component was exposed; part of C-S-H gel and ettringite
were produced. When the content of smelting slag was 55%,
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Figure 4: SEM photos of hydration products with different smelting slag content: (a) 55%; (b) 60%; (c) 65%.

needle-like AFt crystals in the mortar formed skeleton, and
the structure of hardened pastes continuously compacting
through thewell-distributed filling ofC-S-Hgel, thus increas-
ing the strength of cementing filling material; this explained
the reason why the strength of mortar with 55% smelting slag
content was higher than that of the other samples from the
point of microstructure, while with the increase of smelting
slag in the sample, Ca(OH)

2
crystal increased, calcium silicate

hydrate (C-S-H) gel decreased, and the structure was more
loose; this also explained the gradual decrease of compressive
strength of the samples from the point of microstructure.

3.2. Leaching Experiment

3.2.1. Effect of pH on Lead Ion Leaching Amount. Generally,
pH value of the leaching solution is an important factor
influencing heavy metal leaching process, for the pH value
can affect not only the physicochemical properties of the
adsorbent surface but also the existence state of heavy
metal ions after being leached. The leaching of lead ion of
tailings, smelting slag and tailings, smelting slag cementitious
materials under different pH conditions was studied in this
experiment.The pH value was installed in the range of 1 to 12
and the experimental results were shown in Figure 5. It was
not difficult to find out that in the same pH environment,
lead ion leaching smelting slag quantity > lead ion leaching
tailings in quantity> lead ion leaching cementitiousmaterials
body weight.Therefore, making the smelting slag and tailings
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Figure 5: The influence of pH on leaching amount.

into cementitious materials fixed lead ions and reduced the
leaching. With the increase of pH value of leaching liquids,
the trend of lead ion leaching from tailings and metallurgical
slag were decreased alike. When the pH < 7, the lead ion
leaching amount was quite high and decreased significantly
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with the increase of pH value; when the pH ≥ 7, the lead
ion leaching rate was maintained at a low level. This was
because, in an acidic environment, it was easy for metal to
form soluble metal oxides, and stronger solubility made lead
ions more susceptible to leaching, while heavy metals might
combine with OH− or silicate and form into calcium salts in
the alkaline environment, existed in a state of stable insoluble
[7], so that the leaching amount of lead ion reduced. In
addition, the curve of lead ion leaching from cementitious
materials versus pH showed that when pH < 3, lead ion
leaching amount obviously decreased with the increase of
pH, and when pH ≥ 3, lead ion leaching quantity slightly
decreased with the increase of pH and kept at a low level;
therefore, the preparation of smeltingwaste and tailings being
made into cementitious materials can not only reduce the
amount of lead ion leaching but also keep a low leaching
amount of lead ion from cementing material in arrange of
pH 3–12.

3.2.2. Effect of Time on the Leaching of Lead Ions. Under
the condition of pH environment (pH = 9∼10) of the
leaching solution, solid to liquid ratio was 1 : 25 and 293 (±1)
constant temperature, the effect of leaching time on the lead
ion leaching from smelting slag, tailings, and cementitious
materials was studied, and the experimental results were
shown in Figure 6.The equilibrium times of lead ion leaching
from smelting slag, tailings, and cementitious materials,
respectively, were 60min, 80min, and 40min, the lead ion
leaching amount when the balance was achieved: smelting
slag > tailings > cementitious materials. Hence one can see
that preparing cementitious materials by smelting slag and
tailings can effectively reduce the leaching of heavy metals
of lead ions; this is because the alkaline slag cementitious
material hydration products 𝑡 (pH = 12) can urge heavy
metal ions such as Pb to form insoluble metal oxides and
hydroxides, thereby adsorbed on the surface of charged
ettringite or precipitated in C-S-H sol pore; this reaction
was also the main mechanism of cement solidification of
heavy metals. In addition, the additive containing anhydrous
gypsum caused the high concentration of sulfate in hydra-
tion products of cementitious materials, and in the high
concentration of sulfate, heavy metal ions are contained by
ettringite crystal [8]. Compare the condition of less sulfate
concentration in cement; it can be considered that the high
sulfate concentration inHAShydration products is the reason
of low concentration of heavy metal filtrate of cementitious
material solidified body.

For the better comparison of leaching process of 3
samples to reach equilibrium, the experimental data was
fitted by the quasi-two-level dynamic model; the equation is
as follows [9]:

𝑡

𝑞

𝑡

=

1

𝐾

𝑠
𝑞

𝑒

2
+

1

𝑞

𝑒

𝑡, (1)

where 𝑞
𝑒
and 𝑞

𝑡
are, respectively, the equilibrium time and

adsorption amount of HA when the time is 𝑡 (min) and 𝐾
𝑠

(g⋅(mg⋅min)−1) is the quasi-two-level kinetic constant.
The quasi-two-level dynamic simulation curves of each

lead ion leaching samples were shown in Figure 7. According
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Figure 6: Dissolution quantity of different sample with time.

to the slope and intercept of the curve, quasi-two-level
kinetic constant 𝐾

𝑠
and the theoretical leaching amount of

equilibrium 𝑞
𝑒(cal) and determination coefficient 𝑅2 can be

calculated, and the actual leaching amount of equilibrium
𝑞

𝑒(exp) was shown in Table 3. The determination coefficient
𝑅

2 value of three kinds of samples measured by the quasi-
two-level dynamic model fitting curve was 0.9981, 0.9996,
and 0.9998, and the leaching amount of balance theory and
the actual amount is consistent thus quasi-two-stage dynamic
model can be used to describe the leaching behavior of lead
ion of the three kinds of samples. It can be calculated by
comparison of kinetic constants that 𝐾

𝑠C > 𝐾𝑠S > 𝐾𝑠T.
The tailings andmetallurgical slag prepared into cementitious
materials can shorten the equilibrium time required for lead
ion leaching, which can reduce the amount of lead ions.

4. Conclusion

Making smelting slag and lead-zinc tailings as the basic
components,mixedwith right amount of clinker and gypsum
additive, can prepare a cementitious material with good
performance andhave a fixed effect on the heavymetal lead in
the smelting slag and tailings to reduce the leaching amount
of lead ion.

(1) The strength of gel materials decline with the increase
of smelting slag content.

(2) The addition of this kind of lead-zinc tailings goes
against the improvement of themechanical properties
of the cementitiousmaterial so that the dosage should
be controlled within 10%.

(3) The preparation of composite cementitious materials
by smelting slag and tailings can effectively reduce
the leaching of heavy metals lead and can keep low
leaching quantity in a wide range of pH value.
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Table 3: The quasi-two-level dynamic model equation data.

Sample 𝑞

𝑒(exp)/mg⋅g−1 𝑞

𝑒(cal)/mg⋅g−1 𝐾

𝑠
/g⋅(mg⋅min)−1 𝑅

2

Tailing 1.0234 1.0656 0.1130 0.9981
Smelting slag 1.1123 1.1446 0.1586 0.9996
Cementitious materials 0.6033 0.6169 0.3716 0.9998
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Figure 7: The quasi-two-level dynamic model of three samples.

(4) The quasi-two-level dynamic model can fit well with
the leaching curves of lead ion leach from smelting
slag, tailings, and cementitious materials by the time.
The model can be used to describe leaching behavior
of lead ion in the three samples.

Conflict of Interests

The authors declare that there is no conflict of interests
regarding the publication of this paper.

Acknowledgment

This research was funded by International S & TCooperation
(no. 2014DFA70760).

References

[1] M. Manzano, C. Ayora, C. Domenech, P. Navarrete, A. Gar-
ralon, and M.-J. Turrero, “The impact of the Aznalcollar mine
tailing spill on groundwater,” Science of the Total Environment,
vol. 242, no. 1–3, pp. 189–209, 1999.

[2] R. S. Sharma and T. S. Al-Busaidi, “Groundwater pollution due
to a tailings dam,” Engineering Geology, vol. 60, no. 1–4, pp. 235–
244, 2001.

[3] S. Yin, A. Wu, K. J. Hu, Y. Wang, and Y. Zhang, “The effect of
solid components on the rheological andmechanical properties
of cemented paste backfill,”Minerals Engineering, vol. 35, pp. 61–
66, 2012.

[4] S. A. Shaw, T. A. Al, andK. T. B.MacQuarrie, “Mercurymobility
in unsaturated gold mine tailings, Murray Brook mine, New
Brunswick, Canada,” Applied Geochemistry, vol. 21, no. 11, pp.
1986–1998, 2006.



Advances in Materials Science and Engineering 7

[5] A. Allahverdi and S. Ahmadnezhad, “Mechanical activation of
silicomanganese slag and its influence on the properties of
Portland slag cement,” Powder Technology, vol. 251, pp. 41–51,
2014.

[6] S. H. Yin and Y. Wang, “Influence of mud height on the
concentrastion of the fine tailing,” Science and Technology
Review, vol. 30, no. 7, pp. 29–33, 2012.

[7] R. D. Spence, Chemistry and Microstructure of Solidified Waste
Forms, CRC Press, 1992.

[8] R. K. Vempati, M. Y. A. Mollah, A. K. Chinthala, D. L. Cocke,
and J. H. Beeghly, “Solidification/stabilization of toxic metal
wastes using coke and coal combustion by-products,” Waste
Management, vol. 15, no. 5-6, pp. 433–440, 1995.
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For the propose of considering the actual situation of electronic neutral, a simulation has been down on the basis of choosing the
position of dual N and researching the oxygen vacancy. It is found that the reason why crystal material gets smaller is due to the
emergence of impurity levels. By introducing the oxygen vacancy to the structure, the results show that while the oxygen vacancy
is near the two nitrogen atoms which have a back to back position, its energy gets the lowest level and its structure gets the most
stable state. From its energy band structure and density, the author finds that the impurity elements do not affect the migration of
Fermi level while the oxygen vacancy has been increased. Instead of that, the conduction band of metal atoms moves to the Fermi
level and then forms the N-type semiconductor material, but the photocatalytic activity is not as good as the dual N-doping state.

1. Introduction

Since the discovery of TiO
2
Fujisima-Honda [1] effect exists,

different preparation methods have been used to further
enhance the photocatalytic performance of TiO

2
. N doped

TiO
2
catalyst which is used for improving the ability of visible

light shows good effect [2–10]. But in the TiO
2
photocat-

alytic material preparation process, the oxygen vacancy is
an intrinsic defect, that is very easy to occur [11], though
researchers have done a lot of research on it [12–21], However,
the different methods of calculation results are not totally
unanimous.

Research shows that the most common form of a defect
of three-dimensional periodic crystals is vacancy defects,
which will affect the physical properties of the material,
and the oxygen vacancies are also more prone to N doped
TiO
2
system [22–24]. However, effect of oxygen vacancy on

the electronic structure and optical activity is still not very
clear. On one hand, the oxygen vacancy is the key factor
causing visible light photocatalytic activity [25–29]. But it is
discussed by Irie et al. [30] that, with increasing N content,
the amounts of oxygen vacancies act as recombination centers
electron hole, which reduces the visible light photocatalytic
activity. It is N doped TiO

2
with oxygen vacancies which

is studied through theoretical and experimental methods by
Wang et al. [31]. They believe that the doping of N and Vo
both can cause the red shift of absorption edge to visible
light region. However, as oxygen vacancies and Ti3+ act as
a recombination center electron hole, it is not conducive to
visible light photocatalytic activity increase. So the electronic
structure of point defects in the study that will be important
for understanding the characteristics of TiO

2
materials plays

a role.
Although the photocatalytic effect of single rutile is not

as good as anatase [32], in fact, rutile TiO
2
also has higher

photocatalytic activity in the degradation of some pollutants;
under certain conditions, rutile and anatase particles can be
synergistic [33–35]. Therefore, research on doped rutile has
some practical needs.

Based on the density functional theory (DFT), the plane-
wave ultrasoft pseudopotential method has been successfully
applied to study the electronic structure and dynamical
properties for variety of materials [36–42] in order to more
clearly reveal the influence of N element and oxygen vacan-
cies of rutile geometry and electronic structure. Based on
the first-principles density functional theory of energy band
calculation method and the super cell model, this paper
has taken a geometrical optimization for the rutile-TiO

2
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Table 1: Comparisons of lattice constants between calculation (including those obtained in another work) and experiment.

Exp. [47] This work Relative error Another work [45]
𝑎/nm 0.45929 ± 0.00005 0.4594 2.3950 × 10−2% 0.4594
𝑐/nm 0.29591 ± 0.00003 0.2959 3.3794 × 10−3% 0.2959
𝑈 0.03056 ± 0.00006 0.03059 9.8168 × 10−2% 0.03059

(a)

X

Y

Z

(b)

Figure 1: (a) The structure of rutile TiO
2
primitive cell. (b) The super cell structure of rutile TiO

2
(2 × 2 × 2).

doped N elements and analyzes the geometric structure and
electronic structure of the double nitrogen. After that, the
paper theoretically analyzes the oxygen vacancy doping cases
and its related properties.

2. The Computational Model and Method

Rutile TiO
2
has a tetragonal crystal structure, with a space

group of P42/MNM. In this paper, we employed the rutile-
phase TiO

2
single cell and super cell (2 × 2 × 2) models as

shown in Figures 1(a) and 1(b). The super cell model consists
of eight single cells, which were arrayed along the 𝑥-axis, 𝑦-
axis, and 𝑧-axis. The crystal structure formula is Ti

16
O
32
.

The calculation in this paper is based on the wavelet plane
ultrasoft pseudopotential method. In order to minimize the
number of plane waves, we apply ultrasoft pseudopotential to
describe the ion-core interaction with the valence electrons.
In the reciprocal 𝑘-space, the cut-off energy is selected as
300 eV, the generalized gradient approximation (GGA) [43]
method is used in the work. The integral calculation of
total system energy and charge density which works in the
Brillouin zone takes the Monkhorst-Pack scheme to select
the 𝑘 grid as 2 × 2 × 7. In the calculation, the involved
valence electron configurations areO2s22p4, N 2s22p3, andTi
3s23p63d24s. The calculation is accomplished by employing
CASTEP [44] quantummechanics module which is based on
density functional theory, and the software package is MS4.4
version.

3. The Calculation Results

3.1. Pure Rutile Lattice Constant and Electronic Structure.
Firstly, we carry out structural optimization of TiO

2
and then

we obtain the rutile phase TiO
2
lattice constants and energy

band structures. The lattice constant parameters are listed
in Table 1, and the experimental data are also included in
the table. Apparently, Our calculation results are well consis-
tent with the experimental and the predecessors’ simulated
results.

The rutile TiO
2
band structure and density of states are

shown in Figure 2, the Fermi level has been chosen at zero-
point energy, which is shown as dotted line in the figure.
The calculated band gap is 2.048 eV, which is less than the
experimental value of 3.0 eV, while it matches the band gap
of 1.9 eV calculated by Song et al. [45]. As we all know that
a certain degree of bias by DFT [45, 46] in the calculation of
electronic band structure.

Based on the above calculation of pure rutile, we can
determine that themethod of calculation is suitable for doped
TiO
2
System.

For comparison, we also optimized a single N atom
doped-rutile structure; then we obtained its geometric struc-
ture and electronic properties. Figure 3 shows the models of
geometry diagram about a N atom and two-N-atom doped
TiO
2
on different positions. By optimizing the geometries,

then we calculated the total energy, energy band gap, and
the distances between the two impurity N atoms; the related
parameters are listed in Table 2.

For the two-N-atom doped TiO
2
, for convenience, in this

paper, we take a Ti atom as the benchmark calibration; in the
three models of two-N-atom doped structure, the N atoms in
the same position are labeledN1, N atoms changes in position
are written as N2. Through geometry optimization, it can be
found that when the two doped N atoms have a minimum
distance (the minimum is 0.2546 nm), the structure has the
lowest energy, with the highest stability. This indicates that if
N atoms doped in rutile TiO

2
, it will take the nearest neighbor
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Figure 2: (a) The band structure of rutile TiO
2
. (b) The total density of rutile TiO

2
.
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Figure 3:The structures of single N doped and double N doped-rutile TiO
2
. (a) Single N doped TiO

2
: (b) Model A of double N doped-TiO

2
;

(c) Model B of double N doped TiO
2
; (d) Model C of double N doped-TiO

2
.

occupancy mode. By comparing Figures 3(b), 3(c), 3(d), and
1(b) we find that doping will result in different levels of local
deformation. Comparing the data in Table 2, it seems that
when the location of N atoms is in the adjacent position, the
two doped N atoms will affect one another.

Considering N atom has one electron less than O atom,
the two N atoms in the adjacent position can share electrons
more easily and then reach a steady state; from the optimized
model in Figure 3(b), we also found that if two N atoms are
close to each other, the N–N bond has the shortest distance;
the structural optimization parameters are consistent with
the above analysis.

3.2. Comparative Analysis of Six Kinds of Ti
16
O
30
N
2
Model.

When creating a dual N super cell Ti
16
O
32
for orthodoping,

taking into account the bond lengths, bond angles, and
symmetry, it is still possible to build six different types of
doping methods. This paper considers mainly six kinds of
geometrical and electronic structure analysis.

3.2.1. The Geometrical Structure of the Six Models of
Ti
16
O
30
N
2
. Figure 4 is a pair of N-atom super cells in Ti

16
O
32

oxygen doping orthosubstitution optimized geometric struc-
ture. By optimizing calculation, the total energy, energy band
gap, and the distance between the two impurity atoms have
been listed in Table 3. After the geometry optimization, by

Energy band analyzing and the size of the bond angle between
N–O–N and the atomic distance of N–N, we identified six
calibration models which are named Model 1 (Ti

16
O
30
N
2
1),

Model 2 (Ti
16
O
30
N
2
2), Model 3 (Ti

16
O
30
N
2
3), Model

4 (Ti
16
O
30
N
2
4), Model 5 (Ti

16
O
30
N
2
5), and Model 6

(Ti
16
O
30
N
2
6).

The results show that the pure direct band gap of
Ti
16
O
32

is 1.887 ev which is different from the band gap
Ti
8
O
16
(1.921 ev). As we get the result under a professional

analysis, the calculation is precise. Therefore, it must comply
with the same initial conditions and computing platform
when we make a horizontal contrast. For the same object
we can exclude the difference caused by different software
versions. Qualitative analysis has been used to analyze the
property of the six different models. After having a geometry
optimization, the distance between the two nitrogen atoms
gets its minimum. When the minimum gets 0.1372mm, the
smallest band gap becomes 1.498 ev. It indicates that while the
N atom doped into rutile, it will occupy the nearest neighbor
position. By comparing Figures 4(a), 4(b), 4(c), 4(d), and 4(f)
with Figure 1, we find there is a replacement bit with different
degree of local deformation replacement. With the data in
Table 3, take into account that O atoms lack one electron than
N atoms, while twoN atoms that are in adjacent positions can
be better sharing electrons and it is easier to achieve steady
state. FromTable 3we also foundTi

16
O
30
N
2
1minimum total

energy model, and it is also more stable. Combining with
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Table 2:The total energy and band gaps of rutile and four kinds of N-doped rutile TiO2 and the bond distance between the two doped N–N.

Final free energy (eV) Energy gaps (eV) Atomic distance of N–N (nm)
Ti8O16 −19890.0596 2.048 —
Ti8O15N −19678.9163 1.553 —
Model A −19552.3673 1.63 0.3377
Model B −19552.8169 1.24 0.2546
Model C −19552.2915 1.28 0.2715

Table 3: The total energy and band gaps of rutile and six kinds of N-doped rutile TiO2 and the bond distance between the two doped N–N
and Angle of N–Ti–N.

Final free energy (eV) Energy gap (eV) Atomic distance of N–N (nm) Angle of N–Ti–N
Ti16O32 −39780.209 1.887 0.2780 (O–O) 90.000 (O–Ti–O)
Ti16O30N2 1 −39444.4974 1.508 0.1373 39.968
Ti16O30N2 2 −39444.4952 1.501 0.1373 39.924
Ti16O30N2 3 −39444.4928 1.498 0.1372 39.975
Ti16O30N2 4 −39444.4949 1.502 0.1372 39.914
Ti16O30N2 5 −39442.4369 0.182 0.2602 84.036
Ti16O30N2 6 −39442.4177 0.208 0.2959 95.114

(a) Ti16O30N2 1 (b) Ti16O30N2 2 (c) Ti16O30N2 3

(d) Ti16O30N2 4 (e) Ti16O30N2 5

X

Y

Z

(f) Ti16O30N2 6

Figure 4: The structures of six kinds of Ti
16
O
30
N
2
.
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Figure 5: The total density of states of six kinds of Ti
16
O
30
N
2
model.
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Figure 6: The density of states of Ti atom.

the author’s dual N doped in the conclusions of the study, he
finds that Ti

16
O
30
N
2
1 may be more closer to the actual state.

3.2.2. The Electronic Structure of Six Kinds of Ti
16
O
30
N
2

Model. Figure 5 shows the density graph of six models. From
Figures 5 and 4(a) we find that the band gap of TiO

2
has

been changed. The calculated band gap has been shown
in Table 3. The generated doping which occurred during
O atoms replaced N atoms has been apparently reduced.
However, it shows band gapminimum inModel 5 andModel
6 which is much lower than the normal band gap. It is due to
the Fermi level caused through the band. From the energy
band structure of the state we saw that a small amount of
energy level cross the Fermi energy level, since the band gap
cannot be accurately obtained.

From Figure 5 we can see the density graph of Model 5
and Model 6 is different from the other four models. It is
mainly reflected by smaller direct band gap, which is farther
from band Fermi level. The valence band is closer to Fermi
level which is only 0.208 ev.This is because the Fermi level has

crossed the band level, so the material gets metallic character.
We can no longer classify it as a semiconductor material and
the band gap cannot be given directly.

Figures 6 and 7 show us the density graph of N-atom and
Ti atom. From Figure 7, we see N 2p orbital located in the
middle band, which forms an intermediate level. It indicates
that the introduction of N atom will better change the band
gap. Since the density near the Fermi energy of Model 1,
Model 2, Model 3, and Model 4 is low, and the band gap
is small there, thus they will more likely result in excitation
phenomenon.The density of N atoms of Models 5 and 6 near
the Fermi energy is very large, but its band gap is wide. With
Figures 5, 6, and 7 we can conclude that the dope of the first
four models may affect the valence of Ti atom. The valence
band energy levelmayhave a certain extension to higher level,
but there are not any prominent changes in conduction band.
Besides, the width and lower restrict of the guiding band do
not change significantly, while near the Fermi level it showed
amore gentle impurity energy level. ForModels 5 and 6, their
conduction band has been removed away from Fermi level.
According to the contents in Table 3, we found that when
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Table 4:The total energy and band gaps of rutile and eight kinds of neutral doped rutile TiO2 and the bond distance between the two doped
N–N and angle of N–Ti–N.

Final free energy (eV) Energy gap (eV) Atomic distance of N–N (nm) Angle of N–Ti–N
Ti16O29N2 1 −39003.2719 — 0.1369 39.934
Ti16O29N2 2 −39004.1026 0.014 0.1373 39.968
Ti16O29N2 3 −39003.568 — 0.1388 40.475
Ti16O29N2 4 −39003.7126 — 0.1372 39.914
Ti16O29N2 5 −39003.5715 0.008 0.1373 39.968
Ti16O29N2 6 −39003.7321 0.040 0.1371 40.104
Ti16O29N2 7 −39004.4015 — 0.1420 42.348
Ti16O29N2 8 −39004.1177 0.014 0.1367 38.307
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Figure 7: The density of states of neighbors bit N atom.

the super cell was (2×2×2), the NN neighbor position would
have a different doping effect which has a close relationship
with the distance of the two N atoms. From Figure 4 the
structure optimized model also shows us the two atoms
become more stable and closer to each other. So, we take
Model 1 as our basis in the follow-up study of electrical
neutral doping while we continue an electrical neutral study.

3.3. Comparative Analysis of Electrical Neutral Doping
Ti
16
O
29
N
2
Model. Based on the partial results of the analysis,

we select model 1 in Figure 4 in this section as a basic doping
blueprint and then consider the case when the position of the
oxygen is vacancy.

3.3.1. Eight Geometrical Structure Models of Ti
16
O
29
N
2
. On

the basis of the distance between anO atomand aTi atom and
their corresponding angle, we set 8 models of comparative
analysis. As the selected super cell still follows in the previous
section, thus the initial parameters are still without any
change.

The black circle in Figure 8 is the missing oxygen atoms.
Black lines represent the oxygen atoms which form a bond
before they miss. We found that oxygen deletion does not
cause big changes in the crystal structure. That means the
geometry of the optimization is still in the acceptable range

which corresponds to the actual situation, From this state,
we discover that in daily growth of the crystal, oxygen atoms
in rutile crystal will be easier to form such kind of vacancy,
but when the oxygen has been lost, catalytic reaction may get
lower effect and lower oxidation resistance.When research of
impurity atoms appeared, whether it can be more effective to
inhibit oxygen atoms will be the focus of it. In physics, it was
easier to explain through their electronic structure.

By analyzing the results in Table 4, it is easy to see each
doping crystal in the electronic structure tends to move to
the valence band from Fermi level. If the impurity level gets
through the Fermi level, it becomes more sensitive to light.
Meanwhile, from Table 4, we know Model 7 has the lowest
total energy. After analyzing the N–N distance and the angle
between N–O–N atoms, we find different oxygen vacancies
in different positions may cause different forms though dual
N atoms are in the same position. Obviously, for Model 7
the distance between two atoms is significantly increased.
Comparing the geometry of the model 7, we find the vacancy
of oxygen atom is in Adjacent positions of the two N atoms.
Compared to the distance of Model 1, Model 3, Model 4,
Model 5, and Model 6, its deformation is relatively small,
as the vacant positions are in the opposite angle between
the two N atoms. Missing 2 electrons, two N atoms have to
fill the vacancy position, so the two N atoms must move to
fill the vacancy, which actually opened the distance between
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(a) Ti16O29N2 1 (b) Ti16O29N2 2 (c) Ti16O29N2 3 (d) Ti16O29N2 4

(e) Ti16O29N2 5 (f) Ti16O29N2 6 (g) Ti16O29N2 7 (h) Ti16O29N2 8

Figure 8: The structures of eight kinds of Ti
16
O
29
N
2
.
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model.

two atoms which comply with the conclusion of the previous
section. It has been reflected that crystals among atoms
are all mutually shared electrons as they all lose necessary
electrons; then it may achieve electronic balance. In this
section, because of the absence of electrons, atoms around
the vacant position have to coshare their electrons. Without
a doubt, in actual situation, N atoms still present in the
form of doped ions. Thus, the anionic dopants obtain more
advantages than cation in specific tests.

3.3.2. The Electronic Structure of Eight Kinds of Ti
16
O
29
N
2

Models. In the former part, a qualitative analysis is taken
from the geometry optimized structure from the figure of
eight models. Then, a further analysis is taken from the
perspective of the electronic structure to study the interaction
among atoms which have electronic structure changes.

FromFigure 9 we can see the total density of eightmodels
is very different from the density graph where oxygen is not
vacant. They have smaller band gap. For Fermi level has got
into the conduction band, it indicates that the introduction
of oxygen vacancy makes the eight models form a typically
𝑛-type semiconductor. The occupation of conduction band
spread all super cells. By analyzing the occupation of con-
duction band, it is known that excess electrons near oxygen
vacancies have made great contribution to the valence band,
which have caused changes of valence band.

Figures 10 and 11 give us the N-atom and Ti atomwhich is
in the orthoposition of the density of states. From Figure 11,
we can see that N 2p’s orbital is in the valence band, and
its valence band level has been reduced which cannot form
intermediate level. The state indicates contribution of the N
atoms to light catalytic is not as good as vacant oxygen atoms.
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Figure 11: The DOS of N atom of eight kinds.

Figure 9 shows that the model 7, the model 8 significantly
reduced the number of electrons in the valence band, and
the band gap is large. The valence band and the conduction
band electrons of Ti of model 7 are also reduced accordingly
in Figure 10. Consider a large number of electrons need to
be compensated to fill the oxygen vacancies, thus leading
the conduction band moves to the Fermi level. To the whole
trend, Model 7 also has some semiconductor properties, and
there remains a certain band gap. However, as the impurity
levels are near the Fermi energy, we cannot clearly calculate
the forbidden band of the state.

4. Conclusion

In this paper, the study concludes that the growth of rutile
in the natural process always rises oxygen vacancy. By
theoretical calculation and analysis, we found reasons for its
formation are consistent with the scientific premise.

By means of the N-doping research in the first part, it
has the lower total energy, but not necessarily the smallest

band gap when the dual N doped is in the nearest neighbor
position. Smallest band gap appears in symmetrical position.
After further research we found that the band gap becomes
smaller as impurity energy level appeared in the Fermi level,
while the bandwidth between conduction band and the
valence band is not reduced obviously. We selected one of
the models to continue the study of objects. The second part
is for the selected model, where we introduce an oxygen
vacancy situation to show that when the two neighboring
oxygen atoms and nitrogen atoms are in its back position,
the energy is the lowest and most stable. From the band
structure and density analysis it is also found that the increase
of the vacancy doping leads the metal atoms to move to
Fermi level and then generate the N type semiconductor
material. The effort of impurity elements is limited, but the
catalytic activity is not as good as dual N situation. This is
consistent with reality. As the rutile crystal growth usually
causes daily oxygen vacancies, the oxygen vacancy has to
be taken carefully, be reduced as good as we can, and then
increased the doping density of ion.
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Similar-material simulation test is an effective tool to study the practical problems in mining and civil engineering. This paper
conducts an orthogonal study on low-strength similar materials comprising sand, fly ash, and plaster and analyses the sensitivity of
the materials. The mechanical properties of the similar materials strongly depend on the proportioning ratio, and they can satisfy
different similar-material simulation tests. The compression strength and elastic modulus of the similar material decrease as the
sand-binder ratio or cement ratio increases. There are approximately linear relations between the compression strength/elastic
modulus and sand-binder ratio and approximately power relations between the compression strength/elastic modulus and sand-
binder ratio. Sensitivity analysis employing the rangemethod shows that the effects of the cement ratio on the compression strength
and elasticmodulus aremore obvious than the effects of the sand-binder ratio. Finally, one of similarmaterials is used in a simulation
test of coal backfill mining.

1. Introduction

Some large-scale projects, such as the underground coal
mining that reduce the strength of the strata and are subjected
to deformation failure, are difficult to study on-site. Although
these complex problems can be investigated through theoreti-
cal analysis and numerical modelling, most problems need to
be investigated by conducting geomechanical simulation tests
[1–5], such as similar-material simulations. A geomechanical
simulation test is the representation of real physical objects,
with the materials having mechanical properties similar to
those of a prototype according to a certain proportionality
relation. The model has all or most of the major character-
istics of the prototype, and an experiment can be duplicated
using the model in less time and at lower cost, and visual
results can be obtained. To obtain results that are more
convincing, the selected similar materials must have very
similar physical and mechanical properties for the physical
model and engineering prototype [6]. The materials and
mixing ratio strongly affect the properties of the physical
model, which is critical to the success of simulation tests.

With the help of similar-material simulation test, Gao et
al. studied the time series system for induced caving of roof
in continuous mining under complex backfill in ore body
number 92 of Tongkeng Tin Mine [7]; Li et al. simulated
the “domino effect” of the stope pillar unstable failure of
gently inclined and medium thick phosphate rock under
pillar and room caving [8] and the deformation behaviour of
overburden rocks and mining pressure of the deep ore body
of mining [9].

Moreover, Meguid et al. conducted physical modelling
of tunnels in soft ground using a mixture of barite powder,
sand, plaster powder, water, and liquid laundry detergent [10],
and Fei et al. employed a temperature-analogue material to
simulate the decreasing strength of the weak interlayer but
did not obtain desired results [11]. A new similar material
mixed using sand, barite powder, talc powder, cement, Vase-
line, and silicone oil for fluid-solid coupling was developed
by Li et al. to simulate the tunnel under Qingdao Kiaochow
Bay in China [12], and the effects of the sand-binder ratio,
binder proportions on similar materials of limestone was
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studied by Zuo et al. [13]. Zhang et al. developed a similar
material of collapsible loess for simulation testing [14], and
Hui et al. presented the similarity criterion analysis of goaf in
a similar-material simulation [15], where the cement, sand,
water, activated carbon, and coal powder were selected as the
raw material to mix the coal similar material [16].

Although similar-material simulations have been widely
employed, a new similar material is urgently required in
the increasingly wide range of geomechanical engineering
projects. For example, as coal resources are developed, there
is an increasing focus on environmental protection. Backfill
is increasingly carried out in coal mining to protect the
environment and replace resources, and the backfill body has
lower strength than the coal-bearing sedimentary rocks.

In order to find a new similar material to simulate
rock mass with low strength in mining engineering, such
as filling paste, this paper conducts an orthogonal study of
low-strength similar materials comprising sand, fly ash, and
plaster in a similar-material simulation test and analyses the
sensitivity of the materials. One of similar materials is used
in a simulation test of coal backfill mining, and the test result
shows that themixture of artificialmaterials is appropriate for
the simulation test.

2. Sample Preparation of Similar Material with
Lower Strength

The similar material with lower strength in this experiment is
mixed with sand, fly ash, and plaster.

Considering that the similar material in the simulation
model has lower strength, generally less than 120 kPa, similar
materials with a larger sand-binder ratio and cement ratio are
tested in an orthogonal study. To investigate the effect of the
sand-binder ratio and cement ratio onmechanical properties
of the materials, 16 groups of samples were tested for two
factors and four levels (Table 1). The suitable similar material
with lower strength can bemixed through a small adjustment
to the mixing ratios. The quality concentration of the similar
material in different levels is 80%.

The samples of similar materials are standard cylindrical
specimens with dimensions of Φ50mm × 100mm. A PVC
tubewith diameter of 50mmwas cut into simplemoulds each
with length of 100mm, as shown in Figure 1. A vertical gap
was cut in the middle of each mould to allow the removal
of the standard sample. The original materials are clean river
sand commongypsumandfly ash fromapower plant. Appro-
priate proportions of aggregate and cementingmaterials were
stirred evenly with a cement paste mixer, and water was then
quantitatively added to themixture.Themixture was put into
the samplemoulds and tamped.The standard specimenswere
obtained after three days.There were 48 samples in 16 groups,
some of which are shown in Figure 2.

3. Analysis of Uniaxial Compression
Test Results

3.1. Uniaxial Compression Test Results. Sixteen standard
specimens were tested under uniaxial compression using

Table 1: Orthogonal study of similar materials.

Level Factor

Sand-binder ratio (A) Cement ratio
fly ash : gypsum (B)

1 6 : 1 8 : 2
2 7 : 1 7 : 3
3 8 : 1 6 : 4
4 9 : 1 5 : 5

Figure 1: Moulds for making standard specimens.

Figure 2: Standard specimens.

an AG-X250 electronic universal testing machine. The uni-
axial compressive strength and elasticity modulus of similar
materials with different mixing ratios are given in Table 2,
where the number denoting the mixing ratio comprises three
digits. When the number denoting the mixing ratio is “682,”
for example, “6” represents the sand-binder ratio and “82”
represents the cement ratio.

The uniaxial compressive strengths of similar mate-
rial with different mixing ratios are between 28.542 and
100.407 kPa, and the elasticitymoduli are between 813.918 and
4008.291 kPa, which are values that meet the requirements
of most lower strength similar-material simulation tests [12].
At the same time, the required mixing ratio of the similar
material can be selected from the results of the orthogonal
experiment using the mechanical parameters of a single
experimental model.

Typical failure specimens are shown in Figure 3, and
stress-strain curves of similar-material specimens are pre-
sented in Figures 4 and 5.

3.2. Effects of the Sand-Binder Ratio and Cement Ratio on the
Mechanical Properties. The variations in the strength of the
similar materials with a change in the sand-binder ratio and
cement ratio are shown in Figures 6 and 7.The strength of the
similar materials clearly experiences a decrease as the sand-
binder ratio or cement ratio increases. The relation between
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Table 2: Results of the orthogonal experiment on similar materials with different mixing ratios.

Specimen number Diameter/mm Height/mm Number of
mixing ratios

Uniaxial compressive
strength/kPa

Elasticity
modulus/kPa

P11 46.58 102.32 682 51.93 1110.083
P12 46.16 101.16 673 58.388 1754.256
P13 46.82 103.48 664 78.818 3401.377
P14 46.64 102.70 655 100.407 4008.291
P21 46.38 100.52 782 44.100 961.323
P22 46.18 102.02 773 52.478 1698.07
P23 46.58 103.04 764 64.009 2629.804
P24 46.22 102.38 755 88.600 3862.366
P31 46.46 101.22 882 37.667 830.820
P32 46.64 102.66 873 43.958 1548.728
P33 46.52 102.42 864 53.935 2252.316
P34 46.50 102.48 855 72.092 3480.833
P41 46.58 101.54 982 28.542 813.918
P42 46.56 102.86 973 38.673 1311.437
P43 46.76 102.72 964 48.199 2133.269
P44 46.28 100.26 955 58.487 2941.296

Figure 3: Typical failure specimens.
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Figure 4: Stress-strain curves of material (sand-binder ratio of 7 : 1).

the sand-binder ratio and compression strength is linear; for
example, the relation in the cement ratio case of 6 : 4 satisfies

𝑦 = −14.227𝑥 + 186.6, (1)

where 𝑦 is the compressive strength and 𝑥 is the sand-binder
ratio.

0

20

40

60

80

100

120

0 0.02 0.04 0.06 0.08

P14
P24

P34
P44

Axial strain (mm/mm)

A
xi

al
 st

re
ss

 (k
Pa

)

Figure 5: Stress-strain curves of material (cement ratio of 5 : 5).

The relation between the cement ratio and compression
strength satisfies an exponential growth; for example, the
relation in the sand-binder ratio case of 8 : 1 is

𝑦 = 68.303𝑥
−0.462

, (2)

where 𝑦 is the compressive strength and 𝑥 is the cement ratio.
The variations in the elasticity modulus of the similar

material with a change in the sand-binder ratio and cement
ratio are shown in Figures 8 and 9. Similar to the strength of
the similar materials, the elasticity modulus of the material
also experiences a reduction as the sand-binder ratio or
cement ratio increases. A linear correlation between the sand-
binder ratio and elasticity modulus is observed. In particular,
the relation in the cement ratio case of 7 : 3 is

𝑦 = −6.7665𝑥 + 99.123, (3)

where 𝑦 is the elasticity modulus and 𝑥 is the sand-binder
ratio.
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Figure 6: Effect of the sand-binder ratio on strength.
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Figure 7: Effect of the cement ratio on strength.

The relation between the cement ratio and elasticity
modulus satisfies an exponential growth; for example, the
relation in the sand-binder ratio case 7 : 1 is

𝑦 = 3912.5𝑥
−1.004

, (4)

where 𝑦 is the elasticity modulus and 𝑥 is the cement ratio.

4. Analysis of the Two Factors

The mean and range of each factor at each level that affect
the compressive strength and elasticitymodulus of the similar
materials are given in Table 3. The range of factor A (sand-
binder ratio) is smaller than the range of factor B (cement
ratio), and the effects of the cement ratio on the compression
strength and elastic modulus are more remarkable than the
effect of the sand-binder ratio.

To analyse the effect of various factors on the compressive
strength and elasticity modulus intuitively, according to

0

500

1000

1500

2000

2500

3000

3500

4000

4500

5 6 7 8 9
Sand-binder ratio

El
as

tic
ity

 m
od

ul
us

 (k
Pa

)

5 : 5

6 : 4
7 : 3
8 : 2

Figure 8: Effect of the sand-binder ratio on the elastic modulus.
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Figure 9: Effect of the cement ratio on the elastic modulus.

Table 3, the relationships between factors and mechanical
parameters of the similar material are presented in direct
analysis charts, as shown in Figures 10 and 11. Both the com-
pression strength and elastic modulus of the similar material
decrease as the sand-binder ratio or cement ratio increases.

5. Lower Similar Material Used in Backfill
Mining Simulation

In this test, the referred prototype is the backfill mining of
Daizhuang coal mine in China. If the low-strength similar
material can simulate the deformation and supporting role
of filling body and the overlying strata movement and failure
mode are consistent with the practical project, the test can be
seen as a success.

The aim of this test is to study the overlying strata
movement and failure mode qualitatively. The scale effect
between simulation experiment and practical engineering is
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Table 3: Range analysis.

Compressive strength/kPa Elasticity modulus/kPa
Level Sand-binder ratio (A) Fly ash : gypsum (B) Level Sand-binder ratio (A) Fly ash : gypsum (B)
1 72.386 40.560 1 2568.502 929.036
2 62.297 48.374 2 2287.891 1578.123
3 51.913 61.240 3 2028.174 2604.192
4 43.475 79.897 4 1799.980 3573.197
Range 28.911 39.337 Range 768.522 2644.161
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Figure 10: Sensitivity analysis of factors affecting strength.
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Figure 11: Sensitivity analysis of factors affecting the elastic modu-
lus.

Figure 12: Similar-material simulation test of backfill mining.

not considered. According to the theory of similarity, similar-
material simulation models must satisfy a series of similarity
requirements in terms of geometry, physical-mechanical
properties, boundary conditions, and initial stress conditions.
The reduced scale of dimension in the simulation test is
selected as 100. According to the similarity theory, the general
law of similarity between the prototype parameters and the
model parameters can be deduced. The reduced scale of
volume-weight is selected as 1.5 and the reduced scale of
stress is selected as 150. The uniaxial compression strength
of backfill paste obtained in site of Daizhuang coal mine
is 5.436MPa, and the strength of the similar material is
37.67 kPa.Thereby, the number of mixing ratios of the similar
material is 8 : 8 : 2 (see Table 2).

The two strip working faces are mined firstly in the
experiment, and then the strip pillars are changed by the
filling body.The simulation test of backfill mining is shown in
Figure 12. After the strip pillars are changed, the equilibrium
around the goaf is disrupted; then the overlying strata deform,
move, and even damage. If it is not filled, the overlying strata
will cave and break. After it is filled, the backfill pastes restrict
the movement of roofs, and the overlying strata only bend
and sink but not cave or break.

The backfill pastes have large deformation but control
the overlying strata movement effectively, which are different
from pillars. The experiment reproduced the real situation
in field, and the low-strength backfill paste similar material
played a right role in the simulation experiment.

6. Conclusions

(1) A new low-strength similar material was mixed
from sand, fly ash, and plaster. The uniaxial com-
pressive strengths of similar materials with different
mixing ratios ranged from 28.542 to 100.407 kPa,
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and the elasticity modulus ranged from 813.918 to
4008.291 kPa. This similar material can meet the
requirements of most similar-material simulation
tests.

(2) The compression strength and elastic modulus of the
similar material both decrease as the sand-binder
ratio or cement ratio increases. A linear relation
was found between the sand-binder ratio and com-
pression strength of the material and between the
sand-binder ratio and elastic modulus as well. The
relation between the cement ratio and compression
strength and that between the cement ratio and elastic
modulus both satisfy an exponential growth.

(3) The sensitivities of the sand-binder ratio and cement
ratio were analysed by employing the range method
and the relationship between factors and parameters
were studied using direct analysis charts where the
factors affect the mechanical indexes. The effects of
the cement ratio on the compression strength and
elastic modulus are more remarkable than the effects
of the sand-binder ratio.

(4) The effects of the sand-binder ratio and cement
ratio on the mechanical properties of the materials
were analysed in a uniaxial compression experiment
but without consideration of the effects of material
physical and chemical reactions among the sand, fly
ash, and plaster, which will be studied in the future
work.

(5) Based on the orthogonal test, one of similar materials
is used in a simulation test of coal backfill mining.The
experiment reproduced the real situation in field, and
the low backfill paste similar material played a right
role in the simulation experiment.
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Palygorskite has remarkable rheological properties and was used to increase the stability and viscosity of aqueous suspensions.The
effects of different physical and chemical processing methods on the apparent viscosity and plastic viscosity of the palygorskite
suspensions such as pressing, ultrasound scattering, acidification, and chemical additives have been released. The pressing and
ultrasound scattering indicated that the dispersed state of palygorskite could be increased effectively after treatment, and the
apparent viscosity of treated-palygorskite samples increased almost 2-3 times compared to that of before. The viscosity of the
acid-treated palygorskite suspension was not increased. The viscosity increased with the content of bentonite in the mixture of
bentonite and palygorskite in fresh water. It seemed to be not worthy to add a certain amount of bentonite to palygorskite in order
to enhance viscosity and vice versa. Chemical additives appeared to have good effects on the rheological behavior of palygorskite
suspension. Magnesium oxide revealed great contribution to viscosity enhancement. The main mechanism was the electrostatic
attractive interaction between magnesium oxide particles with positive charges and the palygorskite rods with negative charges.
This interacted force has an impact on the structural inversion of palygorskite rods and even caused the reinforcing of flocculation.

1. Introduction

Clay minerals have remarkable rheological properties and
are used to increase the stability and viscosity of flowing
suspensions.They tend to form gel-like structures at low solid
contents [1]. This property is of great importance in a very
wide range of applications for drilling fluids, paints, liquid
fertilizers, wild-fire suppressants, foundry coatings, animal
flowing feeds, molecular sieve binders, and a lot of aqueous
suspensions in which rheological properties play a significant
role [1–5].

Palygorskite forms gel structures in fresh and salt water
by establishing a lattice structure of particles connected
through hydrogen bonds. In the drilling industry, these
properties enable the clay suspension to suspend the large
dense particles of the drilling cuttings and require relatively
low pump power during water circulation [1, 7]. Palygorskite,
unlike bentonite, will form gel structures in salt water and is

used in special salt-water drillingmud for drilling formations
contaminated with salt [8]. Palygorskite particles can be
considered as charged particles with zones of positive (+) and
negative (−) charges. It is the bonding of these alternating
charges that allows them to form gel suspensions in salt and
fresh water.

Although most clay minerals form stable and viscous
suspensions when dispersed in water, the mechanisms of gel
formation for each claymineral differ because of their unique
structures, particle size and shape, and composition [9, 10].

Unlike the swelling clay minerals such as montmoril-
lonite, palygorskite as a fibrous nonswelling clay mineral, the
fibre length and number of silanol groups on the surface of
the fibre play an important role in aggregating fibres together
[11] and forming a random network that entraps water and
increases viscosity [12].

Neaman and Singer [13–15] systematically studied the
rheological properties of six palygorskite samples, used them
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Table 1: The chemical compositions, the physical properties, and the theoretical crystal structural formula of the palygorskite sample in
present work.

Components SiO2 Al2O3 TiO2 Fe2O3 FeO MgO CaO Na2O K2O P2O5 SO3

Content/wt% 64.89 12.95 1.26 8.19 0.16 9.11 1.48 0.07 1.33 0.43 0.02
Crystal structural formula: (Mg0.81Al0.73Fe

3+
0.36Ca0.09Ti0.06)(Si3.83Al0.17)O10(OH)⋅4H2O

Cation exchange capacity (CEC): 49.8meq/100 g
Specific surface area: 462.0m2/g

as a kind of common thixotropic modifier in aqueous sus-
pensions, and focused on the influence factors including the
ratio of crystal length to diameter, concentration of sodium
chloride (NaCl), and pH.The effects of pressing modification
and adding magnesium oxide (MgO) [16, 17], ultrasound
scattering [18, 19], acidification [6, 20], and even the mixed
palygorskite-bentonite suspensions [21] on the rheological
properties of palygorskite suspensions also have been studied.

High-pressure homogenization process with solvent and
electrolytes with dispersion properties of palygorskite were
investigated in detail by Xu et al. [22–24]. They dispersed
the natural palygorskite in six solvents including distilled
water, methanol, ethanol, isopropanol, dimethyl formamide,
and dimethyl sulfoxide and then carried out high-pressure
homogenization. They confirmed that colloidal stability and
suspension viscosity were affected by the solvent nature,
and a much higher viscosity was obtained by dispersing
palygorskite in isopropanol, but the good colloidal stabil-
ity was obtained in dimethyl sulfoxide (DMSO) solvent.
A series of palygorskite samples modified with inorganic
potassium electrolytes including KCl, KBr, KI, KH

2
PO
4
,

KHSO
4
, K
2
HPO
4
, K
2
SO
4
, and K

3
PO
4
were prepared with

the aid of high-pressure homogenization. A stable suspension
was obtained when palygorskite was dispersed in K

2
SO
4

solutions. Because the requirement of the viscosity is more
than the stability for palygorskite suspension, obviously, high
prices and toxic solvents in their works would be limiting the
value of industrial applications.

However, no one had systematically studied the influence
of viscosity and the methods of enhanced viscosity for paly-
gorskite gel. The purpose of the present work is to study the
effects of different physical and chemical processingmethods,
such as pressing, ultrasound scattering, acidification, and
chemical additives, on the apparent viscosity and plastic
viscosity of the aqueous palygorskite suspensions.

2. Materials and Methods

2.1. Materials. Palygorskite mineral sample with purity
greater than 95% was received fromMingguang Palygorskite
Mining Co., Ltd. (Anhui, China). The average length of the
palygorskite rods is around 1 𝜇m, and the average aspect
ratio is about 20. The chemical compositions, the physical
properties, and the theoretical crystal structural formula of
the palygorskite sample in present work are listed in Table 1.

There are two bentonite mineral samples used in this
work. One bentonite sample was obtained from Sinopec
Shengli Oilfield Co., Ltd. (Shandong, China). Another ben-
tonite containing palygorskite sample from Iraq Anbar was

obtained from Beijing Taihua Bentonite Science & Tech-
nology Development Co., Ltd. (Beijing, China). Industrial
grade magnesium oxide (also named calcined magnesia;
light-burned magnesia) (MgO) and magnesium hydroxide
(Mg(OH)

2
) samples were obtained from Dandong Yilong

High Science & Technological Materials Co., Ltd. (Liaoning,
China).

2.2. Instruments. The experiment of pressing palygorskite
was conducted on Jinniu JL-80 vertical grinder (1.5 KW;
Hualian Industry Co., Ltd.) (Beijing, China). The ultrasonic
dispersion test was carried out by JY92-IIDN ultrasonic cell
crusher (20–24KHz, 650W; Ningbo Scientz Biotechnology
Co., Ltd.) (Zhejiang, China). The modified palygorskite was
filtrated by SHB-III water circulation pumps (180W; Xi’an
Taikang Biotechnology Co., Ltd.) (Shaanxi, China) and dried
by a 101-3 electric blast drying oven (300∘Cmaximum; Shang-
hai Rolling-gen Equipment Co., Ltd.) (Shanghai, China).
The gelation of samples dispersion was prepared after being
stirred by GJ-2S digital display high-speed agitator (180W,
4000–11000 rpm).The rheological parameters of suspensions
were conducted by ZNN-D6A six-speed rotary viscometer
(speed: 3, 6, 100, 200, 300, and 600 rpm, viscosity range: 0–
300mPa⋅s). Both of the latter instrumentsweremanufactured
by Qingdao Haitongda Special Instrument Co., Ltd. (Shan-
dong, China).

2.3. Methods

2.3.1. Palygorskite Modification

Pressing. A certain amount of palygorskite and tap-water was
mixed and pressed by a vertical extruder. After that, the
palygorskite was collected, dried, and ground.

Ultrasound Scattering. 25 g palygorskite and a certain amount
of tap-water were added into an 80mL beaker, stirred,
and then loaded onto the platform of an ultrasonic cell
crusher. The time of ultrasound scattering on the platform of
ultrasonic cell crusher was 10min and repeated 2-3 times to
make a better dispersion.

Acidification. The clay mineral was treated with hydrochloric
acid at a concentration of 2mol/L by liquid and a solid ratio
of 10 to 1 in the flask, under mechanical stirring (550 rpm) in
dispersion at room temperature for 1 h. Then the sample was
filtrated, followed by washing with distilled water until a pH
value 3-4 was reached.
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Table 2: The effect of pressing on the rheological parameters of palygorskite suspension.

Samples of palygorskite
Rheological parameters

𝜃

600

(dia)
𝜃

300

(dia)
AV

(mPa⋅s)
PV

(mPa⋅s)
YP
(Pa)

YP/PV
(Pa/mPa⋅s)

Unpressing 39 35 19.5 4.0 15.84 3.96
Unpressing with 1% MgO 59 44 29.5 15.0 14.82 2.00
Pressing without MgO 48 41 24.0 7.0 17.37 2.48
Pressing with 1% MgO 85 75 42.5 10.0 33.22 3.32

Chemical Additives.Certain amounts of additives were added
into 6.4 w/v% palygorskite dispersions.The dosage of chemi-
cal additives (%) in the tables and the figures was the ratio of
mass between chemicals and palygorskite.

Thedispersionswere stirredmechanically at 8000 rpm for
20min at room temperature and hydrationwas conducted for
24 h. The term of hydration was an ageing process of water
penetrating the interlayer spaces and concomitant adsorption
with the clay swelling and colloidization.

2.3.2. Rheological Parameters Measurement. Darley and
George [8] concluded the common composition and prop-
erties of drilling and completion fluids. According to the
American Petroleum Institute (API) recommended practice
(2009) [25], the parameters of the palygorskite gel in the
drilling fluid suspension samples were prepared and mea-
sured under the specification and standard procedures. The
viscosity and gel strength of the modified gels were tested
by a rotating viscometer (ZNN-D

6
S). The hydrated gels

underwent mechanical stirring at 8000 rpm for a further
20min. This preparation step before measuring the viscosity
was to make the dispersion even and flowing. And then
the viscosity was measured at different shear rates (different
stirring velocity).

2.3.3. Rheological Theory. According to Bingham-plastic
model, the rheological parameters, including AV (apparent
viscosity), PV (plastic viscosity), YP (yield point), and RYP
(ratio of yield and plastic viscosity), were calculated with the
dial readings of 300 rpm and 600 rpm using the following
formulas according to the API recommended practice of
standard procedures [25]:

AV = 0.5𝜃
600
(mPa ⋅ s)

PV = 𝜃
600
− 𝜃

300
(mPa ⋅ s)

YP = 0.511 (𝜃
300
− PV) (Pa)

RYP = YP
PV
(Pa/mPa ⋅ s) ,

(1)

where 𝜃
600

(dia) was the dial reading of rotating viscometer
at 600 rpm and 𝜃

300
(dia) was the dial reading of rotating

viscometer at 300 rpm.

2.3.4. Microscopic Examination. The morphology of the
palygorskite and modified palygorskite with additives was

Ultrasound
dispersion

Ultrasound
dispersion

Palygorskite 
aggregate

Rod bundles Rod grains

Figure 1: The mechanism of ultrasound scattering dispersion for
palygorskite aggregates.

observed in a Quanta 200FEG environmental scanning
electron microscope (SEM). All of the raw minerals were
firstly made to powder samples, which were dried from dilute
0.2% dispersions before the SEM examination. The modified
palygorskite gel samples were also dried out from the same
concentration before SEMmeasurement.

3. Results and Discussion

3.1. Pressing Effect. Pressing as an effective way to break
up close and compact bulks of natural palygorskite rods
couldmore easily disperse palygorskite fibers inwater. Exper-
imental measurement of viscosity of pressed palygorskite
showed that the apparent viscosity increased from 19.5mPa⋅s
to 42.5mPa⋅s (Table 2).

Pressing can be applied as a useful approach to enhance
better dispersion of palygorskite particles, especially for raw
palygorskite aggregates. However, in our opinion, compared
to effective viscosity enlarging by using small amount of
chemical, the pressing with the inefficient and high cost
was not a suitable technique for enhanced viscosity of
palygorskite suspension in some applications with low added
value such as drilling fluids.

3.2. Ultrasound Scattering Effect. Song et al. [18] found
that after treatment with ultrasound the palygorskite crystal
bundles were crushed into crystal needles, generating paly-
gorskite nanoparticles. What is more, Zhao et al. [19] studied
the dispersion of palygorskite in a polypropylene matrix, and
their SEM and TEM analysis results showed that ultrasonic
oscillation promoted the dispersion of palygorskite particles
(Figure 1).

Under the condition of ultrasound dispersion, the appar-
ent viscosity was raised rapidly from 19.5mPa⋅s to 54mPa⋅s
(Table 3).The enhancement of viscosity was related to the fact
that ultrasonic cavitation could cause local high temperature
and high pressure.The shock wave andmicrojet in dispersion
brought about intense collisions of palygorskite aggregates
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Table 3: The effect of ultrasound scattering on the rheological parameters of palygorskite suspension.

Samples of palygorskite
Rheological parameters

𝜃

600

(dia)
𝜃

300

(dia)
AV

(mPa⋅s)
PV

(mPa⋅s)
YP
(Pa)

YP/PV
(Pa/mPa⋅s)

No ultrasound scattering 39 35 19.5 4 15.84 3.96
Ultrasound scattering 108 92 54.0 16 38.84 2.43

in aqueous suspensions just like the same dispersion mech-
anism in polypropylene matrix described in Figure 1.

3.3. Acidification Effect. Many practices using acid to purify
palygorskite have been reported in the literature. For exam-
ple, Neaman and Singer [20] used acid to remove carbon-
ates and other cement impurities. Other researchers used
acidification to break up the cluster of closely bound fibers
to increase specific surface area for good dispersion and
absorption. The raw material in the experiment was of high
purity. Octahedral cations dissolved and crystal structure
was even changed because of the high concentration of acid
and reaction time. Chen et al. [6] investigated the structural
changes of palygorskite with reaction to acid; their results
indicated that dissolution of octahedral reactions increased
with an increase in acid concentration and reaction time.
When octahedral cations were dissolved completely, the final
product was mesoporous amorphous silica-fiber (Figure 2).

The study showed that the gel of the acidified palygorskite
in dispersion came to serious sedimentation after hydration.
Initially, with the ratio of acid to palygorskite being 10 to 1 and
concentration of HCl being 2mol/L, the apparent viscosity
value was only 5mPa⋅s. By reducing the concentration and
amount of acid solution (weight ratio of acid to palygorskite
was 4 to 1; concentration of HCl was 1mol/L), the AV still
measured only 10mPa⋅s. Obviously, acidizing palygorskite
viscosity was not enhanced in the present work; the opposite
is the case.

3.4. Effects of Bentonite. Several studies have been carried
out in the past to understand the rheological properties of
standard clays [9, 10, 13–15, 26–28]. However, there are a
lot of works on the rheological properties of mixed clay
suspensions in recent years.The influence ofmontmorillonite
addition on the rheological behaviour of palygorskite sus-
pensions was investigated by Neaman and Singer [13–15].
Rheological properties of palygorskite-bentonite mixed clay
suspensions were studied by Chemeda et al. [21].

The limited information is considered important because
most clay used such as in drilling fluid applications usually
contains more than one type of clay minerals along with
nonclayminerals. For example, palygorskite occurs in associ-
ation with smectite in most of the known world palygorskite
deposits [6]. Therefore it is worthwhile to understand the
rheological behavior of suspensions containing mixtures of
clay minerals.

The most difference of rheological properties between
palygorskite and bentonite was that palygorskite can be used
in fresh water and salt water, but the bentonite is only

used in fresh water. Figure 3 shows the effects of bentonite
addition on the viscosity of bentonite-palygorskite mixture.
The viscosity of the mixture increased with the increase
of content of bentonite in mixture in fresh water. But the
viscosity of themixture decreasedwith the increase of content
of bentonite in mixture in salt water because of the poor
salt tolerance of bentonite. Taking into account the effect,
nature, and the price ratio, it was not worthy to add a certain
amount of bentonite to palygorskite, because the palygorskite
is normally used in salt water condition. For the same reason,
it was also worthless to add a certain amount of palygorskite
to bentonite.

In contrast to the admixture of bentonite and
palygorskite, some kinds of natural coexisting bentonite-
palygorskite clay mixture would have a very high viscosity
(Figure 4), because their random network structures were
formed more easily which entrapped water and increased
viscosity. But for some others, the same viscosity behavior
does not appear [6]; the real reason is still unknown.

3.5. Effects of Magnesium Oxide. The experimental measure-
ments of sampleswith chemical additives (Figure 5) exhibited
that the sample added MgO showed an increased viscosity
value with lower MgO content. This higher viscosity value
exhibited better cuttings suspension and carrying capacity in
drilling fluids.

When MgO particles were added to water, the reaction
happened as follows:

MgO +H
2
O  Mg(OH)

2
 Mg2+ + 2OH− (2)

The cation exchange ability of Mg2+ was better than
Na+. The Mg2+ entered into the channels of clay mineral
particles and caused shrinkage of the electrical double layer.
The shrinkage of the electrical double layer easily formed
face-face aggregation. At the same time, the absorbed Mg2+
bridged edge and face formed edge-edge and edge-face
flocculation.

As already stated above, the PV reflected the internal
friction of suspended particles, the liquid phase, and their
interface. Flocculation reinforced the suspension network
structure with expression of an increase on viscosity.

SEMmicrographs of the palygorskite with Mg(OH)
2
and

MgO (Figure 6) revealed that the palygorskite had a fibrous
morphology and that Mg(OH)

2
andMgO particles with pos-

itive charge dispersed in the palygorskite scaffolding structure
with negative charge. The electrostatic attractive interaction
also reinforced the palygorskite structure, confirming the
increase in viscosity.
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Figure 2: The channel structure change of palygorskite with acidification treatment [6]. (a) The original channel structure of palygorskite.
(b) The channel structure of palygorskite after acidification with hydrochloric acid.
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Figure 3: The effects of bentonite addition on the viscosity of suspension of bentonite-palygorskite mixture in fresh water and salt water.
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Figure 4: The viscosity of a natural coexisting clay mixture sample with 7% palygorskite and 57% sodium-calcium based hybrid bentonite
from Iraq Anbar. (a)The apparent viscosity and plastic viscosity of the natural coexisting clay mixture. (b)The yield point and ratio of YP/PV
of the natural coexisting clay mixture.
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Figure 5: The effects of MgO on the rheological parameters of palygorskite suspension. (a) The apparent viscosity and plastic viscosity of
palygorskite suspension. (b) The yield point and ratio of YP/PV of palygorskite suspension.

(a) (b)

Figure 6:The change of scanning electron microscope photograph of palygorskite processed with magnesium oxide. (a) SEMmicrograph of
original unmodified palygorskite. (b) SEM micrograph of palygorskite modified adding MgO.

4. Conclusions

The results of the pressing and ultrasound scattering effect
studies indicated that the dispersed state and increasing
viscosity of clay mineral gel could be adjusted by the two
methods effectively. The mechanisms were that pressing
broke up close and compact palygorskite rods clusters, and
ultrasonic cavitations caused intense collisions within the
palygorskite aggregate. Consequently, pressing and ultra-
sound scattering could be used as useful modification meth-
ods for improving the viscosity of the aqueous suspension of
palygorskite.

The acidification effect would not increase the viscosity
of palygorskite, perhaps because the high concentration
acidification was harmful for gelation and dispersion of
palygorskite.

The viscosity of the mixture of bentonite and palygorskite
increased with the increase of content of bentonite in fresh
water. But the viscosity of the mixture decreased with the
increase of content of bentonite in salt water because of the

poor salt tolerance of bentonite. It seemed to be not worthy
to add a certain amount of bentonite to palygorskite in order
to enhance viscosity.

Chemical additives showed good effects on the rheo-
logical and thixotropic behavior of palygorskite suspension.
The results of adding MgO revealed that the contribution
of MgO to viscosity caused the reinforcing of flocculation.
Furthermore, the analysis showed that electrostatic attractive
interaction between MgO particles dispersed in the scaf-
folding structure with positive charges and the palygorskite
rods with negative charges had impact on the inversion of
palygorskite rods configuration. In drilling applications, this
higher viscosity value will provide better cuttings suspension
and carrying capacity.
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Alpha, beta, gamma, and delta hydroxyl ferric oxides (FeOOH), as the most common rust layers on iron surface, play different
roles in iron preservation. Using modern surface analysis technologies such as X-ray diffraction (XRD), infrared spectra (IR), X-
ray photoelectron spectroscopy (XPS), and scanning electron microscopy (SEM), we studied the interactions between these four
types of synthetic FeOOH and phosphoric and tannic acid of different concentrations and proportions. A 3% tannic acid + 10%
phosphoric acid + FeOOHwas themost suitable formula for rust stabilizer and its reaction productsweremade up of iron phosphate
and chelate of iron and tannin. This research provided technical basis in distinguishing FeOOH and selecting rust layer stabilizer
for the preservation of iron, especially iron cultural relics.

1. Introduction

Structure and composition of corrosion products on iron are
two important factors of causing its further corrosion, apart
from environmental factors, iron components, and defect and
inclusion in iron. There are two types of rust layers: a loose
outer rust layer and a dense inner rust layer. The former was
composed of 𝛼-FeOOH, 𝛾-FeOOH,magnetite (Fe

3
O
4
), H
2
O,

and amorphous ferric oxyhydroxide (FeOx(OH)
3−2x, x = 0-1),

while the latter was composed mainly of Fe
3
O
4
with a little

𝛼-FeOOH [1, 2]. The 𝛽-FeOOH is a typical product of FeCl
3

hydrolysis, whereas 𝛼-FeOOH is that of Fe(NO
3
)
3
hydrolysis

and under specific conditions these hydrolytic products may
transform to 𝛼-Fe

2
O
3
[3–5]. The 𝛿-FeOOH is a type of

amorphous hydroxyl oxide rust layer on ironmaterial surface
[6], forming a compact rust layer that enhances corrosion
resistance of the steel [7].

The underlying corrosion of carbon steel was dependent
on the inherent properties of the rust layers formed under
different conditions such as composition and structure with
𝛽-FeOOH exerting significant influence among all the iron
oxides [8]. In terms of reaction with Fe(OH)

2
to produce

Fe
3
O
4
, the following order was observed: 𝛽-FeOOH > 𝛼-

FeOOH≫ 𝛾-FeOOH [9].
Rust converters are chemical formulations that can be

applied to corroded surfaces causing their passivation and
elimination of possible further attack after the application of
a coating [10]. To reduce the effects of hydroxyl ferric oxide
on steel preservation, surface stabilizing treatment of rust
layer has been widely used in the steel anticorrosion field.
By employing a processing method of a chemical conversion
film, the hydroxyl oxide rust layer on the iron may undertake
a chemical conversion and form porous membrane bar-
rier with good ventilation property and water permeability
[11]. The excellent atmospheric corrosion resistance of the
phosphoric Dhar pillar iron was attributed to the formation
of a protective passive film on the surface [12]. Chemical
conversion film, as inoxidizing coating of metal, reduces
chemical activity of the metal and increases thermodynamic
stability of steel in environmental medium. In addition, the
surface productsmay also play a certain role inmetal isolation
from environmental medium. Chemical conversion films
such as thin layer, exquisite crystallization, and porosity, may
be combined with sealing materials. Accordingly, industrial
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anticorrosion methods provide research foundation for sur-
face stabilizing treatment of iron relics.

The chromate salt passivation treatmentmethod [13] is an
effective chemical conversion technology. In spite of a good
corrosion prevention effect, its use is limited by environmen-
tal regulations, due to high toxicity and carcinogenicity of
hexavalent chromium [14–16].

Phosphate covering by forming a phosphate film on
metals using phosphoric acid or zinc phosphate, manganese
phosphate, or iron phosphate solution possessesmany advan-
tages, such as anticorrosion, wear-resisting, antifriction,
increasing lubricity, and promoting base adhesion between
coating and metal [17]. Phosphorus processing, therefore, is
widely applied in processing steel parts, especially coating
layer process [18]. Separately, pretreatment of reinforced
steel surface with tannic acid based rust converter prior to
the application of zinc rich coating improved the corrosion
resistance appreciably [19, 20].

As one of metal surface treatment methods, tannins
have potential application prospects, with low toxicity, low
pollution, low usage volume, and even color with excellent
corrosion-resistant performance [21]. Tannins as corrosion
inhibitors were applied both in solvent and waterborne
pretreatment formulations [22]. These formulations could
be applied on partially rusted substrates, reducing the effort
needed for cleaning the surface by methods which proved to
be expensive and are not applicable in many situations [21].
Thus, combination of phosphoric acid and tannic acid may
provide a synergistic effect on corrosion resistance of iron
cultural relics.

In this study, X-ray diffraction (XRD), infrared spec-
troscopy (IR), X-ray photoelectron spectrometry (XPS), and
transmission electron microscopy (TEM) were used to char-
acterize the four types of FeOOH, as well as to investigate the
interactions betweenFeOOHandmixed solutions containing
different concentrations and proportions of phosphoric acid
and tannic acid in order to provide technical basis to distin-
guish these types of FeOOH and enable rust layer stabilizer
selection for preservation of steel, especially for iron cultural
relics.

2. Experimental Details

2.1. Preparation of 𝛼-, 𝛽-, 𝛾-, and 𝛿-FeOOH. Rust analyses
revealed the presence of crystalline magnetite (Fe

3−xO4), 𝛼-
Fe
2
O
3
(haematite), goethite (𝛼-FeOOH), lepidocrocite (𝛾-

FeOOH), akaganeite (𝛽-FeOOH), and amorphous 𝛿-FeOOH
phases [12]. Thus, the four FeOOH polymorphs were pre-
pared to investigate their effects on iron rust.

The 𝛼-FeOOH was prepared using a solution containing
40 g of FeSO

4
and 8 g of NaOH per liter of deionized (DI)

water. The temperature was adjusted to 50∘C and pH to 13
with 10wt% NaOH. The solution was fluxed with oxygen for
8 h.The precipitates were washedwith 10 portions of DI water
until the filtrate became neutral in pH before being dried at
100∘C.

The 𝛾-FeOOH was prepared using a solution made of
60 g of FeCl

2
⋅4H
2
O in 1 L of DI water. Meanwhile, 84 g of

urotropine and 21 g of NaNO
2
each were dissolved in 300mL

of DI water. After the FeCl
2
⋅4H
2
O solution was mixed with

urotropine solution, NaNO
2
was added into the mixture

under constant stir at room temperature. The mixture was
heated to 60∘C under constant stir for 3 h. The precipitates
were washed with hot water and dried at 60∘C.

The 𝛽-FeOOHwas prepared using a 0.2M FeCl
3
solution

heated to 60∘C for 5 h. Then, small quantities of 3.175mM
EDTA and ammonia were added. The precipitates were
washed with DI water until no Cl− was detected before being
dried at 70∘C for 24 h.

The 𝛿-FeOOHwas prepared using a solutionmade of 40 g
FeSO
4
and 8 g NaOH per liter of DI water. A 10wt% NaOH

solutionwas added dropwise till abundant brown precipitates
were formed at room temperature. Then, small quantities of
EDTA were added before the precipitates were filtered out.

2.2. Test on the Influence of 𝛽-FeOOH and 𝛾-FeOOH on
Iron Rusting. Archaize iron was used as the experimental
material. It had a composition of (wt%) 4.17%C, 0.59% Si,
0.32%Mn, 0.087% S, and 0.017%P. The samples were cut
into coupons each with a dimension of 15mm × 15mm ×
3mm. A corrosion cell with a dimension of 10mm ×
10mm × 0.5mm was cut in the middle (Figure 1). One
g synthetic 𝛽-FeOOH powder and one g synthetic 𝛾-
FeOOH powder were added into separate cells. The FeOOH
powder was pressed with a glass slide. A drop of each
of the following corrosion media was added to the cor-
responding cell each day Monday through Friday for 10
months: 0.01mol/LNO

3

−, 0.01mol/LCl−, 0.01mol/LHSO
4

−,
and 0.01mol/LCl−+0.01mol/LHSO

4

−. At the end of the
experiment the specimens were encapsulated into epoxy
resin. The resin was carefully ground till the rust layer and
iron clearly appeared. Observation of propagation of rust
under the influence of NO

3

−, Cl−, HSO
4

−, and Cl−+HSO
4

−

was made using scanning electron microscope (SEM).

2.3. Interactions between FeOOH and Phosphoric Acid/Tannic
Acid. To each test tube, 2 g of 𝛽-FeOOH, 𝛾-FeOOH, or 𝛿-
FeOOHwas added.Then, 20mL of tannic acid + phosphoric
acid solution of different concentrations was added (Table 1).
The tubes were sealed and shaken for varying amounts of
time and then were allowed left aside for a while to ensure
complete reaction inside. At the end of reaction, the products
were filtered, washed with DI water repeatedly, and dried at
50∘C.

2.4. Characterization of FeOOH. Phase identification was
conducted using an XRD-6000 X-ray diffractometer (Shi-
madzu, Japan)with aCuK𝛼 radiation (𝜆 = 1.5418 Å) at 40 kV
and 30mA, a scanning speed of 5∘/min, and a scan range of
3–90∘. FTIR spectra were acquired on a Bruker VECTOR 22
infrared spectrometer at a resolution of 2 cm−1 and a scan
range of 4000–400 cm−1 with a KBr pressing method. The
morphology of FeOOH was characterized by a TEM. Power
samples were added to anhydrous ethanol and ultrasonicated
for 30 minutes. A little drip of suspension was put onto a
copper mesh and dried naturally before TEM observation.
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Figure 1: Test device for the study of iron corrosion in the presence
of different types of FeOOH.

Table 1: The combinations of tannic acid/phosphoric acid (wt%).

Number Tannic acid/phosphoric acid Labeling
1 3% tannic acid + 10% phosphoric acid 3T-10P
2 3% tannic acid + 20% phosphoric acid 3T-20P
3 3% tannic acid + 30% phosphoric acid 3T-30P
4 5% tannic acid + 10% phosphoric acid 5T-10P
5 5% tannic acid + 20% phosphoric acid 5T-20P
6 5% tannic acid + 30% phosphoric acid 5T-30P

The elemental composition and valence state of elements
were investigated by XPS (British VG’s MCROLAB MK II
X-ray photoelectron spectroscopy). Magnesium was used as
X-ray photon source with a power of 160W. The energy
analyser was set at 50 eV. The focusing voltage was 3 kV. An
argon pressure of 1 × 10−4 Pa and a vacuum pressure of 0.5 ×
10−6 Pa were used for sputtering. The angle between Ar+ ions
sputtering gun and sample surfacewas 45∘. Scan started 5min
after Ar+ ions sputtering.

3. Results and Discussion

3.1. Microstructures and Structures of FeOOH. FTIR spectra
of the samples prepared in the present work showed typical
features of 𝛼-, 𝛽-, 𝛾-, and 𝛿-FeOOH (Figure 2). The FTIR
bands recorded at 1628 cm−1 were ascribed to the –OH
stretching vibration, whereas the bands at 883 and 795 cm−1
were ascribed to the –OH bending modes in 𝛼-FeOOH [23];
bands at 847 and 696 cm−1 were ascribed to the –OHbending
modes in 𝛽-FeOOH [24]; nearby bands at 1020 and 750 cm−1
were the bending vibration of –OHmodes in 𝛾-FeOOH [12];
and bands at 1120 and 975 cm−1 were the bending vibration of
OHmodes in 𝛿-FeOOH [25].The four types of FeOOHwere
also confirmed by XRD analyses (Figure 3). Under the TEM
observation, the𝛼-FeOOHwas granular,𝛽-FeOOHappeared
as rod-shaped, while 𝛾-FeOOH looked like fine needles, and
𝛿-FeOOH was irregularly cotton-like (Figure 4). Different
types of corrosion products would cause different degrees
of iron corrosion. As 𝛼-FeOOH is relatively stable, it may
attribute to nondetrimental rust. On the other hand, the club-
shaped 𝛽-FeOOH and fine needle-like 𝛾-FeOOH had loose
texture that could store large amounts of moisture, resulting
in more iron corrosion.
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Figure 2: FTIR spectra of different forms of FeOOH. e: 𝛼-FeOOH;
: 𝛽-FeOOH; ◼: 𝛾-FeOOH;X: 𝛿-FeOOH.

3.2. Influence of 𝛽-FeOOH and 𝛾-FeOOH on Corrosion of
Archaeological Iron. Corrosion morphologies of the surface
between cast iron and 𝛽-FeOOH or 𝛾-FeOOH under the
action of different ions NO

3

−, Cl−, HSO
4

−, and Cl−+HSO
4

−

were illustrated in Figure 5. FeOOH was sandwiched in
between epoxide resin on top and cast iron on bottom. The
boundaries were marked with white lines to help delineate
the rust surface.

The surface between 𝛾-FeOOH and cast iron varied
significantly with different types of ions. The surface was
relatively flat when NO

3

− was used (Figure 5(a)). Similar to
NO
3

−, a clear 𝛾-FeOOH layer could be seen under the action
of Cl− (Figure 5(c)). When HSO

4

− was added, the interface
became fuzzy (Figure 5(e)), indicating that HSO

4

− could lead
to more serious corrosion. The interface became more irreg-
ular under the influence of Cl−+HSO

4

− (Figure 5(g)). More
corrosion of the cast iron was observed, when the freshly
formed rust layer was connected to 𝛾-FeOOH layer. In the
presence of Cl− and SO

4

2−, green rust would form which had
little protection on iron and was just an intermediate Fe(II)-
Fe(III) hydroxyl-salt via which ferrous hydroxide Fe(OH)

2

usually oxidizes into different ferric oxyhydroxides [26].
The change in surface morphology of 𝛽-FeOOH was

similar to that of 𝛾-FeOOH. When NO
3

− was added, the
surface was relatively flat (Figure 5(b)).The surface corrosion
became more serious as the anion was changed from Cl− to
HSO
4

− (Figures 5(d) and 5(f)).When Cl−+HSO
4

− was acting
on 𝛽-FeOOH, corrosion of the interface was so serious that it
connected to the original 𝛽-FeOOH layers (Figure 5(h)).

The above observations showed that when either 𝛾-
FeOOH or 𝛽-FeOOH adhered to iron surface, it was unable
to prevent different anions from reaching the iron surface.
In another word, the two hydroxy-oxide rust layers were
not strong enough to provide a good protection and prevent
iron from further corrosion.With relatively loose textures, 𝛾-
FeOOH and 𝛽-FeOOH not only failed to stop anions from
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Figure 3: X-ray diffraction patterns of different forms of FeOOH.X: 𝛼-FeOOH; : 𝛽-FeOOH; e: 𝛾-FeOOH; ◼: 𝛿-FeOOH.

corroding the iron, but also became a storage area for anions
and moisture, resulting in strong adsorption. Meanwhile, it
slowed down the evaporation rate of moisture and extended
the corrosion cycle of moisture, thus promoting corrosive
ions acting on the cast iron.

Moreover, among the common anions in atmosphere
that would cause corrosion, NO

3

− had the weakest corrosion
power on cast iron. The corrosive power increased progres-
sively, following the order Cl−+HSO

4

−
>HSO

4
> Cl−. Under

the combined action of Cl− and HSO
4

−, the corrosion of cast
iron was much more serious than any other ions used alone,
indicating synergistic activities between Cl− and HSO

4

−. 𝛽-
FeOOH was produced exclusively in the presence of Cl− [27]
which had weaker iron protection and resulted in more iron

rusting. The corrosion product of cast iron in contact with
the FeCl

2
solution over 138 days was made up of three layers:

𝛼-FeOOH, Fe
3
O
4
, and a little 𝛽-FeOOH in the inner layer, 𝛾-

FeOOH in the middle layer, and 𝛼-FeOOH in the outer layer
[28].

3.3. Interactions between FeOOH and Different Combinations
of Phosphoric Acid/Tannic Acid. Different states and colors of
reaction products after filtrating, drying, and grinding were
documented in Table 2. The yellow powder and tannic acid
were identical in material phases and composition, suggest-
ing that the yellow powder was excess tannins. As tannic acid
dissolves 𝛾-FeOOH and higher concentrations of tannic acid
speeded up the dissolution [29], it is suggested that FeOOH
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Figure 4: TEM images of different forms of FeOOH.

Table 2: The state and color of reaction products.

Phosphoric acid/tannic acid 𝛽-FeOOH 𝛾-FeOOH 𝛿-FeOOH
3T-10P Gray powder Gray powder Gray powder
3T-20P Gray powder Yellow powder Less product, blue-gray
3T-30P Less product, beige Yellow powder Yellow powder
5T-10P Gray powder Blue-gray, yellow Blue-gray powder
5T-20P Gray powder Yellow powder Blue-gray powder
5T-30P Less product, beige Less product, blue-gray Yellow powder

was completely dissolved. Thus, these proportions were not
suitable as a choice of rust stabilizer formula, due to accumu-
lation of residual tannic acid after reaction. In addition, for
some combinations, the reaction products were very limited,
indicating that most of the FeOOH was dissolved under the
action of phosphoric acid/tannic acid. Only a small amount
of FeOOH was involved in chemical transformation. Thus,
these combinations were also undesirable for rust stabilizer
formula.

At the same time, according to protection standards of
cultural relics, protection materials must be close to original
artifacts to the maximum extent. Among the combinations
in Table 2, only the product of the 3T-10P, namely, 3% tannic
acid + 10% phosphoric acid and FeOOH, was gray, similar
to the color of steel materials, suggesting that 3% tannic
acid + 10% phosphoric acid was the most suitable formula
for rust stabilizer. Previous studies showed that conventional
anticorrosive paints or the painting schemes applied on steel
previously treatedwith a primer formulatedwith pine tannins
extend the duration of painting schemes more than 50%
relative to the case without this chemical treatment [30].

The XRD pattern of reaction products of 𝛽-, 𝛾-, and 𝛿-
FeOOH and 3T-10P was presented in Figure 6. A crystalline
phosphate was the major product and it matched the XRD
patterns of Fe

3
P
6
O
2
well. In contrast, the major constituents

of the scale onDelhi iron pillar were crystalline iron hydrogen
phosphate hydrate (FePO

4
⋅H
3
PO
4
⋅4H
2
O) as well as 𝛼-, 𝛾-,

and 𝛿-FeOOH and magnetite [30] or crystalline phosphate
Fe
2
(PO
4
)(OH) [7]. No phases related to tannic acid were

identified, suggesting that the transformation products of
tannic acid and FeOOH were amorphous.

The transformation products from the reaction of tannic
acid/phosphoric acid and FeOOHwere further characterized
by XPS. The reaction products between 𝛽-FeOOH and 3T-
10P were mainly Fe, C, P, and O (Figure 7). The binding
energy of Fe2p

3/2
was 712.42 eV, confirming the presence of

Fe3+ in the product.The binding energy of C1s can be decom-
posed to 285.07, 286.89, and 288.50 eV, with the former corre-
sponding to carbon and the combination of the latter two cor-
responding to standard spectral peaks of carboxide in tannic
acid.The binding energy of O1s was 531.95 eV, corresponding
toC–OH in tannic acid. In addition, the peak at 133.64 eVwas
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Figure 5: SEM images of rust powder/cast iron interface with the effects of NO
3

− ((a) and (b)); Cl− ((c) and (d)); HSO
4

− ((e) and (f)); and
Cl−+HSO

4

− ((g) and (h)).

originated from P2p, confirming the presence of phosphate.
The peaks of Fe2p

3/2
in Fe3+ generally lie between 710.20

and 711.05 eV. However, the binding energy of Fe2p
3/2

in this
study was 712.42 eV, resulting in a chemical shift of more
than 1 eV. Such a shift may suggest a change in chemical

environment of the elements, thus indicating formation of
a new chemical bond between Fe3+ and other substances.
Due to the presence of tannic acid, it may suggest the for-
mation of chelate between iron and tannin [31] as illustrated
in Scheme 1.
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Figure 7: XPS spectra of the products formed from the reaction of 𝛽-FeOOH and 3T-10P.
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Figure 8: XPS spectra of the products formed from the reaction of 𝛾-FeOOH and 3T-10P.

R
OH

OH

OH

R

O
O

O

Fe3+Fe3+ +
+ 3H3+

Scheme 1: Single-chelate complex ion body.

Thus, it was speculated that the reaction products of 𝛽-
FeOOH and 3T-10P were made up of iron phosphate and
chelate of iron and tannin.

The results of XPS analyses of the reaction products
generated by 𝛾-FeOOHand 3T-10P and by 𝛿-FeOOHand 3T-
10P were illustrated in Figures 8 and 9. The composition of
these two products was similar to the reaction products of 𝛽-
FeOOH and 3T-10P, that is, was made mainly of Fe, C, P, and
O and having about the same peak positions. Therefore, the
reaction products were mainly made of iron phosphate and
chelate of iron and tannin.

The structures of iron phosphate and chelate of iron and
tannin are relatively stable. If acting as chemical conversion
layer, the cast iron may develop strong corrosion resistance
capacity. Meanwhile, the layer can enhance bonding between
the coating and the substrate. These favorable physical and
chemical properties could meet the need of coating and
sealing treatment for iron artifact. However, the mechanisms
of tannic acid/phosphoric acid rust conversion may need
further study.

4. Conclusions

(1) When cast iron was covered by 𝛽-FeOOH and 𝛾-
FeOOH corrosion, the rust layer was porous and not
tight enough to provide a good protection against
corrosion by NO

3

−, Cl−, HSO
4

−, and Cl−+HSO
4

−.
(2) Among common anions tested, NO

3

− had the weak-
est corrosive power on cast iron.The corrosion power
increased in the following sequence: Cl−, HSO

4

−, and
Cl−+HSO

4

−. Meanwhile, synergistic corrosion could
be enhanced when both Cl− andHSO

4

− were present.
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Figure 9: XPS spectra of the products formed from the reaction of 𝛿-FeOOH and 3T-10P.

(3) Analyses of the reaction products between FeOOH
and different combinations of phosphoric acid/tannic
acid showed that 3% tannic acid + 10% phosphoric
acid was the most suitable formula as rust stabilizer.

(4) The reaction products between𝛽-FeOOH, 𝛾-FeOOH,
or 𝛿-FeOOH and 3T-10P were made up of iron
phosphate and chelate of iron and tannin.
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Based on data from 2007 input-output tables for each province, we estimated the energy embodied in China’s interprovincial trade
through input-output analysis.The results show that a sizable transfer of energy is embodied inChina’s interprovincial trade, and the
transfer goes from the central and western provinces, which have higher energy endowments, to the eastern and coastal provinces,
which have more developed economies. The provinces with the greatest net inflow of embodied energy via interprovincial trade
were Zhejiang, Guangdong, Beijing, Shandong, and Jiangsu. The provinces with the greatest net outflow of embodied energy
were Inner Mongolia, Shanxi, Shaanxi, Xinjiang, and Heilongjiang. To effectively reduce China’s energy consumption, it is vital
to adhere not only to the producer responsibility principle but also to the consumer responsibility principle. In particular, the
economically developed provinces with substantial net inflows of embodied energy in interprovincial trade should provide support
to the provinces from which the embodied energy outflows come.

1. Introduction

China’s rapid economic development comes at the expense of
enormous resources and environmental pollution. According
to the World Energy Look 2010 of the International Energy
Association [1], China’s total energy consumption in 2009was
equivalent to 2.252 billion tons of crude oil, which was 4%
greater than the energy consumption of theUS in 2009. China
is already the world’s top energy consumer.

China’s increasing total energy consumption has caused
severe environmental pollution. China produces the most
carbon emissions in the world, according to the International
Energy Association [2]. In 2012, China contributed 300
million tons of carbon emissions. The Tyndall Centre for
Climate Change Research [3] indicated that the top four
regions producing the greatest amounts of carbon emissions
in 2011 were China, US, the European Union, and India. The
carbon emissions of these four regions accounted for 28%,
16%, 11%, and 7%, respectively, of the world’s total emissions.

The rapid growth of China’s carbon emissions has become
a concern in the international community, and international
pressures are increasing for emission reduction in China.

In this context, China is currently strengthening its energy-
saving and emission reductionmeasures. In 2011, the Chinese
government published the Plan for Energy Saving and Emis-
sion Reduction during the 12th Five-Year Plan Period (2011–
2015). This plan proposed reducing energy consumption per
unit of gross domestic product (GDP) by 16% between 2010
and 2015.The total emissions of chemical oxygen demand and
sulfur dioxide will be reduced by 8%, and the total emissions
of ammonia nitrogen and nitrogen oxides will be reduced by
10%. To achieve these goals, the State Council issued the Plan
for Greenhouse Gas Emission Control during the 12th Five-
Year Plan Period in 2011. This plan specifies the targets for
energy consumption and carbon dioxide emission per unit of
GDP for each province (excluding Hong Kong, Macao, and
Taiwan, there are 22 provinces, five autonomous regions, and
four municipalities directly under the central government
in China. For simplicity’s sake, all of them will be called
provinces) during the 12th Five-Year Plan period. However,
the public disputes the fairness of the plan’s assignment of
the energy-saving and emission reduction targets across the
provinces because the targets were formulated in accordance
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with the producer responsibility principle, not the consumer
responsibility principle.

Some provinces may achieve energy-saving and emission
reduction targets through the inflow of high-energy-
consumption products (embodied energy) from other
provinces, which is detrimental to the fulfillment of China’s
energy-saving and emission reduction goals on the whole.
Thus, analysis of the embodied energy inflow and outflow
via interprovincial trade in China is necessary to provide
factual evidence for realizing the energy-saving and emission
reduction goals in each district in China.

2. Literature Survey

After the signing of the Kyoto Protocol, countries with the
task of greenhouse gas emission reduction may achieve
their goals by increasing commodity imports from countries
without such obligations. As a result of trade growth, carbon
leakage will occur, leading to the constant growth of global
greenhouse gas emissions. Embodied energy, embodied car-
bon emissions, and embodied pollutant emissions are topics
of concern for researchers, who devote many empirical anal-
yses to these issues. Input-output analysis, a useful analytical
framework developed by Leontief [4], has been widely used
to analyze the energy embodied in goods and services [5–7].
The following literature review shows that existing analyses
primarily cover two major areas of interest.

One topic in existing research is the energy and carbon
emissions embodied in a single country’s international trade.
Lenzen analyzed the primary energy and greenhouse gas
contents in Australia’s final consumption using input-output
analysis and revealed that indirect energy consumption
cannot be ignored in the commodity manufacturing pro-
cess [8]. Sánchez-Chóliz and Duarte performed a sector-
based calculation of carbon dioxide emissions that were
associated with Spain’s economic development and trade and
evaluated the effect of each sector imports and exports on
carbon dioxide emissions [9]. Mongelli et al. studied energy
consumption in Italy’s international commodity trade using
input-output analysis and calculated the energy and carbon
dioxide emissions embodied in Italy’s commodity trade [10].
Peters and Hertwich investigated the energy and carbon
emissions embodied in Norway’s foreign trade [11].

A second topic of research interest is the embodi-
ment of energy and carbon emissions in multilateral trade.
Przybylinski analyzed the effect of bilateral trade between
Poland and Germany on the two countries’ environments
and measured the total effect of bilateral trade between the
two countries through input-output analysis [12]. Hayami
and Nakamura used the input-output tables of Japan and
Canada and bilateral trade data to calculate the carbon
dioxide emissions in the trade between the two countries [13].
They found that greenhouse gas emissions could be reduced
in both countries by redistributing technologies between
the two countries. Lenzen and Munksgaard expanded the
single-district model and proposed a multidistrict input-
output model, which was used to calculate the energy
and greenhouse gas emissions embodied in final consumer

products in Denmark [14]. Rhee and Chung studied the
carbon dioxide transfer through international trade between
Japan and Korea. Despite Korea’s trade deficit with Japan, the
carbon dioxide emissions embodied in the goods exported
fromKorea to Japan exceeded the emissions embodied in the
goods exported from Japan toKorea.Thus, therewas a carbon
dioxide transfer from Korea to Japan through international
trade [15].

For China, energy consumption has been investigated in
a number of analyses [16–18]. Shui and Harriss performed an
estimation of emissions embodied in US-China trade using
input-output analysis [19]. The carbon dioxide export from
China to the US rose from 213 tons in 1997 to 497 tons in
2003. However, there is very little carbon dioxide exported
from the US to China. Shen estimated the effects of China’s
goods exports and imports on energy consumption from
2002 to 2005 using an input-output model [20]. Pan et al.
calculated the energy and carbon emissions embodied in
China’s exported goods in 2002 using input-output analysis
[21]. They calculated the complete energy use intensity for
each industrial sector in China and the sector-based energy
embodiment in China’s imports and exports for 2002. Li and
Hewitt used input-output analysis in analyzing the carbon
emissions embodied in China’s exports to the UK. With
the import of industrial goods from China, UK had an 11%
reduction of carbon emissions in 2004 compared with years
in which there were no imports from China. However, Sino-
UK trade resulted in a 117-ton increase in the world’s carbon
dioxide emissions in 2004 [22]. Lin and Sun used an input-
output table to estimate China’s carbon emissions in 2005
that were associated with consumption and production. The
difference between the carbon dioxide export and import was
as high as 1.024 billion tons, whichmeans that carbon leakage
occurred [23].

As the literature review demonstrates, input-output anal-
ysis is the tool most frequently used in estimating the energy
and carbon emissions embodied in international trade. How-
ever, there have been few studies on the energy and car-
bon emissions embodied in trade between different regions
within one country. China is territorially vast and shows a
considerable gap in economic development across its regions.
The provinces differ greatly in terms of economic develop-
ment stages, industrial structures, and resource endowments.
The embodied energy inflows and outflows occur in enor-
mous quantities through interprovincial trade. Estimating
the energy embodied in China’s interprovincial trade is of
great importance to scientifically formulate energy-saving
and emission reduction targets for each district in China.
Therefore, this study also adopted input-output analysis to
estimate embodied energy inflows and outflows in China’s
interprovincial trade.

3. Research Methods and Data Sources

3.1. Research Methods. According to the following balance
equation for the input-output table,

𝑋
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+ 𝑋
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formula (1) is simplified as follows:
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Formula (2) is simplified as follows:
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where 𝑎
𝑖𝑗
is the direct consumption coefficient.

Formula (3) is simplified as follows:
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Through a matrix operation, formula (4) becomes

𝑋 = (𝐼 − 𝐴)
−1
𝑌. (6)

In formula (6), 𝑋 is the final output vector for each
sector in a district. Some of the output is used in final
consumption and some reenters the production sphere as raw
material. There are some output outflows from production
through trade. The outflowing output is expressed as 𝐸

𝑥
. By

substituting 𝑌 with 𝐸
𝑥
in formula (6), the right side of the

equation becomes the outflowing output from the district.
The total product value input is expressed as𝑋

𝑒
. Thus,

𝑋
𝑒
= (𝐼 − 𝐴)

−1
𝐸
𝑥
. (7)

Using the energy consumption data at hand, the sector-
based energy consumption coefficients for each district were
calculated (i.e., the energy consumed per unit of output value,
denoted by 𝑒). The product of 𝑒 and the 𝑋

𝑒
value of total

products input to produce the outflowing goods is the energy
consumption embodied in the outflowing goods, which is the
embodied energy defined in this paper and denoted by 𝐸 in
the following equation:

𝐸 = 𝑒 ∗ [(𝐼 − 𝐴)
−1
𝐸
𝑥
] . (8)

Based on formula (8), as long as the sector-based trade
data between any two regions are available, the energy

embodied in the goods (including services) traded between
two regions can be calculated. Suppose the two regions are 𝑎
and 𝑏, and the value of products flowing from 𝑎 to 𝑏 is 𝐸

𝑥(𝑎,𝑏)
,

which is the column vector of 𝑛×1 (where 𝑛 is the number of
sectors, as below). 𝑒

𝑎
is the unit energy consumption vector

for each sector in 𝑎; 𝐴
𝑎
is the direct energy consumption

coefficient matrix for the input-output table in 𝑎; 𝐸
𝑎,𝑏

is the
energy embodied in all products flowing from 𝑎 to 𝑏. Thus,

𝐸
𝑎,𝑏
= 𝑒
𝑎
∗ [(𝐼 − 𝐴

𝑎
)
−1

𝐸𝑥
𝑎,𝑏
] . (9)

Formula (9) is the core formula for calculating the energy
embodied in trades betweenprovinces.Using formula (9), the
energy embodied in interprovincial trade can be calculated.
The calculation that results from formula (9) is a figure.
By substituting 𝐸

𝑥(𝑎,𝑏)
with the 𝑛 × 𝑚 matrix composed of

the column vectors of the value of products flowing from
𝑎 to other regions (where 𝑚 is the number of regions),
the calculation result becomes a row vector, indicating the
embodied energy flowing from 𝑎 to other regions. Using this
method, the matrix of embodied energy flowing from one
district to other regions can be obtained (i.e., the 𝑚 × 𝑚
matrix).

3.2.Data Sources. Estimating the energy embodied inChina’s
interprovincial trade requires the input-output tables for
each province, sector-based trade data, and final energy
consumption coefficients. The latest available input-output
tables are from 2007. Therefore, this study calculated the
energy embodied in interprovincial trade for 2007. The
specific data sources are listed in the subsections below.

3.2.1. Input-Output Tables for Each Province in 2007. This
study’s data are from the Input-Output Tables of China
(2007) published by the Department of National Accounts,
National Bureau of Statistics of China. Data from the
Tibet Autonomous Region are not included in the input-
output tables.Therefore, the energy embodied in interprovin-
cial trade among 30 provinces (including 22 provinces, 4
autonomous regions, and 4 municipalities directly under the
central government) was estimated.

3.2.2. Sector-Based Trade Data between Provinces in 2007.
The sector-based interprovincial trade data in 2007 was
obtained from the multiregional input-output (MRIO) table
for 2007. In 1990, with the financial support of the United
Nations Center for Regional Development, the National
Bureau of Statistics of China, the Development Research
Center of the State Council, and Tsinghua University jointly
developed China’s interregional input-output tables for nine
sectors in seven regions for 1987, with Professors Ichimura
and Wang Huijiong acting as the responsible parties. The
Development Research Center of the State Council cooper-
ated with the National Bureau of Statistics of China, Peking
University, and other collaborators several times to develop
China’s MRIO tables for 2007. The Institute of Geographic
Sciences and Natural Resources Research of the Chinese
Academy of Sciences developed regional input-output tables
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Table 1: The interprovincial trade matrix of a good (service).

Beijing Tianjin Hebei ⋅ ⋅ ⋅ Qinghai Ningxia Xinjiang Total
Beijing 𝐴

1,2
𝐴
1,3

𝐴
1,4

𝐴
1,28

𝐴
1,29

𝐴
1,30

RS1
Tianjin 𝐴

2,2
𝐴
2,3

𝐴
2,4

𝐴
2,28

𝐴
2,29

𝐴
2,30

RS2
Hebei 𝐴

3,2
𝐴
3,3

𝐴
3,4

𝐴
3,28

𝐴
3,29

𝐴
3,30

RS3
.
.
.

.

.

.

Qinghai 𝐴
28,2

𝐴
28,3

𝐴
28,4

𝐴
28,28

𝐴
28,29

𝐴
28,30

RS28
Ningxia 𝐴

29,2
𝐴
29,3

𝐴
29,4

𝐴
29,28

𝐴
29,29

𝐴
29,30

RS29
Xinjiang 𝐴

30,2
𝐴
30,3

𝐴
30,4

𝐴
30,28

𝐴
30,29

𝐴
30,30

RS30
Total CS1 CS2 CS3 ⋅ ⋅ ⋅ CS28 CS29 CS30

for 30 provinces in 2007 [24], and the Fictitious Economy
and Data Science Research Center of the Chinese Academy
of Sciences also developed MRIO tables in 2007 [25].

This study used China’sMRIO tables for 2007, which were
jointly developed by the Development Research Center of the
State Council and the National Bureau of Statistics of China.
The MRIO table for 2007 is the most recent MRIO table for
China. These MRIO tables cover 30 provinces and 42 sectors
for each region (no input-output tables are available for Tibet,
so Tibet was not included).

The estimationmethod for interprovincial trade is shown
in Table 1. In Table 1,𝐴

𝑖,𝑗
is the flow of a commodity (service)

from region 𝑖 to region 𝑗 via interprovincial trade. The sum
of rows (RS

𝑖
) represents the total value of the interprovincial

exporting goods (services) in region 𝑖. The sum of columns
(CS
1
) represents the total value of the interprovincial import-

ing goods (services) in region 𝑗. First, they estimated the RS
𝑖

and CS
1
. Second, they estimated interprovincial trade using

data (e.g., rail transportation) based on each province’s input-
output tables, and they got the initial matrix of trade 𝐴

𝑖,𝑗
.

Last, they got the final trade matrix by using cross entropy.
To facilitate the study, the 42 sectors were combined into 28
sectors.

3.2.3. Sector-Based Data for Each Province’s Final Energy
Consumption Coefficient in 2007. The sector-based data for
each province’s final energy consumption coefficient in 2007
were obtained by dividing the sector-based final total energy
consumption for each province by the sector-based total
output in the corresponding input-output table. The sector-
based data for each province’s final total energy consumption
were from the Statistical Yearbook of 2008; however, relevant
data were only available for 22 provinces. Moreover, there
was a discrepancy in the sector classifications among the
provinces. According to the classification of the 28 sec-
tors listed in Table 1, there was uniform treatment for the
provinces’ sector-based final energy consumption data. The
final total energy consumption data could not be determined
from the Statistical Yearbook for eight provinces (Shanghai,
Jiangsu, Zhejiang, Hebei, Shandong, Sichuan, Guangxi, and
Heilongjiang). For these provinces, the following accommo-
dation was made.

First, the final total energy consumption data for several
sectors (agriculture, construction, transportation, warehous-
ing/posts/communication, wholesale/retail trade/catering,

and other industries) were taken from the 2007 energy bal-
ance tables for Shanghai, Jiangsu, and Zhejiang.The final total
industrial energy consumption data were also taken from the
2007 energy balance tables. Each sector’s final total energy
consumption data for 2007 were obtained by the following
accommodation for these provinces: the sector-based final
consumption data were collected for 2010. Assuming that
these provinces’ industrial energy consumption structure in
2007 was the same as in 2010, the final total energy consump-
tion in the 2007 energy balance tables was assigned according
to the energy consumption structure for the industrial sectors
in 2010. In this way, the sector-based final total energy
consumption data for these three provinces were obtained
for 2007. The final energy consumption data for the five sec-
tors (agriculture/forestry/husbandry/fishing, construction,
transportation, warehousing/posts/communications, whole-
sale/retail trade/catering, and other industries) from these
three provinces’ energy balance tables were used. Thus, the
sector-based data for the 28 sectors’ final total energy con-
sumption were obtained for Shanghai, Jiangsu, and Zhejiang
in 2007.

Second, for five provinces (Hebei, Shandong, Sichuan,
Guangxi, and Heilongjiang), the final energy consump-
tion data for these sectors (agriculture/forestry/husband-
ry/fishing, construction, transportation, warehousing/posts/
communications, wholesale/retail trade/catering, and
other industries) came from the corresponding energy
balance tables for 2007. The sector-based data for these
five provinces’ final energy consumption were obtained by
the following method for 2007: the regions with industrial
structures similar to these five provinces were identified
(Table 2). For example, the industrial structures of Hebei
and Liaoning were similar. Second, by referring to similar
industrial energy structures in other districts, the final
total industrial energy consumption for the five provinces
was decomposed. Thus, the sector-based final energy
consumption data for the five provinces were obtained.
Third, the final energy consumption data for these sectors
(agriculture/forestry/husbandry/fishing, construction, trans-
portation, warehousing/posts/communications, wholesale/
retail trade/catering, and other industries) from the energy
balance tables of the five provinces were used. The final total
energy consumption data of the 28 sectors for these five
provinces were thus obtained for 2007.



Advances in Materials Science and Engineering 5

Table 2: Provinces for which sector-based data were adjusted for
2007.

Provinces for which
sector-based data
were adjusted

Reference provinces

Hebei Liaoning
Shandong Liaoning
Hainan Guangdong
Sichuan Chongqing
Guangxi Guizhou
Heilongjiang Jilin

4. Results and Discussion

Based on these data, the energy embodied in China’s inter-
provincial trade in 2007 was estimated using formula (9).

4.1. Total Outflow and Unit Outflow of Embodied Energy
in Interprovincial Trade

4.1.1. Total Embodied Energy Outflow in Interprovincial Trade.
Table 2 reflects the total embodied energy outflow in inter-
provincial trade between 30 provinces in 2007. As shown
in Table 3, there were significant differences in the outflows
of embodied energy via interprovincial trade. For example,
there was an outflow of embodied energy via interprovincial
trade equivalent to 77.23 million tons of standard coal from
Hebei in 2007. For Hainan, the total outflow of embodied
energy was 2.60 million tons of standard coal.

The five provinces with the greatest outflows of embodied
energy via interprovincial trade in 2007 were Hebei, Inner
Mongolia, Liaoning, Shanxi, and Heilongjiang. The total
outflows were 77.23 million, 65.88 million, 58.95 million,
49.15 million, and 43.83 million tons of standard coal,
respectively. Hebei and Liaoning had the greatest outflows
of embodied energy via interprovincial trade. The high-
energy-consumption sectors occupy a large proportion of
these provinces’ industrial structures, and the high-energy-
consumption products are the major products traded. Hebei
is China’s major site of iron and steel production and the
province where Handan Iron and Steel Group and Tangshan
Iron and Steel Group Company Limited are headquartered.
Since 2002, Hebei has ranked first nationwide in outputs of
iron, steel, and steel products. Liaoning is China’s important
industrial base, with a proportion of heavy industry as high
as 80% in 2012.

Inner Mongolia, Shanxi, and Heilongjiang also have
high outflows of embodied energy via interprovincial trade
because they are China’s major sites of energy production
(Table 4). Inner Mongolia and Shanxi are China’s two largest
sites of coal production. In 2013, their coal outputs were
994 million and 960 million tons, respectively. Heilongjiang
is the most important oil production base, and coal and
oil production consumes huge amounts of energy in the
exploitation process.These regions’ industries are developing
with coal as their primary energy source. For example, the

gross output values of coal, coking, smelting, and electric
power made up approximately 80% of the gross output
industrial value in Shanxi. Along with the outflow of energy
products, there is a massive outflow of energy-intensive
products.

The destinations of the embodied energy outflows from
the top five provinces were analyzed. The three provinces
with the greatest inflows of embodied energy are listed in
Table 5. The destinations of embodied energy outflows from
the top five provinces were in the eastern region: Zhejiang,
Guangdong, Beijing, Jiangsu, and Shandong (the eastern
region includes Beijing, Tianjin, Hebei, Shanghai, Jiangsu,
Zhejiang, Fujian, Shandong, Guangdong, and Hainan; the
central region includes Shanxi, Anhui, Jiangxi, Henan,Hubei,
and Hunan; the western region includes Inner Mongolia,
Guangxi, Chongqing, Sichuan, Guizhou, Yunnan, Shann’xi,
Gansu, Qinghai, Ningxia, and Xinjiang; and the northeastern
region includes Liaoning, Jilin, and Heilongjiang).

In 2007, the five provinces with the smallest outflows
of embodied energy via interprovincial trade were Hainan,
Qinghai, Fujian, Ningxia, and Yunnan. These provinces are
not major energy producers. Moreover, Hainan, Qinghai,
Ningxia, and Yunnan are economically underdeveloped
regions. Their low level of industrial development means
that there will be no outflow of energy embodied in inter-
provincial trade products. Fujian has a more developed
economy, but its industrial structure is dominated by the
light industry, which has low energy intensity. Therefore, the
embodied energy outflow via interprovincial trade was not
substantial.

4.1.2. Unit Outflow of Embodied Energy in Interprovincial
Trade. Each province’s total embodied energy outflow via
interprovincial trade was estimated in the previous section.
There are two major reasons for the provinces’ substantial
total embodied energy outflows via interprovincial trade:
the large proportion of high-energy-consumption industries
and the large scale of the economy (although the regional
industrial structure may be cleaner in terms of emissions). To
reveal the source discrepancies in each province’s embodied
energy outflow, we further estimated the unit outflow of
embodied energy via interprovincial trade. The unit outflow
of embodied energy refers to the energy embodied in the
unit value of commodity and service. It is calculated by
dividing the total embodied energy outflow by the total value
of outflowing commodities and services.

Figure 1 shows the unit outflow of embodied energy via
interprovincial trade for 30 provinces in 2007. As shown
in Figure 1, among the provinces, there were substantial
differences in the unit outflows of embodied energy in
interprovincial trade. The five provinces with the greatest
unit outflows of embodied energy were Inner Mongolia,
Shanxi, Guizhou, Ningxia, and Shanxi, with unit outflows
of embodied energy of 53.444 thousand, 33.035 thousand,
32.544 thousand, 26.597 thousand, and 18.85 thousand tons
of standard coal/10,000 RMB, respectively.

These provinces were the major producers of high-
energy-consumption product outflows to other regions. The
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Table 3: Outflows of embodied energy via China’s interprovincial trade (in millions of tons of standard coal).

District Embodied energy total outflow District Embodied energy total outflow District Embodied energy total outflow
Hebei 77.23 Xinjiang 35.73 Guangxi 22.10
Inner Mongolia 65.88 Jiangsu 35.57 Tianjin 20.36
Liaoning 58.95 Hunan 34.76 Sichuan 13.72
Shanxi 49.15 Shandong 34.09 Jiangxi 12.59
Heilongjiang 43.83 Guizhou 28.24 Gansu 12.00
Zhejiang 41.79 Chongqing 28.12 Yunnan 11.23
Henan 40.80 Hubei 25.35 Ningxia 8.04
Shaanxi 40.49 Shanghai 25.14 Fujian 7.73
Anhui 39.04 Guangdong 24.86 Qinghai 3.88
Jilin 36.78 Beijing 24.60 Hainan 2.60

Table 4: China’s major sites of energy distribution.

Types of energy Reserves Major provinces of distribution Total proportion (%)

Coal Prospective reserves Xinjiang, Inner Mongolia, Shaanxi, Shanxi 94.9
Proven reserves Shanxi, Inner Mongolia, Shaanxi, Xinjiang 80.5

Oil Prospective reserves Xinjiang, Heilongjiang, Shandong, Liaoning 85
Proven reserves Heilongjiang, Shandong, Liaoning, Hebei 70

Data source: Chinese mineral resources report, 2014 [26].

Table 5:Destinations of embodied energy outflows from the top five
provinces.

Provinces with the
greatest embodied
energy outflows

Provinces with the
greatest embodied
energy inflows

Hebei Shandong, Zhejiang,
Beijing

Inner Mongolia Beijing, Zhejiang,
Guangdong

Liaoning Hebei, Zhejiang,
Shandong

Shanxi Guangdong, Jiangsu,
Shanghai

Heilongjiang Hebei, Zhejiang, Jiangsu
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Figure 1: Unit outflow of embodied energy for each province in
2007 (in tons of standard coal/10,000 RMB).

high-energy-consumption sectors occupied a large propor-
tion of the industrial structure. There was a considerable
inconsistency in the top five provinces in terms of the unit
outflows of embodied energy and the total embodied energy

outflows, which indicated that the provinces with substantial
total embodied energy outflows might have had low unit
outflows of embodied energy.

Zhejiang is China’s major manufacturer with a developed
economy. In 2007, the total outflow of Zhejiang’s embodied
energy via interprovincial trade ranked fourth in the country,
but its unit outflow of embodied energy was very small. The
reason for Zhejiang’s substantial embodied energy outflow
was the high value of the outflowing products. Zhejiang’s
industrial structure was not dominated by high-energy-
consumption sectors.

In 2007, the five provinces with the smallest unit out-
flows of embodied energy via interprovincial trade were
Jiangxi, Guangdong, Hainan, Beijing, and Shanghai, with
unit outflows of 1.921 thousand, 3.381 thousand, 4.267 thou-
sand, 4.963 thousand, and 5.103 thousand tons of standard
coal/10,000 RMB, respectively. These values indicated that
these provinces’ outflowing products consumed less energy in
the production process.These provinces’ industrial structures
were characterized by low energy consumption.

4.2. Total Inflow and Unit Inflow of Embodied Energy
in Interprovincial Trade

4.2.1. Total Embodied Energy Inflow in Interprovincial Trade.
Table 6 shows the total embodied energy inflow in inter-
provincial trade for China’s 30 provinces in 2007. As shown
in Table 6, there were substantial differences in the provinces’
total embodied energy inflows. For example, Hebei’s embod-
ied energy inflow via interprovincial trade is 88.69 million
tons of standard coal. Qinghai’s inflow is only 4.44 million
tons of standard coal.
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Table 6: Total embodied energy inflows via interprovincial trade for each province in 2007 (in millions of tons of standard coal).

District Total embodied energy inflow District Total embodied energy inflow District Total embodied energy inflow
Zhejiang 88.69 Chongqing 31.02 Shaanxi 14.62
Hebei 66.19 Tianjin 25.24 Yunnan 12.46
Guangdong 65.43 Henan 24.86 Xinjiang 10.33
Shandong 55.75 Hubei 21.42 Gansu 10.20
Beijing 53.70 Guangxi 21.38 Inner Mongolia 8.82
Jiangsu 48.63 Hunan 20.23 Guizhou 7.16
Liaoning 40.79 Heilongjiang 20.14 Hainan 6.94
Jilin 39.05 Fujian 16.28 Shanxi 6.70
Shanghai 37.42 Jiangxi 15.72 Ningxia 5.61
Anhui 36.28 Sichuan 15.00 Qinghai 4.44

In 2007, the five provinceswith the greatest energy inflows
via interprovincial trade were Zhejiang, Hebei, Guangdong,
Shandong, and Beijing.The inflows were 88.69 million, 66.19
million, 65.43 million, 55.75 million, and 53.70 million tons
of standard coal, respectively. Zhejiang and Guangdong had
substantial embodied energy inflows via interprovincial trade
because both are major provinces in terms of manufac-
turing trade with strong economies. However, these two
provinces are deficient in energy resources.The development
of manufacturing trade requires substantial inflows of energy
and non-energy-related and energy-intensive products from
other regions. As a result, there will be significant embodied
energy inflows.

As mentioned above, Hebei is China’s major iron pro-
ducer, and a large amount of coal is consumed in the
manufacturing of iron products. In recent years, Hebei still
needed a coal inflow from other provinces and regions.
However, Hebei’s coal products do not have the highest
energy embodiment. Through the inflow of coal as the pri-
mary energy source, there was also a substantial embodied
energy inflow.

Shandong’s situation is similar to that of Hebei. Shandong
is China’s major iron product producer, and its crude steel
production reached 59 billion tons in 2012, ranking third in
the country. The reason for Beijing’s substantial embodied
energy inflow via interprovincial trade is that Beijing is not
rich in energy resources. Given the high population intensity
and economic output, as the capital of China, Beijing needs
an energy inflow from other regions and an inflow of non-
energy-intensive products.

The provinces with the greatest embodied energy inflows
via interprovincial trade were analyzed. The top three
provinces in terms of embodied energy inflow are listed in
Table 6. As shown in Table 7, the embodied energy inflows to
Zhejiang, Guangdong, Hebei, Shandong, and Beijing mainly
came from Inner Mongolia, Hebei, Liaoning, and Hebei,
respectively.

In 2007, the five provinces with the smallest embod-
ied energy inflows via interprovincial trade were Qinghai,
Ningxia, Shanxi, Hainan, and Guizhou. These provinces fall
into two categories: provinces with small populations and
less developed industry and coal producing provinces. In
Qinghai, Ningxia, and Hainan, the population does not

Table 7: Sources of embodied energy inflows into the top five pro-
vinces.

Five provinces with the
greatest embodied
energy inflows

Provinces with the
greatest embodied
energy outflows

Zhejiang Hebei, Liaoning, Inner
Mongolia

Guangdong Zhejiang, Hebei, Inner
Mongolia

Hebei Liaoning, Shanxi, Inner
Mongolia

Shandong Hebei, Liaoning, Hunan

Beijing Inner Mongolia, Hebei,
Tianjin

exceed 10 million, and there is less demand for products with
high energy embodiments. In the provinces that are coal
producers, such as Guizhou and Shanxi, there is less need
for the inflow of direct energy products and energy-intensive
products, which reduces the embodied energy inflow via
interprovincial trade.

4.2.2. Unit Inflow of Embodied Energy via Interprovincial
Trade. The unit inflow of embodied energy was further
estimated for each province. The unit inflow of embodied
energy refers to the energy embodied in the unit value of
commodities and services. It is calculated by dividing the
total embodied energy inflow by the total value of outflowing
commodities and services. The unit inflow of embodied
energy via interprovincial trade measures the average energy
consumption level of inflowing products for the correspond-
ing province.

Figure 2 shows each province’s unit inflow of embodied
energy via interprovincial trade in 2007. As indicated in
Figure 2, there was amuch less substantial difference in terms
of each province’s unit inflow of embodied energy compared
with the unit outflow of embodied energy. The unit inflows
of embodied energy for Guizhou, Shanxi, and Fujian were
less than 8,000 tons/10,000 RMB. For all other provinces,
the unit inflows of embodied energy ranged from 8,000 to
12,000 tons/10,000 RMB because each province maintained
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Figure 2: Unit inflow of embodied energy via interprovincial trade
for each province in 2007 (in tons of standard coal/10,000 RMB).

a trading relationship with all other provinces. The diversity
of the inflowing product sources ensured that there were no
extremely large or small unit inflows of embodied energy.

The provinces’ unit inflows and unit outflows of embod-
ied energy were compared in 2007. The results show that the
unit outflow of embodied energy for some provinces (e.g.,
InnerMongolia, Shanxi, Guizhou, andNingxia) exceeded the
unit inflow of embodied energy. The unit outflow of embod-
ied energy via interprovincial trade was 53.444 thousand tons
of standard coal/10,000 RMB in Inner Mongolia. However,
Inner Mongolia’s unit inflow was only 8.163 thousand tons of
standard coal/10,000 RMB.

In these provinces, the average energy consumption of
the outflowing products was significantly higher than the
average energy consumption of the inflowing products.These
provinces’ industrial structures were characterized by high
energy consumption. For Jiangxi, Shanghai, Guangdong, and
Beijing, the unit outflow of embodied energy via interprovin-
cial trade was significantly smaller than the unit inflow. In
Shanghai, the unit outflow of embodied energy was 5.103 tons
of standard coal/10,000 RMB, whereas the unit inflow was
11.017 tons of standard coal/10,000 RMB. In these provinces,
the average energy consumption of the inflowing products
wasmuch higher than the average energy consumption of the
outflowing products. The industrial structures also tended to
be cleaner.

4.3. Net Embodied Energy Inflow. To more comprehensively
reflect the embodied energy inflow and outflow for each
province, the net embodied energy inflow in 2007 was
estimated (the total embodied energy inflow minus the total
embodied energy outflow). The specific results are shown
in Figure 3, which shows that the five provinces with the
greatest net embodied energy inflow via interprovincial trade
in 2007 were Zhejiang, Guangdong, Beijing, Shandong, and
Jiangsu. The net inflows were 46.9 million, 40.57 million,
29.1 million, 21.66 million, and 13.06 million tons of standard
coal, respectively. These provinces are strong economies in
China’s eastern coastal areas. According to data released
by the National Bureau of Statistics, Guangdong, Jiangsu,
Shandong, and Zhejiang were the top four provinces in terms
of GDP in 2013. Beijing’s economic output also ranked among
the highest of the provinces. Except for Shandong, these
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Figure 3: Net embodied energy inflow via interprovincial trade for
each province in 2007 (in millions of tons of standard coal).

provinces’ energy productions were low. In these regions, the
direct energy products and energy-intensive products were
needed in large quantities via interprovincial trade to sustain
development.

In 2007, the net embodied energy inflow via interprovin-
cial trade was negative for some provinces. The embodied
energy outflows exceeded the embodied energy inflows in
these provinces, which were the provinces with net embodied
energy outflows. The five provinces with the greatest net
embodied energy outflows were Inner Mongolia, Shanxi,
Shaanxi, Xinjiang, and Heilongjiang, all of which are located
in central and western China. The net outflows were 57.06
million, 42.45 million, 25.87 million, 25.4 million, and 23.69
million tons of standard coal, respectively. These provinces
are all major energy producers. Inner Mongolia, Shanxi,
Shaanxi, and Xinjiang are rich in coal resources, whereas
Heilongjiang is a major site of oil production in China
(Table 4).

5. Conclusions and Policy Implications

5.1. Conclusions. This study used input-output analysis to
estimate the embodied energy inChina’s interprovincial trade
for 2007. The following conclusions were obtained through
analysis of the measurement results.

First, the eastern coastal provinces with developed
economies (e.g., Zhejiang, Hebei, Guangdong, Shandong,
and Beijing) had higher embodied energy inflows. The
inflows were 88.69 million, 66.19 million, 65.43 million, 55.75
million, and 53.70 million tons of standard coal, respectively.

Second, the provinces with substantial embodied energy
outflows via interprovincial trade were major producers
of energy and iron and steel products. In 2007, the two
provinces with the greatest embodied energy outflows via
interprovincial trade were Hebei and Liaoning. The high-
energy-consumption sectors occupy a large proportion of
these provinces’ industrial structures, and the high-energy-
consumption products are the major products traded.

Third, the provinces with substantial net embodied
energy inflows via interprovincial trade were Zhejiang,
Guangdong, Beijing, Shandong, and Jiangsu. The net inflow
was 46.9 million, 40.57 million, 29.1 million, 21.66 million,
and 13.06 million tons of standard coal, respectively. These
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provinces’ common features include developed economies,
low resource endowments, and the ability to produce prod-
ucts with high energy intensities. The embodied energy
inflows via interprovincial trade were remarkably lower than
the outflows in Inner Mongolia, Shanxi, Shaanxi, Xinjiang,
and Heilongjiang.

Fourth, due to the diversity of trade partners, there were
small differences in unit inflows of embodied energy among
the provinces. However, the unit outflows of embodied
energy were considerably different among the provinces. For
example, Inner Mongolia, Shanxi, Guizhou, and Ningxia,
which are rich in energy resources, had much higher unit
outflows of embodied energy compared with those of other
regions. These provinces’ industrial structures are charac-
terized by high energy consumption. The unit outflows of
embodied energy via interprovincial trade were substantially
lower than the unit inflows in Jiangxi, Shanghai, Guangdong,
andBeijing.These provinces’ industrial structures are cleaner.

5.2. Policy Implications. In summary, there is generally an
embodied energy outflow via China’s interprovincial trade
from central and western provinces, where the energy
resources are richer, to the provinces in coastal eastern
region, where the economy is more developed.Thus, with the
development of interprovincial trade, the embodied energy
is transferred from central and western provinces to eastern
provinces. If energy-saving and emission reduction goals
can be formulated according to the producer responsibility
principle, it will be difficult to save energy and reduce
emissions for the provinces in central and western region.
Transferring energy-intensive products from the central and
western regions to the eastern regionwill relieve the pressures
of energy saving and emission reduction.

In fact, the economically developed provinces in China’s
eastern coastal region are situated upstream in the industrial
chain. Transferring the high-energy-consumption products
(together with the embodied energy) from the less developed
provinces in the central and western regions elevates their
industrial structures and realizes the energy-saving and emis-
sion reduction requirements. The intensified dependency of
provinces with high embodied energy outflows on the high-
energy-consumption industries aggravates the pressures of
energy saving and consumption reduction, which brings
greater pressure to bear on overall energy saving and emission
reduction in China.

The consumer responsibility principle should be intro-
duced when formulating energy-saving and emission reduc-
tion goals. The economically developed provinces with sub-
stantial net embodied energy inflows should take responsi-
bility for supporting the provinces with net embodied energy
outflows. Outputs of advanced technologies, knowledge, and
talents from the eastern region to the central and western
regions should be encouraged. By introducing capital and
advanced clean production technologies, the central and
western regions can improve energy efficiency and industrial
output and better meet energy-saving and energy consump-
tion reduction targets, crucial for finally realizing China’s
overall energy-saving and emission reduction goals.

Conflict of Interests

The authors declare that there is no conflict of interests
regarding the publication of this paper.

Acknowledgment

The authors are grateful for the support from the National
Natural Science Foundation of China under Grant nos.
71003066, 71173200, and 71133003.

References

[1] International Energy Association,World EnergyOutlook, 2010.
[2] International Energy Association,World Energy Outlook, 2013.
[3] The Tyndall Centre for Climate Change Research, Global

Carbon Emissions Reach Record 10 Billion Tons—Threatening 2
Degree Target, Nature Climate Change, 2012.

[4] W. Leontief, “Composite commodities and the problemof index
numbers,” Econometrica, vol. 4, no. 1, pp. 39–59, 1936.

[5] D.Hawdon andP. Pearson, “Input-output simulations of energy,
environment, economy interactions in the UK,” Energy Eco-
nomics, vol. 17, no. 1, pp. 73–86, 1995.

[6] Y. Kondo, Y. Moriguchi, and H. Shimizu, “CO
2
emissions in

Japan: influences of imports and exports,” Applied Energy, vol.
59, no. 2-3, pp. 163–174, 1998.

[7] G. Machado, R. Schaeffer, and E. Worrell, “Energy and carbon
embodied in the international trade of Brazil: an input-output
approach,” Ecological Economics, vol. 39, no. 3, pp. 409–424,
2001.

[8] M. Lenzen, “Primary energy and greenhouse gases embodied in
Australian final consumption: an input-output analysis,” Energy
Policy, vol. 26, no. 6, pp. 495–506, 1998.

[9] J. Sánchez-Chóliz and R. Duarte, “CO
2
emissions embodied in

international trade: evidence for Spain,” Energy Policy, vol. 32,
no. 18, pp. 1999–2005, 2004.

[10] I. Mongelli, G. Tassielli, and B. Notarnicola, “Global warming
agreements, international trade and energy/carbon embodi-
ments: an input-output approach to the Italian case,” Energy
Policy, vol. 34, no. 1, pp. 88–100, 2006.

[11] G. P. Peters and E. G. Hertwich, “Pollution embodied in trade:
the Norwegian case,” Global Environmental Change, vol. 16, no.
4, pp. 379–387, 2006.

[12] M. Przybylinski, “Pollution flows between Poland and Ger-
many,” in Proceedings of the 14th International Conference on
Input-Output Techniques, Montreal, Canada, 2002.

[13] H. Hayami and M. Nakamura, “CO
2
emission of an alternative

technology and bilateral trade between Japan and Canada: relo-
cating production and an implication for joint implementation,”
in Proceedings of the 14th International Conference on Input-
Output Techniques, Montréal, Canada, 2002.
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The efficiency of ciprofloxacin (CIP) adsorption on synthesized birnessite was systematically studied under varying physicochem-
ical conditions, such as solution pH, contact time, initial CIP concentration, and different average oxidation states (AOS) of Mn in
birnessite. X-ray diffraction (XRD), Fourier transform infrared (FTIR), andmolecular simulations were employed to investigate the
adsorption mechanism of CIP on birnessite. Experimental results showed that surface adsorption instead of cation exchange was
responsible for the uptake of CIP on birnessite. The quantummechanics simulation showed that the final energy of the interaction
between CIP and birnessite was smaller under the condition when the AOS of Mn was lower, in comparison to the case when the
AOS of Mn was high. The highest CIP adsorption occurred under a weak alkaline condition.

1. Introduction

Antibiotics refer to a group of substances that can effectively
inhibit growth of pathogens or other active materials. Since
Alexander Fleming discovered penicillin in 1928, a large
number of antibiotics are not only used to treat human and
animal diseases but also widely used in poultry feeding and
aquaculture. Antibiotics play an important role in preventing
disease and promoting growth [1]. Many antibiotics have the
characteristics of low biodegradability and are persistent in
the environment [2].

Nonbiodegradable quinolone antibiotics are an impor-
tant type in the commonly used antibiotics. The most exten-
sively used prescribed quinolone antibiotic is ciprofloxacin
that can effectively act against a wide range of gram-negative
and gram-positive bacteria. In addition, CIP has high water
solubility under different pH conditions and has stability in
soil and wastewater [3–7]. It can be removed by wastewater
treatment, owing to its significant adsorption onto the sludge
floc [3]. Although 90% of CIP could be removed by activated
carbon from sludge [4], it is still found in the effluent of

sewage treatment plants. Studies of the interaction between
these pollutants and soil or sediment have attracted great
attention asmore andmore antibiotics are detected in surface
and wastewater.

Birnessite was originally thought as the air oxidation
product of manganese oxide in alkaline conditions in Scot-
land [8]. It is one of the most common manganese oxides in
soil and is also a potential, yet efficient, adsorbent [9]. It has
an octahedral layered structure and a large specific surface
area (63–300m2 g−1) [10]. The charge of Mn in octahedral
sites varies with the changes of environment and leads to
different number of interlayer cations [11]. The interlayer
cations can be more easily replaced by other inorganic or
organic cations based on the electronegative level [12]. The
sodium ions in birnessite can be fully exchanged by univalent
ions and partly exchanged by calcium and magnesium ions
[13]. Some recent studies reported that birnessite was able to
promote the decomposition of tetracycline or CIP [14–17].

The aim of this study was to study CIP adsorption on
birnessite under different physicochemical conditions and to
investigate the potential mechanism of CIP adsorption on
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Figure 1: Molecular structure of ciprofloxacin (a) and speciation of CIP as a function of solution pH (b).

birnessite using X-ray diffraction (XRD), Fourier transform
infrared spectroscopy (FTIR), and Material Studio simula-
tion.

2. Materials and Methods

2.1. Experimental Materials. Sodium hydroxide, manganese
chloride (MnCl

2
⋅4H
2
O), and potassium permanganate were

all purchased from Beijing Chemical Works. CIP has a water
solubility of 30 g/L at 20∘C and acid dissociation constants
p𝐾
𝑎1

and p𝐾
𝑎2

at 6.1 and 8.7 [18]. When the pH is less
than 6.1, the CIP molecule exists as a cation because of the
protonation of amino in the triazine part. Between pH6.1 and
8.7, zwitterion is the main form of CIP due to protonation of
amino in the piperazine part and deprotonation of carboxyl.
An anion is a dominant species when pH is greater than 8.7,
as a result of the loss of amino group proton in piperazine
moiety [19] (Figure 1).

2.2. Preparation of Birnessite with Different Average Oxidation
States (AOS) of Mn. In this paper, a liquid-phase reaction
method was used to prepare birnessite. The first step was to
mix 0.02mol MnCl

2
⋅4H
2
O and 0.25mol NaOH in 100mL

distilled water. In order to form a homogeneous solution, the
mixture was stirred for 1min at room temperature. And then
solution was mixed with 50mL KMnO

4
solution in different

molar ratio (61.76%, 57.89%, 54.76%, 52.17%, 50.00%, and
48.15%) relative to MnCl

2
⋅4H
2
O and stirring continued for

30min to insure the reaction was complete. The product was
aged for 24 h at room temperature. At last, the products were
washed with distilled water for ten times and dried at 60∘C
for 24 h. Then series of birnessites with different AOS of Mn
were obtained, named (I, II, III, IV, V, VI).

2.3. CIP Adsorption on Birnessite. Kinetics of CIP adsorption
were carried out to evaluate the parameters of CIP removal
from water by birnessite and to provide guides for further

studies on equilibrium CIP adsorption and effect of solution
pH on CIP adsorption.

The study of the kinetics of CIP adsorption on birnessite
was performed by mixing 0.1 g dry weight of birnessite with
25mL of 1000mg/L CIP solution on a horizontal shaker at
150 rpm for the following shaking times: 0.5, 1, 2, 10, 20, 30,
60, 120, 180, 240, and 300min.

For CIP adsorption isotherm study, 0.1 g (dry weight) of
birnessite was mixed with 10mL CIP solution in each 50mL
centrifuge tube at initial concentrations of 500, 1000, 2000,
3000, 4000, and 6000mg/L on a horizontal shaker at 150 rpm
for 24 h.

The pH of the equilibrium solution was kept about 6.4 for
the kinetics and isotherm study.

For the study of influence of solution pH on CIP adsorp-
tion, 0.1 g (dry weight) of birnessite and 25mL of 2000mg/L
CIP solutionweremixed in each 50mL centrifuge tube.Then,
solution pHwasmeasured and readjustedwithHCl orNaOH
every 8 h until the pH stabilized at the desired final solution
pH of 1–11 with an increment of 2. The total time of mixing
was 24 h.

For the three experiments mentioned above, a duplicate
was performed for each variable. After desired time, the
mixture was centrifuged for 10min at 7500 rpm and the
supernatant passed through 0.45 𝜇m syringe filters before
being analyzed for equilibrium CIP concentrations using a
UV-Vis method.

All experiments mentioned above were carried out to
provide guidance for the following experiment: the effect of
AOS of Mn in birnessites (different molar ratio of KMnO

4

and MnCl
2
⋅4H
2
O) on CIP adsorption. 0.1 g dry weight of

different kind of birnessite and 25mL of 6000mg/L CIP
solution were mixed in each 50mL centrifuge tube under the
conditions of pH = 7.

2.4. Methods of Analyses. We determined the equilibrium
CIP concentrations via a UV-Vis spectrophotometer at the
wavelength of 280 nm; the calibration curve was established
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Figure 2: X-ray diffraction patterns of birnessite (V) and birnessite
(V) which was reacted with the concentration of 6000mg/L CIP
solution.

by 10 standards in the range of 1–10mg/L and the coefficient
of regression 𝑟2 was 0.997. For the experiment of influence
of solution pH on CIP adsorption especially, we established
6 calibration curves with the pH of 1, 3, 5, 7, 9, and 11 to
determine the equilibrium CIP concentrations.

For the crystal structure of manganese dioxides, X-ray
powder diffraction analysis was used to characterize it. And it
was performed at 40 kV and 100mA. Oriented samples were
scanned from 2𝜃 3∘ to 70∘ with a scanning speed of 8∘/min.

The FTIR spectra were collected by accumulating 16 scans
at a resolution of 4 cm−1 in the range of 450 to 4000 cm−1
on a Spectrum 100 spectrometer equipped with a mercury
cadmium telluride detector.

Molecular simulation of binding energy between birnes-
site of different AOS of Mn and CIP was studied by means
of the module Forcite of Materials Studio 5.0 software. Dur-
ing simulation, the quantum chemical module of Materials
Studio CASTEP was used to calculate the interaction energy
between CIP and birnessite. By comparing the energies,
the ease of interaction between CIP and birnessite on edge
surface could be determined. The lower the energy is, the
more easy the interaction is.

Birnessite is a layered manganese oxide mineral. Each
layer consists of edge-shared MnO

6
octahedron. In the inter-

layer space, there are metal cations and water molecules. The
birnessite model was constructed and the atomic coordinates
were derived from the space group of C1 with 𝑎 = 5.175 Å,
𝑏 = 8.93 Å, 𝑐 = 7.38 Å, and 𝛽 = 103.18∘ [20]. And we chose
the (010) plane of birnessite as a demonstrational edge surface
and (001) plane as the basic surface in this study.

3. Results and Discussion

3.1. Characterization of Birnessite (V) by XRD. The original
sample of birnessite (V) and the birnessite (V) reacted
with the concentration of 6000mg/L CIP solution were
characterized by XRD (Figure 2). The results showed that
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Figure 3: Adsorption of CIP on birnessite (V) affected by solution
pH.

the synthetic material agreed well with the standard cards of
birnessite, indicating that the syntheticmaterial was relatively
pure birnessite. On the other hand, compared with the two
XRD diffraction patterns, the corresponding peak of (001)
crystal planes was not moved and the layer spacing remained
the same, proving that surface adsorption instead of interlayer
adsorption was the main form of CIP uptake on birnessite.

3.2. Influence of Solution pH on CIP Removal by Birnes-
site. The electric charges of CIP vary with pH and lead
to different CIP adsorption capacity. Under strong acidic
conditions, changes in solution pH had a minimal effect on
CIP removal. And then CIP adsorption increased gradually
with the increase of pH. Above pH 8.7, a further increase in
solution pH resulted in a remarkable decrease in CIP removal
(Figure 3). This trend was similar to CIP adsorption on Ca-
montmorillonite and kaolinite [21, 22].

Considering that the p𝐾
𝑎
values of CIP were 6.1 and

8.7, the CIP was in its zwitterionic form when solution pH
was between 6.1 and 8.7. Even though the net charge of the
whole molecule was zero, the positively charged amino was
still able to contribute to the adsorption of CIP on birnessite.
Therefore, a higher adsorption capacity occurred in the range
of pH 3 to 8.7. The adsorption was lower when solution pH
was 3 or less, because the negative charge of birnessite surface
decreased under low pH [27] and brought repulsion with
the positively charged CIP. When solution pH was greater
than 8.7, an anion played a dominant role in CIP speciation.
Significant repulsion was induced between the negatively
charged surfaces of birnessite and CIP. Thus CIP removal on
birnessite was significantly reduced in this case.

3.3. Kinetics of CIP Removal by Birnessite. The fast adsorption
rate was observed in this experiment, and it could reach the
adsorption equilibrium in 240min (Figure 4), proving that
the shaking time of 24 h was enough for other experiments.
Kinetic characteristics of CIP removal agreed well with
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the pseudo-second-order model. The integrated rate laws of
the pseudo-second-order kinetics are [23, 24]
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(1)

in which 𝑡 (min) is the time of adsorption, 𝑞
𝑡
(mg/g) is the

amount of solute adsorbed on the adsorbent surface at time
𝑡, 𝑞
𝑒
(mg/g) is the amount of solute adsorbed at equilibrium,

𝐾

𝑆
{mg/(g⋅min)} is the rate constant for adsorption, and 𝐶

𝑡

and𝐶
0
are the concentrations of solute at time 𝑡 and time zero.

The calculated 𝑞
𝑒
was 208mg/g close to the experimental

value of 203mg/g. The pseudo-second-order kinetics with a
coefficient of correlation 𝑟2 = 0.999.

3.4. Equilibrium of CIP Removal by Birnessite. The equi-
librium of CIP removal was described by the adsorption
isotherm. The observed CIP adsorption capacity was about
419–442mg/g at room temperature and the adsorption data
was fitted to the Langmuir isotherm (Figure 5).

The linear forms of Langmuir isotherm model can be
represented as follows:

𝐶

𝑒

𝑞

𝑒

=

𝐶

𝑒

𝑞

𝑚

+

1

𝑞

𝑚
𝐾

𝐿

, (2)

in which 𝐶
𝑒
is the concentration of CIP at equilibrium

(mg/L); 𝑞
𝑒
is the amount of CIP adsorbed per gram of

birnessite (mg/g); 𝑞
𝑚
is the maximum adsorption in theory;

and𝐾
𝐿
is the constant of isotherm equation.

The calculated 𝑞
𝑚
was 455mg/g close to the experimental

value of 442mg/g. And the 𝑟2 of pseudo-second-order
kinetics was greater than 0.99.

The analysis suggested that the thermodynamic charac-
teristics of CIP adsorption were well fitted to the Langmuir
model.
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3.5. FTIRAnalyses. Figure 6 presents the FTIR spectra ofCIP,
raw birnessite, and 6000mg/L CIP adsorbed birnessite.

Compared with the FTIR spectra of raw birnessite and
birnessite with absorbed CIP, there was no significant change
in the vibration of the backbone of birnessite before and after
CIP adsorption, which indicated that the adsorbed CIP did
not alter the structure, consistent with XRD observation.

Crystalline CIP had many characteristic peaks at the fin-
ger print (1200–1800 cm−1). There was a peak that appeared
in 1703–1699 cm−1 due to the fact that the ] (carboxylic acid
C=O) and the ] (Ketone C=O) were located at 1622 cm−1[18,
25]. And two relatively strong peaks appeared in 1269 cm−1
and 1484 cm−1.

Because ofMnO
6
octahedral, the FTIR spectra of original

and CIP-absorbed birnessite had a strong absorption peak
at about 520 cm−1. A broad weak and a strong broad peaks
appeared in 1624 and 3431 cm−1 with the former attributed to
less ordered water and the latter to OH, H

2
O adsorbed on

birnessite [26]. The other explanation of these phenomena
was the bending mode of H

2
O and the stretching mode of

the OH groups.
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The most obvious changes are those in 1200–1500 cm−1.
At wave numbers 1269 cm−1 and 1484 cm−1, which were the
characteristic peaks of crystalline CIP, the CIP-absorbed bir-
nessite showed the two new peaks comparedwith the original
material, characterizing the reaction between birnessite and
CIP.

3.6. Influence of Birnessite withDifferent AOS onCIP Removal.
Based on the study of influence of solution pH on CIP
removal by birnessite, we chose the same acidity condition
(pH = 7) to carry out this experiment.

Adsorption capacity of CIP increased gradually with the
increase of the molar ratio of MnCl

2
and KMnO

4
(Figure 7).

Consider that birnessite has a hexagonal symmetry layer
structure and may possess a variable number of octahedral
cationic vacancies within its layers. Manganese oxide octahe-
dral vacancies lead to the production of the negative charge
on the birnessite surface [27].When solution pHwas 7, part of
the CIP was in its cationic form. And the interaction between
CIPH+ and negative surface charge resulted in the adsorption
of CIP on birnessite. The increase of the ratio of MnCl

2
and

KMnO
4
leads to the decrease of Mn AOS and the increase

of surface electronegativity in birnessite.Thus the adsorption
capacity of CIP increased from sample I to V.

3.7. Molecular Simulation. As birnessite had two-dimen-
sional morphology microscopically, it could be presumed
that the large and flat surfaces on the basic plane would be
the sites for adsorption of CIP. And the charge of birnessite
is deeply dependent on the ratio of Mn (II) to Mn (VII). If
the adsorption of CIP on birnessite was from electrostatic
interaction, the location of charge on birnessite would play
an important role on the sorption sites of CIP.

We simulated the interactions betweenCIP and birnessite
on (010) surfaces under 3 different conditions for AOS of
Mn (Figure 8). To judge which condition is more stable, we
calculate the total energy of the 3 different conditions for AOS
ofMn. After that, we set the total energy of the highest AOS of
Mn (n(KMnO

4
) : n(MnCl

2
) = 61.76%) as the standard; when

the ratio of KMnO
4
to MnCl

2
was in sequence of 54.76% and

50.00%, the differences between the 2 energy values and the
standard were in order of −6.55 and −7.47 KJ/mol. With the
increase of the ratio of Mn (II) to Mn (VII), the difference
of total interaction energy decreased more, showing that
the system was more stable and leads to higher adsorption
capacity of CIP.

The simulations showed that CIP could interact with
the (010) edge surfaces more easily under a lower AOS of
Mn due to the comparison among the final energy. And
the simulation results agreed well with the experimental
phenomenon about birnessite with different AOS on CIP
removal.

3.8. Discussion. Because the pH of the equilibrium solution
was 6.4, under which CIP would be a monovalent cation
CIPH+. And the birnessite edge would be negatively charged.
Therefore, the interaction between birnessite and CIP may
cause CIP adsorption by birnessite.

We used Material Studio to simulate CIP removal by
birnessite of different AOS of Mn and calculate the binding
energy between birnessite and CIP. Quantum mechanics
simulation under different proportions of Mn2+ conditions
showed that CIP could interact with the (010) edge surfaces
more securely when the AOS of Mn decreased, in which
case the total negative charges of birnessite increased. This
phenomenon suggested again that the removal of CIP by
birnessite was due to surface adsorption and it was similar to
the adsorption of oxytetracycline on montmorillonite, which
confirmed that the dominant mechanism of interaction was
the hydrogen bonding [28].

4. Conclusions

Kinetic and thermodynamics experiments showed that CIP
adsorption fitted to the pseudo-second-order kinetics and
Langmuir isotherm model well. We carried out another two
experiments of changing the electric charge of CIP (the pH
experiment) and the charge of birnessite (the experiment
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using birnessite of different AOS of Mn), and the results
showed that CIP adsorption changed as the electric charge of
CIP and birnessite changed. This phenomenon proved that
it was surface adsorption that caused the removal of CIP
on birnessite. And the XRD, FTIR analysis, and molecular
simulations confirmed this mechanism again.
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To ascertain seismic response of retaining wall in the Wenchuan earthquake, large shaking table tests are performed and an
acceleration record is acted in 3 directions. In the tests, acceleration time history recorded at Wolong station in the Wenchuan
earthquake is used to excite the model wall. Results from the tests show that the location of dynamic resultant earth pressure is
0.35–0.49H from toe of the wall for road shoulder retaining wall on rock foundation, 0.33–0.42H for embankment retaining wall
on rock foundation, and 0.46–0.77H for road shoulder retaining wall on soil foundation. Besides, dynamic earth pressure increases
with the increase of ground shaking from 0.1 g to 0.9 g and the relationship is nonlinear. The distribution is closed to for PGA less
than 0.4 g but larger for PGA larger than and equal to 0.4 g, especially on the soil foundation. After the comparison of measured
earth pressures and theoretical results by pseudodynamic method and pseudostatic method, results of the former are consistent
with those of the shaking table test, but results of the latter method are smaller than measured.

1. Introduction

The Wenchuan earthquake seriously damaged retaining
structures of highway and railway in the disaster areas, which
not only brings direct economic losses, but also delays the
process of rescue and relief. To support the postdisaster
reconstruction and complement the code for seismic design
of retaining structures, Zhang et al. [1] carried out a number
of field survey and analyses andmainly focused on the seismic
damages of retaining structures. Results from the field survey
show that the number of damaged gravity retainingwalls is up
to 97.1% of all damaged retaining walls. The result stipulates
us to carry out seismic performance of gravity walls. Besides,
estimation of the seismic earth pressure is an important topic
of research for the safe design of retaining wall in the seismic
zone. It is a common practice to the seismic accelerations in
both horizontal and vertical directions in terms of equivalent
static forces, called pseudostatic accelerations. Using the
pseudostatic approach, several researchers have developed
different methods to determine the seismic earth pressure
on a rigid retaining wall due to earthquake loading starting
from the pioneering works by Okabe [2] and Mononobe [3],

commonly known as Mononobe-Okabe method [4] based
on the pseudostatic approach, which gives the linear earth
pressure distribution in a very approximate way irrespective
of static and seismic conditions. Kumar [5] had determined
the seismic passive earth pressure coefficients for sands using
limit equilibrium method. Dewaiker and Halkude [6] have
proposed a pseudostatic numerical analysis of seismic active
and passive thrust on retaining wall, using Kotter’s equation.
Kumar and Chitikela obtained the seismic passive earth
pressure coefficients usingmethod of characteristics.Madhav
and Kameswara Rao [7], Choudhury et al. [8], Choudhury
[9], and Subba Rao and Choudhury [10] have adopted limit
equilibrium for determining individually the seismic passive
earth pressure coefficients corresponding to unit weight,
surcharge, and cohesion components. Choudhury and Singh
[11] have determined active earth pressure coefficients under
static and seismic conditions using modified Culmann
method. However, all the above methods are based on pseu-
dostatic method of analysis, which does not consider the
time effect of the applied earthquake load and the effect of
shear and primary waves passing through the soil media. To
overcome these drawbacks, the analytical method based on
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pseudodynamic approach as given by Steedman and Zeng
[12] and modified by Choudhury and Nimbalker [13, 14] is
used for the present analysis for calculation of seismic passive
and active earth pressure.

Steedman and Zeng [12] considered in their analysis a
vertical rigid retaining wall supporting a particular value of
soil friction angle and a particular value of seismic horizontal
acceleration (𝑘ℎ𝑔, where 𝑔 is the acceleration due to gravity)
only. Again they have considered the effect of horizontal
seismic acceleration due to vertically propagating shearwaves
through the backfill behind retaining wall. In an improve-
ment over this method, Choudhury and Nimbalkar [14] have
incorporated effect of vertical seismic acceleration due to ver-
tically propagating primary waves through the backfill soil.
Again, they have studied the effect of various parameters such
as wall friction angle, soil friction angle, shear wave velocity,
primary wave velocity, and both the horizontal and vertical
seismic accelerations on the seismic active earth pressure
behind a rigid retaining wall by the pseudodynamic method.
Choudhury and Nimbalker [13] have extended this modified
work for estimation of seismic passive earth pressure.

In the pseudodynamic method, vertically propagating
shear and primary waves through the backfill generate vibra-
tions in horizontal and vertical directions, respectively.These
horizontal and vertical vibrations correspond to horizontal
and vertical time dependent seismic inertia forces, respec-
tively. Time dependent nature of these seismic inertia forces
is considered in the present analysis.

After the pseudodynamic method, the dynamic method
which is finite element method and the shaking table test are
used to the safe design of retaining wall in the seismic zone
[15, 16].

In the procedure of the development of pseudostatic
method, pseudodynamic method, and dynamic method,
achievements have been obtained, but some problems have
not been understood, such as the location of resultant
earth pressure and relationships between earth pressure and
ground shaking intensity. As a result, large shaking table tests
are performed in order to effectively help us improve the
understanding of characteristics of retaining structures in
highway and railway engineering.The reason for performing
the large shaking table tests is that the tests are themost direct
research approach [17, 18].

2. Shaking Table Tests

2.1. Shaking Table Test. The tests were performed on a large
shaking table with an advanced CNC system, data acquisi-
tion, and analysis system in the Nuclear Power Research and
Design Institute of China.The shaking table, 6mby 6m, has 6
degrees of freedom; the maximum weight is 60 ton, the max-
imum horizontal displacement is ±150mm, and the maximal
vertical displacement is ±100mm.The full-loaded horizontal
and vertical maximum acceleration is 1.0 g and 0.8 g and the
horizontal and vertical maximum acceleration for no loading
is 3.0 g and 2.6 g with frequency ranges from 0.1Hz to 80Hz.
And in the shaking table tests, a 128 channel BBM data
acquisition system with a maximum referenced error ≤ 0.5%,

Figure 1: Systems of CNC, data acquisition, and analysis.

Piezoelectric typeStrain type

Earth pressure sensors

Figure 2: Gravity retaining wall model and earth pressure sensor
installation diagram.

is used to perform data acquisition, monitoring signal and
analysis online synchronously, as shown in Figure 1.

2.2. Retaining Wall Model. In the shaking table tests, three
different gravity retaining wall models are constructed in the
tests: road shoulder retaining wall on rock foundation, road
shoulder retaining wall on soil foundation, and embankment
retaining wall on rock foundation.

The internal size of model boxes is 3.7m × 1.5m × 2.1m
and the model box is made of steel frame with steel plate on
the bottom. In order to observe movement of the retaining
wall and backfill, lateral walls of the steel frame are made of
organic glass, and a type of absorbingmaterial is set up on the
lateral walls perpendicular to horizontal movement direction
for reducing the reflection of seismic wave on the boundary.
The height of the model wall is 1.6mwith a similitude ratio of
6 for modeling a wall with 9.6m high and the backfill used in
the test is granite sand, as shown in Figure 2. The similitude
ratios for density and acceleration are 1, respectively, and
similitude relationships of other parameters can be deduced
based on Buckingham 𝜋 theorem [19, 20]. The test model
panorama is shown in Figure 3.

Data acquisition includes displacements, accelerations,
and total and dynamic earth pressures. The sensor location
arrangements are presented in Figure 4, and the sensor
installation diagrams of earth pressures and displacements
are shown in Figure 2 and Figure 5, respectively.
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Retaining wall model 

Model box

Figure 3: Test model panorama.

Foundation

Displacement meter
Horizontal accelerometer

Vertical accelerometer
Earth pressure sensor

Shaking table

Backfill

Figure 4: The instrument configuration.

2.3. Loading Cases. Horizontal and vertical accelerations
recorded at Wolong station in the Wenchuan earthquake are
used to excite themodel wall, which are scaled in the duration
according to the similitude ratio used, as shown in Figure 6.
Then the scaled seismic accelerations are scaled again on
required amplitudes. The scaled seismic accelerations on
duration and amplitude are used as input motions to excite
the platform from the horizontal and vertical directions. The
loading sequence in the test is white noise, PGA 0.1 g, PGA
0.2 g, PGA 0.4 g, PGA 0.7 g, and PGA 0.9 g.

3. Experimental Result Analyses

3.1. Earth Pressure Distribution on Backwall. The measured
distributions of total and dynamic earth pressures, as shown
in Figures 7 and 8, present that the distributions are nonlinear
along the wall height and the amplitude of the earth pressures
are proportional to the excited seismic peak accelerations
[21, 22].The dynamic earth pressures are comparatively small
for PGA less than 0.4 g but increase obviously for PGA
larger than and equal to 0.4 g. Besides, the rate of earth
pressure intensity change is related to geometric position,

Supporting 
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Figure 5: Displacement sensor installation diagram.
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Figure 7: The distribution of total earth pressure.

comparatively smaller above 2/3H from toe of the wall but
larger below.

3.2. Resultant Earth Pressures on Backwall. Resultant
dynamic and total earth pressures are proportional to the
excited seismic peak acceleration and increase more obvi-
ously with the increase of excited seismic peak accelerations
[23], as shown in Figures 9 and 10. The foundation condition
of retaining wall is an important influence factor to resultant
total and dynamic earth pressure. Compared with retaining
walls constructed on rock foundation, the dynamic and total
earth pressures of retaining walls on soil foundation are
larger. The influence of foundation condition is not obvious
when the excited seismic coefficient is low, and the difference
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Figure 10: Resultant dynamic earth pressures.

Table 1: Location of resultant earth pressure of road shoulder
retaining wall on rock foundation (ℎ/𝐻).

Seismic
coefficient

Location of resultant
total earth pressure

Location of resultant
dynamic earth

pressure
0.1 0.34 0.46
0.2 0.38 0.49
0.4 0.39 0.48
0.7 0.34 0.4
0.9 0.33 0.35
∗
𝐻: height of wall; ℎ: height of location of resultant earth pressure from toe

of wall.

Table 2: Location of resultant earth pressure of embankment
retaining wall on rock foundation (ℎ/𝐻).

Seismic
coefficient

Location of resultant
total earth pressure

Location of resultant
dynamic earth

pressure
0.1 0.44 0.38
0.2 0.44 0.42
0.4 0.39 0.38
0.7 0.35 0.33
0.9 0.32 0.36

of total earth pressure is less than 15% for PGA less than or
equal to 0.3 g but respectively, 20.56%, 52.84%, and 75.02% for
PGA equal to 0.4 g, 0.7 g, and 0.9 g. It is clear that the impact
of foundation condition becomes greater with the increase of
excited seismic peak accelerations. As a result, the influence
of foundation on a seismic performance of retaining wall
should be considered according to the regions where the
retaining wall locates. Comparing to the regions of seismic
intensities below 8 degrees if a retaining wall locates, the
influence of foundation in the regions with seismic intensities
above 8 degrees should be carefully concerned [24].

In addition, the values of total and dynamic earth pres-
sures are relevant to backfill form. The total and dynamic
earth pressures of an embankment retaining wall are larger
than those of shoulder retaining wall. The differences from
the forms of backfill reduced with the increase of excited
seismic peak acceleration but should not be ignored, as the
embankment earth pressures are still larger.

3.3. Location of Resultant Earth Pressure on Backwall. The
measured locations of resultant earth pressures (h/H) are
summarized in Tables 1, 2, and 3. Obviously, when the seismic
coefficient is low, measured locations of resultant total and
dynamic earth pressure are above 0.33H from the toe of wall.
With the increase of seismic coefficient, the locations become
close to 0.33H, which is provided by M-O formula [2, 3].
Figure 11 presents the results of the locations of resultant
total earth pressures (h/H) with excited seismic coefficients of
three different test models, and Figure 12 presents the results
of the locations of resultant dynamic earth pressures (h/H)
with excited seismic coefficients of three different testmodels.
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Table 3: Location of resultant earth pressure of road shoulder
retaining wall on soil foundation (ℎ/𝐻).

Seismic
coefficient

Location of resultant
total earth pressure

Location of resultant
dynamic earth

pressure
0.1 0.63 0.77
0.2 0.61 0.76
0.4 0.55 0.64
0.7 0.48 0.46
0.9 0.4 0.46
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Figure 11: Locations of resultant total earth pressures (h/H).

From Figures 11 and 12, we can see that, for a road
shoulder retaining wall, the locations of resultant total earth
pressure are lower than those of resultant dynamic earth pres-
sure, and the difference gradually reduces with the increase
of seismic coefficient [25]. Table 1 shows that the locations
are between 0.33H and 0.39H for total earth pressures,
while they are between 0.35H and 0.49H for dynamic earth
pressures. For embankment retaining wall, the locations
of resultant total and dynamic earth pressures are lower
when compared with those for the road shoulder retaining
wall, and when seismic coefficient is lower, the locations of
resultant total earth pressure are higher than those of resul-
tant dynamic earth pressure. With the increase of seismic
coefficient, the locations of resultant total and dynamic earth
pressure become close [26]. Table 2 shows that the locations
are between 0.32H and 0.44H for total earth pressures,
while they are between 0.33H and 0.42H for dynamic earth
pressures.

The foundation conditions of retaining wall have a strong
impact on the locations of resultant earth pressure. Normally,
the softer the foundation is, the higher the locations are. For
the shoulder retaining wall constructed on soil foundation,
the resultant locations are between 0.4H and 0.63H for total
earth pressures, while they are between 0.46H and 0.77H for
dynamic earth pressures, as shown in Table 3.
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Figure 12: Locations of resultant dynamic earth pressures (h/H).
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Figure 13: Comparison of measured earth pressures and theoretical
results by codes for rock foundation.

3.4. Comparison of Measured Earth Pressures and Theoretical
Results by Codes. The diagrams of comparison between
measured earth pressures and theoretical results by codes on
rock and soil foundation, respectively, are shown in Figures 13
and 14.

Figures 13 and 14 show that, for rock foundation, the
results by Chinese code are close to the measured earth
pressures in the regions of seismic intensities below 8 degrees
and smaller in the regions of seismic intensities above 8
degrees, while the results from European, Japanese, and New
Zealand codes are conservative, contrast to Chinese code.

For soil foundation, the theoretical method by Chinese
code for design of aseismic retaining wall is reasonable in the
regions of seismic intensities below 8 degrees but is dangerous
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Figure 14: Comparison of measured earth pressures and theoretical
results by codes for soil foundation.

in the regions of seismic intensities above 8 degrees, as the
theoretical results are obviously smaller than measured.
Nevertheless, the other theoretical results by the European,
Japanese, and New Zealand codes are slightly larger than the
measured, and the difference between the codes is slight with
seismic acceleration. In contrast to the Chinese code, these
foreign codes are comparatively reasonable, and the results
from the New Zealand code are closest to the measured ones.

3.5. Comparison of Measured Earth Pressures and Theoretical
Results by Pseudostatic Method (Mononobe-Okabe Method)
and Pseudodynamic Method [27]. In order to make a com-
parison of measured earth pressures and theoretical results
by pseudostatic method and pseudodynamic method, this
paper uses the same material parameters, earthquake wave,
and the analysis model with the shaking table test for the rock
foundation. The results are shown in Figures 15 and 17.

Figures 15, 16, and 17 show that, for the measured earth
pressures, the results for the pseudostatic method and the
pseudodynamic method are closed to shaking table test; for
the total earth pressures and the location of resultant total
earth pressures, the results for the pseudodynamic method
are obviously closer to the shaking table test than those for
pseudostatic method.

Therefore, the results of pseudodynamic method are con-
sistent with those of the shaking table test, but the results of
pseudostatic method are smaller than measured.

4. Conclusions

(1) The distribution of total and dynamic earth pressure is
nonlinear along the backwall. The dynamic earth pressures
increase obviously for PGA larger than and equal to 0.4 g.
Besides, the earth pressure intensity change speeds are related
to geometric position, comparatively smaller above 2/3H
from toe of the wall but larger below.
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results by pseudostatic method and pseudodynamic method for
rock foundation (PGA of the input seismic wave is 0.4 g).
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(2) Resultant dynamic and total earth pressures grow
more obviously along with the increase of seismic accelera-
tions.

Comparing to rock foundation retaining wall, the
dynamic and total earth pressures of soil foundation are
larger. The foundation influence to design of aseismic retain-
ing wall should be considered according to the regions and in
the regions of seismic intensities above 8 degrees it should be
carefully concerned.

The values of total and dynamic earth pressures are rel-
evant to backfill form.The earth pressures of retainingwall on
embankment are larger than on road shoulder. The influence
from the form of backfill becomes less obvious along with
seismic acceleration increasing but should not be ignored, as
the numerical values are totally greater.

(3) When the seismic coefficient is low, measured loca-
tions of resultant total and dynamic earth pressure are above
0.33H from the toe of wall, which is provided by M-O
formula. With the rising of seismic coefficient, the locations
become close to 0.33H.

For retaining wall on road shoulder, the locations of
resultant total earth pressure are lower than those of resultant
dynamic earth pressure, and the gaps become closer with
seismic coefficient rising. For retaining wall on embankment,
the locations of resultant total and dynamic earth pressure
are lower comparing to the retaining wall on road shoulder,
and when the seismic coefficient is low, the locations of resul-
tant total earth pressure are higher than those of resultant
dynamic earth pressure.With the rising of seismic coefficient,
the locations of resultant total and dynamic earth pressure
become close.

The foundation condition has a strong impact on the loca-
tions of resultant earth pressure. At the same time, the softer,
the locations higher.

(4) For rock foundation, the theoretical method for
design of aseismic retaining wall provided by Chinese code
is reasonable in the regions of seismic intensities below 8
degrees and smaller in the regions of seismic intensities above
8 degrees, while the results from those compared codes are
too conservative.

For soil foundation, the method by Chinese code is rea-
sonable in the regions of seismic intensities below 8 degrees
but is dangerous in the regions of seismic intensities above 8
degrees. In contrast to the Chinese code, these foreign codes
are comparatively reasonable, and the results from the New
Zealand code are closest to the measured ones.

(5) The results of pseudodynamic are consistent with
those of the shaking table test, but the results of pseudostatic
method are smaller than measured.
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Cationic polymer, hydroxy aluminum, and clay minerals are three flocculants with different action mechanisms and a more cost-
efficient multiple flocculant can be prepared by compositing them through appropriate technology. All of attapulgite (ATP), clay
minerals containing magnesium, aluminum, and silicate, are porous environmental mineral material with good absorbability and
have foundwide applications in industrial sewage treatment.With polyaluminumchloride (PAC), poly(dimethyl diallyl ammonium
chloride) (PDMDAAC), and attapulgite (ATP) clay being the main raw materials, multiple flocculant CMHa (liquid) with good
storage stability was prepared and its optimized blending mass percent was PDMDAAC of 2%-3%, ATP of 4%–6%, and PAC of
20%–30%. The liquid poly(dimethyl diallyl ammonium chloride) (PDMDAAC) was firstly loaded on solid material in kneader
and then mixed in certain proportion with PAC and ATP to prepare solid CMHa convenient for storage and transportation. The
optimized mass ratio is PAC :ATP : PDMDAAC = 80 : 10 : 2.4. When this multiple flocculant was used to treat domestic sewage,
coal washing sewage, dyeing wastewater, and papermaking wastewater, its equivalent dosage was just 50% of PAC, while overall
production cost has been reduced to about 40%, viewing showing broad application prospect.

1. Introduction

Flocculants have found wide application due to their good
coagulation and purification behavior, low price, and conve-
nience and have been the most widely used water treatment
agent with the largest consumption [1, 2].

Micromolecular inorganic salt flocculants, for example,
aluminium chloride (AlCl

3
⋅6H
2
O), ferrous sulfate

(FeSO
4
⋅7H
2
O), and ferric chloride (FeCl

3
⋅H
2
O), have

advantage in low cost but their alum grains are small and
are strongly corrosive, so they are generally replaced by
inorganic polymer flocculants. Polyaluminum chloride
(PAC), polyferric sulfate (PFS), polyferric chloride (PFC),
and polyaluminium ferric chloride (PAFC) are popular
inorganic polymer flocculants. Relatively speaking, inorganic
polymer flocculants have better flocculation performance

and cheaper than organic flocculants; however their storage
stability is poor and will produce plenty of sludge; thus it is
difficult for subsequent treatment [1, 3].

Organic flocculants have advantage in low dosage, fast
flocculation velocity, being affected little by coexisting salts,
pH of medium, and environment temperature, small amount
of sludge, and good decolorization performance, but they
are costly and their hydrolyzed or degraded products are
toxic. Organic polymer flocculant is classified as natural and
multiple [3, 4].

Multiple flocculants can be classified as inorganic-organic
multiple, organic-organicmultiple, inorganic-inorganicmul-
tiple, multinuclear inorganic polymer flocculant, and so
forth. Among them, multiple of polymeric aluminum, poly-
meric iron, and polyacrylamide is the most popular, which
integrates the merits of inorganic and organic flocculants
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and makes good use of electrical neutralization, adsorption,
bridging, and furl mechanism, thus improving flocculation
performance, reducing costs, decreasing flocculant dosage
and the amount of sludge, promoting the stability of multiple
flocculant, and broadening its application. Consequently, it
has been the research focus in developing new flocculant [5–
13].

Mineral flocculants remove organics and metal ions in
water through adsorption and thus no secondary contamina-
tion exists, particularly suitable for the treatment of seriously
polluted domestic and industrial sewage [7, 10, 11, 13, 14].
However, mineral flocculants also have some disadvantages
in practical application. At first, the dosage is large. When
treating the same water sample, dosage of mineral flocculants
is far larger than that of conventional flocculants (e.g.,
PAC). In addition, the large dosage makes larger amount of
alum grain sediments after treatment than that produced by
conventional flocculants. Thirdly, its treatment efficiency is
low. Conventional flocculants can flocculate rapidly, while
mineral flocculants remove organics and metal ions in water
through adsorption and adsorption often takes some time,
thus making the treatment efficiency of mineral flocculants
lower.

By combining structural features and flocculation perfor-
mance of organic cationic polymer (C), inorganic hydroxy
aluminium (Ha), and clay mineral (M), this paper aims at
developing a multiple flocculant CMHa with good perfor-
mance and low cost.

2. Materials and Methods

2.1. Instruments. SGE-2 Digital Turbidity Meter (Shanghai
Yuefeng Instruments Co., Ltd.), TDL-5A High-Speed Cen-
trifuge (Shanghai Fulgor Analysis Instruments Co., Ltd.),
and NH-1 Kneader (Shandong Laizhou Longhe Chemical
Industrial Equipment Co., Ltd.) are used.

2.2. Materials. Attapulgite (ATP) (Mingguang, Anhui);
bentonite (Ningcheng, Inner Mongolia); polyaluminum
chloride (PAC) (liquid sample PAC; solid sample SPAC)
(Gongyi, Henan); kaolinite (Karamay, Xinjiang); poly(dime-
thyl diallyl ammonium chloride) (PDMDAAC) (Kemira,
Jiangsu); cationic polyacrylamide (CPAM) (Xitao, Beijing);
poly(dimethyl diallyl ammonium chloride-acrylamide)
(PDA) (Kemira, Jiangsu); diatomite (Linjiang, Jilin); cellu-
lose graft starch (PPS) (Pinggu, Beijing); puffing modified
starch (EPPS) (Pinggu, Beijing); and silane graft starch
membrane-forming agent (SIM) (Pinggu, Beijing) are used.
All of the samples are industrial products obtained from
China chemical market.

2.3. Methods

2.3.1. Hydration of Mineral Material. Prepare suspension
of clay minerals with various concentrations and then the
prepared suspension was stirred for 20min in high speed
stirrer (10000 rpm) followed by hydrating for 16 h.

2.3.2. Preparation of Liquid CMHa. Blend PAC, cationic
polymer, and hydrated mineral suspension in various pro-
portions at first and then the mixture was stirred at certain
temperature to form uniform solution, that is, liquid CMHa
sample.

2.3.3. Load and Solidification of PDMDAAC. Add some sup-
port materials into kneader and then add liquid PDMDAAC
sample slowly. Keep heating and kneading until water in
PDMDAAC evaporates almost completely; then take out the
sample for crushing, that is, solidified PDMDAAC sample,
recorded as PDMDAAC-S.

2.3.4. Preparation of Solid CMHa. Mix dry solid PAC,
PDMDAAC-S, and clay mineral uniformly, that is, solid
CMHa sample CMHa-S.

2.4. Evaluations

2.4.1. Evaluation on Flocculant Stability. Leave it stand and
observe its stability. And then evaluate its stability by
mechanical centrifugation. Take some prepared samples and
centrifuge them for 5min at rotation speed of 2000 rpm,
3000 rpm, 4000 rpm, and 5000 rpm, respectively. The rota-
tion speed at which sample begins separating out water or
layering is selected as stability evaluation indicator.The faster
rotation speed indicates better stability.

2.4.2. Evaluation on Flocculation Performances. Diatomite
suspension with turbidity of 1000NTU was prepared to sim-
ulate water sample (600 g water mixed with 1.1 g diatomite).
Then add certain amount of flocculant sample into 100mL
simulated water sample and stir rapidly for 2min at first and
then stir slowly for another 2min. After that, add certain
amount of polyacrylamide and stir slowly for 2min. Observe
and record the size and settling time of alum grain. After
30min, measure the turbidity of supernatant.

3. Results and Discussion

3.1. Influence Factors on Stability and
Coagulation Behavior of CMHa

3.1.1. Mineral Materials Types. It can be known through
investigating the stability of CMHa prepared by different
mineral materials (shown in Table 1) that the presence of
bentonite in ternary system makes the system layer and
yellow liquid separate out in upper layer; precipitates can be
observed in the system in the presence of kaolinite as kaolinite
tends not to suspend; ATP makes the ternary system very
stable, so it is selected as mineral material used in following
tests.

3.1.2. Cationic Polymers. The presence of PDA makes CMHa
ternary system layer, while adding PDMDAACwill not affect
the system’s stability. However, if content of PDMDAAC
exceeds 3%, viscosity of the system will increase and thus
it cannot flow easily after standing, while low content will
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Table 1: The stability of different kinds of minerals in the CMHa.

CMHa (%) Sample appearance after standing
PAC PDMDAAC Bentonite Kaolinite ATP
15 1 15 Settling
15 2 10 Settling
20 1 4.0 Obvious separated layer
20 1 5.0 Obvious separated layer
25 1 5.0 Obvious separated layer
15 1 5.0 5.0 Separated layer
15 1 3.0 3.0 3.0 Separated layer
15 1 5.0 Stable
15 1 6.0 4.0 Settling
15 1 3.5 1.5 Separated layer

Table 2: The influence of different kinds of cationic polymers on the stability of CMHa.

CMHa (%) Sample appearance after standing
PAC PDMDAAC PDA ATP
20 1 5 Relatively stable
20 2 5 Relatively stable
20 3 5 Thick and viscous
20 1 5 Obvious separated layer
20 2 5 Obvious separated layer
20 3 5 Obvious separated layer

Table 3: The influence of attapulgite on the stability of CMHa.

CMHa (%) Sample appearance after standing
PAC PDMDAAC ATP

25 2 3.7 A little water separated in the
upper part

25 2 4.2 Uniform
25 2 4.8 Uniform
25 2 5.2 Uniform
25 2 5.5 Uniform
25 2 6.0 Difficult to flow
25 2 7.0 Difficult to flow

degrade the flocculation performance of products. Conse-
quently, the suitable dosage of PDMDAAC is 2%-3%, as
shown in Table 2.

3.1.3. Mineral Material Content. When content of ATP was
lower than 4%, viscosity of product is low and water tends
to separate out in upper layer, and thus layering is observed;
while content of ATP is greater than 6%, viscosity of product
is too high and its flow ability becomes poor after standing.
Consequently, appropriate content of ATP ranges from 4% to
6%, as seen in Table 3.

3.1.4. Reaction Temperature. Influence of reaction tempera-
ture on stability, viscosity, and flocculation behavior can be
seen in Tables 4 and 5. Increasing temperature promotes

stability, increases viscosity of system, and enhances floccu-
lation performance. However, solidification will be observed
after standing some time due to high viscosity and poor flow
ability.Therefore, optimal temperature should be 40∘C∼60∘C.

3.1.5. Polyaluminum Chloride (PAC). PAC exerts great influ-
ence on the stability and flocculation behavior of CMHa.
Results in Table 6 show that PAC content of 35% makes
the flow ability of product poor. Content of PAC affects the
performance of multiple flocculant directly and it should be
as high as possible if stability allows for it. Therefore, the
optimal content of PAC should be 25%∼30%.

3.2. Effects of Treating Water with Different Turbidities Used
Liquid CMHa. Compare the flocculation performance of
solid PAC (SPAC) with that of liquid CMHa sample prepared
at 60∘C in the selected optimal blending ratio with good
stability (25% PAC + 2% PDMDAAC + 5% ATP) according
to results in Table 6. Results in Table 7 show that, when
compoundingwith CPAM, turbidity removal performance of
liquid CMHawith two times of dosage was better than that of
solid PAC and settling velocity also accelerates. When singly
used, turbidity removal performance of liquid CMHa with
two times of dosage was improved significantly and settling
velocity also accelerated considerably.

3.3. Solidification of CMHa

3.3.1. Selecting Carrier for PDMDAAC. To address the incon-
venient storage and transportation of liquid CMHa, porous
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Table 4: The influence of reaction temperature on the stability and the coagulation behavior for the produced samples (1000NTU diatomite
suspension).

CMHa (%) Reaction temperature (∘C) Centrifugal stability (rpm) Residual turbidity (NTU)
PAC PDMDAAC ATP
25 2 5 25 3000 1.1
25 2 5 40 3000 0.80
25 2 5 60 4000 0.63
25 2 5 80 5000 0.42

Table 5: The influence of reaction temperature on the appearance viscosity of produced samples.

CMHa (%) Reaction temperature (∘C) Sample appearance
PAC PDMDAAC ATP
20 3 6 40 Thin liquid
20 3 6 60 Thick liquid
20 3 6 80 Difficult to flow
25 2 6 40 Thin liquid
25 2 6 60 Viscous liquid
25 2 6 80 Difficult to flow

Table 6: The influence of PAC in CMHa on the stability of produced flocculants.

CMHa (%) Reaction temperature (∘C) Centrifugal stability (rpm)
PAC PDMDAAC ATP
15 2 5 60 3000
20 2 5 60 3000
25 2 5 60 4000
30 2 5 60 4000
35 2 5 60 Difficult to flow

solid materials are used to carry PDMDAAC solution with
active ingredient content of 40% at first. Then compound-
ing with solid PAC and solid CPAM, solid CMHa can
be prepared, that is, CMHa-S. Solid carriers used in tests
as shown in Table 8 were selected from natural mineral
materials (Attapulgite, Diatomite, Kaolinite, Bentonite) and
natural polymeric materials (PPS, EPPS, and SIM). Floc-
culation performance of SPAC and CMHa-S sample with
optimal blending ratio was compared, as seen in Table 9. By
comparing the capacity of carriers, status being loaded by
PDMDAAC, flocculation performance, and costs, SIM was
finally selected as the carrier for liquid PDMDAAC. CMHa-S
sample prepared by SIM being as carrier is the best option.

3.3.2. Comparing Flocculent Performance of CMHa with Dif-
ferent PDMDAAC Contents. CMHa samples with different
PDMDAACcontentswere prepared as seen inTable 10.These
samples were used to treat diatomite suspension of 1000NTU
to compare their flocculation performance and results shown
in Table 11. Results show that higher PDMDAAC content
meant better flocculation performance of CMHa in the
presence/absence of CPAM. Coagulation behavior of CMHa-
S-PDMDAAC24 sample in the absence of CPAMwas similar
to that of SPAC with three times higher dosage than it and

the settling velocity accelerates considerably, while its floccu-
lation performance in the presence of CPAM was similar to
that of SPACwith two times higher dosage than it. It is suggest
that SPACmixedmineral material and cationic polymer with
an enhanced coagulation performance. However, increasing
PDMDAAC content in samples made kneading difficult, so
CMHa-S-PDMDAAC24 was an optimized formula consid-
ering both cost efficiency and technology.

3.3.3. Economic Efficiency of CMHa-S. Taking CMHa-S-
PDMDAAC24 as an example and according to current price
of raw materials, it can be known that total cost of raw
materials is 2100 yuan/ton, comprehensive processing charge
is 300 yuan/ton, total production cost is 2400 yuan/ton, and
selling price is 3000 yuan/ton. As the equivalent dosage of
SPAC is 2∼3 times higher than that of CMHa-S and the price
of good SPAC is about 2500 yuan/ton, the price of CMHa-S
is only 40% lower than that of PAC. And therefore CMHa-S
is more cost-efficient.

3.4. Results of CMHa Treating Industrial Sewage. The indus-
trial solid CMHa-S-PDMDAAC24 sample was diluted by
water to 32% and then the solution was used to treat domestic
sewage, coal washing sewage, and dyeing wastewater. Then
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Table 7: The coagulation behaviors of CMHa versus PAC (100–1000NTU diatomite suspension).

Turbidity of
diatomite
suspension (NTU)

Flocculants (mg/L) CPAM (mg/L) Settling time (s) Residual turbidity
(NTU) Coagulation behaviors

1000 SPAC (30) 3 50 5.7 Larger alum floc
1000 CMHa (60) 3 40 4.5 Larger alum floc
1000 SPAC (60) — 130 7.6 Larger alum floc
1000 CMHa (120) — 90 5.9 Larger alum floc
500 SPAC (20) 2 60 2.7 Larger alum floc
500 CMHa (40) 2 50 2.3 Larger alum floc
500 SPAC (40) — 150 4.5 Smaller alum floc
500 CMHa (80) — 100 3.1 Larger alum floc
100 SPAC (15) 2 80 1.8 Larger alum floc
100 CMHa (30) 2 70 1.6 Larger alum floc
100 SPAC (30) — 180 2.5 Smaller alum floc
100 CMHa (60) — 120 1.9 Larger alum floc

Table 8: The carried dosage of different carrier materials for PDMDAAC.

Carrier materials (g) PDMDAAC (g) Content of PDMDAAC in
solidified samples (%) Characteristics of solidified samples

Attapulgite (100) 100 28.6 High viscosity and difficulty to kneading reaction
Bentonite (100) 100 28.6 High viscosity and difficulty to kneading reaction
Diatomite (100) 200 44.4 Low viscosity and easiness to kneading reaction
EPPS (100) 80 24.0 High viscosity and difficulty to kneading reaction
PPS (100) 80 24.0 Low viscosity and easiness to kneading reaction
SIM (100) 80 24.0 Low viscosity and easiness to kneading reaction

Table 9:The influence of different carrier materials on the coagula-
tion behaviors of CMHa-S (1000NTU diatomite suspension).

Flocculants (mg/L) CPAM
(mg/L)

Settling
time (s)

Residual
turbidity (NTU)

SPAC (30) 2 20 0.9
SPAC (45) 2 20 0.6
CMHa-S-SIM (15) 2 20 0.8
CMHa-S-diatomite (15) 2 30 1.5
CMHa-S-PPS (15) 2 25 1. 3
SPAC (100) 150 5.5
SPAC (150) 90 2.5
CMHa-S-SIM (50) 90 2.4
CMHa-S- diatomite (50) 100 2.6
CMHa-S-PPS (50) 110 3.7

evaluate its flocculation performance and compare with that
of SPAC.

3.4.1. Treating Domestic Sewage. Results in Table 12 show that
when CMHa was used to treat the domestic sewage of a
sewage treatment plant in Changzhou the residual turbidity
of treated water is lower than that treated by PAC, and alum

Table 10: CMHa-S with different carried dosage of PDMDAAC.

Samples number CMHa (%)
SPAC ATP SIM PDMDAAC

CMHa-S-PDMDAAC8 80 10 9.2 0.8
CMHa-S-PDMDAAC16 80 10 8.4 1.6
CMHa-S-PDMDAAC24 80 10 7.6 2.4

grain produced by CMHa is larger and its settling velocity is
faster.

3.4.2. Treating Dyeing Wastewater. Flocculation behaviors
of CMHa versus PAC for treating dyeing wastewater of a
textile dyeing and printing plant in Shandong were shown
in Table 13. The original wastewater with turbidity of 52
NTU is neutral pH and looks light yellow. Turbidity removal
performance of CMHa with only half dosage of PAC can
approach that of PAC, while settling velocity of CMHa is
faster than that of PAC and its floccules were larger.

3.4.3. Treating PapermakingWastewater. Flocculation behav-
iors of CMHa versus PAC for treating papermaking wastew-
ater of a paper mill in Zhejiang were shown in Table 14. Being
used singly, the turbidity removal performance and settling
velocity of CMHa and PAC are close to each other. However,
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Table 11: The coagulation behaviors of CMHa-S carried different dosage of PDMDAAC (1000NTU diatomite suspension).

Dosage of flocculants (mg/L) CPAM (mg/L) Settling time (s) Residual
turbidity (NTU)

Characteristics of alum floc
during coagulation reaction

SPAC (100) 150 5.5 Alum floc slow and minor
SPAC (150) 100 2.2 Alum floc quick and larger
CMHa-S-PDMDAAC8 (50) 100 4.5 Alum floc quick and larger
CMHa-S-PDMDAAC16 (50) 90 3.1 Alum floc quick and larger
CMHa-S-PDMDAAC24 (50) 80 2.1 Alum floc quick and larger
SPAC (30) 2 20 1.4 Alum floc quick and larger
CMHa-S-PDMDAAC8 (15) 2 20 1.2 Alum floc quick and larger
CMHa-S-PDMDAAC16 (15) 2 25 1.1 Alum floc quick and larger
CMHa-S-PDMDAAC24 (15) 2 20 0.8 Alum floc quick and larger

Table 12: Coagulation behaviors of CMHa versus PAC for domestic-sewage treatment (original wastewater 50NTU).

Dosage of flocculants (mg/L) CPAM (mg/L) Settling time (s) Residual turbidity (NTU) Coagulation behaviors
SPAC (20) 5 80 2.7 Smaller alum floc
CMHa (10) 5 70 2.3 Larger alum floc
SPAC (30) 5 70 1.4 Larger alum floc
CMHa (15) 5 70 1.1 Larger alum floc
SPAC (20) 300 5.8 Smaller alum floc
CMHa (10) 200 5.6 Smaller alum floc
CMHa (20) 180 4.6 Larger alum floc

Table 13: Coagulation behaviors of CMHa versus PAC for dyeing-wastewater treatment (original wastewater 52NTU).

Dosage of flocculants (mg/L) CPAM (mg/L) Settling time (s) Residual turbidity (NTU) Coagulation behaviors
SPAC (200) 10 120 20. 2 Smaller alum floc
CMHa (100) 10 100 20. 5 Smaller alum floc
SPAC (400) 10 100 10.3 Smaller alum floc
CMHa (200) 10 80 10.8 Larger alum floc
Solid PFS (400) 10 — — Without effect
Solid FeSO4 (400) 10 — — Without effect

Table 14: Coagulation behaviors of CMHa versus PAC for paper-making wastewater treatment (original wastewater 850NTU).

Dosage of flocculants (mg/L) CPAM (mg/L) Settling time (s) Residual turbidity (NTU) Coagulation behaviors
SPAC (100) 3 50 50 Smaller alum floc
SPAC (120) 3 40 42 Larger alum floc
CMHa (50) 3 50 65 Larger alum floc
CMHa (100) 3 40 52 Larger alum floc
SPAC (200) 70 43 Smaller alum floc
SPAC (250) 60 40 Larger alum floc
CMHa (100) 60 45 Larger alum floc
CMHa (150) 60 42 Larger alum floc

when compounding with CPAM, the settling velocity of
CMHa is faster than that of PAC and its floccules were larger.

3.4.4. Treating Coal Washing Sewage. Flocculation behaviors
of CMHa versus PAC for treating coal washing sewage of
a coal washing plant in Shanxi were shown in Table 15.

Turbidity removal performance of CMHa with only half
dosage of PAC is far better than that of PAC.

3.5. Action Mechanism of Multiple Flocculant. The three
components of CMHa work differently. CMHa makes full
use of the comprehensive characteristics of inorganic and
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Table 15: Coagulation behaviors of CMHa versus PAC for coal-washing wastewater treatment (original wastewater 1200NTU).

Dosage of flocculants (mg/L) CPAM (mg/L) Settling time (s) Residual turbidity (NTU) Coagulation behaviors
SPAC (50) 5 20 19 Larger alum floc
CMHa (30) 5 15 9.4 Larger alum floc
CMHa (20) 5 15 17 Larger alum floc
SPAC (80) 150 40 Smaller alum floc
CMHa (50) 60 14 Larger alum floc
CMHa (40) 80 22 Larger alum floc

organic polymer flocculants and adsorption, bridging, and
flocculation aid capacity of natural porous mineral materials,
which is not simple arithmetical addition of flocculation
performance of single component. Combining the previous
research and results of this paper, action mechanism of
multiple flocculant includes the following three aspects.

3.5.1. Role of Mineral Material in CMHa. Being as flocculant,
mineral material contains exchangeable inorganic cations in
its interlayer and some oxygen atoms exposed on its crystal
surface.This special molecular structure and irregular crystal
defect of mineral material enable it to adsorb contaminants
in water well. Clay mineral is characterized as being porous,
having large specific surface area, and having strong polarity
and its price is often lower than that of conventional floccu-
lants. Some unwieldy contaminants in water (e.g., organics
and metal ions) can be removed through adsorption of
minerals and secondary pollution can be avoided [10, 11].

3.5.2. Role of Hydroxyl Aluminum in CMHa. Polyaluminum
chloride is an intermediate from hydrolyzation and its floc-
culation performance is related to its degree of alkalization.
It is often expressed by the formula Al

2
(OH)
𝑛
Cl
(6−𝑛)

and n
means degree of alkalization. Hydroxyl aluminum contains
polyhydroxy complex-ions and these ions will formmultinu-
clear complex-ions using OH− as bridge. So it can adsorb col-
loidal particles strongly and then promote the agglomeration
of colloid through adsorption, bridging, and cross-linking.
Meanwhile, physicochemical changes will occur and then
charges on the surface of colloidal particles and suspended
solids can be neutralized and Zeta potential is reduced,
whichmakes the repulsive colloid particles become attractive,
destroys the stability of micelles, and promotes the collision
of colloidal particles, and therefore flocculant coagulative
precipitation is produced and its surface area can be as
large as (200–1000)m2/g, having adsorption capacity [12,
15–18]. In short, polyaluminum chloride plays various roles
including adsorption, destabilization, adhesion, bridging,
and furl flocculation.

3.5.3. Role of Polymer in CMHa. Themolecular mass, molec-
ular structure, shape, and groups of polymer can affect the
activity of flocculant. In addition, organic flocculant carried
charge and thus can play electrical neutralization. Due to its
large molecular mass, polymer can be regarded as a bridge
helping produce flocs with structure of “colloidal particle-
polymer-colloidal particle” and the flocs will settle. It can be

interpreted as that two colloidal particles with like charges are
connected together by a colloidal particle with unlike charges
to form precipitate. Polymer flocculant with linear structure
can be absorbed on the surface of colloidal particles and can
enlarge the volume of alum grains and accelerate settling
through furl mechanism [19, 20].

4. Conclusions

Cationic polymer, hydroxy aluminum, and clay minerals are
three flocculants with different action mechanisms and a
more cost-efficient multiple flocculant can be prepared by
compositing them through appropriate technology.

With polyaluminum chloride (PAC), poly(dimethyl dial-
lyl ammonium chloride) (PDMDAAC), and attapulgite
(ATP) clay being the main raw materials, multiple flocculant
CMHa (liquid) with good storage stability was prepared and
its optimized blending mass percent was PDMDAAC of 2%-
3%, ATP of 4%–6%, and PAC of 20%–30%.

The liquid poly(dimethyl diallyl ammonium chloride)
(PDMDAAC) was firstly loaded on solid material in kneader
and then mixed in certain proportion with PAC and ATP
to prepare solid CMHa convenient for storage and trans-
portation. The optimized mass ratio is PAC :ATP : SIM :
PDMDAAC = 80 : 10 : 7.6 : 2.4. When this multiple flocculant
was used to treat domestic sewage, coal washing sewage, dye-
ing wastewater, and papermaking wastewater, its equivalent
dosagewas just 50%of PAC,while overall production cost has
been reduced about 40%. Consequently, multiple flocculant
CMHa shows broad application prospect.
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[15] G. Ovejero, A. Rodŕıguez, A. Vallet, and J. Garcı́a, “Catalytic
wet air oxidation of a non-azo dye with Ni/MgAlO catalyst,”
Chemical Engineering Journal, vol. 215-216, pp. 168–173, 2013.

[16] W. Y. Yang, J. W. Qian, and Z. Q. Shen, “A novel flocculant of
Al(OH)

3
-polyacrylamide ionic hybrid,” Journal of Colloid and

Interface Science, vol. 273, no. 2, pp. 400–405, 2004.
[17] P. A. Moussas and A. I. Zouboulis, “A study on the properties

and coagulation behaviour of modified inorganic polymeric
coagulant-Polyferric silicate sulphate (PFSiS),” Separation and
Purification Technology, vol. 63, no. 2, pp. 475–483, 2008.

[18] F. El-Gohary and A. Tawfik, “Decolorization and COD reduc-
tion of disperse and reactive dyes wastewater using chemical-
coagulation followed by sequential batch reactor (SBR) pro-
cess,” Desalination, vol. 249, no. 3, pp. 1159–1164, 2009.

[19] K. E. Lee, B. T. Poh, N. Morad, and T. T. Teng, “Synthesis and
characterization of hydrophobically modified cationic acry-
lamide copolymer,” International Journal of Polymer Analysis
and Characterization, vol. 13, no. 2, pp. 95–107, 2008.

[20] M. Ng, A. E. Liana, S. Liu et al., “Preparation and charac-
terisation of new-polyaluminum chloride-chitosan composite
coagulant,”Water Research, vol. 46, no. 15, pp. 4614–4620, 2012.



Research Article
Composition Optimization of Glass-Like Casing and Its Novel
Application in Mending Instable Borehole Wall

Zhi-jun Li,1 Yu Wang,1 Bao-lin Liu,1 and Chun Yang1,2

1Key Laboratory on Deep Geodrilling Technology of the Ministry of Land and Resources,
China University of Geosciences, Beijing 100083, China
2Sinomine Resource Exploration Co., Ltd, Beijing 100083, China

Correspondence should be addressed to Yu Wang; wangyu203@cugb.edu.cn

Received 21 August 2014; Revised 2 January 2015; Accepted 7 January 2015

Academic Editor: Hanlie Hong

Copyright © 2015 Zhi-jun Li et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

A glass-like casing was developed to mend the instable borehole due to its great similarities in compositions and structure. In order
to boost the casing’s mechanical properties and lower its cost, different wt% additions of aluminum and quartz sand are added into
the composition. Based on the outcomes of differential scanning calorimeter (DSC), it is suggested to be sintered at the temperature
of 700∘C. The results of X-ray diffraction (XRD) show that aluminum and SiO

2

are its main crystalline phases. Its compression
strength and the tensile strength range 5–14Mpa and 0.5–4.5Mpa, respectively, with the relative densities of between 1.00 g/cm3
and 1.19 g/cm3. In the end, a glass-based formula with 30wt% aluminum and 40wt% quartz sand is developed and experimentally
applied.

1. Introduction

Nowadays, wellbore instability has severely influenced the
drilling efficiency [1]. In the past, the casing running is most
frequently used to protect the well from being damaged.
Mostly, however, the holes will be damaged at some certain
parts; therefore, there is little point in practically mending
the whole borehole wall. However, in most practical cases,
the casing running will be applied from hole’s bottom to
the orifice, a huge waste of steel casing. In order to reduce
the huge cost, a novel technology of hot melting casing
is developed. The original concept of this technology is
derived from Subterrene drilling, whichmakes holes in rocks
and soils through progressive melting instead of mechanical
chipping. During the process of the Subterrene drilling, a
glass-like casing can be formed according to the research
conducted by Los Alamos National Lab [2–5].

However, there are few attempts that have been made
to research the composition as the glass-like casing. It is
also a new attempt that combines the advanced material
with the earth science—especially in geological engineering.
Therefore, in order to make matters more understandable,

a rough sketch Figure 1 is sketched to show the process of the
casing forming through the technology of hot melting [5, 6].

As is shown in Figure 1, the heat is primarily generated
from a center that is made of Carbon-Carbon. The heat
is sequentially transferred to the crust and the glass-like
material. When the glass-like material is heated to the
transition temperature (𝑇

𝑔
), it gradually gets transformed

into liquid with certain liquidity so that the glass-like casing
can be formed.However, the thermal diffusivities of the glass-
like casing and the borehole wall are different, leading to a
temperature gap at their interface, whichmakes the glass-like
casing forming a reality [5].

In this process, the heating temperature of the composi-
tion should be researched first since it has close relationships
with the heating temperature and the design of other parts of
the device. A relatively approximate melting temperature can
be easily determined through the results of the DSC of the
compositions.

This heating temperature is the key to optimize the
makings of other components of the hot melting machine,
especially the coating of the heater shell. This heating tem-
perature is primarily related to the composition’s fluidity.
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Heating center

Glass-like casing

Unstable rock

Figure 1: Heat distribution during developing a hot melting casing.

If the fluidity is lower enough, the glass-like composition will
consequently stick to the shell. As a consequence, a coat has
to be made onto the shell to prevent it from being damaged.
Therefore, the research on the properties of the glass ceramic
can be of great significance when it comes to the overall
design of this technology.

In this paper, a composition that is similar to the shale
has been developed. It is the first time to apply this glass-like
casing to mend the broken borehole wall and many problems
have come into being [7]. For example, in field, there is
commonly no time to make the material insulated for a long
time; therefore, it is highly suggested to cool it down in one
minute. This makes the heat treatment more complicated to
be under control, especially when the heat treatment happens
underground. In order to make experiments conditions
similar to the actual field conditions as much as possible, the
heat insulation has been gave up, and the material has been
cooled downdirectly in air. Furthermore, the glass-like casing
is formed in an irregular shape, making some researches,
the electron probe, for example, inaccurately unavailable.
Although it is uneasy to deal with the natural problems above,
the influence of different additives on the compositions in
terms of heating stability, crystal phase growth, and field
application has also been researched [8].

2. Experiments

In terms of any material, lower cost shall be an essential
requirement for its future application in field. The com-
position provided by Zhuhai Xuanyang Limited is selected
to be the raw material (RM). Due to the raw material’s
poor toughness and relatively high cost (RMB140 per 500 g),
different wt% additives, aluminum (Al, RMB15 per 500 g),
and quartz sand (QS, RMB 0.09 per 500 g) are added into the
raw material. The components of different compositions are
shown in Table 1.

There are some advantages both in Al and in quartz sand
as for a high-quality additive, due to not only its lower cost but
also good toughness [9]. As amatrix in bulkmetallic glass due
to its good performance in good toughness, the addition of Al
also predominately contributes to the mechanical properties
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Figure 2: DSC results of samples RM, A
3

, and B
4

, respectively.

Table 1: Components of different compositions for making a bore-
hole casing.

Sample RM (wt%) Al (wt%) QS (wt%)
A1 90 10 0
A2 80 20 0
A3 75 25 0
A4 70 30 0
B1 70 10 20
B2 50 20 30
B3 40 30 30
B4 30 30 40

of the compositions in our research [8]. Similarly, quartz sand
has good performance in wear resistance and lower cost [10].

XRD was applied to analyze the crystal phase because
whether the crystal phase is beneficial for practical use or
not is still unknown. For example, in our research, the
crystal phase plays a positive role because it can boost
material’s mechanical properties while having little influence
on fluidity. In addition, in order to figure out the influence of
adding different additives on the crystalline phase growth, the
scanning electronmicroscope (SEM) was also applied. For its
future practical use, the optimized composition was applied
in a model prototype [7].

3. Results and Discussions

In order to heat the composition at a proper temperature, the
DSC was applied to find out the specific 𝑇

𝑔
. The results are

plotted as in Figure 2 and Table 2.
The results show that the 𝑇

𝑔
increases with the add-in

Al, while the melting point decreases in terms of RM and
A
3
. That mainly accounted for the lower melting point of

Al—660∘C, which is so close to the 𝑇
𝑔
of A
3
and B

4
. So

the add-in Al makes great contribution to lower the melting
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Figure 3: XRD patterns of different samples under the same condition, marked (a), (b), and (c).

Table 2: 𝑇
𝑔

and melting point performance of different composi-
tions.

Samples 𝑇
𝑔

(∘C) Melting point (∘C)
RW 460 770
A3 657 664
B4 657 666

points of the compositions. The results above make great
sense in figuring out a proper heating temperature (700∘C).
In addition, 7∘C/secondwas selected to heat the composition,
the maximum heating rate that our device can reach.

However, whether the add-in Al or the newly generated
crystal can improve the composition’s physical properties is
still unknown. Therefore, the XRD (shown in Figure 3) is
performed on the samples.

The results in Figure 3(a) show that there is no typical
crystal phase in RM, though it has a trend to form a peak,

which is one of the typical properties of glass. However,
the composition with add-in Al performs well in crystal
phase (Figure 3(b)). Three different peaks represent different
compounds phases: label “P” stands for the distribution of
Al, label “S” stands for the distribution of SiO

2
, and label “Z”

stands for the distribution of ZnO. This actually proves that
the add-in Al contributes to the appearance of the crystal
phases, including ZnO and SiO

2
, both of which did not

actually appear in the RM.
After QS is added into the composition, the “S” peak

greatly goes up. Similarly, this is mainly because SiO
2
is the

main making of the QS. At the same time, the “Z” peak goes
down with the addition of QS. However, whether the newly
appearing crystal phase is beneficial for the composition’s
mechanical properties or not is still unknown so far.

In order to make a better comparison to the rock, the
Brazilian Formula experiment for testing the tensile strength
of the rock was applied to the samples of three. Since the
tensile strength is far greater than the compressive strength
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Table 3: Physical and mechanical characteristics of the samples.

Samples Bulk density, 𝜌 Compressive strength Tensile strength
(g/cm3) (Mpa) (Mpa)

RW 3.20 6.5 1.5
A1 1.11 5.7 1.3
A2 1.03 6.0 1.4
A3 1.10 10.1 2.1
A4 1.12 6.9 1.7
B1 1.03 5.7 0.6
B2 1.12 11.3 2.8
B3 1.16 11.5 4.2
B4 1.19 14.0 4.4

of the rock, the sample at this condition is always in tension
rather than compression failure of damage. This is the
Brazilianmethod to test the tensile strength of brittlematerial
mechanics theory.

The results in Table 3 show that the bulk density generally
decreases with the add-in Al and QS, no matter for sample A
or B. This is probably associated with the large porosity rates
of the compositions. The results shown in the following SEM
are also another proof to illustrate this. The compressive and
tensile strength are roughly boosted by the addition of Al and
QS.This is another proof that shows that the newly generated
crystal definitely contributes to the increased the values of the
compositions.

The outcomes of SEM (Figure 4) suggest that samples A
and B have much more porosity in comparison to RM. The
lower bulk density, representing higher porosity, is accounted
for as a consequence of different compositions and physical
characteristics of the viscous flow during the heat treatment
[11]. Interestingly, the overall rate of pores goes up at first
and then down at the point of adding in 25wt% Al. The
increased pore rate is associated with the difficult in releasing
CO
2
, due to the lack of insulation or the deformation of

calcite (probably from the RM). The add-in Al also boosts
the process of deformation, causing CO

2
encapsulated by

the crystal of Al [12–14]. When the Al is the only additive
added into the composition, the interconnected pore is
characterized by layered shape with the same size.

However, the layered shape of the pore is broken into
more irregular ones with the add-in QS, reducing the overall
porosity rate of the composition. This greatly contributes to
the improved bulk density and mechanical properties. As is
shown in Figure 4(i), the pore line is obscure to be seen, of
which the mechanical properties perform best among the all
compositions.

The results of Table 3 and Figure 4 show that, with the
increasing add-in Al, both of the compressive and tensile
strength perform better, with the maximum 14.0Mpa and
4.4Mpa in B

4
(30% RW, 30% Al, and 40% QS). In addition,

its cost is relatively lower than others due to the greatest
proportion of add-in QS, whose cost is comparatively lower
than Al and RW. Taking the compressive and tensile strength
and the lower cost together, the B

4
with 30% Al, 30% RW,

Figure 5: Device for conducting this laboratory experiment.

and 40% QS is eventually selected as the composition to be
initially used in laboratory experiment.

4. Practical Application in
Laboratory Experiment

In order to check whether the composition of the sample B
4

can be successfully applied in practice, as has been suggested
as the most excellent candidate up to now, a device intended
for this novel application was developed (shown in Figure 5).
The composition was performed in different borehole wall
using this device.

The laboratory experiment was conducted on a novel
machine that was developed by our team. A carbon-carbon
(C/C) was applied to generate heat, which is the original
source for heating our selected compositions. The heat head
consists of heat element of high strength graphite and external
shell of GH742 alloy. The high strength graphite can work
under 1200∘C. Although the carbon-carbon composite is
characterized by high strength and large thermal conductiv-
ity, it performs badly in resisting high temperature oxidation.
Due to the special experiment equipment, the experimental
test can be currently finished in our lab; however, the theo-
retically compressive and tensile pressure can be repeatedly
obtained by the ordinary equipment to test mechanical
properties.

The results of Figure 6 indicate that the compositions can
be successfully used to form a glass-like casing with certain
strength, no matter in rock or soil. However, many problems
need to be solved through our further study, including the
influences of heat treatment and components of compositions
on its physical and mechanical properties.

5. Conclusions

Based on the researching results, the composition of sample
B
4
(30wt% Al + 40wt% QS + 30wt% RM) has turned

out to be a high potential for making glass-like casing. The
add-in Al and QS contributes to the lower cost and the high-
quality mechanical properties of the compositions due to
the newly generated crystal, which has a positive influence
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(a) (b)

(c) (d)

Figure 6: Experimental photos of the glass-like casing, (a) and (b) composition used in granite, heating up to 700∘C, and (c) and (d)
composition used in soil, heating up to 700∘C.

on the composition that is intended for glass-like casing.
Meanwhile, the addition of QS can boost the properties of
the compositions by compressing its interconnected pores,
lowering the overall porosity rate.
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Hydraulic fracture propagation characteristics in glutenite formation are studied by a series of servo-controlled triaxial large-scale
fracturing experiments. The experimental results show that the fractures extend along the gravel and sandstone cementing face,
and fracture geometry in glutenite formation is complex, which is similar to network fractures. The phenomenon of the gravel
being split has not been observed. In the process of the fracture extension, the extension pressure is fluctuating, and the degree of
fluctuation is more drastic with the gravel diameter increase. This paper suggests that using large rate and multislug technology
would increase the flow ability of the carrying fluid. The conclusions are significant to hydraulic fracturing in glutenite formation.

1. Introduction

Glutenite reservoir is widely distributed in China, such as the
Sheng Li oil field and Xinjiang oil field. Hydraulic fracturing
is the key technology used in the exploitation of this kind
of reservoir. But the hydraulic fracture extension pressure is
influenced by the gravel in glutenite reservoir, which usually
leads to the failure of the fracturing treatment. When the
hydraulic fracture meets gravels in the process of propa-
gation, as the lithology mutations, the hydraulic fracture
propagation direction and geometry would be altered.

Many scholars use large-scale triaxis hydraulic fractur-
ing simulation experiment device to simulate the hydraulic
fracture extension and geometry under various reservoir
conditions. Chen et al. [1, 2] and Jin et al. [3] performed
a series of large-scale triaxial experiments to investigate
the influence of natural fractures and earth stress on the
induced fractures. They took into account the influence of
the natural fracture strike and dip. Bohloli and de Pater
[4] performed a series of large-scale triaxial experiments to
study the hydraulic fracturing in soft rocks. They observed
that fractures obtained at high stress were short, branched,
and tortuous while those obtained at low stress were mainly
longer, straight, and less tortuous. Chen et al. [5] studied

the dynamic fracture propagation in hydraulic refracturing.
Yan et al. [6] conducted scaled laboratory experiments
to investigate hydraulic fracture initiation mechanisms in
porous reservoirs and fractured reservoirs. They observed
that the fracture propagation pressure is smooth and steady.
Liu et al. [7] simulated the influence of natural fracture
network on the propagation geometry of hydraulic fractures.

This paper conducted a series of hydraulic fracture
initiation tests with a large-scale triaxis hydraulic fracturing
simulation experiment device and artificial glutenite core
with different gravel diameters.Through the observation and
analysis of fracture profile and pressure curve, the charac-
teristics of hydraulic fracture geometry and propagation in
glutenite reservoir were analysed, and we can draw some
significant conclusions which can be adapted to improve the
fracturing response in glutenite formation.

2. Experimental Setup and Procedure

2.1. Experimental Setup. The experiments are performed in
a large-scale triaxial simulation test system. The system is
composed of a triaxial assembly, a servo-booster pump, an
acoustic emission instrument, a data acquisition system,
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Figure 1: Schematic of a triaxial hydraulic fracturing test system.

a laboratory stabilized power supply unit, an oil-water iso-
lating device, and other auxiliary devices (Figure 1).

Cubic blocks of 300mm on a side are positioned between
the pressure plates. In order to simulate the horizontal
minimum principal stress, we add pressure, respectively, to
the fractured interval and the top and bottom interlayer by
three pairs of pressure plates in one horizontal direction.
In the other horizontal and vertical direction, we simulate
the vertical stress and horizontal maximum principal stress
by a pair of pressure plates, respectively. The multichan-
nel hydraulically voltage stabilizer provides pressure plates
hydraulic pressure, and the pressure of every channel could
be controlled (each channel for the biggest liquid pressure can
reach 27MPa).

The pressure platens are equipped with four square
sheets to ensure equal pressure distribution. We used 0.1mm
thick Teflon sheets greased with Vaseline to reduce friction
between the sample and the loading platens. The fluid
injection pressure is provided by a servo-hydraulic pump
(MTS 816).

Natural blocks or artificial blocks could be used for
hydraulic fracturing experiment. Considering the difficulty
of obtaining natural rock and the condition of processing,
this paper conducts hydraulic fracturing with artificial rock.
The experiment blocks were prepared with a special mould
(Figure 2).The 10 cm section around the open hole was using
the mixture of Chinese cement number 425, quartz sand,
and gravel, and the other parts of the glutenite samples were
mixedwithChinese cement number 425 andquartz sand.The
mass ratio of cement to quartz sand was 1 : 1.

Glue together
Cardboard tube

Injection tube

Figure 2: Artificial blocks moulds and bottom board assembly
diagram.

2.2. Experiments Sample Preparation. A highly viscous
(135mPa⋅s) guar gum fracturing fluid was used to initiate
hydraulic fracture.Wemixed a red dye in the fluid to improve
detection of the hydraulic fracture.

The steps of preparing the glutenite samples are as follows.
Firstly, cast a basement about 5 cm with cement and quartz
sand at the bottom of the sample. Secondly, put a wellhole in
the center of the sample. Then, the wellhole was perforated
along 50mm with 4mm diameter perforations at 180-degree
phasing, putting a fine screen mesh around the wellbore
about a radius of 10 cm thin and casting with cement, quartz
sand, and gravel inside the fine screen mesh (Figure 3).
Thirdly, cast 15 cm high outside the fine screen mesh with
cement and quartz. Finally, put out the fine screen mesh
slowly, and cast the other parts of the sample with cement
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Figure 3: Artificial glutenite rock schemes.

and quartz. So the whole sample casting is completed. These
model blocks were cured in a special mold for 5 days and
then they were transferred outside for a fortnight at room
temperature.

2.3. Test Procedure. We conducted our experiments in a
normal-faulting stress regime. Guar gum fracturing fluid
was used for the fracturing. The fluid was pumped into the
bore hole with a constant rate until a fracture initiates and
propagates after breakdown. The pressure decline was then
recorded. After the experiment, each block was split open
along the fracture plane to reveal the fracture geometry,
which was subsequently photographed.

3. Experimental Program

In this paper, the primary purpose is to study the influence,
caused by the gravel size, on the hydraulic fracture extension.
So we prepare six artificial glutenite cores with different
diameter range of gravel and prepare one sandstone core
without gravel in contrast with the glutenite cores (Table 1). In
our experiments, the value of the vertical compressive stress
and the maximum horizontal principal stress is constant,
and the value of the minimum horizontal principal stress
is changed in some experiments, the purpose of which
is to understand the minimum horizontal principal stress
impact on the hydraulic fracture geometry and the fracture
propagation pressure.

4. Experimental Results and Analysis

4.1. The Geometry of Hydraulic Fracture. In a series of exper-
iments, the propagating direction of the hydraulic fracture
in the glutenite reservoir is along the direction of maximum
principal stress, which is consistent with the fracture in
sandstone [5]. Yet there are large differences in fracture
surface morphology. Figure 4 is the fracture cross-section
of experimental sample along the maximum principal stress

Figure 4: Fracture photo of sample number 1.

direction. This sample has the gravel diameter from 20 to 25
millimeters. The phenomenon of the gravels being splitted
is not observed. The fractures propagate along the cement
face of sandstone and glutenite, and the profile of fracture in
glutenite formation looks like a spider’s web. In the process of
hydraulic fracture propagation, when the fracture encounters
gravel, the direction of fracture propagation would be trans-
formed, which causes roughness of the fracture surface. At
the gravel, the width of the hydraulic fracture is narrower
than elsewhere. The fracturing fluid mainly flows between
the gravels and the channel that the fluid flow is narrow and
bend, which is against the flow of the sand-carrying fluid.
Characteristics of these fractures are significantly different
from that in sandstone reservoir [8], in which the fissure
surface is relatively smooth.

Therefore, in order to increase the liquidity of the car-
rier fluid and considering the complexity of the hydraulic
fractures in glutenite formation, the hydraulic fracturing
engineers should design lager rate to create a wider fracture
and use multislug to smooth the hydraulic fracture.

4.2. The Characteristics of Extension Pressure. The distinct
characteristic of hydraulic fracture propagation in glutenite
formation is the sharp variation of extensions pressure.
Figure 5 is the extending pressure curve of sample without
gravel rock. The extension pressure is smooth, which is
consistent with the experimental results as Yan et al. [6].
The pressure curve of these core samples with gravels is
fluctuating, and the bigger the gravel diameter, the larger
the variation of extensions pressure. Figure 6 is the pressure
curve of sample with gravel diameter 16–22mm, in which the
fracture extending pressure is very fluctuation.

The fracture pressure is mainly influenced by minimum
principal stress, and the greater the minimum principal
stress, the more the fracture pressure. Simultaneously, the
value of gravel diameter influences the fracture pressure
too. The bigger the gravel diameter, the greater the fracture
pressure when the minimum principle pressures are equal.
For example, the fracture pressure of number 5 core sample
is greater than number 6 core sample (Table 2).

Table 2 describes crustal stress and net pressure of seven
samples. The value of fracture propagation is influenced by
the diameter of the gravel. The greater the diameter of gravel,
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Table 1: The parameters of hydraulic fracturing experiment.

Number Loading speed
(mm/sec)

Fluid viscosity
(mPa⋅s)

Vertical
compressive
stress (MPa)

Maximum
horizontal

principal stress
(MPa)

Minimum
horizontal

principal stress
(MPa)

Principal stress
difference
(MPa)

Particle size
range (mm)

1 0.1 135 15 12 9 3 20–25
2 0.1 135 15 12 7 5 16–22
3 0.1 135 15 12 7 5 Nongravel
4 0.1 135 15 12 5 7 12–18
5 0.1 135 15 12 5 7 10–15
6 0.1 135 15 12 3 9 8–12
7 0.1 135 15 12 3 9 6–10

Table 2: The pressure characteristics of the hydraulic fracture propagation.

Number 𝜎

𝐻

(Mpa)
𝜎

ℎ

(Mpa)

Fracture
pressure
(Mpa)

Extension
pressure
(Mpa)

Net pressure
(Mpa)

Particle size
range
mm

1 12 9 14.24 11.9 2.9 20–25
2 12 7 13.52 9.8 2.8 16–22
3 12 7 12.27 8.7 1.7 non-gravel
4 12 5 12.27 7.6 2.6 12–18
5 12 5 9.27 7.4 2.4 10–15
6 12 3 7.30 5.2 2.2 8–12
7 12 3 6.01 4.9 1.9 6–10
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Figure 5: Pressure curve of sample number 2.

the larger the extension pressure. For example, the extension
pressure of number 1 core sample, whose gravel diameter is
20–25 millimeter, is the greatest, and the extension pressure
of number 6 core sample without gravel is the minimum
(Table 2).

Consequently, it is necessary for hydraulic fracturing
engineers to prepare for the extension pressure fluctuating
when they design the fracturing treatment, and more prop-
pant slugs should be adopted to smooth the fracture in
glutenite formation, which would reduce the influence of the
pressure fluctuating on fracturing and increase the exactness
of the estimated fracturing operation by extension pressure.
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Figure 6: Pressure curve of sample number 3.

5. Conclusions

Based on the experimental study, the followingmajor conclu-
sions are made for fracturing in glutenite formation.

(1) Propagation of hydraulic fractures in glutenite forma-
tion has been analyzed by experiments. It is found
that the fracture morphology in glutenite formation
is more complex and rough, which is different from
that of sandstone reservoir.

(2) Fractures in glutenite formation would propagate
along the cement face instead of splitting the gravel.
The face of fracture is relatively rough, which leads
to the increase of flow resistance of fracturing fluid
and higher injection pressure with heavy fluctuation.
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These characteristics have an important meaning to
the fracturing design in glutenite formation.

(3) Large injection rate should be applied, based on the
characteristic of fracture propagation. Wider fracture
should be generated so that carrying fluid can pass
easily. And the number of proppant slugs which is
used to polish the faces of fracture should be increased
to reduce injection pressure and pressure fluctuation.

(4) The risk of fracturing in glutenite formation can be
reduced and thus success rate can be increased with
the knowledge of fracture propagation characteristics
in glutenite formation.
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Based on the distribution of the stone blocks in outwash deposits, the paper present a modeling method for the random structure
of outwash deposits, in which the long axis of the stone blocks is supposed obeying a lognormal distribution. Then numerical
experiments of biaxial compression using the granular discrete element method are used in the macro- and micro parametric
analysis. The influences of strength of the cementation, the sizes of stone blocks, and the content of stone blocks on the peak
compressive and shear strength are discussed. The micromechanical parameters of the outwash deposits are also analyzed. The
proposed method offers a supplement to the mechanical characterization of outwash deposits and accounts for the limitation that
indoor experiments cannot consider large stone blocks.

1. Introduction

Outwash deposits are a particular type of geological medium
and are formed by glacial movement. The media are com-
posed primarily of irregular stone blocks with high strength
and weak, fine-grained debris, as shown in Figure 1. They are
widely distributed in southwestern China, where the water
resources are rich and the geological conditions are suitable
for the construction of hydropower plants. According to
the program “accelerating the development of hydropower
project in China,” outwash deposits should be an important
and difficult issue and will receive more attention from the
departments of geological engineering, geotechnical engi-
neering, and hydropower engineering. However, due to the
composition of outwash deposits, the mechanical parameters
of outwash deposits are difficult to be determined by current
analysis methods, as well as reinforcement measures.

Outwash deposits are different from common homoge-
neous materials because of the presence of stone blocks and
the cementation of fine-grained debris. For any structural
characteristics and material composition, the mechanical
properties and the water-physical properties of them are

unique.At present,most studies consider the outwash deposit
as a homogeneous medium. The analytical approaches rely
mainly on indoor experiments and numerical simulations.
However, because large stone blocks cannot be used in
the indoor experiments, the mechanical characterization
of outwash deposits has some limitations. Some scholars
[1, 2] found that the existence of boulders increased the
strength and density of outwash deposits, which also leads
to deviations in their mechanical properties. Others studied
the relationships among the cementation of fine-grained
debris, dry density, water content, block shapes, block dis-
tribution, and the shear strength of the stone and debris
mixture by experimental tests, such as the large triaxial shear
experiment, the medium-sized triaxial shear experiment,
and the large horizontal push shear experiment [3–7]. The
results demonstrate that the stress-strain of this medium is
approximately taken on nonlinear hardening characteristics,
which agrees well with the hyperbola assumption of Duncan-
Chang model, and the shear strength of the stone and
debris mixture is related closely to the concentration and
distribution of the stone blocks. However, it is difficult to
gain a thorough understanding of outwash deposits without
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Figure 1: A typical outwash deposit formed by glacial movement.

considering the effects of heterogeneity and randomness on
the distribution and concentration of stone blocks in the
conventional geotechnical experiments.The limited field tests
are discrete and not representative. Therefore, it is necessary
to consider the composition of the outwash deposit in the
experiments and numerical calculations when studying the
mechanical characteristics. Digital image processing is a
convenient tool.The sizes and shapes of the debris in outwash
deposits were studied by Lebourg et al. [8]. The real internal
structure of geological materials was also detected by such
technology [9–12]. So it can provide an effective approach for
research into the composition of outwash deposits [13, 14].
Because the structure composition of outwash deposits is
mainly determined by stone blocks, a model considering the
distribution and randomness of stone blocks is meaningful.

According to the field statistics, the geometric shapes of
the stone blocks are assumed to be approximately elliptic-
polygon and obey a normal distribution in this work. Then a
geomechanical model for biaxial compression is established
using the particle flow code. The effects of the stone blocks
and fine-grained debris on the mechanical properties of
outwash deposit are studied.The changes in the macroscopic
compressive strength and shear strength of the medium are
also discussed.

2. Structural Characteristics of
Outwash Deposits

2.1. The Structural Composition of Outwash Deposits. Out-
wash deposits are a type of binarymixturemedium consisting
of fine-grained debris and stone blocks, where both the debris
and stone blocks are made of the same material and are
distinguished by the grain size but not by the composition.
However, not all sizes of stone blocks have a positive influence
on the strength of the medium. There is a threshold that
distinguishes debris from stone blocks. The threshold size of
stone blocks can be determined only in certain geological
conditions and scales, which shows that the large grains
play a greater role in the macroscopic mechanical properties

during the smaller scale studies. When the scale of research
is increased, the former large grains will lose their dominant
effect to mechanical property and can be regarded as debris.
The following criterion to distinguish stones from debris is
proposed [15]:

𝑓 = {
𝑅 𝑑 ≥ 𝑑thr
𝑆 𝑑 < 𝑑thr,

(1)

where𝑑thr is the threshold of stone and debris (𝑑thr = 0.05𝐿𝑐),
𝐿
𝑐
is the characteristic engineering size, 𝑅 denotes the stone,

and 𝑆 denotes the debris.
In addition, the indoor geotechnical test on similar

media, the direct shear test, and triaxial compression test can
only consider grains below 2 cm due to the limitations of the
instruments. Therefore, 𝑑thr is set to be 2 cm in this work,
which means that if the grain size is less than 2 cm, the grain
will be defined as debris. Conversely, if the grain size is greater
than 2 cm, the grain will be considered as a stone block.

By above measure, grains of debris and stone blocks will
be endowed attributes separately to reflect the change rule of
medium composition and mechanical property.

2.2. The Aggregate Gradation of Outwash Deposits. The sizes
and shapes of stone blocks differ greatly at different part, as
shown in Figure 1(c).Themicrostructure of outwash deposits,
which can be explained as grain contact and interaction, is
just related to content, size, and roughness of stone blocks. In
order to construct a stochasticmodel of outwash deposits, the
grains regarded as stone can be divided into several gradation
according to the grain size. Then according to the results
of the grain size analysis and field statistics, the proportion,
quality, volume, and area of the stone blocks in the research
region can be obtained easily. The grains smaller than the
threshold will be considered as debris and can be described
using the conventional geotechnical experiments. Numerical
simulation method will be used to reflect its influence on
mechanical property of outwash deposit, in which the stone
blocks are supposed to be unbroken.
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Figure 2: An arbitrarily shaped stone block depicted by a particles
cluster.

If the density of the stone blocks is 𝜌
𝑅
, the debris density

is 𝜌
𝑆
. Therefore, the 2D area of the stone blocks in grade 𝑖 can

be written as follows:

𝐴
𝑖
=

4𝑟2𝐺
𝑖
/𝜌
𝑅

𝐺
0
/𝜌
𝑆
+ ∑
𝑛

𝑘=1
𝐺
𝑖
/𝜌
𝑅

, (2)

where 𝐴
𝑖
is the 2D area percentage of stone blocks in grade

𝑖, 𝐺
0
is the weight of the medium with grain sizes below the

threshold and ∑𝑛
𝑘=1

𝐺
𝑘
/𝜌
𝑅
is the total weight of stone blocks.

2.3. The Randomised Generation of Aggregates. Each stone
block can be regarded as an arbitrary polygon in the plane,
so a number of polygons are generated randomly in the
designated region to simulate blocks. During the generation
process, every polygon should be judged to avoid overlapping
with others. Then the area in the polygons is regarded as
stone blocks of different grades. When the polygon is convex,
it has difficulty in considering the interaction force due
to mosaic effect of rough block surface, which will lead
to deviations in the mechanical parameter research, so the
polygon generation should consider convexity and concavity
at the same time.

To generate the arbitrary shapes of the stone blocks, the
stone blocks are assumed to be initially elliptical, then the
outline is divided as polygon and the vertices of polygon are
random, as shown in Figure 2.The ellipses can be determined
using three parameters: the length of long axis 𝑎, length of the
short axis 𝑏 (or the axis ratio defined as ratio of the short axis
length to the long axis), and the azimuth of the long axis 𝜃.
Field investigation shows that the angle of long axis azimuth is
in poor statistical correlation, so it can be regarded as obeying
uniform distribution over 0∼360∘.

As shown in Figure 3(a), the lengths of the long axis and
the axis ratio are approximately obeying normal distribution
with variance as shown in Figures 3(c) and 3(d). So the length

of the long axis, the axial ratio, and the azimuth angle of long
axis whose definition is shown in Figure 3(b) are given as
shown in the following formula:

𝑎 = 𝑎
0
+ 2𝜎
𝑎
(rand (1) − 1) ,

𝑟 = 𝑟
0
+ 2𝜎
𝑟
(rand (1) − 1) ,

𝜃 = 360 ⋅ rand (1) ,

(3)

where 𝑎, 𝜎
𝑎
, 𝑟, 𝜎
𝑟
are the mean of the long axis, the variance

of the long axis, the mean of the axial ratio, and the variance
of axial ratio, respectively; 𝜃 is the azimuth of long axis.
rand(1) returns a random number between 0 and 1. 𝑎, 𝜎

𝑎
,

𝑟, 𝜎
𝑟
should be obtained using the statistics according to the

stone blocks in outwash deposit medium. Here, 0.5 times the
corresponding mean value is used as an empirical parameter
for variance if there is no statistical information.

Then, every stone block is hypothesised to be a polygon
composed of𝑁 sides as shown in Figure 2.The elliptical arc is
accordingly divided into𝑁 arcs. Each point of the arc can be
moved towards the centre of the ellipse. The corresponding
coordinate of each point can be defined as follows:

𝑥
𝑖
= 𝑥
0
+ 𝑎 ⋅ cos (𝜃 + 𝑁Δ𝜑) ,

𝑦
𝑖
= 𝑦
0
+ 𝑎 ⋅ 𝑟 ⋅ sin (𝜃 + 𝑁Δ𝜑) ,

(4)

where 𝑥
𝑖
and 𝑦

𝑖
are the coordinates of the 𝑖th node in a

polygon, 𝑥
0
and 𝑦

0
are the coordinates of the centre of the

ellipse, 𝜑
0
is the azimuth of ellipse, and Δ𝜑 is the angle

between two vertexes of the polygon where Δ𝜑 = 360/𝑁.
The steps of the random structure generation are shown

in Figure 4.The generated polygons can be convex or concave.
The polygons are divided into 𝑛 triangles using the centre
and vertexes of the polygon. Therefore, once the centre of an
element is determined to be within one triangle, the element
can be set as a stone block and numbered.

To ensure that the stone blocks do not overlap, the
elements are set as debris by default. Once one of the elements
in the current trial has been defined as a stone block, the
current step will end and a new position will be tried as the
centre of the generated polygon until all of the elements in
the generated polygon are no longer debris. When all of the
generated polygons are finished in this way, the numerical
model is complete.

To avoid setting adjacent polygons as the same stone
block, each stone block should be numbered a unique
number. The particle contact parameters within one stone
block are endowed the parameters of the stone blocks, and
the contact parameter between two stone blocks is taken as
that of debris. Therefore, the contact characteristics between
stone blocks can be approximately simulated.

The content rate of stone block of grade 𝑖 in a two-
dimension model can be defined as the ratio of the stone
block area within grade 𝑖 to the total area of the model. It can
be expressed as follows:

𝑛
𝑖
=
∑𝐴
𝑗

𝐴
, (5)
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Figure 3: The statistical results of the size and the lengths of the long axis of stone blocks. (a) the in situ outwash deposits; (b) definition of
the long axis and short axis for stone blocks; the long axis is the largest distance between vertices along the stone outline, while the short axis
is the maximum segment length normal to the long axis direction; (c) the statistical results of the size of stone blocks; (d) the statistical results
of the lengths of the long axis of stone blocks.

where 𝐴 is the total area of the model, 𝐴
𝑗
is the area of the

𝑗th stone block and grade 𝑖, and 𝑛
𝑖
is the content rate of stone

blocks of grade 𝑖.
The area of the total stone blocks is counted until the

grade requirement is met.
The structure of the outwash deposit model is generated

randomly according to the method of multigradations. The
influences of the azimuth, concavity, and convexity of the
stone blocks on the outwash deposit are also taken into
consideration. The generation of stone blocks occurs from
the largest to the smallest size according to the grain size
accumulation curve.

3. Analysis Based on Micromechanical Model

3.1. The Principle of the Granular Discrete Element Method.
The granular discrete element method is adopted to simulate
the micromechanical properties of the granular materials in
the form of discs or spherical particles using the explicit
difference algorithm [16]. Newton’s Second Law is used in
order to determine the particle movement that is caused by
contact or the force of a body, while the force-displacement
law is used to calculate the contact force that is changing
relative to movement. The two laws are then used alternately
until the total system reaches equilibrium as shown in
Figure 5(a). The particles can be combined into any shape or
combination to simulate the stone or debris mass structures.

As shown in Figure 5(b), when there is no bonding
between particles, the mechanical behaviour of the particles

in contact is determined by their own normal stiffness (𝑘
𝑛
),

tangential stiffness (𝑘
𝑠
), and friction coefficient (𝜇). When

two particles are in contact, the contact and tangential
stiffness can be calculated as follows:

𝑘
𝑛
=

𝑘(𝐴)
𝑛
𝑘(𝐵)
𝑛

𝑘(𝐴)
𝑛

+ 𝑘(𝐵)
𝑛

,

𝑘
𝑠
=

𝑘(𝐴)
𝑠
𝑘(𝐵)
𝑠

𝑘(𝐴)
𝑠

+ 𝑘(𝐵)
𝑠

.

(6)

The normal force of contact particles is depicted as

𝐹
𝑛
= 𝐾
𝑛
𝑈
𝑛
, (7)

where 𝑈
𝑛
is the normal contact depth.

In the calculation process, the tangential force is zero
initially, so the incremental form of the equation is used as
follows:

Δ𝐹
𝑠
= −𝑘
𝑠
Δ𝑈
𝑠
. (8)

If 𝑈
𝑛
≤ 0, a gap exists between the particles, the normal

and shear force are both zero, and the slipping force between
the particles should be calculated with the friction coefficient.
This coefficient is calculated as 𝜇 = min(𝜇(𝐴), 𝜇(𝐵)), where
𝜇(𝐴) and 𝜇(𝐵) are the particle friction coefficients of 𝐴 and 𝐵,
respectively, and 𝐹

𝑠
= 𝜇𝐹
𝑛
is used when 𝐹

𝑠
≥ 𝜇𝐹
𝑛
.

The stiffness contact model is adopted for the outwash
deposit in this work because the point contact and the
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linear contact in the debris-debris, debris-stone, and stone-
stone are the main kind of contact types; the point contacts
are especially dominant. Five microparameters need to be
calibrated: the normal stiffness, the stiffness ratio of tangent
stiffness and normal stiffness, the friction coefficient, the

normal bonding strength, and the tangent bonding strength
according to PFC2D manual [17].

3.2.TheConversion from the GeologicalModel to aMechanical
Model. According to the theory of granular discrete element
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Figure 6: Construction of a debris-stone micromodel using a spot matrix and PFC2D.

method, 2D disk particles are used to transform the geolog-
ical model to a mechanical model. If the particle is too large
in the model, the shape of stone block and microstructure
characteristic will be distorted. However, the larger number
of particles in amodel will lead to very slow calculation speed.
A significant amount of timewill be sacrificed, whichmay not
be tolerable. So a proper particle size should be determined
empirically.

The width and the height of the model in this work are
taken to 0.50 × 0.50m, the constant radius of particles is
2.5mm, and the arrangement of the particles is shown in
Figure 6. The distance between the centres of two adjacent
particles in the vertical direction is √3𝑟 (r is the radius
of particle). The distance between the centres of adjacent
particles in the horizontal direction is 2𝑟. Therefore, the
coordinates of the particle centre (𝑥

𝑖

,𝑗
 , 𝑦
𝑖

,𝑗
) in the 𝑖 line and

𝑗 column can be expressed as follows:

𝑥
𝑖

,𝑗
 = {

(2𝑗 − 1) 𝑟 (𝑖 = 2𝑘 + 1) ,

2𝑗𝑟 (𝑖 = 2𝑘) ,
(𝑘 ∈ 𝑁) ,

𝑦
𝑖

,𝑗
 = 𝑟 + √3𝑟 (𝑖 − 1) .

(9)

According to the modelling steps, the particles are
arranged initially as shown in Figure 6. The even rows are
dislocated to ensure that the particles are tangential with
adjacent rows.When a particlemodel filling the research zone
is generated, every particle within the model will be judged
to determine whether its centre is located in some random
polygon. If it is in a polygon, the particle belongs to a stone
blockwith a certain flag. If it is not in any polygon, the particle
is regarded as debris.The initial structural information can be
obtained from site research or by random generation.

Several particleswith the samepolygonflag are assembled
together by the high bonding force to simulate the character-
istics of the stone blocks. The structural effect of the outwash
deposit is thus simulated. The separation of the debris from
the stone is also convenient for the determination of the
mechanical parameters.

3.3. The Relationship between the Macro- and Microme-
chanical Parameters. Young’s modulus and Poisson’s ratio
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Figure 7: The relationship between Poisson’s ratio and the stiffness
ratio.

determined in the indoor geotechnical tests are used to
describe the macrodeformation properties of the materials.
Many studies have shown that Young’s modulus is related to
the microparameter 𝑘

𝑛
and the stiffness ratio 𝑘

𝑠
/𝑘
𝑛
, while

Poisson’s ratio is mainly related to the stiffness ratio [18,
19]. However, these changes are all affected by the particle
compositions, such as the mean radius and the ratio of the
maximum radius to the minimum radius. Since a constant
radius is used in this work, the problem can be neglected.

To reflect the relation between Poisson’s ratio and the
stiffness ratio, 𝑘

𝑠
/𝑘
𝑛
, the normal stiffness is initially fixed at

a constant 50MPa. The relationship between Poisson’s ratio
and the stiffness ratio is shown in Figure 7. It can be found
that Poisson’s ratio in the debris shows a nonlinear, inverse
relationshipwith the stiffness ratio of debris when the particle
radius is unchanged.

It can also be concluded in Figure 7 that the tangent
stiffness is usually less than the normal stiffness. Once the
tangent stiffness is equal to or greater than the normal
stiffness, Poisson’s ratio will reach zero. This situation only
exists in very loose cellular structures. However, for outwash
deposits, it is obviously unreasonable when the medium is
in a compacted state. Poisson’s ratio declines as the stiffness
ratio increases. When the tangent stiffness is equal to the
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normal stiffness, Poisson’s ratio is close to zero. When the
stiffness ratio decreases, the lateral deformation increases.
When the tangent stiffness is zero, Poisson’s ratio reaches its
maximumvalue.The relationship between Poisson’s ratio and
the stiffness ratio based on a series of numerical tests can be
expressed using the following equation:

𝜇
0
= 0.1278𝜂2 − 0.4061𝜂 + 0.3177, (10)

where 𝜇 is Poisson’s ratio and 𝜂 = 𝑘
𝑠
/𝑘
𝑛
is the ratio of

the tangent stiffness to the normal stiffness, which lies in
the range 0∼0.5. Once 𝜂 is greater than 1.0, Poisson’s ratio
may be greater than 1.0 or negative, which disagrees with the
properties of common solid media.

It should be noted that (10) does not consider the influ-
ence of the stiffness. If the stiffness is taken into consideration,
Young’s modulus and Poisson’s ratio can be estimated with
different normal stiffness as follows:

𝐸 = (0.2259𝜂 − 0.0058𝑘
𝑛
− 0.0042𝜂𝑘

𝑛
+ 0.5346) 𝑘

𝑛
,

𝜇 = −0.2760𝜂 − 0.0029𝑘
𝑛
+ 0.0031𝜂𝑘

𝑛
+ 0.3200.

(11)

Friction coefficient

ks/kn = 1/3
kn = 50MPa
n bond = 1000N
s bond = 1000N

In
te

rn
al

 fr
ic

tio
n 

an
gl

e (
∘

)

42.00

40.00

38.00

36.00

34.00

32.00

30.00
0.0 0.5 1.0 1.5 2.0 2.5

Figure 10: The changes in the internal friction angle at different
coefficients of friction.

The changes in Young’s modulus and Poisson’s ratio with
the changes in the microparameters are shown in Figures
8 and 9. The figures illustrate that the relationship between
Young’s modulus of an outwash deposit and the correspond-
ing Poisson’s ratio is not a simple linear relation but a
double linear correlation in the calculation of the granular
discrete element method. When the microparameters need
to be determined, Young’s modulus and Poisson’s ratio can
initially be assumed. Then, more reasonable values can be
determined using (11). The steps should be repeated many
times until Young’smodulus andPoisson’s ratio agreewith the
results of the macroscopic tests. In addition, the debris and
stone blocks should be calibrated separately to obtain proper
microparameters.

3.4.TheMicromechanical Parameters of theOutwashDeposits.
The normal contact force (𝑛 bond), tangent contact force
(𝑠 bond), and the coefficient of friction 𝜇 are the main
microparameters related to macrostrength in a granular
model based on PFC2D. These parameters correspond to
the macrocohesion and the internal friction in the Mohr-
Coulomb criterion. The coefficient of friction is the pure
frictional force when the outwash deposit is completely
destroyed. It determines the residual strength of the medium
and can be approximately equal to the pure friction coefficient
tan𝜑 of the stone and debris mass.

As shown in Figure 10, when the coefficient of friction is
low, the deformation of the stone and debris mass shows a
linear variation. By contrast, when the friction coefficient is
high, the deformation of the stone and debris mass shows
a nonlinear variation. The internal friction angle of the
medium first increases and then remains unchanged as the
coefficient of friction increases. The cohesion shows similar
behaviour, but it remains constant if the coefficient of friction
is low.The cohesion will increase as the coefficient of friction
increases, as shown in Figure 11.

It is not difficult to find that the microcoefficient of
friction is sensitive to the macro-internal-friction angle.
When the microparameters need to be determined, the
bonding forces should initially be set to zero, then the friction
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Table 1: The micromechanical parameters of outwash deposits.

Material Density (kg/m3) Bonding force (N) Stiffness ratio Normal stiffness (N/m) Friction coefficient
Normal Tangential

Debris 2200 1𝑒3 1𝑒3 0.0 1𝑒8 0.25
Stone 2700 2𝑒6 2𝑒6 0.2 9.5𝑒9 1.20

Table 2: The macromechanical parameters of outwash deposits.

Material Young’s modules (MPa) Poisson’s ratio Internal friction angel (∘) Cohesion (MPa)
Debris 55.9 0.32 27.94 0.07
Stone 4950 0.20 56 12.0

coefficient can be determined using trial calculations until the
macromechanical properties are in linewith the experimental
results. Finally, the bonding forces are adjusted so that
the parameters are consistent with the macromechanical
properties of the outwash deposit.

When the bonding force is zero, the internal friction angle
will reach its minimum value. Therefore, the determination
of the internal friction angle should take the effect of the
stiffness ratio into consideration. If the internal friction angle
is unchanged when the coefficient of friction increases, the
bonding force can be adjusted to be in agreement with the
peak strength of the stress. In this work, the microparameters
are shown in Table 1, and the corresponding macroparame-
ters are shown in Table 2.

4. The Analysis of the Mechanical Behaviour of
the Outwash Deposits

As a case study shown in Figure 1, the stone rate of outwash
based on the statistical results is about 30% to 40%, the
mean length of long axis is about 4.13 cm with a variance
0.15, and the mean axis ratio is 0.64 with a variance 0.17.
Then the random structure models of outwash deposits
are generated according to the above information. Finally,
numerical simulation and comparison are executed in order
to analyse the effect of comprehensive mechanical behaviour.

4.1. The Stress-Strain Curve Based on the Biaxial Compression
Test. The stress-strain curves from the numerical simulation
tests of an outwash deposit under biaxial compression con-
ditions can be divided into three stages: the elastic stage,
the hardening stage, and the residual strength stage (shown
in Figure 12). In the elastic stage, the deformation modulus
is determined by the undamaged debris particles and stone
block assemblies. As the deformation increases, fractures
will first appear in the debris because of its low modulus
and strength. When the outwash deposit enters into the
hardening stage the debris particle bonding forces will fail
gradually, and the deformation modulus will decrease slowly.
However, the strength will increase continually due to the
interaction force caused by mosaic effect between the debris
particles and the stone blocks. When the stress reaches its
peak strength, the outwash deposit will enter into the residual
strength stage. The cementation ability between the debris

particles is almost completely lost. The compressive-bearing
capability of the sample cannot continue to increase. The
compressive-bearing capability is controlled mainly by the
interparticle friction. When the strain continues to increase,
the stone blocks may rotate and tumble, which leads to
the complete destruction of the structure of the outwash
deposit. However, there is still some compression-bearing
capability, which causes the residual strength of the outwash
deposit. The residual strength shows fluctuations because of
the contact action between the debris and the stone blocks.

As shown in Figure 13, the damage of a model with
content ratio of stone block 40%, length of long axis about
2 to 6 cm, and the axial ratio 0.5 to 0.8 is compared in the
loading process. It shows that cracks occur firstly between
some blocks and then develop among the boundary of stone
blocks and fill with the debris particles. The crack number
will increase shapely with the strain increase until all bond
contacts between debris particles are destroyed.

The curves for different debris bonding forces in Figure 14
show that the cementation strength of the debris particles
decides the strength of outwash deposit and has a dominant
role in the mechanical properties when the other condi-
tions are fixed. With a stronger cementation force of debris
particles, there is a smaller increase in the internal friction
angle and a bigger increase for the cohesion. The mechanical
properties of an outwash deposit with high cementation
strength aremore similar to the properties of the stone blocks.
Conversely, if the cementation strength of the debris particles
is weak, there is a bigger increase in the internal friction
angle and a smaller increase in the cohesion.The mechanical
properties of the outwash deposit are much closer to the
elastic-plastic debris.

4.2. The Influence of the Aggregate Size. As shown in Fig-
ure 15, the larger the size of stone blocks is, the smaller the
peak strength is. This situation can be interpreted by the
perimeter ratio, which is defined as the ratio of all boundaries’
perimeters of stone blocks and themodel area.The perimeter
ratio under the same stone ratio varies greatly. The smaller
aggregate size has more stone blocks, so the perimeter ratio
will reach a high level and form larger contact areas. The
compressive strength also increases. When the number of
stone blocks increases, the contact area of the debris and stone
blocks and the interaction force between the debris and the
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(a) Crk num = 0 (b) Crk num = 39

(c) Crk num = 189 (d) Crk num = 563

Figure 13: The damage of outwash deposits with different stone block content; (a) shows a model with the initial content rate of stone block
40%; (b) shows the cracks which first appear between some blocks; (c) shows fracture development among the boundary of stone blocks; and
(d) shows the damaged outwash deposits.

stone blocks will increase, which just explains the reason why
the macromechanical properties of the outwash deposit are
improved with the number of stone blocks.

4.3. The Influence of the Stone Block Content. As shown in
Figure 16, when there are few stone blocks in the outwash
deposit, the debris-debris contact between particles will
be the main contact type. The existence of stone blocks
leads to the concentration of stress along their boundaries,
which can aggravate the debris contacts to damage; the peak
compressive strength keeps close to the pure debriswith slight
fluctuation. Meanwhile, due to the stress concentration, the
outwash deposits become more brittle. The shear strength is
decreased. Many experiments show that when the content
of stone blocks is less than 25%, the characteristic is more
close to pure debris. By contrast, when the content of stone
blocks is greater than 25%, there is not only debris-stone
contact in the outwash deposits but also stone-stone contact.

The compressive and shear strengths are improved. When
the content of stone blocks is more than 50%, the main
contact type in the outwash deposits is stone-stone. The
mechanical properties are better in stone-filledmaterials.The
compressive and shear strengths are significantly improved in
the stone-filled materials.

However, when the stress-strain curves enter the residual
strength stage, there is an obvious fluctuation after the peak
of the curve, the amplitude of which is related to the size and
content ratio of stone blocks, so in order to study the macro-
shear strength, the peak value of stress-strain curves is used
to calculate shear property.

4.4. The Macroparameter Analysis of the Outwash Deposits.
In terms of the stress-strain curves, for any content rate
of stone block, cementation strength, and block size, the
major factor that influences the mechanical properties of the
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outwash deposits can be attributed to the dominant contact
type, which is defined as the ratio of some particle contact
number and total contact number in numerical models. The
particle contact can be divided into three kinds, respectively,
the debris-debris, debris-stone, or stone-stone contact.

If ratio of stone block is high enough to make stone-stone
contact becoming dominant contact type, the characteristic
of outwash deposit is close to rockfill. For the naturemedium,
several kinds of contacts exist at that time, which will affect
the comprehensive mechanical property greatly. Although
the different geometries and distributions also affect the
mechanical properties, the content of stone blocks is the
decisive factor. For the different stone block contents, the
peak strength under the confining pressure of 1.5MPa can
be calculated approximately using formula (12) as a cubic
parabola curve (shown in Figure 17):

𝑃
𝑘
= 141.84𝛼3 − 90.44𝛼2 + 16.00𝛼 + 0.2894, (12)

where 𝛼 is the content ratio of stone blocks and 𝑃
𝑘
is the peak

strength.
It should be noted that the compressive strength of the

outwash deposit increases slowly when content ratio of stone
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Figure 18: Changes of shear strength of outwash deposits with different contents and distributions of stone blocks; (a) shows changes of the
internal friction of outwash deposit; (b) shows changes of the cohesion of outwash deposit.

blocks lies between 25 and 50%. Once the content of stone
blocks is greater than 50%, the stone-stone contact becomes
the dominant factor, which causes the compressive strength
to increase sharply. The internal friction angle versus the
stone block content can be described using three stages, as
shown below:

𝜑 =
{{
{{
{

180.9393𝛼2 − 49.5165𝛼 + 26.5026, 𝛼 < 25%,
19.4271𝛼 + 22.1719, 25% < 𝛼 < 50%
23.4286𝛼 + 19.1429, 𝛼 > 50%,

,

(13)

where 𝜑 is the internal friction angle of the outwash deposit
and 𝛼 is the stone block content.

Furthermore, it can be observed from Figure 18(a) that
the fluctuation of the internal friction angle is approximately
0∼8∘ for the same stone blocks content, which agrees with
the fluctuations in the stress-strain curves. By contrast, the
cohesion of outwash deposit increases clearly with the stone
block content due to the interaction force between stone
blocks as shown in Figure 18(b). The amplitude of variation
will increase significantly with the content of stone blocks.
However, it is usually difficult to quantify the amplitude due
to roughness, size, characteristic of stone block, and so on.

Therefore, for outwash deposits with extremely uneven
shapes and distributions of stones, the compressive strength
and shear strength are primarily controlled by the stone block
content. The randomness of the stone block distributions
causes large deviations in the mechanical parameters. For
example, the internal friction angle may have a large fluctua-
tion at the same stone block content. This feature is the cause
of the poor results of the geotechnical experiments.

5. Discussions

Outwash deposits are a type of debris-stone mixture. The
mechanical properties of these deposits are affected by the
composition of the debris and stone blocks. As the debris
cementation increases, the compressive strength increases.
However, the internal friction angle has a negative correlation

with the cementation force. The stone block content is the
decisive factor for the mechanical properties of outwash
deposits.The randomness of the structural composition leads
to significant fluctuations in the properties, which also creates
large discrepancies in the mechanical parameters.

The major influences of the particle sizes, geometric
distribution, and stone block content are to determine the
contact type in the outwash deposits. When the debris-
debris contact is the dominant contact type, there is little
influence from the stone blocks on the mechanical properties
of the outwash deposits.When the debris-stone contact is the
dominant contact type, the stone block content has a positive
influence on the compressive and shear strengths. When the
stone-stone contact is the dominant contact type, the roles of
the debris and stone blocks are reversed and the properties of
the outwash deposits aremuch closer to a rock-filledmaterial.

Although it is difficult to determine the mechanical
parameters of an outwash deposit using indoor experiments,
the properties of the medium can still be researched using
indirect approaches.Themechanical parameters of the debris
and stone blocks can be determined from the indoor experi-
ments. Then, the biaxial compression numerical experiment
using the granular discrete element method can be carried
out to analyse the influence of the stone blocks on the
properties of outwash deposits, which makes up for the
limitation that the indoor experiments cannot consider the
large stone blocks and offers a beneficial supplement to aid in
the geological parameter determination.

6. Conclusions

According to the grain size and shape statistics from field
statistics, the numerical granular discrete elementmodel with
randomised generation of stone blocks can be used with
hypothesis that the length of the long axis and the axial ratio
all follow normal distributions and the azimuth of the long
axis follows uniformdistribution in 0∼360∘.The relationships
between the macro- and micromechanical parameters are
discussed and the mechanical behaviour of the outwash
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deposit is affected by the cementation strength, the size of
stone blocks, the stone block content, and the distribution of
the stone blocks. These properties are analysed so that they
can be better understood by the geologists working on the
democratisation of the Engineering Project.

Conflict of Interests

The authors declare that there is no conflict of interests
regarding the publication of this paper.

Acknowledgments

The work was supported by the National Natural Science
Foundation of China (no. 51309089 and no. 51379065),
the National Key Technology R&D Program (no.
2013BAB06B00), the National Basic Research Program
of China (973 Program) (no. 2015CB057903), the Natural
Science Foundation of Jiangsu Province (no. BK20130846)
and the Fundamental Research Funds for the Central
Universities (no. 2014B04914).

References

[1] W. G. Holtz and H. J. Gibbs, “Triaxial shear tests on pervious
gravelly soils,” Journal of the Soil Mechanics and Foundations
Division, vol. 82, no. 1, pp. 1–22, 1956.

[2] R. J. Chandler, “The inclination of Talus, Arctic Talus Terraces,
and other slopes composed of granular materials,” The Journal
of Geology, vol. 81, no. 1, pp. 1–14, 1973.

[3] X. H. You, Stochastic structural model of the earth-rock aggregate
and its application [Ph.D. thesis], Beijing Jiaotong University,
Beijing, China, 2001.

[4] X. H. You and J. S. Tang, “Research on horizontal push-shear
in-situ test of debris and rock-mixture,” Chinese Journal of Rock
Mechanics and Engineering, vol. 21, no. 10, pp. 1537–1540, 2002.

[5] X. H. You, G. He, and X. Li, “Micro-handling technology
of earth-rock aggregate slope,” Hydrogeology and Engineering
Geology, vol. 30, no. 1, pp. 18–21, 2003.

[6] J. M. He, Study of deformation and failure mechanisms of rock-
debris aggregate in three gorges reservoir area [Ph.D. thesis],
China University of Mining and Technology, Beijing, China,
2004.

[7] X. Li, Q. L. Liao, J. M. He, and J. Chen, “Study on in-situ tests
of mechanical characteristics on soil-rock aggregate,” Chinese
Journal of Rock Mechanics and Engineering, vol. 26, no. 12, pp.
2377–2384, 2007.

[8] T. Lebourg, J. Riss, and E. Pirard, “Influence of morphological
characteristics of heterogeneous moraine formations on their
mechanical behaviour using image and statistical analysis,”
Engineering Geology, vol. 73, no. 1-2, pp. 37–50, 2004.

[9] T. R. Reid and J. P. Harrison, “A semi-automated methodology
for discontinuity trace detection in digital images of rock mass
exposures,” International Journal of Rock Mechanics andMining
Sciences, vol. 37, no. 7, pp. 1073–1089, 2000.

[10] Z. Q. Yue, S. Chen, and L. G. Tham, “Finite element modeling
of geomaterials using digital image processing,” Computers and
Geotechnics, vol. 30, no. 5, pp. 375–397, 2003.

[11] Z. Q. Yue, S. Chen, H. Zheng, and G. H. Tang, “Digital image
proceeding based on finite element method for geomaterials,”

Chinese Journal of Rock Mechanics and Engineering, vol. 23, no.
6, pp. 889–897, 2004.

[12] Q. L. Liao, X. Li, W. C. Zhu, and J. S. Liu, “Structure model
construction of rock and soil aggregate based on digital image
technology and its numerical simulation on mechanical struc-
ture effects,”Chinese Journal of RockMechanics and Engineering,
vol. 29, no. 1, pp. 155–162, 2010.

[13] W. J. Xu, R. L. Hu, Z. Q. Yue, and R. J. Tan, “Mesostructural
character and numerical simulation of mechanical properties
of soil-rock mixtures,” Chinese Journal of Rock Mechanics and
Engineering, vol. 26, no. 2, pp. 300–311, 2007.

[14] W. J. Xu, Z. Q. Yue, and R. L. Hu, “A current status of digital
image based quantitative analysis of internal structures of
debris, rock and concretes and associated numerical simula-
tion,” Journal of Engineering Geology, vol. 15, no. 3, pp. 289–313,
2007.

[15] W. J. Xu, R. L. Hu, Z. Q. Yue, R. Zhang, and G. L. Wang,
“Research on relationship between rock block proportion and
shear strength of soil-rock mixtures based on digital image
analysis and large direct shear test,” Chinese Journal of Rock
Mechanics and Engineering, vol. 27, no. 5, pp. 996–1007, 2008.

[16] P. A. Cundall and O. D. L. Strack, “A discrete numerical model
for granular assemblies,” Geotechnique, vol. 29, no. 1, pp. 47–65,
1979.

[17] Itasca Consulting Group, PFC2D (Particle Flow Code in 2
Dimensions) (Version 3.1), Itasca Consulting Group, Minneapo-
lis, Minn, USA, 2004.

[18] J. Yoon, “Application of experimental design and optimization
to PFC model calibration in uniaxial compression simulation,”
International Journal of Rock Mechanics and Mining Sciences,
vol. 44, no. 6, pp. 871–889, 2007.

[19] Y. C. Wang and P. Mora, “Macroscopic elastic properties of
regular lattices,” Journal of the Mechanics and Physics of Solids,
vol. 56, no. 12, pp. 3459–3474, 2008.



Research Article
Effect of Sintering Temperature on Membranes Manufactured
with Clays for Textile Effluent Treatment

Mirele Costa da Silva,1 Hélio de Lucena Lira,1

Rosa do Carmo de Oliveira Lima,1 and Normanda Lino de Freitas2

1Unidade Acadêmica de Engenharia de Materiais, Universidade Federal de Campina Grande,
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The aim of this work is to use cheap raw materials, such as kaolin and ball clay, for the manufacture of ceramic membranes for
application in effluent treatment from textile industry and to evaluate the influence of sintering temperature in the structural
and morphological characteristics of those membranes. The ceramic mass was characterized by X-ray diffraction and thermal
analysis. The membranes were characterized by scanning electron microscopy, Hg porosimetry, and water permeability with
desalinatedwater.The variation in the sintering temperature directly affected the structural andmorphological characteristics of the
membranes. The increase in sintering temperature of the membranes has raised the average pores diameter from 0.116 to 0.179 𝜇m
but decreased the porosity of the membrane, from 40.30 to 25.16% for temperatures from 900 to 1100∘C, respectively.The reduction
in porosity of the membrane affected the water permeated flux and decrease from 35.82 Kg/h⋅m2 (at 1000∘C) to 15.68Kg/h⋅m2 (at
1100∘C). All the membranes have been applied with success in the effluent treatment from textile industry, resulting in the decrease
in turbidity and discoloration, reaching approximately 100% of rejection of solid particles.

1. Introduction

Despite all the advantages that the processes involving
ceramic membranes exhibit the search for making these
articles with the minimum possible cost is still under con-
sideration. The clays are natural materials that have grown
in importance and have interested the scientists in this area.
These materials are abundant in nature and require low
temperatures during sintering process, when compared, for
example, with metal oxides.

The first researches on the preparation of ceramic mem-
branes used 𝛼-Al

2
O
3
as a precursor and then 𝛾-Al

2
O
3
, zir-

conia, silica, and titania, valuable materials, when compared
to those used in recent work where some researchers began
working with natural raw materials and residues, such as
apatite, ash powder, and kaolin, to reduce the cost of the
membrane [1].

Among some recent works reported in the literature that
refer to the use of natural raw materials for the manufacture
of membranes, can be cited, for example, the study done by
Fakhfakh et al. [2] who dedicated their work to the study of
ceramicmembranes prepared frommineral oxides for use on
tubular support of clay.

Jana et al. [1] prepared ceramic membranes for microfil-
tration using clay. They prepared two different membranes;
the first was done with pure clay and the second with clay and
small amounts of sodium carbonate, boric acid, and sodium
metasilicate. In its results the authors showed membranes
with potential for use in the treatment of effluents containing
heavy metals. Recently Zulhairun et al. [3] used clay for
the preparation of membranes to be used in gas permeation
processes, and the results showed that the gas permeation
rate increased with increasing clay content in the mass
composition used to prepare the membranes. Khemakhem
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and Amar [4] developed amembrane formicrofiltration with
clay fromTunisia and the rejection rates results were superior
to 99% of salt. From the various applications for which the
use of membrane technology is intended, the treatment of
effluents is distinguished by excellent results presented. A
large amount of these effluents is from industries that make
the disposal of these products without a proper pretreatment.

Textile industry, which generally uses large volumes of
water and hence long sequence of wet processing stages,
consumes many resource inputs and produces quantities
of wastewater. The main sources of wastewater are rins-
ing waters from fiber preparation and continuous dyeing,
alkaline waste from preparation, and batch dyeing waste
containing large amounts of salts, acid, or alkali chemicals
[5]. In this way, the interest in applied membrane for reuse
of waste water from textile processes is increasing thanks
to technological innovations which make them reliable and
viable compared to other systems [6]. Membrane technology
is today the dominant technique in the treatment of several
types of wastewater: wastewater from some industries, such
as electronic [7], petrochemical [8], treatment of radioactive
waste [9], effluents containing natural organic matter [10],
heavy metals [11], and aqueous samples containing pesticides
and herbicides [12] industries.

According to this context, the aim of this work is to obtain
microfiltration membranes from raw materials of low cost
and simple processing, such as kaolin and ball clay, evaluate
the effect of different sintering temperatures (900, 1000, and
1100∘C), in structural and morphological characteristics of
these membranes, and apply these membranes to the textile
industry effluent treatment.

2. Materials and Methods

The composition used for preparation of ceramic mass to
obtain membranes was composed of ball clay (44%w/w) and
clay (56%w/w) from the state of Paráıba (Brazil).

To obtain the ceramic mass, the kaolin and ball clay were
passed in a sieve with aperture of 0.074mm, according to
ABNT standard, and homogenized in a blender manufac-
tured by METVISA Company, for a period of 6 hours. After
that, water (20%w/w) and lubricant (diesel oil, 3%w/w) were
added to themass, to acquire the proper texture for extrusion.

The ceramic mass processing was conducted in a vacuum
of extruder from Verdés, 051 model, in tubular format
with internal and external diameters of 7.0 and 10.0mm,
respectively. After that, the extruded parts were dried in two
stages, at room temperature for a period of 7 days and at
100∘C for a period of 24 hours.

The membranes were sintered on electric oven, model
LF0914, from Jung Industry, with the following temperature
program during the firing process: from room temperature
to 400∘C with heating rate of 2∘C/min, from 400 to 700∘C
with a heating rate of 1∘C/min, and from 700 to maximum
temperature at a heating rate of 3∘C/min, staying at this
maximum temperature for period of 1 hour. Maximum
temperatures were 900, 1000, and 1100∘C.

The ceramic mass was characterized by thermal analysis
performed in a thermal analyzer, model RB-3000-20,
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Figure 1:Thermogravimetric anddifferential thermal analysis of the
mass before the sintering.

manufactured by the BP Company, with heating rate of
12.5∘C/min, in nitrogen atmosphere, using a platinum cru-
cible and range from room temperature to a maximum
temperature of 1000∘C.The ceramic mass was also submitted
to an X-ray diffractometer XRD-6000 model Shimadzu, with
k𝛼 radiation from copper with scanning of 2𝜃 from 2 to 80∘.

The membranes were characterized by scanning elec-
tron microscopy using model SSX-550, from Shimadzu and
mercury porosimetry through an Analyzer Autopore model
IV, from Micromeritics, and permeated flow tests were
conducted with distilled water, with tangential flow at 25∘C.

The membranes have been applied to the treatment of
effluent from the dyeing step of a textile industry from
Fortaleza city, Brazil.

3. Results and Discussion

3.1. Characterization of Massiness Ceramics. Figure 1 shows
the graph for the thermal analysis of the ceramic mass before
the sintering stage.

According to the thermogravimetric curve a first event
which begins from 25∘C up to 200∘Cwas observed showing a
loss in mass of 1.6% of the adsorbed water that is eliminated
from the surface of the mass. From 200 to 435∘C there is a
discrete mass loss equivalent to 0.84%, due to elimination
of organic matter, confirmed by differential thermal curve
that shows an exothermic peak at the same interval of
temperature, indicating the combustion of organic matter.
At 435∘C starts the third and biggest event that follows up
to 625∘C, showing a 10% mass loss due to elimination of
hydroxyls groups of the clay fraction. From 630∘C until the
end of the analysis there is a slight loss of 1.32% mass, caused
by decomposition and loss of carbonates and hydroxides.The
last endothermic peak appears in differential thermal curve
at 960∘C and is due to nucleation of mullite. In total the mass
loss has reached a value of 13.8%.
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Figure 2: X-ray patterns of (a) ceramic mass before the sintering and sintered mass at (b) 900∘C, (c) 1000∘C, and (d) 1100∘C.

Figure 2 shows the X-ray curves of the ceramic mass
before and after the sintering stage at temperatures of 900,
1000, and 1100∘C.

It is observed through Figure 2 that, for the first sintering
temperature, at 900∘C, the peaks presented in curves were
the same crystalline phases presented to the mass before
the sintering, with the presence of quartz and mica. The
kaolinite was present in just a few traces due to its transfor-
mation into a metakaolinite. The increase in temperature in

sintering process causes a reaction between silica (SiO
2
) and

alumina (Al
2
O
3
) present in the rawmaterials formingmullite

(3Al
2
O
3
⋅2SiO
2
) (standard sheet JCPDF 15-0776) as shown in

the curve for sintered mass at 1000∘C. As for the curve of
sinteredmass at 1100∘C, there is also the presence of the quartz
and mullite, differentiating from the curve of sintered mass
at 1000∘C, by presenting more intense and defined peaks and
the absence of mica, due to probably the destruction of its
structure and/or its contribution to formation of mullite.
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Figure 3: SEM images of longitudinal (1) and transversal (2) sections of the sintered ceramic membranes at 900 (a), 1000 (b), and 1100∘C (c).

3.2. Characterization of Ceramic Membrane. Figure 3 shows
the SEM images of the cross-sectional and longitudinal
sections of the membranes sintered at 900, 1000, and 1100∘C.

The image illustrated in Figure 3 allows the indication of
the porous structure of the membrane, with the presence of
grains with irregular plates formats, randomly distributed,
with sizes larger than 2𝜇m.

From Figure 3(a) it is realized that the sintering temper-
ature was not enough to promote good sintering, since it is
possible to show isolated grains, also in the form of irregular
plates. Despite the structure being porous, the micrographs
do not allow estimating with accuracy the pore size and the
degree of porosity of the membranes. It can be evaluated
from Figure 3(b) that the increase in 100∘C in the sintering
temperature has caused the increase of grain size, but there
is still the presence of some grains with distinct geometries,

different sizes, distributed along themembrane.These images
when compared with the images from Figure 3(a) make
possible the observation that the rise in the sintering temper-
ature provided a better visualization of pores present in the
membrane.The images allow the evaluation that the increase
in sintering temperature caused a difference in the superficial
aspect of the membranes. Despite the presence of grains well
sintered, it is still possible to note a few isolated and scattered
grains along the membrane. The grains are spread in a more
homogeneous way when compared with the images of the
sintered membranes at 900 and 1100∘C.

Figure 4 presents the variation of pores diameter of
ceramic membranes as a function of the accumulated intru-
sion volume of mercury.

In Figure 4 the three curves corresponding to three
sintering temperatures show that the vast majority of pores
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Figure 4: Variation of pore diameter versus mercury intrusion
volume of the membranes sintered at 900, 1000, and 1100∘C.

Table 1: Values of the average pore diameter and porosity of sintered
ceramic membranes at 900, 1000, and 1100∘C.

Sintering
temperature (∘C)

Average pore
diameter (𝜇m) Porosity (%)

900 0.116 40.30
1000 0.164 38.75
1100 0.179 25.16

have sizes ranging from 0.1 to 0.2𝜇m, which characterizes
membranes for microfiltration processes. Table 1 presents the
values of the average pore diameter and porosity of ceramic
membranes in relation to sintering temperature.

It can be observed that the increase in temperature of
sintering from 900 to 1100∘C led to a small increase in the
average pore diameter from 0.116 to 0.179𝜇m. But as regards
the porosity, the difference between sintered membranes
from 900 and 1100∘C reached 15.14%.

The increasing temperature increases the amount of
liquid phase formed during the sintering process, which by
capillarity effect penetrates the pores of smaller diameter
leading to the reduction or even the disappearance of them.
According to Nandi et al. [13] the capillary strains cause
the liquid to redistribute itself between the particles and
into the small pores, leading to further rearrangement and
enlargement of the size of big pores. According to Germman
[14] the formation of liquid phase can also lead to the growth
of grain. In this way, there has been an increase in the values
of the size of the average pore diameter and the decrease in
the values of porosity.

Figure 5 illustrates the flow curves of distilled water
permeated through the membrane as a function of time.

The membrane that obtained greater water permeated
flow was sintered membrane at 1000∘C, showing stabilized
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Figure 5: Distilled water permeated flows to the ceramic mem-
branes sintered at 900, 1000, and 1100∘C.
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Figure 6: Water permeated flow versus applied pressure for the
membrane sintered at 900, 1000, and 1100∘C.

value of 35.82 kg/h⋅m2 after 30min, followed by the mem-
brane sintered at 900∘C with 23.54 kg/h⋅m2 and 1100∘C with
15.68 kg/h⋅m2. Obviously, for same pressure and very close
pore sizes, the porosity features greater influence in the
permeated flow with distilled water through the membrane.

Figure 6 shows the water permeated flow versus applied
pressure for themembranes sintered at 900, 1000, and 1100∘C.

From Figure 6 the water permeated flow increases with
the increase in transmembrane pressure.The values obtained
for the permeability of ceramic membranes were 6.32, 6.00,
and 0.81 Kg/h⋅m2⋅bar for sintered membranes at 900, 1000,
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Figure 7: Textile effluent permeated flow of the ceramicmembranes
sintered at 900, 1000, and 1100∘C.

Table 2: Comparative values between the permeated flows from
distilled water and industrial effluent.

Sintered temperature (∘C)
Permeated flow (kg/h⋅m2)

Distilled water Effluent from
textile industry

900 23.54 19.35
1000 35.82 23.62
1100 15.68 5.62

and 1100∘C, respectively. According to Vasconcelos [15] the
permeability of porous materials is a function of the volu-
metric fraction of pores, as well as the average pore diameter.
The greater permeability was achieved by sinteredmembrane
at 1000∘C, due to higher product value between average
pore diameter and porosity reached at this temperature. The
lowest permeability presented by the membrane sintered at
1100∘C is due to the lower porosity caused by shrinkage when
compared with membranes sintered at 900 and 1000∘C.

3.3. Application of Membrane. The results of the behavior of
the permeated flow of textile effluent by ceramic membranes
using a pressure of 2 Bar are presented in Figure 7.

According to Figure 7 it was verified that the permeated
flows stabilized in values of 19.35, 23.62, and 5.62Kg/h⋅m2 for
the sinteredmembranes at 900, 1000, and 1100∘C, respectively,
and the largest permeated flow was achieved by the mem-
brane sintered at 1000∘C.

Table 2 presents the average values of the permeated flows
of the ceramicmembranes using distilledwater by comparing
them with the values of permeated flows using the industrial
effluent.

It is observed that the industrial effluent permeated flows
decreased when compared with distilled water permeated
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Figure 8: Turbidity of textile effluent before and after permeation
through the sintered ceramic membranes at 900, 1000, and 1100∘C.

flows, this decrease being more pronounced for sintered
membrane at 1100∘C, and this occurs due to clogging of the
pores of the membrane with suspended particulates from the
effluent. The particles size distribution of the effluent showed
average diameter of 2.22 𝜇m and 10% of the particles have
sizes smaller than 0.26 𝜇m. These values are close to those
of membrane pore diameters sintered at 1100∘C (0.179 𝜇m),
which can penetrate the pores, causing an obstruction.

Figure 8 presents the results of turbidity for the industrial
raw effluent and after permeation through membranes sin-
tered at 900, 1000, and 1100∘C.

The results obtained of turbidity for the effluent after
passing through the ceramic membranes showed that the
separation was efficient, retaining solid particles present in
the effluent. The values after permeation were 3.49, 1.79, and
4.85 UTN for sintered membranes at 900, 1000, and 1100∘C,
respectively. Fersi and Dhahbi [16] studied two treatments
with membrane, the first with ultrafiltration and the second
with nanofiltration, and reached retention of textile effluent
color with approximately 95%. This confirms the potential
of the membranes obtained through this research, which
significantly reduced the turbidity.

Figure 9 presents the images of textile effluent before and
after permeation by ceramic membranes.

Through visual analysis of Figure 9 the difference found
for the industrial effluent before and after permeation
through membranes is clear. It is possible to observe the high
turbidity of raw effluent and the removal of solid particles of
permeated.

4. Conclusions

The preparation of ceramic membranes with kaolin and
ball clay is a viable alternative, with excellent results for
the treatment of effluent from textile industry. The sintered
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Figure 9: Images of the textile effluent before and after permeation
through ceramic membranes.

ceramic membranes at three temperatures, 900, 1000, and
1100∘C, presented in the pore diameter for use in microfil-
tration processes, showing efficiency in treating effluent from
textile industry, reaching solid rejection rate close to 100%.
The increase in sintering temperature of the membranes
has raised the average pores diameter from 0.116, 0.164
to 0.179 𝜇m but decreased the porosity of the membrane,
from 40.30 to 25.16% for temperatures from 900 to 1100∘C,
respectively. The reduction in porosity of the membrane
with the increase in sintering temperature affected the water
permeated flux and decrease from 35.82 Kg/h⋅m2 (at 1000∘C)
to 15.68Kg/h⋅m2 (at 1100∘C). All the membranes have been
applied with success in the effluent treatment from textile
industry, resulting in the decrease in turbidity and discol-
oration, reaching approximately 100% of rejection of solid
particles.
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BaLa
2
ZnO
5
:Er3+/Yb3+ has been synthesized via a high temperature solid-statemethod, and the tunable upconversion luminescence

and energy transfer process between Yb3+ and Er3+ in this system have been demonstrated. Upon 980 nm laser excitation, the
intense green and red emission around 527, 553, and 664 nm were observed for BaLa

2
ZnO
5
:Er3+/Yb3+, which can be assigned to

the characteristic energy level transitions of 2H
11/2
→
4I
15/2

, 4S
3/2
→
4I
15/2

, and 4F
9/2
→
4I
15/2

of Er3+, respectively. The critical
Er3+ quenching concentration (QC) was determined to be about 5mol%, and the power studies indicated that mixture of 2- and
3-photon process was responsible for the green and red upconversion luminescence.

1. Introduction

It is believed that the appearance of photon upconversion
(UC) luminescence phenomenon has attracted numerous
attentions focused on the UC phenomena and UC lumi-
nescent materials because of their potential applications in
medical labels, multicolor displays [1–4]. The upconversion
(UC) luminescence process is achieved through the sequen-
tial absorption of two or more excitation photons, which is
accorded with the anti-Stokes emission phenomenon. Con-
sequently, UC processes can be induced by low power, con-
tinuous wave lasers, obviating the need for high-cost, high-
intensity pulsed lasers that are required for simultaneous
multiphoton absorption experiments such as simultaneous
two-photon absorption and second harmonic generation [5,
6]. Up to now, efficient photonUC process has been observed
to occur primarily in the rare-earth elements, namely, those
of the Ln series. Lanthanide ions are very suitable to be used
in UC process as they have the rich energy level structure
that allows for efficient spectral conversion. Among all the
lanthanides, Er3+ ion has abundant energy level structures,
and always acting as the luminescent center can emit intense
green and red light. In contrast, Yb3+ ion has a strong and
broad near-infrared absorption cross section around 980 nm

with relatively simple electronic structure of two energy level
manifolds: 2F

7/2
ground state and 2F

5/2
excited state around

10,000 cm−1 in NIR region [7]. Additionally, the similar
value of energy level of excited 2F

5/2
state of Yb3+ is close to

the 4I
11/2

levels of Er3+ ions. Accordingly, cooperative UC
process has also been reported for Tm3+/Yb3+, Ho3+/Yb3+,
and Tm3+/Ho3+/Yb3+ couples in many host materials [8–11].

The ternary oxides XY
2
ZO
5
(X = Ba, Y = rare-earth, and

Z = Cu, Zn) are receiving much attention because of their
very interesting structural, excellent physical, and chemical
stability and special magnetic, optical, and superconducting
properties. As a member of these compounds, BaY

2
ZnO
5

and BaGd
2
ZnO
5
have been proved to be efficient UC hosts

[12–15]. However, the UC properties of BaLa
2
ZnO
5
based

phosphor have not been investigated. Based on the effective
ionic radii and charge balance of cations with different
coordination number (CN), the rare-earth Er3+/Yb3+ ions are
expected to occupy the La3+ sites randomly in the BaLa

2
ZnO
5

host. Therefore, BaLa
2
ZnO
5
can be an excellent host doped

with various ions, and they are promising candidates for
practical applications. In this paper, Er3+/Yb3+ codoped
BaLa
2
ZnO
5
UC materials are synthesized via a solid-state

reaction process, and the structure and UC luminescent
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Figure 1: XRD patterns of the BaLa
1.9−xZnO5:x%Er3+/0.10Yb3+ (x = 0.2%, 0.5%, 1%, 2%, 3%, 4%, 5%, 7%, and 10%) and the standard PDF

diffraction lines of BaLa
2
ZnO
5
as a reference: (a) 10∘ ≤ 2𝜃 ≤ 70∘ and (b) 29.5∘ ≤ 2𝜃 ≤ 32∘.

characteristics of these phosphors have been discussed in
detail.

2. Experimental

A series of polycrystalline phosphors BaLa
2
ZnO
5
:xEr3+/Yb3+

were synthesized by a solid-state reaction technology.The raw
materials were Ba

2
CO
3
(AR), La

2
O
3
(99.99%), ZnO (99.99%),

Er
2
O
3
(99.99%), and Yb

2
O
3
(99.99%), which were used

directly without any treatment. The selected starting mate-
rials were mixed and ground thoroughly. The homogeneous
mixtures were calcined at 1250∘C for 3 hours, with the heating
rate of 5∘C/min, and then the samples were cooled to room
temperature naturally. After that, the samples were washed
three times by the deionizedwater and dried for the following
measurement.

The phase and crystal structure of the samples were
recorded by X-ray diffraction (XRD, D8 Advance diffrac-
tometer, Bruker Corporation, Germany) with Cu-Ka radia-
tion (𝜆 = 0.15406 nm, 40 kV, 30mA). The morphology of
the as-prepared samples was characterized by a field emission
scanning electron microscopy (FE-SEM, JSM-7001F). The
UC luminescence spectra were recorded on a Hitachi F-
4600 spectrophotometer (Hitachi High Technologies Cor-
poration, Tokyo, Japan) equipped with an external power-
controllable 980 nm semiconductor laser (Beijing Viasho
TechnologyCompany, China) as the excitation source. All the
measurements were carried out at room temperature.

3. Results and Discussion

The crystallization and morphology of the as-prepared sam-
ples were checked by XRD and SEM measurements. Figure 1
shows the XRD patterns of the BaLa

1.9−xZnO5:x%Er3+/
0.10Yb3+ (x = 0.2%, 0.5%, 1%, 2%, 3%, 4%, 5%, 7%, and 10%)

and the standard PDF diffraction lines of BaLa
2
ZnO
5
as

a reference. It can be seen that all of the diffraction peaks are
matched well with the standard data of BaLa

2
ZnO
5
(JCPDS

number 52-1670) indicating the introduction of Er3+/Yb3+
ions into the BaLa

2
ZnO
5
lattice is completely dissolved in the

BaLa
2
ZnO
5
host lattice by substitution for the La3+ owing

to their similar ionic radii and properties. Moreover, the
diffraction peaks of the as-prepared samples shift toward the
larger 2𝜃 side owing to the small size of Yb3+ ion and Er3+ ion
substituting for La3+ in the compound.

Figure 2 shows the SEM micrographs of the typical
BaLa
2
ZnO
5
:0.05Er3+/0.10Yb3+ powders prepared at 1250∘C

with different plotting scale. SEM result shows sheet-like
phosphor grains with an average diameter of about 30 𝜇m.
Compared to the as-prepared samples via high temperature
solid-state technology, we can find that the current samples
have smooth surface and better crystallinity in the form of
two-dimensional flaky states, which indicate that they should
own better luminescence properties because of the decreased
particle surface defects [16].

Upon the 980 nm laser excitation, strong visible emis-
sion was observed in codoped crystals due to the result
of the upconversion process. Figure 3(a) shows the com-
parison of UC luminescence spectra of the as-prepared
BaLa
2
ZnO
5
:xEr/Yb10% (x = 0.2%, 0.5%, 1%, 2%, 3%, 4%,

5%, 7%, and 10%) samples. The emission consists of two
strong bands: the red one peaked at 664 nm associated with
4F
9/2
→
4I
15/2

transition and the green band centered at
553 nm assigned to the mixed transition 2H

11/2
+ 4S
3/2
→

4I
15/2

of the acceptor Er3+ ion [17]. To date, a wide vari-
ety of Er3+ doped BaLa

2
ZnO
5
have been generated that

are capable of emitting a wide range of colors within the
visible spectral region. The above result testified the UC
process in the Er3+/Yb3+ doped BaLa

2
ZnO
5
. Additionally, as

shown in Figure 3(b), it can be seen that either the green
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(a) (b)

Figure 2: SEM images of the BaLa
2
ZnO
5
:0.05Er3+/0.10Yb3+ plotting scale ×1000 (a) and plotting scale ×5000 (b).

400 450 500 550 600 650 700 750 800

0.2%
0.5%
1%
2%

3%
5%
7%
10%

Wavelength (nm)

In
te

ns
ity

 (a
.u

.)

𝜆x = 980nm 664nm: 4F9/2→
4I15/2

553nm: 2H11/2→
4I15/2

527nm: 4S3/2→
4I15/2

Er3+ mol%

(a)

0 1 2 3 4 5 6 7 8 9 10

In
te

ns
ity

 (a
.u

.)

Er3+ ions concentration (%)

664nm: 4F9/2→
4I15/2

553nm: 2H11/2→
4I15/2

(b)

Figure 3: Comparison of UC luminescence spectra of the BaLa
2
ZnO
5
:xEr3+/0.10Yb3+ (x = 0.2%, 0.5%, 1%, 2%, 3%, 4%, 5%, 7%, and 10%)

under 980 nm laser excitation (a), and the variation of green and red emission intensities corresponds to different Er3+ doping concentration
(b).

(553 nm) or the red (664 nm) emission band intensities of
BaLa
2
ZnO
5
:xEr3+/10%Yb3+ increase first and then decrease

with the increasing concentration of Er3+ ion, which is
attributed to the concentration quenching effect [18]. With
increasing the Er3+ contents, the distance between Er3+ and
Yb3+ (or Er3+) ions decreased to promote nonradiative ET
approach and decreased the luminescent intensity of Er3+
ions. After a critical concentration, 5.0mol% of Er3+, both
bands are quenched but the intensity of the green one is
quenched stronger than that of the red one.

The physical mechanism involved in the upconversion
processes can be elucidated by analyzing the dependence of
the integrated upconverted intensity (𝐼em) as a function of

the pumping intensity (𝑃pump), which is suggested to obey the
following empirical equation [19–21]:

𝐼em ∝ (𝑃pump)
𝑛

, (1)

where 𝑛 is the number of pump photons required for the
transition from ground state to the upper emitting state.
A plot of log 𝐼em versus log𝑃pump yields a straight line
with slope 𝑛. Figure 4(a) shows the UC emission spec-
tra of BaLa

2
ZnO
5
:5%Er3+/10%Yb3+ with different pumping

power, and dependence of green and red UC luminescence
intensities upon pumping power is shown in Figure 4(b).
With the increasing pumping power, UC emission intensities
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Figure 5: Energy level diagram of Er3+ and Yb3+ ions and the
proposed UC luminescence mechanisms in BaLa

2
ZnO
5
:Er3+/Yb3+.

of BaLa
2
ZnO
5
:5%Er3+/10%Yb3+ increased. The calculated

slopes were 2.14 for the red emission (664 nm: 4F
9/2
→

4I
15/2

) and 2.10 for the green emission (553 nm: 4S
3/2
→

4I
15/2

), indicating that both red and green emission are the
mixture of 2- and 3-photon process which were respon-
sible for the green and red upconversion luminescence.
The corresponding energy levels scheme for the infrared
excitation and upconversion emission is demonstrated in the
schematic energy level diagram of Er3+ and Yb3+ ions, as
shown in Figure 5. According to the above-mentioned three-
photon process in BaLa

2
ZnO
5
:Er3+/Yb3+, the Yb3+ ions act

as sensitizer and the Er3+ ions as activators. Under 980 nm

laser excitation, a Yb3+ion can be excited by one of the near-
infrared photons and transited from the ground state of 2F

7/2

to the only excited state of 2F
5/2

and then transfers the energy
to Er3+ ion and promotes the transition of 4I

15/2
→
4I
11/2

of
Er3+ ion. Furthermore, Er3+ in 4I

11/2
level is easy to reach a

lower excited level of 4I
13/2

by a nonradiative relaxation as
the similar value of energy level.Then, the second step of ET

2

from Yb3+ can promote an excited state absorption (ESA) of
Er3+ from 4I

13/2
to the 4F

9/2
level. In this case, the emission

band located in the red regionwhich associatedwith the tran-
sition of 4F

9/2
→
4I
15/2

. The third energy transfer step (ET
3
)

are followed as: Er3+ ions at 4F
9/2

level relax nonradiatively
again and back to another lower excited level of 4I

9/2
, and

then the Er3+ are excited from 4I
9/2

to 4F
7/2

by another
ESA process. In this case, the emission band located in the
green region which associated with the 2H

11/2
→
4I
15/2

and
4S
3/2
→
4I
15/2

transitions of Er3+ ions, respectively. Accord-
ingly, green emission concerted at 527 and 549 nm was
detected in the UC spectra.

4. Conclusions

UC phosphors of Er3+/Yb3+ codoped BaLa
2
ZnO
5
were

synthesized by a traditional solid-state reaction method.
Under 980 nm near-infrared laser excitation, both green
(527 nm and 553 nm) and red (664 nm) emission bands
have been found in the UC spectra, and these emission
peaks are assigned to the characteristic level transition of
2H
11/2
→
4I
15/2

, 4S
3/2
→
4I
15/2

, and 4F
9/2
→
4I
15/2

of
Er3+, respectively. The influence of Er3+ doped concentration
on UC luminescence intensities has been studied, which



Advances in Materials Science and Engineering 5

depicts that the optimum Er3+ doped concentration is 5%.
The dependence of the UC luminescence on pumping power
indicates that the energy transfer from Yb3+ to Er3+ in the
BaLa
2
ZnO
5
host is a three-photon process. The mechanisms

for the green and red UC luminescence were discussed in
detail.
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Accurate yet valid evaluation of values of groundwater resources is difficult.However, it is of an urgent need. Based onwater resource
system, the emergy synthesis of the ecological economics was used to make a systematic study on the assessment of the quantity of
groundwater resources. Taking Beijing in 2012 as an example, the values of groundwater for residents life subsystem, the industrial
subsystem, and the agricultural subsystem are 7.64, 6.00, and 3.25 billion Yuan, accounting for 45.24, 35.5, and 19.24% of the total
value, respectively. The total value of the underground water accounts for 1.51% of the GDP in Beijing for that year. Meanwhile,
Contribution Rate of Groundwater Resources (GWCR) in Beijing decreased in the following order: groundwater contribution rate
for industry (GWCRI 4.52%), groundwater contribution rate for agriculture (GWCRA 3.24%), and groundwater contribution rate
for residential life (GWCRL 0.71%).The conclusions will provide important basis for the government’s scientific decision to improve
the level of comprehensive management of water resource.

1. Introduction

As a part of the natural resources, the groundwater provides
valuable water for most people to support agricultural and
industrial production activities. About two-thirds of people
in China use groundwater as their drinking water, and about
two-thirds of cities and farmlands take groundwater as their
main water supply, especially in Northern China, where the
development is heavily dependent on the exploitation of
groundwater [1]. The evaluation of groundwater resources is
a practical problem to be solved in social development. It is
important to use the groundwater reasonably and to realize
the coordinated development between economic society and
environment.

The evaluation of groundwater resource value is a scien-
tific issue remaining to be solved. At present, the methods
widely accepted to value the water resources are (1) system
model method, such as the fuzzy mathematic model [2–5],
CGE model [6], and shadow price model [7–12]; (2) market
analysis method, such as the supply and demand pricing
model [13] and the marginal opportunity cost model [14–17];

and (3) nonmarket method, such as the contingent valuation
method [18].

The above-mentioned methods all attempt to monetize
water resources and human economy activities, to use the
currency as the only way to measure wealthy, but currency
cannotmeasure everything, particularly the essence of nature
and laws. Water (groundwater) is a kind of natural resource
and its value cannot be measured by money totally because
the currency in circulation does not pass through natural
world. Currency is only a tool to measure human’s role
and contribution in economic activities, not the role and
contribution of economy and nature. Groundwater provides
the vast majority of people with valuable water resource
and sustains agriculture and industry. At the same time, the
pollution of water mainly arises from human’s activities [19].
Therefore, research on groundwater resource value can be
made from its contribution to industrial production, agricul-
tural production, and residential life.

The newmethod of groundwater evaluation is the emergy
theory of ecological economics. Emergy theory is reviewed
as the value theory of environment and natural resources.
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Figure 1: Diagram of eco-economic inputs and outputs within and outside the RWEES (regional water ecological-economic system).

The essence of the emergy theory is translating different
forms of energy and materials into solar energy. In 2000, the
emergy theory was applied to the field of water resources by
Buenfil for the first time. Buenfil simulated and optimized
the allocation of water in city, agriculture, and environment
of Florida, America. In 2001, Buenfil calculated the emergy
transform rates of the main rivers, aquifers, and eight water
plants in Florida. Xie [20] analyzed the water environment
value of Tumen River Basin using the emergy theory. Chen
[21] applied the emergy method to the evaluation of natural
water resources and regarded coastal county in southern
China as an example for practical application. Lv [22] con-
ducted a systematic study of emergy evaluation of ecological
economic value of water resources.

Based on the energy recycling and transformation in
water eco-economic system and the construction principles
of energy and emergy network, the energy and emergy
network of water eco-economic system and its subsystems
are constructed in this paper, including industrial subsystem,
agricultural subsystem, and residential subsystem. In the light
of the current situation of economy development and water
exploitation in Beijing, the groundwater resource value was
checked from 2008 to 2012, which will provide theoretical
basis and techniques for the proper decision and evaluation
of water exploitation.

2. Theory and Method

Emergy, specifically solar emergy, is the available solar energy
used up directly and indirectly to make a service of product

[23]. Therefore we can measure the emergy of all kinds of
energy based upon the solar energy.The solar emergy owned
by any sources, products, or services is the amount of solar
energy they used directly or indirectly for their formation,
and its unit is solar emjoules (sej).

2.1. The Energy Network of Water Resource System and
Its Subsystem

(1) The Energy and Emergy Network of Water Eco-Economic
System. According to the basic structure of water resources
eco-economic system and the main condition of ecological-
economic flow including energy sources, material, and infor-
mation, the energy network of water resources ecological-
economic system is constructed (Figure 1). The basic struc-
ture of regional water ecological-economic system, the rela-
tionship of ecological and economic flow and its main
direction, water circulation flow path, and the relationship
between economic-social production and ecological environ-
ment will be clear. And then emergy/dollar ratio (EDR) is
calculated as follows:

EDR (sej/¥) =
EM
𝑈

GDP Comparision Price

=
EM
𝑅
+ EM

𝑁
+ EM

𝐹
− EMEX

GDP Coparision Price
,

(1)
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where EM
𝑈
is total emergy used; EM

𝑅
is renewable emergy;

EM
𝑁
is nonrenewable emergy; EM

𝐹
is feedback emergy; and

EMEX is export emergy.

(2)TheEnergy andEmergyNetwork of Industrial, Agricultural,
and Residential Subsystem. According to the directions of
main energy flow, material flow, and monetary flow of indus-
trial, agricultural, and residential subsystem, each subsystem’s
energy and emergy network can be constructed and the
emergy flow of each subsystemwill be calculated.Threemore
indices emphasizing the contribution rate of groundwater
resources (GWCR) were developed:

GWCR
𝐼
=
Emergy of Groundwater within Industry

All Emergy Input within Industry
, (2)

GWCR
𝐴
=
Emergy of Groundwater within Agriculture

All Emergy Input within Agriculture
,

(3)

GWCR
𝐿
=
Emergy of Groundwater within Residents life

All Emergy Input within Residents life
.

(4)

2.2. Transformity of Different Water Bodies with the Method
of Emergy Calculation. The biggest challenge of the emergy
analysis is the calculation of transformity (Tr) of all sorts
of energy, material, information, and service. So far, lots of
significant achievements of the international emergy research
have been accomplished. Odum and other researchers over
the world (such as Brown et al. [24]) calculated the trans-
formity of the emergy of the main energies and substances.
With this transformity of the emergy we can do some generic
systematic emergy analysis that could be conducted. It is
necessary to calculate more detailed transformity of the
emergy between resources and substances according to pro-
fessional systems. For example, for the ecologically economi-
cal systems of the water resources, just the rainwater emergy
transformity is not enough; calculating more detailed classi-
fications of the water solar emergy transformity is required.
The UEV (unit of emergy value) of a system can be con-
sidered as an efficiency indicator. For example, Brown et al.
[24] stated that “UEVs are inversely related to the system
efficiency on the scale of the biosphere.” In other terms, a
more efficient overall use of resources by the coupled human-
natural system has a lower UEV. The UEVs of the natural
water, the engineering water, and the recycled water were
calculated, respectively, as follows:

UEV of Natural water

=
Total Emergy of the watershed rainfall (sej/a)

Mass of The catchment water capacity per year (m3/a)

= (Rainfall per year × Gibbs energy of rain

×Tr of the Rain)

× (Mass of Total water per year

÷ Refresh Cycle Time)−1 ,
(5)

UEV of Engineering water

= (Total Emergy of Engineering water

Input per year (sej/a))

× (Mass of Total water per year (m3/a))
−1

,

(6)

UEV of Recycled Water

= (Total Emergy input within Waste

water treatment per year (sej/a))

× (Mass of Total Recycled water per year (m3/a))
−1

.

(7)

3. Case Study

3.1. Study Area. Beijing, the capital of China, located in
the northwest of the North China Plain, is a municipality
directly under the control of the central government and
also the political and economic center. Its geographic coor-
dinates for longitude and latitude are 115∘25–117∘30E and
39∘28–41∘05N, with a total area of 16410.54 km2. In 2012,
the GDP of Beijing is 1787.94 billion yuan, with a population
of 20.693 million. The population density is 1251 capita/km2.
And per-capita water supply is 173m3, which is lower than
the world average (Figure 2). Groundwater resource is not
only a basic resource for the development of Beijing, but
also strategic resources and the important guarantee for Bei-
jing’s development. With groundwater accounting for 1/2 of
the city’s water supply, Beijing is one of the few big cities
that regard groundwater as the main source of water supply.
With the rapid development of the urban construction and
the process of rural urbanization, an increase of the urban
population, the conflict between supply and demand of
water in the city is more serious. The excessive exploita-
tion of groundwater has caused a series of environmental
problems, such as land subsidence and ground fissure, and
shortage of groundwater has become a bottleneck of the
economic and sustainable development of Beijing.

3.2. Results and Discussion

(1) Calculation of EDR in Beijing Based on the Regional System
Emergy Analysis. According to a comprehensive analysis of
themain energy flow,material flow, andmonetary flow inside
and outside of Beijing water resources ecological-economic
system, the emergy index datum, including renewable
resources emergy (EM

𝑅
), nonrenewable resources emergy

(EM
𝑁
), feedback input emergy (EM

𝐹
), and the system

emergy export (EMEX), the total emergy used (EM
𝑈
) of
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Table 1: The Summary of the main emergy indexes about the water system of Beijing (unit: 1020 sej).

Emergy indexes 2008 2009 2010 2011 2012
EMR 459 324.2 378.12 397.98 508.66
EMN 1202.36 1287 1318.71 1107.09 976.8
Renewable environmental resources products 712.77 727.47 711.05 698.29 687.95
EMF 8138.62 8618.9 11371.8 14863.4 17508.9
EMEX 3918.5 3998.3 5528.98 7296.26 8367.11
EMU 5881.48 6231.8 7539.61 9072.26 10627.2
EMY 75465.1 83250 89993.4 96928.6 96935.7
Annual water emergy consumption EMW 333.65 364.63 383.55 351.5 385.67

Water from external EMWE 1.83 6.12 6.72 8.03 9.58
Water from local EMWL 284.06 310.52 324.03 303.37 332.97

Emergy/$ EDR (1011 sej/$) 46.29 44.31 48.51 51.35 59.84
Emergy/RMBEDR (1011 sej/¥) 6.76 6.49 7.26 8.11 9.51
The data of Table 1 have been summarized. The regional data reference is from the following books: [25, 26].
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Figure 2: The population of permanent residents, water supply, and gross domestic product (GDP) of Beijing. Source: [25].

the system emergy yield (EM
𝑌
), and annual water emergy

(EM
𝑊
), was calculated. The complex emergy network chart

of the regional water ecological-economic system (RWEES)
in Beijing was constructed (Figure 3).

After arranging the raw data, analysis of energy, material,
and monetary flows in Beijing, the emergy flow of all kinds
of resources, material, and monetary in the system was clas-
sified and established. EDR (emergy/RMB) was calculated
(Table 1).
(2) Calculation of Transformity of Different Water Bodies in
Beijing. The natural water in Beijing can be generally divided
into two kinds: surface water and groundwater. Based on
the method of the calculation of transformity of different
water bodies, transformity of surface water, groundwater, and
engineering water from 2008 to 2012 in Beijing was counted
(Table 2).

In accordance with the scale of the water supply of the
9thWater Plant which takes the surface water as source water
and the 8th Water Plant which takes groundwater as the
source water in Beijing, based on the Standards of Urban
Water Supply Construction Project, the input and output
amounts of emergy of the water plant were reckoned. The
emergy transformity of different water bodies in Beijing was
calculated as shown in Table 3 with formulas (5), (6), and
(7) above and the original data reference from the following
references: [30–35].
(3) Emergy Analysis of Groundwater Resources Value regard-
ing the Industrial Subsystem as an Example. According to
the main directions of energy flow, material flows in the
industrial subsystem, and the relations of production in the
system in Beijing, the industrial subsystem emergy network
was established (Figure 4).
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Figure 3: Aggregated figure of emergy flows for RWEES (units: emergy 1020 sej).

Table 2: Transformity of the engineering water of Beijing, 2008–2012.

Item 2008 2009 2010 2011 2012

Raw surface water (1011 sej/m3) 4.27 7.77 7.37 5.6 5.09

Raw groundwater (1011 sej/m3) 24 28.39 29.04 28.93 29.04
The raw south-to-north diversion project water
(Raw SNDP water) (1011 sej/m3)

1.99 1.99 1.99 1.99 1.99

Water diversion costs (¥/m3) 0.39 0.39 0.39 0.39 0.39

Reservoir construction costs (¥/m3) 1.53 1.53 1.53 1.53 1.53

Tube and wells pumping station construction costs (¥/m3) 0.32 0.32 0.32 0.32 0.32

The south-to-north diversion project water investment (¥/m3) 3.35 3.35 3.35 3.35 3.35

EM$ (1011 sej/¥) 6.76 6.49 7.26 8.11 9.51

Engineering surface water (1011 sej/m3) 17.21 20.2 21.28 21.14 23.3

Engineering surface water (1011 sej/m3) 28.77 32.97 34.17 34.66 35

Engineering SNDP water (1011 sej/m3) 24.61 23.71 26.3 29.15 33.8
Original source: Beijing Water Statistical Yearbook [26–29].

Table 3: Engineering water, tap water, and recycled water emergy per volume.

Item Tap water Recycled water
From surface water From groundwater

Emergy per volume (sej/m3) 3.13𝐸 + 13 3.25𝐸 + 13 1.19𝐸 + 13

Through the collection, classification, and collation of the
original data of energy, material, and money flows of Beijing
industrial subsystem, the emergy flow of the industrial
subsystem from 2008 to 2012 was obtained. Taking 2012 as
an example, the calculation result was shown in Table 4.

Among them, the solar energy and the wind energy are
obtained from all the Beijing area. Nonrenewable resources
are calculated on the basis of the data of standard coal
given in the Beijing Statistical Yearbook. The raw materials,

labor, operation expenses, and fixed assets are expressed in
currencies.

With formula (2) and summarizing the data in Table 4
(the data of 2008–2011 can’t be shown in this paper, for the
limited space), the emergy of groundwater for industry and
GWCR

𝐼
of Beijing from 2008 to 2012 was shown in Table 5.

For the better comparison of different years, the amount of
money involved in the process of calculation is based on the
comparable prices calculated of 2008.
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Table 4: Emergy inputs and outputs within and outside BIS (Beijing industrial system), 2012.

Item Raw data Unit Transformity (sej/unit) Emergy (1020 sej)
1 Total inputs 3592.76
1.1 Renewable environmental resources 67.43
1.1.1 Solar 7.19𝐸 + 19 J 1∗ 0.72
1.1.2 Wind 1.38𝐸 + 17 J 632∗ 0.87
1.1.3 Industrial water 48.9𝐸 + 07 m3 65.84
1.1.3.1 Tap water 12.05𝐸 + 07 m3 40.40
1.1.3.1.1 From surface water 6.17𝐸 + 07 m3 3.29𝐸 + 13 20.34
1.1.3.1.2 From groundwater 5.87𝐸 + 07 m3

3.41𝐸 + 13 20.06
1.1.3.2 Engineering water from surface water 5.77𝐸 + 07 m3 0.23𝐸 + 13 1.34
1.1.3.3 Engineering water from groundwater 15.4𝐸 + 07 m3 0.35𝐸 + 13 5.40
1.1.3.4 Recycled water 15.7𝐸 + 07 m3

1.19𝐸 + 13 18.70
1.2 Nonrenewable environmental resources 3525.33
1.2.1 Energy 6.67𝐸 + 17 J 39800∗ 265.44
1.2.2 Raw material, labor, and other fees 26.75𝐸 + 10 ¥ 9.51𝐸 + 11∗ 2543.08
1.2.3 ∗Fixed assets depreciation 7.54𝐸 + 10 ¥ 9.51𝐸 + 11∗ 716.81
2 Total outputs 8051.12
2.1 Farm and sideline food 3.5𝐸 + 10 ¥ 9.51𝐸 + 11∗ 332.33
2.2 Textile and garment industry 1.92𝐸 + 10 ¥ 9.51𝐸 + 11

∗ 182.44
2.3 Wood and furniture 0.81𝐸 + 10 ¥ 9.51𝐸 + 11∗ 76.92
2.4 Chemical products 3.46𝐸 + 10 ¥ 9.51𝐸 + 11∗ 328.76
2.5 Chemical 5.43𝐸 + 10 ¥ 9.51𝐸 + 11

∗ 516.44
2.6 Rubber and plastic 1.1𝐸 + 10 ¥ 9.51𝐸 + 11∗ 104.57
2.7 Raw coal 1.57𝐸 + 17 J 39800∗ 62.41
2.8 Crude oil 4.41𝐸 + 17 J 66000∗ 291.11
2.09 Electricity 10.47𝐸 + 17 J 1.59𝐸 + 05∗ 1664.66
2.10 Steel 26000 t 1.78𝐸 + 15

∗ 0.46
2.11 Glass 2.54𝐸 + 06 t 8.4𝐸 + 13∗ 2.13
2.12 Cement 8.75𝐸 + 06 t 1.98𝐸 + 15∗ 173.15
2.13 General equipment industry outputs 5.25𝐸 + 10 ¥ 9.51𝐸 + 11

∗ 498.77
2.14 Special equipment industry outputs 5.1𝐸 + 10 ¥ 9.51𝐸 + 11∗ 485.07
2.15 Transportation equipment manufacturing industry 27.22𝐸 + 10 ¥ 9.51𝐸 + 11

∗ 2586.97
2.16 Electrical machinery and equipment manufacturing 6.70𝐸 + 10 ¥ 9.51𝐸 + 11∗ 636.54
2.17 Other manufacturing 0.56𝐸 + 10 ¥ 9.51𝐸 + 11∗ 53.46

Industrial waste water 1.46𝐸 + 15 J 3.76𝐸 + 06
∗ 54.92

Contribution rate of groundwater resources % 1.83
Original source: [25, 26].
Transformity of Table 4 marked with “∗” sited from Lv [22] and Odum [23]. Other Tr without “∗” are calculated with the original data.

Similarly, the emergy value of the groundwater for agri-
cultural and living subsystems can be obtained.The summary
of groundwater resources value in Beijing was shown in
Table 6.

According to the results, the groundwater emergy value
and monetary value of the industrial subsystem both show a
steady trend from 2008 to 2012. Monetary value per volume
of groundwater for industrywas slightly decreased in the later
2 years because of the promotion of water-saving awareness
and the implementation water saving action.

The groundwater emergy value and monetary value of
the agricultural subsystem in Beijing kept a stationary fluc-
tuation trend. Compared to a year earlier, the emergy value
of the agricultural subsystem in the last three years rose
slightly. This is due to the effect of agricultural irrigation
and water saving policies; in addition, an increase in effi-
ciency of farming is another reason.

In addition, a rising trend in these years of groundwater
resources value can be seen in general, although there were
slight fluctuations in themiddle years. For example,monetary
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Table 5: The water resource contribution rate and value of Beijing industry system (2008–2012) (unit: 1020 sej).

Item 2008 2009 2010 2011 2012
Emergy of water for industry 56.30 60.74 59.51 63.05 65.84

Emergy of groundwater for industry 24.97 25.24 23.17 23.69 25.45
Total emergy inputs for industry 1511.70 2938.67 3020.52 3254.55 3592.76
Total emergy outputs of industry 3068.95 5164.62 6832.95 7050.51 5805.11
WCR for industry (%) 3.73 2.07 1.97 1.93 1.83
GWCR for industry (%) 1.65 0.86 0.77 0.73 0.71
Emergy value of water resource for industry 114.38 106.74 134.62 136.59 147.55
Emergy value of groundwater resource for industry 50.70 44.36 52.43 51.33 57.04
EDR emergy/RMB (1011 sej/¥) 6.76 6.49 7.26 8.121 9.51
Monetary value of water resource for industry (109 ¥) 16.92 16.45 18.53 16.83 15.52
Monetary value of groundwater resource for industry (109 ¥) 7.50 6.83 7.22 6.33 6.00
Total volume of water resource for industry (108 m3) 5.2 5.23 5.06 5.01 4.89
Volume of water resource for industry (108 m3) 2.42 2.29 2.11 2.1 2.13
Emergy transformity of water used in industry (1013 sej/m3) 22.0 20.4 26.6 27.3 30.2

Emergy transformity of groundwater used in industry (1013 sej/m3) 2.09 1.94 2.48 2.45 2.68
The monetary value of water resource per volume for industry (¥/m3) 32.55 31.45 36.63 33.60 31.74

The monetary value of groundwater resource per volume for industry (¥/m3) 30.97 29.83 34.14 30.19 28.19

value per volume of groundwater for residential life in 2008
is 14.22 ¥/m3, which is as much as 14.99 ¥/m3 in 2012 which is
much lower than the average price of residents water (5 ¥/m3)
in Beijing.
(4) The Summary of GWCR in Beijing. Comparing GWCR

𝐼

and GWCR
𝐴
in Beijing, for 5 years the average GWCRI was

0.944% and the average GWCR
𝐴
was 4.38% (Table 7). This

is because agricultural production is generally dependent on
the supply of water, but the degree of industrial production
relying on water is low. In addition, urban water supply is
mostly from reservoir water but rural wells water supply is
mostly from groundwater in Beijing.
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Table 6: The summary table of Beijing groundwater value.

Item 2008 2009 2010 2011 2012

Total emergy value (1020 sej)

Groundwater for industry 50.70 44.36 52.43 51.33 57.04
Groundwater for agriculture 30.81 27.45 30.48 33.43 30.89

Groundwater for residential life 44.2 43.9 52.1 57.2 72.6
Total 125.71 115.71 135.01 141.96 160.53

Total monetary value (109 ¥)

Groundwater for industry 7.50 6.83 7.22 6.33 6.00
Groundwater for agriculture 4.56 4.23 4.20 4.12 3.25

Groundwater for residential life 6.54 6.77 7.17 7.05 7.64
Total 18.6 17.83 18.59 17.5 16.89

Monetary value per volume (¥/m3)
Groundwater for industry 30.97 29.83 34.14 30.19 28.19
Groundwater for agriculture 5.02 4.82 5.10 5.19 4.44

Groundwater for residential life 14.22 14.19 14.88 14.61 14.99

Table 7: The Summary table of contribution rate of water resources (unit: %).

Item 2008 2009 2010 2011 2012
Contribution rate of water resources for industry (C-RWRI) 3.73 2.07 1.97 1.93 1.83

Contribution rate of groundwater resources for industry (C-RGRI) 1.65 0.86 0.77 0.73 0.71
Contribution rate of water resources for agriculture (C-RWRA) 9.94 8.60 9.92 10.83 8.84

Contribution rate of groundwater resources for agriculture (C-RGRA) 4.35 3.81 4.34 4.86 4.52
Contribution rate of water resources for residential life (C-RWRR) 13.41 13.57 13.01 10.44 10.03

Contribution rate of groundwater resources for residential life (C-RWRR) 4.42 4.10 3.91 3.38 3.24
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Figure 5:The summary table of contribution rate ofwater resources.

GWCR
𝐿
in Beijing showed a downward trend (Figure 5),

falling from 4.42% in 2008 to 3.24% in 2012. On the one hand,
the residents’ awareness of water saving is strengthened, and
the South to North Water Diversion Project is gradually put
into use.

4. Conclusions

Based on the principle of water cycle and the emergy theory
of ecological economy, the frame of emergy evaluation of
groundwater resources is constructed.
(1)The Evaluation of the Importance of Groundwater as a Basic
Elements Involved in Each Subsystem. As a basic element for
the residents’ life, groundwater also supports the industry’s
production activities. Taking Beijing in 2012 as an example,
in terms of monetary value of groundwater from big to small
sorting, followed by groundwater for residents, for industrial,
and for agricultural, its monetary value was 7.64, 6.00, and
3.25 billion yuan, accounting for 45.24%, 35.52%, and 19.24%
of the total value, respectively. The total monetary value of
the groundwater (16.89 billion yuan) accounts for 1.51% of the
GDP (1118.059 billion yuan based on the comparable price of
2008) in Beijing.
(2) Predicting the GWCR of Each Subsystem. In 2012, the
GWCR of each subsystem including GWCR

𝐴
, GWCR

𝐿
,

and GWCR
𝐼
are 4.52%, 3.24%, and 0.71%, respectively. By

further understanding the true value of groundwater and
strengthening integratedmanagement to water resources, the
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results can provide an important basis for scientific decision-
making of the government.
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WC-Co based tools are widely used in the field of coal and rock excavation because of their unique combination of strength,
hardness, and resistance to abrasive wear. Conical pick is one of the coal cutting tools. The tip of the pick is made of WC-Co
material. As coal and rock are heterogeneous elements, they pose various constraints during excavation. As a result the tools wear
out during the process. Other parameters like cutting techniques, tool orientation, and environmental conditions also affect the
tool significantly. The wearing phenomenon greatly reduces the service life of the tools and thereby cuts down the production rate.
To prevent such wearing process, it is important to investigate the different wear mechanisms inWC-Co. Simultaneously, there has
to be an ongoing endeavour for the development of better quality WC-Co. This paper focuses on different wear mechanisms in
a conical pick which has been used in a continuous miner machine for coal cutting. The worn out surface has been observed by
using FE-SEM (field emission scanning electron microscopy) and EDS (energy dispersive X-ray spectroscopy). The mechanisms,
namely, coal/rock intermixing, cracking and crushing of WC grains, and adhesion of rock particles, have been predominantly
investigated in this study. A little indication of corrosive decay in the WC grain has also been reported. The EDS has detected
material concentration in a selected area or point of the worn-out surface. The spectrograph confirms the presence of coal/rock
materials. Elements such as W, C, Ca, K, O, and Co have been mainly found in different concentrations at different positions.

1. Introduction

Conical pick is an essential tool in the field of coal/rock
excavation. The abrasive cone tip is made of cemented
carbide material and is inserted in a steel body. Cemented
carbide is a binary composition of WC and Co. It is exten-
sively used in excavating machines, such as continuous
miner, roadheader, and shearer. Picture of a continuous
miner is shown in Figure 1(a). Cemented carbide has the
ideal combination of hardness and toughness. Tungsten
carbide possesses strength and hardness whereas the cobalt
is responsible for toughness [1, 2]. The grain size of carbide
affects wear-resistance property of the cemented carbide.The
coarse-grained carbides usually have a lower abrasive wear-
resistance than that of a fine or medium grain size [3–8]. By
increasing the granule size of carbides, the fracture toughness
increases [9]. Factors such as rock types, abrasiveness, drilling
temperature, rock penetration, and corrosive environment

around tool can result in various wear mechanisms [10, 11].
Different drilling patterns can also be the cause of different
failure mechanisms. If percussion drilling is carried out,
then it causes fatigue impact wearing as the main failure
mechanism. Again, when the rotary/crushing is the drilling
pattern, it is abrasion and crack that become the primary
characteristics of failure mechanism [12–14]. Beste et al.
(2006) have studied mainly two deterioration mechanisms
in rock drill buttons. They are binder phase degradation and
rock intermixing [15]. Larsen-Basse (1973) has concluded
in a review that rock drill bit wear can be explained by
the following mechanisms: surface impact spalling, surface
impact fatigue spalling, thermal fatigue, and abrasion [16].
However, the generated heat during drilling process greatly
affects the sustainability of tools. Fish et al. (1957) have found
that hard rock drilling leads to a process of tool material
softening due to high button temperature. Moreover, the
necessary high load generates high frictional heat [17]. The
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(a) (b)

Figure 1: (a) Continuous miner machine (courtesy: joy global) [27]; (b) gradual wear of WC-Co tip.

actual surface temperature of the drill button is difficult
to measure. However, the average temperature has been
reported to be between 300∘C and 400∘C [10]. Also, oxidation
of Co takes place near the crack tips at higher temperature
which results in brittle-ductile transitions [18]. The thermal
fatigue crack propagation in WC-Co has been studied by
Lagerquist [19] and the rate-controlling factor has been found
to be the width of Co layers between the adjacent WC
grains. Many researchers have studied wear mechanisms
of CC tool with SEM (scanning electron microscopy) and
high resolution field emission gun SEM analysis. They have
found different types of damage in the cemented carbide
buttons, namely, microspalling, abrasion wear, cracks, WC
grain pullout, extrusion of binder metal, and reptile skin [11,
13, 14, 16, 20–23]. In an experiment, Olovsjö et al. (2013) have
concluded that the controlling parameters of the wearing
process in CC are plastic deformation and cracking and
crushing of individual WC grains. Cobalt depletion and rock
material penetration may also affect the drill button life to a
great extent [24]. Gupta et al. (2012) have carried out SEM
analysis of worn out diamond cutting tool and unused tool to
compare the microstructure after rock cutting. The new tool
has displayed properly bonded diamond particles in nickel
matrix. However, channels or grooves can be seen in the
worn-out part due to combined effect of excessive loading
and bit rotation. It has also been noticed that the matrix is
plastically deformed due to the high temperature produced
during core drilling [25]. After investigating various wear
mechanisms in CC drill bits, researchers believe that there
have to be further studies in this area [24, 26].

The present paper studies wear mechanisms in the WC-
Co tip of a worn-out conical pick, which has been used in
a coal cutting operation by a continuous miner machine. A
sketch of gradual wearing of the WC-Co tip is given in Fig-
ure 1(b). It is important to organize adequate samples of
worn-out tools for critical investigation. The field emission
scanning electron microscopy (FESEM) and energy disper-
sive X-ray spectrography (EDS) have been used to observe
the severity of damage and deterioration. FESEM has more
advantages over SEM in terms of better quality images with
higher magnification. EDS helps to find the exact amount of
material concentration in the selected point/area. Hence, the
detection of rock/coal materials in the selected part of WC-
Co structure can be made properly.

2. Experimental Work

The experimental work primarily consisted of organizing a
worn-out sample to make critical observation. It required
a small-sized sample of the work piece for getting correct
results in SEM analysis. If the tip is inserted deeply into the
tool body, it becomes difficult to cut the hardWC-Comaterial
properly. Therefore, the tip was cut by electric discharge
machining (EDM). The microscopic analysis was done with
the FE-SEM Supra 55 (Carl Zeiss, Germany). The worn-out
conical pick and the sample, which were observed through
SEM, are shown in Figures 2(a), 2(b), and 2(c).

The cracks and crushed parts in the tip surface could be
seen by naked eyes as in the referred figure but the micro-
structural damage inside could not be seen. By using SEM
and EDS, different types of wear mechanisms were found.

3. Observation

The SEM is capable of detecting the microstructural damage.
Simultaneously, the factors causing the damage in a particular
area can be detected through EDS. For taking SEM images
of different parts, some adjustments had to be made, regard-
ing the magnification, accelerating voltage or electron high
tension (EHT), working distance (WD) between the sample
surface and the lower portion of the lens, and so forth. These
are shown in each of the SEM images. Different types of wear
mechanisms could be observed in the surface of the worn-out
sample. Cracking and crushing ofWC grains, interruption of
coal and rock particles, and adhesion of rock materials into
the surface were found to be the main wear mechanisms.

Hard rocks are always present in between coals in a
mine. These undesirable rock materials are the main cause
behind tool damage. With the drum of the continuous miner
machine rotating at 54 rpm, the tool is hit by coal and rock
during cutting. The sudden high impact leads to cracking
and crushing of the WC grains, rendering the tool absolutely
useless. The cracks in the WC grains are shown in Figure 3.
During this process, some sharp edges of rocks penetrate the
cracks, thereby crushing the WC grains. In some cases, small
fragments of crushed WC grains come out, making a hole in
the original structure (Figure 4). Sometimes these holes are
filled with coal/rock material.

Coal/rock interruption in between theWC-Co structures
is a commonwear mechanism in any coal cutting equipment.
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(a) (b) (c)

Figure 2: (a) Worn-out conical pick; (b) crushing and cracking of WC-Co tip; (c) sample to be tested on SEM.

Figure 3: Crack on WC grain.

Figure 4: Crushing of WC grains; hole due to penetration of sharp
edge of hard rock.

The Co binder phase is ductile in nature and due to the
massive impact, the rock/coal particles enter into the binder
phase and get mixed with them. This results in the degrada-
tion of the Co phase. As a result, it can no longer bind theWC
grains properly. Rock/coal intermixing can be assumed to be
the main factor which triggers other types of deterioration
in the tool. The presence of coal/rock has been confirmed
by the EDS analysis. The spectra plotted by EDS are capable

Figure 5: Coal/rock particle interruption (black portion) in
between the WC grains.

of showing the percentage concentration of mixed rock/coal
materials. The coal and rock interrupted zone (black part) in
the surface of the tip is shown in Figure 5. Coal intermixing at
another part of the sample is shown in Figure 6. For capturing
this image, the magnification and accelerating voltage had to
be adjusted at 2.00Kx and 10.00 kV, respectively. For the pur-
pose, an areamarked spectrum 1 was selected for observation
of the concentration of coal and rock materials through EDS.
The data obtained through EDS reveals that mainly W, C,
and O are in excess and their weights (%) are 39.53, 35.89,
and 20.81, respectively. Ca (0.77%) and Co (3.00%) are also
present in small amount. Here C represents the coal particles
and Ca and O are the sign of rock parts. As the tool was used
in a coal mine, mainly coal interruption was observed.

A comparative analysis of EDS spectra at three different
zones of the crushed WC surface was done (Figures 7(a),
7(b), and 7(c)). All the three figures are the same but the
points/areas selected for taking EDS were different. Spectra
1, 2, and 3 have been marked on the solid WC grain, binder
material (dark part), and crushed WC grains, respectively.
The pertaining EDS images are given in Figures 8(a), 8(b),
and 8(c). Also, the weight percentage and atomic percentage
of the elements of the corresponding images have been noted
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Figure 6: (a) Coal/rock intermixed zone (dark coloured); (b) EDS spectra of selected area showing the presence of coal and rock material.

(a) (b)

(c)

Figure 7: Crushed part of tool tip; different points/area selected for EDS analysis.

down. This process verifies the presence of coal and rock
in the damaged tip surface. The damaged part shows very
little amount of Co indicating that it has been degraded by
coal/rock materials.

The homogeneous 𝛼-tungsten carbide contains tung-
sten and carbon in an exact stoichiometric ratio of 49.5–
50.5mol% carbon [28]. Pure tungsten powder is mixed with
pure carbon (lamp black) in the ratio of 94% and 6% by
weight at a high heat of about 1400–2000∘C [28, 29]. Hence,
it is natural to find a concentration of C in the WC grain. On
the basis of the spectrum 1 (a point on solid WC grain) it can
be concluded that the W and C are the main constituent of

the WC grain, although a small amount of O is also present
due to the deteriorated condition of the surface. Spectrum 2
(a point selected on binder (black) part) shows a compara-
tively high amount of carbon and oxygen content and also
a little amount of Mg, Ca, and Al, indicating intermixing of
coal and rock material with the binder phase. The area of
spectrum 3 in the crushedWC grains also shows the presence
of penetrated coal and rock materials (see Figure 8).

The adhesion of coal/rock particle into the surface of
cemented carbide is another wear mechanism. The observed
rockmaterial is shown in Figure 9 (magnification= 14.00Kx).
This phenomenon enhances the rock interruption in between
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Spectrum 3 Element Weight% Atomic%
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Co L 5.38 2.85

W M 58.14 9.88

Total 100.00
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Figure 8: EDS pertaining to area selected in Figure 7; (a) EDS of a point selected in Figure 7(a) on WC grain; (b) EDS of a point selected in
Figure 7(b) on dark part; (c) EDS of an area selected in Figure 7(c) on crushed WC grain.

the binder contents. The rock and coal materials adhere to
the surface due to the high impact caused by moving roller
of continuous miner machine at the time of coal cutting. As
the number of rotations increases, the rock particle begins to
enter into theWC-Co bond by replacing the Co binder phase.
The rectangular area (spectrum 1) was selected for observing
the EDS result (Figure 9). Excess carbon indicates presence
of the coal materials. Rock materials like N and O were also
significantly visible.

Beste and Jacobson (2008) explained the chemical and
oxidative degradation of the WC grains by SEM images in
which the oxides were shown in the form of white circular
spots. They also pointed out decay of the WC grains due
to corrosive environment [26]. Similar corrosive decay to

an extent was reported in the present experiment as well.
However, the oxide layers or spots are not present in this
experimented sample. The corrosive degradation has been
shown inside the white oval (Figure 10).

4. Conclusion

For a long time, the wearing mechanisms of CC have been
under study. In order to enhance the quality of CC, it is
important to understand the wearing process of CC under
different working conditions. In the present study, an attempt
has been made to understand the deterioration mechanisms
in a worn out conical pick. The pick was being used in con-
tinuous miner machine for coal mining.The tool sample was
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Ca K 1.80 0.70
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Total 100.00
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Figure 9: Adhering of rock particle; EDS spectra showing the concentration of elements.

Figure 10: Corrosive degradation of WC grain (white oval); white
arrow shows the coal/rock intermixed binder material.

carefully investigated through FE-SEM and EDS for a thor-
ough understanding of the wearing mechanism. Although
cracks and crushed parts in the surface were clearly visible by
naked eyes, the severity of damage could be assessed only by
using SEM.Also, thematerial (element) concentrations in the
damaged part were detected by EDS. Different types of wear
mechanisms, namely, coal/rock interruption, cracking and
crushing ofWCgrains, adhesion of rock particles, and a small
indication of corrosive decay in theWCgrains, were reported.
Predominantly, WC grain cracking and crushing could be
detected. The conclusion that could be made at the end of
the study was that coal/rock materials penetrate the cracks
of the coal cutting tools to enter inside the base material and

degrade it. A small percentage of intermixed rock material in
the present investigation indicated that the quality of coal is
good in this particular mine under study and has very little
amount of rock present in between the coals.
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[7] G. List,M.Nouari, D.Géhin et al., “Wear behaviour of cemented
carbide tools in dry machining of aluminium alloy,” Wear, vol.
259, no. 7-12, pp. 1177–1189, 2005.

[8] J. Y. Sheikh-Ahmad and J. A. Bailey, “Thewear characteristics of
some cemented tungsten carbides in machining particleboard,”
Wear, vol. 225–229, no. I, pp. 256–266, 1999.

[9] X. Deng, B. R. Patterson, K. K. Chawla et al., “Mechanical prop-
erties of a hybrid cemented carbide composite,” International
Journal of Refractory Metals and Hard Materials, vol. 19, no. 4–
6, pp. 547–552, 2001.

[10] U. Beste, T.Hartzell, H. Engqvist, andN.Axén, “Surface damage
on cemented carbide rock-drill buttons,”Wear, vol. 249, no. 3-4,
pp. 324–329, 2001.

[11] U. Beste and S. Jacobson, “Micro scale hardness distribution of
rock types related to rock drill wear,”Wear, vol. 254, no. 11, pp.
1147–1154, 2003.

[12] L. C. Duan, X. Y. Liu, B. S. Mao, K. H. Yang, and F. L. Tang,
“Research on diamond-enhanced tungsten carbide composite
button bits,” Journal of Materials Processing Technology, vol. 129,
no. 1–3, pp. 395–398, 2002.

[13] J. Larsen-Basse, “Binder extrusion in sliding wear of WC-Co
alloys,”Wear, vol. 105, no. 3, pp. 247–256, 1985.

[14] K. J. Swick, G.W. Stachowiak, andA.W. Batchelor, “Mechanism
of wear of rotary-percussive drilling bits and the effect of rock
type on wear,” Tribology International, vol. 25, no. 1, pp. 83–88,
1992.

[15] U. Beste, E. Coronel, and S. Jacobson, “Wear induced material
modifications of cemented carbide rock drill buttons,” Interna-
tional Journal of Refractory Metals and Hard Materials, vol. 24,
no. 1-2, pp. 168–176, 2006.

[16] J. Larsen-Basse, “Wear of hard-metals in rock drilling: a survey
of the literature,” Powder Metallurgy, vol. 16, no. 31, pp. 1–32,
1973.

[17] B. G. Fish, G. A. Guppy, and J. T. Ruden, “Abrasive wear effects
in rotary rock drilling,”Transactions of the Institutions ofMining
and Metallurgy, vol. 63, pp. 357–383, 1959.

[18] P. Kindermann, P. Schlund, H.-G. Sockel et al., “High-temper-
ature fatigue of cemented carbides under cyclic loads,” Interna-
tional Journal of Refractory Metals and Hard Materials, vol. 17,
no. 1, pp. 55–68, 1999.

[19] M. Lagerquist, “A study of the thermal fatigue crack propagation
in WC–Co cemented carbide,” Powder Metallurgy, vol. 18, no.
35, pp. 71–88, 1975.

[20] U. Beste and S. Jacobson, “Friction between a cemented carbide
rock drill button and different rock types,” Wear, vol. 253, no.
11-12, pp. 1219–1221, 2002.

[21] K. G. Stjernberg, U. Fischer, and N. I. Hugoson, “Wear mecha-
nisms due to different rock drilling conditions,” Powder Metal-
lurgy, vol. 18, no. 35, pp. 89–106, 1975.

[22] J. Larsen-Basse, C. M. Perrott, and P. M. Robinson, “Abrasive
wear of tungsten carbide-cobalt composites. I. Rotary drilling
tests,” Materials Science and Engineering, vol. 13, no. 2, pp. 83–
91, 1974.

[23] J. Larsen-Basse, “Effect of composition, microstructure, and
service conditions on the wear of cemented carbides,” Journal
of Metals, vol. 35, no. 11, pp. 35–42, 1983.
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TiO
2
-ZrO
2
composite film with the grain size of 50 nmwas synthesized by electric field and heat (EF&H) treatments. Portions of O

atoms in the TiO
2
network structure were replaced by N atoms as revealed by X-ray photoelectron spectroscopy (XPS) and X-ray

diffraction (XRD) analyses, suggesting formation of a nonstoichiometric compound TiO
2−𝑥

N
𝑥
on the composite film.The UV-Vis

spectra of the film suggested that the visible light with wavelength of 550 nm could be absorbed for the N-doped composite film
after EF&H treatment in comparison to a cutoff wavelength of 400 nm for the composite film without EF treatment. Photocatalytic
experiments showed that the degradation rate of methylene blue by N-doped composite films increased significantly under visible
light irradiation. The partial replacement of O by doped N played a very important role in narrowing the band gap and improving
the visible light photocatalytic reactivity.

1. Introduction

TiO
2
films are widely used in many fields, ranging from

transforming solar energy into chemical energy and electric
energy to environmental remediation, including photocat-
alytic degradation of pollutants in atmosphere and water,
sterilization, and self-cleaning, and so forth [1–3]. The TiO

2

has low thermal expansion coefficient making it inferior
to metal materials that have high thermal expansion. This
drawback results in a lower TiO

2
film efficacy compared to

metal surfaces, and thus, limited its practical applications.
TiO
2
-ZrO
2
composite film has the advantages of adjustable

thermal expansion rate. It can be applied to a variety of metal
surface modifications. But the photocatalytic reactivity of
TiO
2
under visible light condition (wavelength greater than

387.5 nm) still remains low after the addition of ZrO
2
to TiO

2
.

In order to utilize the visible part of the solar spectrum,
or under general illumination conditions, two approaches
could be undertaken with one being doping transitionmetals
into TiO

2
[4, 5], and the other being forming defects of

TiO
𝑥
catalyst compounds [6, 7]. Although doping transition

metals can improve the reactivity of TiO
2
under visible light,

the TiO
2
reactivity under ultraviolet light would decrease

correspondingly. In addition, the reactivity under visible light
wasmuch lower than that underUVbecause of themetal ions
becoming the recombination centers. In addition, stability
of TiO

2
would be reduced due to doping [8]. The TiO

2

reactivity under visible light condition could be increased
by incorporation of nitrogen atoms into TiO

2
[9]. But, it

was not until 2001, when Sato et al. [8] reported in science
that substitution of a small quantity of lattice O by N
could narrow the TiO

2
band gap, thus increasing the TiO

2

reactivity under visible light condition, while maintaining its
UV light reactivity. This discovery attracted great attention
for nonmetallic elements doped TiO

2
[10, 11].

In this paper, the N-doped TiO
2
-ZrO
2
composite film

with relatively high photocatalytic reactivity under visible
light was prepared by a sol-gel method followed by treating
the products under electric field and heat in nonequilibrium
state. It is anticipated that this simple process could gain wide
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popularity in the field of surface treatment of various daily
use.

2. Experimental Methods

2.1. Sol Preparation. The TiO
2
sol was prepared through

hydrolyzing the tetrabutyl titanate (Ti(OBu)
4
) under acidic

condition. To do so, 10mL tetrabutyl titanate (98%) was
dissolved in 40mL absolute alcohol (99.7%) and 10mL acetyl
acetone (99.9%)was added to inhibit premature hydrolyses of
tetrabutyl titanate. The mixture was stirred for 30min using
a magnetic stirrer. Then, 10mL deionized (DI) water was
added slowly and the mixture stirred vigorously to form a
uniform dispersion. During this process, dilute hydrochloric
acid (3.6%) wass continuously added to maintain the pH
value of the solution at 1.8.

Similarly, the ZrO
2
sol was prepared using a molar

ratio of Zr (OPr)
4
(99%) : n-propyl alcohol (99.8%) : acetyl

acetone : water at 1 : 4 : 2 : 2. A period of 12 h aging is needed
for the ZrO

2
sol, before it was fully mixed with the prepared

TiO
2
sol at a ratio of 1 : 4 (ZrO

2
sol : TiO

2
sol). Then, 1 g

NH
4
NO
3
(99%) was added to the mixture. The mixture was

stirred for 2 h and allowed to stand for 12 hours, before being
used for coating film.

2.2. Film Preparation. Silex glass with a diameter of 1.5 cm
was used as the substrate for film coating at a thickness of
1mm. The substrate was washed in ether under ultrasound
and then rinsed with DI water. The cleaned substrate was
dried at 80∘C for 1 h in an oven. A dip-coating method with
a pulling speed of 0.5mm/s was adopted. After dip-coating
the substrate was dried in an oven at 80∘C for 4 h. The dried
sample was placed in electric furnace (Figure 1) and treated
under external direct current electric field with voltages of
0 or 600V, respectively (the calculated electric field strength
was 0 or 6000V/cm). Heat treatment was carried out in N

2

atmosphere at 500∘C for 1 h.

2.3. Photocatalytic Performance. The performance of the N-
doped TiO

2
-ZrO
2
composite film was evaluated by assessing

the photocatalytic degradation of methylene blue (MB) in
10mg/L.The N-doped TiO

2
-ZrO
2
composite film was added

to 100mL MB solutions of 10mg/L followed by exposure to
different light sources for 3 h.The tests were conducted under
a wavelength irradiation of 365 nm created by a high pressure
mercury lamp or under continuous wavelength ranging from
400 to 760 nm generated by a 40W fluorescent lamp. The
residual MB concentration in solution was measured at
the maximum absorption wavelength of 660 nm using the
UV-1901 type UV-Vis spectrophotometer. The MB removal
was determined by the differences between the initial and
equilibriumMB concentrations.

2.4. Instrumentation Analyses. The XPS was obtained using
the PHI5300 type X-ray photoelectron spectrometer; the X-
ray diffraction was performed by a D/max-rB X-ray diffrac-
tometer; the UV-Vis diffuse reflectance spectrogram was
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Figure 1: The heating apparatus and specimen arrangement.
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Figure 2: X-ray diffraction patterns of the composite film annealed
at 500∘C for 1 h: (a) 0V and (b) 6000V/cm.

recorded by the UV-1901 ultraviolet visible spectrophotome-
ter. The surface morphology of the films was observed by the
JSM-6301F scanning electron microscope (SEM).

3. Results and Discussion

3.1. Phase Analyses of the Doped Film. Figure 2 showed the
XRDpatterns of the composite filmwith heat treatment in the
presence and absence of electric field. Without EF treatment,
the phase of the film was mainly made of anatase with trace
amount of rutile. The rutile phase increased substantially in
the composite film after EF&H treatment, suggesting that
the external EF promoted crystal transformation on the film.
Moreover, the crystalinity of the composite film increases
significantly after EF treatment. Meanwhile, no TiN phase
was observed in the two XRD patterns (Figure 2).
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Figure 3: SEM surface micrograph of the samples after EF&H
treatment at 6000V/cm and 500∘C for 1 h.
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C/
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Figure 4: XPS of the N1s in composite film treated at 500∘C for
1 h: (a) 0V, (b) 6000V/cm (no NH

4
NO
3
) and (c) 6000V/cm with

addition of NH
4
NO
3
.

3.2. TheMean Grain Size of the Films. After EF&H treatment
the mean grain size of the film surface was about 50 nm
as revealed by the SEM micrograph of the composite film
(Figure 3).

3.3. XPS Energy Spectrum Analysis. The XPS energy spectra
of N1s of the composite film produced in the absence and
presence of EF are shown in Figures 4(a) and 4(c). Figure 1(a)
shows a peak shoulder at 399.7 eV and Figure 1(c) shows
two peak shoulders at 399.7 eV and 396.4 eV, respectively.
The binding energy at 399.7 eV indicates the presence of
gap state of N element and the binding energy at 396.4 eV
corresponded to the Ti-N bond or the O-Ti-N bond [12].
As the XRD analysis did not reveal the TiN phase, the
chemical bond corresponding to the peak at 396.4 eV should
be assigned to O-Ti-N bond instead of Ti-N bond, which
suggested the formation of nonstoichiometric compounds
TiO
2−𝑥

N
𝑥
in the composite film prepared under EF&H

treatment. This suggested that N successfully replaced some
of the O atoms near the surface region of the O-Ti-O net-
work under DF&H treatment, forming the N-Ti-O network.
Because of the slight difference in electronegativity between
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Figure 5: UV-Vis DRS of the composite film annealed at 500∘C for
1 h: (a) 0V and (b) 6000V/cm.

O and N atoms, the electron cloud had a small tendency
deflecting towards O atoms, resulting in a slight decrease in
the electronic cloud density of N atom. Figure 4(b) is the XPS
curve of N1s in the coextruded film prepared under the same
EF&H condition without addition of NH

4
NO
3
. Only a peak

shoulder at 399.7 eV was observed, suggesting the absence of
nonstoichiometric compounds TiO

2−𝑥
N
𝑥
. In comparison to

Figures 4(a) and 4(c), the N element in the TiO
2−𝑥

N
𝑥
was

derived from NH
4
NO
3
.

3.4. UV-Vis Spectra of the Thin Film. Figure 5 is the UV-
Vis DRS of the composite film without EF and with EF of
6000V/cm at 500∘C heat treatment for 1 h. The composite
film prepared without external EF showed no absorption of
light whose wavelength was above 400 nm. In comparison,
the visible light with wavelength of 550 nm can be absorbed
by the composite film prepared with EF&H treatment and
contained TiO

2−𝑥
N
𝑥
, suggesting a red shift in the absorption

edge.This red shift of the absorption edge could be attributed
to the increased photocatalytic reactivity of the N-doped
TiO
2
-ZrO
2
composite film under visible light after EF&H

treatment.

3.5. Photocatalytic Performance. Photocatalytic performance
test was conducted on the composite film produced in
the absence and presence of EF. The degradation rate of
MB is listed in Table 1. The degradation rate of composite
film prepared under EF of 6000V/cm was higher than
that prepared in the absence of EF. Under the irradiation
condition of 365 nm by the high-pressure mercury lamp, the
MB degradation rate by the film after EF&H treatment was
as high as 95%. Under the irradiation by 40W fluorescent
lamp, the degradation rate was as high as 83%, in comparison
to only 39% without treatment. This result showed that the
composite film prepared under EF&H treatment possessed
excellent visible light catalytic reactivity.
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Table 1: Degradation rate of the coextruded film annealed at 500∘C for 3 h: (a) 0V and (b) 6000V/cm.

Sample Degradation rate (%)
Fluorescent lamp (40W) High-voltage mercury lamp (365 nm)

(a) 0V 39 91
(b) 6000V/cm 83 95

4. Discussion

The improved performance of photocatalytic degradation
of MB by the film under visible light condition could be
attributed to the following effects. Doping of the film in N

2

atmosphere generated TiO
2−𝑥

N
𝑥
in the presence of EF&H

treatment, which increased the impurity levels and decreased
the band gap of TiO

2
[8]. Doping of N can narrow band gap

as the increase in impurity level could result in band gap
reduction of TiO

2
after mixing the 2p state of N atom and

2p state O atom. Theoretical calculation shows that the red
shift of absorption edge could be achieved via N-doping.This
is mainly due to the potential transition of N atoms to 𝑑

𝑥𝑦

state of Ti by replacing the electrons of 2p𝜋 state in TiO
2

[8, 13]. Additionally, doping of N could generate Ti3+ on the
surface of TiO

2
film. As the Ti3+ on the surface increases, the

Fermi level of TiO
2
increases, resulting in an increase in light

absorbing potential for catalyst.

5. Conclusion

The EF promoted the phase transformation. When the
external EF is 6000 V/cm and the heat treatment is 500∘C
for 1 h, TiO

2−𝑥
N
𝑥
was generated in the ZrO

2
-TiO
2
composite

film. The XPS and XRD analyses indicated that partial N
atoms appear in TiO

2
resulting from the replacement of O

by N atoms. The composite film containing TiO
2−𝑥

N
𝑥
could

absorb visible light around 550 nm, as reviewed by the UV-
Vis DRS analyses. The N-doped ZrO

2
-TiO
2
composite had

a higher UV and visible light catalytic reactivity. The doped
N partially replaced O, which plays a very significant role
in narrowing the band gap and improving the photocatalytic
reactivity of the film under visible light conditions.
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Recently, iron nanoparticles have attracted more attention for groundwater remediation due to its potential to reduce subsurface
contaminants such as PCBs, chlorinated solvents, and heavy metals. The magnetic properties of iron nanoparticles cause to attach
to each other and form bigger colloid particles of iron nanoparticles with more rapid sedimentation rate in aqueous environment.
Using the surfactants such as poly acrylic acid (PAA) prevents iron nanoparticles from forming large flocs that may cause
sedimentation and so increases transport distance of the nanoparticles. In this study, the transport of iron oxide nanoparticles
(Fe
3
O
4
) stabilized with PAA in a one-dimensional porous media (column) was investigated. The slurries with concentrations of

20,100 and 500 (mg/L) were injected into the bottom of the column under hydraulic gradients of 0.125, 0.375, and 0.625.The results
obtained from experiments were compared with the results obtained from numerical solution of advection-dispersion equation
based on the classical colloid filtration theory (CFT). The experimental and simulated breakthrough curves showed that CFT is
able to predict the transport and fate of iron oxide nanoparticles stabilized with PAA (up to concentration 500 ppm) in a porous
media.

1. Introduction

There are various compositions of iron nanoparticles with
wide range of applications in environmental engineering,
especially in contaminant removal processes. One of the
advantages of using iron nanoparticles for in situ processes
is that they can be injected directly into the environment
and contrary to millimetric iron particles, so there is no
need for underground installation as in the case of permeable
reactive barriers (PRBs) thatmakes it economically affordable
[1]. Moreover, the extremely large specific surface area (SSA)
of nanoparticles provides a much higher surface reactivity
compared to the more widely used millimetric iron [2–4].

Nanoscale zerovalent iron (NZVI) has demonstrated
high reactivity in remediation of aquifers contaminated by
nonaqueous phase liquids, heavy metals, and other haz-
ardous compounds. However, observations in laboratory and
field scales disclosed the fact that the application of NZVI

in porousmedia faces critical problems including short travel
distances, pore plugging, and significant loss of porosity and
permeability especially when used in high concentrations
[5, 6]. This is attributed to the strong tendency of NZVI
bare particles to aggregation, agglomeration, and consequent
rapid settlement or filtration on the solid phase surface
[7]. Researches showed that bare iron nanoparticles may
travel in porous media only a few centimeters from the
injection point under typical groundwater conditions [8, 9].
To overcome this limitation and to improve NZVI transport
in porous media, researchers have used electrostatic, steric,
and depletion stabilization mechanisms generating stabilized
NZVI colloids by stabilizers like polystyrene sulfonate (PSS),
carboxymethyl cellulose (CMC), poly acrylic acid (PAA),
triblock, xanthan gum, and emulsified iron [10–15].

Phenrate et al. [16, 17] examined transport of poly-
electrolyte-stabilized NZVI at different particle concentra-
tion (0.03, 0.3, 1, 3 and 6 g/L) in saturated sand column.
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They demonstrated that slurry with low concentrations is in
agreementwith the assumptions of CFTmodel. In the slurries
with higher concentrations (𝐶 > 1 g/L), they modified
CFTmodel by providing empirical corrections.The empirical
corrections are capable of estimating the agglomerate size
and deposition during injection of slurry of polyelectrolyte-
stabilized NZVI of high particle concentration in saturated
sand [16, 17]. In the CFT model, the removal of suspended
particles is described by first-order kinetics, resulting in
concentrations of suspended and retained particles that
decay exponentially with distance [18, 19]. In addition, other
researchers such as Tosco et al. and Hosseini et al. [20, 21]
developed another form of nanoparticles transport model
that can be considered the pore blocking, clogging, and
ripening processes during transport in porous media.

In addition to NZVI, iron oxide nanoparticles (Fe
3
O
4
)

can also be used in remedial processes for environmental
engineering purposes. Although iron oxides nanoparticles
have less reactivity than NZVI, the use of iron oxides
nanoparticles, as powerful adsorbents and more stable to
oxidation in groundwater treatment, provides a convenient
approach for contaminant remediation. In addition, iron
oxide nanoparticles can be easily separated and collected
by applying external magnetic fields. Hu et al. [22] have
used nanoparticles of iron oxide (Fe

3
O
4
) in order to remove

Cr(VI) from an aqueous media through absorption process.
Also, Su and Puls and Yavuz et al. [23, 24] showed that iron
oxides nanoparticles can be effective in the removal of arsenic
from groundwater through the sorption of arsenite (As(III))
on the magnetite surface. Moreover, iron oxide nanoparticles
were shown to be effective sorbents for a number of other
heavymetals such as Hg, Ag, Pb, Cd, and Ti [25]. In addition,
iron oxides nanoparticles can promote the transformation of
carbon tetrachloride [26, 27]. Pan et al. [28] showed that iron
oxides nanoparticles stabilized with sodium carboxymethyl
cellulose can immobilize phosphorous in soils.

The objective of this study is to investigate the transport of
iron oxide nanoparticles (Fe

3
O
4
) stabilized with poly acrylic

acid (PAA) in one-dimensional porous media. Transport
tests in columns packed with glass beads were performed
by injecting the iron oxide nanoparticles (Fe

3
O
4
) stabilized

with poly acrylic acid dispersed in deionized water with
different concentrations (𝐶

0
= 20, 100, and 500 ppm) and

injection rates (hydraulic gradients = 0.125, 0.375, and 0.625
which represents 9 Darcian velocity due to the difference
in viscosity of slurries). This research aimed to contribute
to a better understanding of important parameters in the
transport of the nanoparticles in porous media by providing
the experimental data in order to evaluate the proposed
model for nanoparticles transport. The experimental results
were further analyzed by using a numerical one-dimensional
model of advection-dispersion transport equation based on
the classical colloid filtration theory (CFT).

2. Methodology

2.1. Materials. All chemicals used in these experiments were
laboratory grade. Nano iron oxide (Fe

3
O
4
) was obtained

From Pasteur Institute of Iran with 99.5% purity and average
particle size of 44.5 nanometers. For determination of particle
size distribution of the nano iron oxide (Fe

3
O
4
), particle size

distribution test has been conducted.The results are shown in
Figure 1(a). The existence of trivalent iron nanoparticles has
been investigated using X-ray diffraction (XRD) device with
40KV energy, 30mA current, and copper anodes and the
results are presented in Figure 1(b). Poly acrylic acid (PAA,
meanM.W.= 1.8 kg/mole)was purchased fromSigmaAldrich
Company. Both materials (nano iron oxide (Fe

3
O
4
) and poly

acrylic acid) were in the powder form.

2.2. Synthesize a Slurry of Iron Oxide Nanoparticles Stabilized
with PAA. Three slurries of iron oxide nanoparticles, with
the concentrations of 20, 100, and 500mg/L stabilized with
poly acrylic acid. The optimum weight ratio of 2 : 1 (1 g nano
iron oxide and 2 g poly acrylic acid) was selected based
on findings by Saghravani et al. [29]. Preparation process
included several steps as follows. The required iron oxide
nanoparticles were placed in a flask and then distilled water
was added up to one-fifth of the final volume of required
slurry solution. The flask was put in an ultrasonic shaker
(40KHz frequency, 50W power) for 5 periods of 6 minutes
shaking and 1 minute rest to obtain a uniform mixture.
Having PAA twice the weight of nano Fe

3
O
4
in another

flask, the remaining volume of distilled water was added to
have the desired concentration and then placed on a shaker,
500 rpm for 1 hour. The solutions were added to each other
and placed in the ultrasonic shaker for another 1 hour. The
result was a uniform solution of stabilized nano iron oxide
with PAA.The solution was kept in the room temperature for
another 24 hours and was shaken with an ultrasonic shaker
for another half an hour before conducting the experiments.
In order to specify the particle size distribution of iron oxide
nanoparticles stabilized with PAA, samples were from the
solutions of different concentrations. Using the particle size
distribution test, the variation of amplitude and the average
size of particles were specified. Figure 2 illustrates the particle
size distribution in the samples. Zeta potential was measured
in order to investigate the stability of the nanoparticles in the
fluid. Since absolute value of zeta potential is greater than 30
for all samples (|𝜁| ≥ 30), it can be concluded that slurries
of iron oxide nanoparticles stabilized with PAA were stable
(Table 1). By summarizing the data provided in Table 1 and
Figure 2 one can conclude that the size of particles would
remain in the nano range after addition of PAA.

2.3. Porous Media. The experiments were conducted in a
pyrex glass column with internal diameter of 3.5 cm and
40 cm height. The column was filled with glass bead (8–20
mesh, average diameter d50 = 1.8mm). Two porous glass
diffuser plates with 1 cm height were placed on each end of
pyrex glass column to provide an even distribution of iron
oxide nanoparticles stabilized with PAA in the experiment
column.Thepore (void) volumewasmeasured at 110mL then
the porositywas calculated to be 0.30. For all tests, the column
was prewashed with 2.2 L (20 times of pore volume) of 0.5
normal HCL and then washed through with distilled water
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Table 1: Average diameter of iron oxide nanoparticles stabilized with PAA and zeta potential (𝜁) in slurries with concentrations (A) 20, (B)
100, and (C) 500mg/L.

Concentration (mg/L) Average diameter of iron oxide nanoparticles stabilized with PAA (nm) Zeta potential (𝜁) (mV)
Bare nanoparticles 44.52 −23.88
Nanoparticles stabilized with PAA

20 85.14 −30.37
100 51.30 −46.44
500 48.99 −51.10
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Figure 1: Diagram of size distribution of iron oxide nanoparticles (Fe
3
O
4
) and the result of XRD analysis of iron oxide nanoparticles (Fe

3
O
4
).
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Figure 2: Diagram of size distribution of iron oxide nanoparticles stabilized with PAA in slurries with concentrations (a) 20, (b) 100, and (c)
500mg/L.
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Figure 3: Schematic of the experimental setup.

until pH = 7 was confirmed in effulent so that we obtained a
uniform, homogenous, and saturated porous media.

2.4. Transport Experiment. In these experiments 220mL
(approximately two times of empty pores volume) of iron
oxide nano slurries stabilized with PAA (with different
concentrations of 20, 100, and 500 ppm) was injected to the
porous media by applying hydraulic gradients equal to 0.125,
0.375, and 0.625. The injections of water and slurry of iron
oxide nanoparticles were made separately from the bottom
of the column to avoid the errors due to trapped air bubbles.
Simultaneously, from the beginning of the injection, samples
were taken from the effluent at equal time intervals. Concen-
trations nanoparticles in the samples were measured through
spectrophotometery by Jenus UV 1200-Spectrophotometer.
The breakthrough curves for the concentration (of nanopar-
ticles (𝐶/𝐶

0
) versus time) for all tests were then plotted

(Figure 3). Each experiment was repeated three times and the
breakthrough curves were provided based on the average of
the concentration of samples.

2.5. The Advection-Dispersion Equation with Respect to Sur-
face Absorption Conditions. The temporal and spatial vari-
ations of colloid concentration in a homogenous, granular
porous media are described by the advection-dispersion
equation:

𝜕𝐶

𝜕𝑡
= 𝐷

𝜕
2
𝐶

𝜕2𝑥
− 𝑈

𝜕𝐶

𝜕𝑡
. (1)

Here, 𝐶 is the colloid concentration in the aqueous phase
at a distance of 𝑥 and time 𝑡, 𝑈 is the interstitial particle
velocity, and 𝐷 is the hydrodynamic dispersion coefficient.
In (1), only the physical transport processes of advection
and hydrodynamic dispersion are considered. In granular
media, colloids are removed from the fluid-phase by physico-
chemical filtration or attachment to sediment grain surfaces.
Physicochemical filtration of microbes has been modeled as
either an irreversible (no detachment) or reversible process.
In the case of reversible attachment, both equilibrium and
kinetic mechanisms have been considered [30]. When an
attachment mechanism is used to describe removal of parti-
cles from the liquid phase, the general equation for colloid
transport and fate in a one-dimensional, homogeneous,
granular porous media becomes

𝜕𝐶

𝜕𝑡
+
𝜌
𝑏

𝜀

𝜕𝑆

𝜕𝑡
= 𝐷

𝜕
2
𝐶

𝜕2𝑥
− 𝑈

𝜕𝐶

𝜕𝑡
, (2)

where 𝑆 is the retained particle concentration, 𝜌
𝑏
is the dry

bulk density of the porous media, and 𝜀 is the porosity.
In the classical colloid filtration theory (CFT), originally

presented in 1971 [30], the attachment of colloids to sediment
surfaces is considered irreversible, neglecting the release of
particles [31].Thus the equation based on CFT can be written
as

𝜌
𝑏

𝜀

𝜕𝑆

𝜕𝑡
= 𝐾
𝑑
𝐶, (3)

where 𝐾
𝑑
is the particles sedimentation rate coefficient (or

the particle attachment rate coefficient). Considering the
effect of the attachment of colloids to sediment surfaces,
(2) for colloid transport and fate in a one-dimensional,
homogeneous, granular porous media based on the classical
colloid filtration theory (CFT) becomes

𝐷
𝜕
2
𝐶

𝜕𝑥2
− 𝑈

𝜕𝐶

𝜕𝑥
− 𝐾
𝑑
𝐶 =

𝜕𝐶

𝜕𝑡
, (4)

where the particle attachment rate coefficient is related to 𝜂
0

and 𝛼 via [18]. Consider

𝐾
𝑑
=
3

2

(1 − 𝜀)𝑈

𝑑
𝑐

𝛼𝜂
0
. (5)

Here, 𝑑
𝑐
is the average sediment particles size. Due to

limitations in the proposed theory for predicting the attach-
ment efficiency (𝛼), measurement techniques are usually
employed instead [18]. The normalized fluid-phase colloid
concentration (𝐶/𝐶

0
) at the length 𝑥 = 𝐿 were calculated

after the measured values of 𝐶
0
were obtained. Then the

attachment efficiency (𝛼) can be calculated using (6). In this
work, the theoretical value of the single-collector contact
efficiency (𝜂

0
) was calculated by using a closed-form of the

equation and data from Table 2 [18, 30]. Consider

𝛼 =
−2𝑑
𝑐

3 (1 − 𝜀) 𝐿𝜂
0

ln( 𝐶

𝐶
0

) . (6)
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Table 2: Required values of data for calculation of the single collector content efficiency (𝜂
0
).

𝑑
𝑐
(mm) 𝑑

𝑝
(nm)

𝐴 (j) 𝜇 (Pa⋅s)
𝑃
𝑝
(g/cm3) 𝐷

𝜔
(m2/s)

20 (ppm) 100 (ppm) 500 (ppm) 20 (ppm) 100 (ppm) 500 (ppm)
1.8 85.14 51.30 48.99 2.1 × 10

−19 0.0106 0.00713 0.0106 5.1 5.7 × 10
−13

Table 3: The values of particles sedimentation rate coefficient (𝐾
𝑑
) and hydrodynamic dispersion coefficient (𝐷) calculated for each

experiment.

Test number Concentration (ppm) Density of slurry (g/cm3) 𝜀 Hydraulic gradients 𝑈
0
(m/s) 𝐶/𝐶

0
𝐾
𝑑
(1/s) 𝐷 (m2/s)

1 20 1.005 0.3 0.125 0.000800 0.88 0.000256 9.000 × 10
−7

2 20 1.005 0.3 0.375 0.001950 0.90 0.000514 1.020 × 10
−6

3 20 1.005 0.3 0.625 0.002650 0.95 0.000340 2.500 × 10
−5

4 100 1.021 0.3 0.125 0.000253 0.93 0.000046 9.250 × 10
−8

5 100 1.021 0.3 0.375 0.000400 0.95 0.000051 1.000 × 10
−6

6 100 1.021 0.3 0.625 0.001000 0.97 0.000076 2.000 × 10
−6

7 500 1.045 0.3 0.125 0.000172 0.90 0.000045 7.500 × 10
−7

8 500 1.045 0.3 0.375 0.000340 0.88 0.000109 1.500 × 10
−7

9 500 1.045 0.3 0.625 0.000480 0.92 0.000100 1.750 × 10
−6

Substituting (6) into (5), the particle attachment rate coeffi-
cient (𝐾

𝑑
) can be expressed in a simpler form as shown in the

following:

𝐾
𝑑
=
3

2

(1 − 𝜀)𝑈

𝑑
𝑐

𝛼𝜂
0

=
3

2

(1 − 𝜀)𝑈

𝑑
𝑐

× (
−2𝑑
𝑐

3 (1 − 𝜀) 𝐿𝜂
0

ln( 𝐶

𝐶
0

)) × 𝜂
0

= −
𝑈

𝐿
× ln( 𝐶

𝐶
0

) .

(7)

To have an initial guess about hydrodynamic dispersion
coefficient (𝐷)with regard to the experimental data plotted as
a breakthrough curve, the method proposed by Charbeneau
was employed [32]. In this method, the time values (on
the abscissa) changed to a dimensionless parameter, 𝜉, and
𝜉 = (𝑇 − 1)/√2𝑇 and 𝑇 = 𝑡𝑈/𝐿. 𝑈 is the interstitial
particle velocity, 𝐿 is the length of the column, and 𝑡 is time
from the beginning of the experiment. The breakthrough
curves (BTC) then were redrawn with 𝜉 on abscissa and
normalized fluid-phase colloid concentration at output col-
umn experiment (𝐶/𝐶

0
) on the ordinate. Initial approximate

values for the hydrodynamic dispersion coefficients (𝐷)were
obtained from (8) (Table 3). After having initial guess of
value of hydrodynamic dispersion coefficient (𝐷), it was
used as the initial value for the numerical solution of the
advection-dispersion equation. The simulated and experi-
mentally obtained breakthrough curves were plotted in the
same diagram then any further justifications needed to reach
to a match were performed. Consider

𝐷 =
𝑈𝐿

4
(𝜉
0.84

− 𝜉
0.16

) . (8)

Here, 𝜉
0.84

, 𝜉
0.16

: the values of 𝜉 when the ratios (𝐶/𝐶
0
) are

equal to 0.84 and 0.16, respectively

2.5.1. Discretization Method and Numerical Solution of the
Advection-Dispersion Equation. The transport equation for
the classical colloid filtration theory (CFT) (4) was nondi-
mensionalized as follows:

𝐷
∗
=

𝐷

𝐿𝑈
0

, 𝐾
∗

𝑑
=
𝐾
𝑑
𝐿

𝑈
0

,

𝑈
∗
=

𝑈

𝑈
0

, 𝐶
∗
=

𝐶

𝐶
0

,

𝑋
∗
=
𝑋

𝐿
, 𝑡

∗
=
𝑡𝑈
0

𝐿
.

(9)

𝑈
0
is the interstitial particle velocity, 𝐿 is the length of the

column, 𝑡 is time from the beginning of the experiment, and
𝐶
0
is fluid-phase colloid concentration. Hence,

𝐷
∗ 𝜕
2
𝐶
∗

𝜕𝑥∗
2
− 𝑈
∗ 𝜕𝐶
∗

𝜕𝑥∗
− 𝐾
∗

𝑑
𝐶
∗
=
𝜕𝐶
∗

𝜕𝑡∗
. (10)

Laasonen method, which is unconditionally stable, was
employed to solve (10). The Laasonen method uses the
second-order central difference approximation for space
derivatives and the first-order forward approximation for
time derivate. With discretization of derivatives and further
simplifications, (10) was converted to (11) which was solved
through tridiagonal system of equations by applying appro-
priate boundary and initial conditions for each experiment.
The results of the numerical solutions were drawn accord-
ingly [33]. Consider

[−
𝐷
∗
Δ𝑡
∗

Δ𝑥∗
2
−
𝑈
∗
Δ𝑡
∗

2Δ𝑥∗
]𝐶
∗𝑛+1

𝑖−1

+ [1 +
2𝐷
∗
Δ𝑡
∗

Δ𝑥∗
2

+ 𝐾
∗

𝑑
Δ𝑡
∗
]𝐶
∗𝑛+1

𝑖

+ [−
𝐷
∗
Δ𝑡
∗

Δ𝑥∗
2
+
𝑈
∗
Δ𝑡
∗

2Δ𝑥∗
]𝐶
∗𝑛+1

𝑖+1
= 𝐶
∗𝑛

𝑖
.

(11)
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Figure 4:Thenormalized breakthrough curves (𝐶/𝐶
0
) of iron oxide

slurry stabilized with poly acrylic acid at concentration 20 ppm.
Colored symbols and lines indicate the observed and simulated
values, respectively.
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Figure 5:The normalized breakthrough curves (𝐶/𝐶
0
) of iron oxide

slurry stabilized with poly acrylic acid at concentration 100 ppm.
Colored symbols and lines indicate the observed and simulated
values, respectively.

3. Results

Figures 4, 5, and 6 demonstrate the breakthrough curves
obtained from the experiments of transport of iron oxide
slurry stabilized with PAA, in different concentrations under
variety of hydraulic gradients along with the simulated
breakthrough curves obtained from numerical solution of
the advection-dispersion equation with corresponding initial
and appropriate boundary conditions for each experiment.
All breakthrough curves, obtained from laboratory tests
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Figure 6:Thenormalized breakthrough curves (𝐶/𝐶
0
) of iron oxide

slurry stabilized with poly acrylic acid at concentration 500 ppm.
Colored symbols and lines indicate the observed and simulated
values, respectively.

and the numerical simulations, are in a good agreement
which indicates the classical colloid filtration theory (CFT)
has the ability of prediction of the transport and fate of
iron oxide nanoparticles (Fe

3
O
4
) stabilized with poly acrylic

acid. As seen in Figures 4–6 an increase in the hydraulic
gradients of injection of slurry inflow into the experiment
column, causes the increase in the ratio of (𝐶/𝐶

0
) in the

outflow from the experiment column. The agglomerate size
is a result of the balance between van der Waals forces
and magnetic attractions between iron oxide nanoparticles,
electrostatic repulsive forces from the adsorbed PAA, and
the induced fluid shear in the pore spaces. The agglomerates
then transport and deposit onto a surface of collector (e.g.,
a sand grain). The agglomerates with large size yield higher
attachment efficiency because the drag force due to the fluid
flow (which promotes detachment) is less than the adhesive
force which promotes particle attachment when the size
of the retained particles/agglomerates increases. Increasing
the hydraulic gradients of slurry inflow to the experiment
column (increasing injection rates) reduces the possibility
of the formation of large agglomerate due to higher shear
force applied from the fluid. Hence in a high-speed flow field
the size of agglomerates is less than in low-speed flow fields.
Increasing injection rates lead to greater drag forces of the
fluid therefore causes more absorbed agglomerates remove
of surface of collectors, and it can lead to increase of ratio of
𝐶/𝐶
0
at outflow.

4. Conclusions

In this study, the transport of iron oxide nanoparticles
(Fe
3
O
4
) stabilized with poly acrylic acid in saturated porous

media under different hydraulic heads was investigated.
Based on the characterizations of the slurry, breakthrough
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tests, and numerical simulation, the following conclusions
can be made.

(1) A good prediction of transport and fate of iron oxide
nanoparticles (Fe

3
O
4
), stabilized with poly acrylic

acid in a 1D porous media, can be obtained from
numerical solution of advection-dispersion equation
based on the classical colloid filtration theory (CFT).

(2) The particles sedimentation rate coefficient (𝐾
𝑑
) can

be calculated based on the CFT to predict the effluent
concentration of the slurry.

(3) Increasing hydraulic gradient causes the rate ofmedia
absorption to decrease, which in turn makes its
transfer to the polluted area more feasible.

(4) The capability of Charboneau’s method for prediction
of hydrodynamic dispersion coefficient (𝐷) was veri-
fied for slurries.
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Nano-TiO
2
showed a good catalytic activity, but it is easy to agglomerate, resulting in the reduction or even complete loss of

photocatalytic activity. The dispersion of TiO
2
particles on porous materials was a potential solution to this problem. Diatomite

has high specific surface and absorbability because of its particular shell structure. Thus, TiO
2
/diatomite composite, prepared by

loading TiO
2
on the surface of diatomite, was a good photocatalyst, through absorbing organic compounds with diatomite and

degrading them with TiO
2
. Scanning electron microscopy (SEM), energy dispersive spectrum (EDS), X-ray diffraction (XRD),

chemical analysis, and Fourier transform infrared spectrometry (FTIR) indicated that TiO
2
was impregnated well on the surface of

diatomite. Furthermore, TiO
2
/diatomite was more active than nano-TiO

2
for the degradation of methylene blue (MB) in solution.

MB at concentrations of 15 and 35 ppm can be completely degraded in 20 and 40 min, respectively.

1. Introduction

With the progression of global industrialization, environ-
mental pollution becomes a more serious issue and, thus,
has received considerable attention.The treatment of colored
wastewaters produced by the textile industry has recently
been heavily researched. Titanium dioxide (TiO

2
) is a well-

established 𝑛-type semiconductor used as a photocatalyst to
decompose pollutants in water and air as well as produce self-
cleaningmaterials [1, 2]. In recent years, TiO

2
has beenwidely

investigated and used because of its nontoxicity, chemical
inertness, high photocatalytic activity, and low cost. TiO

2
has

a significant degradation effect as a good photocatalyst of
organic and inorganic pollutants in the air and water, which
has a broad prospect of application [3].

The photocatalytic activity of TiO
2
is influenced by its

crystal structure, particle size, specific surface area, and
porosity. Ultrafine powders of TiO

2
show a good catalytic

activity. However, agglomeration often takes place, resulting
in reduction or even complete loss of photocatalytic activ-
ity. The dispersion of TiO

2
particles on porous materials

is a potential solution to this problem. Porous materials
impregnated with TiO

2
show high thermal stability and

larger pore sizes that afford better incorporation of the
species without diffusion problems and increased specific
surface area [4]. In order to facilitate its recycling and
reuse, considerable efforts have been made to load TiO

2

particles on various substrates, such as mica, graphite, glass,
diatoms stone, fly-ash, and attapulgite [5, 6]. Diatomite is
an important nonmetallic resource with nontoxic and good
chemical stability. Diatomite has high specific surface and
absorbability because of its particular shell structure [7]. It
could serve as an effective substrate for TiO

2
impregnation.

This study presents the preparation and characterization
of TiO

2
-supported diatomite and its photodegradation of

methylene blue (MB) in solution.

2. Experimental

2.1. Materials. Diatomite was supplied by Changbai Moun-
tain, Ltd., Jilin Province, China. The medium diameter of
diatomite powder, 𝑑

50
, is 34 𝜇m, and the specific surface is
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10m2/g. Its SiO
2
content was 87%, with other elements, such

as Al, Fe, Ca, K, Mg, and Na. Tetrabutyl titanate was obtained
from commercially available.

2.2. Preparation of TiO
2
/Diatomite Composite. Tetrabutyl

titanate was dissolved by ethanol and the solution was
gradually added to diatomite. The mixture was stirred for
2 h by magnetic stirrers and then dried in the oven at 80∘C.
Finally, the dried mixture was further heated to 550∘C for
about 2 h, before it was cooled naturally. The specific surface
of TiO

2
/diatomite composite is 32m2/g.

2.3. Characterization. The particle size of diatomite powder
was measured by a laser particle analyzer Mastersizer 2000.
The morphologies of pure diatomite and TiO

2
/diatomite

composite were examined by scanning electron microscopy
(SEM). X-ray diffraction analysis was performed using
a D5000 Diffractometer (Siemens) with a Ni filter and
CuK𝛼 (𝜆 = 1.54 Å) radiation. The UV-Vis absorbance
spectra were recorded using Varian Cary 5000. BET surface
area was determined at liquid nitrogen temperature (77.3 K)
using QUADRASORB SI-MP.

3. Result and Discussion

3.1. The Microstructure and EDS Analysis of Diatomite and
TiO
2
/Diatomite Composite. Diatomite has porous structure

and rough surface after acid treatment (Figure 1(a)).The pore
size of diatomite is between 2 and 5 𝜇m. After impregnation,
TiO
2
particles formed a dense coating on the surface of

the orifice, which presents honeycomb with smaller pore
(Figure 1(b)). Compared with raw diatomite, Ti element
appeared in the EDS analysis of TiO

2
/diatomite composite,

indicating that TiO
2
was successfully coated on the surface

of diatomite. This result corroborates the high TiO
2
content

detected by EDS analysis.

3.2. Chemical Analysis and XRD Patterns. Chemical compo-
sition analyses showed that the content of TiO

2
increased

from 0.15 to 8.71% after TiO
2
impregnation (Table 1). The

result together with that from the EDS analysis indicates
that TiO

2
was coated on the surface of diatomite success-

fully. The reflections of TiO
2
were characteristics of anatase.

Diatomite ismade of amorphous SiO
2
with only trace amount

of quartz. The XRD pattern of TiO
2
/diatomite composite

revealed mixed phases of anatase TiO
2
and amorphous SiO

2

(Figure 2). The coating of diatomite particles by TiO
2
does

not cause any change in their peak positions and shapes
compared with the pure TiO

2
and diatomite. The results of

XRD analysis and chemical analysis were consistent with that
of SEM analysis totally.

3.3. FTIR Analysis. The FTIR spectrum of TiO
2
/diatomite

composite consists of the characteristic peaks of TiO
2
and

diatomite (Figure 3). The band at 1089 cm−1 was assigned
to the asymmetric stretching vibration modes of Si–O–Si
bond [8, 9] and the band at 1633 cm−1 was attributed to
the stretching mode of O–H bonds on the surface of TiO

2

[10]. The band at 797 cm−1 was assigned to the symmetric
stretching vibration modes of Si–O bond and the strong
absorption peak at 400–600 cm−1 was attributed to the
vibration mode of Si–O–Ti and Ti–O–Ti bonds [11].

3.4. Adsorption ofMBonDifferent Catalysts andCharacteriza-
tion of Photocatalytic Activity. TiO

2
almost had no adsorp-

tion as well as no photocatalyst for MB and the adsorption of
TiO
2
/diatomite on MB was much lower than pure diatomite

for MB (Figure 4). The adsorption reached equilibrium after
30min in dark. Under dark conditions, TiO

2
/diatomite

composite removed more MB in comparison to TiO
2
and

control, showing almost no activity aswell as no photocatalyst
for TiO

2
and the control (Figure 5), agreeable to the results

presented in Figure 4. In the presence of UV, the rate of
MB degradation by TiO

2
/diatomite composite was higher

than that by TiO
2
, attributing to its high surface area

and high adsorbability. The MB at concentrations 15 and
35 ppm could be completely degraded after irradiating 20
and 40min, respectively. The control had the lowest MB
self-degradation under UV light. The photoactivity of TiO

2

loaded on diatomite was evidently increased because the
high surface area of diatomite effectively concentrates MB
around the deposited TiO

2
and produces high concentrations

of organic compounds for the TiO
2
photocatalysis. The

diatomitemight improve the thermal stability of TiO
2
and the

surface area and preserve a higher content of surface hydroxyl
groups [12].

3.5. UV-Vis Absorption Analysis of MB Solution. Two major
absorbance peaks of methylene blue were located at 292 and
664 nm, due to benzene ring and heteropolyaromatic linkage
(Figure 6). In addition, the aqueous solution ofMBmolecules
exhibited a double-peak feature at 664 and 615 nm, which
correspond tomonomers and dimers, respectively [13]. Upon
irradiation, the peak at 664 nm has a progressively blue shift
to shorter wavelength (Figure 6(b)) because of hypsochromic
effect [14, 15]. The absorbance of MB solution was about
2.5 a.u. at time zero. In the presence of TiO

2
the absorbance

ofMB remained the same after 30min (Figure 6(a)), agreeing
well with the results in Figure 5, while the absorbance
of MB decreased sharply after 30min in the presence of
TiO
2
/diatomite composite, indicating that TiO

2
/diatomite

composite has good adsorbability (Figure 6(b)). The absorp-
tion peak at 615 nm becomes higher than the peak at
664 nm after 30min, indicating that the degradation rate of
monomers is much higher than that of dimers [14]. Besides,
a parallel decrease in intensities and slight blue shift of the
bands located at 664 nm also could be observed. These are
caused by the N-demethylated degradation concomitantly
with the degradation of the phenothiazine [16], as shown
in Figure 6(a). And MB was degraded completely after
irradiating 60min and 20min by TiO

2
and TiO

2
/diatomite

composite, respectively.

3.6. Mechanism of TiO
2
Activation with UV Light and Pho-

tosensitized Oxidation for MB and Its Identification of Inter-
mediate Products. The electron and the hole are generated



Advances in Materials Science and Engineering 3

100nm

(a)

100nm

C

Ti
Ti

Ti

O

Au

Au

Si

Al

0 1 2 3 4 5

Energy (keV)

(b)

Figure 1: The microstructure of diatomite and TiO
2
/diatomite composite.

Table 1: Chemical analyses of diatomite and TiO2/diatomite composite.

Composition % SiO2 Al2O3 Fe2O3 MnO MgO CaO Na2O K2O H2O
− TiO2 P2O5

Diatomite 86.82 3.21 1.60 0.011 0.43 0.46 0.25 0.56 0.011 0.15 0.22
TiO2/diatomite 84.66 2.22 0.61 0.15 1.31 0.23 0.15 0.33 0.45 8.71 0.012
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Figure 2: XRD patterns of TiO
2
(a), diatomite (b), and TiO

2
/dia-

tomite composite (c).

in the conduction band and in the valence band of TiO
2

by UV irradiation, respectively, as shown in (A1) [17]. The
positive hole can oxidize hydroxide ions (or water molecule)
adsorbed on the surface of TiO

2
particles to produce hydroxyl

radical [18], as presented in (A2) and (A3) [17]. The electrons
of conduction band can react with the oxygen to produce
superoxide radical anions (A4) [19]. The superoxide radical
anion reacts with a proton to formhydroperoxyl radical (A5):

TiO
2
+ ℎ] (UV) → TiO

2
(e−CB + h

+

VB) (A1)

TiO
2
(h+VB) +H2O → TiO

2
+H+ +OH∙ (A2)
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Figure 3: FTIR spectra of TiO
2
(a), diatomite (b), and TiO

2
/diatom-

ite composite (c).

TiO
2
(h+VB) +OH

−
→ TiO

2
+OH∙ (A3)

TiO
2
(e−CB) +O2 → TiO

2
+O
2

∙−
(A4)

O
2

∙−
+H+ → HO

2
(A5)

For the mechanism of photosensitized oxidation, in the
presence of catalysts the excited state of MB injects an
electron into the conduction band (B1). The MB dye is
then converted to a cationic dye radical that undergoes
degradation to yield products according to (B2) to (B5) [17].
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Figure 5: Kinetics of photocatalytic MB degradation from initial MB concentrations of 15 (a) and 35mg/L (b).

The hydroxyl radical existing on the surface of diatomite
accelerated the degradation of MB (B3):

MB∗ + TiO
2
→ MB∙+e−CB (TiO2) (B1)

O
2
+ e− → O

2

∙−
(B2)

MB∙+ +OH− → MB +OH∙ (B3)

MB∙+ +OH∙ → products (B4)

MB∙+ +O
2

∙−
→ products (B5)

The typical HPLC chromatograms of MB degraded by
TiO
2
/diatomite under UV light were shown in Figure 7.

HPLC analyses showed no degradation products of MB
under the condition of adsorption (Figure 7(a)).The decrease
in peak height was just caused by adsorption of MB on
TiO
2
/diatomite (Figure 7(b)). However, the adsorption of

the dye molecules over the TiO
2
surface directly affects the

occurrence of electron transfer between the excited dye and
TiO
2
which further accelerated the degradation rate [20]. In

the inserts, peak number 1 represented the retention time of
MB, peak number 2 was the self-degradation intermediate
metabolite of MB, while peaks number 3 and 4 were further
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Figure 6: UV absorption spectra of MB solution after reacting with TiO
2
(a) or TiO

2
/diatomite composite (b) at different time.
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degradation products of MB (Figure 7(c)). Peaks number 3
and 4 were further degraded to CO

2
completely in addition

to further reduction of peak height of peaks number 1
and 2 after UV irradiation for 20min. These results are in
agreement with the results shown in Figures 5 and 6(b). The
MB and its progressive degradation products corresponding
to the peaks of 1, 2, 3, and 4 were reported in Scheme 1.
The OH∙ radicals can attack the C–S+=C functional group
in MB, which is in direct Coulombic interaction with the
surface of TiO

2
/diatomite. Therefore, the initial step of MB

degradation can be ascribed to the cleavage of the bonds
of the C–S+=C functional group in MB. The passage from
C–S+=C to C–S(=O)–C requires the conservation of the

double bond conjugation, which induces the opening of the
central aromatic ring containing both heteroatoms, S and N.
The origin of H atoms necessary to C–H and N–H bond
formation can be proposed from the proton reduction by
photo-generated [21].

4. Conclusion

Impregnation of diatomite with TiO
2
yielded supported

anatase catalyst for MB photodegradation. The diatomite
supported anatase catalysts were more active than the nano-
TiO
2
, probably due to the adsorption of MB on diatomite
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and the hydroxyl radicals existing on its surface, which
accelerated the degradation ofMB.At an initial concentration
of 15 ppm MB can be completely degraded in 20min. The
results demonstrate that TiO

2
/diatomite photocatalysis is a

good candidate for color removal in wastewater treatment.

Highlights

(1) Diatomite has high specific surface and absorbability.

(2) The TiO
2
/diatomite facilitates the recycling and reuse

of TiO
2
.

(3) TiO
2
/diatomite adsorbs organic compounds with

diatomite and degrades them with TiO
2
.
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