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Abstract

Due to the dramatic demand of aluminium in the modern economy, bauxite mining associated
with aluminium manufacturing causes more serious environmental impact. One of the primary
pollution sources during these activities is from the bauxite residue (red sand). Its major detrimental
consequences include health diseases and environmental contamination, such as upper respiratory
tract and eye irritation, wheezing and rhinitis, soil salinization, caustic liquor leaching, water pH
alteration, genotoxic effects on plants, and aquatic animals. Therefore, the management of bauxite
residue is of great concern and requires solutions which are environmental friendly, cost, and time
effectively.

Although the treatment of red sand dust pollution is challenging, one of the potential
approaches to mitigate such issues is the application of non-traditional chemical stabilizers. Via
spread on red sand surface, non-traditional chemical stabilizers are effective in adhering surface sand
particles to construct a crust with a certain strength and thickness. It is confirmed that the reactions
between stabilizers and red sand particles during the formation of crusts include both physical
bonding and chemical reactions such as neutralization and polyvalent coupling. However, a number
of barriers still exist among previous studies which need comprehensive and systematic improvement.
Firstly, the application of non-traditional stabilizers to sand-type materials is common, but few studies
could be found on their application to red sand. Meanwhile, most of the previous studies investigated
the behaviour of stabilizer on the mechanical properties of sand and the dust control performance
separately, and the results were not correlated. Thus, detailed investigation among the modification
of the mechanical properties of treated crust and the resulted dust control behaviour is necessary for
a cost and timely effective manner.

This thesis aims at providing a comprehensive investigation on improved dust control practice

of red sand by applying different type of non-traditional stabilizers. Firstly, a comprehensive literature



review is presented to review the application of non-traditional stabilizers to stabilize materials which
have similar sorts of characteristics/properties as red sand, explore their function mechanisms,
investigate the performance of various stabilizers evaluated by different criteria, and finally, discuss
their applicability to red sand dust control. After that, a series of studies employing polymer and
lignosulfonate stabilizers are presented to deeply investigate the relationships and potential
mechanisms between all physical and mechanical properties of formed crust and the final dust erosion
resistance. Both the application of single stabilizer or two stabilizers’ mixtures are studied. Factors
include the type of stabilizers, the concentration of stabilizer solutions, the mix ratio of stabilizers’
mixtures, and the length of curing time. The investigated physical and mechanical properties of
treated samples and their crusts include water retention property, optimum moisture content and
maximum dry density, unconfined compressive strength, crust thickness, density, and penetration
resistance. Numbers of experimental design methods were employed to manage the process of studies
and make the data more reliable, which are single comparative design, 2" factorial design, fractional
factorial design, and response surface design.

According to the studies, the mechanisms of dust emission and chemical stabilization of red
sand are proposed. The performance of different non-traditional stabilizers on dust control is studied
and compared, and dust control performance and the change of mechanical properties are correlated

for a sound red sand dust control strategy.
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1.1 Background

The production of aluminium is mainly through the use of the Bayer process as shown in
Figure 1, which has a product to by-product (bauxite residue) ratio of 0.7 to 2. 5 [1]. According to
the data from World Bank as shown in Table 1 [2], the annual production of bauxite increased from
176.8 Mt to 296.1 Mt in the year 2005 to 2017. Due to the large aluminium commercial production,
vast quantities of bauxite residue were generated. Bauxite residue could be separated into two
fractions, which are

a. Coarse fraction with particle size larger than 150 um (Red sand)

b. Fine fraction with particle size finer than 150 pm (Red mud)

Red sand fraction account for 60 % of the total residue and the rest of residue belongs to red
mud [3-5]. In actual practise, “dry stacking” method was mostly preferred for the storage of bauxite
residue by constructing a residue drying area (RDA) [6-9]. Red sand is used to build the dyke walls
for the deposition and drying of the red mud. In this situation, the surface of the dyke wall is
susceptible to wind erosion due to the deformation of the internal bonding of sand particles due to
surface efflorescence and sodium molar volume decreasing (Klauber, et al., 2016). The confirmed
detriments include:

a. Upper respiratory tract and eye irritation, wheezing, and rhinitis

b. Soil salinization, caustic liquor leaching, water pH alteration

c. Genotoxic effects on plants and aquatic animals

Thus, systematic treatment of red sand dust pollution by applying non-traditional chemical
stabilizers is raised and is the focus of this thesis. In general, the chemical stabilizer is classified
into traditional stabilizers and non-traditional stabilizer. Traditional stabilizers refers to materials
from traditional civil engineering and construction site, such as fly ash, lime, bitumen, and cement.
Most of these products have negative environmental or occupational health and safety issues. Some
of them are even toxic and may affect the pH value of groundwater and soil. In some cases, the

increased pH value may even affect the structural strength, durability and longevity of
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infrastructure. Non-traditional stabilizer normally consists of polymers, lignosulfonates, resin etc.
They create less harm to the natural eco-system with comparable dust control efficiency. Therefore,
advantages such as good dust control performance, low resources and energy consumption, and

environmental friendliness bring non-traditional stabilizers greater potential and wider applicability.

Table 1 Bauxite production and consumption data

Annual (million metric tons)

Calegory 1990 2000 2005 2010 2014 2015 2016 2017
Bauxite
g 1148 1389 1768 2288 2595 2875 2803 2961
Refined
oroguece 194 243 318 415 539 576 579 587
Refined

. 19.2 25 31.6 40.6 54.3 57.5 58.1 59.3
Consumption

Grinding

Digestion

Slurry cooling

Mud

Liquor
Mud separation washing

Heating

N c i
Liquor clarification

Red mud

Caustic Green liquor cooling .
disposal

liquor

Alumina hydrate precipitation

Seed

hydrate
Hydrate filtration |-
Calcinations Mud

washing

Figure 1. Brief description of the Bayer Process
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1.2 Research Problems and Objectives

1.2.1 Research Problems

Although the research and application of chemical stabilizers on dust control is common,
numbers of gaps and shortages still exist when studying red sand dust control. Thus, this thesis
attempts to address the following major problems.

a. The studies on application of non-traditional stabilizers to red sand for dust control

purpose are limited.

b. No systematic investigation on the behaviour of mechanical properties and dust control

performance of non-traditional stabilizer treated sand has been carried out.

c. The mechanism of different non-traditional stabilizer treats red sand is unclear.

d. The findings of the improvement of mechanical properties and the modification of dust

control resistance are not correlated.

e. No cost effective and timely method to determine the dust control performance of one

non-traditional stabilizer are known.

1.2.2 Research Objectives

In order to overcome the problems listed in section 1.2.1, some major objectives need to be
fulfilled.

The first main objective is the review and the analysis of previous studies. This work could
help to classify and correlate their data and findings of the application of chemical stabilizers on
other sand-type materials. This objective could be achieved by the steps as shown below:

a. Review of application of non-traditional stabilizers to stabilize materials which have

similar characteristics/properties as red sand.

b. Exploration of their function mechanisms.

c. Investigation of the performance of various stabilizers evaluated by different criteria

d. Discussion of their applicability to red sand dust control.
16



The second objective is to develop a cost and timely effective approach for red sand dust

control by applying non-traditional stabilizers. It could be achieved via the following steps.

a. Study of the improvement of dust control practice of red sand by applying LS via
analysing the relationship between the modification of mechanical properties and wind
erosion resistance. Properties such as moisture retention, OMC and MDD, crust
thickness and density, UCS and penetration resistance are tested.

b. Employment of wind tunnel test to perform and evaluate the actual dust erosion
resistance of red sand after treated by non-traditional stabilizers

The third and the most important objective is to develop predictors for the determination of

the performance of non-traditional stabilizer in an accurate and timely effective manner. This
objective could be achieve via the following steps.

a. Correlation of the results from mechanical test and wind tunnel test together to assess the
significance of each mechanical properties to dust erosion resistance.

b. Development of mathematic models to determine the mechanical property most

correlated to the dust erosion resistance, and which could be the appropriate predictor.

1.3 Thesis Structure Arrangement

As illustrated in Figure 2, the ultimate goal of this thesis is to develop cost and timely
effective stabilizers for the purpose of the dust control of bauxite residue (red sand). To realize this
goal, the main body of this thesis started with a comprehensive literature review presented in
“Chapter 2” which systematically explored and evaluated three non-traditional chemical stabilizers
that could be potentially used for controlling red sand dust and served as theoretical basis for the
studies presented in the following chapters. In chapter 2. Commonly used evaluation methods in
various studies are compared and summarized; the stabilization mechanisms are examined; and the
performance of three types of stabilizers are compared and evaluated. This review identified the

challenges existed in previous studies and the objectives such as develop suitable quantitative
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methods for evaluating the dust suppression efficiency of soil stabilizers, and determine the
appropriate additive quantities that achieve both economic and performance effectiveness.

Chapter 3 is a preliminary study is with no lab work which introduced the procedures that
could be potentially used to determine the effectiveness of non-traditional stabilizer on red sand
dust control. Different experimental design methods and image processing procedures are
introduced.

Followed by that, four chapters (Chapter 4 to Chapter 7) refers to four independent studies
that demonstrated four tasks which aim at overcome three objectives such as identify performance
index, develop novel stabilizers and establish cost and timely effective strategies for red sand dust
control. A series of experimental methods were utilized such as the quantification of physical and
mechanical properties, and wind tunnel simulations. A variety of statistical experimental design
methods were also employed to ensure the reliability and the accuracy of the experimental data and
findings.

Chapter 8 refers to an integral conclusion which summarized the main findings and
highlighted the core achievements of each independent studies. Current limitations were also stated

to guide the directions of the future work.
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Figure 2 The scheme of the thesis structure
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Chapter 2, Chapter 3 and Chapter 4

Have been removed for copyright reasons
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5.Chapter 5

Treatment of bauxite residue dust pollution by
Improving the structural stability by employing

synthetic and natural polymers

This chapter has been submitted to the Journal of Central South University and is currently under

review: It was entirely written by Xuhan Ding. Dr. Guang Xu provided suggestions and corrections.
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After the study of lignosulfonate stabilizers, this chapter compiled a new study of another
kind of non-traditional stabilizer (polymers). Previous research focused more on investigating the
effect of single polymers on the mechanical properties of treated materials. However, no research
has been done on the combined effect of different types of PS on red sand. As illustrated in Chapter
2, UCS could be regarded as a key index for predicting the dust control performance of polymer
treated sand. Thus, this chapter devoted to the investigation of the effect of two polymers

combination on the UCS of treated red sand.

5.1 Abstract

The residue drying area is the major source of fugitive red sand dust emissions in the bauxite
mining industry and may cause serious environmental and safety issues to surrounding communities
and ecosystems. Synthetic polymer stabilizers and natural polymer stabilizer are one of the
promising non-traditional stabilizers to mitigate such issues. This research investigated the
unconfined compressive strengths of RS using synthetic and natural polymer stabilizers and to
determine an optimum application concentration and mixing ratio of the polyacrylamide and guar
gum mixture for a better dust control strategy. Results illustrated that both polyacrylamide and guar
gum could improve the unconfined compressive strength of red sand with higher concentration, and
polyacrylamide apparently outperform guar gum in stabilizing sand particles. The mixture of
polyacrylamide and guar gum is more effective than individual uses. The optimum combination of
polymer concentration and the mixing ratio are 0.94 wt. % and 0.6 (polyacrylamide : total
(polyacrylamide + guar gum)), respectively. A rigorous regression model was also developed to
predict the unconfined compressive strength value based on application concentration and mixing

ratio for the purpose of cost and time efficiency.

5.2 Introduction

The production and disposal of bauxite residue (red sand) poses acute environmental

impacts to both mine sites and the surrounding regions. It does not only cause health issues,
22



including upper respiratory tract, lung and eye irritation, wheezing and rhinitis, due to the emitted
RS dust [1], but also has adverse impacts on the ecosystem, such as salinity problem, and water pH
alteration [37-39]. Therefore, fugitive RS dust management is a major concern which requires long-
lasting, fast-acting and effective solutions.

Bauxite residue is one of the primary by-products of the aluminium refinery process referred
to as the Bayer process. It is mainly constituted by the insoluble bauxite ore after the extraction of
alumina, and heaps of metallic oxide [31, 32]. Bauxite residue is separated into coarse fraction
named RS with a particle size larger than 150 pum (i.e. 60 % of the residue), and fine fraction named
red mud with the particle size finer than 150 um (i.e. 40%) [3-5]. The mass fraction of the metallic
oxide and the phase of the residue vary with refinery sites and plants due to different levels of
process technics and geological characteristics. The major treatment of bauxite residue is the “dry
stacking” disposal method [10], where RS is used to construct the dike walls for the storage and
drying of red mud. However, this method in fact causes the generation and emission of RS dust
from the dike wall due to the breakdown of the internal bonding between surface particles after
capillary salt transportation, surface efflorescence, and the reduction of sodium molar volume when
exposed to dry conditions [36].

One effective way to mitigate dust emission is the chemical stabilization of RS via the
application of polymer stabilizer (PS). Studies revealed that a positive improvement on unconfined
compressive strength (UCS) correlate to increases in other mechanical properties, such as the shear
strength and crust surface hardness, and the final dust erosion resistance [54, 60]. Thus, UCS could
be used as an index to predict its effectiveness of dust control [139]. The UCS improving
mechanism depends on various PS types. Cationic PS tends to react with the negatively charged
particle surface of clay fraction of sand through the neutralization process [55]. However, anionic
PS attracts particles with multivalent cations such as Na*, K*, Ca** and Mg?*, while non-ionic PS

mainly adsorb particles via the Van der Waals (VDW) force [55]. Normally, ionic or covalent

23



bonds provide the highest bonding energy with short lasting time, while bonds caused by VDW
force offer weak bond energy over a long period [150].

PS is generally classified into synthetic polymer stabilizer (SPS) and natural polymer
stabilizer (NPS). Synthetic polymers are manually extracted from petroleum oil while natural
polymers only occur in nature environment and the majority of them are water-based. Previous
studies emphasized on the utilization of SPS only to enhance the structural strengthen and dust
control of treated materials, but no research has been done on NPS and the combined effect of
different types of stabilizers on RS. For example, for SPS studies, one research [57] analysed the
effectiveness on improving compressive strength of poly (methyl methacrylate) (PMMA) and
polyvinyl acetate when applied to soil. When the concentrations of stabilizers are within the range
of 0.4 to 3.7 wt. %, an approximately linear improvement of UCS of RS with the increase of
stabilizer concentration was observed. This finding was confirmed by another study on the
investigation of sandy soil structure strength improvement by acrylic emulsion PS for a
concentration range between 0.5 and 2 wt. % [82]. However, different conclusions were made when
considering a wider concentration range of stabilizers. For example, one PS named “STW
Stabilizer”, when used in a concentration range of 0 to 10 wt. %, showed a fast improvement on
UCS at the initial stage, but it leveled off when further increasing the concentration [54, 66]. Other
studies also confirmed this finding [54, 65, 112]. However, not many studies have been carried out
on NPS for the dust control performance improvement, and very few of them showed the
correlation between this performance and the UCS. Only Chen, Ramey, Weiland, Lee and Zhang
[151] and Chang and Cho [152] assessed the UCS of materials treated by each single PS. Chen et al.
found that the UCS increases linearly when the stabilizer concentration increases from 0 to 0.5
wt. %., Chang et al. employed a wider stabilizer concentration range and further illustrated that the
UCS increases with higher NPS concentration and this improvement is much more obvious when

continuously increasing the NPS amount [152, 153]. However, as no research has been done on the

24



combined effect of different types of PS on red sand, studies in this paper is necessary for a better
strategy of applying stabilizer for RS dust control.

This paper aims at the investigation on the combined effect of SPS and NPS on the UCS of
RS, and determine the optimum mixing ratio of these two stabilizers to achieve the best result for a
cost effective manner. Whether the stabilizer concentration has significant effect on the UCS was
investigated. After that, the combined effect of the two stabilizers are investigated via the 2%
experimental design. Finally, an optimum application scheme including combined application
mixing ratio and total application concentration was determined by using the response surface

experimental design method.

5.3 Materials and Methods

5.3.1 Sands

The red loam sand was purchased and used as the substitute for test samples due to restricted
availability of RS materials. It has a particle size distribution mainly ranging from 0.04 mm to 0.7
mm which is similar with the RS. Particles size distribution test was performed by following the
standard AS 1289.3.6.1. The sand is classified as poorly graded sand (SP) (based on the Unified
Soil Classification System raised by American Society for Testing and Materials in 1985). The sand
constituents were identified to be similar with red sand. Sand was oven-dried at 75 °C, and sieved to
the diameter <1.18 mm. The processed sand has an optimum moisture content (OMC) of 5 % and

maximum dry density (MDD) of 2.16 g/cm? by following the standard AS 1289.5.2.1 [154].

5.3.2 Stabilizers

One synthetic polymer named “polyacrylamide (PAM)” and one natural polymer named
“guar gum” were applied in this study. They were purchased from Sigma Aldrich (Australia) as
powders. PAM is a water-soluble linear polymer formed by the free radical polymerization of the

acrylamide monomer. It is formed by acrylate-based transparent particles with a molecular weight
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of 3 ~ 25 million daltons [155]. PAM could be used in agricultural field to control soil erosion
during irrigation [19, 62, 64, 156], to reduce dust emission in arid and semi-arid areas [63, 114], and
for the rapid building of helicopter landing pad [155, 157]. Guar gum is isolated from the
endosperm of the lobus seed of the Cyamopsis tetragonoloba [158]. It is a natural cationic polymer
with the most effective water solubility. It has a molecular weight of 220,000 daltons. Guar gum is
normally produced in white powder state and could form transparent solution with high viscosity

which exhibits non-Newtonian rheological properties.

5.4 UCS Test

The UCS mainly represents the change of structural strength of the treated sand. In this
study, sand was adequately mixed with deionized water first to achieve its optimum moisture
content which is identified in section 5.3.1, and then thoroughly mixed with the polymer powder.
This method could greatly simplify the preparation procedure with lower requirements of the
preparation apparatus. High-speed blender ensures uniform mixing of stabilizer power and wet
sand. The mixture was sealed for two hours to allow adequate interaction between the stabilizer
power and the moisture. After that, the mixture was then compacted into a 4x8 cm
(Diameter xHeight) cylindrical mould reported by Ding and Xu [149]. During the compaction, a
2.5 kg top load was lightly applied onto the surface of the specimen and a vibration table was
employed for uniform compaction. All samples were air dried under ambient temperature and
humidity until the weight change per day is below 0.2 g. The STX-100 soil test equipment is used at
a loading rate of 1 mm/min by following the standard ASTM D2166/D2166M [159]. The prepared

sample and the cylindrical mould are described in Figure 3.
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(a) Cylindrical mould (b) Prepared sample

Figure 3. Cylindrical mould and sample

Firstly, one test based on the simple comparative design, was conducted firstly to determine
whether the stabilizer concentration has significant effect on the UCS of the treated sand. Two
stabilizer concentrations (0.2 and 1 wt. %) were selected according to Chen, Ramey, Weiland, Lee
and Zhang [151]. Five replicates were prepared for this test to achieve more reliable data. Secondly,
two stabilizers were applied simultaneously in different mixing ratio for their concentrations
between 0.2 and 1 wt. % in the specimens, to assess their structural performance in terms of UCS
via a 2X design. 2" design is one of the experimental design methods which is extremely useful by
providing the smallest number of runs when studying k factors at two levels [160]. Five different
PAM : total mixing ratios were selected (0, 0.25, 0.5, 0.75 and 1) and 3 replicates were prepared for
each combination as shown in Table 2. Lastly, the response surface design was used to determine
the optimum application concentration and mixing ratio. As the maximum stabilizer concentration
is 1wt. % due to the limited water solubility of these polymers, the experimental region is confined.
Thus, the optimal designs for response surface experimental method is used, and the details are

shown in Table 3.

Table 2 Sample preparation for 2% design

PAM : Total Guar gum : Total Replicates
0:1 1:1 3
0.25:1 0.75:1 3
0.5:1 05:1 3
0.75:1 0.25:1 3
1:1 0:1 3
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Table 3 The UCS test experimental design

Fact_o rl Factor 2
Run Concentration (wt. %) PAM:Total
of PS
1 0.20 1.00
2 0.47 0.00
3 1.00 0.50
4 0.60 0.25
5 0.20 0.00
6 0.60 1.00
7 1.00 0.50
8 0.80 0.75
9 1.00 1.00
10 1.00 0.00
11 0.60 0.25
12 0.40 0.75
13 0.60 0.25
14 0.60 1.00
15 0.20 0.50
16 0.20 0.50

5.5 Results and Discussion

The performance of non-traditional stabilizers to improve the UCS of red send dust has been
investigated. As confirmed by Figure 4, PAM performed better than guar gum in strengthening the
UCS of RS. As the concentration of the stabilizer increased from 0.2 wt. % to 1 wt. %, the UCS of
PAM treated sample increased from 0.708 MPa to 1.102 MPa, and guar gum treated sample
increased from 0.605 MPa to 0.915 MPa. T-test was performed to evaluate the significance of the
mean difference of the UCS data. The assessment of t-test is achieved by comparing the calculated
t-value with the p-value in t-table which corresponds to the significance level. If the calculated t-
value is less than the t-table value, there are significant difference between means. In this study, the
to of both PAM and Guar Gum treated sand is much lower than ¢, .5 g. Thus, the mean difference
of the UCS is significant which is due to the change of concentrations rather than test errors. Results
is consistent with the study by lyengar, Masad, Rodriguez, Bazzi, Little and Hanley [55] and
Khatami and O’Kelly [150] who illustrated a similar improvement in UCS after the individual

application of acrylate-based SPS and NPS.
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Figure 4. UCS simple comparative test results

To evaluate the performance of PAM and guar gum mixture on the UCS of tested sand, tests
based on the 2% design have been performed (Figure 5). As 1wt. % stabilizer could achieve better
UCS, the total stabilizer concentration was fixed at 1 wt. % in this test, but different combination
ratios of the two stabilizers were used to strengthen structural stability of samples. The combination
ratio denotes the fraction of PAM in the amount of total applied stabilizers. The combined use of
two stabilizers resulted higher UCS of RS than they were used individually. The UCS with 0.75
wt. % PAM and 0.25 wt. % guar gum achieved the maximum UCS of 1.385 MPa, which is 1.5

times of that treated by only guar gum and 1.23 times of that treated by only PAM.
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Figure 5. UCS of samples treated by polymers in different mixing ratio
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Based on the above 2 design experiments, it is confirmed that an optimum combination
ratio exist when the overall application concentration is 1 wt. %. Test based on the response surface
design has been conducted to further investigate as to how UCS changes with combination ratios
and the concentrations of PS in treated sand. 16 runs were performed based on the optimal design
for response surface, as shown in Table 3.

The ANOVA results presented in Table 5 suggested that both stabilizer concentration and
mixing ratio have significant effects on the UCS. It appears from Figure 6 and Figure 7 that
generally UCS increases with stabilizer concentration, and a plateau is reached at concentrations
around 1 wt. %. The PAM : total ratio of 0.6 at the concentration of 0.94 wt. % achieved the
optimum UCS. A quadratic empirical equation 6, has been generated based on these results to
determine an optimum UCS for different levels of concentration and mixing ratio of PSs in this test.
In equation 6, x is the stabilizer concentration and v is the ratio of PAM : Total. Figure 8 is the
scatter plot of actual vs predicted value indicating the differences between the predicted value and
observed records with the R? equalling to 0.9775. It shows all the predicted values well agree with
the actual. To further validate the model accuracy, the independent data sets from the 2 design
experiments are used to calculate the prediction error. As could be seen in Table 4, the predicted

errors are all below 6% indicating an acceptable model reliability.
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Figure 6. Contour plot of UCS test (MPa)
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Figure 8. Predicted vs. actual UCS value plot of the constructed model (MPa)

It is noted that the values of UCS obtained in this study are lower than other studies. The
maximum UCS in this study is 1.317 MPa, but in other studies it is improved up to 3.2 MPa when
the NPS concentration is about 0.5 wt. %. [152] This is mainly because of the difference in the
mixing method used in sample preparation. Although the preparation method used in the current
study required the mixtures of the sand and stabilizers to be sealed for two hours for improved
interaction of the stabilizer-sand-water, however, compared to the wet mix mentioned in section
2.3, the current preparation method may not offer complete mixing and interaction, which may

result in a reduction on the UCS of treated samples.

1 .
= = 0.414x% + 0.528y? — 0.825x — 0.642y + 1.457 (Equation 1)
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Table 4 Assessment of model accuracy

Concentration Mixing Ratio Actual Observed Mo_del
(Wt. %) (PAM:Total) Average Value Predicted Error (MPa) Error (%)
(MPa) Value (MPa)
1 0 0.926 0.914 0.012 1.3%
1 0.25 1.196 1.185 0.011 0.9%
1 0.5 1.285 1.362 0.077 6%
1 0.75 1.385 1.347 0.038 2.7%
1 1 1.121 1.151 0.030 2.7%

Table 5 ANOVA of UCS test based on response surface design

Source Sum of Df Mean square f value p(F)
Squares
Model 0.22 5 0.044 89.34 <0.0001
Concentration 0.13 1 0.13 273.77 <0.0001
PAM:Total 0.019 1 0.019 37.95 <0.0001
(Concentration)? 0.015 1 0.015 31.01 0.0002
(PAM:Total)? 0.052 1 0.052 105.74 <0.0001

5.6 Conclusion

It is noted that both polyacrylamide and guar gum provide improved unconfined
compressive strength with higher concentration, and polyacrylamide apparently outperform guar
gum. The mixture of polyacrylamide and guar gum could improve the unconfined compressive
strength performance than if they are used individually in red sand. Response surface test further
illustrates that the optimum combination of polymer concentration and mixing ratio are 0.94 wt. %
and 0.6 (PAM : Total), respectively. A regression model was developed to determine unconfined
compressive strength for different concentration and mixing ratio of the two investigated stabilizers
in red sand.

This study is one of the tasks aiming at developing more effective dust control solutions by
using chemical stabilizers. Most notably, this is one of the few studies to our knowledge to
investigate the use of both synthetic and natural polymers for enhancing the structure strength of red
sand for reducing dust pollution potentials. It is noted that the combination of polyacrylamide and
guar gum improved the unconfined compressive strength of treated sand up to 1.5 times higher than
each single stabilizer treatment. Results of this paper provide significant evidence that even though

the single application of polymer could improve the unconfined compressive strength of treated
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sand, the combination usage of non-ionic and cationic polymer may result in an advanced
enhancement. With the identification of the optimal mix ratio, more economical dust control

strategy could be achieved.
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7.Chapter 7

The viscosity of polymer mixtures and
environmental adaptability study in treating

bauxite residue dust pollution

This chapter has been submitted to Process Safety and Environmental Protection and is currently
under review. It was entirely written by Xuhan Ding. Dr. Guang Xu, provided suggestions and

corrections
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A good polymer stabilizer is environmental friendly, show good performance on conserving
water, adhering sand particles and providing long term, adequate and stable dust control. This
chapter focuses on a systematic environmental adaptability study of polymer stabilizers to evaluate
their performance when facing wet condition, high temperature and long-term strong ultraviolent
exposure. As the relationship between the viscosity of stabilizer solution and the penetration
resistance is not clear, this chapter will also investigate the effect of stabilizer viscosities on the

penetration resistance and final dust control performance of treated sand.

7.1 Abstract

The utilization of polymer stabilizers is a promising method in mitigating bauxite residue
(red sand) dust pollution. Its thickening property could effectively bind sand particles by
constructing crusts to withstand wind erosion. Previous studies recommended the mixture of
polymer solutions for a better dust control performance. However, there are limited studies which
discussed the effects their viscosity on the structure strength of formed crusts and the final erosion
resistance. The environmental adaptability of polymer mixtures was also rarely investigated. Thus,
this paper investigates the relationship between polymer viscosity, environmental adaptability and
the final dust control performance. Results illustrated that the applied polymers have excellent
ability in withstanding wetting, high temperature, and long-term ultraviolent exposure, which
indicates a broad applicability in wet conditions and desert regions. For single cationic polymers or
polymer mixtures containing cationic polymers, higher viscosity resulted in better crust strength and
dust erosion resistance. Thus, the viscosity of polymer mixtures could be used to predict the

structure strength of formed crust and the final erosion resistance of treated sand.

7.2 Introduction

Due to large scale bauxite mining and aluminium extraction via the Bayer Process, large
amounts of bauxite residue are generated annually [35, 139]. At the end of 2014, the global bauxite

residue inventory reached 3.5 billion tons [6, 35]. Bauxite residue is generally separated into a
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coarse fraction named “red sand” with particle sizes >150um and a fine fraction named “red mud”
which is finer than 150um [4]. As the bauxite residue is highly alkaline and contains large amounts
of fine, heavy metal particles and some radioactive components, such as Uranium-238 and
Thorium-232, direct discharge of bauxite residue is prohibited for its adverse impacts on humans
and the ecosystem [37-39]. Some adverse impacts include human upper respiratory system damage,
eye irritation due to red sand dust, soil salinity and water pH alteration [12].

Dry stacking is the most commonly used method for the disposal and storage of bauxite
residue due to its advantages of having minimal soil and ground water contamination. In this
method, red sand is used to build the dike wall for the disposal and drying of red mud. If left
untreated, the surface of dike walls and the red mud is subjected to severe fugitive dust emission
and thus requires effective management [176]. However, due to differences in chemical and
physical properties, the method used for red mud dust control is different from that of the red sand.
This paper only focuses on the dust control of red sand.

One potential approach to mitigating red sand dust pollution is the application of polymer
stabilizers [167, 177, 178]. Polymer stabilizers are generally synthetic or naturalized, and both of
these revealed effective strengthening effects on treated materials. For example, Liu et al. [54] and
Ayeldeen et al. (Ayeldeen et al., 2017) reported an improvement of cohesion forces between sand
particles after being treated by polymer stabilizers. Meanwhile, the compressive strength of treated
sand was enhanced at higher stabilizer concentrations and was demonstrated by Zandieh et al. [57]
and Chen et al. [151]. The improvement of structure strength is attributed to micro-mechanisms
such as enhanced particle interactions and adhesion and the thicker polymer film, which is
attributed to the viscosity of polymer stabilizers [112]. The relationship between stabilizers dynamic
viscosity and dust control performance is not clear; however, the dynamic viscosity of the stabilizer
solution was indicated to effectively and accurately predict the dust control performance [179].
Meanwhile, the improvement of the environmental adaptability of polymer stabilizers and its

impact on dust control efficiency lacks investigation.

37



Thus, this paper aims to investigate the relationship between polymer stabilizers viscosity,
environmental adaptability and the corresponding dust control performance. Their environmental
adaptabilities are represented by the penetration resistance of the formed crust. We discussed and
correlated the results of each test to determine the environmental adaptability of polymer mixtures
and whether the solutions” dynamic viscosity might affect the penetration resistance and wind
erosion resistance of treated sand. As shown in Figure 9, both individual polymer application and
the application of two polymers combined were employed. The dynamic viscosities of polymer
stabilizers at different concentrations were evaluated firstly. Wet-dry cycle tests, temperature
bearing tests and UV aging tests were then conducted to investigate the actual performance of
polymer stabilizers after exposure to rainfall and direct sunshine. Finally, wind tunnel tests were
employed to analyse their enhancements on wind erosion resistance. Findings were useful in
fulfilling the ultimate objectives of developing a more accurate and effective approach to evaluate
and predict the dust control performance of polymer stabilizers, and to determine the optimum

polymer combination.

Effect of stabilizer

—*| Viscosity concentration and

mix ratio on 1. Develop accurate
: iscosi and effective
Two Polymer Penetration viscosity ©
Mixtu?/es Resistance predictor to evaluate
and predict the dust
1. Wet-dry Cycle Environmental control performance
2. Temperature Adaptability 2. Determine the
Red Sand Bearing optimum polymer
3. UV Agin combination to
gne achieve better dust
control performance

L Wind Tunnel Dust erosion |||
resistance

Figure 9. Experimental flowchart
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7.3 Experiments

7.3.1 Materials

Three polymer stabilizers: non-cationic polyacrylamide (PAM), cationic guar gum and
anionic xanthan gum, were used in this study. PAM is a synthetic polymer and the other two are
natural polymers.

PAM is a linear polymer manufactured from acrylamide monomer with a molecular mass of
3-25 million g [155]. It is utilized in the removal of metal ions and organic matters [180-182],
erosion control in agriculture irrigation and arid regions [18, 63, 64, 156], and helicopter landing
pad enhancements [155]. The raw, non-cationic 1.6 wt. % PAM was purchased from All Chemical
Manufacturing & Consultancy as a solution.

Xanthan gum belongs to the natural polysaccharide and was found in the 1950s. It is a kind
of anionic linear linked g — D glucose constituted by glucose, mannose and glucuronic with a
molar ratio of 1.4:1:1 [183, 184]. The xanthan gum powder forms stable gel-type solutions when
mixed with water owing to its excellent hydrophilic property [166, 185]. The pseudo-plasticity,
thickening characters, and the high bearing capacity to temperature and pH allows xanthan gum to
be used as thickener in industrial, mining, civil and food manufacturing fields [167, 186]. The raw
xanthan gum was purchased from Sigma Aldrich.

Guar gum is a natural galactomannan processed from endosperm of cluster bean [158, 164,
177]. Similar to xanthan gum, cationic guar gum powder also forms a stable, transparent gel
solution when properly mixed with water. It is commonly applied in the field of food
manufacturing, medicine, and civil engineering as a thickener and precipitant [177, 178, 187-193].
The original guar gum powder was purchased from Sigma Aldrich.

Due to the lack of red sand availability, the red loam sand was purchased as a substitute for

test samples. It has similar particle size distributions with red sand, and it is classified as poorly
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graded sand (SP) based on the Unified Soil Classification System. The optimum moisture content
and maximum dry density of the sand is 5.5 % and 2.16 g/cm?, respectively.

Sand was dried and then sieved to finer than 1.18 mm to ensure consistency of particle
conditions. Stabilizer solutions and powders were diluted and dissolved with deionised water to pre-
determined concentrations (0.4, 0.8 and 1.2 wt. %). Moulds for the penetration resistance
measurements were cylindrical with a dimension of 10 cm (D) x 5 cm (H), and the dimension of
cuboid moulds for wind tunnel test was 21.7 (L) x 14.2 cm (W) x 3.5 cm (H). Slight compaction
was ensured when pouring sand into the moulds. After compaction, adequate deionized water was
uniformly sprayed onto the levelled sand surface until the optimum moisture content was reached.
Sand was then wrapped and sealed for one day to reproduce the moisture conditions of on-site red
sand. After that, the electric sprayer was employed to uniformly spray the stabilizer solution onto
the sand surface with an application rate of 2 L/m2. Samples were then dried under ambient

temperature and humidity before tests.

7.3.2 Dynamic Viscosity Test

Dynamic viscosity tests on stabilizer solutions were performed to investigate whether the
polymer mixture solutions achieved higher dynamic viscosity than single polymer solutions, and
also attempted to establish a relationship between the dynamic viscosity of stabilizers and the
mechanical properties (penetration resistance) of its formed crust. The dynamic viscosity of
polymer stabilizer solutions mainly reflected the internal friction between solute and solvent
molecules. In this study, the effects of polymer concentrations were investigated at three levels: 0.4,
0.8 and 1.2 wt. %. For each concentration level, three different stabilizer mix ratios were selected:
1:3, 2:2 and 3:1. As temperature significantly affects the dynamic viscosity, all samples were tested
under the ambient temperature of 20 °C. The detailed arrangements of these tests are shown in

Table 6. Each combination was replicated three times.
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Table 6 Arrangement of dynamic viscosity tests

Concentration Stabilizer Mix ratio

PAM 40

GG 4.0

XG 4.0

PAM:GG 13

PAM:GG 2:2

PAM:GG 31

0.4wt. % PAM:XG 13
PAM:XG 2:2

PAM:XG 31

GG:XG 13

GG:XG 2:2

GG:XG 31

PAM 4.0

GG 4.0

XG 4.0

PAM:GG 13

PAM:GG 2:2

PAM:GG 31

0.8 wt. % PAM:XG 13
PAM:XG 2:2

PAM:XG 31

GG:XG 13

GG:XG 2:2

GG:XG 31

PAM 4.0

GG 4.0

XG 4.0

PAM:GG 13

PAM:GG 2:2

PAM:GG 31

L2wt. % PAM:XG 13
PAM:XG 2:2

PAM:XG 31

GG:XG 13

GG:XG 2:2

GG:XG 31

7.3.3 Penetration Resistance Tests

7.3.3.1 Wet-dry cycling tests and temperature bearing tests

Wet-dry cycle tests were utilized to investigate the water resisting capacity of each stabilizer
by testing the penetration resistance of formed crusts after numbers of wetting-drying cycles. In this
study, four factors were considered: polymer mixtures (PAM&GG, GG&XG, and PAM&XG),
mixture concentrations (0.4, 0.8 and 1.2 wt. %), mix ratios (1:3, 2:2 and 3:1), and the number of
cycles (0, 1 and 2). L9 (3% orthogonal design was employed to reduce the number of runs. Detailed

arrangement of the wet-dry cycle tests is described in Table 7. Each combination was replicated

41



three times. Samples for these tests were prepared as described in section 7.3.2. For each wetting
cycle, 2 L/m? of deionized water was sprayed uniformly onto the surface of dried crust. As shown
in Figure 10, the penetration resistance test was conducted after the crust was dried entirely. The
STX-100 soil tri-axial test system was employed with a self-designed extension connector and
needle to measure the penetration resistance. The penetration rate was fixed at 5mm/min. The

needle used for this test was 2mm in diameter and 30° in cone angle.

Figure 10. Penetration resistance test apparatus

Table 7 Orthogonal experimental design for the environmental adaptability test

. Concentration . . Number of Exposure
Run  Stabilizer (Wt. %) Mix ratio Cycles Duration (day)
1 PAM:GG 0.8 2:2 1 6
2 PAM:XG 0.8 1:3 2 9
3 PAM:XG 1.2 2:2 0 3
4 PAM:XG 0.4 31 1 6
5 PAM:GG 1.2 31 2 9
6 PAM:GG 0.4 1:3 0 3
7 GG:XG 0.8 31 0 3
8 GG:XG 1.2 1:3 1 6
9 GG:XG 0.4 2:2 2 9

Temperature bearing tests investigated the adaptability of polymers in high temperature
areas. Penetration tests were conducted on samples cured for one week under ambient conditions
and a 50 °C environment. Three factors were considered: the stabilizer mixture types, stabilizer
concentrations, and mix ratios. Levels of each factor are the same with those described in section

7.3.3.1.
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7.3.3.2 UV Aging Test

UV aging tests simulated the anti-aging properties of polymer treated samples when exposed
to direct sunlight for long periods of time. The aging resistance of the consolidated layer (formed
crust) is one of the basic predictors for evaluating the service life of the stabilizers. As the storage of
bauxite residue is generally located in desert climates with long-term direct sunshine and high UV
intensity, this experiment was performed in a UV aging oven which had two UVA-340 UV tubes. A
few days or weeks of direct ultraviolet radiation in the oven was equivalent to months or years of
exposure to sunlight onsite. In this study, the UV exposure duration is setup as a factor. Three, six
and nine days of exposure was performed on 27 samples by following the L9 (3%) orthogonal

experimental design as described in Table 7. Each run was replicated three times.

7.3.4 Wind Tunnel Test

Wind tunnel simulations offer a more effective and accurate environment to investigate the
dust control performance of stabilizers. In this study, wind speed was fixed at 20 m/s, which was
consistent with the maximum wind velocity observed onsite. Dried samples prepared in cuboid
moulds were placed onto the tray holder in the wind tunnel with a 30° angle (as shown in Figure 11)
to reflect the slope of the dike wall of the actual residue drying area. The weight change of each
sample was recorded every two minutes. Crust protective periods were also monitored. Each run

was replicated thrice and the failure time was determined with the averaged data.
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Figure 11. Diagram of wind tunnel simulation system
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7.5 Results and Discussion

For non-Newtonian fluids, the dynamic viscosities decrease at higher shear rates. Figure 12
shows the dynamic viscosity comparison of each single polymer solution. It is noted that the
dynamic viscosities of each polymer solution increased with higher concentrations, but these
improvements are less obvious at higher concentrations. The increased viscosity may be caused by
the increased amount of hydration water around polymer molecules which reduces the flexibility of
the polymer chain [194]. The dynamic viscosity of xanthan gum solution is higher than PAM and
guar gum. This superiority is inconspicuous at lower concentrations but tends to be more evident at
higher concentrations.

Figure 13 shows the test results for the polymer mixtures, and they demonstrated that higher
concentration resulted in higher viscosity (red lines are generally higher). It revealed that when two
polymers are mixed, the increase of viscosity is dominated by the concentration of one polymer. For
example, for the PAM-GG mixture, the viscosity increased with higher PAM content (in Figure 13
(a), for concentrations with same coloured lines, round dotted line is higher than the other two).
However, for GG-XG and PAM-XG mixtures, the xanthan gum content is the major factor that
influenced viscosity (in Figure 13 (b) and (c), triangle dotted line is higher than the other two lines
with the same colour). Overall, the PAM-XG mixture generated the highest viscosity.

To compare the viscosities of single polymer and polymer mixture solutions, the test results are
represented in Figure 14 using 0.8% as the representative concentration. It was shown that the
viscosity of polymer mixtures was not necessarily higher than each single polymer solution. PAM-
GG mixture revealed higher dynamic viscosities compared with each single polymer solution
(Figure 14 (a)). However, PAM-XG and GG-XG mixtures resulted in significant reductions in

dynamic viscosity (Figure 14 (b) and (c)).
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Figure 12. Dynamic viscosity comparison of single polymer solutions
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Figure 13. Dynamic viscosity comparison of two polymer mixtures

46



shear rate (1/s)

shear rate (1/s)

10 100 100
® PAM:guar gum=1:3 ® PAM:xanthan gum=1:3 ® guar gum:xanthan gum=1:3
4 PAM:guar gum=2:2 4 PAM:xanthan gum=2:2 4 guar gum:xanthan gum=2:2
® PAM:guar gum=3:1 ® PAM:xanthan gum=3:1 h ® guar gum:xanthan gum=3:1
= ; x PAM - N«.\ x PAM Z \'\-.,,‘ * guar gum
E' \“.\. * guar gum £ 10 + xanthan gum & ~_* xanthan gum
= = = -t
£z 1 £ _ g -
= 7 --¥ o
3 g 2 1
Rz BB = -
= *e - X
~ e -~ el
~ -y e
~ 0.1
0.1 0.1 0.01 0.1 1 10 100
0.01 0.1 1 10 100 0.01 0.1 1 10 100

shear rate (1/s)

(a) PAM and guar gum

Figure 14. Dynamic viscosity comparison of polymers mixture at different mix ratio (0.8 wt. %)

(b) PAM and xanthan gum

(c) guar gum and xanthan gum

47



Table 8 shows the data analysis of the orthogonal experimental design for the wet-dry
cycling tests. It demonstrated that the number of the wet-dry cycles do not influence the penetration
resistance. The absolute range refers to the absolute value of the difference between the maximum
and minimum “ka", which reflects the significance of each factor. The value for factor 4 (number of
wettings) is much lower than factor 2 (mixture concentration) and factor 3 (mix ratio). One possible
explanation is, with the loss of water during exposure to the atmosphere, the polymer chain tends to
aggregate to form a film structure or a single, linear, longer polymer chain. During this process, the
hydroxyl and carboxyl groups tend to complex with the SiO> and metal cations of sand particles. As
a result, the polymer and sand particles are able to form surface crusts which are insoluble, elastic,
and strong. As these processes are irreversible in water, the formed crust is able to withstand water
disintegration. By using Table 8, the optimum combination of each factor, for the highest
penetration resistance, was found to be with 1.2 wt. % GG-XG mixture at 1:3 mix ratio and two
wetting cycles. This was determined by the corresponding levels for each factor with the highest

“kn” value (the average of each level).

Table 8 Data analysis of wet-dry cycling tests

Runs Factor 1 Factor 2 Factor 3 Factor 4 Penetration
Polymer Mixture concentration Mix ratio Number of resistance (N)
mixture (wt. %) wettings averaged

1 PAM:GG 0.4 1:3 0 17.08
2 PAM:GG 0.8 2:2 1 21.74
3 PAM:GG 1.2 31 2 25.7
4 GG:XG 0.4 2:2 2 15.32
5 GG:XG 0.8 31 0 19.22
6 GG:XG 1.2 1:3 1 324
7 PAM:XG 0.4 31 1 13.72
8 PAM:XG 0.8 1:3 2 22.08
9 PAM:XG 1.2 2:2 0 28.75
Ki 64.52 46.12 71.56 65.05
K2 66.94 63.04 65.81 67.86
Ks 64.55 86.85 58.64 63.1
ki 2151 15.37 23.85 21.68
k2 22.31 21.01 21.94 22.62
ks 21.52 28.95 19.55 21.03

Absolute 0.8 13.58 43 1.62

Range

The data analysis of the orthogonal experimental design for the temperature bearing test is

presented in Table 9. The absolute range value for each factor shows that the penetration resistance



is only affected by the polymer concentration and the mix ratio. The absolute range of polymer
concentrations and mix ratios are 13.72 and 4.6, respectively, which is significantly higher than that
of the polymer mixtures types. This result is consistent with the findings from Table 8 where
specimens were treated at 20 °C. The highest penetration resistance was observed at the
concentration of 1.2 wt. % and the mix ratio of 1:3.

The penetration resistance comparisons between 20 °C and 50 °C are displayed in

Figure 15, which demonstrated that the penetration resistance increased at higher
temperatures. The penetration resistance of specimens treated at 50 °C is 1.1 to 1.25 times of those
which were cured at ambient temperature.

Observations also revealed that the temperature could also change the brittleness of the crust
formed by polymer mixtures. The brittleness of the crusts treated at 50 “C was obviously higher
than those that were treated at ambient temperature. During the test, penetration resistance of crust
treated at 50 “C decreased dramatically after reaching the peak value instead of a period of vibration

near the peak value which was observed for crust treated at 20 °C.

Table 9 Data analysis of temperature bearing tests at 50 °C

Factor 1 Factor 2 Factor 3 Penetration
Runs Polymer Mixture concentration Mix ratio resistance (N)
mixture (wt. %) Averaged
1 PAM:GG 0.4 1:3 20.55
2 PAM:XG 0.8 1:3 26.92
3 PAM:GG 1.2 3:1 29.73
4 GG:XG 0.8 3:1 23.38
5 PAM:XG 0.4 3:1 17.13
6 GG:XG 1.2 1:3 36.56
7 PAM:XG 1.2 2:2 31.31
8 PAM:GG 0.8 2:2 24.53
9 GG:XG 0.4 2:2 18.74
Ki 74.81 56.42 84.03
K2 78.68 74.83 74.58
Ks 75.36 97.6 70.24
ki 24.94 18.81 28.01
k2 26.23 24.95 24.86
ks 25.12 32.53 23.41
Absolute 1.29 13.72 46
Range
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Penetration Resistance (N)

Figure 15. Penetration resistance of crust treated at 50 °C and 20 °C

Figure 16 provides a comparison of the crust penetration resistances before and after UV
exposure. It was apparent that penetration resistances were increased after UV exposure. Regardless
of the type of polymer mixture, concentration and mix ratio, UV treated crusts showed an
improvement of 1.16 to 1.25 times on penetration resistance. During the tests, the crusts and
samples remained intact and no colour changes were observed with the prolonged exposure period.

The data analysis of the orthogonal experimental design for the penetration test results under
different UV exposure durations (3-9 days) are presented in Table 10. Similar to other test results,
the mixture concentration and mix ratio significantly affected the resulting crust penetration
resistance. The absolute range of mixture concentrations and mix ratios are 18.39 and 4.89,
respectively, which are obviously higher than the other two factors. Compared to Figure 16, it
suggests UV treatment of samples was a significant factor that improved the formed crust strength.
SNK-Q test of the UV aging data performed in Table 11 identified whether the means of
penetration resistance are significantly different from each other. Results indicated that although
slight improvement on penetration resistance was observed due to longer UV aging period, this
improvement was identified as insignificant, which means the length of UV aging is insignificant to
the corresponding penetration resistance. The highest penetration resistance was observed in guar

gum-xanthan gum mixture at 1.2 wt. % and 1:3 mix ratio.
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Table 10 Data analysis of UV-aging tests

Runs Factor 1 Factor 2 Factor 3 Factor 4 Penetration
Polymer Mixture concentration Mix ratio UV duration resistance (N)
mixture (wt. %) (day) Averaged

1 PAM:XG 1.2 2:2 3 39.53

2 PAM:GG 0.8 2:2 6 29.63

3 PAM:XG 0.4 31 6 20.92

4 GG:XG 1.2 1:3 6 43.52

5 GG:XG 0.4 2:2 9 22.75

6 PAM:GG 0.4 1:3 3 23.15

7 PAM:XG 0.8 1:3 9 33.34

8 GG:XG 0.8 31 3 2551

9 PAM:GG 1.2 31 9 38.93
Ki 91.71 66.82 100.01 88.19
K2 91.78 88.48 91.91 94.07
Ks 93.79 121.98 85.36 95.02
ki 30.57 22.27 33.34 29.40
k2 30.59 29.49 30.64 31.36
ks 31.26 40.66 28.45 31.67
Absolute 0.69 18.39 4.89 2.27

Range
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Figure 16. Penetration resistance comparison of UV treated and untreated samples

Table 11 SNK-Q test of UV aging data

Time period of UV aging

SNK-Q a=0.05
UV aging duration N 1

3 days 3 0.1601

6 days 3 0.2065

9 days 3 0.2540

Significance 0.216

The data analysis of the orthogonal experimental design for wind tunnel test is illustrated in
Table 12. Only the mixture concentration and the mix ratio significantly affected the crust failure
time. The absolute range of mixture concentration and mix ratio are 22.77 and 6.45, respectively,
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which are greater than that of the type of polymer mixtures. The crust with the longest failure time
was formed by the GG-XG mixture with 1.2 wt. % concentration and 1:3 mix ratio.

Figure 17 shows the change in penetration resistance and wind tunnel failure time for
solutions with different viscosities (at the shear rate of 0.33/s). It could be observed that the two-
polymer mixtures with higher viscosities indicated better crust strength and advanced wind erosion
resistance. Also, the relationship between the viscosity and the penetration resistance, and between
the viscosity and the crust average failure time are all logarithmic. Thus, the viscosity of polymer
mixtures could be used as an index to predict the final dust control performance in a cost and time

effective manner. The overall ranking for the above three tests are listed as:
GG:XG (1:3 — 1.2 wt. %) > PAM: XG (2:2 — 1.2 wt. %) > PAM: GG (3:1 — 1.2 wt. %)
> PAM:XG (1:3 — 0.8 wt. %) > PAM: GG (2:2 — 0.8 wt. %) > GG: XG (3:1 — 0.8 wt. %)
> PAM: GG (1:3 — 0.4 wt. %) > GG: XG (2:2 — 0.4 wt. %) > PAM: XG (3: 1 — 0.4 wt. %)

Table 12 Crust failure time

Runs Factor 1 Factor 2 Factor 3 Failure Time
Polymer Mixture concentration Mix ratio (min)
mixture (wt. %)

1 GG:XG 0.8 31 19.46
2 PAM:GG 0.4 1:3 15.01
3 PAM:XG 0.4 31 11.71
4 GG:XG 1.2 1:3 40.46
5 PAM:GG 0.8 2:2 22.62
6 GG:XG 0.4 2:2 14.46
7 PAM:XG 0.8 1:3 27.44
8 PAM:GG 1.2 31 32.40
9 PAM:XG 1.2 2:2 36.62
Ki 70.03 41.18 82.91
K2 74.38 69.52 73.70
Ks 75.77 109.48 63.57
ki 23.34 13.73 27.64
k2 24.79 23.17 24.57
ks 25.26 36.49 21.19

Absolute 1.91 22.77 6.45

Range
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Figure 17. Relationship between the viscosity and penetration resistance and the final crust failure time

Ding et al. [179] presented study results for the individual use of the same three polymer
stabilizers. These results are compared with the combined experimental data obtained in the current
study in Figure 18 and Figure 19. Results revealed that two-polymer mixture is more effective in
improving the structure strength and dust erosion resistance of treated sand than the individual
polymer application. For example, for the concentration of 0.4 wt. %, the penetration resistance and
crust failure time of two-polymer mixture treated sand was 2.23-2.99 and 1.90-2.10 times higher
than those treated by individual polymers, respectively. These improvement were 3.23-3.54 and
2.21-3.09 times higher for the concentration of 0.8 wt. %, and 2.98-4.51 and 2.27 to 3.19 times
higher for the concentration of 1.2 wt. %. This indicated a more significant advance of the
combined application of polymers at higher concentrations.

By comparing the viscosity of each of the individual polymer stabilizers, it could also be
noted that stabilizers with higher viscosity provide higher penetration and dust erosion resistance,
and the only exception is the individual application of xanthan gum. One possible explanation to
this phenomenon is due to the ionicity. Anionic xanthan gum is unable to react with the negatively
charged sand particles via the neutralization process, which is important for better bonding
performance [55]. Therefore, although xanthan gum solution has a higher viscosity, it lacked in
enhancing the sand surface strength compared with the other two cationic polymers (PAM and guar

gum), which have much lower viscosities.
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7.6 Conclusions

This study illustrated that the combined application of polymer stabilizers is superior to that
of the individual application. Combined application provided higher penetration resistance and
prolonged crust protective period. For two-polymer mixture treated samples, an increase of 4.51
times the penetration resistance and 3.19 times the crust average failure was observed.
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For environmental adaptability tests, which are quantified by the penetration resistance of
the formed crust, it was noted that the penetration resistance was not affected by the number of wet-
dry cycles and was improved with higher environmental temperature. Results of ultraviolent aging
tests revealed that the existence of ultraviolent treatment, rather than duration of ultraviolent aging,
was more significant to the penetration resistance. Crusts treated by ultraviolent for more than 3
days illustrated obvious improvements to their penetration resistances.

This study also indicated that stabilizers with higher viscosity provided higher penetration
and dust erosion resistance except for the individually applied anionic xanthan gum. The
penetration resistance and the wind erosion resistance were consistent with the viscosity of polymer
mixtures. The polymer with higher viscosity revealed higher crust strength and better erosion
resistance. Thus, the viscosity of polymer mixtures is able to predict the structure strength of
formed crusts and the final erosion resistances of treated sand. guar gum-xanthan gum mixture with
1.2 wt. % concentration and 1:3 mix ratio is recommended for its outperforming penetration
resistance and dust control performance.

Most notably, this is the first study to the author’s knowledge that correlated the viscosity of
polymer solutions to the penetration resistance and dust control performance in the field of chemical
stabilization of bauxite residue. Results presented in this paper confirmed that the higher viscosity
of polymer solutions produced more effective dust erosion resistance. This relationship provides
compelling evidence to the reasonability of the viscosity for being an accurate and time-effective
predictor of dust control performance. Findings and research methods of this study could be used as
references for the extended dust control study on similar sandy materials, for it could greatly reduce

the time and cost for polymer performance verification during field practise.
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8.Chapter 8

Conclusions and Future Work

56



8.1 Conclusions

This thesis includes a review paper and several research papers which investigate a new
strategy and analysing system for the purpose of bauxite residue (red sand) dust control. This
provides a simple and fast way to determine the dust control performance of all the stabilizers with
appropriate accuracy, which reduces the time, economical and labour cost.

A comprehensive review of the previous studies has been performed to analyse the unique
advantages and shortages of each primary non-traditional stabilizers in treating bauxite residue dust
pollution. It is noted that polymer stabilizers achieve the best dust control performance with the
highest cost as well. Lignosulfonate stabilizers could achieve the second highest dust control
performance with the lowest cost and completely environmental friendliness. The performance of
the resin stabilizers is relative lower, it more suitable to be used as additives rather than primary
materials for its expensive price. Results also illustrated that the dust reduction rate is closely
related to physical and mechanical properties. The unconfined compressive strength and penetration
resistance are key indices to predict the final dust control performance when applying
lignosulfonate stabilizers.

A cost and time effective approach and effective predictors for red sand dust control by
applying non-traditional stabilizers has been developed and evaluated in this thesis. Firstly, the
study of lignosulfonate stabilizers presented in Chapter 4 illustrated that utilization of lignosulfonate
stabilizers significantly improves the structure properties and wind erosion resistance of treated
sand. Better dust control performance was observed at higher penetration resistance and unconfined
compressive strength. Thus, the penetration resistance or unconfined compressive strength could be
used as index for evaluating LS dust control performance instead of in-situ practise which requires
long-term and high cost. Secondly, the studies presented in Chapter 5 to Chapter 7 which

investigated the individual application and the combination of polymer stabilizers in treating red
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sand dust control demonstrated that the application of polymer stabilizer can greatly improve the
structure strength and reduce dust erosion of treated red sand, and synthetic polymer performs better
that natural polymers. The combination of different polymer stabilizer revealed superior
performance than individual application. As better penetration resistance and higher solution
viscosity resulted by higher stabilizer concentration benefit enhanced dust erosion resistance. The
penetration resistance and the viscosity of polymer stabilizers could be utilized as key indices to
predict the structure strength of formed crust and the final erosion resistance of treated sand.

For lignosulfonate stabilizers, bauxite residue is better controlled by higher penetration
resistance and unconfined compressive strength of treated sand, as they are effective indices to
predict dust control performance. For polymer stabilizer, better bauxite residue dust control is
achieved by the combined application of different polymers with higher penetration resistance of
treated sand and higher viscosity of polymer solutions, as penetration resistance and viscosity can
accurately predict dust control performance.

Most notably, findings and research methods of this study can be used as references for the
extended dust control study on similar sandy materials, for it can greatly reduce the time and cost

for polymer performance verification during field practise.

8.2 Highlights of Accomplished Studies

The research presented in this thesis is proved to be successful in providing a more efficient
and accuracy strategy and evaluation system for the bauxite residue (red sand) dust control by
applying non-traditional stabilizers. Key highlights of the accomplished studies are:

e The mechanism of dust emission and how non-traditional stabilizers enhance the forces

and energy of bonding between sand particles has been well illustrated.

e The mechanical properties and the dust erosion resistance of non-traditional stabilizers

treated sand are systematically investigated and correlated. Key indices for predicting
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the actual performance of each kind of stabilizers has been nominated and proved. This
suggested a timely and cost effective method for bauxite residue dust control.

e The combined effect of different stabilizers has been studies alongside the individual
application. Results is sound that the stabilizers mixture could achieve better dust control
efficiency than each single stabilizer when applied to red sand.

e One hypothesis that the performance of a stabilizer is not only determined by its ionicity,
but also relies on its viscosity, has been proved. The viscosity could be regarded as
another significant index for dust control performance prediction when applying
polymer stabilizers. Higher viscosity of stabilizer solution could result in better dust

control performance.

8.3 Limitations and Future Work

Although the studies presented in this thesis is significant to bauxite residue mining industry
that provided a most effective method for residue sand dust control, some limitations still exist
which need to be improved in future works.

Due to the confidential policy of bauxite mining companies, the source of bauxite residue
(red sand) is restricted. Thus, one red loam sand was used as a substitute for making test sample.
Although the physical properties and chemical components of the red loam sand is found to be
similar with actual sand. The small difference existed is still believed to bring uncertain effect to the
final test results. Therefore, the adoption of actual red sand to further prove the findings presented
in this thesis is necessary for a sound dust control strategy.

The studies in this thesis mainly focused on two primary non-traditional stabilizers which
are polymers and lignosulfonates. However, as discussed in Chapter 2, resin stabilizers include
synthetic and natural resins also have the potential to reduce red sand dust erosion for their excellent
water retention property, high unit efficiency (small quantity could achieve good performance) and

high adaptability to wet conditions. Meanwhile, other kinds of non-traditional stabilizers such as
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salts and bio-stabilizers also attracted more attention in recent decades. Thus, more work needs to
be done on investigating their performance for a more comprehensive dust control strategy.

As illustrated in Chapter 2, the combination of different non-traditional chemical stabilizers
may achieve better performance than using a single stabilizer. However, the study of the
combination effect was only performed on different polymer stabilizers. Whether this conclusion is

general to other kind of stabilizer still need further studies.
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