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Abstract
In this study, the vertical migration and release characteristics of alkali and �uoride in Bayer red mud with
different compaction degrees were investigated by conducting constant head vertical leaching tests. The
experimental results showed that the breakthrough time of leaching liquid across the red mud column
increased with the increase of compaction degree, the alkali and �uoride concentrations of the leaching
out�ow decreased fast as the compaction degree of red mud column increased, as well as the time
required to reach the leaching equilibrium. Moreover, for all the leaching red mud columns, the cumulative
release of alkali and �uorine from the increased with the increase of leaching durations. However, the
total release of major pollutants decreased with the increase of red mud compactness. After leaching, the
soluble alkali and water-soluble �uorine (Ws-F) residual in the red mud gradually increased from top to
bottom along the leaching column, and at the identical depth, the higher the compactness of the leaching
column, the greater the soluble alkali and water-soluble �uorine (Ws-F) remaining in the column after
leaching. These phenomena indicated that improving the compactness can effectively slow down the
release of main pollutants in the red mud. The results were expected to provide a scienti�c basis for the
prevention and control of alkali and �uoride pollutants in red mud yard.

1 Introduction
Red mud is a kind of solid wastes produced in the process of alumina industrial production (Kong et al.,
2017). About 1–2 tons of red mud will be produced for one ton of alumina. By 2018, the global red mud
stockpile was reported to reach 4.6 billion tons and the annual output about 200 million tons (Xue et al.,
2019). According to the production process, red mud can be classi�ed as Bayer process red mud,
sintering process red mud and combined process red mud. Bayer process red mud accounts for 95% of
the total amount in the world (Power et al., 2011). A large amount of piled red mud poses a serious threat
to the environment, especially the harm caused by the leakage of pollutants into water Jha et al., 2008;
Ding et al., 2018; Bombik et al., 2020 .

During the alumina production process, a large number of NaOH and certain kinds of �uorine-rich raw
materials are needed, resulting in the red mud containing alkali, �uoride and other pollutants. Therefore,
the red mud yard becomes the source of alkali pollution and �uorine pollution to the surrounding
environment. Researches revealed that there are two kinds of alkali in red mud, namely soluble alkali and
non-soluble alkali (Zhu et al. 2015; Xue et al. 2016a), also known as free alkali and bound alkali. Soluble
alkali mainly includes sodium hydroxide, sodium carbonate, sodium bicarbonate, sodium aluminate
dihydrate, sodium silicate, potassium hydroxide and potassium carbonate, etc. (Xue et al. 2017); Non-
soluble alkali mainly includes sodalite, nepheline, hydrated garnet, tricalcium aluminate, and calcite, etc.
The soluble alkali is soluble in water and thus has signi�cantly negative impact on the environment.
Fluorine can be divided into water-soluble �uorine (Ws-F), exchangeable �uorine (Es-F), iron manganese
bound �uorine (Fe/Mn-F), organic bound �uorine (Or-F) and residual �uorine (Res-F) (Muravyeva et al.,
2014; Yuan et al., 2008). Tessier �ve-step extraction method was usually used for �uoride extraction
(Tessier a et al. 1979; Xie et al., 1999; Wu et al. 2002). Water soluble �uorine (Zhang et al. 2020; Gao,
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2013) and Es-F can be dissolved in water and thus have a great impact on the water environment. The
in�uence of �uorine pollution depends not only on the total content of �uoride, but also on the form of
�uorine. The greater the content of Ws-F and Es-F, the greater the negative in�uence on the environment.

When experiencing rainfall, pollutants will be released from the newly stacked red mud by the surface
runoff in a short time. The Chinese standard GB/T 51238 − 2018 has regulated the requirements for
compaction degree of stacked red mud. However, the actual compactness of the red mud is commonly
found to fail to meet the speci�cation due to mechanical compaction operation and other uncertain
factors. For this reason, during the rainy seasons in the south area of the nation, rainwater will have
different effects on pollutants released from red mud in the vertical runoff direction under different
compaction conditions of stacked red mud. Therefore, in this work, constant head dynamic leaching test
was employed to study the release and migration characteristics and the change of occurrence content of
pollutants in the process of vertical seepage in red mud with different compaction degrees, so as to
clarify the in�uence of different compactness on the release and migration of red mud pollutants.
Through the above research, the environmental effects of water in�ltration on red mud under different
compaction conditions are clari�ed. Based on which, the scienti�c basis and technical guidance are
provided for the prevention and control of main pollutants in red mud storage yard.

2 Materials And Methodology

2.1 Raw Materials

2.1.1 Red mud
The red mud used was obtained from the red mud yard of Xinfa Aluminum Co., Ltd. The main chemical
components of red mud are Fe2O3, Al2O3, SiO2, CaO, etc, note that the red mud contains 9.21% Na2O,
which can provide hydroxyl during its hydration process. The main mineral facies of red mud are
Hematite, Andradite, Cancrinite, etc.

According to the �eld investigation, �lter cake method is adopted to the stockpile the red mud in the
storage yard (Chinese standard GB/T 51238 − 2018). The piling height of the red mud ranges from 50 to
100 cm (Cao, 2017). The maximum dry density of the tested red mud is 1.49 g/cm3. Based on this
density, four compactness, namely compaction coe�cient λc = 0.8, 0.85, 0.88 and 0.9 were selected in
this study, to clarify the in�uence of the compactness on the vertical migration of main pollutants, the
release characteristics of alkali and �uoride in red mud.

2.2 Test methods

2.2.1 Apparatus
Referring to Guo (2019), a series of constant head leaching devices were designed. The structural
diagram of the leaching device is shown in Fig. 1, PVC pipe with an outer diameter of 110 mm (the actual
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inner diameter is 106 mm) was used as the cell to accommodate the red mud column. The top of the soil
column was connected to the liquid supply bottle and the bottom to the collecting bottle. After �lling the
PVC pipe with red mud, a peristaltic pump was used to continuously add deionized water from the supply
bottle to the leaching column. A hole 10 cm away from the soil bottom was kept open as an over�ow hole
to ensure that the overlying water head in each leaching column is the same and maintained at 10 cm. At
the same time, a hole was set at the bottom outlet to collect the leachate into the liquid collection bottle
for daily sampling.

2.2.2 Sampling design
(1) Leachate sampling

The daily leachate for each leachate column was collected in the liquid collection bottle. After shaking up,
50 mL of the collected leachate samples were taken using a 50 mL centrifugal tube for water sample
analysis. Each time, two tubes of leachate sample were taken as a parallel group and the average value
was taken.

(2) Red mud sampling after leaching

At the end of the leaching test, the leachate in the column was drained and the upper quartz sand and
absorbent cotton were removed. The PVC column was cut with a cutting machine. The red mud column
was sampled at 0, 5, 10, 15, 20, 25, 30 and 35 cm along the height from the top surface.

2.2.4 Method of measurement
(1) Leaching rate measurement

During the leaching test, a 100 ml measuring cylinder was used to collect the �ltered solution for half an
hour after the leachate out�ow velocity became uniform. The collected volume was measured and the
�ltered velocity was calculated. This measurement was carried out for three times and the average value
was taken.

(2) Total e�uent from the leaching column

A measuring cylinder was used to measure the total volume of �ltrated liquid in the collecting bottle.

(3) Soluble alkali and �uoride content in red mud after leaching

According to Chinese standard GB/T 51238 − 2018, the alkali content in red mud was calculated by Na2O.

therefore, the alkali concentration in the leaching liquid was characterized by Na+ concentration, and the
Na+ concentration was measured by Flame Photometer (Li, 2012; Yang, 2015).

The determination of the total content of �uorine was conducted according to Chinese standard
GB/T22104-2008. The occurrence forms of �uorine were extracted by Tessier �ve-step extraction method
(Tessier A et al., 1979; Yuan et al., 2008; Zhang et al., 2020).
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3 Results And Discussions

3.1 Leaching time and rate
Figure 2 shows the process of the leaching time and rate of leaching columns with different the
compactness. It can be observed that the leaching time increased with the increase of the compaction
degree of the red mud column. In the leachate column λc = 0.80, the leachate �owed out of the sample at
the 6.45th hour after the beginning of leaching, while in the leachate column λc = 0.90, it took 24.13 hours
for the leachate to �ow out after the beginning of leaching. The increase of the compactness of the red
mud increased the leaching time mainly due to the decrease of the soil permeability. Meanwhile, the
results also showed that under the condition of λc = 0.90, it took 24.13 hours of continuous leaching for
alkali, �uoride and other pollutants in red mud to in�ltrate with the seepage �uid and migrate to deeper
soil. For the case of λc = 0.80, the steady out�ow rate of leachate was 63.6 mL/h, while for λc = 0.90, the
steady out�ow rate of leachate was only 15.2 mL/h. The reason could be that the number of pores in red
mud with high compactness leachate column are smaller, and so was the permeability coe�cient. Thus,
the seepage �ow was smaller.

According to the test, the height of the leaching column with 80% compactness before leaching was 40.6
cm, and the height after leaching was 38.5 cm, with the maximum settlement of 2.1 cm. The height of the
leaching column with 90% compactness before leaching was 36.3 cm, and the height after leaching was
36.1 cm, with the minimum settlement of 0.2 cm. The reasons for this phenomenon could be as follows:
on the one hand, the consolidation settlement of red mud was induced by the increase in the self-weight
due to saturation during the leaching process; On the other hand, after leaching, the pore water pressure
of red clay decreased and the effective stress increased, leading to the settlement. Therefore, it can be
inferred that the red clay with small compactness is prone to settlement after rainfall, which would have
negative impact on the surface transportation operation of the yard and the stability of the slope at the
edge of the yard.

3.2 pH variation of the leachate
The variation of the pH of the leachate from red mud columns with different compactness with the
leaching time is shown in Fig. 3. According to the curves, except for the leachate column with
compactness of 90%, the pH value increased slowly with the increase of the leaching time, and then
gradually reached the peak value after the leaching for 7d, and then enters a declining stage, and
becomes stable after the leaching for 15d. However, the pH value of the leachate of the leaching column
with 90% compactness decreased slowly with the increase of the leaching days, and �nally stabilized
after 15 d. With the increase of compactness, the pH value of �ltrate decreased. The pH value of leaching
solution with compactness of 80% was up to 11.04, while that of leaching column with compactness of
90% was only 10.61 at the beginning, and then decreased until reaching stable at around 10.0. The
reason for this phenomenon could be that, the lower the compactness, the larger the pore size in the soil,
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the larger the contact area between water and particles, the more OH−, HCO3
−, CO3

2− plasma released into
the soil, and the higher the pH value.

3.3 Release characteristics of main pollutants in leachate

3.3.1 Alkali release characteristic
Figure 4 (a) shows the evolution of alkali concentration of the leachate with the increase of leaching time.
It can be seen from the �gure that the evolution of alkali concentration with time for all the leaching
columns was consistent. With the increase of leachate time, there was constant contact between
leachate water and the red mud between along the leachate channels in each soil column, soluble alkali
was thus constantly released, and the concentration gradually decreased with time. By comparing, the
concentration of alkali in the column with low compactness was found to decrease faster and the time to
reach stable was faster. Since the lower the compactness was, the more leaching amount was obtained,
the soluble alkali could be taken away quickly in a short time. For the column with high compactness, the
contact between the red mud and the leachate was not su�cient due to the small pore space, which
affected the release rate of the leachate. However, as the leachate volume was small, the alkali
concentration of the leachate became large. After 21 days of leaching, the �nal alkali concentration of
leachate in cases of λc = 0.8, 0.85, 0.88 and 0.9 were 32, 457, 691 and 832 mg/L, respectively, and the
alkali concentration of in each case exceeded the upper limit of primary and secondary groundwater
water (i.e. 200 mg/L).

Figure 4 (b) shows the cumulative release amount of alkali. It can be seen from the curves that the
cumulative release amount of alkali in each leaching column increased gradually with the leaching time.
After �tting the test data, the exponential growth trend was observed with correlation coe�cients over
0.97. It can be further seen from Fig. 4 (b) that the cumulative release curve of alkali of each red mud
column was basically consistent. With the increase of the initial compactness, the cumulative release
increased. In addition, the cumulative release of alkali in cases of λc = 0.8, 0.85, 0.88 and 0.9 at 21th day
were 23909.62, 20805.62, 16183.78 and 14061.66 mg, respectively, indicating that the improvement of
the compactness can signi�cantly delay the release of alkali from red mud.

3.3.2 Fluorine release characteristics
Figure 5 (a) shows the change of �uoride concentration in the leachate of each leaching column with
time. In the cases of λc = 0.80 and 0.85, the development of leachate concentration were basically
consistent, while the �uoride concentration of the leachate for λc = 0.88 and 0.90 �uctuated. The
relationship between the �uoride concentration in the exudate and the compaction coe�cient is
consistent with that with respect to alkali. The initial concentration of leachate in each group was more
than 50 mg/L, which was far higher than the upper limit of �uoride concentration in surface water of 1.5
mg/L stipulated by Chinese Standard GB/T14848-2017, At the end of 21-day leaching test, the �nal
�uoride concentration values for λc = 0.8, 0.85, 0.88 and 0.9 were 3.46, 7.23, 20.66 and 27.45 mg/L,
respectively, which were all higher than the limits of �uoride in various groundwater water.
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Figure 5 (b) shows the cumulative release amount of �uoride from the red mud columns. It can be seen
from the �gure that the cumulative release amount of �uoride from each leaching column increased
gradually with the leaching time. After �tting the test data, exponential growth trends were obtained with
correlation coe�cients all over 0.93. It can be seen from Fig. 5 (b) that the cumulative release of �uoride
decreased with the increase of compactness. The cumulative release of �uoride at the 21th leaching
under the compactness of λc = 0.8, 0.85, 0.88 and 0.9 were 463.57, 440.90, 406.48 and 388.60 mg,
respectively. Under the same conditions, increasing of compactness can signi�cantly reduce the �uoride
release from red mud.

3.4 Occurrence and vertical distribution characteristics of
pollutants along the red mud column after leaching

3.4.1 Alkali distribution characteristics
Figure 6 shows the change of soluble alkali content in red mud along the height after leaching. It is
shown that after 21 days of leaching, the content of soluble alkali in the red mud increased gradually
from the top surface to the bottom in the leached columns with different compactness. These
phenomena could be attributed to that: since the red mud columns were leached from top to bottom, the
adhesive soluble alkali in the upper part of red mud is released to the water and transported downwards
with the �ltrate. While during the in�ltrate, since the red mud particle has a large speci�c surface area,
part of the soluble alkali could be adsorbed by the lower part of red mud, lead to the concentrating of
soluble alkali in the lower part of soil column. As can be seen from Fig. 6, the higher the compactness of
red mud column, the higher the soluble alkali content at the same depth of the column after leaching,
indicating that the increasing compactness of red mud can signi�cantly hinder the release of soluble
alkali.

3.4.2 Fluorine occurrence and distribution characteristics
The Tessier �ve-step extraction method was used to extract �uoride from the red mud at different depths
after leaching. Figure 7 shows the content distribution of Ws-F and Es-F along the column height.

It can be seen from Fig. 7 (a) that, the Ws-F content in the red mud after leaching was signi�cantly
reduced under the condition of the low compactness, and there was no signi�cant difference in the
distribution along the leached column, with the content of 12 mg/kg. In the case of low compactness, the
in�ltrating water was expected to be in complete contact with the red mud and all soluble �uorine was
thus released. This is also the main reason for the lowest concentration of �uoride observed for the
column with 80% compactness in Section 3.4.2. The red mud column with relatively high compactness
can effectively prevent the rapid release of Ws-F, so the Ws-F increased along the height from top to
bottom, and the greater the compactness, the more signi�cance the increasing trend. It can be observed
from Fig. 7 (b) that the Es-F under different compactness conditions did not show relevant laws. The Es-F
concent of each column was in the range of 5.0 ~ 8.0 mg/kg. The reason for this phenomenon could be
that Es-F was a �uorine anion adsorbed on the exchangeable positive charge of clay particles, organic
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matter particles and hydrate oxides through electrostatic attraction. Since the leachate contained a large
number of ions, during the leaching process, Es-F can be exchanged from red mud by ion exchange
(Gomez et al., 2000; Yuan et al., 2008).

4 Conclusions
The vertical migration and release characteristics of main pollutants in red mud columns with different
initial compaction degrees were investigated by dynamic leaching test. Through the research, the
following conclusions are drawn:

(1) The dynamic leaching test shows that the leaching time increased with the increase of the
compaction degree of the red mud column, but the leaching rate decreased with the increase of the
compaction degree. The increase of compaction degree can help reducing the sedimentation of the
leached column.

(2) The leaching concentration of alkali and �uoride for red mud column with low compaction degree
decreased faster and reached stable faster. This is because the lower the compactness is, the more
leaching amount is, and soluble alkali and �uoride can be taken away faster in a short time. For the
column with high compaction degree, the contact between the red mud and the leachate was not
su�cient due to the small pore space in soil, which affected the release rate.

(3) The cumulative release amounts of alkali and �uorine in each leaching test increased with the
increase of leaching time. At the end of 21-day leaching, the total release amounts of alkali from the red
mud columns with compactness of λc = 0.8, 0.85, 0.88 and 0.9 were 23909.62, 20805.62, 16183.78 and
14061.66 mg, respectively; those of the release amounts of �uoride were 463.57, 449.90, 406.48 and
388.60 mg, respectively. These indicated that under the same conditions, the increase of the
compactness can signi�cantly reduce the release of soluble alkali and �uoride.

(4) After leaching, soluble alkali and Ws-F in the red mud gradually increased from top to bottom along
the leaching column. At the same depth, the higher the compaction degree, the greater the soluble alkali
and Ws-F content after leaching, indicating that improving the compaction degree can effectively slow
down the release of main pollutants in the red mud. Under the same leaching time and conditions, the
release of alkali and �uoride can be reduced when the compactness is 90%, When the compactness
decreases, the release and migration of alkali and �uoride in red mud in vertical runoff will be aggravated.
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Figures

Figure 1

Partial structure diagram of leaching device (including a, b)

Figure 2
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The change of e�uent time and rate with compactness

Figure 3

Change of pH value of exudate with leaching time

Figure 4
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Alkali release characteristic diagram (including a, b)

Figure 5

Fluoride release characteristic diagram (including a, b)

Figure 6
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Variation of soluble alkali content in leached red mud with the depth of leaching column

Figure 7

Changes of Ws-F and Es-F contents in leached red mud with the depth of leaching column (including a, b)


