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Abstract

Two salt-alkali tolerant bacteria (ZH-1 and ZH-22) were successfully isolated from bauxite
residue disposal site. Both strains were identified by 16S rRNA genes as Bacillus sp. The
restoration effect of salt-alkali tolerant bacteria on bauxite residue was studied to provide
technical support for ecological restoration of bauxite residue disposal site. Bauxite residue was
treated with the culture medium of ZH-1 and ZH-22, and the pH value of bauxite residue
decreased from 11.57 to about 9 within 45 days and remained basically stable. The addition of
ZH-1 and ZH-22 strains increased the organic matter and microbial biomass carbon content in
bauxite residue as well as increased the catalase and dehydrogenase activities. The stability of
bauxite residue aggregates was significantly improved after the treatment within 30 days, and the
improvement was more obvious for the treatment of ZH-22. The analysis of bacterial community
showed that the relative abundance of ZH-1 and ZH-22 in bauxite residue increased from 5.06 %
and 2.71 % to 23.5 2% and 12.03 %, respectively, during the 30 days incubation. After that,
additional carbon and energy source were supplied, and the relative abundance of ZH-1 and ZH-
22 further increased, and with ZH-22 more significant. This result indicates that additional supply
of carbon source can induce the resurrection of the salt-alkali tolerant bacteria.
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1. Introduction

The reduction and comprehensive utilization of bauxite residue in alumina industry has become
a worldwide problem, so far there is no feasible method for large-scale utilization in the world. A
large amount of bauxite residue is disposed by storage, its pollutant migration risk is large, the
natural weathering process is slow, and the ecological reconstruction of the yard is difficult. The
environmental safety problem of bauxite residue storage is seriously threatening the sustainable
development of alumina industry [1]. At the same time, the vegetation reconstruction of bauxite
residue disposal site is the most promising method ecological disposal of bauxite residue [2].
However, due to the strong salinization and special physical structure of bauxite residue, it is
difficult to plant common plants [3-5]. Therefore, reducing the pH value of bauxite residue and
improving the physical structure of bauxite residue are the premise of vegetation reconstruction.
At home and abroad, a series of research and practice work have been carried out for bauxite
residue soil improvement, such as using foreign soil cover [6], adding modifier [7-9], leaching
neutralization [11-13], etc. Although these methods have certain effect, but their efficiencies are
not high, there are the problems of secondary pollution or high economic cost.
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Microorganisms play an important role in bauxite residue improvement. Soil microorganism is
the key driving force of nutrient transformation and circulation of organic matter in soil ecosystem
[14]. Microorganism is closely related to many biochemical processes in soil and is sensitive
index to characterize soil quality [15]. It can be used as an index of soil ecosystem stability and
has environmental remediation function. The metabolic acidogenesis of microorganisms can
neutralize the alkalinity of bauxite residue and promote the improvement of lateritic soil, which
has great potential in realizing large-scale ecological restoration of bauxite residue [16-21].
Screening suitable strains and providing suitable growth environment to improve microbial
activity are the research focus of current microbial methods [22].

Two saline-alkali tolerant bacterial strains (ZH-1 and ZH-22) with high organic acid yield have
been screened from bauxite residue yard. Both strains belong to Bacillus (Bacillus sp.). ZH-1 and
ZH-22 have strong metabolic acid production ability in alkaline environment, and the organic
acids produced (such as citric acid, butyric acid and tartaric acid) are the key factors to reduce the
alkalinity of bauxite residue and improve the structure of aggregates. This paper will study the
effect of ZH-1 and ZH-22 saline-alkali tolerant bacteria strains on bauxite residue, analyze the
effect of their metabolites on bauxite residue pH value, aggregates and their stability,
characteristic enzyme activity and microbial carbon, study the changes of community structure
during bauxite residue restoration, explore the survival state of saline-alkali tolerant bacteria in
bauxite residue, and provide technical support for microbial remediation application in bauxite
residue disposal site.

2. Experiment
2.1 Materials and Experimental Methods

The bauxite residue samples were taken from the bauxite residue disposal site of Henan Branch
of CHALCO. Table 1 showed the main chemical composition of the bauxite residue. The main
chemical composition of the bauxite residue is Al>O3, Fe;O3, SiO,, CaO and Na,O, among which
Na,O is 6.55%.

Table 1. The main chemical composition of the bauxite residue.
Element ALO3 Si0; Fe,Os Na,O CaO MgO K>,O TiO,

Content (%) 25.48 20.58 11.77 6.55 13.97 1.54 2.07 4.14

The collected bauxite residue samples were put into sample bags and stored in 4 °C refrigerator
for standby. The liquid medium was prepared according to yeast extract 3.0 g/L, glucose 5.0 g/L,
sodium chloride 50.0 g/L. the strain ZH-1 and ZH-22 cultured to logarithmic phase were
inoculated into the optimal medium, and then mixed with high-purity water and added into 2 kg
bauxite residue, and cultured in biochemical incubator at 30 °C for4 d, 7d, 14 d, 21 d, 30 d and
45 d, and then added carbon source at 30 d After the last sampling, part of the bauxite residue was
stored in the refrigerator at -20 °C for standby, and the other part was dried in the oven at 50 °C.

2.2 Analysis
2.2.1 Determination of pH Value of Bauxite Residue

The dried samples of raw bauxite residue, 4 d, 7 d, 14 d, 21 d, 30 d and 45 d were taken. Determine
the pH of bauxite residue solution according to the ratio of liquid to solid 5:1, weigh 5.0 £0.1 g
bauxite residue, put it into a 50 ml beaker, add 25 ml high pure water, stir it violently with glass
rod for 5 min, then stand for 30-60 min, measure the pH of the supernatant with a calibrated pH
meter, and calculate the average value of five parallel tests.
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2.2.2 Bauxite Residue Aggregate and its Stability Determination

The original bauxite residue and the naturally dried bauxite residue treated with ZH-1 and zh-22
bacteria for 30 d and 45 d were analyzed for aggregate change. The mechanical stability of
aggregates was determined by shavenov dry sieving method [23]. The method proposed by Yoder
[24] was used for the determination of water stable aggregates. The content w of each mechanical
or water stable aggregate is calculated in formula (1).

) __ Mass of each mechanical or water stable aggregate(g) %

W(%

100 (1)

Total sample mass(g)

Referring to the method introduced by Chen Shan [25], the stability of bauxite residue aggregate
is measured by aggregate failure rate (PAD), and the calculation is shown in formula (2).

W1 -W,

PAD(%) = == x 100 )

Where:
Wi:  The proportion of > 0.25mm aggregates in mechanically stabilized aggregates.
W>:  The proportion of < 0.25 mm aggregates in water stable aggregates.

2.2.3 Determination of Total Microbial Biomass Carbon

According to the method introduced by Lin Xiangui [26] and Wu Jinshui [27], the content of total
microbial biomass carbon in bauxite residue samples was determined.

2.2.4 SEM Analysis

The original bauxite residue, the bauxite residue treated with ZH-1 bacteria for 30 days, and the
bauxite residue treated with ZH-22 bacteria for 30 days were scanned by electron microscope to
observe the changes of micro morphology of bauxite residue before and after improvement.

2.2.5 Microbial Community Analysis

DNA was extracted from bauxite residue treated with ZH-1 and ZH-22 for 7 d, 14 d, 30 d and 30
d with carbon source by using Fast DNA SPIN Kit for Soil and verified by electrophoresis. The
extracted DNA samples were sequenced by high-throughput sequencing to obtain the quantitative
changes and survival status of microbial communities in bauxite residue treated by two saline
alkali resistant bacteria strains.

3.  Results and Discussion
3.1 PH Change During Bauxite Residue Improvement

ZH-1 and ZH-22 bacteria were used to improve the bauxite residue. The bauxite residue samples
were dried at the time of 4 d, 7 d, 14 d, 21 d, 30 d and 45 d to determine the pH value of bauxite
residue. The results are shown in Figure 1. It can be seen from Figure 1 that the pH of bauxite
residue treated with ZH-1 and ZH-22 decreased from 11.57 to 9.28 and 9.26 on the fourth day, to
9.17 and 9.18 on the seventh day, to 8.98 and 9.18 on the 11th day, and then slowly increased,
reaching 9.07 on the 14th day and 9.25 and 9.31 on the 28th day respectively. According to the
analysis, the pH of bauxite residue decreased significantly after ZH-1 and ZH-22 treatment, and
the rising speed of pH was slow, which could be maintained at pH = 9.
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Figurel. Effect of saline-alkali tolerant bacterial strains treatment on pH value of bauxite
residue.

3.2 Change of Aggregate in Bauxite Residue Improvement Process

The change process of bauxite residue aggregate in the process of improving bauxite residue by
ZH-1 and ZH-22 is shown in Figure 2. Using dry screening method, the original bauxite residue
particles are relatively fine, mainly distributed in 0.25-0.5 mm and < 0.25 mm, accounting for
49.44 % and 30.9 % respectively. After the improvement of ZH-1 bacteria, the proportion of
aggregates larger than 2 mm was about 50 %, and the proportion of small aggregates decreased
significantly. The proportion of 0.25-0.5 mm and < 0.25mm decreased to 9.02 % and 1.45 %
respectively. On the other hand, ZH-22 has a more obvious effect on bauxite residue
improvement, with the aggregates of > 2mm increasing to 67.01 %, and the proportion of fine
aggregates is further reduced. Using wet screening method, it can be seen from Figure 2 that the
proportion of large particle aggregates in bauxite residue after microbial improvement increases
significantly. The amount of aggregates larger than 2 mm increased from 0.36 % to 14.09 % and
20.72 %, while that of aggregates less than 0.25 mm decreased significantly. There is no obvious
regularity in the change of other particle size aggregates.
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Figure 2. Change of particle size of bauxite residue aggregate treated by saline-alkali
tolerant bacterial strains (a: ZH-1; b: ZH-22).

The stability of bauxite residue aggregates treated by the strain was analyzed by the aggregate
destruction rate, as shown in Figure 3. After treated with ZH-1 for 30—45d, the aggregate failure
rate of bauxite residue decreased from 90 % to 70-80 %, and decreased to 60-70 % after treated
with ZH-22 for 30—45 d. After treatment with ZH-1 and ZH-22, the stability of bauxite residue
aggregates was significantly enhanced, and the improvement effect of ZH -22 was more obvious.
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Figure 3. Change of the destruction rate of bauxite residue aggregate treated by saline-
alkali tolerant bacterial strains (a: ZH-1; b: ZH-22).

The original bauxite residue, the bauxite residue treated with ZH-1 and the bauxite residue treated
with ZH-22 were analyzed by scanning electron microscope, and the results are shown in Figure
4. It can be seen from Figure 4 that the original bauxite residue contains many small flake structure
particles with small particle size, irregular shape, unsmooth edge, many edges and corners, and
loose structure. After ZH-1 treatment, the bauxite residue surface has larger flake structure,
regular shape, flat edge, dense particles accumulation, compact structure, and obvious increase in
particle size. After treatment with ZH-22, the structure of bauxite residue has similar changes,
and the number of large particles is more than that of the bauxite residue treated with ZH-1 for
30 days. This shows that ZH-1 and ZH-22 are beneficial to the development of bauxite residue
physical structure, and the influence of ZH-22 on the physical structure of bauxite residue is more
obvious.

- i P ) = o
Figure 4. Microstructure changes of bauxite residue before and after improvement of
saline-alkali tolerant bacterial strains, (a: unmodified bauxite residue; b: ZH-1 improved
bauxite residue; ¢: ZH-22 improved bauxite residue).

3.3 Changes of Characteristic Enzyme Activity and Microbial Biomass Carbon before
and after Bauxite Residue Improvement

3.3.1 Analysis of Organic Matter and Catalase

The effects of ZH-1 and ZH-22 on organic matter content and catalase activity of bauxite residue
are shown in Figure 5 and Figure 6. It can be seen from the figure that the organic matter content
and catalase activity of bauxite residue increased after ZH-1 and ZH-22 treatment, and the catalase
activity increased with the increase of organic matter content.

After treatment with ZH-1 and ZH-22, the content of organic matter in bauxite residue increased
the most in 4 days, and the activity of catalase also increased the most; The organic matter content
of the bauxite residue treated with ZH-1 reached the maximum value at 7 days, while that of the
bauxite residue treated with ZH-22 reached the maximum value at 11 days. After that, the content
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of organic matter decreased, remained basically stable and far higher than the original level. It
may be that the delay period of microbial flora in the bauxite residue after ZH-22 treatment was
longer than that in the bauxite residue after ZH-22 treatment; at the same time, the catalase activity
decreased and kept stable and higher than the original level, basically consistent with the change
of organic matter content. This shows a good correlation between the two.
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Figure 5. Change of organic matter content in bauxite residue improved by saline-alkali
tolerant bacterial strains (a: ZH-1; b: ZH-22).
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Figure 6. Changes of catalase activity in bauxite residue improved by saline-alkali tolerant
bacterial strains (a: ZH-1; b: ZH-22).

3.3.2 Determination of Microbial Biomass Carbon and Dehydrogenase

The effects of ZH-1 and ZH-22 on total microbial biomass carbon content and dehydrogenase
activity of bauxite residue are shown in Figure 7 and Figure 8. It can be seen from the figure that
after treatment with ZH-1 and ZH-22, the content of microbial biomass carbon (MBC) in the
bauxite residue treated with ZH-1 and ZH-22 increased significantly, and kept a steady growth,
which was much higher than the initial level; the dehydrogenase activity also had similar changes.

The increase of microbial biomass carbon content in bauxite residue treated with ZH-1 and ZH-
22 was the largest at 4 days, and the increase of ZH-1 was greater. It may be that the microbial
communities in the bauxite residue treated with ZH-1 and ZH-22 were in logarithmic phase and
proliferated in a large number, and the microbial communities in the bauxite residue after ZH-1
treatment increased more rapidly, and the dehydrogenase activity also had similar changes; after
that, the microbial biomass carbon in the bauxite residue treated by ZH-22 remained stable The
results showed that the microbial community entered the stabilizer and grew stably, and the
dehydrogenase activity also had similar changes; at 7 days, the content of microbial biomass
carbon in the bauxite residue treated with ZH-1 decreased, which may be due to some reason that
restricted the growth of microbial community to some extent, and the activity of dehydrogenase
also had similar changes; after treatment with ZH-1, the content of microbial biomass carbon in
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bauxite residue decreased after 28 days The results showed that the microbial biomass carbon
content of the bauxite residue after ZH-22 treatment continued to increase steadily, which may be
that the microbial community in the bauxite residue after ZH-1 treatment reached the decline
period, while the microbial community in the bauxite residue after ZH-22 treatment did not reach
the decline period because of the long delay period; the dehydrogenase activity in the bauxite
residue treated with ZH-1 and ZH-22 increased or decreased within 21 days, and basically
remained higher than the initial level Within 21 days, the activity of dehydrogenase in the bauxite
residue treated with ZH-1 was close to the initial level, and the activity of dehydrogenase in the
bauxite residue treated with ZH-22 was much higher than the initial level. After that, the activity
of dehydrogenase in the bauxite residue treated with ZH-1 decreased to far lower than the initial
level. The activity of dehydrogenase in the bauxite residue of ZH-22 treatment continued to
increase, which was basically consistent with the change of microbial biomass carbon content.
This shows the correlation between them.
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Figure 7. Changes of microbial biomass carbon content in bauxite residue improved by
saline-alkali tolerant bacterial strains (a: ZH-1; b: ZH-22).
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Figure 8. Changes of dehydrogenase activity in bauxite residue modified by saline-alkali
tolerant bacterial strains (a: ZH-1; b: ZH-22).

3.4  Analysis of Microbial Community Change
3.4.1 Changes of Dominant Families and Genera in Bauxite Residue

Through high-throughput sequencing, we obtained the change rule and survival state of ZH-1 and
ZH-22 in the process of bauxite residue improvement. At the family level, it can be seen from
Figure 9(a) that, within 45 days after ZH-1 treatment, with the increase of treatment time,
Bacillaceae gradually became the dominant family, and the abundance of Comamonadaceae and
Peptococcaceae increased more, and the last three together accounted for more than 70 % and
became the main family. However, the initial dominant family, Enterobacteriaceae, decreased
sharply until it could not be detected. It can be seen from Figure 9(b) that with the increase of
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treatment time within 45 days after ZH-22 treatment, the abundance of Bacillaceae,
Clostridiaceae-2, Peptococcaceae and caulobacteraceae in bauxite residue after ZH-22 treatment
has changed, but they still maintain the advantages, accounting for more than 70% in total. The
abundance of Clostridiaceae-2 increased with the decrease of Bacillaceae, while the abundance
of Peptococcaceae and Caulobacteraceae changed little.
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Figure 9. Community composition and relative abundance at the level of microflora in
bauxite residue treated by saline-alkali tolerant bacterial strains (a: ZH-1; b: ZH-22).

At the genus level, as shown in Figure 10(a), with the increase of treatment time within 45 days
after ZH-1 treatment, Bacillus gradually became the dominant genus, and the abundance of
Anaerobacillus, Comamonas and Brevundimonas also increased more, the abundance of
Exiguobacterium did not change much, and the abundance of Clostridium-sensu-stricto-3
decreased more, but it was still the dominant genus The total proportion is more than 50 %. It can
be seen from Figure 10(b) that with the increase of treatment time, Bacillus gradually becomes
the dominant genus in the bauxite residue after ZH-22 treatment, and the abundance of
Alkaliphilus increases more, FExiguobacterium, Desulfotomalum and Ambiguous taxa,
Anaerobacillus and Brevundimonas did not change much, accounting for more than 50 % of the
total.
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Figure 10. Community composition and relative abundance of microorganisms in bauxite
residue treated by saline-alkali tolerant bacterial strains (a: ZH-1; b: ZH-22).

According to the identification results, ZH-1 and ZH-22 belong to Bacillus sp. combined with the
analysis results at the genus level, ZH-1 and ZH-22 survive well in bauxite residue and increase
in quantity. The method of inducing and reviving ZH-1 and ZH-22 in bauxite residue is effective
after 30 days. The amount of ZH-1 increased continuously within 4 weeks after adding to bauxite
residue, which reached nearly 2 times of the first week at the fourth week, and reached 2.4 times
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of that without adding carbon source after the fourth week. The addition of carbon source led to
the revival effect obviously; the amount of ZH-22 continued to increase within 4 weeks after
adding to bauxite residue, reaching 4.3 times of the first week at the fourth week, and then
increased after two weeks Source induced resurrection has certain effect. When added to bauxite
residue for one week, ZH-1 accounted for 5.06 %, while ZH-22 only accounted for 2.71 %. Then,
the growth rate of ZH-22 was significantly higher than that of ZH-1 and exceeded the proportion
of ZH-1 at the fourth week. After adding carbon source, ZH-1 increased significantly, and the
proportion of ZH-22 was about twice that of ZH-22. Therefore, the adaptation time of ZH-22 is
longer than that of ZH-1. It is speculated that the adaptation time of ZH-1 is 1-2 weeks, while
that of ZH-22 is 2-3 weeks, and the growth rate of ZH-22 is faster than that of ZH-1; both of them
can be induced to revive by adding carbon source, but the effect of ZH-1 induced resurrection is
more obvious.

3.4.2 Species Diversity of Microbial Community in Bauxite Residue

Shannon index is often used to evaluate species richness and diversity of environmental
communities. It can be seen from Figure 11 that Shannon index increased gradually in 28 days of
ZH-1 treatment, indicating that species richness and diversity of microbial communities in bauxite
residue increased. The Shannon index increased slightly at 45 days, and the species richness and
diversity of microbial community in bauxite residue had reached a certain balance. The Shannon
index did not change much in the 28 days of ZH-22 treatment, which may be due to the longer
adaptation period of ZH-22 in bauxite residue, and the species richness and diversity of microbial
community in bauxite residue did not change significantly. The Shannon index increased at 45
days, which may be due to the rapid proliferation of ZH-22 in bauxite residue after the adaptation
period, which promoted the species richness and diversity of microbial community in bauxite
residue. In general, the species richness and diversity of microbial communities in the bauxite
residue treated with ZH-22 were higher than those in the bauxite residue treated with ZH-1.
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Figure 11. Changes of Shannon index in bauxite residue treated by saline-alkali tolerant
bacterial strains (a: ZH-1; b: ZH-22).

3.4.3 RT-PCR Analysis

RT-PCR analysis is shown in Figure 12. It can be seen from Figure 12(a) that the number of ZH-
1 gradually increases during the restoration process. The concentration of Bacillus sp.. in the
original bauxite residue is 3.22x10° copies/g soil, and after adding ZH-1, the maximum
concentration of Bacillus sp. can reach 1.29x10'° copies/g soil (45d), but the quantity does not
change much from 28 days to 45 days. Therefore, ZH-1 can survive well in the bauxite residue
environment, and can reproduce normally, becoming the dominant flora in bauxite residue. After
28 days, additional carbon sources were added to induce the added ZH-1, but the community
density did not increase significantly. It may be that the number of ZH-1 in bauxite residue
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basically reached saturation, and the possibility of further increase was relatively small. However,
the maximum community density of ZH-22 (Figure 12(b)) was only 9.86x10° copies/g soil (45d),
which was far lower than that of ZH-1 in bauxite residue. Therefore, the adaptability of ZH-22 in
bauxite residue was weaker than that of ZH-1. However, ZH-22 could also grow and reproduce
normally in bauxite residue, and the community density increased further after 28 days induced
by additional carbon source, from 8.74x10° copies/g soil (28d) to 9.86x10° copies/g The results
showed that ZH-22 could maintain a good activity in bauxite residue, and could recover quickly
and grow and propagate under suitable environment.
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Figure 12. Variation of the number of saline-alkali tolerant bacterial strains in the process

of bauxite residue improvement (a: ZH-1; b: ZH-22).
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To sum up, the differences of microbial communities in bauxite residue treated by saline alkali
resistant bacteria strains ZH-1 and ZH-22 at different times were small, and they would not cause
great changes in the microbial communities in bauxite residue. Moreover, ZH-1 and ZH-22 could
rapidly proliferate in bauxite residue environment, and could maintain biological activity for a
long time, and could be applied to bauxite residue improvement.

4. Conclusions

After treatment with ZH-1 and ZH-22, the pH of bauxite residue decreased significantly, and the
pH of bauxite residue decreased to about 9 within 45 days, and remained basically stable; after
treatment of ZH-1 and ZH-22, the large aggregates of bauxite residue increased, the stability of
aggregates was significantly enhanced, and the physical structure was improved to some extent,
and the improvement effect of ZH-22 was more obvious.

After treatment with ZH-1 and ZH-22, the organic matter and catalase activity in bauxite residue
increased greatly, and their changes were basically the same; microbial biomass carbon and
dehydrogenase activity also increased greatly, and the changes of them were basically the same.
After treatment with ZH-1 and ZH-22, the contents of organic matter and microbial biomass
carbon and the activity of oxidoreductase in bauxite residue increased.

The relative abundance of ZH-1 and ZH-22 in bauxite residue increased from 5.06 % and 2.71 %
to 23.52 % and 12.03 % respectively during the 30-day experimental confirmation period. The
carbon source was added to induce the reactivation at 30 days, and the relative abundance
increased based on 30 days after half a month.
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