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Abstract Heavy metal contamination has become a

world concern with the rapid industrialization and urban-

ization process. In this study, a mesophile consortium

including Acidithiobacillus ferrooxidans, Acidithiobacillus

thiooxidans and Leptospirillum ferriphilum was applied in

metals’ bioleaching with the assistance of isolated acid-

tolerant microorganisms Rhodotorula and Aspergillus

niger. The results showed that the bioleaching was totally

inhibited in non-batch method system for the alkalinity and

buffering capacity of the sediment. The inhibition on

bioleaching can be effectively relieved with the batch

method adopted. Dissolved organic matter hampered the

substrate utilization and prolonged the bioleaching process.

The toxic effect of dissolved organic matter to acidophile

can be reduced by the isolated heterotrophic microorgan-

ism. A. thiooxidans was the dominant species in the early

bioleaching stage, while the ratio of ferrous oxidation

bacteria increased in the later stage. The introduction of

heterotrophic microorganism to the system contributed to

form a suitable ecological niche of each species. In the

batch method adopted and heterotrophic microorganism

inoculated system, the bioleaching efficiency of Mn, Cu,

Zn and Cd reached 94, 90.9, 94.74 and 84.2 %, respec-

tively. The main fractions of heavy metals after bioleach-

ing are comparatively stable speciation. Heavy metals were

reduced both in total content and bioavailability.

Keywords Bioleaching � Alkaline sediment � Heavy

metals � Batch method � Heterotrophic microorganism

Introduction

In China, heavy metal pollution has become a major

environmental concern with the rapid industrialization and

urbanization process during the last two decades (Wei and

Yang 2010; Xu et al. 2012). Most of the smelting slag and

wastewater produced by mining and metallurgical activi-

ties have been discharged without sufficient treatment

(Deng et al. 2013). Heavy metals cannot be chemically or

biologically degraded and are very difficult to be removed

from a contaminated environment (Beolchini et al. 2009).

When accumulated in sediment, water or aquatic organ-

isms, heavy metals are particularly dangerous because of

their persistency and toxicity. They would ultimately be

assimilated by human beings through drinking water or the

food chain.

Given that the sediment can act as carriers and potential

sources for metals in an aquatic environment, and parts of

these fixed metals would re-enter into water with the

variation of water conditions (Peng et al. 2009), there is an

urgent need to explore an effective remediation technique.

Two main strategies, stabilization and extraction, have

been adopted to remedy the heavy metal-contaminated

sediment (Gan et al. 2015a; Peng et al. 2009). Stabilization

is aimed at increasing the combination stability between

metals and sediment particles, while extraction focuses on

separating metals from sediment. Specific techniques

including amendment, sand cap, phytoremediation, wash-

ing, electrochemical remediation, flotation and immobi-

lization are being applied now (Gan et al. 2015b; Guemiza

et al. 2014). The bioleaching technique has been
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increasingly applied to the extraction and recovery of

heavy metals from contaminated sediment, soil and sludge

(Zhu et al. 2013b). It is an environmental cleaner process

when compared with physical and chemical processes (Zhu

and Zhang 2014). As a low-cost and environment-friendly

technique, bioleaching has been already successfully

applied in the mineral processing area. The dominant

mesophiles used in bioleaching are Acidithiobacillus spe-

cies including Acidithiobacillus ferrooxidans and

Acidithiobacillus thiooxidans (Wen et al. 2013). Both these

chemolithotrophic bacteria can get energy by oxidizing the

reduced sulfur compound. Moreover, the former also pos-

sesses ferrous oxidation ability. The application of Lep-

tospirillum ferriphilum in heavy metal-contaminated

sediment bioremediation is very limited for it can only

oxidize the ferrous iron, and the acid production ability is

inferior to that of others. However, L. ferriphilum was

recognized as the critical bacteria in biometallurgy due to

the resistance to high-concentration ferric ion and metals,

and it was also more tolerant to higher temperature, lower

pH and ferric ion (Watling 2006). In this study, L. fer-

riphilum was also introduced into the bioleaching system to

accelerate the oxidation of pyrite. Heterotrophic microor-

ganisms have also attracted much attentions in bioleaching

because of the organic acid utilization ability (Wang et al.

2010). According to previous research, organic acids such

as formic, acetic, propionic and hexanoic would inhibit the

ferrous and sulfur oxidation ability of the Acidithiobacillus

species (Fang and Zhou 2006). In this study, a mixed

heterotrophic microorganism obtained from the sediment

which can tolerate low pH and heavy metals was inocu-

lated into the bioleaching system to diminish the toxicity of

low molecular weight organic matter on acidophilic bac-

teria (Fang and Zhou 2006).

The Xiawan Port of Xiangjiang River in Hunan Province

was the most seriously heavy metal-polluted areas in China,

affected by the smelter and chemical industry (Chen et al.

2004). The pollution would become more serious if no

further management measures are taken. Heavy metal pol-

lution threatens human health, balance of aquatic ecosys-

tems, economic development and social prosperity (Zhu

et al. 2013a). The discharged effluent was treated by quick

lime, which contributed to the alkaline environment of the

sediment and inhibited the proliferation of acidophilic bac-

teria and the subsequent bioleaching process. High content

of organic matter, strong buffer ability and multiple heavy

metals led to the slow activation and long bioleaching per-

iod. Considering these reasons, a successive batch method

coupled with the assistance of heterotrophic microorganism

was adopted in this bioremediation experiment. The aim of

this research was to explore an effective way to remediate

multiple heavy metals-contaminated alkaline sediment with

high content of dissolved organic matter.

Materials and method

Sediment

The sediment was sampled from the confluence of the

sewage outlet and the Xiangjiang River (Zhuzhou, Hunan

province, China; N27.8554401652, E113.0786195397) in

October, 2013. The sediment sample was taken from the

station at 50 cm water depth. The top layer sediments

(30 cm thick) were collected with shovel and deposited in

plastic bags. The samples were naturally air dried, sieved

through 100 meshes, intensively mixed and stored at 4 �C
in a refrigerator prior to its use. Part of the sample was

dried for 3 h at 105 �C before measuring the total organic

matter content. The total organic carbon (TOC) content

was decided by the difference between the dry weight and

residue weight after combustion for 2 h at 500 �C. Heavy

metal content was measured by inductively coupled

plasma-atomic emission spectrometry. Table 1 shows that

the heavy metal content tremendously exceeded the sec-

ondary standard environmental quality of China.

Heterotrophic microorganism isolation

and identification

About 5 % (w v-1) undried fresh sediment was inoculated

into the liquid LB medium (10 g L-1 tryptone, 5 g L-1

yeast extract, 10 g L-1 NaCl) to enrich the dissolved

organic matter-degrading bacteria. It was cultured at 30 �C
and 180 rpm for 72 h using the ZWY-2102c ZhiCheng

incubator shaker (Fig. 1), and the initial pH of the medium

was adjusted to 7.0 with diluted 5 % H2SO4. Then, 5 %

obtained mixed consortium heterotrophic fungi were suc-

cessively inoculated into a lower pH LB medium (6.0, 5.0,

4.0, 3.0, 2.0 and 1.5). The LB medium would become

viscous under low pH, but the enrichment effect would not

be affected. After a consortium of acid-tolerant hetero-

trophic microorganism was enriched, it was isolated

Table 1 Physico-chemical characteristics of sediment

Sl. no. Parameter Value (mg kg-1) Environmental quality

standard (mg kg-1)

1 pH 7.7 –

2 TOC 8.62 % –

3 Mn 1295 –

4 Cu 261 100

5 Zn 2273.1 300

6 As 492 20

7 Cd 74.8 1

8 Hg 79.3 1

9 Pb 777.8 80
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through repeated plate streaking on solid LB medium and

identified by molecular phylogenetic analysis based on 18S

DNA. The specific heterotrophic microorganism identifi-

cation procedure was referred to Wang et al. 2010. The

specific procedure is summarized in Fig. 2.

The isolated acid-tolerant heterotrophic microorganism

was cultured in 100 mL liquid LB medium at 30 �C,

180 rpm for 3 days, and then harvested at 12,000 rpm for

10 min. The heterotrophic microorganism was washed with

distilled deionized water, pH 2.0, to remove the organic

matter. The obtained heterotrophic microorganism was

divided into two parts and added to the bioleaching system.

Bioleaching experiment

The bioleaching experiment was conducted in a 500 mL

conical flask with 200 mL reaction volume. A consortium

of A. ferrooxidans 23270, A. thiooxidans and L. ferriphilum

was adopted in the bioleaching experiment. A. ferrooxidans

23270 and A. thiooxidans were preserved by the Key

Laboratory of Biometallurgy of the Ministry of Education,

China, and cultivated in 9K medium [3 g L-1 (NH4)2SO4,

0.1 g L-1 KCl, 0.5 g L-1 K2HPO4�3H2O, 0.5 g L-1

MgSO4�7H2O, 0.01 g L-1 Ca(NO3)2] with elemental sulfur

(10 g/L), while L. ferriphilum got energy through oxidizing

FeSO4.7H2O (44.7 g/L). The initial concentration of each

strain of bacteria was 0:5 � 107 cell mL-1, which was

determined by microscopic counting. All bioleaching

experiment was performed at 30 �C, 180 rpm. 200 uL

Leachate was sampled regularly, and the reduced leachate

was replenished by corresponding pH deionized water.

In the batch method-adopted system, 1.0 g dry sediment

was first added to 200 mL deionized water and adjusted to

pH 4.0 with 5 % HCl (w v-1). The remaining 9.0 g sediment

was divided into nine parts, and 1.0 g sediment was added to

the system when its pH dropped to 2.0. While the bioleaching

system adopted the non-batch method, the remaining 9.0 g

sediment was added at once with no pH adjustment. The

bioleaching system can be divided into four groups accord-

ing to the batch method adopted and heterotrophic

microorganism inoculated. Table 2 summarizes the design

of the experiment. pH, ORP and SO4
2- were monitored

every day; Fe and dissolved organic matter were monitored

every 2 days. All experiments were performed in duplicate.

Analytical methods

pH and ORP were measured using a pHS-3C model digital pH-

meter. The concentration of Fe(II) in solutions was determined

using the 1, 10-phenanthroline method. Sulfate concentration

was determined by BaSO4 spectrophotometric method. Spe-

ciation of heavy metals in the sediment before and after the

bioleaching experiment was fractioned by a modified Tessier

sequential extraction procedure (Tessier et al. 1979). DOM

concentrations were determined by the TOC analyzer (TOC-L,

Shimadzu). Titrations were conducted at 25 �C using an

automated potentiometric titrator (ZDJ-5). The sediment

sample (0.20 g) was added into 40 mL 0.01 M NaNO3 and

then adjusted to approximately pH 2.3 with 0.1 M HNO3.

Standardized CO2-free 0.01 M NaOH was used as the titrant.

Fig. 1 The incubator shaker used for microorganism cultivation and

bioleaching

Fig. 2 Schematic diagram of the dissolved organic matter degrading

microorganism enrichment, isolation and identification procedure

Table 2 Design of the bioleaching experiment

Heterotrophic

microorganism

Acidophilic

bacteria

Batch

method

HM ? B ? ? ?

HM ? T ? ? -

C ? B - ? ?

C ? T - ? -

? adopted, - not adopted
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Microscopic counting was determined through Olympus CX21

microscope and the blood cell counting chamber (Qiujing):

Cell density cells/mLð Þ = Cell number in one hundred sub

�box=100 � 4 � 106.

DNA of the mixed culture was extracted in 6, 12 and

22 days. The leaching solution was allowed to settle for

10 min and then centrifuged at 12,000 rpm with Sigma

centrifuge for 5 min to get the cells. The genomic DNA was

extracted using TIANamp Bacteria DNA kit (Tiangen Bio-

tech Co. Ltd., Beijing, China) in accordance with the man-

ufacturer’s instructions. The real-time PCR was carried out

with iCycler iQ Real-time PCR detection system (Bio-Rad

Laboratories Inc., Hercules, USA). The reaction mixture

contained 12.5 uL of SYBR Green Real-time PCR Master

Mix (Toyobo Co. Ltd., Japan), 1 uL of 10 pmol of each

primer, 2 uL of template DNA, and double-distilled water

added to a total of 25 uL. The primers used for real-time

polymerase chain reaction (real-time PCR) and the specific

procedures were referenced to previous researches (Li et al.

2011; Wang et al. 2012). The CCA analysis was conducted

with the Canoco for Windows software version 4.5.

Results and discussion

Isolation and identification of dissolved organic

matter-degrading microorganism

Heterotrophic microorganisms capable of assimilating dis-

solved organic matter were isolated from the sediment

through enrichment and isolation. Two isolates including

fungus and yeast were obtained. For phylogenetic analysis,

the species identified in this study were chosen to construct

the phylogenetic tree based on 18S rRNA gene sequences

with a bootstrap neighbor-joining method (Fig. 3). Accord-

ing to the 18S rRNA gene phylogenetic analysis, the isolated

microorganisms belonged to the following two lineages:

Aspergillus niger and Rhodotorula. The ferrous iron and

sulfur oxidation ability was inhibited by the dissolved

organic matter (Zheng et al. 2009). The coinoculation of

biodegrading heterotrophic microorganisms can reduce the

toxic effects of dissolved organic matter and elevate the

concentration of dissolved carbon dioxide. The isolated A.

niger and Rhodotorula possess dissolved organic matter

degradation ability between pH 1.5 and 6.0, which were

taken as integration introduced to the bioleaching system.

Dynamic changes of pH and redox potential

during bioleaching

A remarkable pH dropping trend appeared in the succes-

sive batch method system (HM ? B and C ? B) in the

initial period, followed by a relatively stable value with

subsequent sediment addition (Fig. 4a), while the acidifi-

cation efficiency was inconsistent between these two sys-

tems. The group which had heterotrophic microorganisms

inoculated attained higher acidification efficiency and

reached the bioleaching end point 8 days earlier. A previ-

ous study ascribed it to the organic acid in sewage sludge

that the presence of 10.8 mM acetic and 9.88 mM propi-

onic acid led to long lag periods of 6–7 days for sludge

bioleaching (Wong and Gu 2004). A slightly rising trend

was shown in the beginning stage of bioleaching in the

HM ? B group, which may be related to the assimilation

of organic acid by the heterotrophic microorganisms. In the

non-batch method system (HM ? T and C ? T), the

bioleaching was totally inhibited because of the high initial

pH and strong buffering ability of the sediment. The bac-

teria proliferation and substrate utilization were suppressed

in such an adverse environment. As revealed by the oxi-

dation reduction potential (ORP) (Fig. 4b), it shows a

related variation trend with the pH change. In the batch

method adopted coupled with heterotrophic microorgan-

isms-inoculated system (HM ? B), the ORP reached

500 mV, while the ORP of the system without hetero-

trophic microorganisms (C ? B) was only 420 mV

(Fig. 4b). This phenomenon can be due to the inhibition

effect of dissolved organic matter on sulfur and ferrous

KF305741

KF305756

KC020122

JN672584

KF928291

KJ701548

HM801881

Aspergillus niger HQM

JQ31652474

87

62

84

0.001

KF811424

Rhodotorula HJM

HM123746

EU807914

FJ795014

AB193175

FN428885

FR717631

KF411483

KF411526100

99

80

94

34

66

0.002

Fig. 3 Neighbor-joining tree depicting the phylogenetic relationship

of Rhodotorula HJM and Aspergillus niger HQM (the bar represent-

ing distance values was calculated in MEGA 5)

457 Page 4 of 10 Environ Earth Sci (2016) 75:457

123



oxidation. Higher substrate utilization efficiency and fer-

rous iron oxidation ratio contributed to a higher oxidation

reduction potential.

The utilization of S and FeS2 during bioleaching

The component elements S and Fe of pyrite can both be

utilized by the acidophilic bacteria and lead to the acidifi-

cation effect in bioleaching. As shown in Reactions 1 and 2,

proton produced with pyrite utilization and the acidification

efficiency were higher than that of sulfur (Chandra and

Gerson 2010). In addition, the huge reserves and low cost

made it possible be industrially applied in bioleaching. The

total iron concentration (ferrous and ferric iron) in group

H ? B and C ? B was 2307.90 and 1633.73 mg L-1,

respectively (Fig. 5a). Higher iron concentration showed

that the heterotrophic microorganism promoted the pyrite

utilization by acidophilic bacteria significantly. A similar

trend was also observed in sulfate production (Fig. 5b). The

promotion effect was also exhibited in the ferrous oxidation

ratio; ferrous iron was completely oxidized to ferric iron in

the heterotrophic microorganism co-inoculated system,

while the ferrous iron oxidation ratio in the C ? B system

was less than 25 % during the first 12 days. Similar results

were also reported in bioleaching systems co-inoculated with

Acidithiobacillus species and acid-tolerant heterotrophic

microorganism P. spartinae. The oxidation activities of A.

ferrooxidans and A. thiooxidans enhanced by 33- and

12-fold,respectively, in P. spartinae co-inoculated sludge

(Zheng et al. 2009). The main inhibitory substances in the

sediment including formic and acetic acids inhibit the Fe and

S oxidation ability of acidophilic bacteria by reacting abio-

logically with ferrous iron outside the bacteria cell (Wang

et al. 2010). The results revealed that A. niger and Rhodo-

torula isolated in this study accelerated the utilization of

sulfur and pyrite.

Fig. 4 Variation of pH and redox potential in the bioleaching process. Arrow represents sediment addition

Fig. 5 Dynamic change of Fe and sulfate during the bioleaching process
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FeS2 + 14Fe3þ + 8H2O �!bacteria
15Fe2þ + 2SO2�

4 + 16Hþ

reaction (1)

2S0 + 3O2 + 2H2O �!bacteria
2H2SO4 reaction (2)

E ¼ E0þ nF

RT
lnaFe3þ=aFe2þ : ð1Þ

Removal of dissolved organic matter, cell density

and community analysis

The CCA triplot shows the correlations between the

microbial community and environmental parameters. S and

C represent the H ? B and C ? B systems, respectively.

Arrows on the graph represent environmental parameters.

Triangles represent species. Circles 1, 5 and 9 represent

samples from system H ? B in 0, 6 and 12 days; Circles 2,

6, 10 and 13 represent samples from system C ? B in 0, 6,

12 and 22 days.

Figure 6a indicates that heterotrophic microorganisms

play a pivotal role in the removal of dissolved organic

matter during bioleaching. At the initial phase, the con-

centration of DOM reached 85.83 mg DOC/L in the

HM ? T system and then declined afterward. By the ninth

day, the concentration was below 47 mg DOC/L. The

DOM concentration in the HM ? B system was presented

as a rising trend, for it adopted a batch method, while the

concentration in the bioleaching end point was 43.68 mg

DOC/L, which was much less than that in the C ? B

system (88.42 mg DOC/L). The DOM concentration in the

group C ? B was approximately twice higher than that of

HM ? B, while the bioleaching in C ? B system was

activated only when the end point was delayed. However,

in the system that adopted the non-batch method but with

the heterotrophic microorganism inoculated (HM ? T), the

bioleaching was totally inhibited. This phenomenon illus-

trated that dissolved organic matter in sediment was the

inhibitor, while not the determining factor that led to

inactivation in bioleaching. High alkalinity and strong

Fig. 6 Concentration of dissolved organic matter, cell density, community shift and CCA analysis
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buffer ability restrained bioleaching, which are the main

reasons why bacteria cannot proliferate into the bioleach-

ing system. Figure 6b shows the variation of bacterial cell

density, from which it can be identified that the bacteria

proliferation rate in the HM ? B system is evidently faster

than a system with a higher DOM concentration (C ? B).

Cells reached the highest density on the 10th and 14th day

with a peak value of 1.50 9 109 and 1.07 9 109 ml-1 for

systems HM ? B and C ? B, respectively. The difference

in proliferation rate directly leads to the diversity in the

acidification effect. In the non-batch method system, pro-

liferation was not evident due to the adverse environment.

In later stage, the cell density entered into a decline phase

of the elevated metal concentration and lower pH. As

shown in Fig. 6c, A. ferrooxidans, A. thiooxidans and

L. ferriphilum are inoculated into both systems at equal

ratios. On the sixth day, the ratio of A. thiooxidans in

system H ? B reached 63.27 %, while the ratio of

A. thiooxidans in system C ? B was 12 % less than the

former. The dominant species in both systems H ? B and

C ? B in this stage was A. thiooxidans, while the ratio of

ferrous-oxidizing bacteria L. ferriphilum was relatively

low. It illustrated that sulfur oxidation bacteria A. thioox-

idans facilitated the acidification in the early stage. The

oxidation of elemental sulfur can provide more growth

energy to the sulfur-oxidizing microorganisms than ferrous

iron to iron-oxidizing microorganisms. Also, the pure sul-

fur utilization ability of A. thiooxidans made it take a

dominant position in a substrate abundant environment, but

not A. ferrooxidans. Previous research has shown similar

results in pure pyrite bioleaching (He et al. 2012). The high

pH environment and lack of ferrous ion in the system

inhibit the proliferation of L. ferriphilum in the initial

period. With pH decline and pyrite mass utilization in the

later stage, the ratios of L. ferriphilum and A. ferrooxidans

increased in the later stage. This phenomenon was also

confirmed by the elevated oxidation percentage of ferrous

iron. Appropriate pH environment coupled with increase in

ferrous iron was conducive to the proliferation. Canonical

correspondence analysis (CCA) in Fig. 6d presents clearly

the potential correlations between the microbial commu-

nity and environmental factors. L. ferriphilum and A. fer-

rooxidans had higher tolerance to ferric ion, high ORP,

multiple metals and low pH, contrary to A. thiooxidans.

The introduction of heterotrophic microorganism to the

bioleaching system contributes to a suitable ecological

niche of each species formed during bioleaching.

Removal of heavy metals and fraction behavior

Figure 7 depicts the heavy metal solubilization efficiency

in different treatments. The solubilization of heavy metals

was not evident in non-batch system for the inhibition

effect on bioleaching. In the HM ? B system, the

bioleaching efficiency of Zn, Mn, Cu and Cd reached

94.74, 94, 90.9 and 84.2 %, while Hg, As and Pb per-

formed no more than 30 % which was determined by the

low solubility product (Chen and Lin 2004). Correspond-

ingly, the solubilization of Cd, Zn, Pb, Hg, As, Mn and Cu

reached 85.03, 95.4, 18.5, 14.5, 24.7, 94.3 and 87.6 %,

respectively, in system (C ? B) with no heterotrophic

microorganism inoculated. The bioleaching efficiency dif-

ference in both systems which adopted the batch method

was insignificant for almost identical ultimate pH. The

solubilization efficiency provides the evidence that the

batch method is necessary for effective bioleaching of

sediment with strong buffer ability.

The absolute content of heavy metal speciation in the

batch method-adopted system (H ? B and C ? B) is

shown in Fig. 8a, b. Geochemical characterization is of

primary importance to assess the toxic effect of sediments;

moreover, a detailed analysis of heavy metal speciation can

provide important insights into the potential fate of each

heavy metal (Pathak et al. 2014). After bioleaching, heavy

metals not only reduced in total quantity, but also trans-

formed in speciation. All five component speciation of Mn,

Zn, Cu and Cd were significantly reduced, consistent with

other research that metals can be ordered in terms of

decreasing mobility as follows: Cu, Zn, Cd, Hg, Pb, Ni, As

and Cr (Beolchini et al. 2009). While the speciation

transformation of Pb, Hg, As is not significant due to the

low mobility of these metals. Metals in exchangeable,

carbonate and Fe/Mn oxide-bonded fraction are considered

to be more mobile and bioavailable. Among them,

exchangeable and carbonate form are acid soluble and

easily affected by proton. The organic and residual frac-

tions are more stable and non-bioavailable. Figure 8c, d

shows that the acid-soluble fractions of Zn, Pb, Mn, Cd,

Hg, As and Cu are 32.0, 25.5, 24.2, 59.1, 38.4, 23.9 and

Fig. 7 Solubilization efficiency of heavy metals in different exper-

iment groups
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15.3 %, respectively, in the original sediment. The results

showed that the percentage of acid-soluble fraction was

significantly decreased after bioleaching, while the major

fractions after bioleaching existing in the sediment are

comparatively stable: Fe–Mn oxide associated form,or-

ganic associated form and residual form. It implies that

metals are not only reduced in total content, but also

decreased in mobility and bioavailability.

Potentiometric titration and XRD analysis

Potentiometric titration technique was first applied to

investigate the acid–base properties of the sediment sample

before and after bioleaching. The potentiometric titration

data are shown in Fig. 9a, b. The total proton concentration

is calculated from the following equation:

TOTH ¼ CaVa � CbVbð Þ= Vo þ Va þ Vbð Þ;

where Ca and Cb are the respective molar concentrations

of HNO3 and NaOH used, Vo is the initial volume of the

suspension, and Va and Vb are the volumes of HNO3 and

NaOH added. The consumed proton reached 0.04203 M

when the sediment was titrated to pH 2.235 before

bioleaching, while it was reduced to 0.0061 M after

bioleaching. The distinct acid–base property can be

attributed to the change in sediment composition. XRD

analysis showed that the main component was silicon

oxide (41.7 %) and acid consumption calcite (55.3) in the

original sediment, while quartz (92.3 %) became the main

component after the bioleaching (Table 3). It further

confirmed the titration data. The diversity was also

reflected in the titration process: two obvious plateaus

were exhibited in Fig. 9a, while it was negligible in the

sediment sample after bioleaching. Additionally, the

transformation of sediment composition was further

exhibited by the pHpzc values (the point of zero charge).

As shown, the pHpzc of the sediment after bioleaching

was *3.43, while the pHpzc of the sediment before

bioleaching did not appear in the titration curve. The acid

consumption of the sediment before bioleaching was 3.9

times more than that after bioleaching when the sediment

was titrated from 2.24 to 10.08. The bioleaching signifi-

cantly changed the acid–base property and composition of

the sediment.

Fig. 8 Fraction contents (a, b) and the corresponding percentage

(c, d) variation before and after bioleaching. O original sample,

H ? B heterotrophic microorganism inoculated and batch method

adopted, C ? B no heterotrophic microorganism inoculated, but batch

method adopted
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Conclusions

In this study, acid-tolerant dissolved organic matter-de-

grading microorganisms Rhodotorula HJM and A. niger

HQM were isolated from the sediment. Acid-tolerant het-

erotrophic microorganisms contribute to suitable ecologi-

cal niche of each species during bioleaching, which

facilitated the oxidation of sulfur and pyrite. High alka-

linity and strong buffering capacity of the sediment directly

inhibited the activity of acidophilic bacteria and the sub-

sequent bioleaching. The batch method can effectively

relieve the inhibition effect. Dissolved organic matter

hampered the substrate utilization and prolonged the

bioleaching period. Its toxic effect on the acidophile can be

reduced by the isolated heterotrophic microorganism.

A. thiooxidans was the dominant species in the early stage,

while the ratio of ferrous oxidation bacteria increased in the

later stage. In the batch method and the heterotrophic

microorganism-inoculated system, the bioleaching effi-

ciency of Zn, Mn, Cu and Cd reached 94.74, 94, 90.9 and

84.2 %, respectively. The fraction of heavy metals mainly

transformed to comparatively stable speciation after

bioleaching. The acid consumed by original sediment is 3.9

times more than that after bioleaching.
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Fig. 9 Potentiometric titration and XRD analysis before and after bioleaching; a, a-1 sediment sample before bioleaching, b, b-1 sediment

sample after bioleaching in heterotrophic microorganism inoculated and batch method-adopted system

Table 3 The main sediment

composition before and after

bioleaching

Before bioleaching After bioleaching

Calcite 55.3 % Silicon oxide 92.3 %

Silicon oxide 41.7 % Gypsum 3.3 %

Quartz 2.5 % Muscovite 2.5 %

Magnesium calcite 0.5 % Potassium hydrogen phosphate hydrate 1.9 %
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