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Abstract The potential of using iron-oxidizing and
sulfur-oxidizing bioleaching process for removal of
heavy metals (HMs) was investigated at initial unadjust-
ed pH of pig manure (PM). The indigenous iron-
oxidizing and sulfur-oxidizing microorganisms
enriched from PM were primarily Alicyclobacillus and
Acidithiobacillus thiooxidans, respectively. After
12 days of bioleaching, 95% of Cu, 96.5% of Zn,
93.6% of Mn, and 92.7% of Cd were removed from
the PM in sulfur-oxidizing bioleaching process. Be-
sides, 92.9% of Cu, 94.1% of Zn, 91.9% of Mn, and
90.5% of Cd were removed in iron-oxidizing
bioleaching process. Furthermore, 18.1% of TN,
63.3% of TP, 65.4% of TK, and 45.6% of TOC were
leached from the PM in the sulfur-oxidizing bioleaching
process, whereas only 21.6% of TN, 32.8% of TP, 4% of
TK, and 49% of TOC were solubilized in the iron-
oxidizing bioleaching process. The X-ray diffraction
analysis results demonstrated that there was a large
amount of sulfur remained in bioleached manure from
the sulfur-oxidizing process which poses a potential risk
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of soil re-acidification. The Standards, Measurements
and Testing Program extraction protocol study on frac-
tion of P in PM showed that the amount of bioavailable
P in the sulfur-oxidizing bioleaching process was dra-
matically declined, whereas it was elevated by 25.9% in
the iron-oxidizing bioleaching process. The results ob-
tained in this study indicated that both the sulfur- and
iron-oxidizing bioleaching process were able to effi-
ciently remove HMs from PM at initial unadjusted pH,
whereas the iron-oxidizing process was proved better
method in reserving the fertilizing property and more
friendly to the environment.

Keywords Pig manure - Heavy metal - Nutrients -
Sulfur-oxidizing bacteria - Iron-oxidizing bacteria

1 Introduction

With the development of intensive pig production, large
amounts of pig manure (PM) have been generated an-
nually and most of it was utilized as organic fertilizer to
agriculture land (Leclerc and Laurent, 2017; Yang et al.,
2017; Zhou et al., 2018). However, in order to minimize
disease risk, promote growth, and improve the efficien-
cy of feed utilization in intensive pig production, some
trace metals such as Cu and Zn are broadly used in pig
feed, which resulted in excessive amounts of those
metals almost being completely excreted into feces
and urine and led to a high concentrations of heavy
metals (HMs) in PM (Long et al., 2004; Nicholson
et al., 1999; Xiong et al., 2010). It has been reported

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s11270-020-4415-3&domain=pdf

34 Page2ofll

Water Air Soil Pollut (2020) 231: 34

that long-term application of such manure to agriculture
soil could result in the accumulation of HMs in edible
plants which may pose potential health risk to humans
and animals (Girotto et al., 2013; Leclerc and Laurent,
2017; Maccari et al., 2016; Mccarthy et al., 2013; Xu
et al., 2013; Zhou et al., 2005). Therefore, it is in urgent
need of proper methods for management of PM before
its direct land application.

Over the years, bioleaching has been well devel-
oped in the fields of extractive metallurgy of low
grade ores, sewage sludge, and e-waste due to its
low cost, nature- and eco-friendly, and simple opera-
tion (Feng et al., 2013; Gu et al., 2017; Kumar and
Nagendran, 2009; Zeng et al., 2016), which provides
an alternative to chemical leaching for removal of
HMs from PM. Bioleaching process using iron-
oxidizing bacteria and sulfur-oxidizing bacteria has
been proved an efficient way to solubilize HMs from
PM (Wei et al., 2018b; Zhou et al., 2012).
Acidithiobacillus thiooxidans and Acidithiobacillus
ferrooxidans are the most widely used sulfur-
oxidizing bacteria and iron-oxidizing bacteria in
bioleaching, but pre-acidification is generally re-
quired to support their growth (Wong et al., 2004),
which raises operational cost and further limits the
application of bioleaching on a larger scale.
Bioleaching of sewage sludge at neutral pH using
indigenous bioleaching bacteria has been reported
(Pathak et al., 2009; Zeng et al., 2016). However,
the PM is quite different with sewage sludge in con-
stituents. The indigenous sulfur-oxidizing bacteria
and iron-oxidizing bacteria isolated from PM at initial
unadjusted pH is unclear and the effect of these two
types of microorganism on bioleaching of HMs from
PM still required a further study.

Besides, one of the major concerns involving in
bioleaching of PM is the potential loss of nutrients,
which would certainly reduce its value as soil fertilizer
and conditioner. During bioleaching, a low pH condition
coupled with highly oxidizing environment was gener-
ally generated resulting in the leaching of PM bound
nutrients. According to Wei et al. (2018a), a maximum
of 19.1% N, 71% P, and 78.8% K were leached out
during PM bioleaching using indigenous sulfur-
oxidizing bacteria. Similar results have also been report-
ed in bioleaching of soil and sewage sludge. Sulfur-
oxidizing process being employed in bioleaching of
HMs-contaminated soil led to the leaching of 30% N,
70% P, and 68% K. Report of Pathak et al. (2009)
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suggested that 32% N and 24% P were solubilized
during sewage sludge bioleaching using indigenous
iron-oxidizing bacteria. Dissolution of nutrients using
indigenous sulfur-oxidizing bacteria has also been re-
ported by Zhang et al. (2008) with a maximum of 20%
N and 68% P solubilization during bioleaching. These
available reports in literature confirmed that both sulfur-
oxidizing process and iron-oxidizing process caused the
nutrient loss from sludge or PM, but few paid attention
to the differences between those two processes on the
leaching rate and changes in bioavailability of nutrients
which are important for direct land application.

The objective of this study was to isolate indigenous
sulfur-oxidizing bacteria and iron-oxidizing bacteria and
to make a comparative evaluation of HMs leaching
efficiency by the two processes at initial unadjusted
pH of PM. Besides, for further exploring the effect of
sulfur-oxidizing process and iron-oxidizing process on
fertilizer property of PM during bioleaching, a compar-
ison of those two processes in terms of nutrients
leaching is also investigated.

2 Materials and Methods
2.1 Pig Manure

Pig manure used in this study was collected from a local
pig farm in Tianjin, China. The manure sample was
transported to laboratory and stored at 4 °C for further
use. The main physicochemical characteristics of PM
were measured according to the Standard Methods
(APAH, 1995) and listed in Table 1.

Table 1 Physicochemical properties of PM

Parameters Heavy metals

pH 8.65+0.15  Cu (mg/kg) 3278 £ 84
TS (%) 23.5+0.7 Zn (mg/kg) 1728.3 £43.9
TOC(mg/kg) 409 + 14 Mn (mg/kg) 545.8 £ 109
TN (g/kg) 313+ 1.1 Cd (mg/kg) 33+03

TP (g/kg) 302 £ 0.8

TK (g/kg) 151+ 1.1

The data was the average of three repeated experiments and
expressed as mean value + standard deviation

TS'total solid, 7OC total organic carbon, 7N total nitrogen, 7P total
phosphorus, 7K total potassium
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2.2 Bioleaching Inoculation Preparation and Iron-
and Sulfur-Oxidizing Bacterium Enrichment

Original PM, taken from the local pig farm, was used
as the seed for bioleaching bacteria enrichment. The
PM containing high amount of nutrients does not
need additional nutrients for the growth of sulfur-
oxidizing bacteria and iron-oxidizing bacteria
(Table 1). Three hundred milliliters of PM (solid
content, 20 g/L) was added to 500 mL flasks, and
10 g/L sulfur or 20 g/L ferrous sulfate was added as
energy source for pre-incubation. When the pH in
sulfur-oxidizing process and iron-oxidizing process
dropped below 2.0 and 2.5, respectively, the pre-
incubation completed. Ten percent (v/v) of the pre-
cultured inoculum was then transferred to a fresh
PM. After four times of such transfer, the active
inoculum rich in sulfur-oxidizing bacteria or iron-
oxidizing bacteria was prepared.

To further investigate the sulfur-oxidizing bacte-
ria and iron-oxidizing bacteria consortium in the
inoculums, the Starkey and 9 K medium were uti-
lized in the present study. The Starkey medium
contained the following (g/L): (NH4)>SOy4, 0.4;
K,HPO,, 3; MgSO4-7H,0, 0.5; FeSO4-7H,0, 0.01;
CaCl,-2H,0, 0.25. The 9 K medium contained the
following (g/L): (NH4),SOy, 3; KCl, 0.1; K;HPO,,
0.5; MgS04-7H,0, 0.5; Ca(NO3),, 0.01. The
Starkey and 9 K medium autoclaved at 121 °C for
20 min were adjusted to pH 4.0 and 3.0 using
sulfuric acid, and then 10 g/L of sulfur and 44.2 g/
L of filter sterilized ferrous sulfate were added as
energy source, respectively.

The sulfur-oxidizing bacteria and iron-oxidizing
bacteria consortium were obtained through the en-
richment process reported by Wang et al. (2016).
The samples were sampled from the flasks and
flushed softly with phosphate buffer (pH 2.0 and
pH 7.2). The total DNA was extracted with MoBio
PowerSoil DNA isolation kit (MoBio laboratories,
Carsbad, CA, USA) according to the manufac-
turer’s instruction, and then the DNA was amplified
with the PCR reactions carried out with Phusion
High-Fidelity PCR Master Mix (New England
Biolabs). Sequencing was performed by using the
[llumina HiSeq 2500 platform (Illumina, San
Diego, CA, USA). Sequences were further ana-
lyzed based on 16S rRNA gene clone library anal-
ysis according to Wei et al. (2018b).

2.3 Bioleaching Experiments

Bioleaching experiments were conducted in
500 mL Erlenmeyer flasks with a working volume
of 300 mL. The solid content of PM was 20 g/L.
Each flask was spiked with either 4 g/L of Fe** in
the form of FeSO4,7H,O or 10 g/L of element
sulfur. Ten percent (v/v) of either iron-oxidizing
bacteria or sulfur-oxidizing bacteria was inoculated
when necessary. The initial pH of PM in both
iron-oxidizing process and sulfur-oxidizing process
remained unadjusted. The experiment group with-
out inoculation and ferrous sulfate or sulfur was
set as control. The flasks were incubated in a
gyratory shaker at 28 °C and 180 r/min. Each
experiment was done in triplicate. During the ex-
periment, the water loss via evaporation was com-
pensated every day with distilled water based on
weight loss.

2.4 Analytical Methods

The total solid (TS) content of PM was measured
by drying the manure sample at 105 °C in an
oven till constant weight. Organic matter content
was measured by TOC analyzer (Multi N/C 300,
Analytik Jena, Germany). The concentrations of
TN, TP, and TK in PM were measured according
to the Standard Methods (APAH, 1995). The
Standards, Measurements, and Testing (SMT) Pro-
gram (Medeiros et al., 2005) extraction protocol
was used to analyze P fractions in raw and
bioleached manure, the details of SMT protocol
as shown in Table 2. The PM sample was ana-
lyzed by X-ray diffraction (XRD) (Ulitma IV,
Rigaku, Japan).

The wvariations in PM of pH and ORP were
measured every day using a pH/ORP meter (HI
8242, HANNA, Italy). During the experiment,
5 mL of sample was withdrawn from the flasks
at 1-day interval and centrifuged at 12,000 r/min
for 15 min, then filtered through a 0.45 pm filter.
The filtrate was used for analyzing concentrations
of sulfate, Fe>* and soluble HMs (Cu, Zn, Mn,
and Cd). The concentrations of sulfate and Fe®*
were measured according to the Standard Methods
(APAH, 1995). The concentrations of HMs were
measured by an atomic absorption spectrophotom-
eter (TAS-990, Persee, China).
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Table 2 The SMT extraction protocol

P Reagent and extraction procedure
fraction

Step 1 Step 2

TP 0.2 g sample, calcinationat 20 mL 3.5 M HCI added
450 °C for3 h to the residue and
shaking 16 h at room
temperature, centrifugal
separation, the extract

used for TP
determination
P 0.2 g sample, 20 mL 1 M The extract used for IP
HCI, shaking 16 h at determination
oP room temperature, The residue, calcination at

centrifugal separation 450 °C for 3 h: then

20 mL 1 M HCI,
shaking 16 h at room
temperature, centrifugal
separation, the extract
used for OP
determination

NAIP 0.2 gsample,20 mL 1 M 10 mL extract + 4 mL 3.M
NaOH, shaking 16 h at HCI, let stand 16 h at
room temperature, room temperature,
centrifugal separation centrifugal separation,

the extract used for
NAIP determination

AP The residue, 20 mL 1 M
HCI, shaking 16 h at
room temperature,
centrifugal separation,
the extract used for AP
determination

TP total phosphorus, /P inorganic phosphorus, OP organic phos-
phorus, NAIP non-apatite inorganic phosphorus, AP apatite
phosphorus

3 Results and Discussion

3.1 Indigenous Sulfur-Oxidizing and Iron-Oxidizing
Bacteria

The enriched bacterial community in those sulfur-
oxidizing and iron-oxidizing processes was clarified
from the analysis of data based on 16S rRNA gene clone
library analysis (Fig. 1). All clones sequenced in sulfur-
oxidizing culturing process had a 98% sequence simi-
larity to Acidithiobacillus thiooxidans which has been
widely used in bioleaching of HMs from sewage sludge
and soil (Kumar and Nagendran, 2009; Zeng et al.,
2016). All clones sequenced in iron-oxidizing culturing
process had a 96% sequence similarity to
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Alicyclobacillus (Fig. 1a), a kind of microorganism that
could take ferrous iron and organic matter as energy
source (Guo et al., 2009; Mehrotra and Sreekrishnan,
2017), of which Alicyclobacillus ferripilum and
Alicyclobacillus aeris accounted for 46.4% and 35.6%
(Fig. 1b), respectively. Furthermore, A. aeris is also
reported to be able to use element sulfur and sulfide as
energy source, which would be helpful for the solubili-
zation of HMs from PM (Guo et al., 2009; Zeng et al.,
2016).

3.2 Variations in pH and ORP during Bioleaching

The variations in pH of the PM during 12 days of
bioleaching were shown in Fig. 2a. It was found that
in the control without the addition of energy source and
inoculum, the pH dropped only slightly from an initial
value of 8.62 to 7.65 on the 12th day. This indicated a
lower acid production, as no inoculum of active mi-
crobes and no energy source were provided to support
the indigenous sulfur-oxidizing bacteria and iron-
oxidizing bacteria of the PM. In the sulfur-oxidizing
process, the indigenous sulfur-oxidizing bacteria was
able to oxidize sulfur, resulting in a reduction of pH
from 7.3 to 2 in 4 days, then slowly to 1.5 in 10 days and
eventually to 1.4 on the 12th day. In the iron-oxidizing
process, the indigenous iron-oxidizing bacteria was ca-
pable of oxidizing Fe?* in the presence of oxygen,
leading to a sharp reduction of pH from 6.34 to 4.25 in
1 day and gradually to lower than 2.5 on the 10th day
and eventually to 2.4 on the 12th day.

The variations in ORP were shown in Fig. 2b. In the
control, ORP achieved a maximum of — 94 mV from an
initial value of —413 mV on the 12th day. In the iron-
oxidizing bioleaching process, the oxidation of Fe** led
to a rapid increase in the ORP from —212 mV to
143 mV in 1 day and then to 557 mV on the 10th day
and finally to 575 mV on the 12th day. In the sulfur-
oxidizing bioleaching process, the oxidation of sulfur
also led to an increase in the ORP but with a slower rate.
The ORP increased from —408 mV to 2.5 mV in 4 days
and then to 290 mV on the 10th day and finally to
293 mV on the 12th day.

Variations in ORP and pH during bioleaching are
indicators of the growth of microorganisms (Kumar
and Nagendran, 2007; Pathak et al., 2009). The increase
of ORP in sulfur-oxidizing process was ascribed to the
oxidation of sulfur to sulfate by sulfur-oxidizing bacteria
(Eq. 1), which was coupled with a drastic decrease of
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Fig. 1 Bacterial community structure at genus level (a) and species level (b). Genus level and species level with relative abundance lower

than 1% were classified into group “others”

pH. In iron-oxidizing process, the increase in ORP was
caused by the oxidation of Fe** to Fe** (Eq.2), which
took place naturally in the presence of air and also
occurred through biological oxidation. Then, the hydro-
lysis of ferric iron to ferric hydroxide (Eq. 3) and jarosite
(Eq. 4) led to the decrease of pH.
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Fig. 2 Variations in pH and ORP during PM bioleaching

The results obtained in this study indicated that both
indigenous iron-oxidizing and sulfur-oxidizing bacteria
were well-grown and highly efficient at an initial unadjust-
ed pH of the PM without additional nutrients. Comparing
the two processes, sulfur-oxidizing bacteria oxidized the
sulfur resulting in a lower pH in the sulfur-oxidizing
process, while the Fe** oxidation by iron-oxidizing bacte-
ria leading to a higher ORP in the iron-oxidizing process.

3.3 Changes in Sulfate Production and Fe** Oxidation
during Bioleaching Process

Variations of sulfate concentration and Fe** oxidation in
sulfur-oxidizing and iron-oxidizing process,
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respectively, were shown in Fig. 3. It was found that, in
iron-oxidizing bioleaching process, the Fe** oxidation
rapidly increased to 36.7% in 1 day, and then a lag phase
occurred and lasted for 5 days. This could be ascribed to
that the iron-oxidizing bacteria need to adapt to the new
cultivation condition, which was consistent with the
result reported by Wei et al. (2018b). After the lag phase,
the Fe** oxidation continued to rise rapidly in day 6 and
achieved 100% on the 10th day. In sulfur-oxidizing
process, sulfur was oxidized by sulfur-oxidizing bacte-
ria, which resulted in a liner increase of sulfate concen-
tration with time. After 12 days of bioleaching, the
concentration of sulfate increased from 295 to
8273 mg/L. Based on this result, it was found that about
72.4% of sulfur was not utilized during sulfur-oxidizing
bioleaching process. The residual sulfur in bioleached
PM was not easy to be removed, which once applied to
agriculture land with PM will lead to the acidification of
soil. Thus, the residual sulfur may affect the practical
application of sulfur-oxidizing process, and was
necessary to be handled before the further disposal of
bioleached PM. Chen et al. (2003) reported that some
recoverable forms of sulfur for sewage sludge
bioleaching process was reusable in the batch tests.
However, the application of these recoverable forms of
sulfur in PM bioleaching still needs to be further
investigated.

3.4 Solubilizations of HMs
The solubilizations of Cu, Zn, Mn, and Cd in the control
as well as in the sulfur-oxidizing process and iron-

oxidizing process were shown in Fig. 4. As shown in
Fig. 4a, in the control, only 2.3% of Cu were solubilized

Fig. 3 Sulfate production and
Fe®* oxidation during bioleaching
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in 12 days at PM pH 6.75 and ORP —94 mV. In the
sulfur-oxidizing process, Cu began to be solubilized on
the 4th day when the pH and ORP of PM achieved lower
than 2 and higher than 2.5 mV, respectively. After that,
there was a drastic increase in Cu solubilization and 92%
of Cu was solubilized on the 9th day at manure pH 1.5
and ORP 284 mV. In the iron-oxidizing process, Cu
started to be solubilized on the 3rd day when the pH
and ORP of PM reached 4.0 and 211 mV, respectively. A
subsequent moderate increase of Cu solubilization from
3.9% on the 3rd day to 24.8% on the 7th day was then
observed, which was in accordance with the slight chang-
es in pH and ORP in the same period of time. After that,
Cu solubilization dramatically increased and achieved
92% on the 10th day at pH 2.4 and ORP 557 mV. These
results indicated that high solubilization of Cu can be
obtained in both sulfur-oxidizing process and iron-
oxidizing process, and this can be ascribed to the low
pH and high ORP of PM achieved in the two processes.
The previous results have also reported that both pH and
ORP played a critical role in Cu solubilization during PM
bioleaching (Wei et al., 2018b; Zhou et al., 2012).

As can be seen from Fig. 4b, the solubilization of Zn
in sulfur-oxidizing process achieved 92.3% on the Sth
day at manure pH lower than 2 and ORP higher than
2.5 mV and 96.5% on the 12th day when the pH was
1.43 and ORP was 293 mV as compared to 1.3% in the
control at PM final pH 6.75 and ORP — 94 mV. In iron-
oxidizing process, the solubilization of Zn rapidly
achieved 53.8% in 1 day when the PM pH and ORP
reached 4.25 and 144 mV, respectively. After that, there
was a gradual increase in Zn solubilization and 92.7%
Zn was leached from PM on the 9th day at pH 2.6 and
ORP 471 mV, which increased to a maximum of 94.1%
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Fig. 4 Solubilization of HMs (Cu, Zn, Mn, and Cd) during PM bioleaching

when pH and ORP of PM reached 2.4 and 575 mV,
respectively, on the 12th day.

As shown in Fig. 4c and d, the solubilization of Mn
and Cd showed a similar pattern with Zn. Within 5 days,
91.8% Mn and 89.4% Cd were solubilized in sulfur-
oxidizing process when the PM pH and ORP reached
lower than 2 and higher than 2.5 mV, respectively, and
then increased gradually and achieved a maximum of
93.6% and 92.7% on the 12th day at PM pH 1.43 and
ORP 293 mV. In iron-oxidizing process, a rapid solubi-
lization of Mn (63.4%) and Cd (60.3%) was observed
on the 1st day when the PM pH and ORP reached 4.25
and 144 mV, respectively, and a maximum of 91.9% Mn
and 90.5% Cd were solubilized on the 12th day at PM
pH 2.4 and ORP 575 mV. Nevertheless, only 2.3% Mn
and 3.4% Cd were leached from PM on the 12th day at
PM final pH 6.75 and ORP —94 mV in the control.

As can be seen from above results, both sulfur-
oxidizing process and iron-oxidizing process were able
to remove HMs from PM at initial unadjusted pH using
indigenous sulfur-oxidizing and iron-oxidizing micro-
organisms. The oxidation of sulfur and ferrous ion in
sulfur-oxidizing process and iron-oxidizing process, re-
spectively, both led to significant decline of pH and
increase of ORP, which further resulted in solubilization
of HMs from PM. After 12 days of bioleaching, 95%
Cu, 96.5% Zn, 93.6% Mn, and 92.7% Cd in sulfur-
oxidizing process were leached compared to 92.9%
Cu, 94.1% Zn, 91.9% Mn, and 90.5% Cd in iron-
oxidizing process. The sulfur-oxidizing process was
observed to be more efficient in solubilizing HMs than
the iron-oxidizing process during PM bioleaching. But
when bioleaching for more than 10 days, the HMs in
iron-oxidizing process can also achieve a leaching
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efficiency of higher than 90%, and there was no obvious
difference in HMs solubilization between those two
processes.

3.5 XRD Analysis

XRD analysis of raw and bioleached PM was shown in
Fig. 5. The result showed that after 12 days of
bioleaching, a large amount of sulfur was found
unoxidized and remained in PM in sulfur-oxidizing
bioleaching system. This was consistent with the results
observed in Fig. 3. The residual sulfur can hardly be
removed from PM and might result in soil re-
acidification in PM resource utilization. Thus, the prob-
lem of low sulfur oxidation efficiency must be solved
before the application of sulfur-oxidizing process in
removal of HMs from PM.

In iron-oxidizing process, Fe** was completely oxi-
dized to Fe** (Fig. 3). However, only a small amount of
Fe* (about 600 mg/L) was detected in the leachate at
the end of bioleaching experiment. The XRD analysis
result of bioleached manure from iron-oxidizing process
showed that there was a large amount of iron precipita-
tion, such as jarosite and iron phosphate, formed during
bioleaching (Fig. 5). This gave an exploration to the low
concentration of Fe’* observed after bioleaching. The
result from Fig. 5 also revealed that calcium phosphate
and silicon phosphate were found in raw PM, but not in
bioleached PM. This could be attributed to the

acidification of PM during bioleaching which resulted
in the dissolution of those types of phosphate and further
built a favorable environment for iron phosphate precip-
itation. On the other hand, the presence of iron-
oxidizing bacteria and ammonium solubilized from
PM provided conditions for the formation of jarosite
(Liao et al., 2009), which further contributed to Fe**
precipitation. In addition, it has been reported that the
formation of iron precipitation may adversely affect the
solubilization of HMs during bioleaching by co-
precipitation (Liao et al., 2009). However, no obvious
influence was observed on HMs solubilization in the
present study. Instead, the precipitate contained phos-
phorus and potassium implied that the formation of iron
precipitate during bioleaching may be helpful for reserv-
ing the nutrients in PM, and this has been investigated in
the following part.

3.6 Effect of Different Bioleaching Process on Nutrients
Leaching

Figure 6 showed the variations of TP, TN, TK, and TOC
in PM before and after bioleaching. It was found that
both bioleaching processes led to the dissolution of
nutrients, but they were different in leaching efficiency,
especially for TP and TK. After 12 days of bioleaching,
the content of TP in iron-oxidizing bioleaching process
was decreased from 30.2 to 20.3 g/kg; the leaching ratio
was 32.8%. However, in sulfur-oxidizing process, TP in

Fig. 5 X-ray diffraction patterns
of raw and bioleached PM
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Fig. 6 Variations in nutrients (TP,
TN, TK, and TOC) of raw and 30 F
bioleached PM

Nutrients concentration (g/kg)

the bioleached PM was reduced to 11.4 g/kg, and the
leaching ratio was reached up to 63.3%, nearly twice
that (32.8%) of iron-oxidizing process. It was reported
that the solibilization of P can be significantly influ-
enced by the pH during bioleaching (Zhang et al.,
2008). The lower the pH, the higher the P dissolution.
In present study, the sulfur-oxidizing process caused a
lower pH (1.4) than that (2.4) in the iron-oxidizing
process during bioleaching (Fig. 2a), and this could be
one of the reasons for the higher P loss in sulfur-
oxidizing process. On the other hand, the P was partially
reserved by the formation of iron phosphate in the iron-
oxidizing process (Fig. 5), which may contribute to the
reduction of P loss.

In iron-oxidizing process, the content of TK in PM
decreased from 15.0 to 14.4 g/kg, the leaching ratio only
achieved 4%, much lower than that (65.4%) in sulfur-
oxidizing bioleaching process. K in PM was easily to be
leached out under acid condition (Wei et al.,2018a). The
high leaching efficiency of TK in sulfur-oxidizing pro-
cess was primarily attributed to the low pH. And most of
the K dissolved in the leachate in iron-oxidizing process
by acidification was deposited by the formation of
jarosite, which greatly reduced the K loss.

Besides, there was no obvious difference observed in
TN loss during the two bioleaching process (Fig. 6). The
contents of TN in bioleached manure from iron-
oxidizing process and sulfur-oxidizing process were
24.5 g/kg and 25.6 g/kg, respectively. Since the nitrogen
in PM was mainly existed as organic forms (Wei et al.,

[ Raw manure
I 1ron-oxidizing
Sulfur-oxidizin

TP TN TK TOC

2018b), the dissolution of TN could be caused by the
nitrogen release from organic matters, and by the de-
composition of organic matters and proteins from mi-
croorganisms in acid environment (Nareshkumar and
Nagendran, 2008). The similar solubilization of TN
indicated that the chemical digestion and biological
degradation in those two processes had no evident dif-
ference in dissolving this kind of N-containing organic
matter. This was further confirmed by the similar
leaching ratio of organic matter (TOC) (49% for Fe
and 45.6% for S) obtained in the two processes.

3.7 Effect of Different Bioleaching Process
on the Content of Available P in PM

For further investigation of the effect of different
bioleaching processes on P dissolution, the different P
fractions in raw and bioleached PM were analyzed using
a SMT extraction protocol (Fig. 7). It was found that in
sulfur-oxidizing process, all forms of P in PM were
drastically decreased due to the acidifying and oxidizing
environment. However, in iron-oxidizing process, the
NAIP was increased significantly instead of decreasing.
Furthermore, IP was consisted of NAIP and AP, which
accounting for 91% of TP in raw PM. Hence, the de-
crease of TP in iron-oxidizing process was primarily
resulted from the dissolution of AP. According to the
XRD analysis results (Fig. 5), bioleaching led to the
solubilization of calcium phosphate and silicon phos-
phate (AP) from PM, and this kind of P was partially

@ Springer
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Fig. 7 Contents of different P
fractions in manure (TP total 30 1
phosphorus, IP inorganic
phosphorus, OP organic
phosphorus, NAIP non-apatite 25 H
phosphorus, AP apatite
phosphorus)

10 H

Concentration (g/kg)
o
9]
|

TP

reserved by the formation of iron phosphate, which
finally resulted in the increase of NAIP. NAIP and OP
are considered to be bioavailable (Huang et al., 2015).
Therefore, the iron-oxidizing bioleaching process sig-
nificantly increased the content of bioavailable P. After
12 days of bioleaching, the bioavailable P (NAIP + OP)
was greatly increased from 14 to 18.9 g/kg, making a
rise 0f25.9%. The results indicated that the nutrients can
be better reserved in iron-oxidizing process.

4 Conclusion

The results demonstrated that both sulfur- and iron-
oxidizing process can successfully solubilize heavy
metals from PM at initial unadjusted pH using indige-
nous bioleaching microorganisms (A. thiooxidans and
Alicyclobacillus), which was more than 90% of solubi-
lization after 12 days of bioleaching. Large amount of
unoxidized sulfur was remained in bioleached PM dur-
ing sulfur-oxidizing treatment, which may cause soil re-
acidification. Also, lower pH achieved in sulfur-
oxidizing process may also require larger amount of
alkali to neutralize the PM, resulting in a higher opera-
tional cost. Besides, the iron-oxidizing process was
proved better method in reserving fertilizing properties
of the bioleached PM. Therefore, the iron-oxidizing
process appeared to be more suitable for removal of
heavy metals from PM than the sulfur-oxidizing pro-
cess. However, it still warrants further detailed studies to
prove the feasibility of iron-oxidizing bioleaching

@ Springer
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process in removal of HMs from PM for engineering
application, which are undergoing in our lab.
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