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Abstract The effects of solid content (10–80 g/L)
on the bioleaching of heavy metals (HMs) from pig
manure (PM) were investigated using indigenous
sulfur-oxidizing bacteria. The results showed that
an increase in solid content increased the PM buff-
ering capacity, which slowed the rates of pH reduc-
tion, ORP increase, and sulfur oxidation and de-
creased the solubilization efficiency of HMs from
PM. Approximately 75–99% of Cu, 76–99% of Zn,
and 55–88% of Mn were leached from PM with
solid contents of 10–80 g/L after 28 days of
bioleaching. However, the content of HMs in
bioleached manure did not meet the requirement
for agricultural application when the solid content
was ≥ 60 g/L after 28 days of bioleaching. The
solubilization of HMs from PM was well-described
by a kinetic equation. Regression analysis showed
that Cu solubilization was primarily controlled by
ORP, and pH seemed to be the sole factor responsi-
ble for the solubilization of Zn and Mn. Additional-
ly, nutrient (N, P, K, and organic matter) loss signif-
icantly increased when PM solid content decreased
from 40 to 20 g/L. Therefore, the recommended
solid content for the bioleaching of HMs from PM
is 40 g/L.

Keywords Bioleaching . Pigmanure . Solid content .

Heavymetals . Sulfur-oxidizing bacteria

1 Introduction

The rapid development of intensive pig farming has
caused a sharp increase in the yield of pig manure
(PM) in recent years (Li et al. 2010; Maccari et al.
2016; Quan et al. 2016; Zhou et al. 2012). PM has been
widely applied as an important organic fertilizer source
in agriculture, since it is rich in nitrogen, phosphorus,
and organic matter, which can improve soil physical and
chemical properties and plant nutrient status (Qureshi
et al. 2008). However, to promote weight increase and
prevent animal diseases, feed additives and animal med-
icines have been added to the animal feed (Mccarthy
et al. 2013). As a result, a variety of environmental
problems, such as heavy metal pollution of soil and
ground water, have emerged (Buelna et al. 2008;
Tigini et al. 2016; Xu et al. 2013).

Although compost and anaerobic digestion methods
are commonly applied to treat PM, they have some
limitations; heavy metals (HMs) of PM can only be
fixed, but the total amount cannot be reduced (Lu et al.
2015; Quan et al. 2016; Wang et al. 2016). A
bioleaching technique has been successfully applied in
biohydrometallurgy to extract metals from sulfide min-
erals over the last decade (Brierley and Brierley 2001;
Ehrlich 2001). Because of its characteristics of simplic-
ity, cost effectiveness, and convenience for application,
the bioleaching process has also been developed as a
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promising method to remove HMs from sludge, sedi-
ments, and soils (Yang et al. 2015; Yang et al. 2016;
Zhang et al. 2008). Sreekrishnan and Tyagi (1996)
reported that the bioleaching process is less costly for
the removal of HMs compared to the conventional
aerobic digestion and acid leaching process, especially
for small-scale operations and those that produce high
solid content. In addition, the adverse effects on the
environment are considerably decreased. Therefore, it
is possible that bioleaching with sulfur-oxidizing bacte-
ria may be one of the most promising methods for the
removal of HMs from PM.

In the bioleaching process, the solubilization of
metals from PM is mainly achieved either directly by
the metabolism of bioleaching bacteria or indirectly by
the products of metabolism (Zhou et al. 2012). The high
efficiency of metal solubilization is usually obtained by
using acclimated indigenous microorganisms as inocu-
lums in the bioleaching process (Zeng et al. 2016). The
performance of the bioleaching process can be affected
by various physical, chemical, and biological parame-
ters (Chen et al. 2011; Chen and Pan 2010; Chen et al.
2015), among which the solid contents play a significant
role in controlling the treatment cost and determining
the reactor capacity (Sreekrishnan and Tyagi 1996).
Generally, a low solid content increases the rate of HM
solubilization, while a large reactor volume is needed. A
high solid content elevates the treatment capacity, but it
also results in a low rate of metal solubilization and a
long lag phase. In addition, solid content is of great
significance for nutrient supply and pH regulationwhich
ultimately influences bacterial activity and metal solu-
bilization (Liu et al. 2008; Zhang et al. 2008). Thus, a
good understanding of this parameter is important for
optimizing the bioleaching process.

The objectives of this study were (1) to develop a
bioleaching process for solubilizing HMs from PM

using indigenous sulfur-oxidizing bacteria; (2) to inves-
tigate the effects of solid contents on this bioleaching
process; and (3) to evaluate the effects of bioleaching on
the fertility (N, P, K, and organic matter) of PM.

2 Materials and Methods

2.1 Pig Manure Samples

The PM used throughout this study was obtained from a
local pig farm in Tianjin, China. The fresh PM was
collected in plastic drum and stored at 4 °C for further
use. Before the bioleaching experiments, each batch of
PM samples was characterized. The solid content was
measured based on weight loss by oven-drying at
105 °C. The pH of the PM was measured using 1:10
(dry PM:distilled water) pig slurry. The dried PM sam-
ples were, first, digested according to StandardMethods
(APAH 1995) and, then, measured for the total metal
content, total nitrogen (TN), total phosphorus (TP), and
total potassium (TK), in the digested residues. Organic
matter was measured in terms of total organic carbon
(TOC) by a TOC analyzer (multi N/C3100, Germany).
The measured physicochemical characteristics of the
PM samples are listed in Table 1.

2.2 Enrichment and Culturing of Indigenous
Sulfur-Oxidizing Bacteria

Fresh PM obtained from the pig farm was used as seed
inoculum to enrich and culture the indigenous sulfur-
oxidizing bacteria. Approximately 100 mL of pig slurry
with 20 g/L solid contents and 10 g/L elemental sulfur
were added to a 250 mL Erlenmeyer flask and agitated
on a gyratory shaker (ZQLY-180F, China) at 180 r/min
and 28 °C. The pH of the pig slurry was monitored.

Table 1 Physicochemical characteristics of PM

Parameters Value (dry weight) Parameters Value (dry weight)

pH 8.7 ± 0.1 Zn (mg/kg) 2118 ± 214

Total solid (%) 22.2 ± 1.3 Cu (mg/kg) 316 ± 45

TOC (mg/kg) 589.5 ± 5.5 Mn (mg/kg) 651 ± 54

Total N (g/kg) 31.3 ± 1.2 Pb (mg/kg) 29.1 ± 0.4

Total P (g/kg) 30.2 ± 1.5 As (mg/kg) 14.4 ± 0.3

Total K (g/kg) 15.1 ± 1.8
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When the pH dropped below 2.0, 10 mL of the acidified
slurry was transferred to 100 mL fresh pig slurry with
10 g/L elemental sulfur, and the process was repeated
under the same conditions. After four cultivations and
inoculations, the indigenous sulfur-oxidizing bacteria in
the pig slurry achieved the highest acidification rate. The
inoculum for the bioleaching experiment was obtained.

2.3 Bioleaching Experiments

The buffering capacity of PM with different solid con-
tents (10, 20, 40, 60, 80, and 100 g/L) was measured
according to the method reported by Chen and Lin
(2000). The bioleaching experiments were performed
in a 500 mL Erlenmeyer flask with a 200 mL pig slurry
sample, and the solid contents were 10, 20, 40, 60, and
80 g/L. With the addition of 10% (v/v) previously acti-
vated indigenous sulfur-oxidizing bacteria, the pig slur-
ry was agitated at 180 r/min and 28 °C on a gyrator
shaker (ZQLY-180F, China). Then, 10 g/L of the ele-
mental sulfur was added to the flasks. During the
bioleaching process, water loss via evaporation was
compensated by adding distilled water based on weight
loss. All experiments were performed in triplicate.

2.4 Chemical Analysis

During the bioleaching experiment, the pH and
oxidation-reduction potential (ORP) values were
measured using a pH/ORP meter (HANNA HI
8424, Italy). Binding fractions (exchangeable, car-
bonate-bound, Fe/Mn oxides, organic/sulfates, and
residual) of HMs (Cu, Zn, Mn) in PM were extract-
ed by the sequential extraction procedure from
Tessier et al. (1979). Ultimate analysis of PM was
carried out with a LEEMAN EA300 elemental ana-
lyzer. In this study, the SMT extraction protocol was
used to analyze phosphorus fractions in the PM
before and after bioleaching (Medeiros et al. 2005).
The slurry sample taken from the flasks at two-day
intervals was centrifuged at a speed of 12,000 r/min
for 15 min and, then, filtered through a 0.45-μm
filter membrane. The filtrate was analyzed for sul-
fate concentration according to the Standard
Methods (APAH 1995). Heavy metal analysis was
carried out using a flame/graphite atomic absorption
spectrophotometer (TAS-990, China).

3 Results and Discussion

3.1 Quantification of Buffering Capacity of Pig Manure

As shown in Fig. 1, the quantity of acid required to
achieve the same pH value increased with increasing
PM solid content. This result implied that the change in
pH was dependent on the buffering capacity of PM. It
was also found that a large amount of acid was required
to alter the pH of the pig slurry at a lower pH and a small
amount influenced the pH at a higher pH. Therefore, a
proper pH value should be chosen to calculate the
buffering capacity of PM. The buffering capacity index
(BCI) was first reported by Sreekrishnan et al. (1993),
which was defined as the quantity of sulfate required to
change the pH by one unit at a pH of 4.0.

BCI ¼ d SO2−
4

� �
d pHð Þ

����
pH¼4:0

ð1Þ

During the bioleaching process, however, sulfate
production consists of oxidation of both sulfides and
elemental sulfur. Sulfate cannot account for all of the
acid production. Therefore, Chen and Lin (2000) sug-
gested using hydrogen ion concentrations to replace
sulfate. The buffering capacity was then defined as the
quantity of hydrogen ions required to change the pH by
one unit at a pH of 4.0.

β ¼ d Hþð Þ
d pHð Þ

����
pH¼4:0

ð2Þ

The buffering capacities of the pig slurry with differ-
ent solid contents are shown in Fig. 2. The buffering

0

2

4

6

8

10

12

3 4 5 6 7 8 9

pH

H
l

o
m

m(
C

+
)

TS=10 g/L

TS=20 g/L

TS=40 g/L

TS=60 g/L

TS=80 g/L

TS=100 g/L

Fig. 1 The relationship between acid volume and pH for different
PM solid contents
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capacity varied linearly with the PM solid content. As
the solid content increased from 10 to 100 g/L, the
corresponding buffering capacity increased from 1.08
to 9.4 mmol H+.

3.2 Effects of Solid Contents on pH, ORP, and Sulfate
During Bioleaching

The solid content was directly related to the buffering
capacity (Fig. 1). Higher solid content led to a greater
difficulty of overcoming the pig slurry buffer and,
hence, to a higher final slurry pH. In this study, acid
was a byproduct of the metabolic activity of sulfur-
oxidizing bacteria, such that changes in pig slurry pH
over time can be used to represent the degree of
bioleaching. Variations in pH observed during the
bioleaching process with different PM solid contents
are presented in Fig. 3a. After 28 days of bioleaching,
the pig slurry pH decreased to 1.66–2.46. The final
steady pH values were as follows: 1.66, 1.75, 2.07,
2.23, and 2.46 in solid contents of 10, 20, 40, 60, and
80 g/L, respectively. The results herein also showed that
the slurry pH at higher solid contents (60–80 g/L) did
not decrease at the initial stage and even slightly in-
creased, which was perhaps attributed to the absence of
bioactive sulfur-oxidizing bacteria and the release of
buffering components (Chen and Lin 2004b; Tsai et al.
2003). Moreover, it took only 8 days for the pig slurry
pH to drop below 2.0 with a solid content of 10 g/L,
whereas 20 days was required to achieve a pH below 2.5
with a solid content of 80 g/L, confirming that solid

content affected the acidification rate of PM during
bioleaching.

In addition to the acidification of slurry, the oxidation
of sulfur to sulfate also led to an increase in the pig
slurry ORP during the bioleaching process. The change
in ORP was indicative of the activity of sulfur-oxidizing
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bacteria (Liu et al. 2008). The variations in ORP during
bioleaching at different solid contents are presented in
Fig. 3b. The variations of ORP were strongly related to
the changes in pH. The increase in ORP followed the
same trend as the decrease in pH. After 28 days of
bioleaching, the ORP increased to 416, 394, 350, 324,
and 238 mV for solid contents of 10, 20, 40, 60, and
80 g/L, respectively. A higher solid content in pig slurry
induced a lower increase rate in ORP. This result was
consistent with the results reported by Chen and Lin
(2004b) using the heavy metal-contaminated sediment.

The sulfate production of pig slurry with different
solid contents during the bioleaching process is shown
in Fig. 3c. The sulfate generation in the slurry with solid
contents of 60 and 80 g/L was 4–6 days behind those
with lower solid contents. This can be explained by the
fact that higher solid contents led to poor efficiency of
oxygen transportation which finally resulted in the poor
growth of bacteria (Chen and Lin 2000; Zhou et al.
2009). However, after 28 days of PM bioleaching, the
final production of sulfate in the system increased with
increasing solid content. Sulfur oxidation in solid con-
tents of 10, 20, 40, 60, and 80 g/L was 16.8, 22.6, 30.1,
38.4, and 46.6%, respectively (Table 2). According to
the study of Sreekrishnan et al. (1993), a higher solid
content implied a higher concentration of nutrients. This
signified that higher solid contents were able to supply
sufficient micronutrients and trace metals that were es-
sential for bacterial growth, hence resulting in better
bacterial growth and sulfate production. It was also
observed that the slurry with lower solid contents
reached the maximum sulfate production rate earlier
than those with higher solid contents. This may be due
to the sharp drop in the pH of slurry with lower solid
contents, which seriously inhibited bacterial growth
(Sreekrishnan et al. 1993).

The results in Table 2 also show that about 53.3–
83.2% of the sulfur added in the system was not

oxidized during PM bioleaching. It is necessary to re-
move or recycle the remaining sulfur from the
bioleached manure before its final disposal. In fact,
some recoverable forms of sulfur from the bioleaching
of sewage sludge have been reported by Chen and Lin

Table 2 Oxidation of sulfur for different solid contents during
bioleaching

Solid content (g/L) Sulfur oxidized (%)

10 16.8

20 22.6

40 30.1

60 38.4

80 46.7
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Fig. 4 The solubilization of Cu (a), Zn (b), and Mn (c) with time
at different PM solid contents: ■, 10 g/L; ●, 20 g/L; △, 40 g/L;▼,
60 g/L; ◆, 80 g/L
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(2004a). In addition, Zhou et al. (2008) reported that the
co-addition of Fe2+ and sulfur as substrates can not only
achieve a sulfur oxidation rate of 98% but also reduce
the sulfur addition from 5–10 to 2 g/L during sewage
sludge bioleaching. These methods can also be applied
to PM bioleaching in future studies to eliminate the risk
of remaining sulfur.

3.3 Solubilization of Heavy Metals During Bioleaching

The effects of solid content on the solubilization of Cu,
Zn, and Mn from PM during bioleaching are shown in
Fig. 4. The solubilization patterns of Cu, Zn, and Mn
were similar. HMs had a long lag phase before solubi-
lization from pig slurry with higher solid contents, and it
required more time to reach maximum solubilization.
The solubilization of Cu, Zn, and Mn began on the 2nd
day for a solid content of 10 g/L and reached 96.2% for
Cu on day 12 and 95.9% and 87.0% for Zn and Mn,
respectively, on day 6, and, then, continued to increase
slightly. The leaching time for Zn and Mn to achieve
maximum solubilization increased from 6 days at a solid
content of 10 g/L to 20 days at a solid content of 80 g/L.
For Cu, the time was increased from 12 days to more

than 28 days. Table 3 summarizes the final leaching
efficiencies of HMs and their content in bioleached
PM. The solubilization of Cu, Zn, andMn varied greatly
for different solid contents. For example, the leaching
efficiency of Cu achieved higher than 90% solubiliza-
tion with solid contents lower than 20 g/L, at 99 and
91% for solid contents of 10 and 20 g/L, respectively.
The solubilization decreased to less than 80% with solid
contents higher than 60 g/L, at 78 and 75% for solid
contents of 60 and 80 g/L, respectively. The solubiliza-
tion of Zn and Mn showed a similar variation trend to
Cu solubilization. Thus, the solubilization of HMs was
significantly decreased with increasing solid content.
This could result from the lower ORP and higher pH
obtained in the systemwith higher solid content (Fig. 3).

In addition, after 28 days of bioleaching, the contents
of Cu, Zn, and Mn remaining in PM with different solid
contents were 2–79, 28–512, and 77–293 mg/kg
(Table 3). For Cu and Zn, the remaining content in
bioleached manure with a solid content of 40 g/L was
52 and 253 mg/kg, which reached the standard for agri-
culture application (Verdonck 1998). However, with solid
contents increasing to higher than 60 g/L, the contents of
Cu and Zn remaining in PM were higher than 70 and

Table 3 Solubilization efficiency of HMs and their content in pig slurry after bioleaching

Solid content (g/L) Solubilization efficiency (%) Metals content in bioleached manure (mg/kg)

Cu Zn Mn Cu Zn Mn

10 99 99 88 2 28 77

20 91 94 82 31 130 118

40 82 88 72 52 253 181

60 78 81 61 70 396 254

80 75 76 55 79 512 293
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0

20

40

60

80

100

)
%(

e
g

at
necre

P

exchangeable

 carbonate-bound

 Fe/Mn oxides

 organic and sulfides

 residual

*316 651 2118

*Total metal

(mg/kg)

Fig. 5 Binding forms of HMs in PM

Table 4 The rate constant of kinetic equations (k) and the coeffi-
cient of determination of linear regression (R2) for different solid
contents

Solid content (g/L) Cu Zn Mn

k (d−1) R2 k (d−1) R2 k (d−1) R2

10 0.38 0.97 0.65 0.9 0.35 0.9

20 0.24 0.96 0.47 0.94 0.29 0.97

40 0.19 0.94 0.28 0.97 0.18 0.91

60 0.10 0.99 0.21 0.95 0.13 0.87

80 0.08 0.98 0.12 0.87 0.10 0.92
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396 mg/kg, which was very close to the thresholds (Cu,
100 mg/kg, and Zn, 400 mg/kg) for agricultural applica-
tion according to the German compost standard
(Verdonck 1998), posing a risk to agricultural land. Al-
though low solid contents (10 and 20 g/L) promoted
metal solubilization, a large reactor volume was required,
which increased the operation cost. Therefore, for practi-
cal consideration, a solid content of 40 g/L is the most
appropriate for the bioleaching of HMs from PM.

The binding forms of HMs in PM affected not only
the efficiency of metal solubilization but also the bio-
availability of HMs after bioleaching (Zhou et al. 2012).
HMs in exchangeable, carbonate-bound, and Fe/Mn
oxide fractions are considered to be more mobile, dan-
gerous, and bioavailable. The organic matter/sulfide-
bound and residual fractions are stable and non-
bioavailable (Liu et al. 2008). However, many studies
have shown that HMs in organic and sulfate forms can
also be partially solubilized (Chen et al. 2005). Figure 5
shows the proportion of heavy metal fractions in PM. It
was observed that 67% of Zn and 75% of Mn existed in

mobile forms.Most Cu (73%) existed in stable forms, of
which 67% existed as organic/sulfide forms, and this
form of Cu was efficiently oxidized by sulfur-oxidizing
bacteria during the bioleaching process.

3.4 Kinetic Study

For the bioleaching process, a first-order kinetic model
(Bayat and Sari 2010; Chen and Pan 2010) was
employed; the equations of which are as follows:

−
dM
dt

¼ k Ms−Mð Þ ð3Þ

and

ln
M s

M s−M

� �
¼ kt ð4Þ

where k is the rate constant for metal solubilization
(d−1),Ms andM represent the initial mass (mg) of metal
in PM andmass (mg) in the aqueous phase, respectively,
and t is the bioleaching time. The fitting of the results
from the bioleaching process for different solid contents
is shown in Table 4. It was found that the metal solubi-
lization can be approximated to the first-order kinetics.
The relationship between the rate of metal solubilization
and solid contents is shown in Fig. 6. The rate of metal
solubilization decreased linearly with increasing solid
contents. The coefficient of total solid (TS) reflects the
influence degree of solid content on the rate of metal
solubilization during bioleaching. The coefficient ob-
tained for Zn and Cu showed that the influence of solid
content on the rate of Zn solubilization was significant,
but the effect on Cu was relatively small. This may be
because the rate of metal solubilization was highly re-
lated to the initial metal contents in the PM (Chen and
Lin 2004a).

0 10 20 30 40 50 60 70 80 90
0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7
d(

k
-1

)

Solid content (g/L)

k
Zn

=0.645-0.007*TS

R
2
=0.89

k
Mn

=0.361-0.004*TS

R
2
=0.91

k
Cu

=0.364-0.004*TS

R
2
=0.84

Fig. 6 Relationship between HM solubilization rate and PM solid
contents

0 1 2 3 4 5 6 7 8
0

20

40

60

80

100

0 1 2 3 4 5 6 7 8
0

20

40

60

80

100

0 1 2 3 4 5 6 7 8
0

20

40

60

80

100

)
%( 

n
oit

azili
b

ul
os 

u
C

R
2
=0.81

 

M
n

 s
o
lu

b
il

iz
a
ti

o
n

 (
%

)

R
2
=0.92

Z
n

 s
o
lu

b
il

iz
a
ti

o
n

 (
%

)

R
2
=0.99

pH

Fig. 7 Relationship between HM solubilization percentage and pH at different PM solid contents: ■, 10 g/L; ●, 20 g/L; △, 40 g/L; ◆, 60 g/L;
◄, 80 g/L

Water Air Soil Pollut (2019) 230: 39 Page 7 of 12 39



3.5 Relationship Between Heavy Metal Solubilization
and pH and ORP During Bioleaching

The relationship between HM solubilization and pig
slurry pH and ORP as a function of solid content is
shown in Fig. 7 and Fig. 8. The leaching pH for Zn
and Mn was less than 5.5 and 6, respectively (Fig. 7).
However, the leaching pattern for Cu was slightly dif-
ferent, and the pH value was less than 3. The fitting
results shown in Fig. 8 indicated that the Cu solubiliza-
tion percentage was highly correlated with ORP. The
ORP value for Cu extraction was more than 120 mV.
Moreover, the results in Table 5 also show that the
solubilization of Cu from PM was mainly related to
ORP. The relative impact force of ORP and pH was
98.1 and 1.9%, respectively. Thus, lowering the PM pH
alone barely contributes to Cu solubilization during
bioleaching. Increasing sulfur oxidation to sustain high
ORP in the bioleaching systemwas necessary to achieve
a higher leaching efficiency of Cu. However, in contrast
to Cu, the relative impact force of ORP for Zn and Mn
was 0 and 0.3, respectively, and pH seemed to be the
sole factor responsible for Zn and Mn solubilization.

The results shown in Fig. 4 prove that Zn and Mn were
more easily solubilized from PM than Cu under the
same acidic conditions. This might be attributed to the
large amount of Zn and Mn in unstable forms (Fig. 5).
However, although Cu (73%) mainly existed in stable
forms, over 99% of Cu was leached out when the solid
content was 10 g/L, which might have resulted from the
PM digestion. Some data in the literature also confirmed
that a highly oxidizing environment and low pH result in
the digestion of organic matter and further contribute to
the solubilization of HMs (Wong et al. 2002).

Given our insight into this result, we also found that
regardless of the solid content, the metal solubilization
percentage was constant for a given pH and ORP of the
pig slurry. In other words, the changes in pH and ORP
lead to variations in the metal solubilization percentage.
However, the quantity of acid and sulfur oxidation re-
quired to decrease the pH and increase the ORP to the
same level was larger for the pig slurry with higher solid
contents. This provided an explanation for the phenom-
enon of lower solubilization of HMs with higher solid
contents shown in Fig. 4 and Fig. 6. This result also
revealed the real mechanism for the solid contents
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Table 5 Effects of pH and ORP on heavy metal solubilization during the bioleaching process

Binary regression equation Samples
n

ANOVA
F value

Significance

Partial regression square sum Relative impact force (%)

pH ORP pH ORP

Solubilization
Cu = −15.811 + 11.043pH + 0.193ORP

65 91.2a 1399 71,829 1.9 98.1

Solubilization
Zn = 123.218 − 17.828pH − 0.007ORP

65 432.8a 104,539 10 100 0

Solubilization
Mn = 83.723 − 9.702pH + 0.033ORP

65 440.9a 71,188 214 99.7 0.3

aP < 0.01
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influencing the metal solubilization, namely, the solid
contents did not affect the metal solubilization directly
but influenced the nature of pH reduction and ORP
increase in the system by indirectly regulating the acid
production required to overcome the buffering.

3.6 Variations of Nutrients

The analysis results of PM samples at different solid
contents are shown in Table 6. Variations in the C, H,

and N contents and H/C and N/C ratio demonstrated that
the organic matter composition of PM was changed by
the bioleaching process. The N/C ratio can be used to
illustrate the polymerization degree of organic matter in
PM. Organic matter containing more nitrogenous func-
tional groups would be less polymerized (Chen et al.
2015; Gascó et al. 2005). Compared with the raw PM,
the N/C and H/C ratios both decreased after bioleaching.
In addition, the N/C ratio increased from 0.62 to 0.85 as
the solid content increased from 10 to 80 g/L. These
results indicated that the polymerization degree of

Table 6 Ultimate analysis of PM samples

Solid content (g/L) C (wt.%) H (wt.%) N (wt.%) N/Ca H/Ca

Raw PM 28.68 ± 2.22 4.95 ± 0.22 3.13 ± 0.1 0.094 2.071

10 32.3 ± 0.94 3.41 ± 0.22 2.41 ± 0.27 0.064 1.265

20 28.97 ± 2.01 4.11 ± 0.41 2.56 ± 0.23 0.076 1.702

40 27.71 ± 1.79 4.02 ± 0.45 2.63 ± 0.16 0.082 1.737

60 28.54 ± 0.53 4.55 ± 0.02 2.67 ± 0.2 0.080 1.912

80 26.63 ± 0.92 4.34 ± 0.15 2.65 ± 0.12 0.085 1.956
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Fig. 9 The concentrations of TN (a), TP (b), TK (c), and TOC (d) in PM before and after bioleaching
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bioleached PM decreased with increasing solid content,
i.e., the dewaterability of bioleached PM decreased with
increasing solid content after 28 days of bioleaching.
Similar results were also observed in variations of the H/
C ratio. According to Chen et al. (2015), the variations
in the N/C and H/C ratios can result from the solubili-
zation of light organic compounds during the
bioleaching process.

The concentrations of TN, TP, TK, and organic matter
(TOC) at different solid contents before and after
bioleaching are shown in Fig. 9. The trend of nutrient
leaching with respect to solid content was similar to that
of HM solubilization with respect to solid content. The
higher the solid contents, the higher the solubilization of
HMs and dissolution of nutrients (N, P, K, and organic
matter (TOC)). This may be because the increase in solid
contents increased the buffering capacity of PM, which
finally lowered the nutrient loss resulting from acidifica-
tion and digestion. The contents of TN, TP, TK, and
organic matter (TOC) remaining in PM at solid content
of 40 g/L were 26.3 g/kg, 14.2 g/kg, 6.27 g/kg, and
445 mg/kg, respectively. When solid content was in-
creased from 40 to 60 g/L, the nutrient content only
slightly increased to 26.7 g/kg (TN), 15.5 g/kg (TP),
8.3 g/kg (TK), and 476 mg/kg (TOC). However, lower-
ing the solid content to 20 g/L resulted in a sharp decrease
in the nutrient content in the bioleached manure. The
percentage of TN, TP, TK, and organic matter (TOC)
released from PM increased from 15.7, 53, 58, and 24.4%
at solid content of 40 g/L to 18.2, 62.1, 65.5, and 43.3% at
solid content of 20 g/L, respectively. This result further
supported that 40 g/L was the most appropriate solid
content for PM bioleaching.

The analytical results of the phosphorus fraction in
PM before and after bioleaching are shown in Table 7.
The primary form of phosphorus in PM was inorganic,
accounting for 91% of TP. In addition, OP was only

about 9% of TP, indicating that OP was not directly
related to the organic content in PM. The results also
showed that the loss of TP, OP, IP, and AP decreased
with increasing solid contents, while the loss of NAIP
showed an opposite trend. Phosphorus has been proven
to be essential for the growth of Acidithiobacillus
thiooxidans (Zheng and Zhou 2011). NAIP is regarded
as the most labile and bioavailable phosphorus fraction
(Huang et al. 2015; Medeiros et al. 2005). The trend of
NAIP loss with respect to solid content during
bioleaching was the same as that of sulfur oxidation
with respect to solid content as shown in Table 2. There-
fore, the loss of APmay have beenmainly caused by the
acidification of PM, but the loss of NAIP was primarily
attributed to biological degradation.

4 Conclusions

A bioleaching process with indigenous sulfur-oxidizing
bacteria was developed to remove HMs from PM in this
study. The performance of the bioleaching process was
influenced by solid content. The higher the solid con-
tent, the higher the buffering capacity, which further
resulted in a lower rate of pH reduction, ORP increase,
and sulfate production in the bioleaching process. Under
the experimental conditions, the rate and degree of PM
bioleaching were significantly affected by solid con-
tents, and a solid content higher than 60 g/L led to an
unsatisfied solubilization of HMs, which did not meet
the requirements for agricultural application.When low-
ering the solid content to 40 g/L, the solubilization of
Cu, Zn, and Mn achieved 82, 88, and 72%, respectively,
and the content of heavy metals that remained in PM at
this solid content was relatively low and safe for agri-
culture application. The rates of metal solubilization
were well-described by a solid content-related kinetic

Table 7 Analytical results obtained in PM using the SMT extraction protocol. Unit, g/kg

Solid content (g/L) TP OP IP NAIP AP NAIP +AP

Raw manure 31.41 ± 0.34 1.53 ± 0.02 28.54 ± 0.48 12.48 ± 0.37 15.80 ± 0.42 31.41 ± 0.35

10 9.73 ± 0.31 1.01 ± 0.01 8.48 ± 0.14 7.62 ± 0.23 0.54 ± 0.02 8.16 ± 0.24

20 11.44 ± 0.23 1.05 ± 0.05 9.73 ± 0.09 7.03 ± 0.13 2.58 ± 0.12 9.61 ± 0.25

40 14.17 ± 0.13 1.20 ± 0.02 12.73 ± 0.16 5.28 ± 0.17 6.74 ± 0.20 12.02 ± 0.37

60 15.52 ± 0.26 1.26 ± 0.02 12.67 ± 0.26 3.19 ± 0.15 9.27 ± 0.19 12.46 ± 0.34

80 16.11 ± 0.14 1.38 ± 0.09 13.77 ± 0.42 1.91 ± 0.09 11.81 ± 0.26 13.71 ± 0.35

39 Page 10 of 12 Water Air Soil Pollut (2019) 230: 39



equation. The results of regression analysis showed that
Cu solubilization was primarily controlled by ORP,
whereas the pH seemed to be the sole factor responsible
for the solubilization of Zn and Mn. In addition, PM
nutrient solubilization was also greatly affected by the
solid content, and the solubilization rates of TN, TP, TK,
and organic matter were 15.7, 53, 58, and 24.4%, re-
spectively, at a solid content of 40 g/L.
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