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Abstract Low methane production and high levels of heavy
metal in pig slurries limit the feasibility of anaerobic digestion
of pig manure. In this study, changes in the methane produc-
tion and bioavailability of heavy metals in the anaerobic di-
gestion of diluted pig manure were evaluated using single and
combined action of microscale zero-valence iron (ZVI) and
magnetite. After 30 days of anaerobic digestion, the methane
yield ranged from 246.9 to 334.5 mL/g VS added, which
increased by 20-26% in the group added with microscale
ZVI and/or magnetite relative to that in the control group.
Results of the first-order kinetic model revealed that addition
of microscale ZVI and/or magnetite increased the biogas pro-
duction potential, rather than the biogas production rate con-
stant. These treatments also changed the distribution of chem-
ical fractions for heavy metal. The addition of ZVI decreased
the bioavailability of Cu and Zn in the solid digested residues.
Moreover, a better performance was observed in the combined
action of microscale ZVI and magnetite, and the ZVI anaero-
bic corrosion end-product, magnetite, might help enhance
methane production through direct interspecies electron trans-
fer in ZVI-anaerobic digestion process.
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Introduction

Intensive confined livestock and poultry production systems
generate large quantities of manure by-products, which cause
serious contamination of groundwater and/or surface water.
More than 209.3 million tons of pig manure was generated
in China in 2009 (Zhang et al. 2014). Effective management
and unitization of pig manure have been a particular concern
for government and scientific community in China. Anaerobic
digestion is one of the most promising and widely utilized
methods for organic matter treatment because of its advanta-
geous properties in the pollutant removal and renewable
bioenergy production. However, low hydrolysis rate and
methane yield restrict the economic feasibility of anaerobic
digestion because of the limiting steps of fiber hydrolysis
and high ammonium inhibition (Bonmati et al. 2001,
Ferreira et al. 2014). Therefore, a cost-effective approach for
enhancing methane production from anaerobic digestion of
pig manure must be developed.

Feed additives containing potential toxic elements, such as
Cu and Zn, are extensively applied as essential nutrients and
supplements to improve health and feed efficiency (Bolan
etal. 2004). A major portion of the metals ingested is excreted
in feces and urine; the majority of the metals reach the feces.
During anaerobic digestion, the decomposition of organic
substances caused an increase in the heavy metal concentra-
tion of digestate (Dabrowska and Rosinska 2012; Jin and
Chang 2011). In a previous study, digested slurry samples
from 21 large-scale anaerobic digestion plants in the Jiangsu
Province of China were analyzed; the total Zn and Cu con-
centrations in solid fraction of digestate were 399.7-671.2 and
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113.6-312.9 mg/kg, respectively (Jin and Chang 2011). The
digested slurries for pig manure are commonly used as organic
fertilizers or soil amendments because of their ability to alter
soil properties, such as plant nutrient availability, soil reaction,
organic matter content, and water holding capacity (Bolan
et al. 2004). Therefore, the high levels of Cu and Zn in
digested pig slurries may cause potential environmental
hazards.

The chemical forms of heavy metals, rather than the total
heavy metal concentration, are important to determine the
mobility, toxicity, and bioavailability of these metals (Hsu
and Lo 2000; Liu et al. 2007). Sequential fractionation
schemes are commonly used to determine metal distribution
in different chemical forms, namely, soluble, exchangeable,
bound to carbonates, bound to Fe-Mn oxides, bound to or-
ganic matter, and residual. The transfer and bioavailability of
heavy metal during anaerobic digestion have been widely
studied. Marcato et al. (2009) assessed the shift of Cu and
Zn bioavailability from pig slurry before and after anaerobic
digestion through chemical and biological approaches;
chemical assessments revealed the lower mobility of metals,
but biological assessment indicated contradictory results.
Dong etal. (2013) reported that high-solid anaerobic digestion
increased the bioavailability of Cu, Zn, Ni, and Cr but de-
creased the bioavailability of Pb. Therefore, new measures
must be examined to reduce metal bioavailability during an-
aerobic digestion of pig manure.

Zero-valence iron (ZVI) is non-toxic, abundant, cheap, and
easy to produce; as such, ZVT has been successfully applied in
the remediation/treatment of groundwater and wastewater
contaminated with less biodegradable pollutants, such as
heavy metals and chlorinated organic compounds (Fu et al.
2014; Xiao et al. 2013). Previous studies showed that ZVI
addition to anaerobic digestion system increased the methane
production efficiency by decreasing the oxidation-reduction
potential; ZVI also acted as an acid buffer and an effective
electron donor to improve the activity of microorganisms and
the abundance of hydrogen-consuming microorganisms
(Feng et al. 2014; Xiao et al. 2013; Zhen et al. 2015). For
example, Wu et al. (2015) found that addition of an appropri-
ate dosage of ZVI positively influenced chemical oxygen de-
mand (COD) removal and methane production during the an-
aerobic treatment of swine wastewater. Besides, metal bio-
availability may be decreased because of the interaction of
ZVI1 with Fe, Mn, and Al oxides (Donner et al. 2013; Moore
et al. 1998). The mechanism of bioavailability change in
heavy metal by ZVI is highly complex and involves adsorp-
tion, reduction, surface precipitation, and co-precipitation
with various iron corrosion products (Fu et al. 2014).
Suanon et al. (2016) recently demonstrated that nanoscale
Z VI and magnetite could regulate the bioavailability of metals
during anaerobic digestion of sewage sludge. Compared with
microscale ZVI and magnetite, nanoscale ZVI and magnetite

have a higher specific surface area, adsorption capacity, and
reactivity (Fu et al. 2014; Zhen et al. 2015), so different influ-
ence of nanoscale and microscale materials on methane pro-
duction and metal bioavailability might happen in the anaer-
obic systems and this interested information has not been re-
ported yet. And simultaneously, a poor fundamental under-
standing in the role of ZVI and its anaerobic corrosion
end-product (magnetite) still greatly hampered their applica-
tion in decreasing the bioavailability of metals.

Magnetite is the major end-product of ZVI anaerobic cor-
rosion (Ruhl et al. 2014; Zhu et al. 2014). Magnetite can be
inorganically or biologically generated; this compound is
ubiquitous in igneous, metamorphic, and sedimentary envi-
ronments (Perez-Gonzalez et al. 2010). Previous studies re-
vealed that magnetite functions as an electron conduit to im-
prove the rates of organic biodegradation and methane pro-
duction under anaerobic conditions, because magnetite accel-
erates syntrophic or cooperative metabolism between
electron-donating and electron-accepting microorganisms
through direct interspecies electron transfer (Aulenta et al.
2014; Cruz Viggi et al. 2014; Kato et al. 2012a). In contrast
to nanoscale magnetite, microscale magnetite has been scarce-
ly investigated. So far, the combined effect of ZVI and mag-
netite on the methane production and bioavailability of heavy
metals has not been reported yet, particularly for anaerobic
digestion of pig manure.

This study aims to determine the effect of the single and
combined action of microscale ZVI and magnetite on the
methane production and bioavailability of heavy metals dur-
ing batch anaerobic digestion of diluted pig manure. The
methane production, first-order model simulation, and chang-
es in different parameters, such as pH, volatile fatty acids
(VFAs), COD, ammonia nitrogen, and total alkalinity (TA)
of the digested liquid, were studied. Moreover, changes in
the chemical fractions of heavy metals, such as Cu and Zn,
were assessed by sequential fractionation schemes. Therefore,
the role of ZVI and magnetite in change of methane produc-
tion and heavy metal bioavailability during anaerobic diges-
tion of diluted pig manure was further evaluated.

Materials and methods
Pig manure and inoculum

Pig manure was collected from a large-scale pig farm in Anhui
Province, China, in August 2015. The manure was stored in
the dark at 4 °C for less than a week. Microscale ZVI (>98%
purity; 400 mesh) and microscale magnetite (>99% purity;
400 mesh) were purchased from Tianjin Bodi-Chemical Co.
Ltd. (China) and were not any further treated before use.

An anaerobic culture was obtained from the anaerobic di-
gestion of swine wastewater in our laboratory; the culture was
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used as seed and concentrated before use as inoculum. Table 1
shows the chemical characteristics of the feedstock and anaer-
obic culture.

Batch anaerobic digestion

Previous study reported that the optimal microscale ZVI load-
ing was 20 g/L in anaerobic digestion of waste activated sludge
(Feng etal. 2014), and simultaneously, Wu et al. (2015) further
proved that the ZVI concentration of 50 g/L had a negative
effect on microbial activity. Recently, Gacitua et al. (2014)
found that 10 g/L magnetite nanoparticles effectively enhanced
the electrocatalytic activity. So, 20 g/l ZVI and 10 g/L mag-
netite were selected as adding dosages in the present study.
Batch anaerobic digestion was conducted in a 1-L jar. The
following four experimental groups were prepared: R1, with-
out ZVI and magnetite as control; R2, with ZVI; R3, with
magnetite; and R4, with ZVI and magnetite. The experimental
design of the batch anaerobic digestion is presented in Table 2.
This experiment was designed to investigate changes in the
process performance and bioavailability of heavy metals.

The feedstock mixture was added to the reactor, which was
immediately sealed with butyl rubber stoppers after flushing
with nitrogen gas for 2 min. The anaerobic digestion reactions
were maintained at 35 + 1 °C in an incubator. Each reactor was
manually mixed twice daily to avoid stratification during the
30 days of anaerobic digestion. Each experimental group was
conducted in triplicate. The sample from anaerobic digestion
was collected and centrifuged, and the solid phase was used to
analyze the chemical fractions of Cu and Zn.

Kinetic evaluation and calculation

Hydrolysis is a rate-limiting step in anaerobic decomposition
of pig manure (Ferreira et al. 2014). The first-order kinetic

Table 1  Chemical characteristics of the feedstock and anaerobic
culture

Sample Anaerobic culture Pig manure
TS (%) 4.49 29.62

VS (%TS) 41.43 89.09

pH 7.26 9.00

C (%) / 38.82

N (%) / 2.73

H (%) / 5.32

O* (%) / 52.58

S (%) / 0.55
C/N / 14.2

Cu (mg/kg) 196 170.7

Zn (mg/kg) 396 461

by difference, 100-C-N-H

@ Springer

model for assessing biogas production (Liang et al. 2014)
may be expressed as Eq. (1), where B, (mL/g) is the cumula-
tive biogas yield at the ¢ day; By (mL/g) is the biogas produc-
tion potential and calculated by a previously reported method
(Chen and Hashimoto 1978) to be equal to the intercept by
linear fitting the plot of B, against 1/¢; k (/day) is the biogas
production rate constant; and # (days) is the digestion time.

—ln(l—B,/Bo> — kt (1)

The bioavailability of heavy metals could be determined
using the ratio of ¢ in Eq. (1) (Dong et al. 2013; Liu et al.
2007), where C(a) is the sum of the concentrations of ex-
changeable, carbonate, Fe-Mn oxide, and organic matter frac-
tions and C(?) is the sum of C(a) and residual concentrations.

_C@
0

(2)

Analytical methods

According to Tessier et al. (1979) and Liu et al. (2007), the
five fractions of heavy metals are defined as follows: (1) ex-
changeable fraction (1 M MgCl, at pH 7), (2) carbonate frac-
tion (1 M sodium acetate at pH 5), (3) Fe—Mn oxide fraction
(0.04 M NH,OH-HCl in 25% acetic acid), (4) organic matter
fraction (0.02 M HNO; and 30% H,O, at pH 2 and 85 °C
followed by 3.2 M ammonium acetate in 20% HNO3), and (5)
residual fraction (HF-HNO;-HCIO, digestion). After each
successive extraction, the supernatant was obtained by centri-
fugation at 4000 rpm for 20 min. The supernatant was filtered
into 0.45-um membrane, and the volume was adjusted to
25 mL by adding deionized water. Three extraction replicates
were conducted for each sample. Cu and Zn contents were
determined by inductively coupled plasma emission spec-
trometry (iICAP 6300 Series).

The liquid sample from anaerobic digestates was centri-
fuged at 4000 rpm for 5 min and the centrifugal supernatant
was used for analysis of TA, COD, NH;*N, and VFAs.
Standard methods were used to measure TS, VS, COD, and
NH4 "N (APHA 1995). Biogas production was measured by
water displacement method (Liang et al. 2014) and reported at

Table 2 Experimental design on anaerobic digestion of pig manure

Experimental ZVI  Fe;O, Distilled Inoculum  Pig

groups (g/L) (g/L) water (mL/L) manure
(mL/L) (gL

R1 0 0 400 300 100

R2 20 0 400 300 100

R3 0 10 400 300 100

R4 20 10 400 300 100
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0 °C and 1.013 x 10° Pa. Methane content was determined
with an Orsat-type gas analyzer (APHA 1995). VFAs were
measured by colorimetric ferric hydroxamate method with
acetic acid as standard (Liang et al. 2016). TA was determined
by titrating a sample with standard HCI to pH 4.3 (Bjérnsson
etal. 2001). C, H, N, and S contents were determined with an
elemental analyzer (Vario EL Cube, Germany).

Statistical analysis

One-way ANOVA was performed using SPSS 14.0 (Windows
version) software to evaluate significant differences in data;
the confidence interval was set at p < 0.05.

Results and discussion
Change in the methane production

Figure 1 presents the time course of biogas production within
30 days of anaerobic digestion of pig manure. The biogas
production efficiency in anaerobic digestion of pig manure is
summarized in Table 3. The daily biogas production rate in-
creased rapidly during the 6 days of anaerobic digestion and
then decreased between days 7 and 18. The maximum daily
biogas production rate was found on day 6 and reached
2366 mL/day for R1, 2135 mL/day for R2, 2125 mL/day for
R3, and 2070 mL/day for R4. After digestion for 30 days, the
specific biogas and methane yields ranged from 447.5 to
500.0 mL/g VS added and from 246.9 to 334.5 mL/g VS
added, respectively (Table 3). The specific methane yield ob-
tained is consistent with the methane yield (263.5-354.7 mL/g
VS added) reported for anaerobic digestion of pig manure for
40 days of digestion (Zhang et al. 2014). The results are also
close to that of thermal steam-explored pig manure (200—
329 mL/g VS added) but higher than that of raw pig manure
(159 mL/g VS added) (Ferreira et al. 2014). An increase of the
methane content from 59.2% for control group (R1) to 65.9—
66.9% for added ZVI and/or magnetite was observed.
However, the mean value of methane content was not signif-
icantly different based on the statistical analysis.

The addition of ZVI into the anaerobic systems increased
the methane yields; the specific methane yield (R2) based on
VS content increased by 20% compared with the control group
(R1) (Table 3). This result agrees with those of previous reports
(Feng et al. 2014; Wu et al. 2015; Zhen et al. 2015). For exam-
ple, Wu et al. (2015) observed that the methane yield initially
increased with increasing amount of ZVI added, but high ZVI
concentrations (>50 g/L) weakened the ZVI-facilitated effect
on the anaerobic digestion of swine wastewater. Suanon et al.
(2016) also found that an increase in 45.8% of methane yield
occurred at the anaerobic digestion of waste sludge under nano-
scale ZVI with a dose of 0.5%, and this enhancing extent of
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Fig. 1 The variations in biogas production within 30 days of anaerobic
digestion of pig manure

nanoscale ZVI was higher than that of microscale ZVI in this
study. This might be ascribed to the nanoscale ZVI with the
higher reacting capacity. The enhancing effect of ZVI on meth-
ane production during anaerobic digestion may be attributed to
the following reasons. First, the anaerobic corrosion of ZVI
generated H,, which could be effectively utilized by
hydrogenotrophic methanogens to produce CH, and/or
homoacetogenic bacteria to produce acetate (Daniels et al.
1987; Wu et al. 2015; Zhen et al. 2015). Second, ZVI could
directly serve as an electron donor for reducing CO, to CH, via
autotrophic methanogenesis (Feng et al. 2014; Karri et al. 2005;
Zhen et al. 2015). However, the methane production was only
2.0 mL for 20 g/ ZVI, which is relatively lower than the
increase in methane yield (Feng et al. 2014). Karri et al.
(2005) also reported that the net methane production from this
contribution accounted for only 0.7% of the electron equiva-
lents supplied with 46.6 g/L ZVI. The final and most important
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Table 3 Comparison for biogas
production efficiency in

anaerobic digestion of pig manure

Experimental groups R1 R2 R3 R4

Specific biogas yield (mL/g TS) 397.7+15.1a 4273 + 16.1a 4332 +21.4a 4443 +10.0a
Specific biogas yield (mL/g VS) 4475 + 16.6a 481.5+ 18.8a 488.5 £ 46.1a 500.0 £ 11.7a
Mean methane content (%) 59.2+0.9a 659+ 1.1a 66.1 =2.8a 66.9 +1.9a
Specific methane yield (mL/g TS) 236.1 £ 8.8a 282.7+11.1b 287.7+27.2b 298.0 + 7.0b
Specific methane yield (mL/g VS) 264.9 +9.8a 317.2+12.4b 322.9 +30.5b 334.5+7.8b
Improving ratio of methane yield” 1.00 1.20 1.22 1.26

Note: the same row having the same letter is not significantly different (p > 0.05) using LSD

 The ratio of specific methane yield of amended group and control group (R1), based on the unit of milliters per

gram VS

reason may be that ZVI addition accelerated the hydrolysis,
acidification, and methanation steps of anaerobic digestion by
increasing the enzyme activity and improving the abundance of
hydrogen-consuming microorganisms (Feng et al. 2014; Kong
et al. 2016; Zhen et al. 2015), thereby creating beneficial con-
ditions for anaerobic digestion.

In this study, the methane yield of R3 after the addition of
10 g/ magnetite increased by 22% (Table 3). Suanon et al.
(2016) found that the methane yield from sewage sludge in-
creased by 25.6% at the addition of 0.5% (w/w) nanoscale
magnetite, whereas methane production was inhibited at the
1% level. Moreover, recent study reported that the methane
yield from cattle dung slurry increased from 140.3 mL/g VS
for the control group to 302.5 mL/g VS for the amended group
with the addition of 20 g/L nanoscale magnetite (Abdelsalam
et al. 2016). This can be explained by the fact that magnetite
can compensate for the lack of the electron transfer functions of
a multi-heme c-type cytochrome (Liu et al. 2015a) and accel-
erates syntrophic metabolism between microorganisms through
direct interspecies electron transfer. By contrast, the no increase
in methane yield was found in anaerobic digestion propionate
or butyrate (Cruz Viggi et al. 2014; Li et al. 2015; Yamada et al.
2015) and acetate or ethanol (Kato et al. 2012b) by adding
micro- or nanoscale magnetite. The different enhancements of
methane yield for various digested substrates depend on the
biodegradable characteristics of the digested substrate.

The methane yield of R4, with 20 g/ ZVI and 10 g/L
magnetite, was significantly higher than that in the other groups
to achieve the highest methane yield of 334.5 = 7.8 mL/g VS
added as well as the highest methane content (Table 3). Liu
et al. (2015b) also demonstrated that the rusty iron scrap was
more effective than the iron powder for improving methane
production from waste activated sludge; the rusty scrap had a
corrosion layer containing magnetite. This observation sug-
gested that cooperation occurred between ZVI and magnetite.

Change in the Kinetic parameters

The modeling results of biogas production with the first-order
kinetic model are shown in Table 4. All the plots showed good

@ Springer

linearity, with coefficients of determination greater than 0.9.
The biogas production rate constants (k) ranged from 0.098 to
0.103/day. This value is higher than the results of the anaero-
bic digestion of pig manure (0.0104-0.0458/day) (Zhang et al.
2014), Spartina alterniflora (0.028-0.052/day) (Liang et al.
2014), and waste activated sludge (0.071-0.083/day) (Liu
et al. 2015b). Moreover, the biogas production potential (B,)
of pig manure ranged from 460.6 to 520.7 mL/g TS, and the
degradation extent (B3y/By) ranged from 0.85 to 0.86. No sig-
nificant differences in the degradation extent were found
among the four experimental groups.

Compared with the & value of the control group, ZVI and/or
magnetite addition did not increase the k value. But a higher
biogas production potential (By) was found in amended
groups with ZVI and/or magnetite addition and increased by
8.9—13% compared with control group (R1) (Table 4). This
trend suggested that the addition of microscale ZVI and/or
magnetite increased the biogas production potential, rather
than the biogas production rate constant. A similar result
was reported with ZVI addition to the anaerobic digestion of
waste sludge (Liu et al. 2015b). By contrast, the biogas pro-
duction rate increased, but the biogas production potential
remained invariable for easily degradable and simple organic
matter, such as propionate, butyrate, acetate, and ethanol
(Cruz Viggi et al. 2014; Kato et al. 2012b; Li et al. 2015;
Yamada et al. 2015). This trend might be attributed to differ-
ences in the biodegradable characteristics of the digested
substrate.

Change in pH, COD, VFAs, NH, N, and TA
concentrations

Figure 2 shows the variations in pH, VFAs, COD, NH,*-N,
and TA contents of the liquid with increasing duration of an-
acrobic digestion. The pH rapidly decreased from 8.2 to 7.0 in
the first 5 days of digestion, and ZVI and/or magnetite addition
slowed down the extent of pH reduction (Fig. 2a). The anaer-
obic corrosion of ZVI generated hydroxyl ions, thereby in-
creasing the buffering capacity (Zhen et al. 2015). Similar phe-
nomena were described in literature (Kong et al. 2016; Zhen
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Table 4 The kinetic parameters

on anaerobic digestion of pig Experimental Bso® By Bs3o/Bo k

manure by the first-order kinetic groups (mL/g TS) (mL/g TS) (/day)

model
R1 3977+ 15.1a 460.6 = 19.1a 0.86 £ 0.018a 0.103 £0.003a
R2 4273 = 16.1a 502.2 £13.9a 0.85 £ 0.008a 0.099 £0.001a
R3 4332 +21.4a 501.8 £41.8a 0.86+0.012a 0.098 +0.003a
R4 4443 £ 10.0a 520.7 £ 12.5b 0.85+0.003a 0.100 + 0.002a

Note: the same row having the same letter is not significantly different (p > 0.05) using LSD

# Cumulative biogas yield for 30 days’ experiment of anaerobic digestion, given in Table 3

et al. 2015). Kong et al. (2016) observed that the addition of
ZVT to the acidogenic reactors effectively reduced the extent of
acidification during anaerobic digestion of food waste.

The rapid decrease in pH was attributed to the rapid accu-
mulation of COD and VFAs (Fig. 2b, ¢). The VFA and COD
content peaked at 7 days of digestion, and the maximum VFA
contents reached 7890 mg/L for R1, 6990 mg/L for R2,
6250 mg/L for R3, and 6790 mg/L for R4. Siegert and
Banks (2005) found that the inhibitory effect of VFAs on the
biogas production and methane content was evident above
6 g/L. In the present study, a rapid reduction of biogas pro-
duction rate was observed after the 7th day of digestion
(Figs. 1a), which indicates that anaerobic digestion may be
partly inhibited by the accumulated VFAs. The highest VFA
content was obtained by the control group (R1), whereas a
higher COD value was reached in the R2, R3, and R4 groups
with ZVI and/or magnetite addition. This different trend of
peak value occurred at COD and VFAs for control and
amended groups suggested that a higher inhibition in the
methane-producing process might happen at initial stage for
control group, when a lower biogas production rate was con-
sidered at the 7th—13th days’ digestion for control group
(Fig. 1a).

Ammonium nitrogen might inhibit microbial activity dur-
ing anaerobic digestion of pig manure (Bonmati et al. 2001).
The ammonium nitrogen content ranged from 200 to 500 mg/
L for the four experimental groups (Fig. 2d). Rajagopal et al.
(2013) found that ammonium nitrogen content ranging from
200 to 1000 mg/L had no antagonistic effects on anaerobic
digestion. Hence, ammonium nitrogen inhibition did not oc-
cur during the anaerobic digestion of pig manure. TA concen-
trations ranged from 2300 to 3200 mg/L CaCOs (Figs. 2e),
which belonged to the normal range for healthy anaerobic
digesters.

Change in the bioavailability of Cu and Zn

Suanon et al. (2016) studied the effect of nanoscale ZVI and
magnetite on the bioavailability of metals during anaerobic
digestion of waste activated sludge; the results showed that
up to 90% of the metals remained in the solid phase. Hence,

the chemical fraction of metals in the solid phase of digested
pig manure was only determined in the present study.

The initial heavy metal content of mixed slurries was cal-
culated based on the TS weight and metal content of raw pig
manure and anaerobic culture (Table 1) and reached
179 mg/kg for Cu and 441 mg/kg for Zn, respectively. After
30 days of digestion, the heavy metal content of the solid
phase from digested pig manure reached 202-330 mg/kg for
Cu and 532-739 mg/kg for Zn, respectively. The heavy metal
content of the solid phase from anaerobic digestion agreed
with the results reported by Jin and Chang (2011) (113.6—
312.9 mg/kg for Cu and 399.7-671.2 mg/kg for Zn). With
anaerobic digestion, the heavy metal content was concentrated
by 1.1-1.8 times for Cu and 1.2-1.7 times for Zn compared
with the total content before anaerobic digestion. Similar phe-
nomena were reported in anaerobic digestion (Dabrowska and
Rosiniska 2012; Jin and Chang 2011) and compost processes
(Liu et al. 2007) because of weight loss through organic matter
decomposition. A check on the results of sequential extraction
procedure was conducted by the overall recovery rates which
were equal to the ratio of the sum of exchangeable, carbonate,
Fe—Mn oxide, organic matter, and residual fractions, and the
total concentrations of Cu and Zn from HF-HNO;-HCI1O4
digestion procedure. The overall recovery rates of Cu and
Zn reached 87.3-106.7% in the present study, indicating that
sequential extraction method was exact and reliable in detect-
ing the speciation of Cu and Zn from anaerobic digestion of
pig manure.

The distribution of the chemical fractions is shown in
Fig. 3. The highest percentage of Cu was associated with
organic matter; this value increased from 44.6% for raw slur-
ries to 74.4-85.5% for the digested solid phase. A similar
result was also reported in swine manure compost (Hsu and
Lo 2000). This trend might be due to the high affinity of Cu
for humic acid species (Donner et al. 2012). But Suanon et al.
(2016) found that the chemical fraction of Cu was dominant in
Fe—Mn oxide-bound fraction under nanoscale ZVI and mag-
netite after anaerobic digestion, whereas carbonate-bound and
organic-bound fractions apparently decreased after anaerobic
digestion. From Fig. 3a, the amount of exchangeable, carbon-
ate, and Fe—Mn oxide fractions decreased in the solid phase
after anaerobic digestion compared with raw slurries.
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Fig. 2 The variations in pH, VFAs, COD, NH4 "N, and TA content of the liquid

Literature reported that exchangeable fraction is susceptible to
change of ionic composition in the liquid, and carbonate frac-
tion is readily influenced by pH variations, whereas Fe—Mn
oxide fraction is unstable in reductive conditions (He et al.
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2009). Hence, this change indicates that the bioavailability
of Cu decreased after anaerobic digestion. The residual frac-
tion only slightly changed, i.e., from 10.4% for raw slurry
before anaerobic digestion to 7.3—11.7% for the four groups
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Fig. 3 Change in the distribution of the chemical fractions of Cu (a) and
Zn (b)

after anaerobic digestion (Fig. 3a). Compared with the control
group (R1), a lower carbonate and Fe—Mn oxide fractions and
a higher residual fraction occurred at amended groups.
Carbonate and Fe-Mn oxide fractions are unstable, whereas
residual fraction is permanently fixed in crystal lattice and
stable (He et al. 2009). This indicates that the bioavailability
of Cu for amended groups was lower than that of control
group (R1).

Zinc was principally distributed throughout the carbonate
fraction (49.6-58.9%) and Fe—Mn fraction (18.7-32.3%;
Fig. 3b). A similar result was reported in the swine manure
compost (Hsu and Lo 2000). Suanon et al. (2016) also report-
ed that Zn was dominant in Fe-Mn oxide-bound fraction un-
der nanoscale ZVI and magnetite after anaerobic digestion. By
contrast, Donner et al. (2012) found that Zn was mainly
partitioned to iron oxides in biosolids. The residual fraction
of Zn significantly increased in the groups with added micro-
scale ZVI and/or magnetite (p < 0.05). Moreover, the ex-
changeable fraction of Zn significantly decreased in the
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E=L1:
0.8 |-
» 06
=
<
>
o
04 |
0.2
0.0
Cu Zn
Heavy metal

Fig. 4 Change in ¢ value before and after anaerobic digestion

groups with the added microscale ZVI (p < 0.05). A lower
Fe—Mn oxide and organic fractions and a higher residual frac-
tion for amended groups indicate that the bioavailability of Zn
for amended groups was lower than that of control group (R1).

The ¢ value calculated by Eq. (2) showed that the control
group (R1) did not decrease the bioavailability of Cu and Zn.
By contrast, ZVI addition (R2 and R4) decreased the bioavail-
ability of Cu and Zn. Moreover, magnetite addition (R3) de-
creased the bioavailability of Zn and slightly increased the
bioavailability of Cu (Fig. 4). Dong et al. (2013) studied the
change in heavy metal speciation during high-solid anaerobic
digestion of sewage sludge and found a slight increase in the
values of ¢ for Cu and Zn after anaerobic digestion. By
contrast, Suanon et al. (2016) used the total percent of
water-soluble, exchangeable, and carbonate-bound fractions
of heavy metal as mobility factor to assess the bioavailability
of heavy metal. They found that nanoscale ZVI and magnetite
decreased the bioavailability of heavy metals, including Cu
and Zn.

Based on the above analysis, it can be concluded that
the addition of microscale ZVI during anaerobic digestion
changed the distribution of the chemical fraction and de-
creased the bioavailability of Cu and Zn, because ZVI
might change chemical speciation by adsorption, reduction,
surface precipitation, and co-precipitation with various iron
corrosion products (Fu et al. 2014), thereby decreasing the
bioavailability of Cu and Zn. Magnetite, the major
end-product of ZVI anaerobic corrosion, might enhance
the biodegradation of organic matter by direct interspecies
electron transfer, thereby changing the distribution of Cu
and Zn. Based on R4 with a higher performance in meth-
ane production and bioavailability reduction, it was con-
cluded that the ZVI anaerobic corrosion end-product, mag-
netite, might help enhance methane production through di-
rect interspecies electron transfer in ZVI-anaerobic diges-
tion process.
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Conclusions

After 30 days of digestion, the methane yields from the anaer-
obic digestion of pig manure ranged from 246.9 to 334.5 mL/g
VS added. Microscale ZVI and/or magnetite addition in-
creased 20-26% of methane yields. The results of the
first-order kinetic model revealed that ZVI and/or magnetite
addition increased the biogas production potential, rather than
the biogas production rate constant. Furthermore, the ZVI
anaerobic corrosion end-product, magnetite, might help en-
hance methane production through direct interspecies electron
transfer in ZVI-anaerobic digestion process. Moreover, micro-
scale ZVI and/or magnetite addition changed the distribution
of the chemical fractions and regulated the bioavailability of
Cu and Zn. The combined action of microscale ZVI and mag-
netite achieved better performance.
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