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from different sediments on
microbial degradation of 2,20,4,40,5,50-
hexachlorobiphenyl (PCB153), and their polyphasic
characterization

Dongdong Zhang,†a Ning Zhang,†a Xinwei Yu,b Zhichao Zhang,b Shengmao Yangcd

and Chunfang Zhang*ae

This study was carried out to evaluate the activity of humins from four different sediments as electron

mediators for microbial reductive dechlorination of 2,20,4,40,5,50-hexachlorobiphenyl (PCB153) and to

analyze the electron-mediating characteristics of humins. All the humins showed stable electron-

mediating activity in microbial dechlorination with the total removal of PCB153 in the range 0.19–0.32 mg

L�1. Among the humins examined, that extracted from Qizhen Lake sediment, which was the richest in

carbon (4.79%) and contained the highest concentration of Fe (11.04 mg g�1 sample), showed the best

performance. Fourier transform infrared analysis showed that all the humins exhibited similar spectra

with varying absorbance intensity. A prominent band detected near 1635 cm�1 indicated the presence of

C]C and C]O bonds, which are generally considered to be associated with redox reactions. Cyclic

voltammetry analysis confirmed the presence of redox-active moieties in all the humins, with the

estimated redox potentials ranging from �0.4 to 0.3 V (versus a standard hydrogen electrode). The

polyphasic characterization of humins and the observed stable microbial community composition

regardless of humin origin indicated that microbial dechlorination activity is associated with multiple

properties of humins, notably Fe content and the presence of C]O and C]C bonds and redox-active

moieties.
1. Introduction

Naturally occurring humic substances (HSs) are redox-active
organic matters that are widely distributed in the environ-
ment, including soils, sediments, peatlands, and wetlands.1

HSs consist of the tissue residues of plants, animals, and
microbes at different stages of decay,2 and various types of
heterogeneous organic matter closely combined with inorganic
matter.3 HSs are considered to be recalcitrant organic materials;
however, they have been reported to be dynamically involved in
carbon and electron ow in anaerobic environments,4 which
implies their potential role in the transformation and
, Zhejiang University, Zhoushan 316021,

n; Tel: +86-13757138134

ntrol and Prevention, Zhoushan 316021,

and Fertilizer, Zhejiang Academy of

ejiang, China

y Research Center, Hangzhou 310021,

neering, Guilin University of Technology,

is study and are joint rst authors.

hemistry 2017
detoxication of pollutants.5 During the past two decades, the
function of HSs as electron mediators has been studied exten-
sively using soluble HSs (such as humic acid) and their quinoid
analogues.6,7

From 1929 to 1978, polychlorinated biphenyls (PCBs),
a typical group of highly recalcitrant chlorinated organic
pollutants, were widely used in electrical capacitors, plasti-
cizers, transformers, ame retardants, solvent extenders, and
dielectric uids for industrial applications because of their
favorable dielectric properties and chemical stability.8 Despite
longstanding prohibitions on their manufacture and usage,
PCBs are still widespread and persistently distributed
throughout global ecosystems, particularly in the bottom sedi-
ments of rivers, lakes, and marine environments.9–12 PCBs pose
a signicant threat to ecosystems and to human health because
of their extraordinary stability and high toxicity, e.g., accumu-
lation and metabolism of fat-soluble PCBs in humans can lead
to developmental and reproductive toxicity, endocrine effects,
dermal toxicity, carcinogenesis, and hepatotoxicity.10 According
to the International Council for the Exploration of the Seas
(ICES), the presence of PCBs, particularly the isomers 101, 118,
138, and 153, is regarded as a marker of the degree of industrial
contamination.13 2,20,4,40,5,50-Hexachlorobiphenyl (PCB153) is
RSC Adv., 2017, 7, 6849–6855 | 6849
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a high-chlorinated PCB congener and one of the most prevalent
PCB congeners associated with environmental contamination.14

In terms of the microbial decontamination of PCB congeners,
aerobic microorganisms can only degrade the low-chlorinated
PCB congeners (i.e., those with #5 Cl atoms). Some anaerobic
microorganisms, however, are able to use high-chlorinated
PCBs as electron acceptors.15 Anaerobic bioremediation has
accordingly attracted attention as a potential cost-effective
technology for detoxifying high-chlorinated PCBs.16 However,
it is known that PCB-dechlorinating cultures typically require
soils or sediments to sustain dechlorination activities.11,17 To
date, however, the roles of soils or sediments in PCB dechlori-
nation activity have been poorly analyzed.

Recently, we reported for the rst time that solid-phase
humin, a fraction of HSs that is insoluble under all pH condi-
tions, serves as an electron mediator for maintaining microbial
reductive dechlorination of pentachlorophenol (PCP) and
reductive debromination of tetrabromobisphenol A (TBBPA).18–20

In these cultures, soil was successfully replaced with humin to
maintain microbial dehalogenation activity.18–20 Solid-phase
humin, being a substance of natural origin, is suitable for utili-
zation as an electron mediator in in situ remediation because of
its non-toxic nature and effective retention within the system.
These ndings and the ubiquity of humin suggest that this
naturally occurring material might be useful as a solid-phase
redox mediator for dehalogenation of highly halogenated
aromatic compounds. Therefore, in this study, we aimed to
investigate whether humins can sustain PCB153 dechlorination
activity by serving as electron mediators, and to determine the
inuence of natural sources of humins on their role as solid-
phase electron mediators.

Here, a sediment-dependent PCB-dechlorinating culture was
used as an inoculum source for examining the activity of humins
from different natural sediments as electron mediators. We also
performed chemical, spectroscopic, and electrochemical anal-
yses of humins, and microbial community analysis in order to
gain insights into the electron-mediating nature of humins.
2. Materials and methods
2.1. Sediment samples

Sediment samples used in this study were obtained from four
sources (Lingqiao river sediment [29�5105900N, 121�3303500E], Xixi
wetland sediment [30�15002700N, 120�302500E], Qizhen lake sediment
[30�1802800N, 120�50300E], and Huzhou pond sediment [30�4603800N,
120�90500E]) in Zhejiang Province, China. These samples were air
dried and stored at 4 �C in a refrigerator until use.
2.2. Extraction and purication of humins

Humins were obtained from sediments as previously
described.18 Briey, air-dried sediments were extracted with 2%
hydrouoric acid (HF) to remove the clay minerals and silicate.
The HF-treated residue was then extracted at least 10 times with
0.1 M NaOH until there was no obvious dark color in the extract.
The sediment residue remaining aer alkaline extraction was
further treated with 2% HF to concentrate the organic matter.
6850 | RSC Adv., 2017, 7, 6849–6855
Finally, the residue was thoroughly rinsed with distilled water to
neutralization and freeze-dried as the humin. All the solutions
and distilled water used during the extraction were ushed with
N2, and all the centrifugation steps were carried out at 8000 � g
for 10 min. Humins extracted from sediment collected from the
Lingqiao river (LQ), Xixi wetland (XX), Qizhen lake (QZ), and
Huzhou pond (HZ) were designated as LQ-HM, XX-HM, QZ-HM,
and HZ-HM, respectively.

2.3. Inuence of humin on microbial reductive PCB153

dechlorination

An anaerobic PCB153-dechlorinating humin culture was
enriched from a sediment-dependent PCB153-dechlorinating
culture (unpublished data). The sediment culture had been
maintained through serial transfers of 5% (v/v) of the inoculum
for three generations before transferring to fresh medium using
humin as a substitute for sediment.

For preparation of the humin culture, we used 50 mL serum
bottles containing 20 mL of mineral medium, 0.25 g of freeze-
dried humin, 0.2 mm lter-sterilized vitamin solution,21 and
20 mM formate, all ushed with nitrogen gas. A stock solution
of PCB153 (100 mg L�1 in acetone) was added to culture, yielding
a nal concentration of 0.5 mg L�1. The bottles were sealed
using Teon-coated butyl rubber stoppers and aluminum seals,
and autoclaved at 121 �C for 30 min. The cultures were incu-
bated statically at 30 �C in the dark for 90 days. The mineral
medium consisted of (per liter) 1.0 g of NH4Cl, 0.05 g of
CaCl2$2H2O, 0.1 g of MgCl2$6H2O, 0.4 g of K2HPO4, 1 mL of
trace element SL-10 solution, 1 mL of Se/W solution, 15 mM
MOPS buffer (pH 7.2), and 50 mg L�1 resazurin-Na.22

The inuence of the humins from different sediments on the
microbial PCB153 dechlorination activity was examined by
conducting an incubation experiment using the same proce-
dure as that used for culture maintenance. Humins were added
at the same concentration and autoclaved with the medium.
Aer appropriate incubation periods, 1 mL of the culture was
sampled, and then PCB153 and its metabolites in the culture
were extracted with acetone and n-hexane (1 : 9) and analyzed
using a gas chromatography-mass spectrometry system (Agilent
Technologies, GCMSD5975, United States) equipped with an
HP-5MS column (Agilent Technologies, United States). The
cultures incubated with different humins were transferred (5%,
v/v) to freshmedium (as described above) containing 0.5 mg L�1

of PCB153 aer the same incubation period (approx. 90 days). A
biotic control without the addition of humin, but with inoc-
ulum, and an abiotic control without inoculum but with QZ-HM
were also analyzed. Recovery rates of PCB153 (0.5 mg L�1) during
the extraction process were also examined. The inuence of
humins on dechlorination was assessed aer at least two
transfers of the culture into newmedium. All of the experiments
were performed in duplicate sets, and each set was repeatedly
examined at least three times to conrm the results.

2.4. Chemical characterization

The contents of carbon, hydrogen, nitrogen, and sulfur in
humins of different sediments were determined using a Yanaco
This journal is © The Royal Society of Chemistry 2017
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Fig. 1 Comparison of dechlorination of PCB153 in cultures containing
different humins after incubation for 90 days. Data show the mean
values of duplicate cultures, and vertical bars show the difference in
duplicate samples.

Table 1 The physicochemical properties of humin samples

Humins

Yield (mg
humin per
g sediment)

Elemental composition
(%)

C/N H/C H/NC H N S

LQ-HM 44.9 2.90 1.14 0.17 0.10 17.39 0.39 6.84
XX-HM 174.2 2.66 1.55 0.18 0.10 14.44 0.58 8.40
QZ-HM 49.0 4.79 1.90 0.29 0.38 16.30 0.40 6.46
HZ-HM 537.9 1.51 1.19 0.09 0.12 16.55 0.78 12.97

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

0 
Ja

nu
ar

y 
20

17
. D

ow
nl

oa
de

d 
on

 1
1/

28
/2

02
5 

9:
05

:5
4 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
MT-5 CHN-corder (Yanaco New Science Inc., Kyoto, Japan), with
antipyrine used as a standard. Metals in humins were analyzed
using inductively coupled plasma atomic emission spectros-
copy (Optima 3300DV, PerkinElmer, Yokohama, Japan) aer
digestion with perchloric acid and nitric acid.

2.5. Spectroscopic characterization

Fourier transform infrared (FTIR) spectra of humins were
determined using the KBr pellet technique in the 400–4000
cm�1 range at a resolution of 4 cm�1 and eight accumulation
modes using a JASCO FT/IR-6100 spectrometer (JASCO, Tokyo,
Japan). Correction of spectra was performed using pure KBr and
ambient air.

2.6. Electrochemical analysis

Cyclic voltammetry (CV) measurements were obtained under
anaerobic conditions using a potentiostat (HSV-110; Hokuto
Denko Inc., Osaka, Japan), consisting of a twisted platinum (Pt)
working electrode and counter electrode (0.8 mm� 1 m; Nilaco,
Tokyo, Japan), and an Ag/AgCl reference electrode (6 mm �
15 cm; Fusheng Analytical Instruments Co., Shanghai, China).
For the CV analysis, 0.25 g of humin sample was suspended in
50 mL of dimethyl sulfoxide (DMSO) containing 1 mM NaClO4

as an electrolyte.23 The scan rate was 10 mV s�1, with a potential
range of �2.0 to 0.0 V (versus Ag/AgCl). All test solutions were
ushed with high-purity N2 prior to the measurement. Back-
ground scans were performed before each measurement.

2.7. Denaturing gradient gel electrophoresis (DGGE)

The microbial communities in the PCB153-dechlorinating
cultures containing different humins were characterized by
PCR-DGGE. Bacterial 16S rRNA genes were amplied with the
universal primers 357f with a GC clamp and 517r.24 Resolved
bands were excised from the DGGE gel and sequenced as
described previously.20 Sequence similarity searches were per-
formed in the GenBank data library using the BLAST program.

3. Results
3.1. The inuence of humins on microbial reductive PCB153

degradation

Fig. 1 shows the PCB153 dechlorination in cultures containing
different humins aer incubation for 90 days. All humins ob-
tained from the four different sediments stably maintained the
microbial PCB153 dechlorination activity as electron mediators.
The major identied dechlorination products were 2,20,5,50-tet-
rachlorobiphenyl (PCB52) and 2,20,4,5,50-pentachlorobiphenyl
(PCB101). PCB101 is an intermediate product that is further
dechlorinated soon aer generation, and thus typically does not
accumulate. PCB52, derived via the removal of two chlorines from
PCB153, was not further transformed, and remained as the nal
dechlorination product. Aer 90 days, 0.19, 0.27, 0.32, and
0.26 mg L�1 of PCB153 was dechlorinated, with the production of
0.15, 0.25, 0.31, 0.23 mg L�1 of PCB52 in cultures containing LQ-
HM, XX-HM, QZ-HM, and HZ-HM, respectively. The biotic
control without the addition of humin showed very weak
This journal is © The Royal Society of Chemistry 2017
dechlorination activity, with the production of only 0.02 mg L�1

of PCB52. The abiotic control without inoculum did not show any
dechlorination activity. Collectively, these results indicated that
PCB dechlorination could be attributed to microbial activity and
that humins functioned as electron mediators for PCB dechlori-
nation. QZ-HM showed the best performance, followed in
descending order by XX-HM, HZ-HM, and LQ-HM. Of the initial
0.5 mg L�1 PCB153 in cultures, approximately 0.18 mg L�1

remained in the cultures containing QZ-HM aer incubation for
90 days. The XX-HM culture had a dechlorination rate similar to
that of the HZ-HM culture, whereas the LQ-HM culture exhibited
the slowest dechlorination rate. The recovery rate of PCB153

during the extraction process was in the range 90–105%.
3.2. Chemical characterization of humins

The yield (by weight), nonmetalloid element contents (C, H, N,
and S), and metal element contents (Fe, Cu, Mn, Zn, Cd, Cr, and
Pb) of the examined humins are shown in Tables 1 and 2. The
yield of humins varied from 44.9 to 537.9 mg per g sediment.
The high yield of HZ-HM may be attributed to the fact that the
source sediment was sampled from the bottom of an aquacul-
ture pond used for rearing black carp, the excrement and feces
of which contain large amounts of organic materials that
contribute to HS formation.

The C, H, N, and S contents (Table 1) varied in the range of
1.51–4.79% for C, 1.14–1.90% for H, 0.09–0.29% for N, and
RSC Adv., 2017, 7, 6849–6855 | 6851
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Table 2 Concentrations of metals in humin samples (mg per g humin)b

Origin of sediment Extracted huminsa Fe Cu Mn Zn Cr Cd Pb

Lingqiao river LQ-HM 9.93 0.43 0.19 0.10 0.09 N.D N.D
Xixi wetland XX-HM 10.19 0.48 0.21 0.10 0.10 N.D N.D
Qizhen lake QZ-HM 11.04 0.88 0.48 0.46 0.07 0.01 0.04
Huzhou pond HZ-HM 10.56 0.52 0.34 0.10 0.07 N.D N.D

a Humins were extracted from sediment collected in Lingqiao river (LQ-HM), Xixi wetland (XX-HM), Qizhen lake (QZ-HM), and Huzhou pond (HZ-
HM). b N.D denotes below the detection limit.
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0.10–0.38% for S. To obtain more detailed information on
humins, the atomic ratios of C/N, H/C, and H/N were calculated
from the elemental composition contents. The atomic ratios H/
C, C/N, and H/N differed widely among the different humins:
from 0.39 to 0.78, 14.44 to 17.39, and 6.46 to 12.97, respectively.

All the humins contained high concentrations of Fe (9.93–
11.04 mg per g humin) and Cu (0.43–0.88 mg per g humin)
(Table 2). Concentrations of Mn, Zn, and Cr were detected
ranging from 0.19 to 0.48, 0.10 to 0.46, and 0.07 to 0.10 mg per g
humin, respectively. The concentrations of Cd and Pb were very
low in QZ-HM, and they were below the limit of detection in LQ-
HM, XX-HM, and HZ-HM.
3.3. Spectroscopic properties of humins

FTIR spectra of humins are shown in Fig. 2. It can be seen that
bands near 3673 and 3618 cm�1 as well as a broad peak at 3409
cm�1 are present in all humins, which were assigned to the
n(OH) vibration of carboxylic or phenolic groups.25 The peaks
appearing at approximately 2919 and 2844 cm�1 can be attrib-
uted to the symmetric and asymmetric vibrations of aliphatic
Fig. 2 Fourier transform infrared (FTIR) spectra of humins extracted
from four different sediments. Abbreviated names of the humins are
the same as those presented in Table 1.

6852 | RSC Adv., 2017, 7, 6849–6855
groups (CH), respectively.25 The band appearing at 1635 cm�1,
which was most prominent in QZ-HM, was assigned to the
stretching of phenyl-conjugated C]C and C]O bonds,
whereas another band near 1476 cm�1 was assigned to CH3

deformation and CH2 bending. The band appearing at
approximately 1371 cm�1 was assigned to symmetric stretching
of COO� and to the bending vibrations (d) of aliphatic groups.25

The band at 900 cm�1 was assigned to aromatic CH
deformation.19

3.4. Electrochemical properties of humin

To assess the redox-active moieties in the humins, CV experi-
ments were carried out using DMSO as a solvent. Humic
substances generally produce cyclic voltammograms with little
or no useful structures because of the lack of electrode activity,
DMSO was applied to increase the reactivity between the humin
and the electrode.18 A redox couple was observed in all the
humin samples (Fig. 3), and was particularly pronounced in QZ-
HM. The redox potential of humin was estimated from CVs in
DMSO, and the potential in DMSO versus Ag/AgCl was approx-
imately equal to the potential in H2O versus a standard
hydrogen electrode (SHE) plus 0.45 V.23 This had previously
been conrmed in our research on soil humins.18 On the basis
of this correction, the redox potentials of humins were esti-
mated to be �0.38 V (versus SHE) for LQ-HM, �0.40 V for XX-
HM, �0.35 V for QZ-HM, and �0.30 V for HZ-HM.

3.5. Microbial community analysis based on 16S rRNA gene
sequencing

Fig. 4 shows PCR-DGGE proles of the microbial communities
in the PCB153-dechlorinating cultures containing different
humins aer incubation for 90 days. The microbial communi-
ties in the different PCB153-dechlorinating cultures were found
to be comparable, and there were no obvious differences in the
predominant bacteria. Bands 1, 2, and 3 were, respectively,
closely related to an uncultured bacterium (NCBI accession
number: HQ688519; 96% similarity between the band sequence
and the closely related reference sequence), Clostridium sp.
(AB275141; 96% similarity), and Bacillus sp. (JX434141; 95%
similarity).

4. Discussion

In this study, we successfully replaced sediment with humin in
a sediment-dependent PCB153-dechlorinating culture. All
This journal is © The Royal Society of Chemistry 2017
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Fig. 3 Cyclic voltammetry of different humins using dimethyl sulfoxide as a solvent. Abbreviated names of the humins are shown in the vol-
tammograms, which are the same as those presented in Table 1.

Fig. 4 Denaturing gradient gel electrophoresis (DGGE) fragment
patterns of bacterial 16S rRNA genes amplified from DNAs in the
PCB153-dechlorinating cultures containing different humins after
incubation for 90 days. The long arrow represents the direction of the
gel gradient (40–70%). The bands that migrated to a similar position in
the gel were presumed to have similar sequences. Bands (1–3) were
excised from the gel and sequenced.
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humins used in this study showed stable electron-mediating
activity in microbial reductive PCB153 dechlorination,
although with varying effectiveness. The major identied
dechlorination products were PCB52 and PCB101. PCB52, which
This journal is © The Royal Society of Chemistry 2017
is derived from PCB153 via the removal of two chlorines, did not
undergo further transformation and remained as the nal
dechlorination product. This nding is not exceptional, as
many anaerobic PCB153 dechlorination cultures can only
transform PCB153 to tetra- or pentachlorinated congeners.26 It is
generally accepted that highly chlorinated PCB congeners can
undergo reductive dechlorination in anaerobic environments,
with meta- and para-chlorines being more susceptible to
dechlorination than ortho-chlorines,27 and that highly chlori-
nated PCBs are initially anaerobically dechlorinated to lightly
chlorinated PCB congeners that can subsequently be degraded
by aerobic bacteria.28 It has also been demonstrated that PCB
biotransformation is enhanced and accelerated in paddy elds
subjected to a succession of dry and ooded conditions (an
alternating oxic–anoxic environment).29 Numerous researchers
have accordingly combined anaerobic and aerobic processes for
effective biodegradation of PCBs.30

No dechlorination metabolites were detected in the abiotic
control and the observed losses of PCB153 in this culture could be
attributable to volatilization and adsorption. Compared with the
cultures containing humins, the biotic control without the
addition of humin showed considerably weaker dechlorination
activity. The dechlorination of PCBs was thus obviously enhanced
by the application of humin to cultures. These results conrmed
the electron-mediating function of humins for PCB153 dechlori-
nation and indicate that humin may function as a naturally
occurring solid electron mediator for the widespread application
of halorespiring microorganisms. Furthermore, all the humins
may have similar characteristics regarding the structural prop-
erties that are conducive to electron mediation during the
reductive dehalogenation reactions. Therefore, in order to further
understand the redox activity of humins, the chemical, spectro-
scopic, and electrochemical properties of these materials were
analyzed: elemental composition, FTIR, and CV.

Humins extracted from different sediment origins showed
different yields and elemental compositions. This is consistent
RSC Adv., 2017, 7, 6849–6855 | 6853
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with the notion that HSs of different origin exhibit heterogeneity
in their structural and compositional characteristics.31 The H/C
ratios clustered around 1.0 suggest that their chemical struc-
tures mainly comprise an aromatic framework.32 Therefore, the
low H/C ratios (from 0.39 to 0.78) detected in the present study
imply the predominant aromatic nature of the extracted humins
and their low degree of aliphatic condensation.

The analysis of metals in humin showed that the Fe content
was positively correlated with the microbial PCB153 dechlori-
nation rate. QZ-HM facilitated the best dechlorination perfor-
mance, with 0.32 mg L�1 of PCB153 being removed aer
incubation for 90 days, indicating that the redox functions
inherent in the humin from Qizhen lake sediment may be more
active and can more effectively facilitate the electron-mediating
process for dechlorination. This humin was richest in C
(4.79%), N (0.29%), and S (0.38%), and contained the highest
concentrations of metals, particularly Fe (11.04 mg per g
humin) and Cu (0.88 mg per g humin). Consistently, LQ-HM,
which had the lowest concentration of Fe (9.93 mg per g
humin), showed the lowest dechlorination rate. It has previ-
ously been demonstrated that Fe in humin is very important for
the electron-mediating activity of humin and that Fe can acti-
vate and stabilize the electron-mediating groups harbored in
HSs.33,34 Consequently, the high Fe concentration in QZ-HM
may explain the good performance of this humin as an elec-
tron mediator.

Fig. 2 shows that the four different sediment humins
examined in the present study exhibit similar FTIR spectra with
different absorbance intensity, indicating that these humins
possess similar structures and may contain the same classes of
functional groups regardless of their origin. The band near 1635
cm�1 indicates the presence of C]O and C]C double bonds,
which are generally considered to be associated with redox
reactions. This is consistent with the dechlorination perfor-
mance of the humins, as QZ-HM exhibited the most prominent
band. Moreover, QZ-HM had the broadest peak at 3409 cm�1,
which was assigned to the n(OH) vibration of carboxylic or
phenolic groups.25 These groups might primarily contribute to
the redox activity of humin, probably in the form of organo-
metallic compounds, particularly those complexed with Fe.33 In
addition, some studies have shown that the immobilization of
alumina nanoparticles or complexation of metal on humic
substances could enhance the bioremediation of contaminants
as the electron mediator.33–36 Moreover, nitrogen and sulfur
functional groups, which have been reported as non-quinone
redox sites, may also be considered the redox-active functional
groups harbored within humins.37,38

Redox-active moieties were observed in all the sediment
humins used in this study, and the estimated redox potential of
these humins ranged from �0.4 to �0.3 V (versus SHE), as
determined by an analysis of the redox peaks obtained in the CV
results (Fig. 3). The intermediate values of the redox potential of
humins, between that of formate oxidation (�430 mV)39 and
reductive dechlorination with para-chlorines of PCBs (range of
274–472 mV)40 are consistent with their function as electron
mediators between formate oxidation and microbial dechlori-
nation reactions. These data demonstrated that the redox-active
6854 | RSC Adv., 2017, 7, 6849–6855
moieties present in humins can be classied in the same cate-
gory despite their heterogeneous nature. It has been reported
that the response of quinone moieties on Pt electrodes can be
improved in DMSO due to the strong chemisorption of DMSO to
Pt.23 Therefore, the improved CV signals for humins in DMSO
are considered to be attributed to quinone-type structures,
which have been reported as redox-active moieties.41 In addi-
tion, the CV of QZ-HM exhibits a well-dened redox couple,
whereas the CV of LQ-HM is narrow and the redox couple is not
obvious. These observations are consistent with the dechlori-
nation performance of humins.

On the basis of the 16S rRNA gene analysis using PCR-DGGE,
the compositions of microbial communities in the PCB153-
dechlorinating cultures containing different humins were both
comparable and very stable (Fig. 4). The stability of the micro-
bial composition was very important for successive sub-
cultivation and activity maintenance. Moreover, these results
further demonstrated that the differences in dechlorination
activities among the cultures containing different humins were
attributable to the humins, rather than to the microbial
community. However, we were unable to detect a band corre-
sponding to the dechlorination bacterium, which suggests that
the functional bacterium was not dominant in these cultures.
Further work is therefore required to conrm the functional
bacterium for PCB dechlorination, and to more fully under-
stand and utilize this humin-dependent PCB dechlorination
culture.

By acting as an electron mediator, solid-phase humin
successfully maintained the dechlorination activity in PCB153

dechlorination culture. This has important implications for the
detoxication of highly chlorinated PCBs, given the typical
requirements for soils or sediments in anaerobic PCBs
dechlorination cultures.11,17 Although all the sediment humins
examined in the present study facilitated the microbial reduc-
tive PCB153 dechlorination as electron mediators, their activity
differed. The chemical, spectroscopic, and electrochemical
properties of the examined humins showed that the microbial
dechlorination activity was associated with multiple properties
of humin, particularly the Fe content, C]O and C]C bands,
and n(OH) vibration of carboxylic or phenolic groups, as well as
redox-active moieties. Further study is warranted to elucidate
the functional groups of humin that act as electron mediators,
and to determine the mechanism of electron transfer between
humin and microorganisms.

5. Conclusions

Four humin samples from different types of sediment were
successfully applied in mediating microbial reductive PCB
dechlorination and their properties were characterized poly-
phasically. All the humins showed stable electron-mediating
activity in microbial reductive PCB153 dechlorination,
although with differing effectiveness. The microbial community
compositions of the examined humins were comparable,
despite the different origins of the humins, which further
indicated that the observed differences in dechlorination rate
were attributable to the humins, rather than to the
This journal is © The Royal Society of Chemistry 2017
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microorganisms. The polyphasic characterization of the
humins indicated that they possess similar structures and may
contain the same classes of functional groups, whereas the
microbial dechlorination activity was affected by multiple
properties of humin, particularly the Fe content, C]O and
C]C bands, n(OH) vibration of carboxylic or phenolic groups,
and redox-active moieties. Our study should advance our
understanding of the dechlorination mechanism in sediment-
dependent PCB dechlorination culture and the role of humin
as an electron mediator in the environment.
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