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H I G H L I G H T S

• Coupled bio-ZVI system showed better
performance on CP, TCP and COD re-
moval.

• Microorganisms in the coupled system
could protect ZVI from excessive cor-
rosion.

• ZVI could improve ETS activity and
Cytochrome C content of anaerobic
sludge.

• Functional enzymes and microbes for
CP and TCP removal increased in
coupled system.
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A B S T R A C T

Pesticide contaminants, such as chlorpyrifos (CP) and its more toxic metabolite 3,5,6-trichloro-2-pyridinol (TCP)
in farmland drainage have attracted extensive concerns around the world, and are in urgent need of treatment.
In this work, three groups of anaerobic reactors packed with zero valent iron (mono-ZVI system), ZVI coupled
with anaerobic sludge (coupled system) and anaerobic sludge (mono-cell system) were continuously operated to
investigate their performances on CP, TCP and chemical oxygen demand (COD) removal, as well as the reaction
mechanisms of ZVI coupling with anaerobic microorganisms. Results showed that the removal efficiencies of CP
and COD in coupled system were both around 95%. The corresponding results were 80% and 82% in mono-cell
system, and the unstable values in mono-ZVI system were around 86% and 70%. The TCP residual concentration
was the lowest in coupled system. The results of X-ray photoelectron spectrometer (XPS) and the photo images of
ZVI at the end of reaction implied that the presence of sludge and the interaction between microorganisms and
ZVI protected iron shavings from excessive corrosion. Moreover, the addition of ZVI promoted the electron
transfer in the anaerobic system, which was proved by the higher value of electron transport system (ETS)
activity and Cytochrome C (Cyt C) content of sludge with 250mg (g h)−1 and 20.71 nmol L−1 in coupled system,
compared to 200mg (g h)−1 and 17.56 nmol L−1 in mono-cell system. The improvement of extracellular poly-
meric substances (EPS) and anaerobic sludge granulation in the coupled system were on account of the existence
of ZVI. It was obvious that the key enzymes and microbial species functioned in COD, CP and TCP degradation
were enriched in coupled system.
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1. Introduction

Chlorpyrifos (CP) is a broad-spectrum chlorinated organophosphate
insecticide extensively used as the substitutes of highly toxic organo-
phosphate compounds [1]. It is widely used to control pests like corn
rootworms, flea beetles, cockroaches, lice, aquatic larvae and so on,
especially for agricultural applications [2]. As a result, excessive CP
could enter into the environment through spray drift, runoff and acci-
dental spill [3], and the maximum CP concentration observed in
farmland effluent in China reached to 26.07 μg L−1. The use of CP has
created various benefits, including increasing food production, con-
trolling insects and disease [4]. However, CP has serious adverse effects
such as toxicity to fish, aquatic invertebrate, human and other mam-
malian species [5,6]. One of the primary metabolites from CP de-
gradation is 3,5,6-trichloro-2-pyridinol (TCP), whose toxicity was much
higher than the parent compound CP [7]. Although TCP is not added to
the environment directly, it could be detected broadly in the farm an-
imals, the urine and blood of rats or human [8]. The long half-life in the
soil (from 65 to 365 days) and great solubility in water (80.9mg L−1) of
TCP make it easier to accumulate and diffuse in the environment, re-
sulting in the widespread pollution in water and soil [9,10]. It is no-
teworthy that TCP shows great antimicrobial effects on microorganisms
[2], which would hinder the degradation of itself as well as CP by
microorganisms [1]. Consequently, the treatment of CP and TCP is both
of great concern.

Coupled system of zero valent iron and anaerobic sludge has been
widely used to remove contaminants from wastewater in recent years,
including nitrate, 2,4-dinitroanisole, chemical oxygen demand (COD)
and pesticides [11–14]. In the bio-ZVI coupled system, ZVI and its
oxidation play positive roles in enhancing the activity, evolution and
diversity of functional microorganisms by reducing oxidation–reduc-
tion potential (ORP), neutralizing pH level and so on [11,15]. Besides,
various studies have confirmed that ZVI could reduce the toxicity of
pollutants to microbes, which may result from the ions (Fe2+ and
Fe3+), iron oxides (Fe3O4) and oxyhydroxides (Fe(OH)3) generated
from ZVI increasing the flocculation, adsorption and precipitation of
pollutants [11,16–18]. Some studies have utilized ZVI to degrade pes-
ticides like metolachlor, alachlor, chlorpyrifos, malathion and atrazine
[19,20]. Moreover, improved technologies on ZVI have been applied to
increase the removal efficiency of pesticides, including composite of
nanoscale ZVI and graphene as well as Fenton reagent [21,22]. How-
ever, there is little information about the application of bio-ZVI system
in CP removal. In our previous study [14], we have confirmed the
feasibility of bio-ZVI system for CP degradation. The iron shavings used
in our study have their particular advantages, for example, it is easy to
mix sufficiently in the system and difficult to agglomerate extremely. As
a result, there is little precipitate on the bacteria and the impact to the
bacteria activity can be reduced [12]. However, the continuous op-
eration performances of the coupled system for CP, TCP and COD re-
moval as well as the detailed mechanisms are lack of investigation.

Electron transfer has acquired much attention for illuminating the
mechanism of contaminant remove more thoroughly, but the electrons
are still hard to be monitored during the reaction process, especially in
the complicated coupled bio-ZVI system. Some studies have indicated
that ZVI or ferroferric oxide could promote the electron transfer in
anaerobic system [23,24]. Unfortunately, few studies have investigated
the electron transfer of coupled bio-ZVI system during the reaction in
the respects of electron transport system (ETS) activity and Cytochrome
C (Cyt C), both of them could reflect the activity of the electron transfer
in microorganisms or namely the electron transport efficiency [24,25].

As is well-known, enzymes in the anaerobic reactor could help mi-
croorganisms to enhance the ability of removing starch, proteins and
others [26]. Hydrolysis, acidification, methane production are the
dominant procedures in anaerobic system. These procedures are carried
out by various microbial communities and enhanced by some enzymes.
Various studies have confirmed that ferredoxin (FDX) and coenzyme

F420 were the key enzymes participating in the anaerobic steps [27].
They were closely connected with COD removal efficiency in the
system. Chlorpyrifos biodegradation process is series complex phases
carried out by various different enzymes. CP biodegradation process has
been roughly divided into three phases [28]. Phase 1 contains oxida-
tion, reduction or hydrolysis with the common enzymes like cyto-
chrome P450s, organophosphorus hydrolase (OPH), phosphotriesterase
(PTE) and so on [29,30]. CP and its metabolites are conjugated to
amino acid or glutathione in phase 2, and glutathione S-transferase
(GST) is the dominant enzyme. Phase 3 connects with the conversion of
phase 2 metabolites into nontoxic or non-polluting conjugates. It has
been reported that reductive dechlorination enzyme (RDH) is important
to the metabolite TCP [31]. Besides, the microbial communities were
equally important to the performance of systems on removing pollu-
tants, and many researchers have investigated the microorganisms re-
lated with CP and TCP removal [1,32]. Tang et al. [28] have analyzed
the microbial community structure in the CP removal by integrated
recirculating constructed wetlands (IRCWs). The results of high-
throughput sequencing stated that Actinobacteria and Bacillus able to
degrade CP and TCP were abundant in the systems. However, little
information about both enzyme and microorganism participating in CP,
TCP degradation in the anaerobic system or coupled bio-ZVI system was
available.

Therefore, the aims of this work are to (1) investigate the con-
tinuous operation performance of the anaerobic systems for CP, TCP
and COD removal; (2) analyze the changes of iron shavings and dif-
ferences of sludge characteristics between the systems; (3) analyze the
influence of electron transfer on reactor performance by measuring ETS
activity and Cytochrome C content; (4) explore the key enzymes and
microbial community structures functioning in COD, CP and TCP re-
moval. These findings would illuminate the advantages and mechan-
isms of coupled system for removing CP, TCP and COD by comparing
with mono-cell and mono-ZVI systems comprehensively, and could be
used as the theoretical support for applying the coupled bio-ZVI system
to degrade CP, TCP, COD and even other refractory contaminants. As a
result, this article is also meaningful to address the agricultural pesti-
cide pollution problem.

2. Materials and methods

2.1. Chemicals

Chlorpyrifos (99.0%) and 3,5,6-trichloro-2-pyridinol (99.0%) ob-
tained from Aladdin-reagent Company (Shanghai, China) were used in
the experiment. The stock solutions (100mg L−1) of CP and TCP pre-
pared in acetonitrile were stored in the dark at 4 °C before use. The iron
shavings (purity > 99%) with a BET (Brunauer–Emmett–Teller) sur-
face area of 0.283m2 kg−1 were obtained from Tengchun Biotech
Corporation (Nanjing, China). All chemicals were analytical regent
grade unless otherwise noted.

2.2. Anaerobic reactor set up and operation

Three anaerobic reactors made up of plexiglass (Φ150
mm×400mm) were used in this study (Fig. S1), including coupled
system (M+Fe), mono-cell system (M) and mono-ZVI system (Fe). The
reaction zone is located in the middle 110mm with the stirrer at the top
and the working volume was 2.8 L. The continuous circulating water
encircled the working zone and maintained temperature at 35 ± 2 °C
by the thermostat water bath, and the other details were the same as
our previous study [14]. The sludge (17.26 g of mixed liquor suspended
solids (MLSS) L−1) in the coupled system and mono-cell system were
achieved freshly from the anaerobic digester of Nanjing Jiangning
wastewater treatment plant (Nanjing, China). The dosage of iron
shavings in the coupled system and mono-ZVI system was 1 g L−1.
Three reactors were fed with the synthetic farmland wastewater, whose
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composition (Table S1) simulated that near Taihu Lake in China. The
simulated inlet flushed with nitrogen gas for 30min before entering the
reactors. The initial CP and COD concentrations were 800 μg L−1 and
70mg L−1, respectively. The reactors run regularly daily until the
system was stable for a certain time (2 months in our study), including
stirring with 70 rpm stirring speed, settling, effluent and influent
supply, the time of each period were 10.5 h, 1 h, 10min and 20min,
respectively.

2.3. Analysis of water samples

Water samples collected from the three reactors were stored in the
brown glass sampling bottles. The CP and TCP concentration of syn-
thetic wastewater were analyzed by a high-performance liquid chro-
matography (HPLC) [14]. COD was determined by microwave diges-
tion. After centrifuged for 10min at 10,000 rpm, 2.5 mL of supernatant
mixed with 2.5 mL distilled water was added in a Teflon vessel [33].
Then, 5.0mL standard potassium dichromate solution (K2Cr2O7) and
5.0 mL manganese sulphate-sulphuric acid catalyst were injected and
shaken. The mixture was microwave digested for 30min and then
placed for cooling. The reaction fluid was transferred into a 250mL
conical flask. The Teflon vessel was rinsed with Milli-Q water three
times and the solution was also collected (about 30mL total volumes).
The titration method was according to APHA standard methods [34].
The concentration of Fe2+ and total iron in the effluent at the end of
reaction were determined by Iron-phenanthroline spectrophotometry of
Water quality-Determination methods according to Environmental
protection industry standard of the People’s Republic of China. Each
sample was analyzed from three parallel preparations and the values
were given in terms of mean ± standard deviation.

2.4. Characterization and analysis of iron shavings

The differences and changes of surface functional groups of the
original iron shavings and the treated iron shavings in the mono-ZVI
and coupled system were characterized by Fourier transform infrared
spectroscopy (FTIR). The surface morphologies and the chemical states
of the surface elements were recorded by X-ray diffraction (XRD) and X-
ray photoelectron spectrometer (XPS).

2.5. Characterization and analysis of sludge

EPS was extracted from the sludge in coupled system and mono-cell
system. The process of extracting S-EPS, LB-EPS and TB-EPS covered
centrifugation, sonication and thermal extraction [35]. The specific
methods and procedures were provided in the Supplemental Material.
All of the EPS fractions were filtered through 0.45 μm acetate cellulose
membranes before analysis. Polysaccharide was determined by the
anthrone method with a glucose standard (Sinopharm). Protein was
determined by the BCA (bicinchoninic acid) procedure using total
protein quantitative determination kit obtained from NanJing Jian-
Cheng Bioengineering Institute (Nanjing, China).

The surface functional groups of sludge in M and M+Fe were
characterized by FTIR. The morphology of sludge was observed by a
scanning electron microscopy (SEM, Hitachi S-4800). Details were
provided in the Supplemental Material. The Zeta potential of the sludge
was measured using a laser diffraction instrument (Malvern Zetasizer
Nano ZSP, Malvern Instruments, UK).

2.6. Analysis of electron transfer

The method for analyzing ETS activity was according to the re-
duction of 2-(p-iodophenyl)-3-(p-nitrophenyl)-5-phenyl tetrazolium
chloride (INT) to formazan (INTF) [36]. 0.1 mL 0.2% INT solution was
added to 0.5mL sludge sample in 10mL centrifuge tube for incubation
under dark conditions and oscillated in the water bath oscillator

(30min, 37 ± 1 °C). Then 1mL 37% methanol was added to stop en-
zyme activity. Following centrifugation (10,000 rpm, 5min) to discard
supernatant, 5 mL methanol was added to the sediment and oscillated
in the water bath oscillator (10min, 37 ± 1 °C). After centrifuged for
5min at 10,000 rpm, the supernatant was measured by spectro-
photometer (UV-3600, Shimadzu, Japan) at 485 nm. The sediment was
dried at 105 ± 1 °C for 1 h and weighed [23,37]. ETS activity is de-
termined by

=
×

× ×

U D V
K W t

485

T (1)

where U is ETS activity (mg (g h)−1), D485 is absorbance at 485 nm, V is
volume of methanol (mL), KT is the slope of calibration curve, W is the
dry weight of sludge (mg), t is reaction time (h).

2.7. Microbial examination and enzymatic content

2.7.1. Microbial community structure analysis
The microbial community structure of the sludge samples were

detected using high-throughput sequencing technology. The method of
DNA extraction is referred to our previous study [14]. The DNA se-
quences were analyzed on an Illumina MiSeq platform by Guangzhou
Magigene Technology Co., Ltd. The other details were provided in the
Supplemental Material.

2.7.2. Enzymatic content measurement and statistical analysis
The content of Cyt C, FDX, F420, P450s, OPH, RDH, GST and PTE

were analyzed by double antibody sandwich enzyme-linked im-
munosorbent (ELISA) methods, according to the manufacturer’s pro-
tocol of the microbiological ELISA kit (Feiya Biotechnology, Jiangsu,
China).

P values and coefficient of pearson’s correlation (r) were used to
evaluate differences and the linear correlation between the content of
enzymes and pollutants removal efficiency in M+Fe and M. P values
less than 0.01 and between 0.01 and 0.05 were considered great sig-
nificant and slight significant, respectively.

3. Results and discussion

3.1. The performance of anaerobic reactor

3.1.1. CP and TCP removal
To investigate the CP and TCP degradation, the CP removal effi-

ciency and TCP generation concentration were compared every two
days until steady in the coupled system, mono-cell system and mono-
ZVI system during continuous operation (Fig. 1).

As shown in Fig. 1(a), the CP removal efficiency increased quickly
from 73.17% on the first day to 95.19% on 7 d in the coupled system,
thereafter, it always kept higher than 95%. The CP removal efficiency
in mono-cell system was around 80% when it reached a steady status.
Moreover, the CP removal efficiency in mono-ZVI system was not
stable, but most values were around 86%. During the whole reaction,
the CP removal efficiencies in mono-cell system and mono-ZVI system
were less than the coupled system, and the CP removal efficiency in
mono-cell system was the lowest. After 5 d (84.78% of CP removal
efficiency on 5 d), the changes of CP removal efficiency in mono-ZVI
system tended to decrease and the relative growth rate was higher than
the coupled system during the first 5 days (according to the inclination
of the dotted line in the Fig. 1(a)). In the mono-cell system, the relative
growth rate of CP removal efficiency was the smallest and the efficiency
still increased after 7 d (74.98% of CP removal efficiency on 7 d), which
means the addition of iron shavings in the mono-cell system could
decrease the stabilizing time.

The variations of TCP concentration in the three systems (Fig. 1(b))
were greatly different from that of CP removal efficiency. After 7 d, the
TCP concentration in the coupled system and mono-ZVI system both
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started to decrease but still increased in the mono-cell system. On the
first day, 99.60 and 67.18 μg L−1 of TCP were detected in the coupled
system and mono-cell system respectively. The TCP concentration in
the two systems tended to be steady after 29 d and 33 d with the steady
concentration around 30 and 53 μg L−1 respectively. Similar to the CP
removal efficiency in mono-ZVI system, the TCP concentration could
not reach an absolute stable state with the value around 100 μg L−1.
However, compared to the continuous changes from 1 to 21 d, the range
of TCP concentration changes decreased significantly after 21 d.

As a whole, the CP removal reached a stable state faster than TCP,
which could be explained by that TCP is more toxic than CP [7] and
harder to be degraded. These results demonstrated that the coupled
system could remove CP and TCP more efficiently and steadily than
mono-cell and mono-ZVI system during the continuous operation.

3.1.2. COD removal
Continuous COD removal is one of the important concerns when

evaluating the performance and practical application of the system.
Fig. 2 shows the results of the COD removal efficiency in the three
systems.

The COD removal efficiency increased rapidly during the first 7 d in
the coupled system, which occurred during the first 5 d and 9 d in the
mono-ZVI system and mono-cell system, respectively. During the rapid
growth period, the COD removal efficiency increased from 27.42%,

20.97% and 13.45% to 72.48%, 62.67% and 40.95% in the coupled
system, mono-cell system and mono-ZVI system, respectively. Besides,
the efficiency of COD removal in the coupled system was the largest
during the whole reaction. After the rapid growth period, removal rate
of COD increased slowly until 31 d and 39 d in the coupled system
(95%) and mono-cell system (82%). However, the COD removal effi-
ciency in the mono-ZVI system was not stable (around 70%). These
results illustrated that the coupled system showed much better perfor-
mance on removing COD than mono systems, and the removal effi-
ciency in biological system was better than that in chemical system.

3.2. Changes of iron shavings in the system

To explore the changes and role of ZVI in the systems, the iron
shavings at the end of the reactions were characterized. According to
the results of FTIR (Fig. S2(a)), the vibration at 3414 cm−1 and
1419 cm−1 represent the existence of –OH and O–H, and there was no
differences between the three iron shavings. However, the tiny vibra-
tions at 2850 and 2927 cm−1 representing –CH2 were obvious in the
original and mono-ZVI system, while they cannot be observed in the
coupled system. It may be explained that they were consumed as carbon
source by microorganisms in the coupled system [38]. The vibrations at
618 cm−1 can confirm the presence of the Fe-O on Fe2O3, which means
the ZVI have combined with the surrounding oxygen ions [39]. The
absence of this vibration in the original iron shavings and its presence
in the reaction systems meant the ZVI have been oxidized.

The XRD analysis of the iron shavings in original iron shavings,
coupled system and mono-ZVI system was shown in Fig. S2(b), and the
peak at 44.6° represents zero-valent iron. Four peaks observed around
30.1°, 35.4°, 56.8° and 63.06° represent ferric oxide. The peak at 65.14°
represents the existence of ferroferric oxide in the iron shavings. There
is also no obvious difference on XRD results between the iron shavings
in the coupled system and mono-ZVI system, while that of original ZVI
was significantly different from them.

To clearly investigate the transformation of iron shavings and the
differences between the coupled system and mono-ZVI system more
effectively, X-ray photoelectron spectroscopy was further carried out.
As shown in Fig. 3(a) and (b), Fe2p, O1s and C1s are the most sig-
nificant features in the two systems. Moreover, Ca2p, Si2p and Al2p are
also detected in the coupled system, while they were not obvious in the
mono-ZVI system. It could be explained that Ca, Si and Al element in
the anaerobic sludge have combined with iron shavings during the re-
action. For further analysis, the detailed spectra analysis of Fe2p, O1s
and C1s are provided in Fig. 3(c)–(h) with the corresponding binding
energies and peak areas summarized in Table S2. By combing the above
results of FTIR and XRD with the study of other researchers [12,40], the
ZVI in the two systems have turned into iron corrosion products, which
could be defined as FeO/Fe2O3/Fe3O4/FeCO3 and FeOOH in this study.
As shown in Table S2, Fe0 peak still could be detected in the coupled
system while it disappeared in the mono-ZVI system. Meanwhile, at the
end of reaction, the iron shavings in the mono-ZVI system (Fig. S3(a))
were decomposed much more seriously than that in the coupled system
(Fig. S3(b)). The detections of Fe2+ and total iron concentrations
showed that both of them in the mono-ZVI system (2.34 and
3.65mg L−1) were higher than those in the coupled system (0.18 and
0.29mg L−1). It illustrated that less ZVI reacted and less iron ions was
released in coupled system. The presence of sludge may be the key
influence factor, since microorganisms could consume the ionic iron as
necessary nutrients in their growth process [38]. These results also
demonstrated that the presence of sludge and the interactions between
microorganisms and ZVI may protect iron shavings from excessive
corrosion. Besides, Fe3+ is an effective flocculant and its hydrolysate Fe
(OH)3 could improve sludge flocculation settling efficiency and im-
prove COD, CP and TCP removal efficiencies [17].

Fig. 1. Changes of CP removal efficiency (a) and TCP concentration (b) in the
coupled system, mono-cell system and mono-ZVI system.

Fig. 2. Continuous operation performance of COD removal in the coupled
system, mono-cell system and mono-ZVI system.
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3.3. The electron transport

3.3.1. ETS activity analysis of sludge
The respiratory activity of microorganisms and the bioactivity of

sludge can be estimated by ETS activity, through monitoring the

electron transfer rate on the microbial respiration chain. The results of
ETS activity in the M+Fe and M were shown in Fig. 4. The ETS activity
increased in both systems during the early stage of reaction, and the
results in M+Fe were higher than those in M throughout the operation
periods. However, on 7 d, the ETS activity was only 89.87 and

Fig. 3. XPS spectra of iron shavings from ((a), (c), (e), (g)) coupled system and ((b), (d), (f), (h)) mono-ZVI system. (a), (b): total element analysis; (c), (d): Fe2p
analysis; (e), (f): O1s analysis; (g), (h): C1s analysis.
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71.46mg (g h)−1 respectively in M+Fe and M, which were lower than
original. This could be explained that the toxicity of TCP to micro-
organisms prevented the electron transfer on the microbial respiration
chain. After 7 d, the ETS activity begun to increase, which was con-
sistent with the TCP concentration changes in the systems (Fig. 1(b)).
Then, the ETS activity increased steadily after 35 d and maintained at
250mg (g h)−1 in M+Fe. The same state in M was 200mg (g h)−1

after 42 d. The stabilization time of ETS activity is generally in line with
that of COD removal (31 d and 39 d respectively in M+Fe and M
mentioned above). It has been confirmed that ETS activity in the acti-
vated sludge can act as the potential performance of substrate removal,
which was also confirmed in our study [24]. The results indicated that
the addition of ZVI could increase the ETS activity of anaerobic sludge.

3.3.2. Cytochrome C analysis in the sludge
To analyze the electron transfer capacity in the coupled system and

mono-cell system further, we tested the Cyt C concentration in the two
systems. Cyt C is an important water soluble hemoglobin enzyme and
ubiquitous in most living organisms, playing vital role in electron
transfer of organisms [41,42]. As shown in Fig. 4, the Cyt C con-
centrations in both M+Fe and M increased higher than the first day
during the reaction. The original Cyt C concentration was 14.49 nmol L-
1 and the final values were 20.71 and 17.56 nmol L-1 in M+Fe and M,
respectively. Moreover, during the whole reaction, the Cyt C con-
centration in M+Fe kept higher than that in M. Therefore, it can be
concluded that the ZVI in the M+Fe promoted the synthesis and ex-
pression of Cyt C, thereby accelerating the extracellular respiration and
electron transfer. This can be attributed to that iron is the cofactor of
the key enzymes for microorganisms’ extracellular respiration as well as
the important component of Cyt C [43].

Summarizing the results of ETS activity and Cytochrome C con-
centration, the addition of ZVI in the anaerobic system would promote
the synthesis and expression of Cyt C, the extracellular respiration of
microorganism and accelerate the electron transfer rate on the micro-
bial respiration chain. As a result, the electron transfer among micro-
organism, ZVI as well as the contaminants like CP, TCP and others
would be promoted in the coupled system. These positive effects could
be the core reason for the advantages of coupled system on removing
CP, TCP and COD, when compared with mono-cell system.

3.4. Analysis of EPS and sludge

3.4.1. Analysis of EPS
Protein (PN) and polysaccharide (PS) were main compounds con-

tained in EPS, they were analyzed to explore the differences of sludge
EPS between coupled system and mono-cell system under the same

reaction conditions. It was apparent that PN and PS in TB-EPS were
higher than that in S-EPS and LB-EPS (Table S3), which also could
confirm that TB-EPS content is more than S-EPS or LB-EPS contents and
acts as the major fraction of the sludge EPS [35]. In coupled system, the
PN and PS in S-EPS, LB-EPS and TB-EPS were all higher than that in
mono-cell system. Thereinto, the difference of TB-EPS between the two
systems were the most significant. Besides, Fe2+ acts as a chelating
agent promoting EPS generating and assists EPS to obtain more PN
[38]. Fe3+ could aid microorganisms to secrete PS [44]. PN and PS are
main compounds in EPS, so ionic iron could promote EPS generation.
While the toxic substance existed in the systems like CP and TCP, more
EPS could prevent their introverted transfer. Appropriate concentration
of ZVI can stimulate microbial self-protection mechanism and promote
microbe to secrete more EPS [45]. Besides, EPS is the sorption sites for
organic pollutants in the sludge [46]. Especially, protein plays a vital
role in the sorption of organic pollutants [47]. Probably because of
more protection of EPS to internal microbe and stronger absorption in
coupled system, the microbe could degrade CP and TCP better than that
in mono-cell system.

3.4.2. Analysis of sludge
Zeta is an important parameter to reflect the granulation of anae-

robic sludge. Fig. S4 shows the results of Zeta potential of sludge in
coupled system and mono-cell system. The absolute value of Zeta po-
tential in the coupled system and mono-cell system both decreased
during the reaction, the values changed from −19.07mV (the first day)
to −10.52 and −12.33mV (the final day), respectively. Because of the
existence of –OH, –COOH (Fig. S5) and other dissociated negative
groups, the anaerobic sludge is generally electronegative. During the
whole reaction, the absolute value of Zeta potential in coupled system
was lower than that in mono-cell system. We have verified that PN
content in coupled system was higher than that in mono-cell system (in
paragraph 3.4.1), meaning more amino groups with positive charge in
the system. This would cause the groups with negative charge relatively
decreased, and lead to the absolute value decrease of Zeta potential
[48]. Furthermore, ferrous and ferric ion dissolving from ZVI combined
with the negative group on the surface of the sludge, thereby com-
pressing double layer and decreasing the absolute value of Zeta po-
tential. In a word, the absolute value of Zeta potential in coupled system
was lower than mono-cell system. According to DLVO theory, the lower
electrostatic repulsion would be beneficial for sludge polymerization.
Moreover, microbial metabolism would become faster with Fe2+ in-
creasing in the system [49,50]. Based on these factors, the sludge in the
coupled system would aggregate more easily, thereby accelerating the
sludge granulation. Besides, Fe2+ could form a three-dimensional stable
structure with EPS, which would enhance the stability of granular
sludge [51].

To investigate the morphology of sludge in the continuous opera-
tion, the SEM images of the sludge are given in Fig. S6c and d. We also
provided the sludge SEM images in batch experiments (Fig. S6a and b)
from our previous study [14] to compare the differences between
continuous operation and batch experiments. The cocci-shaped sludge
in coupled system of continuous operation (Fig. S6c) was more obvious
than that of batch experiment (Fig. S6a). However, the structure of the
sludge in mono-cell system after continuous reaction was still clump-
shaped or rod-shaped principally, which was close to batch experiment.
In a word, the addition of ZVI in the anaerobic system would promote
the granulation of sludge, and the phenomenon in continuous operation
was more obvious than that in batch experiment. Granular sludge has
been confirmed to achieve better biodegradation performance on pol-
lutants [52], which was consistent with the removal results of CP, TCP
and COD removal mentioned above in this study.

Fig. 4. The ETS activity and Cytochrome C concentration in coupled system
(M+Fe) and mono-cell system (M).
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3.5. Microbial community structures and key enzymes

3.5.1. Microbial community profiles
The microbial community diversity and community structure of the

sludge in M+Fe and M were detected by 16S rRNA gene based on
Illumina Miseq2500 high-throughput sequencing. The main bacterial
community at phyla or genera level of M+Fe and M involved in COD,
CP and TCP degradation were shown in Fig. 5(a) and (b), respectively.
The other details and analysis about the microbial community structure
and diversity (Fig. S7) were provided in the Supplemental Material.
Thereinto, the abundance of Pseudomonas and Zoogloea in M+Fe
(2.15% and 3.23%) were higher than that in M (1.41% and 2.93%).
They are famous for producing glue-like EPS and binding cells together,
which are vital for sludge granulation [53]. The phyla of Acidobacteria,
Bacteroidetes, Chloroflexi and Proteobacteria were well known for their
relevance to key anaerobic steps including acetogenesis and methano-
genesis [54]. According to the relative size of bubble in Fig. 5(a), it is
obvious that most of them have higher abundance in M+Fe than M
except for Bacteroidetes. The similar rule was observed at the genera
related to denitrification and COD removal, such as Nitrospira [55],
Uliginosibacterium [56] and Methanobacterium [24]. Besides, the abun-
dance of Geobactor was only 0.007% and 0.004% in M+Fe and M,
which can metabolize ethanol to acetate and promote the electron
transfer [57].

The phyla and genera connected with the CP and TCP degradation
were shown in Fig. 5(b). Proteobacteria (39.73%), Pseudomonas
(2.15%), Acinetobacter (0.12%), Bacillus (0.20%) were obvious in
M+Fe, with the corresponding abundances in M were 37.70%, 1.41%,
0.09% and 0.07%, respectively. Proteobacteria was reported to be con-
nected with TCP and organophosphorus (OP) pesticides [58]. Various
studies have confirmed that Pseudomonas, Acinetobacter and Bacillus
have the ability to degrade CP or TCP [59–61]. The abundance of
Paracoccus and Agrobacterium were tiny and only 0.034% and 0.001%
in M+Fe with 0.02% and 0.0004% in M, but it was still higher in
M+Fe than M. Paracoccus and Agrobacterium also could degrade CP or
TCP, and Paracoccus was reported to be capable of mineralizing CP
completely with no accumulation of TCP [28,62].

Based on the above results, most species became more abundant in

M+Fe than M. However, there are still a few species like
Uliginosibacterium and Bacteroidetes enriching more in M. Thereinto,
Uliginosibacterium is related to COD removal, but is mainly about de-
nitrification [56]. In a word, iron shavings in the system had obvious
selectivity on bacterial community structure. ZVI could make anaerobic
sludge enrich different functional microorganisms and possess more
species on CP, TCP and COD removal. As a result, the performance of
coupled system on CP, TCP and COD removal was enhanced.

3.5.2. Key enzymes analysis
FDX and coenzyme F420 represent the performance of COD removal

(Fig. 6a and b), which are respectively key enzymes for acetate pro-
duction and methane generation [27,63]. It was found that the FDX
content in M+Fe and M increased respectively from original

Fig. 5. The bubble diagram of bacterial community abundance at phyla or genera level in coupled system (M+Fe) and mono-cell system (M): (a) participating in
COD removal, (b) participating in CP and TCP degradation (the bigger relative size of the bubble means the higher abundance of bacterial community).

Fig. 6. The content of F420 (a) and FDX (b) in coupled system (M+Fe) and
mono-cell system (M).
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102.93 ng L−1 to ultimate 152.14 and 131.57 ng L−1 with F420 content
from 28.52 ng L−1 to 48.45 and 36.47 ng L−1. Obviously, both of FDX
and F420 content in M+Fe were higher than that in M, and increased
rapidly at the first week in M+Fe. The results agreed with the abun-
dance of microbial communities in Fig. 6a. Fe is the essential compo-
nent of FDX and can promote FDX activity [64], so the content of FDX
in M+Fe was higher than M. Besides, the activity of FDX and F420
could increase significantly under low oxidation-reduction potential
(ORP). In our previous study [14], we have confirmed that ZVI in the
anaerobic system could decrease the ORP, which is important for in-
creasing the content of FDX and F420 and then improving COD removal
in the M+Fe.

The common enzymes responsible for the metabolism of CP were
mainly OPH, RDH, cytochrome P450s, GST and PTE. As shown in Fig. 7,
the content of GST, RDH, OPH and P450s were higher in M+Fe than
those in M generally during the whole reaction. The difference of PTE in
M+Fe and M was not obvious and the results were shown in Fig. S8.
During the reaction, the content of GST, OPH, RDH and P450s increased
in M+Fe and M generally. Their contents reached the maximum in
M+Fe on 35 d with the value of 396.78, 39.35, 75.12 and
186.88 ng L−1, respectively. The content of GST, OPH and RDH in M
reached the steady value on 42 d of 345.90, 36.89 and 71.06 ng L−1,
respectively. Obviously, the steady time in M was later than M+Fe.
However, the increase of P450s content in M was not significant but
still lower than M+Fe.

To further prove the linear relationships between the content of
enzymes and pollutants (CP, TCP and COD) removal efficiency in
M+Fe and M, Pearson correlation coefficient was applied and the
results were shown in Table S4. Similar to the above results, the content
of FDX and F420 showed the strong positive correlation with the COD
removal efficiency in M+Fe and M (r > 0.9, p < 0.01), the content
of GST, OPH, RDH and P450s were related significantly with CP

removal efficiency. Interestingly, the content of FDX and F420 were
also related obviously with CP removal efficiency in M+Fe and M
(r > 0.7, 0.01 < p < 0.05), which is similar to the correlation be-
tween the content of GST, OPH, RDH, P450s and COD removal effi-
ciency (r > 0.6, 0.01 < p < 0.05). So, it has been found that FDX,
F420, GST, OPH, RDH and P450s were all related with the CP and COD
removal in our study. However, only the content of RDH showed the
strong negative correlation with the TCP residual concentration in
M+Fe and M. This may result from the higher toxicity of TCP to the
other enzymes. Besides, the values of r in M+Fe were almost bigger
than that in M. We speculated that the ZVI in the system would promote
the correlation between the content of enzyme and removal efficiency.

The above results showed the mechanisms of coupled bio-ZVI
system through the effects between ZVI and anaerobic sludge, as
schematically illustrated in Fig. 8. Firstly, ZVI and its corrosion pro-
ducts would remove CP and TCP by flocculation, adsorption and re-
duction [11]. The sludge in the coupled system could protect iron
shavings from excessive corrosion and improve the runtime of the
anaerobic reactors. Besides, ZVI could promote functional microbes
about CP, TCP and COD removal to enrich more significantly. Fe is the
crucial component of some key enzymes like FDX [64] and ZVI in the
system would accelerate the synthesis of these enzymes. Secondly, iron
ions generating from ZVI could stimulate EPS generation and reduce the
absolute value of Zeta potential of sludge, which were meaningful for
sludge granulation. According to the results of ETS activity and Cyt C,
we suggested that ZVI provide electron to microorganisms and Cyt C,
and increase the ETS activity and Cyt C synthesis. Cyt C could transfer
electron to microorganisms and pollutants. As result, electron transfer
among iron shavings, microorganisms, Cyt C and pollutants could be
promoted. The improvement of sludge granulation and electron transfer
strengthened the bio-ZVI system to remove CP, TCP and COD.

Fig. 7. The content of GST (a), RDH (b), OPH (c) and P450s (d) in coupled system (M+Fe) and mono-cell system (M).
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4. Conclusion

This study investigated the performances and mechanisms of cou-
pled bio-ZVI system for CP, TCP and COD removal, through compared
with mono-cell and mono-ZVI system. The removal efficiency of CP and
COD were significantly enhanced in the coupled system, and the TCP
residual concentration in the coupled system was also the lowest. The
ETS activity and Cyt C content were also strengthened in the coupled
system, which meant the electron transfer among microorganism, ZVI,
Cyt C as well as the contaminants was enhanced in the coupled system.
The presence of sludge as well as the interaction between micro-
organisms and ZVI protected iron shavings from excessive corrosion.
Ionic iron, especially Fe2+ produced from ZVI is the dominant element
to increase EPS generation and promoted sludge granulation. The re-
lative abundance of functional phyla and genera connected with COD,
CP and TCP degradation in the coupled system was higher than those in
mono-cell system. Moreover, the content of key enzymes participating
in COD, CP and TCP degradation also increased in the coupled system.
However, the intermediate products of CP degradation and the ex-
pression of functional genes in the coupled system during different
period need to be investigated in the further study.
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