10

11

12

13

14

15

16

17

18

19

When chicken manure compost meets iron nanoparticles: an implication for the

remediation of chlorophenothane-polluted riverine sediment

Biao Song*®¢, Zhuo Yin**, Eydhah Almatrafi¢, Fan Sang?, Maocai Shen?, Weiping Xiong®c,

Chengyun Zhou®¢, Yang Liu?, Guangming Zeng®><*, Jilai Gong®®¢*

2 College of Environmental Science and Engineering and Key Laboratory of Environmental Biology and

Pollution Control (Ministry of Education), Hunan University, Changshg 41882, PRglhina
® Department of Urology, Second Xiangya Hospital, Central South Universty, Changsha 410011, PR
China

¢ Center of Research Excellence in Renewable @1 Power Systems, Center of Excellence in

Desalination Technology, Department of

Abdulaziz University, Jeddah 215 @Ara ia

* Corresponding auth¥§ at College of Environmental Science and Engineering, Hunan University,

ic®Lngineering, Faculty of Engineering-Rabigh, King

Changsha 410082, PR China.

Tel: +86 731 88822754; Fax: +86 731 88823701.

E-mail addresses: zgming@hnu.edu.cn (G. Zeng); jilaigong@hnu.edu.cn (J. Gong)


mailto:zgming@hnu.edu.cn
mailto:jilaigong@hnu.edu.cn

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42
43

Abstract

The remediation of contaminated sediment is an intractable problem as both the
remediation efficiency and the ecological environmental impact should be carefully
considered. In this study, nanoscale zero-valent iron (nZVI) was applied to assist the
remediation of chlorophenothane (DDT)-polluted sediment by chicken manure
compost. The response of sediment bacterial community to the remediation treatments
was evaluated a month later after two strategies to add the remediation materials
(simultaneous and phased) were implemented. Using nZVI could enhance the
degradation efficiency of chlorophenothane by the comp@stgiompared with
simultaneous addition of chicken manure compost and e beginning of
remediation, using nZVTI as a forerunner followed by adding the’compost a week later

further enhanced p,p'-DDT degradation but incre > DDT residual amount. The used

chicken manure compost increased the ric , ness, and diversity of sediment
bacterial community. According to B sity analysis, the compost made a greater
difference in the bacterial commun nZVI at the experimental using levels. Using

0.5 wt% nZVI could he cgvate the bacterial metabolism in the compost-
remediated sediment qmse functional abundance for DDT degradation. This
study contributes provement of sediment remediation technologies and the
understanding of batterial community variations in chlorophenothane-contaminated

sediment remediated with chicken manure compost and nZV1.

Keywords: Nanoscale zero-valent iron; Chlorophenothane; Sediment; Remediation;

Compost
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1. Introduction

The riverine sediment is susceptible to pesticide pollution due to the frequent
agricultural activities occurred in the river basin. During the application of pesticides,
only a very small proportion (less than 5%) of the pesticides can reach the targets, and
the majority of pesticides are released to the surrounding environment.! A considerable
amount of pesticides can enter nearby river through agricultural effluent discharge, rain
wash, and surface runoff, and gradually accumulate in the sediment. The long-term
heavy use of pesticides has caused their occurrence in ma rineglediments, with
the concentration level varying from ng/kg to mg/kg.> 3 The pestcides in sediment can
be ingested by aquatic organisms, and enter 0od chain. Chronic exposure to
pesticides may contribute to the dise e@ence of cancer, nervous disorder,
reproductive dysfunction, and imv@y gulation.* On the other hand, as the sink
of pesticides in the aquatic %‘ﬂ, iverine sediment may release pesticides back
into the overlying wa@ the sediment is disturbed, posing serious threat to the
water quality and aquatic ecosystem.’ Considering the serious pesticide pollution
and increasing requirement for environmental security, developing innovative
technologies for treating pesticide-contaminated sediment is urgently needed.

Using compost for the remediation of contaminated sites has been widely studied
as it can help to improve soil/sediment texture and establish a lot of microbial
population quickly for degrading organic pesticides.® By the microbial metabolism and

co-metabolism, organic pesticides can be effectively degraded and even completely



65

66

67

68

69

70

71

72

73

74

75

76

77

78

79

80

81

82

83

84

&5

mineralized, which is considered eco-friendly. However, the hydrophobic characteristic
of most organic pesticides makes them easy to combine with soil/sediment particles,
limiting their bio-accessibility to microorganisms.’” Additionally, treating contaminated
sites with compost is subject to variable weather conditions and long remediation period.
In order to enhance the remediation efficiency, some additives are used to assist the

8 activated sludge,” and

degradation process, such as specific degrading bacteria,
surfactant.!® The development of nanotechnology brings a new strategy for facilitating
the remediation by compost. Nanoscale zero-valent iron (n4V a poyerful reductant
extensively studied for pollution abatement.!!"'* The nZVI ca® serve as an electron
donor when it is in contact with pesticides, thus fpeNgating the degradation reactions. !>
7 Therefore, coupling the biological defgagion of compost and the chemical
degradation of nZVIis expected to Q‘ ance the remediation efficiency. However,
the regulating effects of nZ thp rdmediation of pesticide-contaminated sediment
by compost are uncle@gﬂy, it needs to use relatively more nZVI to treat the
pesticide pollution\ relying completely on nZVI, and the resulting adverse effects of
nZVI on sediment organisms are not conducive to the recovery of sediment ecological
functions.'® Additionally, illuminating the interactions among pesticide, nZVI, and
microorganisms  (including both indigenous microorganisms and compost
microorganisms) has directive significance to the engineering practice of sediment

remediation.

Currently, only a few attempts have been made on this topic and the emphasis is

4
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usually placed on variations of the pollutant content in soil system. Few studies were
performed on this topic in riverine sediment system and the interactions among
pesticide, nZVI, and microorganisms during the remediation process.!®?!
Chlorophenothane, also called dichlorodiphenyl trichloroethane (DDT), is a typical
organochlorine pesticide, and its main pollution sources include the historical heavy
use as pesticide, the recent input as raw material and major metabolite of dicofol, and
the legitimate use for preventing mosquito-borne diseases such as malaria, dengue, and

yellow fever.?? The highly toxic and persistent of chlorophegot tural sediment

make the risks lasting for several years to decades.? In this stttly, nZVI was used to
assist the remediation of chlorophenothane-p d sediment by chicken manure

compost. Primary emphasis is placed @tcterlal community response in the

sediment after the addition of c d nZVI. This study may be helpful in
improving sediment re chnologies and understanding ecological
environmental effects f th ediation treatment.

2. Materials and methods
2.1. Sediment, compost, and nZVI particles

The riverine sediment was sampled from the Xiangjiang River near Hunan
University. After being air-dried, triturated, and sieved with an 18-mesh screen, the
sediment samples were used for determining the basic physicochemical properties and

preparing the chlorophenothane-contaminated sediment. The sediment has a texture of

5
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70.9% sand, 23.3% silt, and 5.8% clay. The pH and organic matter content are 7.2 and
1.8 wt%, respectively. Technical chlorophenothane product typically consists of p,p'-
dichlorodiphenyl  trichloroethane  (p,p'-DDT, 77.1%), o,p'-dichlorodiphenyl
trichloroethane (0,p'-DDT, 14.9%), p,p'-dichlorodiphenyl dichloroethylene (p,p'-DDE,
4.0%), p,p'-dichlorodiphenyl dichloroethane (p,p'-DDD, 0.3%), and some trace
impurities.?* Thus, the chlorophenothane-polluted sediment was simulated by spiking
a mixture of p,p'-DDT, 0,p'-DDT, p,p'-DDD, p,p'-DDE into the sediment following a
procedure proposed by the US Environmental Protectign ency® In order to
approach chemical equilibrium of chlorophenothane betwedn the sediment and
interstitial water, the spiked sediment was sto or one month. After one-month

equilibrium period, the contaminated sedi;% used for the following experiments,

0, DT, p,p'-DDD, p,p'-DDE before the

and the initial levels of p,p'-D
, 7.7, and 0.7 mg/kg, respectively. Chicken

remediation experiment v@ 5.

manure compost usec@ dy is a commercially available composting product.
According to Ou%ement, the compost possesses a pH value of 6.3, a total humic
acid content of 10.8 wt%, an organic carbon content of 2.2 wt%, and a carbon-nitrogen
ratio of 58.2. The used nZVI particles have an average size of 50 nm, a purity of 99.9%
(metals basis), and a surface area of 23.5 m*/g. The morphological and structural
features of nZVI were determined by electron microscope, X-ray photoelectron
spectroscopy, and X-ray diffractometer, and the results are displayed in Fig. S1. The

nZVI particles show typical microcosmic sphere, and contain an oxide layer which has

6
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an estimated thickness of 4.1 nm on their surface.

2.2. Design of the remediation treatment

Two kinds of treatment strategies were implemented in the remediation process of
chlorophenothane-contaminated sediment. The first (Set I) is simultaneously adding
chicken manure compost and nZVI at the beginning of remediation. The using amount
of chicken manure compost was 5.0 wt% and at this level the compgst can help to partly
degrade the pollutant but not completely according to the prelitRWary glperiment. This
using amount of the compost is suitable for the research purpo¥e of this study. Three
different dosages (0.25 wt%, 0.5 wt%, and 1.0 of nZVI were used to investigate
the effects of nZVI on the remediation s @\e second (Set II) is adding nZVT at
the beginning of remediation and t d1¥®'5.0 wt% of the compost a week later. This

design aims to avoid the adg%ct f highly reactive nZVI on the microorganisms

in chicken manure cfmp t the beginning of remediation.’® The contaminated

sediment Withou%nediation treatments was used as the control. After one month
of remediation treatment, sediment samples were taken for determining the residual

chlorophenothane and analyzing the bacterial community.

2.3. Determination of chlorophenothane in sediment
The chlorophenothane in sediment was quantitatively measured by gas

chromatography-mass spectrometry based on the Chinese standard HJ 835-2017.

7
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Concretely, the chlorophenothane was extracted from 20 g of the sediment sample by
100 mL of a mixed solvent of n-hexane and acetone in a Soxhlet extractor. The
extracting solution was condensed to 1.0 mL by a nitrogen sample concentrator and
then purified with a magnesium silicate column. The resulting solution was
concentrated again and made to a constant volume of 1.0 mL. The concentration of
chlorophenothane was quantitatively determined with an internal standard method. The
detection limits of this method for p,p'-DDT, 0,p'-DDT, p,p'-DDD, p.p'-DDE were 0.09,

0.08, 0.08, and 0.04 mg/kg, respectively.

2.4. Analysis of bacterial community in sedimen

Sediment bacterial community inft oy was obtained by 16S rRNA gene
sequencing. The bacterial DNA WQH from sediment by magnetic bead method
with a commercial DNA e kit"(E.Z.N.A., Omega Bio-tek, USA). The DNA
integrality and concenfratigql were measured by agarose gel electrophoresis and Qubit
3.0 fluorometer (Nflermo Fisher Scientific, USA), respectively. Polymerase chain
reactions (PCR) were performed with primer 341F and 805R for amplifying the V3-V4
regions of the bacterial 16S rRNA gene. After being purified, the obtained PCR product

was accurately quantified, and the amplicons were then sequenced on an Illumina

MiSeq platform.

2.5. Sequencing data analysis
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The original image data gotten from the Illumina MiSeq platform were converted
into sequenced reads by base calling. The sequenced reads of primers and adaptors were
first removed, and then the paired-end reads were merged into one according to the
overlap. The data for each sample were segmented from the merged reads based on the
differentiated barcode. All the sample reads were converted to various operational
taxonomic units (OTUs) based on their similarity. The corresponding bacterial species
of each OTU was identified by the ribosomal database project (RDP) classifier. The a-
diversity of the bacterial community was analyzed with ChaN], noneven, and
Simpson indexes, which were calculated with the software Mothur (v. 1.43.0). Fisher
LSD test was used to identify the significant diff; e between the a-diversity indexes

of different groups at a significant leie; "0§. The B-diversity between different
r

treatment groups was quantified nted as Bray-Curtis distance, which is
calculated by a weighted @\Sl ering both the presence and the abundance of
bacterial species. Sigffific different species between different treatments were
analyzed with %—test by the software STAMP (v. 2.1.3).?” The function of

bacterial community was predicted with the software PICRUSt (v. 1.1.4) and annotated

based on the KEGG database.?®

3. Results and discussion
3.1. Degradation of chlorophenothane by compost in the presence of nZVI

The addition of nZVI enhanced the degradation efficiency of chlorophenothane in

9
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both Set I and Set II (Fig. 1). When the contaminated sediment was remediated with
only compost, the degradation efficiency of p,p'-DDT, o,p'-DDT, p,p'-DDD, p,p'-DDE,
and Y DDT (total DDT including the first four) was 27.9%, 17.0%, 3.4%, —28.8%, and
18.5%, respectively. The negative value indicates that considerable amount of p,p'-DDT
was degraded and transformed into p,p'-DDE by the chicken manure compost.
Simultaneous addition of chicken manure compost and nZVI at the beginning of
remediation (Set I) enhanced the degradation of all DDT and the derivatives. With the
assistance of 1.0 wt% nZVI, 61.6% of Y DDT was removed cken glanure compost.
When nZVI was used as a forerunner and chicken manure compost was added a week
later (Set II), the degrading transformation of p,grDT was promoted but the residual

p,p'-DDD increased compared with tha %‘his result suggests that considerable

amount of p,p'-DDT was degradeq WDD by nZVI in the compost remediation
c1

system. As a result, the re \@

than that of Set I, but il 1 than that with only compost.

cy of Y DDT in treatments of Set II was less

A critical S%\lorophenothane degradation is dechlorination, which can be
realized via microbial metabolism and co-metabolism.?* The addition of chicken
manure compost may intensify the microbial degradation of chlorophenothane by
introducing exogenous degrading bacteria and rising the abundance and activity of
indigenous bacteria.®® The degradation of chlorophenothane by nZVI is mainly by
reductive dechlorination, and p,p'-DDD is the main degradation product of p,p'-DDT.!!

15 Additionally, p,p-DDT may undergo oxidative degradation via non-DDD pathway.>!

10
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The increase of residual p,p'-DDD in the treatment of Set II shows that reductive
dechlorination was the major degrading mechanism of chlorophenothane in this case.
When the contaminated sediment was remediated with only nZVI, the degradation
efficiency of chlorophenothane was higher than that with both compost and nZVI in
some cases (Fig. S2). The best performance for ) DDT degradation was observed with
0.5 wt% nZVI alone, showing a degradation efficiency of 63.0%. These results indicate

the negative effect of chicken manure compost on the nZVI reactivity, which is closely

related to the changes of nZVI properties during the remedjatiN\procgps.*> Xu et al.*?
investigated the effects of particle properties of nZVI on its redctivity to chlorinated
organic compounds, and found that the Fe® conte d the reactivity of nZVI decreased

with time as a result of oxidation. This ie; pgorts the high degradation capacity of

nZVI to p,p-DDT in Set II. A 19 Fe’ content nZVI at the beginning of
remediation showed excelle:g@it o p,p'-DDT degradation. However, using only

nZVI for the remediat§on h significantly negative impact on the sediment bacterial

community and W)rporation of compost could mitigate it. This point will be
described and discussed below. Considering the pros and cons of both sides, proper
combination of nZVI and compost is necessary to ensure the benefits outweigh the
ecological risks when using them for the remediation of chlorophenothane-polluted

riverine sediment.

3.2. Response of bacterial community structure

11
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According to the taxonomy of 1652 OTUs, the sediment bacterial communities
involve at least 24 bacterial phyla, and the relative abundance of them in various
treatments is displayed in Fig. 2. Proteobacteria is the most abundant bacterial phylum
and their relative abundance ranges from 41.4% to 52.8%, followed by 14.1%—27.2%
of Bacteroidetes, 6.5%-11.5% of Actinobacteria, and 3.8%-15.3% of
Gemmatimonadetes. All remediation treatments increased the proportion of other
bacteria except the first four phylum. The relative abundance of other bacteria in the
contaminated sediment without any treatment showed thg loWgst prghbortion of 9%,
while that in the sediment remediated with only compost showedYhe highest proportion
of 19%. The presence of relatively high proporti Planctomycetes, Firmicutes, and
others in the used chicken manure compaggt 3) contributed to a more diversified
structure of the bacterial commu emediation treatment. Additionally, high
using amount (1.0 wt%) résulted in a relatively higher abundance of
Proteobacteria, but lo era ance of Bacteroidetes. This effect was more obvious in
the contaminatec%nt remediated with only nZVI (Fig. S4). Similar results were

found in some other studies,** *° but the underlying causes need further investigation.

3.3. Variation of bacterial community diversity
The remediation treatments significantly changed the a-diversity of sediment
bacterial community (Table 1). The a-diversity characterizes the species diversity

within a community or habitat, and herein describes the richness, evenness, and
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diversity of bacterial species in each treatment. These characteristics are presented as
Chaol, Shannoneven, and Simpson indexes, respectively. The Chaol index quantifies
the bacterial richness by estimating the number of OTU in each treatment. Compared
with the sediment without any treatment, all the sediments containing chicken manure
compost showed higher bacterial richness. This can be attributed to the positive effect
of compost on sediment indigenous bacteria and the presence of abundant bacterial
species in the compost. However, no significant difference wag observed after the
contaminated sediment was remediated with only nZVI. Withit\\e grofp of sediments
remediated with only nZVI, high using amount (1.0 wt%) o® nZVI decreased the
bacterial richness. The reason for this phenome ight be that high concentration of
nZVI caused obvious toxicity to sedim i@ The Shannoneven index describes

the evenness of relative abundan trigation of bacterial species. Using chicken
manure compost increasec@@xe of bacterial community, which is consistent
with the relative a@

Proteobacteria, Ba\eroldetes, Actinobacteria, and Gemmatimonadetes. Additionally,

increase of the other bacterial species except

when the sediment was remediated with only nZVI, the evenness of bacterial
community increased with the using amount of nZVI. The Simpson index is widely
used to reflect the species diversity based on the probability that two randomly selected
individuals in a community belong to the same species. A higher value of Simpson
index denotes a lower community diversity. Applying chicken manure compost boosted

the diversity of bacterial community both in the presence and absence of nZVI. The
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addition of only nZ VT at relatively high concentration (0.5 wt% and 1.0 wt%) decreased
the Simpson index, which might result from greater environmental heterogeneity
caused by nZVI 3.

The B-diversity of sediment bacterial communities between different treatment
groups is illustrated in Fig. 3 based on the Bray-Curtis distance. All the remediation
treatments increased the B-diversity of sediment bacterial communities, resulting in a
Bray-Curtis distance of 0.32—0.58 (the first column or row in Fig. 3). The bacterial

community difference between the sediment remediated post and the

control without any treatment reached a distance of 0.54. Withir® the treatments of Set
I or Set II, the community difference was rel small. The maximum distance
within Set I and Set II was 0.25 and 0.24 %Vely. Such a result indicates that the
used compost made a greater diffi i™ne bacterial community than the nZVI in
the experiments. Additiona %at ents of Set [ had a more significant impact on
the bacterial communify th ¢ treatments of Set II, which suggests the greater impact
of adding chick%ﬂe compost and nZVI simultaneously at the beginning of
remediation. Staggering the addition of compost and nZVI could to some extent

mitigate the bacterial diversity change.

3.4. Species difference analysis
Significantly different bacterial species between different treatments were

identified and displayed in Fig. 4. The addition of chicken manure compost mainly
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increased the abundance of Actinomadura (3.3%), Luteimonas (2.8%), and
Parasegetibacter (2.5%), but decreased the abundance of Microvirga (2.0%). The
increased three bacterial genera were members of the phylum Actinobacteria,
Proteobacteria, and Bacteroidetes, respectively (Table S1). The increased abundance
of Actinomadura and Luteimonas primarily resulted from their high abundance in the
chicken manure compost, where the two accounted for 4.8% and 9.6% of the total
abundance of all bacterial genera. Parasegetibacter is a widely studied bacterial genus
that is related to the microbial dechlorination, and it is QftdNdomjgant in the site
contaminated with organochlorine compounds.?”- * Microvirga 1¥%a symbiotic nitrogen-
fixing bacterium, and its abundance usually incr only in the presence of plants and

decreased after the addition of compost,>® fnZVI mainly increased abundance
of Lysobacter (5.3%) and Ramlj &.7%), but decreased the abundance of
Microvirga (1.2%). Lysoba; @Qa libacter both belong to the bacterial phylum
Proteobacteria (Tabl ), the abundance increase of these two bacterial genera
might be related%nZVI treatment and iron oxidation.*>*! The Ohtaekwangia,
Luteimonas, Actinomadura, Mycobacterium, Gp3, Mesorhizobium, Lysobacter, and
Sphaerobacter were the main bacterial genera significantly different in both Set I and
Set II after the remediation (Fig. S5). The abundance increase of Ohtaekwangia and
Luteimonas, respectively belonging to the bacterial phylum Bacteroidetes and

Proteobacteria (Table S3 and S4), is considered to be related to the degradation of

aromatic ring.*> ** When comparing the sediment bacterial communities of Set I and
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Set II, the abundance of Sphingomonas and Lysobacter in Set II was 4.9% and 4.0%
more than that in Set I, while the abundance of Parasegetibacter, Cupriavidus, and
Luteimonas in Set II was 3.5%, 2.8%, and 1.6% less than that in Set I, respectively.
These bacterial abundance changes can be typical responses of the sediment bacterial
community to the remediation treatments, but the specific functions and behaviors need

further investigation.

3.5. Functional difference analysis >

The functional differences of sediment bacterial communties between different

treatment groups are illustrated in Fig. 5. It can b nd that on the whole the sediment

y%functional abundance on the amino

acid metabolism, carbohydrate mQS Pmembrane transport, and replication and

bacterial communities possessed relatiy

repair. Amino acid and c @te are the main substrates of basic metabolic
activities for the survifal, th, reproduction, and adaptation of bacterial cells. The
high functional mnce of the two indicates their significant position in the
metabolic function of sediment bacterial community. Membrane transport ensures the
normal substance exchange in cellular activities such as metabolism, and it is also the
functional basis of environmental information recognition and transfer. Genetic
replication and repair regulate the bacterial proliferation, which is a highlighted
function of the bacterial community in genetic information processing. Similar results

of the high functional abundance in these aspects were documented by.** Additionally,
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synergistic effect between compost and 0.5 wt% nZVI enhanced the overall functional
abundance of sediment bacterial community in the treatments of both Set I and Set II.
The abundance differences in the function concerning DDT degradation between
different treatment groups were further studied (Fig. S6). Using 0.5 wt% nZVI could
help to activate the metabolic function of the bacterial community in the compost-
remediated sediment and increase the functional abundance of DDT degradation.
However, relatively high concentration of nZVI (1.0 wt%) inhibited the bacterial
function for DDT biodegradation even in the presence of,coONROS d the obvious
decrease of residual DDT in this case should be mainly attributed to the chemical
degradation by nZVI. The predicting outcomes @(USt might not accurately show
the real situation of DDT biodegradatiop i egpediated sediments, as the expression
of functional genes is often affecte c®hvironmental factors.*

<
4. Conclusions ()()

In this work,\¢he Temediation of chlorophenothane-contaminated sediment by
chicken manure compost in the presence of nZVI was investigated. Overall, the
presence of nZVI could enhance the degradation efficiency of chlorophenothane by the
compost. Compared with simultaneous addition of chicken manure compost and nZVI
at the beginning of remediation, using nZVI as a forerunner followed by adding the
compost a week later further enhanced p,p'-DDT degradation but increased > DDT

residual amount. The used chicken manure compost contributed to more diversified
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structure of the bacterial community and increased the bacterial o-diversity after
remediation treatment. Analyzing the B-diversity of sediment bacterial communities
between different treatment groups suggested that the compost caused a greater
difference in the bacterial community than nZVI at the experimental using levels.
Various feature bacteria in response to the addition of chicken manure compost and
nZVIwere identified. Using 0.5 wt% nZV1I could help to activate the metabolic function
of bacterial community in the compost-remediated sediment and ingrease the functional
abundance for DDT degradation. This study investigage e .cghmunity level

variations of chlorophenothane-contaminated sediment before %nd after remediation

based on the bacterial community structure. F research is needed to reveal the
actual response of metabolic function in: %te it with the degradation efficiency
of chlorophenothane.
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