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Abstract Sludge composting is one of the most widely used
treatments for sewage sludge resource utilization. Natural ze-
olite and nitrification inhibitor (NI) are widely used during
composting and land application for nitrogen conservation,
respectively. Three composting reactors (A—the control,
B—natural zeolite addition, and C—3,4-dimethylpyrazole
phosphate (DMPP) addition) were established to investigate
the influence of NI and natural zeolite addition on organics
degradation and nitrogen transformation during sludge
composting conducted at the lab scale. The results showed
that, in comparison with the control, natural zeolite addition
accelerated organics degradation and the maturity of sludge
compost was higher, while the DMPP addition slowed down
the degradation of organic matters. Meanwhile, the nitrogen
transformation functional genes including those responses for
nitrification (amoA and nxrA4) and denitrification (narG, nirsS,
nirK, and nosZ) were quantified through quantitative PCR
(qPCR) to investigate the effects of natural zeolites and DMPP
addition on nitrogen transformation. Although no significant
difference in the abundance of nitrogen transformation
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functional genes was observed between treatments, addition
of both natural zeolite and DMPP increases the final total
nitrogen content by 48.6 % and 23.1 %, respectively. The
ability of natural zeolite for nitrogen conservation was due
to the absorption of NH; by compost, and nitrogen conserva-
tion by DMPP was achieved by the source reduction of deni-
trification. Besides, it was assumed that the addition of natural
zeolite and DMPP may affect the activity of these genes in-
stead of the abundance.

Keywords Sewage sludge - Composting - Natural zeolite -
Nitrification inhibitor (NI) - 3,4-Dimethylpyrazole phosphate
(DMPP) - Nitrogen transformation functional genes

Introduction

In China, with the development of urbanization and industri-
alization, high amounts of sludge produced in biological
wastewater treatment have been a great challenge and raised
significant concerns. Total sludge production in China had an
average annual growth of 13 % from 2007 to 2013, and 6.25
million tons dry solids were produced in 2013 (Yang et al.
2015). Due to strict legal regulations, land shortages, rising
costs, and public concern, sludge reduction, stabilization, and
recycling of sludge become more and more crucial. Further-
more, treatment and disposal of sewage sludge from wastewa-
ter treatment plants (WWTPs) account for about half, even up
to 60 %, of the total cost of wastewater treatment (Wei et al.
2003).

Sludge composting along with subsequent land application
is a promising method for sludge resource utilization. In this
process, organic matter is transformed into mature compost
(stable and pathogen-free product) which is then used as a soil
additive (Villasefior et al. 2011). This may be the least energy
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consuming and the most cost-effective means of sludge dis-
posal or utilization. However, in order to enhance the agro-
nomic value of this product and reduce atmospheric pollution,
nitrogen conservation should be achieved. During sludge
composting, nitrogen loss is mainly caused by microbial ac-
tivity involved in decomposition of nitrogenous material, ni-
trification, and denitrification (Bernal et al. 1996; Roig et al.
2001). The high ammonia emissions from sewage sludge
composting due to the decomposition of nitrogenous material
(proteins and amino acids) frequently occur at the thermophil-
ic stage, and the characteristic low initial C/N ratio of the
sludge exacerbates this (De Guardia et al. 2008; Liang et al.
2006). The emissions of NH; which is one of the principal
malodorous compounds produced in sludge composting, can
also cause nitrogen loss and acidification (Shen et al. 2011).
Besides, even NH; emissions were properly controlled, sub-
stantial amounts of nitrogen can instead be lost as elemental
nitrogen (N,) or nitrous oxide (N,O) gases via nitrification
and denitrification (Szanto et al. 2007), and N,O is notorious
for its great global warming potential of about 300 times in
comparison with CO, (Philippot et al. 2011). Thus, losses of
NH;, N,, and N,O must be controlled during sludge
composting to enhance the agronomic value of the compost
and reduce atmospheric pollution.

The addition of natural zeolite into sewage sludge can en-
sure the NHj; retention and provide several benefits during the
composting process. Natural zeolite is a kind of mineral with
an open reticular structure which allows the entrapment or
release of various cations as a consequence of cation exchange
reactions and adsorption (Venglovsky et al. 2005). The ability
of natural zeolite to the retention of NH; during sludge
composting has been widely investigated (Bernal et al.
1993; Venglovsky et al. 2005; Villasefior et al. 2011; Zuokaite
and Zigmontiene 2013), and several influences of natural ze-
olite including increasing sludge porosity (Stylianou et al.
2008), affecting both its temperature and moisture
(Venglovsky et al. 2005) and reducing heavy metals concen-
trations (Villasefior et al. 2011), have been demonstrated.
However, there is still little information on organics degrada-
tion during sludge composting after natural zeolite addition.
Furthermore, although nitrogen transformation has been wide-
ly investigated after natural zeolite addition, the microbial
mechanisms behind this and the role of functional genes in-
volving nitrification and denitrification functional genes are
still unclear.

Nitrification inhibitors (NIs) have been widely used and
investigated as a useful agricultural practice for the nitrogen
conservation along with land application of organic and inor-
ganic fertilizers (Menéndez et al. 2012; Ruser and Schulz
2015). NIs are natural or synthetic compounds that inhibit
the microbial oxidation of NH, -N to NO, -N, the first step
of the nitrification process, and thus reducing nitrogen loss in
the form of N, or N,O caused by denitrification (Yang et al.

2013), in which NO3 -N and NO, -N are the sources of ni-
trogen and nitrogen leaching (Yu et al. 2007; Yu et al. 2014).
3,4-Dimethylpyrazole phosphate (DMPP) is one of the most
highly effective NIs (Weiske et al. 2001; Zerulla et al. 2001).
Experiments have been conducted to investigate the effects
of DMPP addition on nitrogen transformation (Yu et al.
2007), plant productivity (Yu et al. 2014), nitrogen trans-
formation functional genes (Kleineidam et al. 2011; Florio
et al. 2014), and chemical parameters (Barneze et al.
2014) in soil. Moreover, it has been demonstrated that
the applications of DMPP to animal manure can reduce
soil N,O emissions (Weiske et al. 2001; Menéndez et al.
2012). However, there is still no information on the deg-
radation of organics after DMPP addition. Besides, as far
as we know, previous studies focused on addition of
DMPP to organic fertilizers for land application, while
DMPP addition may also conserve the nitrogen during
sludge composting, and this deserves to be elucidated.

Thus, in this study, three composting reactors including A
(the control), B (natural zeolite addition), and C (DMPP addi-
tion) were built to investigate the influence of natural zeolite
and NI (DMPP) on organics degradation and nitrogen trans-
formation of sludge composting. The evolution of organics
degradation during sludge composting was mainly demon-
strated through three-dimensional excitation-emission matrix
spectroscopy (EEM) analysis. Previous studies have demon-
strated that NH3 emissions mainly happened at earlier stage of
sludge composting (Szanto et al. 2007; Maulini-Duran et al.
2013); thus, NH;3 emissions were determined before entering
into the maturation phase. The abundance of key functional
nitrogen transformation genes involved in microbial nitrifica-
tion (amoA, nxrA) and denitrification (narG, nirsS, nirK, and
nosZ) was determined using quantitative PCR (qPCR). The
main objectives of this study were to (1) investigate the effects
of natural zeolite and DMPP addition on organics degradation
and nitrogen transformation during sludge composting, (2)
evaluate whether alterations in the abundance among the dif-
ferent nitrogen transformation functional genes occurred after
natural zeolite and DMPP addition, (3) elucidate the mecha-
nisms of nitrogen conservation for natural zeolite and DMPP
addition, and (4) provide a practical base for the nitrogen
conservation for sludge composting.

Materials and methods

Materials and experimental design

Composting experiments of sewage sludge were carried out in
three identical lab-scale closed cylinder reactors (numbered as
A, B, and C) with forced aeration. Each reactor has a capacity

of 48 L with the approximate height and diameter of 0.70 and
0.38 m, respectively (Fig. 1). The reactors were made of
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Fig. 1 Schematic diagram of the
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stainless steel and coated with an insulted jacket each. An air
compressor (Z-550W-24L, UODI, China) was used to aerate
the reactors, and a rotameter was used to control the airflow,
and there were air outlets and gas sampling holes in the cap of
each reactor. Two thermal detectors (KZW/P-221 Pt100, Kun-
lun CUHK, China) were used to monitor pile temperature. A
PLC system (S7-200CN, Siemens, Germany) was built to
record pile temperature once an hour and to control the aera-
tion of each reactor. The aeration strategy was designed as
follows: days 1-4, 1 min on per 20 min'; days 5-15, 1 min
on per 15 min '; and days 16-21, 1 min on per 35 min', and
there was no aeration during maturation phase.

The dewatered sewage sludge from Qinghe WWTP in Bei-
jing was used in study, and the spent mushroom was used as
amendment. Table 1 gives the detailed information of these
materials. The commercial natural zeolite was marketed by
BEIKE in China which was grinded to powder and then fil-
tered through a 200-uM-mesh sieve. The dewatered sewage
sludge and the spent mushroom were mixed manually at a
ratio of approximate 1:3 (v/v), and then, the mixture was di-
vided equally to the three reactors at about 45 kg each (wet
weight). After that, natural zeolites were added at a ratio of
1 % wet weight as previously suggested (Venglovsky et al.
2005; Villasefior et al. 2011) to reactor B, and DMPP was
added in the form of stock solution (25 %, w/v) to reactor C
at a final concentration of 1 % according to the total nitrogen
(TN) content as usually used in land application (Yang et al.
2013; Maienza et al. 2014; Yu et al. 2014). Reactor A was
treated as the control. The reactors were turned after natural
zeolite and DMPP addition immediately, and after that, these
three reactors were turned once 2 days before mature phase of
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sludge composting. There was no turn during maturation
phase.

Sampling and chemical analysis

The duration of the sludge composting was set to approxi-
mately 6 months. Solid sampling was conducted throughout
the composting, while NH; sampling was conducted before
the maturation phase (days 1-21). Solid and NH; samplings
were simultaneously conducted on days 1, 3,7, 10, 13,15, 17,
and 21, and after that, only solid sampling was conducted on
days 73 and 183. Solid sampling was conducted at five posi-
tions randomly at a depth of 10-15 cm for each reactor, and
the five sub-samples were well mixed to get a representative
sample. Ammonia emissions were firstly trapped in boric acid
(sampling for 30 min), and then, the absorption liquid was
titrated using sulfuric acid (0.1 M) to determine the final con-
centration (Shen et al. 2011).

Table 1  Characteristics of raw materials of sewage sludge composting

Characteristics Sewage sludge Mushroom residues

pH 7.63 6.21
Moisture content (%) 72.23 26.19
Organic matter (%) 44.53 88.74
Conductivity (uS/cm) 1223 2413
TC (g/kg DW) 224.84 395.28
TN (g’kg DW) 27.69 26.34
C/N ratio 8.12 18.92
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The composite solid sample was divided into two parts.
One part was stored at —20 °C until microbial analysis. The
other part was freeze-dried and then grinded to pass through a
100-uM mesh. Volatile solid (VS) content was obtained by
determining the loss of mass after ignition at 600 °C for 5 h.
Aqueous sludge extracts obtained by shaking the samples
with Milli-Q water at a ratio of 1:10 (w/v) for 1 h were used
to determine pH. C/N ratios were measured by Elemental
Analyzer (Vario EL III, Elementar Analysensysteme GmbH,
Germany) with reference material of sulfonamides (Zhong
et al. 2013). As for what concerns inorganic nitrogen includ-
ing NH,"-N, NO; -N, and NO, -N, 3.0 g of solid samples
was extracted by 30 mL of 2-M KCI solution for 1 h. The
extracts were then filtered through 0.45-pm membrane filters.
The filtrates were then used to determine the concentrations of
inorganic nitrogen; the concentrations of NH, -N and NO, -
N were analyzed by the colorimetric method, while the NO; -
N was measured by using the ultraviolet spectrophotometric
method. To determine concentrations of dissolved organic
carbon (DOC), 3.0-g solid sample was extracted by 30 mL
of Milli-Q water for 24 h and filtered by 0.45-um membrane.
The filtrates were used to determine DOC by a total organic
carbon (TOC) analyzer (Shimadzu TOC-5000, Japan). Mean-
while, the filtrates were diluted in the same time and used for
EEM analysis of dissolved organic matter (DOM) as de-
scribed previously (Zhang et al. 2015).

DNA extraction

The solid samples on days 1, 3, 13, 21, 73, and 183 involving
the four phases (heating, thermophilic, cooling, and matura-
tion) were chosen for further gPCR analysis. DNA extraction
from each solid sample (0.5 g) was conducted using FAST
DNA extraction Kit (MP Biomedicals, USA) according to the
manufacturer’s instructions. Extracted genomic DNA was de-
tected and quantified using 1 % agarose gel electrophoresis
and NanoDrop 2000 (Thermo Scientific, USA), respectively,
and then stored at —20 °C until use.

Quantitative PCR

Six nitrogen transformation functional genes including nitrifi-
cation (amoA, nxrA) and denitrification (narG, nirS, nirK, and
nosZ) and bacterial 16S ribosomal RNA (rRNA) were quan-
tified. These genes involved every key step in nitrogen remov-
al for waste treatment. The plasmids containing these specific
genes were manufactured by Zhejiang Tianke Biotechnology
Company (Zhejiang, China). The standard plasmids were di-
luted to yield a series of tenfold concentrations and subse-
quently used for the establishment of qPCR standard curves.
The 25-uLL PCR reaction mixtures contained 12.5 pL SYBR
Green qPCR SuperMix-UDG with Rox (Invitrogen, USA),
0.5 uL each of 10 uM forward and reverse primers, 10.5 pL

DNA-free water, and 1.0 uL standard plasmid or DNA ex-
tract. The thermo cycling steps for qPCR amplification were
as follows: (1) 50 °C, 2 min; (2) 95 °C, 5 min; (3) 95 °C, 20 s;
(4) annealing temperature, 30 s; (5) 72 °C, 31 s; (6) plate read,
go to (3)~(5), 39 more times; and (7) melt curve analysis:
60 °Cto 95 °C, 0.2 °C/read. The reaction was conducted using
an ABI Real-time PCR system 7500 (ABI, USA). The spec-
ificity was assured by the melting curves and gel electropho-
resis. Each gene was quantified in triplicate with a standard
curve and negative control. The primers, annealing tempera-
ture used in qPCR, and the corresponding amplification effi-
ciencies were summarized in Tables 2 and S1.

Data analysis

Statistical calculations and data analysis were performed with
the SPSS 18.0 statistical software package (IBM, USA) and
Origin 9.0 (OriginLab, USA). The degradation of volatile sol-
id (VS) was fit to a first-order kinetic model (ExpDec1) using
Origin 9.0. The EEM analysis was visualized by Origin 9.0,
and the set levels were normalized according to TOC concen-
trations of each sample to compare the changes of organics in
the form of its ratios in the sample. One-way ANOVA analysis
was conducted to determine if the evolution of the parameters
concerned in this study between different treatments were sta-
tistically significant. Spearman rank correlations were used to
assess the association between different parameters. Any dif-
ference where p value >0.05 was not considered to be statis-
tically significant. Principal component analysis (PCA) was
conducted using Canoco 5.0 (Microcomputer Power, USA).

Results and discussion
Pile temperature and pH value

The pile temperature and pH changed significantly over the
sludge composting period, and the additions of both natural
zeolite and DMPP have certain impacts on the pile tempera-
ture and pH (Fig. 2a). Pile temperature is the principal param-
eter used to indicate the performance of composting (Wei et al.
2000). According to one-way ANOVA analysis, natural zeo-
lite and DMPP addition had a significant influence (p=0.018
and 0.002, respectively) on the pile temperature development
during sludge composting. Although all treatments reflected
the typical pile temperature as for many composting processes
including the heating, thermophilic, cooling, and mature
phases, the pile temperature pattern for reactor C (DMPP ad-
dition) was significantly different from the others, with the
maximum pile temperature for A, B, and C of 56, 56, and
45 °C, respectively. The pile temperature of reactor C was
always much lower than those of A and B during the heating
and thermophilic phases. The heating phase lasted for 5 days
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Table 2 The primer sequences, expected amplicon size, and annealing temperature for each target gene considered in this study

Target gene Primer sequence (5'-3") Size (bp) Annealing temp. (°C) Reference

amoA amoA-1F: GGGGTTTCTACTGGTGGT 491 61 (Rotthauwe and Witzel 1997)
amoA-2R: CCCCTCKGSAAAGCCTTCTTC

nxr4 FlnorA: CAGACCGACGTGTGCGAAAG 332 58 (Zhi and Ji 2014)
RInorA: TCYACAAGGAACGGAAGGTC

narG 1960m2f: TAY GTSGGGCAGGARAAACTG 110 50 (Lopez-Gutiérrez et al. 2004)
2050m2r: CGTAGAAGAAGCTGGTGCTGTT

nirS nirScd3aF: GTSAACGTSAAGGARACSGG 425 58 (Lu et al. 2014)
nirSR3cd: GASTTCGGRTGSGTCTTGA

nirk nirK1F: GGMATGGTKCCSTGGCA 515 56 (Braker et al. 1998)
nirK5R: GCCTCGATCAGRTTRTGG

nosZ nosZ2F: CGCRACGGCAASAAGGTSMSSGT 264 55 (Henry et al. 2006)
nosZ2R: CAKRTGCAKSGCRTGGCAGAA

16S rRNA 1369F: CGGTGAATACGTTCYCGG 128 55 (Suzuki et al. 2000)

1492R: GGWTACCTTGTTACGACTT

and the thermophilic phase for 12 days which sufficed to
ensure devitalization of potentially present pathogens. When
the compost entered into the cooling and mature phase, the
pile temperature was close to the ambient (about 27 °C) and
the pile temperature of C was a little higher than those of A
and B (data not shown). This indicated that the addition of
DMPP influenced the microbial activity, which was in accor-
dance with a microcosm study of cattle effluent and DMPP
added to soil (Florio et al. 2014). However, the relatively long
cooling phase and slightly higher temperature during mature
phase indicated that DMPP just inhibited the microbial activ-
ity and did not killed the microbes. This was due to the prop-
erties of NI, which is a bacteriostatic agent rather than a

bactericide (O’Callaghan et al. 2010). Furthermore, the natural
zeolite addition led to lower temperature during the cooling
and mature phase in comparison with the control and slightly
higher pile temperature during the thermophilic stage. This
was due to the bulking effect of natural zeolite which en-
hanced radiation of the heat to the atmosphere. A similar effect
has been reported previously (Villasefior et al. 2011).

The pH value is one of the crucial characteristics of
composting. In all of the experiments, the pH ranged from
6.09 to 8.79, increased significantly at the heating phase,
and then changed a little until the end (Fig. 2b). This was
due to the degradation of protein-like substances which re-
leased amounts of NH; (Fig. 4b). Reactor B (natural zeolite
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addition) appeared to acidify the compost compared with re-
actor A, and there was much difference on the profiles of pH
between reactors A and B. The final pH of A and B was 8.20
and 7.90, respectively. Similar pH profiles after natural zeolite
addition were also reported by Turan and Ergun (2008) and
Villasefior et al. (2011), and they both found that pH decreased
due to the natural zeolite addition to the municipal solid waste
composting. As for reactor C (DMPP addition), the pH profile
was similar to reactor A.

Organics degradation

According to the changes of volatile solid (VS) (Fig. 2¢), TOC
(Fig. 2d), C/N ratio (Fig. 2e), and EEM spectra (Fig. 3), the
organics degradation changed much due to the addition of
natural zeolites and DMPP. VS, TOC, and C/N ratio all de-
creased along with sludge composting. However, the profiles
of VS were quite different between treatments. The biodegra-
dation of organics revealed by VS was improved by the addi-
tion of natural zeolite, while inhibited by DMPP addition
(Fig. 2c). The degradation of VS fitted the first-order kinetic
model (all R*>0.96, p<0.0001), and the t, , reflected the order
of the degradation rate of VS which was B (#,=8.69) > A

Day 3
Io.ooo g
100.0
200.0

400.0

250 300 350 460 450 500 550
Em (nm)

Em (nm)

i > 400.0
250 300 350 400 450 500 550
Em(nm)

(t12,=20.68) > C (t,,=23.42). Previous studies also demon-
strated that the degradation of organics can be accelerated by
the natural zeolite addition during sewage sludge composting
(Villasefior et al. 2011). Also, Stylianou et al. (2008) found
that larger amounts of organics were removed when 20 %
zeolites were added to the sludge composting. The C/N ratio
of reactor B also decreased more quickly. Furthermore, the
inhibition of DMPP for the biodegradation of organics was
in accordance with the profiles of temperature development
for reactor C; that is, the slower the organics degradation, the
lower the temperature.

To investigate changes in the components of compost, we
further conducted the EEM analysis. Besides, the concentra-
tions of TOC changed significantly during sludge composting
(Fig. 2d), while EEM analysis was done in the same diluted
times. Thus, in order to compare changes in the components at
the same TOC concentrations, the set levels were normalized
according to the TOC concentrations of each sample (Fig. 3).
Following Chen et al. (2003), the EEM spectra can be divided
into five regions depending on the wavelengths of the or-
ganics as follows: regions I and II, aromatic proteins; region
I, fulvic acid-like substances; region IV, soluble microbial
by-product-like substances; and region V, humic acid-like
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Fig. 3 Evolution of EEM spectra during sludge composting. The set levels were normalized according to TOC concentrations of each sample
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substances. The details of the regions were shown in
supporting information (Fig. S1).

Dissolved organic matter (DOM) is the main active
organic fraction and is more easily utilized by microor-
ganisms relative to solid-phase organics; the chemical
composition and structure of DOM have been widely
investigated in composting in relation to the evaluation
of the quality of the composting product (Straathof and
Comans 2015). As for the different treatments of sludge
composting, the fluorescent intensity of EEM spectra all
moved from regions I, II, and IV to the III and V.
These profiles were usually observed for composting
(Wang et al. 2014; Straathof and Comans 2015), and
the enhancement of the regions III and V was generally
considered as the maturity of the compost. Although the
final fluorescent intensity of EEM spectra (day 183) was
concentrated at regions Il and V for all treatments, the
intensity of reactor B was obviously higher than others
(Fig. 3, day 183). This indicated that the natural zeolite
addition led to higher compost maturity. Besides, the
evolution of the EEM spectra differed a lot between
treatments, which reflected the degradation rate of
DOM and the microbial activity during sludge
composting. The fluorescence intensity on day 1 was
mainly concentrated in regions II and IV, which sug-
gested that aromatic proteins and microbial by-products
were the major fluorescent DOM in all treatments. As
sludge composting progressed, the aromatic proteins and
microbial by-products were depleted, and fulvic- and
humic-acid like substances appeared, as reflected by re-
gions III and V appeared. The fluorescent signal shifted
to regions III and V indicated that the constituents of
the DOM were very well transformed during sludge
composting. However, the time course of this change
differed a lot between treatments (Fig. 3). The fluores-
cence intensity of regions II and IV almost disappeared
on day 7 for reactor B, while at day 15 for A and for
C, the fluorescence intensity was still obvious until the
end of the cooling phase (day 21). Thus, the order of
the degradation rate of DOM during sludge composting
in this study was as follows: B > A > C. The slowest
degradation rate of DOM for reactor C was also in
accordance with its temperature and VS profiles, and
the fastest degradation for reactor B could be reflected
by the VS pattern. Together, natural zeolite addition
availed the degradation of organics and the maturity of
the compost was higher, while DMPP addition slowed
down the degradation.

Nitrogen transformation

Figure 4 shows the evolution of nitrogen-relevant transforma-
tion substances including TN, NH; emissions, NH,"-N,
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NO, -N, and NOj3 -N during sludge composting in different
treatments. Significant changes in nitrogen transformation be-
tween treatments were observed, and the natural zeolite and
DMPP both showed the potential of nitrogen conservation
during sludge composting. As reflected by Fig. 4a, total nitro-
gen (TN) increased along with composting due to the concen-
tration effects and the final concentration of TN (dry weight
(DW)) was 2.47, 3.67, and 3.04 % for reactors A, B and C,
respectively, which indicated that natural zeolite and DMPP
addition during sludge composting could increase the TN by
48.6 and 23.1 %, respectively. The greatest nitrogen conser-
vation of natural zeolite could be mainly explained by the
different profiles of the NH; flux between treatments. The
results shown in Fig. 4b clearly illustrate the retention of
NH; by natural zeolite. The pattern of NH; flux in this study
was typical for sludge composting, and the NH3 emissions
mainly happened on days 3—7 at the heating and thermophilic
stage. However, the NH; flux of reactor B was significantly
lower than that of A and C, and the peak NH; flux was 1.87,
1.10, and 1.79 mg m 2 h™", respectively. The absorption of
NHj; by natural zeolite was generally observed (Bernal et al.
1993; Venglovsky et al. 2005; Stylianou et al. 2008; Bernal
et al. 2009). As an effect of the delay of nitrification by NI,
reactor C showed higher concentrations of NH,"-N (Fig. 4c),
which indicated that DMPP addition should have increased
the NH; emissions. However, DMPP addition had little effect
on NH; emissions in comparison with the control (reactor A).
This was due to the lowest temperature development for reac-
tor C which was the key parameter for NH; emissions during
composting.

The higher concentrations of NH,"-N and lower concen-
trations of NO, -N and NO; N for reactor C throughout the
composting shown in Fig. 4 indicated the inhibitory effect of
DMPP on the ammonia-oxidizing bacteria (AOB). The results
were also confirmed by previous study concerning the DMPP
land application with organic fertilizer (Yang et al. 2013). It
was assumed that the inhibition of the AOB by NI directly
decreased the nitrification rate and it significantly reduced the
concentrations of NO, -N and NO; -N (Fig. 4d, e) which
serve as substrate for denitrification. Hence, the main path-
ways of N, and N,O production were blocked or their source
strength was at least decreased, although they were not mon-
itored in this study. This explained the nitrogen conservation
for DMPP addition during sludge composting. While, the nat-
ural zeolite addition had little effect on the evolution of con-
centrations of NH,"-N and NO, -N but not of NO; -N. The
concentrations of NO3 -N at maturation phase all increased,;
however, reactor B increased significantly in comparison with
A and C due to the bulking effects of the zeolites, and the final
concentration was 2.12 mg/g DW, 4.01 mg/g DW, and
2.56 mg/g DW for reactors A, B, and C, respectively. In sum-
mary, the potential nitrogen conservation of natural zeolite
mainly contribute to its ability of NH; absorption, while for
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DMPP, it was the reduction of N, and N,O emissions caused
by its nitrification inhibitory effect.

Evolution of the abundance of nitrogen transformation
functional genes

The gene copies of nitrification (amoA and nxrA encoding for
bacterial ammonia monooxygenase and nitrite oxidoreduc-
tase, respectively) and denitrification genes (narG, nirK, nirS,
and nosZ encoding for membrane-bound nitrate reductase,
copper nitrite reductase, cd1 nitrite reductase, and nitrous ox-
ide reductase, respectively) were determined in different treat-
ments throughout the experiments at the heating, thermophil-
ic, cooling, and maturation phase of sludge composting. The
gene copies changed a lot over the composting period (Fig. 5).
The nitrification genes (amoA and nxrA) changed little before
maturation phase and increased significantly at the maturation
phase, while denitrification genes (narG, nirS, nirK, and
nosZ) increased gradually along with sludge composting
(Fig. 5). There were significantly negative spearman correla-
tions between temperature and amoA (p=0.004) and nxr4 (p=
0.03). The little changes in amoA and nxrA could be due to the
inhibition of nitrifiers at higher temperature as confirmed by
Roig et al. (2001) who found that nitrification occurred only
when the temperature of the mixtures fell below 40 °C, while

denitrification was well ongoing before maturation phase, as
reflected by the changes of denitrification genes.

The abundance of bacterial amoA ranged from 1.49x
10° to 2.61x10® gene copies g ' DW and reached the
peak at day 73. There were significant differences be-
tween treatments at day 13 and 21 at the thermophilic
phase, when nitrification activity was severely inhibited,
while there was almost no difference at maturation
phase. This indicated that natural zeolites and DMPP
addition had no significant effects on the abundance of
amoA at maturation phase. Natural zeolites showed the
physical effects on nitrogen conservation; thus, the
abundance of amoA changed little, while DMPP addi-
tion should have shown the specific inhibition on AOB.
However, the DMPP addition did not changed the abun-
dance of amoA significantly, and the activity of nitrifiers
was indeed inhibited as shown in Fig. 4 (higher NH, -
N concentrations and lower NO, -N and NO; -N con-
centrations due to DMPP addition). Concerning the ef-
fects of DMPP addition to the abundance and activity
of amoA, the arguments still existed. For instance,
Kleineidam et al. (2011) observed impaired abundance
of AOB in soil compartments after DMPP addition,
while Florio et al. (2014) found that no significant
changes in amoA gene copies could be detected in soil
after DMPP addition, while the transcriptional activity
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Fig. 5 Changes of gene copies of key nitrogen functional genes during sludge composting

revealed by amo4 mRNA was impaired. The latter was
suggested in this study. The other nitrification gene
(nxrA) ranged from 3.94x10% to 3.59x10® gene copies
g ' DW. The rapidest increment occurred at days 21 to
73 for the control (reactor A). The reason for this in-
crement cannot be elucidated in this study, and further
research may be needed.

The highest gene copies of denitrification genes were all
observed at the maturation phase except for narG of reactor C,
and among these functional genes, the average abundance of
narG ranged from 1.74x10° to 1.72x10'® gene copies g
DW. Although nitrite can be reduced via either nirK gene or
nirS gene, this study revealed that the abundance of nirS gene
(average gene copies g | DW, 1.31x10'%) was about 2 logs
higher than that of nirK gene (1.24x 10® gene copies g ' DW).
This dominance of nirS gene over nirK gene was consistent
throughout the sludge composting. The abundance of nosZ
gene ranged from 1.25x10° to 1.74x10" gene copies g
DW. According to the one-way ANOVA analysis, the differ-
ence of these genes was all not statistically significant be-
tween treatments, which indicated that natural zeolites and
DMPP addition had little effect on the abundance of nitrogen
transformation functional genes. Principal component analy-
sis (PCA) based on the evolution of the gene copies of these
nitrogen transformation functional genes shown in Fig. 6 also
confirmed this indication, in which the final samples concen-
trated together at the initial and the final while the evolution
of them maybe a little different. However, the evolution of
nitrogen transformation changed a lot between treatments,
and the evolution of gene copies of 16S rRNA shown in
Fig. S2 also reflected that the biomass was little affected by

@ Springer

natural zeolites and DMPP addition. Thus, we assumed that
natural zeolites and DMPP addition impacted the activity but
not the abundance of nitrogen transformation functional
genes.

o
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Fig. 6 Principal component analysis (PCA) based on the abundance of
nitrogen transformation functional genes. Empty circle stands for the
initial sample. Filled circle stands for samples from reactor A. Filled
square stands for samples from reactor B. Filled triangle stands for sam-
ples from reactor C. The initial samples and the final samples concentrat-
ed together as initial cluster and final cluster, respectively
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Conclusions

In this study, we investigated the influence of the natural zeo-
lite and DMPP addition on organics degradation and nitrogen
transformation during sludge composting. The natural zeolite
addition showed the fastest degradation of organic matters,
and the maturity of the compost was the highest, while DMPP
addition slowed down the organic degradation demonstrated
through the evolution of volatile solid (VS) and three-
dimensional excitation-emission matrix (EEM) analysis. Be-
sides, the results confirmed that natural zeolite addition less-
ened the nitrogen loss and demonstrated that DMPP addition
also can be used for nitrogen conservation, and the natural
zeolite and DMPP addition could increase the TN by 48.6
and 23.1 %, respectively. The mechanisms for nitrogen con-
servation differed a lot. The natural zeolite was due to the
absorption of NH;, while DMPP was the inhibitory effects
of AOB, which lead to less sources for denitrification; thus,
the reduction of nitrogen through N, or N,O decreased. On
the basis of the results of this study, natural zeolite and DMPP
amendment to sludge composting has the potential to lessen
nitrogen loss, thereby offering a potential strategy to nitrogen
conservation and deliver environmental benefits.
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