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ABSTRACT

Bio-drying is a technology that aims to remove water from a material using the microbial heat origi-
nating from organic matter degradation. However, the evolution of bacterial communities that are
associated with the drying process has not been researched systematically. This study was performed to
investigate the variations of bacterial communities and the relationships among bacterial communities,
water evaporation, water generation, and organic matter degradation during the bio-drying of sewage
sludge. High-throughput pyrosequencing was used to analyze the bacterial communities, while water
evaporation and water generation were determined based on an in situ water vapor monitoring device.
The values of water evaporation, water generation, and volatile solids degradation were 412.9 g kg™!
sewage sludge bio-drying material (SSBM), 65.0 g kg~' SSBM, and 70.2 g kg~! SSBM, respectively.
Rarefaction curves and diversity indices showed that bacterial diversity plummeted after the tempera-
ture of the bio-drying pile dramatically increased on d 2, which coincided with a remarkable increase of
water evaporation on d 2. Bacterial diversity increased when the pile cooled. During the thermophilic
phase, in which Acinetobacter and Bacillus were the dominant genera, the rates of water evaporation,
water generation, and VS degradation peaked. These results implied that the elevated temperature
reshaped the bacterial communities, which played a key role in water evaporation, and the high tem-

perature also contributed to the effective elimination of pathogens.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

By 2014 in China, approximately 129 million tonnes of munic-
ipal wastewater were treated daily in wastewater treatment plants
(WWTPs). During this process, over 30 million tonnes of sewage
sludge (SS), an unavoidable byproduct, were generated annually
(National Bureau of Statistics of the People's Republic of China
(2014)). Despite improvements in mechanical dewatering tech-
niques during the past few decades, including centrifugation and
the use of vacuum filters or belt filter presses, the moisture contents
of sludge cake after mechanical dewatering in most WWTPs in
China are still as high as 80—85% (Chen et al., 2011; Shen et al,,
2012; Cai et al., 2013, 2015). This is obviously unsuitable for the
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final disposal, and therefore an extended dewatering is often
required. Thus, the moisture content should be reduced to an
appropriate level for the subsequent disposal, and this should
become a principal part of SS treatment (Huang et al., 2014). SS
management in which dewatering plays a significant part accounts
for between 49 and 53% of the total operating costs (Murray et al.,
2008; Hospido et al., 2010), and improper treatment may lead to re-
pollution because of the large amounts of pollutants in SS
(VerBerkmoes et al., 2009; Poulsen and Bester, 2010). Consequently,
drying SS poses economic and environmental challenges for
WWTPs and municipalities around the globe (Raynaud et al., 2012;
Jin et al., 2014).

On the other hand, bio-drying is a technology that aims to
remove water from a pile of biodegradable material via aerobic
microbial fermentation (Cai et al., 2012; Winkler et al., 2013). The
initial mixture of materials for SS bio-drying is characterized by a
high diversity of microbial flora; therefore, bio-drying is a highly
dynamic process in which bacteria and fungi play a vital role.
Because of the biologically-generated heat (bio-heat) and me-
chanical operations, bio-drying piles progress through mesophilic,
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thermophilic, and cooling phases (Cai et al, 2013), which are
accompanied by the evolution of bacterial communities. The
composition of bacterial populations during composting, a similar
process based on aerobic fermentation, has been reported; e.g.,
Pseudomonas and Bacillus are the main decomposers of complex
polymers, while Lutaonella thermophila can metabolize many
organic acids and amino acids, and Ureibacillus contributes to the
degradation of organic compounds, especially cellulosic material
(Casacchia et al., 2011; Kuok et al., 2012). Despite the previous
studies of the bacterial populations in compost, variations in the
bacterial communities that play key roles in the bio-drying process
have not been fully investigated.

During bio-drying, bio-heat is crucial for water evaporation, and
it is produced via the microbial degradation of compounds, such as
complex carbon, cellulose, hemicelluloses, and proteins, in the
material (Navaee-Ardeh et al., 2010; Storey et al., 2015). Funda-
mentally, the generation of bio-heat for water evaporation is
dependent on the degradation of organic matter (Villegas and
Huilinir, 2014). Synchronously, the increase in the temperature of
the pile that results from the production of bio-heat reshapes the
bacterial communities (Su et al., 2015), and the shift in the bacterial
communities influences organic matter degradation and bio-heat
production, thereby ultimately affecting water evaporation (Cai
et al,, 2015). Additionally, bio-heat production is accompanied by
water generation, which results from microbial metabolism and
may impact the drying efficiency (Cai et al., 2012). Although bio-
drying is a process that primarily results from the metabolic ac-
tivities microorganisms (He et al., 2013), few studies have com-
bined the study of water removal with investigations of bacterial
communities during bio-drying.

The object of this study was to investigate (1) the variations in
the bacterial communities during SS bio-drying, and (2) the re-
lationships among the bacterial communities, water evaporation,
and organic matter degradation. For this purpose, pilot-scale bio-
drying was performed. The bacterial communities and the organic
matter composition were analyzed, and the water evaporation and
water generation values were calculated.

2. Materials and methods
2.1. Materials

The SS and bio-drying product were obtained from a SS treat-
ment plant in Shanghai, China. Bio-drying product was the cured
mixture of sewage sludge and bulk agent, which had been bio-dried
before this series of experiments. Sawdust, which was used as the
bulk agent (BA), was obtained from a timber mill. The SS, bio-drying
product, and sawdust were mechanically mixed at a volumetric
ratio of 3:2:1 to constitute the SS bio-drying material (SSBM). The
moisture contents of the SS, BA, bio-drying product, and initial
SSBM were 82.3, 20.6, 40.8, and 66.1%, respectively, the bulk density
values were 1.04, 0.19, 0.49 and 0.80 g cm 3, respectively, and the
volatile solids (VS) contents were 613.0 g kg~ SS, 983.3 g kg~ ! BA,
669.2 g kg~ ' SSBM, and 737.5 g kg~ SSBM, respectively.

2.2. Experimental procedure

The initial SSBM was loaded into a tank to form a pile. The bio-
drying pile was 1.6 m in height (Chen et al., 2011), and an unsealed
cylinder made of hydrophobic material, with an internal diameter
of 113 m and a cross-sectional area of 1.0 m?, was vertically
installed within the pile; the volume and weight of the experi-
mental pile were 1.6 m® and 1280 kg, respectively. A water vapor
sensor, which consisted of an ultrasonic anemometer (Gill In-
struments, Lymington, UK), a temperature sensor, and a humidity

sensor (Rotronic, Bassersdorf, Switzerland), was installed along the
central axis of the cylinder 0.5 m above the pile surface to collect
the data for the water calculations. A thermal flowmeter (Virvo,
Madison, WI, USA) was located in the ventilation duct to measure
the air volume aerated into the pile. The pile was subjected to an
auto control technology for bio-drying (CTB, GreenTech Environ-
mental Engineering Co., Beijing, China). The experimental equip-
ment is shown in Fig. S1.

During the 20-day bio-drying period, the pile was aerated
intermittently by an air blower, and it was mechanically turned four
times (on d 9, 12, 15, and 18). The on-line temperature monitoring
indicated that the pile experienced a mesophilic phase, an initial
thermophilic phase (pile temperature higher than 50 °C), a second
thermophilic phase (after the turning on d 9, the pile temperature
dropped and then rebounded), and a cooling phase.

2.3. Sample collection

Samples that were subjected to analysis consisted of the SS
(collected at 22.5 °C), BA (collected at 22.5 °C), and SSBM during the
mesophilic phase (collected on d 0 at 25.5 °Cand on d 2 at 48.5 °C),
the first thermophilic phase on d 6 (collected at 68.3 °C), the second
thermophilic phase on d 11 (collected at 50.3 °C), the cooling phase
on d 16 (collected at 38.7 °C), and the product on d 20 (which was
collected at 21.9 °C).

2.4. DNA extraction, polymerase chain reaction, and
pyrosequencing

DNA was extracted from the samples (0.5 g wet weight) with the
E.Z.N.A. Bacterial DNA Kit for Soil (Omega Bio-Tek, Norcross, GA,
USA) according to the manufacturer's instructions. Successful DNA
isolation was confirmed by agarose gel electrophoresis. Primers
(338F 5'-ACTCCTACGGGAGGCAGCA-3' and 806R 5-GGAC-
TACHVGGGTWTCTAAT-3’) targeting the V1—-V3 region of the 16S
bacterial rRNA gene were chosen for the amplification and subse-
quent pyrosequencing of the polymerase chain reaction (PCR)
products (Majorbio Bio-Pharm Technology Co., Shanghai, China).
The PCR conditions were as follows: 95 °C for 3 min, followed by 25
cycles at 95 °C for 30 s, 55 °C for 30 s, and 72 °C for 30 s, followed by
a final extension at 72 °C for 10 min. The PCR products were pu-
rified using a DNA gel extraction kit (Axygen, Tewksbury, MA, USA),
and then subjected to pyrosequencing using the Roche 454 FLX
Titanium Sequencer at the Majorbio Bio-Pharm Technology Co.,
Shanghai, China.

2.5. Water calculations

Water evaporation included the water evaporated during the
bio-drying and water loss by turning (Zhao et al., 2010; Huilinir and
Villegas, 2015), which can be obtained by integrating the vapor flux
as follows. The humidity, temperature, and air velocity of the
airflow above the pile surface were measured using the vapor
sensor, and the vapor flux was calculated using the following
formula:

€ = (e-Ue"pe (1)

where e is the vapor flux above the pile surface (kg m=2 s~1); g is
the specific humidity of the airflow above the pile surface (kg water
kg~ ! air); u is the vertical air velocity of the airflow above the pile
surface (m s~1); and pe is the density of the air (kg m~3).

Water generation can be calculated according to the water mass
balance of the SSBM:
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MHu,0¢-1 + AMu,05 +1=Mp,0¢ + E (2)

where My, o1 is the total moisture of the pile on day t — 1 (kg);
AMpy,0¢ is the water generation (kg); I is the water input via
aeration (kg); Mpy,o is the total moisture of the pile on day t (kg);
and E is the water evaporation (kg).

The details of the calculations are shown in Table 1.

2.6. Organic matter analysis

The organic matter contents in the SSBM were analyzed by
determining the VS as described by the US Department of
Agriculture and the US Composting Council (2001). Additionally,
the organic matter components, including the hydrolysable com-
pounds, lipids, hemicellulose, cellulose, lignin, and humic acid
contents, were analyzed by the fractional extraction and gravi-
metric method as previously described (Bao, 2000). Hydrolysable
compounds and lipids are easily degradable organic compounds,
while hemicellulose, cellulose, and lignin are more resistant
organic substrates that may be partially degraded and slowly
transformed. Humic acid is a polymerized compound that is pro-
duced from degraded organic matter (Chaari et al., 2015).

Table 1
Details of the water evaporation and water generation calculations.

Equations

Total weight of moisture in the pile on day ¢ :

1-MGo)(1-VSg)
Mh,0¢ = MO((lfMC‘:;zl*VS?) MCe

Vapor flux above the pile:
€ =(eUe*pe
Specific humidity of the airflow above the pile:

2238
Je = I Myarer, 10750 7 2723235
Mair 760105593

Water evaporation in a period:

E= [ f(t)dt

Water vapor input per second:
i=(qi*Qip;

Aeration water input in a period:

1= [} gtydt

Water mass balance of the pile:
My,0¢-1 + 4AMy,0g +1= Mp,0¢ +E
Water generation:

AMy,0g = E =1~ (Mu,0t-1 — Mu,01)

Nomenclature
M, 0.¢ Total weight of moisture in the pile on day t (kg)
Mp,0.¢-1 Total weight of moisture in the pile on day t—1 (kg)
Mo Initial weight of the pile on day 1 (kg)
MGy Moisture content of the bio-drying material on day 1 (%)
VSo Volatile solids content of the bio-drying material on day 1 (%)
e Vapor flux above the pile (kg m—2s~')
Qe Specific humidity of the airflow above the pile (kg water kg~ air)
Ue Vertical air velocity of the airflow above the pile (m s™!)
Pe Air density above the pile (kg m~3)
Myvater Molecular mass of water (g mol~')
Mair Molecular mass of air (g mol™")
Air temperature (°C)
6 Relative air humidity (%)
E Water evaporation (kg)
to Start time (s)
t; End time (s)
ftr) Function of e (kg m~2 s 1)
i Water vapor input per second (kg s™')
qi Specific humidity of the forced air via aeration (kg water kg~! air)
Qi Volume of the forced air (m>s™')
pi Air density of the forced air (kg m~3)
I Water input via the aeration (kg)
g(t) Function of i (kg s~ ')
AMp,04 Water generation (kg)

2.7. Data processing

The operational taxonomic units (OTUs) were determined
following the online instructions of the Quantitative Insights Into
Microbial Ecology software (Caporaso et al, 2010). OTUs were
defined at the 97% similarity level using UCLUST clustering (Edgar,
2010). The difference between microbial communities was
compared using Bray—Curtis distances, followed by principal co-
ordinate analysis (PCoA). To understand the richness of species at
different periods of bio-drying, two diversity indices, Shannon and
inverse Simpson indices were determined using R3.1.0 (R
Development Core Team, 2010). A higher value for the Shannon
index or a lower value for the Simpson index indicates greater
microbial diversity (Velvizhi and Venkata Mohan, 2015; Su et al.,
2015). A heat map was conducted using the pheatmap package
(Kolde, 2013). Pearson's correlation test and other tests were per-
formed using IBM SPSS Statistics for Windows, Version 20.0 (IBM
Corp., Armonk, NY, USA) and Origin 9.0 (OriginLab, Northampton,
MA, USA), respectively.

3. Results
3.1. Bacterial communities

3.1.1. Decrease in bacterial diversity after bio-drying

High-quality sequences were clustered into 692 OTUs at the 97%
similarity level. Rarefaction curves of OTUs became flatter to the
right, indicating an effective sampling of community diversity. The
curves also presented the species richness of various samples,
which indicated that the bacterial diversity decreased after the self-
heating of the bio-drying pile (Fig. S2). The high temperature of the
pile during the bio-drying altered the microbial communities.
Shannon and inverse Simpson indices showed that the highest
diversity values were found on d 0, and bacterial diversity
decreased after the temperature of the pile increased on d 2,
compared with that on d 0 and in the SS. However, when the
temperature fell below 50 °C, the bio-drying entered the cooling
phase, and bacterial diversity recovered, yet it was lower than that
of the SS (Table 2).

PCoA showed that samples obtained prior to self-heating (SS
and d 0), during self-heating (d 2 and 6), and during the cooling
phase (d 16 and 20) clustered into three separate groups (Fig. 1).
The sample from d 11, which was obtained during the second
thermophilic phase, fell between the d 2 and 6 and d 16 and 20
groups. The first two PCs explained 64.0% of the variance of the
bacterial communities. The SSBMs on d 2 and 6 were separated
from that of the control SS and other SSBMs along PC2, which
explained 25.71% of the variation, implying that the variation of the
bacterial communities occurred in part because of the high tem-
perature during the first thermophilic phase.

3.1.2. Shift in bacterial abundance

The compositions of bacterial communities displayed distinct
temporal variations during the SS bio-drying at the phylum level, as
presented in Fig. 2, and all detected bacterial communities were
clustered into four subgroups. For all samples, bacterial commu-
nities in group B were highly abundant, while those in groups A and
C were of low abundance, and those in group D were moderately
abundant. Groups C and D showed that the abundances of the
communities decreased after the bio-heating of the pile.

Proteobacteria, Bacteroidetes, Firmicutes, and Actinobacteria
were the four most dominant phyla during the entire bio-drying
process, collectively accounting for 91.5% and 99.7% of the total
sequences on d 0 and 20, respectively. The percentages of the
Bacteroidetes and Actinobacteria decreased from 26.6% to 3.3% on
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Table 2
Shannon and inverse Simpson indices for different samples.
Samples Phase belonged Temperature when collected (°C) Defined at 97% similarity level
Shannon Simpson Coverage
SS — 22.5 4.77 0.025 0.997
DO Mesophilic 25.5 5.16 0.014 0.993
D2 Mesophilic 48.5 3.77 0.060 0.992
D6 First thermophilic 68.3 3.84 0.049 0.994
D11 Second thermophilic 50.3 3.52 0.066 0.993
D16 Cooling 38.7 3.56 0.055 0.994
D20 — 219 411 0.032 0.995

d 0—1.4% and 1.8% on d 11 during the thermophilic phase, respec-
tively, but rebounded in the cooling phase and reached 39.1% and
6.8% on d 20, respectively. In contrast, the Proteobacteria and Fir-
micutes were enriched from 46.8% to 14.8% on d 0 to their peak
values of 65.3% on d 2 and 82.9% on d 11, respectively, after the
temperature of the pile increased. Most of these bacteria have been
recognized as thermophiles, such as Acinetobacter (phylum Pro-
teobacteria) and Bacillus (phylum Firmicutes) (Eichorst et al., 2013;
Nakasaki et al., 2013). The abundances of the bacterial communities
in groups C and D decreased after entering the thermophilic phase,
and showed no increases after the pile cooled, implying that they
were killed at temperatures greater than 50 °C.

The dominant bacteria (at the genus level) during the different
phases were as follows.

Mesophilic phase: At the beginning of this phase, no genera
were present in high proportions in the SSBM (Fig. S3). Ferri-
bacterium (6.8%, phylum Proteobacteria), Arcobacter (5.7%, phylum
Proteobacteria), Flavobacterium (4.5%, phylum Bacteroidetes), and a
non-culturable genus of Chitinophagaceae (1.6%, phylum

Pcoa
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05 D16 ™Y
BA
SS L4
B3 .. D11
N 0.0 - .
~ 0
N
o
O
[\
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D2
L[]
D6
-1.0
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-1.0 =0.5 0.0 0.5

PC1: 38.29%

Fig. 1. Principal coordinate analysis (PCoA) showing the potentially correlated vari-
ables of the bacterial distribution pattern. Sewage sludge (SS) and the bulk agent (BA)
were collected at 22.5 °C, and the d 0 (D0O) samples were collected at 25.5 °C at the
beginning of the mesophilic phase; d 2 (D2) samples were collected at 48.5 °C at the
end of the mesophilic phase, as well at the beginning of the first thermophilic phase,
and d 6 (D6) samples were collected at 68.3 °C during the first thermophilic phase;
d 11 (D11) samples were collected at 50.3 °C during the second thermophilic phase;
d 16 (D16) samples were collected at 38.7 °C during the cooling phase, and d 20 (D20)
samples were collected at 21.9 °C at the end of the bio-drying process.

Bacteroidetes) were dominant in the initial mesophilic phase on
d 0. As the temperature of the pile increased, the abundances of
these genera were significantly (P < 0.05) lower on d 2, as well as in
the bio-drying product, except that the abundance of

Proteobacteria
Bacteroidetes
| Firmicutes

Actinobacteria

Planctomycetes
Fibrobacteres

i Chlorobi

Gemmatimonadetes

| Candidate_division_TM7
| Nitrospirae
Acidobacteria

WCHB1-60

Chiorofiexi

BA D11 D16 D20 D2 DO SS

0 0.01 0.25 4.41 82.88
Relative abundance of community (%)

Fig. 2. Heat map analysis of bacterial communities showing their distribution at the
phylum level. The bulk agent (BA) and sewage sludge (SS) were collected at 22.5 °C;
d 0 (D0) samples were collected at 25.5 °C and d 2 (D2) samples were collected at
48.5 °C during the mesophilic phase; d 6 (D6) samples were collected at 68.3 °C during
the first thermophilic phase, and d 11 (D11) samples were collected at 50.3 °C during
the second thermophilic phase; d 16 (D16) samples were collected at 38.7 °C during
the cooling phase; d 20 (D20) samples were collected at 21.9 °C at the end of the bio-
drying process.
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Flavobacterium rebounded during the cooling phase, becoming the
second most dominant genus at the end of the bio-drying process
(10.9% on d 20). At the later stage of the mesophilic phase, Acine-
tobacter (phylum Proteobacteria) was enriched from 0.8% on
d 0—47.2% on d 2, becoming the most abundant thermophilic
genus, and its abundance decreased to 1.6% on d 20 when the bio-
drying ended. The abundances of Tepidimicrobium (phylum Firmi-
cutes) and Comamonas (phylum Proteobacteria) increased from
0.03% to 0.5% on d 0—7.4% and 5.5% on d 2, respectively, and they
were the second and third most dominant genera, respectively, in
the later stage of the mesophilic phase.

Thermophilic phase: In the first thermophilic phase, Acineto-
bacter (phylum Proteobacteria) maintained its predominance, ac-
counting for 42.3% of the bacteria on d 6, followed by the genus
Bacillus (phylum Firmicutes) (5.8% on d 6). In the second thermo-
philic phase, Bacillus (phylum Firmicutes) became the most abun-
dant genus (51.6% on d 11), although its abundance decreased to
5.9% on d 20, making it the fourth most abundant bacteria when the
bio-drying ended. Pseudomonas (phylum Proteobacteria) was the
third most abundant genus in the BA (7.2%), and its abundance
decreased during the first thermophilic phase, but increased after
the second thermophilic phase, reaching a proportion of 3.5% on
d11.

End of bio-drying: Sphingobacterium (phylum Bacteroidetes)
was the most dominant genus when the bio-drying ended (23.8%),
followed by Flavobacterium (10.9%).

3.2. Water variation

The moisture content of the SSBM decreased from 66.1 to 54.7%
after the 20-day bio-drying process. The water evaporation rate per
day is presented in Fig. 3, and it totaled 412.9 g kg~! SSBM during
the entire process. From d 2, the daily evaporation rate drastically
increased, peaking at 37.3 g kg~! SSBM d~! on d 4. Then, the water
evaporation rate gradually decreased until the pile was mechani-
cally turned on d 9. Either after the first turning on d 9 or after the
second turning on d 12, the water evaporation rate increased,
which was mainly attributed to the elimination of pile compaction
and the biodegradation of some undegraded material (Cai et al.,
2015). After d 14, the water evaporation rate declined to
41gkg ' SSBMd L

The water generation, which is also shown in Fig. 3, totaled
65.0 g kg~ ! SSBM during the entire process, and the ratio of water
generation to water evaporation was about 1:6.3. The water

- Water evaporation | 70
40 I W ater generation
. Temperature
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Fig. 3. Water evaporation, water generation, and pile temperature during the bio-
drying process. The pile was mechanically turned four times (on d 9, 12, 15, and 18).
After the turning on d 9, the pile temperature plummeted and then rebounded.

generation rate increased after the mesophilic phase, and it peaked
at 9.40 g kg~! SSBM d~! on d 3, and then decreased. After the first
turning, the water generation rate rebounded to 8.50 g kg~! SSBM
d~!, and then gradually decreased, reaching 0.16 g kg~! SSBM d~!
on day 20.

3.3. Organic matter

The organic matter content, which is represented by the VS and
the compositions of different samples, is presented in Fig. 4. The VS
decreased from 737.5 g kg~ ! SSBM to 667.3 g kg~ ! SSBM after the
bio-drying process, and the total degradation of organic matter was
70.2 g kg~ ! SSBM. The stage between d 2 and 6, as well as the stage
between d 11 and 16, were the top two periods for the degradation
of organic matter, with degradation values of 21.8 g kg~' SSBM and
21.5 g kg~ SSBM, respectively. On d 0, the contents of hydrolysable
compounds and lipids were 238.8 g kg~! SSBM and 51.5 g kg~!
SSBM, accounting for 32.4 and 7.0% of the VS, respectively, and the
humic acid content was 233.8 g kg~ SSBM, accounting for 31.7% of
the VS. After the 20-day bio-drying process, the contents of the
hydrolysable compounds and lipids decreased to 161.7 g kg~ SSBM
and 23.4 g kg~! SSBM, accounting for 24.2 and 3.5% of the VS,
respectively, while the humic acid content increased to
323.2 g kg~! SSBM, accounting for 48.4% of the VS. Additionally, the
hemicellulose, cellulose, and lignin contents decreased from
22.7 g kg~ SSBM, 60.5 g kg~' SSBM, and 130.2 g kg~! SSBM to
16.2 g kg~! SSBM, 42.0 g kg~! SSBM, and 100.8 g kg~! SSBM,
respectively.

In general, for the overall bio-drying process, the degradation of
hydrolysable compounds was the greatest, with a degradation
value of 77.1 g kg~—! SSBM, representing 32.3% of the total degra-
dation. The degradation values of lipids, hemicellulose, cellulose,
and lignin were 28.2 g kg~! SSBM, 6.5 g kg~' SSBM, 18.4 g kg™!
SSBM, and 29.4 g kg~! SSBM, and their corresponding degradation
proportions were 54.7, 28.6, 30.5, and 22.6%, respectively.

[ee]
(=
(=]

600

400

200

Volatile solids and their compositions (g kg” SSBM)

0 DO D2 D6 D11 D16 D20
Samples
I Humic acid [l Hemicellulose
I Lignin I Lipid
I Cecllulose [ Hydrolyzable compound

Fig. 4. Volatile solids and their compositions in different samples of sewage sludge
bio-drying material. Samples on d 0 (DO) were collected at 25.5 °C, and d 2 (D2)
samples were collected at 48.5 °C during the mesophilic phase; d 6 (D6) samples were
collected at 68.3 °C during the first thermophilic phase, and d 11 (D11) samples were
collected at 50.3 °C during the second thermophilic phase; d 16 (D16) samples were
was collected at 38.7 °C during the cooling phase; d 20 (D20) samples were collected at
219 °C at the end of the bio-drying process.
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Conversely, the amount of humic acid increased by 38.2%—
89.4 g kg~ ! SSBM. In the stage between d 2 and 6 (the early and
middle stage of the first thermophilic phase), the daily degradation
rates of the hydrolysable compounds, lipids, and hemicellulose,
which can be seen in Fig. 4, reached their maxima. In the stage
between d 11 and 16 (the second thermophilic phase), the daily
degradation rates of the hydrolysable compounds, lipids, and
hemicellulose recovered, and those of cellulose and lignin reached
their maxima.

4. Discussion
4.1. Decomposition of the dominant bacteria

The dominant bacteria in different phases (Fig. 5) and their
target decompositions, which were collected from the literature,
were used to specify the bio-drying in terms of microbial
degradation.

Mesophilic phase: Ferribacterium, Arcobacter, Flavobacterium,
and a non-culturable genus of Chitinophagaceae were the dominant
genera during the initial mesophilic phase. Ferribacterium are Fe
(Ill)-reducing bacteria (Cummings et al., 1999), while Fla-
vobacterium has been reported to degrade lignin and pentachlo-
rophenol (Scelza et al, 2008; Aarthi et al, 2004), and
Chitinophagaceae_uncultured is capable of degrading cellulose
(Eichorst et al., 2013). Arcobacter, identified as a pathogenic genus
(Merga et al., 2014), was inactivated during the thermophilic phase,
and it was not detected on d 16 and 20, which was beneficial to the
utilization of the bio-drying product. At the later stage of the
mesophilic phase, Acinetobacter, Tepidimicrobium, and Comamonas
became the dominant genera. Acinetobacter can degrade lignin and
diesel fuel, as well as reduce nitrate to ammonia (Trois et al., 2010;
Mara et al., 2012). Comamonas can metabolize lignin and other
complex organic compounds (Young et al., 2008).

100

80

Relative abundance (%)

BA SS DO D2 D6 DI11 D16 D20
Samples
Il Acinctobacter I Chitinophagaceae_uncultured
Bacillus I Ferribacterium
I Pscudomonas I Arcobacter
I Flavobacterium Comamonas
I sphingobacterium Others

Fig. 5. Percentages of dominant bacteria and the total percentages of non-dominant
bacteria at the genus level after the heating of the pile. Samples from d 2 (D2), 6
(D6), and 11 (D11) were collected at 48.5 °C, 68.3 °C, and 50.3 °C, respectively, after the
remarkable heating of the pile; the bulk agent (BA), sewage sludge (SS), and d 0 (DO)
samples were collected at 22.5 °C, 22.5 °C, and 25.5 °C, respectively, before the
remarkable heating of the pile; d 16 (D16) samples were collected at 38.7 °C during the
cooling phase, and the d 20 (D20) samples were collected at 21.9 °C at the end of the
bio-drying process.

Thermophilic phase: Acinetobacter was the most abundant
thermophilic genus during the first thermophilic phase, and it can
degrade lignin and diesel fuel, as well as reduce nitrate to ammonia
(Trois et al., 2010; Mara et al., 2012). Bacillus was the most abundant
genus during the second thermophilic phase, and Pseudomonas was
also one of the dominant genera. Bacillus can degrade protein and
starch, while Pseudomonas can degrade lipids and lignin, and are
also known as competent cellulose-degrading bacteria (Ten et al.,
2005; Prabhakaran et al., 2015).

End of the bio-drying process: Sphingobacterium, which can
degrade fatty acids and some other complex organic compounds
(Kuo et al., 1999), was the dominant genus when the bio-drying
ended.

4.2. Water evaporation was increased by bacterial degradation

Bio-heat was produced when various microorganisms degraded
various substances, which caused the temperature of the bio-
drying pile to increase and resulted in distinct phases that were
defined based on the pile temperature. The changes in temperature
reshaped the bacterial communities that played important roles in
substance degradation and heat production. During this process,
the microorganisms that produced bio-heat to increase the water
evaporation generated metabolic water during the degradation of
organic matter. To illustrate the relationships among VS degrada-
tion, water generation, and water evaporation, their variations in
each phase were calculated as follows (Table 3).

In the mesophilic phase, bacterial diversity was the highest, and
even the most dominant genus accounted for only 6.8% of the
bacteria. During this period, the VS degradation value was
5.9 g kg~ SSBM, the water generation value was 3.8 g kg~! SSBM,
and the water evaporation value was 37.9 g kg~! SSBM.

However, the bacterial diversity plummeted after the self-
heating of the pile. Simultaneously, there was a dramatic increase
in water evaporation on d 2. The bacterial diversity reached its
lowest level on d 11 according to the Shannon and inverse Simpson
indices (Table 2), indicating a selective effect of high temperature.
During the thermophilic phase, in which Acinetobacter and Bacillus
were the dominant genera, the VS degradation, water generation,
and water evaporation all reached their peak values of 62.5 g kg1
SSBM, 59.3 g kg~ SSBM, and 337.7 g kg~ ! SSBM, respectively. The
remarkable evaporation value could be due to the large amount of
bio-heat produced by the microorganisms and the convection
promoted by the mechanical aeration. The elevated temperature
also contributed to the effective elimination of pathogens, such as
Arcobacter and Prevotella, which existed in the SS and were present
on d 0, but which were not detected in the bio-drying product.

In the early and middle stage of the first thermophilic phase
(from d 2 to 6), the daily degradation rates of hydrolysable com-
pounds, lipids, and hemicellulose all reached their maxima, while
the daily water evaporation peaked, as presented in Fig. 3. Never-
theless, the daily degradation rates of these organic matters
decreased after d 6 (the late stage of the first thermophilic phase)
because of the high temperature and the compaction effects on the
pile, which may kill most bacteria. Consequently, a decrease in
water evaporation was also observed after d 6. Thus, the decline in
both the compound degradation and water evaporation rates
indicated that sufficient aeration and mechanical turning were
required to prevent the pile from overheating, as well as to provide
a porous environment for aerobic degradation.

After the mechanical turning on d 9, the bio-drying pile entered
its second thermophilic phase, in which the daily degradation rate
of organic matter increased as a result of the vigorous metabolism
activities of thermophilic bacteria such as Bacillus and Pseudo-
monas. Similarly, the water evaporation rate increased and reached
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Table 3

Volatile solids degradation, water generation, and water evaporation during each phase (unit: g kg~! sewage sludge bio-drying material (SSBM)).

Phase Volatile solids degradation Water generation Water evaporation
Mesophilic phase (2 days) 5.9 3.8 379
Thermophilic phase (13 days) 62.5 59.3 337.7
Cooling phase (5 days) 1.8 1.9 373

another peak on d 11, as shown in Fig. 3.

During the cooling phase, bacterial diversity recovered,
although it was less than that before bio-drying, which was also
observed in the study by Caracciolo et al. (2015) during the matu-
ration phase of composting. The VS degradation value was
1.8 g kg~ ! SSBM, the water generation value was 1.9 g kg~ SSBM,
and the water evaporation value was 37.3 g kg~ ! SSBM. The low VS
degradation and water generation rates implied that there was a
decline in microbial metabolism despite the extremely large water
evaporation value, which was mainly due to sufficient aeration.

In the initial stage of the mesophilic phase, no bacterial genera
were present in high proportions in the SSBM. After entering the
thermophilic phase, Acinetobacter, Bacillus, and Pseudomonas,
which can degrade readily biodegradable substances, such as
hydrolysable compounds, lipids, and complex polymers, such as
proteins, lignin, and cellulose, became the dominant genera. Fol-
lowed by the abrupt increase in the abundances of the dominant
bacteria, the water evaporation rate increased significantly, which
was attributed to the efficient degradation of organic matter after
d 2. During the cooling phase, the water evaporation rate declined,
as did the bacterial degradation of organic matter.

5. Conclusions

e The moisture content of the SSBM decreased from 66.1 to 54.7%
after the 20-day bio-drying process, at which time the water
evaporation, water generation, and VS degradation values were
4129 g kg~! SSBM, 65.0 g kg~! SSBM, and 70.2 g kg~! SSBM,
respectively, which is approximately equivalent to a 6:1:1 ratio.
Rarefaction curves and diversity indices implied that the pile
temperature shaped the bacterial communities, and that bac-
terial diversity plummeted after entering the thermophilic
phase and rebounded during the cooling phase. PCoA implied
that the cluster distribution of the bacterial communities from
different samples may be due to the evolution of the pile
temperature.

During the thermophilic phase, in which the dominant genera
were Acinetobacter (42.3% during the first thermophilic phase)
and Bacillus (51.6% during the second thermophilic phase), the
daily water evaporation, water generation, and VS degradation
rates all peaked. Especially during the early and middle stage of
the first thermophilic phase, the daily degradation rates of
hydrolysable compounds, lipids, and hemicellulose all reached
their maxima, thereby propelling the daily water evaporation
rate to its maximum value, while the degradation rates of cel-
lulose and lignin reached their maxima during the second
thermophilic phase.
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