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Abstract Four typical antibiotics were added to human feces
for aerobic composting using batch reactors with sawdust as
the bulk matrix. Under three composting temperatures (room
temperature, 35±2 °C and 55±2 °C), decreases in the extract-
able concentrations of antibiotics in the compost were moni-
tored for 20 days. As a result, the removals of extractable
tetracycline and chlortetracycline were found to be more
temperature-dependent than the removals of sulfadiazine and
ciprofloxacin. However, more than 90 % of all of the extract-
able antibiotics were removed at 55± 2 °C. Three specific
experiments were further conducted to identify the possible
actions for antibiotic removal, including self-degradation in
aqueous solution, composting with a moist sterile sawdust
matrix without adding feces and composting with human fe-
ces and moist sterile sawdust. As a result, it was found that the
removal of tetracycline and chlortetracycline was mainly due
to chemical degradation in water, whereas the removal of sul-
fadiazine was mainly attributed to adsorption onto sawdust
particles. The microbial activity of compost varied with tem-
perature to a certain extent, but the differences were

insignificant among different antibiotics. Although microbial
action is important for organic matter decomposition, its con-
tribution to antibiotic degradation was small for the investi-
gated antibiotics, except for ciprofloxacin, which was degrad-
ed by up to 20 % due to microbial action.
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Introduction

Aerobic composting is a widely used process for organic
waste treatment (Zorpas and Loizidou 2008). Hazard-free sta-
ble composting products containing rich nutrients such as ni-
trogen, phosphorus, and potassium can be used as fertilizers
and soil conditioners for agricultural production. The use of
aerobic composting for excrement treatment (the bio-toilet)
has become a popular topic in recent studies (Lopez Zavala
et al. 2004; Zavala et al. 2005).

The purpose of aerobic composting is to produce more
stable and safer compost products, especially via the inactiva-
tion of pathogenic bacteria and the degradation of trace con-
taminants. Studies have shown that as much as 30 to 90 % of
antibiotics are excreted in the forms of their parent compounds
or metabolites via urine and feces, while retaining biological
activity (Alcock et al. 1999). Thus, antibiotic residues in hu-
man feces should be considered in the context of composting.
In Europe, two-thirds of all antibiotics are used in human
medicine, and one-third is used for veterinary applications
(Thiele-Bruhn 2003). In China, there are many antibiotics
users and manufacturers, with an annual output of antibiotic
material of approximately 210 thousand tons, including 30
thousand tons of exports. The remaining tonnage is destined
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for medical, agricultural, and other uses in China, with an
annual consumption per capita of approximately 138 g (com-
pared to 13 g in the United States). Tetracyclines, quinolones,
and sulfonamides are the most commonly used antibiotics.
Feces containing large amounts of antibiotics can be reutilized
by the soil, resulting in accumulation of antibiotics in the soil
and leading to the development of antibiotic resistant bacteria
or resistance genes (Li et al. 2015; Mo et al. 2015). The spread
of antibiotic residues in the environment poses a potential risk,
and residues may enter the human body through the food
chain, thus endangering human health.

Antibiotics are gradually removed from the environment
through processes such as adsorption, migration, and degra-
dation via hydrolyzation, photodegradation, and biodegrada-
tion. Many studies have indicated that the degradation of an-
tibiotics is temperature-dependent. The higher the tempera-
ture, the higher the rate of degradation (Arikan et al. 2009;
Kim et al. 2012; Wu et al. 2011). A study reported that the
degradation efficiency of chlortetracycline during 30 days of
beef manure composting was 99 % at a temperature of 55 °C
and 49 % at room temperature (Arikan et al. 2009). Dolliver
et al. (2008) reported that the concentration of chlortetracy-
cline during manure composting declined by 99 %, whereas
tylosin andmonensin declined approximately by 54 and 76%,
respectively, during 35 days of turkey-litter composting.
Using a bulky matrix such as sawdust for aerobic composting
can not only improve the porosity of the compost and adjust
the moisture content of the mixture but also provide a large
number of binding sites (Gu et al. 2007; Kulshrestha et al.
2004) that can be used by antibiotics for decomposition.
Kim et al. (2012) reported that decreases in tetracycline and
sulfonamide concentrations were highly dependent on the
presence of sawdust. Therefore, the removal of antibiotics
during aerobic composting depends on the temperature, sub-
strate, and antibiotic characteristics. Many recent studies have
focused on the effect of aerobic composting on the removal
efficiency of antibiotics in livestock and poultry manure (Ho
et al. 2013; Kim et al. 2012; Selvam et al. 2012) rather than the
specific degradation processes of antibiotics during aerobic
composting.

In this analysis, a batch study was performed to investigate
decreases in the extractable concentrations of tetracycline,
chlortetracycline, sulfadiazine, and ciprofloxacin during
composting at three typical temperatures, namely a thermo-
philic temperature of 55±2 °C, mesophilic temperature of 35
±2 °C and room temperature (RTC). The objectives of the
study were to determine the main actions that contribute to
decreasing the extractable antibiotics concentrations during
aerobic composting, including self-degradation (chemical
degradation) of antibiotics in a moist environment, adsorption
onto sawdust particles, and aerobic composting using human
feces. The impact of composting temperature on these actions
was then assessed.

Materials and methods

Experimental device

Three laboratory-scale composting reactors were constructed
using plastic containers (25 L) with air pumps and flowmeters
(Fig. 1). An air chamber with a height of 5 cm was established
at the bottom of the reactor for distributing the airflow. The top
of the air chamber, which was composed of a metal mesh
(pore size of 0.5 mm), was used to support the sawdust and
prevent leakage from the reaction unit. Air was pumped into
the air chamber at a flow rate of 1.5 L/min based on several
experiments. After distribution by the air diffuser, the air en-
tered the reaction unit to provide sufficient oxygen for organ-
ismal growth. To prevent moisture loss, the reactors were cov-
ered with plastic covers that contained small holes. A water
bath was used to maintain the compost at set temperatures of
35±2 °C (mesophilic condition) or 55±2 °C (thermophilic
condition).

Raw materials

Collection of human feces and sawdust

In this study, human feces were collected from a university
campus. After being well-mixed to a homogeneous state, the
feces were packed in batches and stored at −20 °C for later
use. The bulky matrix comprised sawdust collected from a
local timber processing plant and was screened to select for
sawdust with a particle size within 1–2 mm. The sawdust was
stored in a cool and dry place. The physicochemical properties
of the feces and sawdust are shown in Table 1.

Antibiotics

The initial compost samples were simultaneously spiked with
a combination of tetracycline (TC, 97.5 % purity), chlortetra-
cycline (CTC, 99.0 % purity), sulfadiazine (SDZ, 99.3 % pu-
rity) and ciprofloxacin (CIP, 99.5 % purity). Sulfameter
(99.9 % purity) and demeclocycline (98.3 % purity) were used
as the internal standards in recovery and sample analyses.
Detailed information for the individual antibiotics is summa-
rized in Table 2.

Operation procedures

Aerobic composting operation

According to previous studies, 10–12 days were considered
sufficient for organic matter decomposition and microbial
community succession to reach a stable state of aerobic
composting (Bai and Wang 2010; Zavala et al. 2005). To
ensure the safety and maturity of the compost that was spiked
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with antibiotics, the composting period was set to 20 days in
this study. Human feces were mixed with sawdust particles to
a 1:4 dry weight ratio of feces to sawdust (Bai and Wang
2010). First, 0.2 kg of human feces and 0.8 kg of sawdust
(both dry weights) were added to each composting reactor,
totaling 1 kg of dry weight. The initial moisture content was
adjusted to 60 % using deionized water. Then, 1 mg/kg of the
target antibiotics (TC, CTC, SDZ, and CIP) was spiked into
each mixture. The mixtures in reactors were stirred twice per
day. The ambient temperature and the mixture temperature
were recorded in the center of the composting material using
a temperature meter twice a day. Composting samples were
collected from the mixture every day after they were well-
mixed and were then stored at −20 °C.

Composting without the addition of human feces

To elucidate the effect of the bulk matrix (sawdust) on the
decrease of extractable antibiotics, composting experiments
with sawdust (treated through radiation sterilization) contain-
ing the standard antibiotics without the addition of human
feces were carried out at three temperatures. The effect of
sterilization on sawdust was assessed based on bacterial plate
counts, and no microorganisms were found. The composting
procedure was the same as that explained in BAerobic
composting operation^ section. First, 1.0 kg (dry weight) of
sawdust was added to each composting reactor, with the mois-
ture content adjusted to 60 %. Similarly, 1 mg/kg of the target
antibiotics (TC, CTC, SDZ, and CIP) was spiked into each

mixture. The composting samples were collected from the
mixture 2–3 days later after they were well-mixed. They were
then stored at −20 °C.

Degradation of antibiotics in aqueous solution

In nature, the degradation of antibiotics can be affected by
temperature, moisture, and light conditions. Because antibi-
otics can degrade in deionized water, the moist conditions in
the composting reactor can influence the various processes.
Therefore, in this study, the degradation of four antibiotics in
sterilized deionized water at three different temperatures (ther-
mophilic temperature, mesophilic temperature, and room tem-
perature) was defined as self-degradation (chemical degrada-
tion). Four compounds (TC, CTC, SDZ, and CIP) were accu-
rately weighed and then dissolved in the sterilized deionized
water to prepare 1 μg/mL antibiotic solution. Each antibiotic
solution (1 L) was prepared in triplicate, and the reactions
were conducted in beakers (1 L) with temperature controls
set at 25±2 °C, 35±2 °C, and 55±2 °C to simulate room
temperature, mesophilic, and thermophilic conditions, respec-
tively. All beakers were covered with a clear stretchable plas-
tic food wrap and sealed with a rubber band to minimize
evaporation. Aluminum foil was applied over the plastic wrap
to entirely cover the beakers and prevent light exposure. The
experimental period was 20 days. A 2-mL antibiotic aqueous
solution sample was taken from each beaker daily. The anti-
biotic aqueous solution was directly injected into a UPLC-
MS/MS system for analysis.
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Fig. 1 Schematic diagram of the
experimental composting reactor

Table 1 Physicochemical properties of the human feces and sawdust used in this study

Item Moisture content (%) Total COD (g/kg) Soluble COD (g/kg) TOC (g/kg) Total nitrogen (g/kg)

Feces 82.3 1499.1 441.3 506.6 65.09

Sawdust 12.1 1165.8 29.4 378.1 1.50
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Analytical methods

Chemical analysis of the compost

The moisture content of the compost samples was determined
by measuring the moisture loss after drying in an oven at
105 °C for 24 h. The total nitrogen (TN) of the compost
samples was directly analyzed by a modified alkaline potassi-
um persulfate digestion-spectrophotometric method (AWWA-
APHA-WEF 1995). Using chemical oxygen demand (COD)
as an indicator of the fecal organic content, total COD was
measured using a modified closed reflux, colorimetric method
by directly digesting the compost samples (Zavala et al. 2005).
To evaluate the COD in the soluble fraction, termed as

Bsoluble COD^, and pH of the compost sample, 3 g of com-
post sample was stirred vigorously in 30mL distilled water for
30 min. After removing the suspended substances by a
0.45-μm filter, the soluble COD was analyzed by standard
methods (AWWA-APHA-WEF 1995). The pH of the solution
was taken as a measure of the acidity and/or alkalinity state in
the composting reactor. The data were analyzed using tripli-
cate samples after calculating the average and standard error.

Extraction of antibiotics from the compost

Prior to sample extraction, compost samples were defrosted to
equilibrate to ambient temperature and then homogenized and
filtered through a 2-mm sieve. Antibiotics in the compost

Table 2 Typical antibiotics used in the study

Antibiotic Molecular structure MW Log Kow pka

Tetracycline 

(TC) 
444.44 -1.19a 3.30; 7.68; 9.30e

Chlorotetracycline 

(CTC) 
478.89 -0.62b 3.30; 7.44; 9.27e

Sulfadiazine 

(SDZ) 
250.28 -0.09

c
 2.10; 6.28

f

Ciprofloxacin 

(CIP) 
331.4 0.28

d
 6.2; 8.8
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a (Tolls 2001)
b (Thiele-Bruhn 2005)
c (Sarmah et al. 2006)
d (Mutavdžić Pavlović et al. 2012)
e (Qiang and Adams 2004)
f (Babić et al. 2007)
g (Chen et al. 2011)
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samples were extracted using the methods documented by
Białk-Bielińska et al. (2009), Capone et al. (1996) and Ho
et al. (2012) with modifications. Briefly, 1 g wet weight of
solids was accurately weighed in a 50 mL centrifuge tube and
spiked with 0.5 mL of 0.5 μg/mL internal standard (IS) mix-
tures. Then, 10 mL of extraction buffer (MeOH:ACN:0.1 M
Na2EDTA-McIlvaine buffer (pH 4) as 30:20:50) was used to
extract the antibiotics. The mixture was vortex mixed for 30 s
and then placed into a 100 W ultrasonic bath for 10 min. The
tube was centrifuged at 5000 rpm for 10 min. The same ex-
traction procedure was repeated twice more, and then all of the
supernatants were mixed and transferred into a clean 50 mL
plastic tube. Finally, the extract was filtered through 0.45-μm
nylon membrane filter paper (Whatman, UK) to remove par-
ticulate matter.

An Oasis HLB (3 cc/60 mg) cartridge was conditioned
using 6 mL of methanol followed by 6 mL of 0.1 M
Na2EDTA-McIlvaine buffer. The sample extract was loaded
into the cartridges at approximately 10 mL/min. The cartridge
was then washed with 9 mL ultrapure water and dried under
vacuum for 30 min. Finally, the analytes were eluted into a
clean 10 mL centrifuge tube with 6 mL of methanol. The
eluent was evaporated to near dryness under a gentle stream
of N2 gas with the aid of a hot plate heated to 45 °C. The dry
extract was then reconstituted in a 1 mL acetonitrile:water
solution (1:9, v/v). The extract was filtered through a
0.22-μm nylon syringe filter and transferred to a 2-mL amber
glass vial. Finally, the extract was automatically injected into
the UPLC-MS/MS for analysis.

UPLC-MS/MS analysis of antibiotics

Ultra-performance liquid chromatography-electrospray ioni-
zation tandem mass spectrometry (Acquity TQD, Waters
Corporation, Milford, MA, USA) was used to identify and
quantify the target antibiotics. An ACQUITY UPLC shield
RP18 (50 mm, 2.1 mm i.d., 1.7 μm) (Waters, MA, USA)
was used to separate the antibiotics. The column temperature
was 35 °C, the flow rate was 0.2 mL/min and the injection
volume was 10 μL. The mobile phase compositions were as
follows: A, acetonitrile; and B, 0.5 % formic acid in ultrapure
water. The solvents were mixed as follows: 0 to 4 min 10%A,
90 % B; 4 to 5 min linear increase to 30 % A, 70 % B; 5 to
7 min linear increase to 40%A, 60%B; 7.1 min back to 10%
A, 90 % B and kept until end of total runtime at 8 min.
Acquisition was performed using the multiple-reaction moni-
toring mode (MRM) in ESI+ mode. The optimumMS param-
eters were as follows: capillary voltage, 3.3 kV; cone voltage,
32 V; extractor, 3 V; source temperature, 110 °C; desolvation
temperature, 350 °C. The cone gas and desolvation flows were
50 and 450 L/h, respectively.

Antibiotic concentrations were calculated based on the in-
ternal standard method using sulfameter and demeclocycline

as internal standards (Arikan et al. 2009). Recovery was eval-
uated by spiking four replicates of samples with native stan-
dard mixtures and IS mixtures. For this analysis, 1 mL of
0.5 mg/L native standard mixtures and 0.5 mL of 0.5 mg/L
IS mixtures was spiked into each sample. The extraction and
cleanup process for the compost samples was identical to the
procedures described above. The method detection limit
(MDL) and the method quantification limit (MQL) were eval-
uated by spiking samples with a mixture of all standards and
calculated as the signal-to-noise (S/N) ratio. The S/N ratio was
3 or 10, based on the obtained peaks. The data were acquired
through Masslynx 4.1. The basic parameters for UPLC-MS/
MS analysis of four antibiotics and two internal standards are
shown in Table 3.

Results and discussion

General characteristics of the aerobic composting
processes

Changes in the composting temperature, pH, fecal COD, and
total nitrogen were investigated. As shown in Fig. 2a, the
initial temperatures of the three composts were slightly lower
than ambient temperature. Later, due to recovery of microbial
activity, the activity of microorganisms that metabolize organ-
ic compounds effectively resulted in a fast temperature rise in
the compost under RTC and 35±2 °C. The maximum tem-
perature of 42 °C was achieved in the compost on the 3rd day.
The maximum temperature in this study was slightly lower
than those reported in other studies for composting under RTC
(Dolliver et al. 2008; Ho et al. 2013), potentially due to the
smaller compost volume, which may result in heat loss. Under
55±2 °C, no significant temperature increase was observed in
the compost because the set temperature was higher than the
temperature caused by microbial metabolism.

In the initial stage of composting under RTC and 35±2 °C,
with the temperature rise due to microbial metabolism, notice-
able BpH sags^ appeared during the first 2 or 3 days (Fig. 2b),
potentially indicating the formation of fatty acids as a result of
organic decomposition (Sundberg et al. 2004). The pH varia-
tions were similar under RTC and 35±2 °C, with maxima of
9.2 and 8.9, respectively. For composting under 55±2 °C, a
quick temperature rise and slight pH decrease were observed
in the initial stage, but both became stable from the 2nd or 3rd
day onward. The pH was approximately 5.7 through the end
of the composting period. Similar results were reported in a
previous study (Li et al. 2013), with a microbial community
analysis showing varied microbes under mesophilic and ther-
mophilic conditions, as well as pH variation. Similar results
have been reported by Asano et al. (2010).

Because the organic substances in human feces might in-
clude biodegradable and biological inert material (Lopez
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Zavala et al. 2004), COD variations in its total content and
soluble fraction can provide information regarding the biode-
gradability of organic substances under the influence of the
composting temperature. Figure 2c shows the variations of
fecal COD in the composting processes under the three tem-
peratures of RTC, 35±2 and 55±2 °C. When total COD was
considered, the organic substances were decomposed at a
higher rate at 55±2 °C than they were at RTC and 35±2 °C
at the beginning of the composting reaction. After 8–10 days,
there was no apparent decrease in total COD under all condi-
tions. Under RTC, soluble COD began to decrease on the first
day. At 35±2 °C and 55±2 °C, apparent increases in soluble
COD were observed during the first 2 days. This suggests that
a higher temperature benefited the hydrolysis process, which
converted non-soluble COD into soluble COD during the ini-
tial stage of composting. The gradual decrease in soluble COD

under the three conditions is an indication that the readily
degradable organic matter was utilized by microorgan-
isms. If we compare the soluble COD variation with
that of the compost temperature, it can be observed that
higher concentrations of degradable organic matter in
the compost during the first 7 days were accompanied
by higher compost temperatures, indicating higher mi-
crobial activity. The compost temperature almost de-
creased to the ambient level after the 15th day, when
soluble COD stabilized in the compost. This shows the
close relationship between the availability of readily de-
gradable organic matter and microbial activity. Figure 2c
shows that the residual COD concentrations were at the
same level under the three operation conditions.
Additionally, aerobic composting resulted in a COD re-
duction of approximately 60 %.

Table 3 Basic parameters for UPLC-MS/MS analysis of four antibiotics and two internal standards

Analyte Parent ion
(m/z)

Daughter ion
(m/z)

Collision energy Recovery % (RSD %)
(n= 4)

Method detection limit
(μg/kg DW)

Method quantification
limit (μg/kg DW)

Tetracyclinea 445.08 410.06 35 89.8 (2.0) 7.1 20.2

Chlorotetracyclinea 478.89 443.89 31 93.2 (1.6) 3.8 11.5

Sulfadiazineb 250.98 155.95 16 95.5 (4.2) 4.3 13.9

Ciprofloxacinb 332.08 314.12 20 94.8 (3.5) 5.6 16.7

Sulfameter 280.98 91.88 33

Demeclocycline 464.93 447.91 33

a Internal standards: demeclocycline
b Internal standards: sulfameter
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Fig. 2 Variation of temperatures
(a), pH (b), fecal COD (c), and
total nitrogen (d) in the 20-day
composting process under room
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As nitrogen is an important nutrient for crop growth, from
the viewpoint of fertilizer utilization, it is desirable to retain
nitrogen elements in the final composting product (Hua et al.
2009). As shown in Fig. 2d, in the process of aerobic
composting, nitrogen loss is inevitable because organic nitro-
gen, which took up approximately 70 % of the total nitrogen
in the feces (Table 1), may be easily decomposed into ammo-
nia nitrogen that can be further gasified into ammonia gas.
Compared with RTC and 35±2 °C, thermophilic composting
at 55±2 °C retained a higher concentration of nitrogen in the
final compost. The physicochemical and microbiological
mechanisms for this were discussed in a previous study (Li
et al. 2013).

Decrease of extractable antibiotics in the composting
processes

A number of studies have demonstrated that composting can
significantly decrease antibiotic concentrations (Aust et al.
2008; Dolliver et al. 2008; Kim et al. 2012). However, few
studies have analyzed the removal characteristics of antibi-
otics with different molecular structures. As shown in Fig. 3,
of the four antibiotics used in this study, extractable TC and
CTC exhibited a strong temperature-dependent removal char-
acteristic during the composting process, while the removal of
SDZ and CIP was not significantly affected by the composting
temperature. Under RTC, extractable concentrations of both
TC and CTC decreased slowly and only 43.1 and 58.1%were
removed, respectively, at the end of the composting process.
The temperature increase substantially improved the removals
of TC and CTC to 66.4 and 82.1 %, respectively, under the
mesophilic condition of 35±2 °C and to 97.3 and 99.5 %,
respectively, under the thermophilic condition of 55±2 °C.
As shown in Table 2, both TC and CTC are tetracyclic struc-
tures with the same range of molecular weights and common
functional groups such as dimethylamino, phenolic hydroxyl,
and tricarbonyl methane. The sole difference is the chloridion
on the first benzene ring of CTC, which contributes to its
higher log Kow compared to that of TC. This may be one of
the reasons for the slightly higher removal of CTC compared
to the removal of TC under the three conditions.

SDZ and CIP are much different from TC and CTC in their
molecular structures. As a sulfonamide, SDZ has a sulfonyl
group connected to an amine group, which is more easily
degradable than the polycyclic structure (Loftin et al. 2008;
Morrison and Boyd 1983). The azabicyclo structure of CIP is
also easily degradable. The log Kow values of SDZ and CIP
are much higher than those of TC and CTC. Although the
removal efficiencies of extractable SDZ and CIP were differ-
ent under different temperatures in the early stage of
composting, the effect of temperature were minor after ap-
proximately 6 days. The final removals of extractable SDZ
at RTC, 35 ± 2 °C and 55 ± 2 °C were 96.8, 97.5, and

97.6 %, respectively, while those for extractable CIP were
84.2, 87.4, and 91.8 %, respectively. The azabicyclo structure
of CIP may be slightly harder to degrade than the sulfonamide
structure of SDZ, and the effect of composting temperature
cannot be ignored.

Actions that decrease extractable antibiotics

The decrease of extractable antibiotics during the composting
process cannot be merely associated with aerobic composting
of human feces, which may relate to the microbiological ac-
tion (MA). Other actions, such as the self-degradation (SD) of
antibiotics in moist environments and the decrease attributed
to adsorption onto sawdust particles (SA), may also contribute
to the removal of antibiotics depending on their physicochem-
ical properties. In this section, each of these actions and their
contributions to decreasing each antibiotic under different
composting temperatures are discussed based on specific ex-
perimental results. If the removal efficiencies due to SD, SA,
and MA are denoted as RSD, RSA, and RMA, respectively, the
total removal efficiency can be written as RTF=RSD+RSA+
RMA.

Degradation of antibiotics in aqueous solution

Figure 4 shows the decreased concentrations of antibiotics in
aqueous solutions in a 20-day period. Generally, the influence
of temperature was significant for all four antibiotics, and
higher temperature apparently benefited self-degradation in
aqueous solution. However, TC and CTC were unstable, es-
pecially under the thermophilic condition of 55±2 °C. Abiotic
degradation of antibiotics usually occurs through pathways
such as dehydration, isomerization, and epimerization (Wu
et al. 2011), of which dehydration is strongly temperature-
dependent (Loftin et al. 2008). From Fig. 4a and b, the RSD

values for TC and CTC reached 21.0 and 46.0%, respectively,
under RTC (set as 25±2 °C for the experiment), increased to
51.3 and 76.7 %, respectively, under the mesophilic condition
of 35±2 °C and further increased to 90.8 and 95.3 %, respec-
tively, under the thermophilic condition of 55± 2 °C. The
difference between the RSD values of TC and CTC at each
temperature is likely due to the slight difference in their struc-
tures. However, at higher temperatures, frequent molecular
collisions may also result in a faster degradation rate (Loftin
et al. 2008).

The self-degradation of SDZ was slightly temperature-
dependent (Fig. 4c), and the RSD values under RTC, 35
±2 °C and 55±2 °Cwere 15.8, 17.9, and 27.9%, respectively.
These values were lower than the RSD values of TC and CTC
under each temperature because the sulfonamide functional
group is usually more difficult to break than is the amide
functional group due to steric and electronic effects
(Morrison and Boyd 1983). For CIP, self-degradation was

Environ Sci Pollut Res



even less temperature-dependent, and the RSD was approxi-
mately 45 % under each temperature.

Decrease in extractable concentrations of antibiotics
in a moist sawdust matrix without feces addition

Using a bulk matrix such as sawdust in aerobic composting
can improve the porosity of the compost, adjust the moisture

content, and provide a large number of binding sites (Gu et al.
2007; Kulshrestha et al. 2004). Figure 5 shows the decreased
levels of extractable antibiotics in the moist sawdust matrix
under different temperatures without the addition of human
feces. The sawdust used for this experiment was sterilized,
and no microorganisms could be detected by bacterial plate
counts, indicating that no microbial action occurred in the
mixture during the 20-day period. Therefore, the decreased
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levels of extractable antibiotics in such an experiment are due
to two actions, namely, self-degradation (SD) in a moist envi-
ronment and adsorption onto sawdust particles (SA). If the
removal of antibiotics in this case is denoted as RTS, then
RTS=RSD+RSA.

For TC, RTS values of 40.9, 60.9, and 95.8 % under RTC,
35 ± 2 °C and 55±2 °C, respectively, were obtained from
Fig. 5a, suggesting a strong temperature-dependent character-
istic. These RTS values are higher than the corresponding RSD

values of 21, 51.,% and 90.8 % obtained from Fig. 4a, indi-
cating that the adsorption of TC onto the sawdust matrix pro-
vided a better condition for its removal than did the aqueous
solution. Similar results were obtained from Fig. 5b for CTC,
with RTS values of 52.7, 80.4, and 98.6 % under RTC, 35
±2 °C and 55±2 °C, respectively. These values were also
higher than the corresponding RSD values.

The enhancement of the decrease attributed to adsorption
onto sawdust particles was more obvious for SDZ because its
RTS values were obtained from Fig. 5c as 87.4, 95.8, and
96.5 %, respectively, under RTC, 35±2 °C and 55±2 °C in
contrast to the corresponding RSD values as 15.8, 17.9, and
27.9 %. Regarding CIP, the influence of temperature on its
RTS was insignificant (Fig. 5d). However, the RTS value ob-
tained (approximately 69 %) was significantly higher than the
RSD value (approximately 45 %).

The use of a solid matrix such as sawdust to improve anti-
biotic removal in a composting system has also been noted by
other studies (Arikan et al. 2009; Zhang and Huang 2007).
When temperature is increased during composting, the organ-
ic substances from sawdust, which potentially generate more

antibiotics binding sites, may be readily absorbed, and trans-
formed into non-extractable forms (Kim et al. 2012).
Consequently, extractable concentrations of antibiotics and
their metabolites decreased with time in high organic matrices.

Evaluation of various actions that decrease extractable
antibiotics during composting processes

By monitoring the degradation of antibiotics in aqueous solu-
tion, self-degradation characteristics were investigated to ob-
tain RSD. Then, using a composting experiment without the
addition of human feces, the characteristics of the antibiotic
decrease attributed to adsorption onto sawdust particles were
revealed to obtain RTS (RTS=RSD+RSA). If we compare this
with the result of composting operations (Fig. 3), from which
the total removal efficiency for each antibiotic under each
composting temperature can be obtained as RTF, the difference
between RTF and RTS is due to the decrease associated with
aerobic composting of human feces, which may relate to the
microbiological process. The principle of aerobic composting
involves the metabolism of microorganisms under appropriate
conditions (Ding et al. 2014; Selvam et al. 2012). In most
cases, microorganisms in compost systems originate from
the feces (in this study, the human feces) that are decomposed.
However, human feces contain many impurities, such as
organic matters, inorganic substances, cations, and an-
ions that affect the acid–base environment of the com-
post mixture. Therefore, in addition to microorganisms,
other factors related to the feces may also affect the
degradation of antibiotics (Bao et al. 2009). The
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efficiency of antibiotic removal, which is referred to as
the decrease associated with the aerobic composting of
human feces (MA) in this study, denoted RMA, can be
obtained from Figs. 3 and 5 as RMA=RTF−RTS.

Based on the RSD values obtained from Fig. 4, RSA

values calculated as RSA =RTS−RSD (RTS values were
obtained from Fig. 5) and RMA values calculated as
RMA=RTF−RTS, Fig. 6 was obtained to show the con-
tribution of each action to the decrease of extractable
antibiotics in the composting process.

Figure 6a shows that under RTC, only 43.1 % of the TC
spiked into the compost mixture decreased after 20 days of
aerobic composting. SD and SA played the major roles (ap-
proximately 20 % for each) in composting, while the role of
MA was minor. Under mesophilic temperature of 35±2 °C,
66.4 % of TC was removed, but compared with RTC, the
increase in TC removal was mainly due to SD. When
the composting temperature increased to 55 ± 2 °C, the
TC removal further increased to 97.3 %, of which
90.8 % was due to SD, while the contributions from
SA and MA were limited (collectively less than 7 %).
Thus, dehydration in moist environments is the main
action that removes TC with a tetracyclic structure.
Such an action becomes stronger at higher temperatures
partially due to increased reaction activity and partially
due to the more acidic environment (Halling-Sørensen et al.
2002; Loke et al. 2003), as shown by the low pH at 55±2 °C
(Fig. 2b). Microbial action may not provide sufficient energy
to break down the cyclic structure.

For CTC, the action due to SD became more dom-
inant even under RTC (Fig. 6b). Of the 58.1 % total
CTC removal at RTC, SD contributed to approximately
46 %. As the temperature increased, the total CTC
removal increased to 82.1 and 99.5 % under 35
± 2 °C and 55 ± 2 °C, respectively, for which the con-
tributions of SD were 76.7 and 95.3 %, respectively.
The existence of chloridion on the CTC molecule in-
creased its potential for dehydration in the moist
environment.

In contrast to TC and CTC, the dominant action for SDZ
removal was SA, contributing to approximately 60 % at each
composting temperature when the total removal was approx-
imately 97%, irrespective of the temperature change (Fig. 6c).
MA contributed to a certain extent (approximately 11 %) un-
der RTC and became insignificant under higher temperatures.
This indicates that due to its sulfonamide structure, SDZ ex-
hibits a stronger affinity with the solid surfaces such as the
sawdust in this study. Additionally, its removal is mainly due
to reactions at adsorption sites on the sawdust particles.

Regarding CIP (Fig. 6d), although the total removal
slightly increased from 84.2 % under RTC to 87.4
and 91.8 % at increased temperatures of 35 ± 2 °C
and 55 ± 2 °C, respectively, the contributions of SD,
SA, and MA did not change much, as shown by the
slight RSD (always approximately 46 %), RSA (20–
25 %) and RMA (10–18 %) variations. Each action
seemed to have received little influence from the
composting temperature.
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Conclusions

Decreased levels of extractable antibiotics during aerobic
composting have been noted by many studies. However, little
information is available regarding the details of the associated
actions. This study analyzed three actions that potentially oc-
cur during the composting process, namely, self-degradation
(SD), sawdust adsorption (SA), and microbial activity (MA).
Although the principle of composting is based on the metab-
olism of microorganisms, MA did not play a major role, while
the physicochemical actions of SD and SA contributed sub-
stantially to the removal of antibiotics. For temperature-
dependent antibiotics such as TC and CTC, SD played the
main role and the total removal decreased with the decreasing
temperature. For SDZ and CIP, SA played the main role, and
the removal was almost independent of the composting
temperature.
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