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Abstract

Composting is widely applied in animal manure treatment and reclamation. The degradation of
organic pollutants during the composting treatment is attributed to two parallel processes: one is
the bioprocess induced by the used microorganisms, and the other is the chemical process. In or-
der to clarify the relative contribution of the chemical process to the compositing, in this paper,
oxytetracycline (OTC) was chosen to study the degradation of tetracyclines (TCs) in water and
chicken manure. It was observed that the degradation of OTC in water was much faster than that
in chicken mature. At 40°C, 95% of OTC in water could be removed in two days, while it took about
one month in mature. By increasing the temperature to 50°C, 60°C and 70°C, the required degrada-
tion time (with the degradation efficiency more than 95%) was shortened to 22, 13 and 9 days,
respectively. This difference was caused by desorption hysteresis and irreversible fixation due to
the formation of complexes of OTC with co-existed metal ions in the matrix. It was found that the
coexisted Ca2+, Zn2* and Ni?* ions decreased the degradation of OTC, whereas Cu?* ions promoted
the degradation of OTC.
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1. Introduction

Tetracyclines (TCs) have made an enormous contribution to animal husbandry, for they are used as feed addi-
tives to prevent disease, and promote the growth and development of animals [1]. However, this antibiotic is
absorbed poorly in animal bodies, and 70% - 90% of the intake OTC may be excreted by animals as parent
compounds or metabolites and thus enter the environment through the application of manure to land as organic
fertilizer or on pasture [2] [3]. It was reported that the amounts of antibiotics varied from trace level to 200
mg-kg * in animal waste [4]. The disposed OTC not only causes pollution of soil and water, but also poses an
increasing potential risk to ecosystem safety and human health through the food chain [5].

Livestock farms often remove antibiotics by composting the animal waste before its applying on the soil as
fertiliser, and this is a practical and economical option to reduce antibiotic concentrations in manure and thereby
decrease environmental risks. Composting is a controlled aerobic process by which diverse groups of microor-
ganisms decompose organic materials, producing stable compost [6]. A study by Van Dijk and Keukens showed
that the concentration of sulfachlorpyrazine in poultry manure was decreased by 58% - 82% by a composting for
8 days [7]. Dolliver et al. evaluated three turkey manure composting treatments with different treatment condi-
tions, and observed no marked difference in antibiotic degradation among the treatments [8]. To understand the
influence of composting process and the components of compost on the degradation of TCs, Kim et al. carried
out field- and in-lab-scale investigations, and also found no difference in antibiotic degradation among the
treatments [9]. In a pilot scale experiment, Arikan and coworkers investigated the effect of manure pile con-
struction on pile temperature profiles and on the fate of OTC and chlortetracycline (CTC), and found that more
than 99% reduction in CTC was achieved in all treatments at the end of the composting period (22 - 35 days)
[10]. Wang and Yates examined the effects of manure moisture, temperature, and the presence of other antibio-
tics on the degradation kinetics of OTC in manure [11]. However, there has not much attention paid to the in-
fluence of substances that are already in chicken manure on antibiotics degradation until now. The coexisted or-
ganics and metal ions may interact with antibiotics and then influence the removal of TCs.

The behavior of antibiotics during composting is complicated, because they can be adsorbed and degraded by
microbes, and chelate with metals or organics in the matrix. Kuhne et al. reported that TC was degraded faster in
liquid pig manure under aerobic conditions than under anaerobic conditions [12]. Ratasuk et al. also observed
that if the microbes were killed before composting, temperature was the main factor influencing the degradation
of OTC, whereas pH and light had little influence on the degradation of OTC in pig manure [13]. Arikan et al.
confirmed that the loss of extractable CTC and OTC residues was increased with incubation time and tempera-
tures [14]. During the composting process, temperatures often exceed 40°C as a result of intense biological ac-
tivity. In high temperature phase, the temperature of compost can be up to 60°C - 70°C, and this stage usually
lasts seven days if no manual intervention [15]. Previous laboratory-scale composting studies showed that ther-
mophilic temperatures and aerobic conditions increase antibiotic removal rates [1]. Increasing temperature re-
sulted in much increased rate of the OTC hydrolysis [16]. Generally, TCs adsorbed strongly to manure solids,
and this is often related to the coexisted divalent cations in manures [17]. The remove of antibiotics during
composting could be divided into two parts: the direct degradation by assimilation of microbes and the decom-
position by heat [18]. The objective of this study was to investigate the part of thermal chemical decomposition.
Our research discussed the behaviors of OTC degradation under several composting temperatures and compared
the differences of OTC degradation in the chicken manure and water (the structure of OTC is shown in Figure
1). Many metal ions in the manure could complex with OTC and influence the degradation of OTC. Hence, the
effect of heavy metals on remove of OTC was studied.

2. Materials and Methods
2.1. Chemicals and Analytical Procedure

OTC with 99% purity was bought from Aladdin (Shanghai, China). Acetonitrile and methanol (HPLC grade,
Fisher, Pittsburgh, PA, USA) were used as mobile phase for HPLC detection. Citric acid, sodium ethylenedia-
mine tetraacetate and disodium hydrogen phosphate dodecahydrate were used to extract OTC from chicken ma-
nure. All of these chemicals were analytical grade reagents from Sinopharm Chemical Reagent Co., Ltd (China).
Solid phase extraction (SPE) tubes (HLB, 60 mg/3mL) were obtained from Waters (Brussels, Belgium). They
were conditioned with 5 mL methanol followed by 5 mL of deionized water before used to purify the manure

samples.
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Figure 1. The chemical structure of OTC.

Chicken manure was obtained from a livestock farm in Hubei Province, China. The water content of the raw
manure was 76.0%, whilst its pH was 7.2 (using a manure-to-water ratio of 1:3 by mass). Fresh manure was
analyzed by high performance liquid chromatography tandem mass spectrometry (HPLC-MS) and no OTC was
detected. Prior to use in the experiments, it was kept in a —20°C environment.

2.2. Extraction and Analysis of OTC

OTC in manure samples was extracted by EDTA-Mcllvaine buffer solution. This buffer (pH = 4.0) was pre-
pared by dissolving 13.8 g disodium hydrogen phosphate dodecahydrate (Na,HPQO,-12H,0), 6.45 g citric acid
(CgHgO-) and 4.65 g disodium ethylenediamine tetraacetate (Na,EDTA) in 500 mL water. After Mcllvaine buf-
fer-EDTA solution was added into manure, the solid-liquid mixture was vortexed for 1 min and then ultrasoni-
cated for 10 min in an ultrasonic bath. The mixture was centrifuged, the supernatant was gathered and the solid
was used to extract once more. The two supernatants were put together, into which was added one drop of 20%
trichloroacetic acid solution to adjust pH. The supernatants were filtered with 0.45 um syringe membrane filters.
The filtrate was loaded on a conditioned HLB column to further purify it. The cartridge was rinsed with 5 mL of
5/95 (v/v) methanol-water solution. After the cartridge was vacuum dried for 10 min, the analytes were eluted
with 8 mL of 3/7 (v/v) methanol-ethyl acetate solution. The resultant eluate containing OTC was evaporated to
dryness under a gentle stream of nitrogen at 40°C and the residue was redissolved in 1 mL of methanol. The re-
constituted sample was analyzed by HPLC (Agilent 1260, Agilent, California, USA) with diode array detection.
The analytical column was a C18 column (ZORBAX SB, 15 cm x 0.46 cm, 5 um) operated at room temperature.
The chromatographic conditions were as follows: flow rate of 0.3 mL-min* with a mobile phase of 20% aceto-
nitrile/10% methanol/70% 0.001 formic acid (v/v/v). The injection volume was 20 pL and the detection was at
355 nm.

2.3. Data Analysis

The OTC degradation kinetics in water was fitted with the simple first-order loss model:
C=Cpe™ (1)

where C (mg'kg %) is the concentration of the target compound at time t (day), C, (mg-kg ™) is its initial concen-
tration, and k is the degradation rate constant. The half life is calculated as t;, = 0.693/k. For manure samples,
the proportion of OTC available for degradation compared to the total amount in the system may decrease with
time due to desorption hysteresis and irreversible fixation, because the manure contained many kinds of metal
ions and organics and many of them would complex with OTC. Therefore, the OTC concentrations for each
manure sample were fitted by an availability-adjusted first-order loss model describing exponential decay in
manure. This model was introduced by Wang and Yates [11], which was supported by other reports [14] [19].
The availability-adjusted first order loss model introduces a parameter 4, which is the concentration ratio of the
available target compound to the total remaining target compound in the system at initial time. This parameter (1)
is assumed to be a function of time: A = e . Thus, Equation (3) was obtained after substituting A into Equation

(2) and integration.
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The availability-adjusted rate constant is denoted k’ (d %) to distinguish from the rate constant (k) associated
with the simple first order loss model, and k’ (d%) is the product of k and A. Here, a (d %) represents an availabil-
ity coefficient. The half-life may be expressed as:

t,, =-1/aln(1-0.693a/k") (4)

3. Degradation Experiments of OTC

Experiments in solid substrate: Manure samples were spiked by adding of OTC solution (1000 mg-L ™) to make
up nominal initial OTC concentrations of 10, 25 and 100 mg-kg * (dry weight). These concentrations were simi-
lar to that of OTC previously found in fresh manure from OTC-treated animals [10]. The initial water content
was 79%. After being sealed in a container, the spiked manure was put into a thermostatic oven for the degrada-
tion. At specified time intervals, a part of the samples were taken out for analyzing the content of OTC. During
the experiment, a proper amount of water was added into the manure to keep the water contents be the same as
the initial moisture content.

Experiments in liquid substrate: The degradation of OTC at an initial concentration of 10 mg-L* was con-
ducted in water. Prior to the experiment, the solution pH was adjusted to nearly neutral. At specified time inter-
vals, a part of the samples were taken out for analyzing the content of OTC. In some cases, the OTC aqueous
solution was spiked with metal ions (Ca**, Zn*, Ni**, Cu?*) at different concentrations.

4. Results and Discussion
4.1. Extraction Recovery of OTC

Using the extraction and HPLC conditions described above, the retention time for OTC was 7.6 + 0.1 min, the
calibration curves were linear with correlation coefficients >0.99 and method detection limit (MDL) of OTC in
manure samples was 0.6 mg-kg . The linearity ranges were 0.3 - 12 mg-L™* for water samples and 0.9 - 10
mg-L " for manure samples. Recovery results for OTC were calculated as means of triplicate samples at four
concentrations in water and manure. As shown in Table 1, the recoveries of OTC were about 85% from the
manure and about 95% from water.

4.2. Degradation of OTC at Different Temperatures

Initial concentrations of OTC after mixing were approximately 100, 25, and 10 mg-kg *, within the range of an-
tibiotic concentrations found in animal manure [20]. The temperature during composting can be up to 70°C, so
70°C was chosen as the maximum temperature in the experiments. The degradation curves are shown in Figure
2. Both the simple first-order kinetic model and the availability-adjusted first-order kinetic model were used to
fit the experimental data. OTC degradation in chicken manure seemed to follow the availability-adjusted first
order loss model well. The regression coefficients of the kinetic data fitting from all OTC degradations in
chicken manure with the availability-adjusted loss model and simple first-order model were 0.994 and 0.912,
respectively. Therefore, the OTC degradation in manure was fitted by the availability-adjusted first-order kinetic
model.

Table 1. Extraction Recovery (% mean standard deviation) of OTC from dif-
ferent matrices (n = 4 for each matrix).

spiked level (mg-kg * dry weight)

matrices
3 6 10 15
Chicken manure 83+4 86+3 85+5 88+7
water 93+2 95+4 96 + 4 95+ 6
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Figure 2. The degradation of OTC at different temperatures. The initial concentrations of OTC were (a) 100, (b)
25, and ((c), (d)) 10 mg-L ™. The matrices were chicken manure ((a)-(c)) and pure water (d).

The rate constants for OTC degradation in manure varied from approximately 0.084 to 0.458 d*, with
half-lives of OTC varying from 1.56 to 8.50 d. The OTC degradation in water is showed in Figure 2(d). Be-
cause the common contents of OTC in chicken manure are 5 - 20 mg-kg %, the initial concentrations of OTC in
water was set at 10 mg-L ™. The kinetic constants for OTC degradation in water were 2.208, 3.552, 8.520, and
14.112 d* at 40°C, 50°C, 60°C and 70°C, respectively, with half-lives varying from 0.05 d to 0.31 d. From Fig-
ure 3, it can be seen that the kinetic constants of OTC degradation in water were much larger than that in ma-
nure, indicating that the degradation rate was much faster in water than in manure at the same OTC concentra-
tions. It may be caused by desorption hysteresis. Metal ions also formed complexes with OTC; this affected the
diffusion of OTC in chicken manure.

4.3. Effect of Metal Ions on Degradation

There are many kinds of metal ions in chicken manure, such as As®*, Cr®*, Cu?*, Zn?*, Ni?*, Pb*, Ca®*, Fe**, Na*,
Mg?®*, Mn®, and so on. Some of them are present at such low concentrations that not every of them can complex
with OTC. The effect of complexation on the OTC degradation was investigated because the formation of metal-
OTC complex may become important at higher concentrations of multivalent metal cations. Sorption-desorption
hysteresis was observed by Gu [21]. The relatively strong interaction between OTC and metal ions was expected
to significantly influence the reactivity, mobility and bioavailability of this antimicrobial compound in soils and
subsurface environments. The release of adsorbed OTC may be hindered by the existence of apparent sorp-
tion-desorption hysteretic behavior and its bioavailability and degradation may be decreased. In this study, four
metal ions (Ca**, Zn?*, Ni**, Cu®"), which were the essential components in manure, were chosen to complex
with OTC in aqueous solution. By using microwave induced plasma-atomic emission spectroscopy, the contents
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Figure 3. Dependences of kinetic constants on tempera-
ture in chicken manure and pure water.

of water soluble metal ions in chicken manure were measured as Ca®* 7.24 g-kg !, Ni?* 4.17 mg-kg*, Zn?* 23.33
mg-kg !, and Cu?* 5.42 mg-kg *. The concentrations of Ca®* in chicken manure were often in the levels of g-kg™
and much larger than other three metal ions.

As shown in Figure 4, the degradation of OTC (10 ppm, 0.02172 mmol-L ™) in aqueous solutions was con-
ducted in the presence of Ca?* (7240 ppm, 0.1806 x 10° mmol-L™"), Zn?** (23.33 ppm, 0.3569 mmol-L %), Ni**
(4.17 ppm, 0.07104 mmol-L™*) or/and Cu?* (5.42 ppm, 0.08535 mmol-L ) at temperatures of 40°C - 70°C,
where the concentrations of metal ions were the same as that found in the manure sample. At each of the tested
temperatures, it was found that the presence of Ca?*, Ni** and Zn*" decreased the degradation rate of OTC, whe-
reas Cu?* accelerated the degradation of OTC. Similar degradation experiments were also performed in the
presence of metal ions at a low concentration (0.04344 mmol-L ™). The data fitting from the degradation expe-
riments gave the effects of temperature on the degradation rate constant of OTC (10 ppm, 0.02172 mmol-L %) in
aqueous solutions in the presence of metal ions at both lower and higher concentrations.

Different metal ions would bring about different effects, due to their complex stability. From the reports of
Doluisio and Martin [22] and Lambs et al. [23], the stability constants were 4.5, 8.4, 10.7, 12.7 for the complex-
es of Ca-OTC, Zn-OTC, Ni-OTC, Cu-OTC, respectively. As shown in Figure 5(a), the kinetic constants of
OTC degradation were 0.092, 0.148, 0.335, and 0.588 h™* at 40, 50, 60, and 70°C, respectively, in water in the
absence of metal ions. When metal ions were added with the same load (0.04344 mmol-L™"), the degradation
rate constant of OTC at 40°C was decreased to 0.081, 0.046, and 0.022 h™* by Ca?*, Zn?* and Ni®*, respectively.
The decreasing effect of these metal ions was increased in an order of Ca** < Zn®* < Ni?*, which is the same that
the order of the stability constant of the metal-OTC complexes. By comparing the corresponding curves in Fig-
ure 5(a) and Figure 5(b), it was found that the greater addition of the metal ion increased its depression effect.

Unlike the other metal ions (Ca?*, Zn** and Ni?*), the addition of Cu®** accelerated the degradation of OTC in
aqueous solutions at all the tested temperatures. At the concentration of 0.04344 mmol-L?, the presence of Cu**
increased the degradation rate constant of OTC to 0.120, 0.189, 0.393, and 0.619 h™* at 40°C, 50°C, 60°C, and
70°C, respectively. This hints that Cu®* is a catalyst of OTC degradation.

Because of the different effects of the various metal ions, the degradation of OTC in a practical system will be
determined by the combination of various metal ions. In the solution containing all the tested metal ions (Ca*",
Zn**, Ni**, and Cu?"), the OTC degradation was observed to be depressed to an extent.

5. Conclusion

The degradation of OTC both in aqueous solution and in chicken manure was observed at the tested tempera-
tures. The degradation of OTC in water was faster than in chicken mature. At 40°C, more than 95% of OTC in
water was degraded in 2 days, while it took about 30 days in mature. Desorption hysteresis may be one of the
causes for the different degradation rate of OTC in these two matrices. Temperature and coexisted metal ions
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Figure 5. Effect of temperature on the degradation rate constant of OTC (10 ppm, 0.02172 mmol-L ™) in
agueous solutions. (a) The added concentrations of Ca®*, Ni%*, Zn?* or Cu?" were 0.04344 mmol-L . (b)
The concentrations of metal ions in solution were Ca*" (7240 ppm, 0.1806 x 10° mmol-L %), Zn?* (23.33
ppm, 0.3569 mmol-L™), Ni?* (4.17 ppm, 0.07104 mmol-L™") and Cu®* (5.42 ppm, 0.08535 mmol-L %),
being the same as in the chicken manure correspondingly.

were confirmed to be two important factors influencing the degradation of OTC in chicken manure. By increas-
ing the temperature to 50°C, 60°C and 70°C, the required degradation time (with the degradation removal more
than 95%) was shortened to 22, 13 and 9 days, respectively. The complexation between metal ions and OTC
impacted on the OTC degradation. Among the tested metal ions, the existence of most of them (Ca®*, Zn**, Ni*")
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decreased the degradation rate of OTC due to the complexation effect, and one of them (Cu®") promoted the de-
gradation rate of OTC due to its catalytic effect.
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