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Abstract: The presence of estrogens and antibiotics in animal manure has raised considerable attention
regarding their potential risks in both the soil system and human health. This study investigated
the removal of estrogens (estriol (E3), bisphenol A (BPA), estradiol (17β-E2), ethinyl estradiol (EE2)),
and antibiotic (sulfadimethoxine (SDM)) in livestock manure using the Fenton oxidation process.
Based on the removal efficiency of estrogens and antibiotics, the optimal conditions of the Fenton
oxidation process were as follows: an H2O2 dosage of 10.5 mmol/g slurry, an Fe2+/H2O2 molar
ratio of 0.067 mol/mol, a stirring rate of 100 rpm, the feeding of an identical amount of H2O2 in
two steps (at 0 and 15 min), a manure/reactor ratio of 1:25, and a reaction time of 100 min. Under
these conditions, the removal efficiencies of E3, BPA, 17β-E2, EE2, and SDM in cow manure were
72.1%, 88.2%, 89.4%, 73.3%, and 99.7%, respectively. In the above-mentioned optimal conditions, the
simultaneous removal of estrogens and antibiotic in different manure conditions led to the removal of
above 70% of targeted contaminants, except for E3 in swine and chicken manure in all the manure.
The findings demonstrate the useful application of the Fenton oxidation process in the concomitant
removal of antibiotics and estrogens from animal manure, which reduces the associated risks to
human health and environmental safety.
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1. Introduction

Estrogens and antibiotics are extensively used for animal growth promotion, therapeutics, and
prophylactics applications [1]. However, they are poorly absorbed in animal bodies, with approximately
50–80% being excreted as parent compounds [2]. As a result, various estrogens and antibiotics are
widely detected in animal manure. Globally, large amounts of livestock and poultry manures are
released annually (1.1 billion tons in America, 1.6 billion tons in Europe, and 3.26 billion tons in
China) [3–5]. These manures are a key access point of veterinary estrogens and antibiotics into the
environment [6]. Xu et al. [7] found that the concentration of estrogens was up to 1764.3 µg/kg in
animal manure of Jiangsu province, China. A study of the Austrian territory manure revealed that
the concentration of chlortetracycline and sulfadiazine were 46 mg/kg and 91 mg/kg from swine
manure, respectively [8]. These contaminants may enter soils via direct manure application as organic
fertilizers, before their subsequent phyto-uptake by crops [9]. Furthermore, it may increase the
chances of transferring antibiotic-resistant bacteria into humans as a result of the consumption of crops
contaminated with antibiotics and estrogen [10,11].
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Various treatments such as composting and anaerobic digestion have been used in the removal of
antibiotics and estrogens from livestock manure [1,10]. However, these bio-oxidative processes do
not completely remove antibiotics and estrogens from manure [9,12–14]. Zhang et al. [13] reported
efficiency rates of 14.7–21.8% on estrogen removal using anaerobic digesters. In another study,
Zhang et al. [14] revealed that 35.3% of detected antibiotics were still residual during 171 days of
composting. It is highly desired to advance efficient removal strategies for reducing the estrogens and
antibiotics levels in manures.

Recently, advanced oxidation processes (AOPs) have received huge attention as alternative and
practical treatment technologies [15]. Besides, with the generation of highly active free radicals,
AOPs can remove various nonbiodegradable organic compounds. The persulfate oxidation, perxone,
Fenton, and ozonation are frequently studied AOPs [16,17]. Among the innumerous AOPs, Fenton
oxidation process has been widely studied as an organic pollutant removal approach due to its low
cost, operability at room temperature with a simple technology, high efficiency in degrading various
pollutants, and non-toxic by-products production (i.e., carbon dioxide, water, and/or less hazardous
intermediates) [18].

In a traditional Fenton reaction, it is known that the catalytic decomposition of H2O2 by Fe2+

produces free hydroxyl radicals (HO·), which have a great oxidant capacity (2.8 eV) in the degradation
of organic contaminants, as shown in Equation (1) [19]:

H2O2 + Fe2+
→ HO·+ OH− + Fe3+ (1)

The excess hydrogen peroxide can react with organic radical (R·) in the presence of high
concentrations of H2O2, which is produced from the reaction between HO· and organic molecules to
generate additional HO· (Equations (2) and (3)). Also, H2O2 could react with Fe3+ and trap HO· to
generate weaker perhydroxyl radicals (HO2·) (Equations (4) and (5)) [20]:

HO·+ RH→ H2O + R· (2)

R·+ H2O2 → ROH + HO· (3)

Fe3+ + H2O2 → Fe2+ + HO2·+ H+ (4)

HO·+ H2O2 → HO2·+ H2O (5)

As an environmentally-friendly technology, some laboratory studies have shown that the Fenton
process could remove estrogens and antibiotics in manure [21–24]. Sun et al. [21] reported that 97.8%
of estradiol (E2) was removed in cow manure. Uslu and Balcioglu [22] found that the Fenton process in
animal waste could remove up to 98.3% of oxytetracycline and 97.8% of sulfamethazine. Another study
by Ben et al. [24] demonstrated that antibiotics such as sulfamethoxazole and sulfadimethoxine (SDM)
could be reduced by up to 92% and 99% by Fenton’s reagent, respectively. However, these studies deal
with small-scale drying manure, and they did not develop a Fenton treatment equipment to remove
antibiotics or estrogens in animal manure. At the same time, estrogens and veterinary antibiotics
are coexistent in livestock manure, with scarce information available regarding their concomitant
removal from manure by the Fenton process technique so far. Therefore, it is imperative to produce a
convenient, feasible, and effective technique of concurrently removing estrogens and antibiotics from
animal manure.

Given the previously mentioned reasons, this investigation aimed at attempting to develop a
Fenton oxidation process for the concurrent removal of estrogens (estriol, bisphenol A, estradiol,
ethinyl estradiol), and an antibiotic (sulfadimethoxine) in synthetically contaminated dairy manure.
The effects of the stirring rate, volume, and modes of H2O2 dosage on the estrogenic and antibiotic
removal efficacy were assessed. Moreover, the concomitant removal of estrogens and antibiotic, plus
their physicochemical values under optimum reaction conditions in different livestock manures, were
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determined. The results can highlight a useful and convenient method that is suitable for the safe
treatment of manures contaminated with estrogens and antibiotics.

2. Results and Discussion

2.1. Effect of Stirring Speed on the Removal of Estrogens and Antibiotic

The removal process of estrogens and antibiotic in the Fenton oxidation system is a solid–liquid
reaction process, which is controlled by the simultaneous chemical reaction and mass transfer [25].
Therefore, it is necessary to test the effects of stirring speed on estrogens and antibiotic removal
efficiency. Figure 1a–e shows the removal of E3, BPA, 17β-E2, EE2, total estrogens, and SDM under
three stirring speeds (80 rpm, 100 rpm, and 120 rpm) in Fenton oxidation experiments. There are
various effects regarding the removal of estrogens and antibiotics under different stirring speed.
For SDM, the percentage removals were 88.1%, 94.4%, and 96.2% at stirring rates of 80 rpm, 100 rpm,
and 120 rpm by Fenton oxidation, respectively (Figure 1f). Generally, the higher speed facilitated the
homogenization process in the mixture, which increased the likely contact of the target pollutants with
Fenton’s reagent. Similar phenomena were reported, for instance, in the decolorization of rhodamine
B [26]. Moreover, the oxidant and the iron species could more easily reach the manure surface at a
higher speed, thereby increasing the removal efficiency in the reaction.
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between estrogens and antibiotics at the same speed in the Fenton oxidation reaction. Equally, a 
higher speed may accelerate the generation of intermediates, which compete with test compounds 
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to remove estrogens and antibiotics. 
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Figure 1. Effect of stirring rate on the removal efficiency of estrogens and sulfadimethoxine (SDM) from
cow manure by the Fenton oxidation process. (a): Estriol (E3); (b): Bisphenol A (BPA); (c): Estradiol
(17β-E2); (d): Ethinyl estradiol (EE2); (e): Total estrogens; (f): Sulfadimethoxine (SDM). Reaction
conditions: H2O2 dosage was 10.5 mmol/g slurry; the Fe2+ to H2O2 molar ratio was 0.067 mol/mol;
a liquid to solids ratio of 5 g/g dry weight; an initial pH value of 3.0; the weight of cow manure was
50 g; the reaction time was 70 min; and room temperature was 25 ◦C.

However, for different chemical substances, they have different mass transfer characteristics at
various speed velocities. The stirring speed of 120 rpm achieved a lower removal of all estrogens,
especially EE2 (with a removal efficiency lower than 60%) (Figure 1d). In contrast, higher elimination
percentages were observed under the stirring speed of 100 rpm. Hence, there is a removal difference
between estrogens and antibiotics at the same speed in the Fenton oxidation reaction. Equally, a higher
speed may accelerate the generation of intermediates, which compete with test compounds for hydroxyl
radicals. Synthetically, the stirring speed of 100 rpm is considered an optimum condition to remove
estrogens and antibiotics.

As observed in Figure 1a–e, under the stirring speed of 100 rpm, the removal efficiencies of these
contaminants were 83% (E3), 89.6% (BPA), 91.4% (17β-E2), 82.3% (EE2), and 92.3% (SDM) in the initial
10 min; then, the removal becomes smooth and slow. An increase in the reaction time led to a rise of
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3–10% in removal efficiencies. As the Fenton oxidation process is a rapid reaction, Ben et al. [24] found
that the sulfonamides were rapidly degraded in the initial 2 min, before their complete removal at
10 min. Li and Zhang [27] showed that the degradation of estrogens was swift during the first 15 min.
From the time of dosing H2O2 and Fe2+, the free hydroxyl radicals (HO·) were mostly produced in the
early period of the reaction, which were then immediately consumed by estrogens and antibiotics, as
shown in Equation (1). Afterward, the reaction gradually ended with the depletion of H2O2 and HO·.
Hence, an extended reaction time is beneficial to target contaminant removal.

2.2. Effect of the Manure/Reactor Ratio on the Removal of Estrogens and Antibiotic

It is necessary to ensure that enough space is maintained during the violent reaction process,
which could keep the operator safe, as well as ensure the smooth running of the device. Therefore, the
effect of manure/reactor ratio on the estrogens and antibiotic removal was evaluated at three different
ratios (1:25, 1:10, and 1:6), with the reaction volume fixed at 5000 mL, an H2O2 dosage of 10.5 mmol/g
slurry, an Fe2+ to H2O2 molar ratio of 0.067 mol/mol, a liquid to solids ratio of 5 g/g dry weight, and an
initial pH value of 3.0. The effect of the manure/reactor ratio on the removal of estrogens and antibiotics
is shown in Figure 2. A higher manure/reactor ratio resulted in lower removal efficiencies of the tested
estrogens and SDM, especially E3 (33.1% removal at a manure/reactor ratio of 1:10). It might be that
too much manure could cause competition for H2O2 between target compounds and other organic
matters in manure samples. Moreover, as an exothermic oxidation reaction, the excess heat is gathered
in the reaction system when the volume of the reaction space decreased. It could decompose H2O2 into
H2O and O2, with the lower yield of hydroxyl radicals finally inhibiting the oxidation of organics [28].
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Figure 2. Effect of manure to reactor ratio (g/mL) on the removal efficiency of estrogens and SDM from
cow manure. Reaction conditions: H2O2 dosage was 10.5 mmol/g slurry; the Fe2+ to H2O2 molar ratio
was 0.067 mol/mol; a liquid to solids ratio of 5 g/g dry weight; a pH value of 3.0; a stirring rate of
100 rpm; a fixed reaction volume of 5000 mL; a total reaction time of 70 min; and the room temperature
was 25 ◦C.

On the other hand, Fenton oxidation is a dangerous reaction. With the increased manure/reactor
ratio, the produced gas filled the reactor, which could have an adverse effect on the reaction [29,30],
such as increase the consumption of H2O2, lower the removal efficiencies of target compounds, and
even bring about liquid spatter, causing damage for operators. The elimination percentages achieved
at a manure/reactor ratio of 1:25 by the Fenton oxidation process were above 90%, with all of the
SDM being removed under the test conditions. Hence, the manure/reactor ratio of 1:25 is an optimum
condition for the Fenton oxidation technique.
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2.3. Effect of H2O2 Dosification on Estrogens and Antibiotic Removal

H2O2 could be dosified either at the beginning of the reaction or during the process [31]. Different
adding modes of hydrogen peroxide corresponded to a change in the H2O2 dosage and H2O2/Fe2+

ratio, which subsequently led to the various oxidative removal of estrogens and SDM from cow manure.
In order to investigate the effect of feeding modes, Fenton’s reagent was fed with four different methods
as follows: ferrous iron (the Fe2+ to H2O2 molar ratio was 0.067 mol/mol) was added in a single
step (at 0 min), but the same amount of H2O2 for the best removal relationship obtained previously
(10.5 mmol/g slurry) was fed in phases of two steps (at 0 and 15 min, the H2O2 dosage was 5.0 mmol/g
slurry, with a H2O2/Fe2+ ratio of 0.14 mol/mol), three steps (at 0, 15, and 30 min, every H2O2 dosage
was 3.5 mmol/g slurry, with a H2O2/Fe2+ ratio of 0.2 mol/mol), five steps (at 0, 10, 20, 30, and 40 min,
every H2O2 dosage was 2.63 mmol/g slurry, with a H2O2/Fe2+ ratio of 0.27 mol/mol), or 10 steps (at 0,
and every 10 min, each H2O2 dosage was 1.05 mmol/g slurry, with a H2O2/Fe2+ ratio of 0.67 mol/mol).
The total reaction time was extended to 100 min.

The effect of the modes of H2O2 dosage on the removal of the tested estrogens and SDM by the
Fenton oxidation process was given in Figure 3. When hydrogen peroxide was added at two times,
better chemical compounds removal was obtained than the other addition modes of hydrogen peroxide.
The same result was found by Zhang et al. in the Fenton treatment [32]. The higher removal efficiencies
of BPA, 17β-E2, EE2, and SDM were 88.2%, 89.4%, 73.3%, and 100%, respectively in cow manure. The
single-adding dosage of H2O2 in fewer steps was higher than that in more additional steps, which
could account for the rapid and efficient generation of HO·, as well as other active radicals such as
HO2· to remove contaminants in manure effectively, as shown in Equation (4). On the contrary, some
previous studies have been reported that more feeding steps of hydrogen peroxide could increase
the removal of organic compounds. It means that the relative lower H2O2 concentration at stepwise
addition could reduce the detrimental effect of hydroxyl radical scavenging [31,33,34]. However, at the
same time, lower hydrogen peroxide concentration could compete by other organic substances under
a complex matrix of manure.
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Figure 3. Effect of H2O2 adding modes on the removal efficiency of estrogens and SDM from cow
manure. Reaction conditions: the H2O2 dosage was 10.5 mmol/g slurry; the Fe2+ to H2O2 molar
ratio was 0.067 mol/mol; a liquid to solids ratio of 5 g/g dry weight; the pH value was 3.0; the
stirring rate was 100 rpm; the solid to volume ratio was 1:25; the total reaction time was 100 min;
and the room temperature was 25 ◦C. Each test was repeated three times, and error bars represent
standard deviations (SD).

Besides, in these methods, the total dosage ratio was kept at this value, i.e., Fe (II)/ H2O2 =

0.067 m/m. Hydrogen peroxide was added at different times, while ferrous iron was applied in a
single step. This means that Fe2+ was overdosed, compared to H2O2 in the first addition. At higher
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concentrations of ferrous iron, HO· radicals were scavenged by reacting with excess Fe2+, as shown in
Equation (6) [35]. Similar results were reported by Li and Zhang [27] and Uslu et al. [22].

Fe2+ + ·OH→ Fe3+ + OH− (6)

For E3, when hydrogen peroxide was added in five or 10 steps, up to 95% of E3 was eliminated
from cow manure. In all likelihood, E3 could have intense competition for HO·, provided there is
additional dosage. The result suggested that less H2O2 addition steps could take advantage of reducing
the estrogens and antibiotics from dairy manure in the Fenton reaction. Therefore, the optimum mode
of H2O2 addition frequency was two-step in the Fenton oxidation technique.

2.4. Effect of Different Types of Manure on the Removal of Tested Estrogens and SDM under Optimum Reaction
Conditions

Six manure samples were collected from six livestock farms to verify the effect of optimum reaction
conditions on the removal efficiencies of estrogens and antibiotics in different animal manures. Target
organic compounds were detected at different levels, as shown in Table 1. In all the animal manures,
the concentration of SDM was lower than each estrogen. E3 showed the highest level amongst the
four estrogens.

Table 1. The initial concentration of estrogens and SDM in livestock feces (µg/kg).
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Table 2 shows the residual concentrations of estrogens and SDM in six different livestock feces
after the oxidation reaction. Under optimal oxidation conditions, the SDM was eliminated in four
manure samples, and removal levels of above 46.2% were observed in all estrogens (Table 3). In dairy
manure samples, the Fenton oxidation reaction could work well in removing five organic compounds
from dairy manure. The removal efficiencies were above 70%; BPA and EE2 were removed using the
Fenton oxidation process. In swine and chicken manure samples, it was fluctuant for the removal
of estrogens.
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Table 2. The residual concentration of estrogens and SDM in livestock feces after Fenton oxidation
(µg/kg).
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Reaction conditions: the H2O2 dosage was 10.5 mmol/g slurry; the Fe2+ to H2O2 molar ratio was 0.067 mol/mol; the
liquid to solids ratio was 5 g/g dry weight; the pH value was 3.0; the stirring rate was 100 rpm; the solid to volume
ratio was 1:25; an identical amount of H2O2 was fed in two steps (at 0 and 15 min); and the reaction time was 100
min. D1–2, S1–2, and C1–2 represent dairy manure, swine manure, and chicken manure, respectively.

Based on the above result, some target compounds remained in the slurry under the optimal
Fenton oxidation conditions, but it was unclear whether the residue was in manure or filtrate. However,
a study conducted by Uslu et al. [22] reported that only 1.7% of the oxytetracycline (OTC) and 2.2% of
the sulfamethazine (SMZ) remained in the filtrate, even at optimal conditions. This finding indicated
that lower target compounds in the filtrate were residual, in that, after the reaction, there was a low
filtrate volume due to the high water-absorbing property of manure [36], and this may not have had a
significant negative impact on the environment.

For dairy manure samples, Fenton reagents could fully contact with the contaminants contained
in solids due to their high water-absorbing property (7.17 g/g dry weight) [36]. Conversely, in swine
and chicken manure (the water-absorbing values were 3.36 g/g dry weight and 4.62 g/g dry weight,
respectively), the Fenton oxidation reagent was preferentially consumed by organic matter in the
liquid phase, which led to competition between various estrogen molecules and other intermediate
products during the oxidation reaction process. Hence, the optimum conditions of the Fenton oxidation
technique were more suitable for application in dairy manure.

Moreover, the mainly physicochemical values in livestock manure, before and after Fenton
oxidation, are given in Table 4. The Fenton oxidation process is non-selective in the removal of
organic or inorganic contaminants. In order to study the effect of the reaction on the removal of total
organic compounds (i.e., humus), the total organic carbon (TOC) before and after Fenton oxidation
was detected. In Table 4, the TOC decreased by approximately 14.1–34.3%. Nieto et al. [37] reported
that the Fenton-like process is efficient in the reduction of TOC. This result corresponded to Sillanpaa
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et al. [38]. Furthermore, this result indicated that there are few numbers of organic matter in manure
degraded into CO2 and H2O after the Fenton oxidation reaction. In the Fenton reaction, those organic
compounds could be parent substances or degradation intermediates in manure samples. For five
targeted compounds, they could be annihilated or degraded into intermediates to consume free radicals.

Table 4. Physicochemical values in livestock feces before (B) and after (A) Fenton oxidation (g/kg).
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TOC, TP, TK, and TN represent total organic carbon, total phosphorus, total potassium, and total nitrogen, respectively.

Nevertheless, it was challenging to identify the degradation by-products of estrogens and
antibiotics in the complex matrix of animal manure, which also contained a variety of background
organic substances. Li and Zhang [27] found that the Fenton oxidation could oxidize phenol structures
of estrogens to cyclohexanone moieties and quinone-like structures over 120 min of reaction in water,
which are less active than the original target estrogens (E1, E2, E3, and EE2). Ben et al. [24] measured
the acute toxicity of reaction solution, explaining the reduction of toxicity in swine wastewater.

The total phosphorus (TP), total potassium (TK), and total nitrogen (TN) as an evaluation index of
manure were measured before and after Fenton oxidation. As described in Table 4, the total phosphorus
(TP) values decreased by about 25.5% during the reaction. For TK and TN, smaller changes were
observed in animal manure during the Fenton oxidation process. In the reaction, Fe3+ has a stronger
affinity for PO4

3−, leading to the straightforward generation of insoluble products such as FeHPO4

which may decrease the concentration of TP in livestock manure. For iron, it increased by 76.5–236%
after the oxidation reaction. Usually, the contents are 20–30 g/kg in farmland [39]. Therefore, the
increased Fe could not cause a minor hazard in agriculture after the application to the soil environment.

3. Materials and Methods

3.1. Chemicals

The studied estrogenic and antibacterial substances were: ethinyl estradiol (EE2, Aladdin, Los
Angeles, CA, USA 98%), β-estradiol (17β-E2, Aladdin, Los Angeles, CA, USA, 98%), bisphenol A
(BPA, Aladdin, Los Angeles, CA, USA, 97%), estriol (E3, Aladdin, Los Angeles, CA, USA, 98%) and
sulfadimethoxine (SDM, TCI, Tokyo, Japan, 98%). The key physicochemical properties are shown
in Table 5. The HPLC/MS grade of formic acid, methanol (MeOH), and acetonitrile (ACN) were
purchased from Thermo Fisher Scientific (Houston, TX, USA). Hydrogen peroxide solution (H2O2,
30%, w/w), ferrous sulfate (FeSO4·7H2O), citric acid (C6H8O7), and ethyl acetate were all obtained from
the Sinopharm Chemical Reagents Company (Shanghai, China).

The stock solutions of E3, BPA, 17β-E2, EE2, and SDM were prepared in methanol at a concentration
of 1 mg/mL and stored at −18 ◦C in a dark volumetric flask. A fresh stock solution was prepared every
month. Working estrogenic mixtures of 10 mg/L were prepared by dilution from the stock solutions
with methanol, stored at 4 ◦C, and these mixed standards were used in recovery experiments and the
preparation of calibration standards. They were freshly prepared each week.
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Table 5. The physicochemical properties of E3, BPA, 17β-E2, EE2, and SDM.
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1 MS represented molecular structure; 2 MW represented molecular weight; 3 pKa means acidity constant; 4 logKow
is the ratio of the concentration of a solute between water and octanol.

3.2. Manure

Cow manure was obtained from a large-scale farm near Nanjing. After air drying, manure was
sieved to 0.9 mm and stored at room temperature until its utilization in the treatment experiments.
The obtained manure samples were contaminated by spiking with 1 mg/mL of estrogens and SDM
stock solutions. The initial concentrations of E3, BPA, 17β-E2, EE2, and SDM were each 1 mg/kg of dry
manure. After thorough mixing, the contaminated manure samples were allowed to equilibrate for 3
days away from the light, in a cool ventilated place.

At the same time, two typical dairy manure samples (D1 and D2), two typical swine manure
samples (S1 and S2), and two chicken manure samples (C1 and C2) in Jiangsu Province of eastern China
were sampled, in order to investigate the removal efficiencies of estrogens and SDM from different
manures by Fenton reaction. The initial concentrations of estrogens and SDM were detected, as shown
in Table 1.

3.3. Fenton Oxidation of Manure

Figure 4 shows the flowchart of the Fenton oxidation process to remove the estrogens and SDM.
At room temperature, 50 g of a freeze-dried manure sample was weighed before being put into the
Fenton reaction system, consisting of a 5000-mL glass flask, an injector tube, an exhaust tube, and
a discharge tube. With the stirrer opened, 0.5 mol/L of citric acid adjusted pH to 3.0–4.0, distilled
water, and Fenton reagent were slowly added to the Fenton oxidation system to make a final H2O2

concentration of 10.5 mmol/g slurry in the manure, and a Fe2+/H2O2 molar ratio of 0.067 mol/mol, and
the liquid to solids ratio of 5 g/g dry weight. These parameters were determined as cited [21]. In this
study, there was little filtrate due to the higher water-absorbing quality of dry manure (7.17 g/g dry
weight), which corresponded to Fei et al. [36]; therefore, we did not do a solid–liquid separation.
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Figure 4. Flowchart of Fenton oxidation removing estrogens and SDM in cow manure.

Throughout the reactions, three manure slurry samples were taken and analyzed after freeze-drying
in all the experiments, the standard deviations (SDs), obtained from three parallel samples, are shown
in the figures as error bars in the following section.

3.4. Estrogens and SDM Analysis

3.4.1. Estrogens Analysis

First, 1 g of each manure sample was weighed into a 40-mL glass tube. Then, 20 mL of ethyl acetate
was added into each tube, followed by mixing on a vortex mixer for 30 s. Then, all the glass tubes
were ultrasonicated for 30 min at 80 kHz, and centrifuged at 4000 rpm for 30 min. The supernatant
from each tube was transferred into a 40-mL glass tube. Afterward, the extraction step was repeated.
The extract was evaporated under a gentle stream of nitrogen at 40 ◦C to remove most of the ethyl
acetate and diluted to ~50 mL with reagent water. Then, the aqueous extract was purified by passage
through C18 columns (200 mg, 6 mL) to concentrate the estrogens. The analytes were eluted from
the column using 12 mL of methanol and ethyl acetate (v: v = 1:1), and then concentrated to dryness
under nitrogen flows. Finally, the residue was dissolved in 2 mL of methanol for HPLC-FLD (high
performance liquid chromatography-fluorescent detector) analysis.

Four estrogens were detected using HPLC-FLD (LC-20AT, Shimadzu, Japan). The analytical
column Inertsil ODS-SP C18 (5 µm, 250 × 4.6 mm) equipped with an ODS (Octadecylsilyl) guard
column Inertsil ODS-SP (5 µm, 10 × 4.0 mm) was used. The separation was performed using a gradient
elution mode as a flow rate of 0.8 mL/min consisting of 20% methanol (MeOH) (solvent A), 30%
acetonitrile (ACN) (solvent B), and 50% water (solvent C). The excitation and emission wavelengths
were set at 280 nm and 310 nm. The chromatogram of uncontaminated manure was also recorded and
compared with that of the contaminated manure sample (with E3, BPA, 17β-E2, and EE2), as shown in
Figure 5. As seen in Figure 5, the chromatogram of uncontaminated manure was remarkably clean, and
no interference peak was detected at the wavelength at which estrogens were determined. Recovery
tests for estrogens were carried out at three concentration levels (50 µg/kg, 400 µg/kg, and 1000 µg/kg),
resulting in an average recovery of 75.1–91.1% (n = 3).

3.4.2. SDM Analysis

The extraction of SDM in manure samples was performed according to the method described
by Zhao et al. with some modifications [40]. A gram of freeze-dried sample was intensely vortexed
with 8 mL of methanol in a 40-mL tube. Then, the sample was marinated in methanol overnight in the
dark at 4 ◦C before analyzing the SDM content. The sample was shaken at 250 rpm in a thermostat
shaker at 30 ◦C for 30 min and centrifuged for 10 min at 8000 rpm. The supernatant was decanted into
a 40-mL glass tube. Afterwards, the extraction was repeated twice with 6 mL of methanol. The extract
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was evaporated under a gentle stream of nitrogen at 40 ◦C, and the residue was dissolved in 1 mL of
0.02 mol/L acetate buffer (pH = 4.75) for HPLC analysis.
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Figure 5. Representative chromatogram of manure (A) and estrogens-contaminated manure at 1 mg/kg
(B). A and B represented a real manure sample and an artificially contaminated manure sample. Its
effect could be ignored during HPLC analysis. Note: (a): E3, Retention time = 6.75; (b): BPA, Retention
time = 12.385; (c): 17β-E2, Retention time = 16.657; (d): EE2, Retention time = 19.188.

A Shimadzu LC-20AT (HPLC) was used for quantitative analysis. The analytical column (Inertsil
ODS-SP C18 (5 µm, 250 × 4.6 mm) equipped with an ODS guard column was used for separation.
The mobile phase was composed of 70% water containing 0.1% formic acid and 30% acetonitrile. The
operation wavelength was set at 270 nm with a reference of 360 nm. Linearity (Y = 6328.2X + 14.937)
with correlation coefficients greater than 0.9999 were observed by the HPLC-UV detection for the SDM
at 10.00–2000.00 µg/L. The LOD (limit of detection) and LOQ (limit of quantitation) of SDM in manure
were calculated in S/N = 3 and S/N = 10; they were 2.03 µg/kg and 6.76 µg/kg, respectively.

The chromatograms of uncontaminated manure and SDM-contaminated manure sample are
depicted in Figure 6. Recovery tests for SDM were carried out at two concentration levels (500 µg/kg
and 1000 µg/kg), resulting in an average recovery of 77.5–112% (n = 3).
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3.5. Other Chemical Analyses

The phosphorus (P), potassium (K), and iron (Fe) contents in manure were analyzed in the
liquid phase by ICP-OES (inductively coupled plasma-optical emission spectrometry, Agilent model
5100 series, Palo Alto, CA., USA). The pH was measured using a pH probe with a mixture slurry
at H2O to dry sample ratio of 1:5. The total organic carbon (TOC) in the manure was determined
according to the dichromate method [41]. Finally, nitrogen (N) in the manure and treated manure was
determined with a flow auto-analyzer.

3.6. Data Analysis

The removal efficiency of target contaminants during Fenton oxidation was calculated using the
following equation:

Removal efficiency (%) = (Ci −Ct)/Ci × 100% (7)

where Ci and Ct mean the concentration of target contaminants at the start and during the Fenton
process in animal manure, respectively.

Each data point in the figures represents an average value. The standard deviations (SDs), obtained
from three parallel samples, are shown in the figures as error bars.

4. Conclusions

This study developed a Fenton oxidation technique for removing estrogens (E3, BPA, 17β-E2, and
EE2) and antibiotic (SDM) from cow manure. The reaction conditions of the Fenton oxidation were
optimized to ensure a high removal efficiency of estrogens and antibiotic from cow manure. These
include a manure/reactor ratio of 1:25, a stirring rate of 100 rpm, an equal amount of H2O2 being fed
in two steps (at 0 and 15 min), an H2O2 dosage of 10.5 mmol/g slurry, an Fe2+/H2O2 molar ratio of
0.067 mol/mol, and a reaction time of 100 min in a room temperature range of 20 to 30 ◦C. Under these
optimal conditions, the obtained high removal efficiencies of E3, BPA, 17β-E2, EE2, and SDM were
72.1%, 88.2%, 89.4%, 73.3%, and 99.7%, respectively. In actual manure samples, the Fenton oxidation
technique could effectively remove the five target organic compounds under optimum conditions.
These results show that the Fenton oxidation technique, as a current livestock manure treatment
method, would be convenient and useful in the concomitant removal of estrogens and antibiotics from
livestock manure. These findings provide valuable insight into the reduction of the threat posed by
environmental estrogens and antibiotics to human health and environmental safety. Further studies
are required in order to understand the degradation pathways of the target organic compounds during
Fenton oxidation, the relationship between the removal and molecular structure, and the reuse of the
catalyst in the filtrate.
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