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A B S T R A C T   

The presence of mixed veterinary antibiotics (MVAs) in swine farms raises environmental concerns, necessitating 
a thorough examination of its degradation and removal mechanisms. In this study, a series of batch experiments 
were conducted to explore the degradation, biodegradation, and adsorption of mixed tetracycline (TC), 
oxytetracycline (OTC), norfloxacin (Norf), and sulfadiazine (SDZ) under anaerobic and storage swine manure 
treatments. Results revealed a varied antibiotics removal pathway despite their mixture, with dominant 
degradation mechanism for TC, biodegradation for OTC and SDZ, and adsorption for Norf. Anaerobic conditions 
exhibited higher MVAs removal (average of 44.65 ± 14.9 %) compared to storage conditions (average of 36.22 
± 11.2 %). MVAs' removal pathways showed different significant responses to contact time, temperature, and 
initial concentration. On the other hand, Degradation half-lives of MVAs were prolonged, particularly for TC and 
Norf, in contrast to OTC and SDZ. These half-lives were overall shorter under anaerobic conditions than in 
storage conditions. Storage condition was favourable for MVAs adsorption onto swine sludge than anaerobic 
condition. Furthermore, MVAs adsorption behaviour into modified bentonite (MB) showed a high capacity 
except for SDZ, higher adsorption under storage conditions compared to anaerobic conditions. MVAs' adsorption 
onto MB fitted well with the pseudo-second kinetic model. The outcomes of this research would provide a more 
in-depth understanding of MVAs removal mechanisms during the anaerobic and storage treatments of animal 
wastes.   

1. Introduction 

Demand for animal protein has led to rapid, intensive swine farming 
industrialization worldwide [1,2]. Veterinary antibiotics (VAs) are 
widely consumed to keep swine healthy and increase growth produc-
tivity. In this regard, the most administrated antibiotics used in the 
swine husbandry are tetracycline (TC), oxytetracycline (OTC), nor-
floxacin (Norf), and sulfadiazine (SDZ) according to [3]. However, based 
on the chemical composition of the employed antibiotics in livestock 

industry, 25–90 % of administered VAs are excreted in the urine and 
feces of the animal [4,5]. These excretions not only serve as important 
carriers for the growth of antibiotic resistance in livestock and human, 
but they also gradually reduce their effectiveness over time [6]. 
Consequently, OTC and TC were observed in swine manure at concen-
tration levels of up to 183.5 mg/kg and 2.08 mg/kg, respectively [7,8]. 
The contents of SDZ and Norf in swine manures were reported to be 
235.1 and 5.5 mg/kg, respectively [9,10]. Therefore, swine manure is a 
substantial source for the spread of TC, OTC, SDZ, and Norf into the 

* Corresponding author. 
E-mail address: jianbinguo@cau.edu.cn (J. Guo).  

Contents lists available at ScienceDirect 

Journal of Water Process Engineering 

journal homepage: www.elsevier.com/locate/jwpe 

https://doi.org/10.1016/j.jwpe.2024.105024 
Received 20 December 2023; Received in revised form 14 February 2024; Accepted 17 February 2024   

mailto:jianbinguo@cau.edu.cn
www.sciencedirect.com/science/journal/22147144
https://www.elsevier.com/locate/jwpe
https://doi.org/10.1016/j.jwpe.2024.105024
https://doi.org/10.1016/j.jwpe.2024.105024
https://doi.org/10.1016/j.jwpe.2024.105024


Journal of Water Process Engineering 59 (2024) 105024

2

environment. For animal wastes management, the anaerobic treatment 
process (i.e., anaerobic digestion or anaerobic lagoons) is a broadly 
applied technology due to its high outcome performance and low 
required cost [11]. Likewise, the storage process (i.e., open lagoons or 
tanks) is also commonly used in intensive swine farming systems as a 
simple waste management method before manure's land application 
[12,13]. Although anaerobic and storage treatment practices showed 
their potentially to remove VAs depending on their types and influent 
concentrations as well as the process itself's operating conditions, most 
previous studies mainly reflected the removal of individual VAs and 
figuring out their impacts [14–16]. However, antibiotics are not present 
as single compound in the environment [1,17]. Antibiotics may exist as a 
mixtures containing several antibiotics, these mixtures content may vary 
depending on the industry from which it originates. Meanwhile, anti-
biotics have a different characteristic that may generate obstacles on 
their removal performances when they exist in mixtures. It has been 
observed that the antibiotics in mixtures caused a more significant in-
hibition on the anaerobic process than a single antibiotic [18,19]. 
Furthermore, studies about single antibiotics removal in anaerobic and 
storage processes focused on their removal efficiencies and mechanisms. 
However, information about the removal mechanisms of mixed veteri-
nary antibiotics (MVAs) belonging to different classes is still limited. 

Additionally, study of antibiotics degradation pathways can help in 
the design and optimization of treatment technologies. Biodegradation, 
natural degradation, and adsorption have been suggested as the primary 
mechanisms for removing VAs during anaerobic and storage treatment 
processes [5,20]. Biodegradation is considered a substantial removal 
pathway for VAs in biological processes. VAs' biodegradation in animal 
manures was found in averages of 64.4, 73.6, and 55.3 %, respectively, 
for tetracyclines (TCs) (i.e., TC and OTC), sulfonamides (SAs) (i.e., SDZ), 
and fluoroquinolones (FQs) (i.e., Norf) [5]. Natural degradation of an-
tibiotics represents the factors a part from microorganisms that may 
breakdown antibiotics such as abiotic mechanisms and temperature. 
These mechanisms can influence the persistence, effectiveness, and 
potential environmental impacts of antibiotics mixture, including their 
potential to contribute to antibiotic resistance in bacteria [21]. How-
ever, literature lacks of sufficient research in this point, that needs a 
considerable attention. Additionally, the biodegradation kinetics of 
antibiotics in light of their mixing also require considerable consider-
ation. On the other hand, the adsorption pathway was found to be of the 
foremost pathway for TCs into sludge ranging by an average of 72.1 %. 
While was humble for FQs (i.e., Norf) by 55.1 % and low for SAs (i.e., 
SDZ) by 32.2 % during the biological processes [5]. At the same time, 
the adsorption of VAs onto clays material such as bentonite was found to 
be extreme for TC and Ciprofloxacin [22,23]. 

Additionally, the previously conducted studies mostly explored sin-
gle antibiotic's degradation and removal mechanisms; however, little is 
known about the behaviour of MVAs during the anaerobic and storage 
treatment of swine manure. Several phenomena such as adsorption 
competition, degradation competition antagonism or synergistic effects, 
and higher inhibition effects on the treatment process stability and 
performance [19,24–27]. These phenomena may impact the removal 
pathways of MVAs during treatment processes that needs an extensive 
research focus. Thus, understanding the removal mechanisms and fate of 
MVAs during anaerobic and storage treatments of swine manure would 
assist their environmental risk management in the environment and 
would help improving wastewater treatment abilities. 

Therefore, to fill this information gap, the current study investigated 
the fate of mixed TC, OTC, SDZ, and Norf during anaerobic and storage 
treatment processes. Moreover, mixed antibiotics' degradation, biodeg-
radation, and adsorption mechanisms were explored. The potential 
adsorption ability of modified bentonite for mixed antibiotics and their 
kinetics were likewise examined. Moreover, the first-order kinetic model 
was used to assess the biodegradation data of MVAs in swine manure, as 
well as adsorption kinetics of MVs onto MB using Pseudo-first order and 
Pseudo-second order models were investigated according to [4]. 

2. Material and methods 

2.1. Materials 

The swine manure substrate used in the current study was collected 
from a swine farm in Beijing, China without medical treatment during 
last three months prior the study. The characteristics of swine manure 
are given in Table 1. VAs were obtained from Sigma-Aldrich to prepare 
the VAs stock solution, TC (CAS no. 60–54-8, >90 %), OTC (CAS no. 
6153-64-6, >98 %), Norf (CAS no. 70458–96-7, >98 %), and SDZ (CAS 
no. 68–35-9, >98 %). Methanol (CH3OH, Sigma-Aldrich) and acetoni-
trile (C₂H₃N, Sigma-Aldrich) of High-performance liquid chromatog-
raphy (HPLC) grade, disodium ethylene–diamine tetraacetate 
(Na2EDTA), Oxalic acid, sodium dihydrogen phosphate (NaH2PO4), and 
disodium hydrogen phosphate (Na2HPO4) of analytical-reagent grade 
were obtained from Beijing Chemicals Company (Beijing, China). 

2.2. Experimental setup 

The experimental setup of this work consisted of three sets of batch 
experiments. According to our previous study [28], storage of swine 
manure that is similarly to the open lagoons with no aeration at 30 ◦C 
was maximized the removal of MVAs and decreased their consequences. 
Also, anaerobic conditions of swine treatment at 37 ◦C was employed to 
remove MVAs in our previous study [26]. Thus, exploring the removal 
pathways of MVAs under both conditions was undertaken in this study 
as follows: 

In the first experiments (degradation), three levels of MVAs, i.e., 
12.5, 25, and 50 mg VAs/l were chosen based on their detection levels in 
the literature [5]. The mixed antibiotics was in equal ratios to clarify 
their removal pathways, ensuring no influence from each other due to 
their higher dosage. In this experiment, deionized water (DI) without 
substrate was utilized to evaluate the stability of MVAs under abiotic 
and natural degradation followed the study by [29]. Around 100 ml of 
DI was taken in 120 ml glass bottles in triplicates under the following 
operation conditions, anaerobic (37 ◦C) and storage (30 ◦C) and incu-
bated in dark place. T1, T2, and T3 represented the levels of MVAs 
concentration, while R1 and R2 represented the anaerobic and storage 
conditions, respectively (Table 2). 

In the second experiment (biodegradation and adsorption into 
sludge), biodegradation removal pathway of MVAs and their adsorption 
into sludge pathway were investigated in this experiment. Thus, batch 
studies were conducted using swine manure as substrate (total solids 5 
%). Whereas, around 100 ml of swine manure (TS 5 %) was taken in 120 
ml glass bottles using different spikes of MVAs (12.5, 25, and 50 mg/l, 
represent T1, T2, and T3), and the bottles were placed under anaerobic 
(37 ◦C) and storage (30 ◦C) conditions, represented by R3 and R4, 
respectively. 

In the third experiment (adsorption into MB), the adsorption affinity 
of MVAs into modified bentonite (MB) was investigated in this study 
(MB characteristics was illustrated in Table S1). Thus, sodium bentonite 
was used as raw material for the preparation of MB. Raw bentonite was 

Table 1 
Characteristics of swine manure that used in the current study.   

Unit Raw swine manure 

pH  7.56 ± 0.2 
TS % 5.13 ± 0.2 
VS % of TS 78.0 ± 0.4 
Ash % 21.9 ± 0.6 
COD g/l 39.7 ± 2.5 
VFAs g/l 1.06 ± 0.3 
TN g/l 4.30 ± 0.7 
TAN g/l 1.50 ± 0.2 

TS: total solid; VS: volatile solid; COD: chemical oxygen demand; VFAs: total 
volatile fatty acids; TN: total nitrogen; TAN: total ammonium nitrogen. 
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thermally treated at 300 ◦C for 2 h, as described by [30]. MB charac-
terization was depicted in (section S1.2) in supplementary material. The 
adsorption studies were conducted using three levels of MB, i.e., 1, 5, 
and 10 g/L, under a MVAs concentration of 50 mg/l, represent T1, T2, 
and T3, respectively. The treatment set of studies conducted under 
storage was represented by R5 (T1, T2, and T3) while under anaerobic 
conditions was represented by R6 (T1, T2, and T3). pH of the substrate 
was neutral. Details about the experimental setup are given in Table 2. 

In order to prepare the standard stock solutions of each VAs, (1 mg- 
VA/mL) of each VAs was dissolved in 10 % methanol, then completed 
with distilled water. For each experiment, individual VAs solutions were 
mixed right before spiking to test assays to the concentrations, i.e., 12.5, 
25, and 50 mg/l. Following this, with 99.9 % N2, all glass bottles were 
flushed and immediately covered with rubber sealant, and closed with 
aluminum caps to guarantee the anaerobic conditions and airproof to 
displace any oxygen present, representing anaerobic digestion condi-
tions (R1, R3, and R5) at a temperature level of 37 ◦C. While opened 
bottles were used in the case of storage conditions (R2, R4, and R6) 
under a temperature level of 30 ◦C. All batch experiments were carried 
out under dark conditions to avoid antibiotics photo-degradation. All 
experiments were conducted in triplicate to get statistically reliable 
results. 

2.3. Antibiotics detection analysis 

The samples for each experimental set were collected periodically 
and pre-treated following the method developed by [31]. Antibiotics 
detection from liquid and solid fractions analysis along with instru-
mental running conditions were explained in details in supplementary 
material (section S1.1). 

2.4. Data analysis 

2.4.1. Antibiotics adsorption, biodegradation and degradation calculations 
The proportion of MVAs removed from DI was used to quantify the 

antibiotics' degradation, while MVAs' biodegradation in swine manure 
was calculated according to Eq. (1): 

Biodegradation (%) = Total removal (%)–Degradation (%) (1) 

The removal rate of MVAs is used to calculate the removal percent-
age of antibiotics that whether not adsorbed into digested sludge or not 
remained in the liquid fraction. The removal efficiency was calculated 
according to the following equation: (2): 

R =
(Ci − Cf )

Ci
*100 (2)  

where R is the removal rate (%), Ci is the MVAs influent concentration, 
and Cf is the MVAs effluent concentration. 

2.4.2. Biodegradation kinetics 
The first-order kinetic model was used to assess the biodegradation 

data of MVAs in swine manure and estimating rate of pollutant degra-
dation according to [4]. Following equation was used for analysing 

kinetics of MVAs (3): 

Ct = Co*e− k1*t (3)  

where C0 is the initial concentration of VAs, Ct represents the concen-
tration of the VAs at time t, and k1 represents the degradation rate 
constant. Half-lives, or t1/2 may be estimated using the formula (DT50 
= ln 2/k). 

2.4.3. Antibiotics' adsorption kinetics 
The amount of MVAs sorbed onto MB was calculated using the 

following equation: 

Qe =
Co − Ce

m
(4)  

where Qe (mg/g) is the equilibrium sorption capacity, Co and Ce (mg/l) 
are initial and equilibrium aqueous phase MVAs concentrations, 
respectively, and m (g/l) is the dosage concentration of MB. 

The adsorption kinetics of MVs onto MB were fitted using Pseudo- 
first order and Pseudo-second order models to investigate the kinetics 
characteristics during the adsorption process according to [4] as follows: 

Pseudo-first-order kinetics 

ln(qe − qt) = lnqe − k1t (5) 

Pseudo-second-order kinetics 

t
qt

=
1

k2qe
2 +

t
qe

(6)  

where, k1 is the rate constant of Pseudo-first-order kinetics (/h), k2 is the 
pseudo-second-order rate constant (g/mg⋅h), qe and qt are the amounts 
of MVAs adsorbed on MB at equilibrium and at time t (h). 

2.4.4. Statistical analysis 
The collected data are presented as the average of duplicated sam-

ples ± standard deviation (SD). One-way analysis of variance (ANOVA) 
combined with Tukey's honestly significant differences (HSD) post-hoc 
tests were used to determine significant differences, with p-values 
<0.05 considered significant. For analyses, SPSS statistics (v.25, IBM 
Corporation, United States, 2017), and the linear regression model (lm 
function) were utilized using the open-access software R (v. 4(2023)) 
and RStudio (v. 4.3.1©, 2022 RStudio, Inc.). 

3. Results and discussion 

3.1. MVAs removal pathways 

In this study, MVAs removal pathways including degradation, 
biodegradation and adsorption into sludge, and adsorption into MB 
during storage and anaerobic treatment of swine manure were studied. 
The overall removal of MVAs from swine manure revealed that incu-
bation time had a significant (p < 0.05) influence on the removal pro-
cess. The temperature difference between anaerobic and storage 
conditions showed a significant (p < 0.05) impact on TC, OTC, and SDZ, 

Table 2 
Experimental setup of the batch tests.  

Reactor Anaerobic condition Storage condition Substrate Antibiotics (mg/l) Antibiotics removal pathway 

12.5 25 50 

R1 (T1, T2, T3) + −
DI 

+ + +
Degradation 

R2 (T1, T2, T3) − + + + +

R3 (T1, T2, T3) + − Swine liquid manure + + + Biodegradation/sludge adsorption 
R4 (T1, T2, T3) − + + + +

R5 (T1, T2, T3) + −
DI + MB (1, 5, and 10 g/L) 

− − +
Adsorption R6 (T1, T2, T3) − + − − +

“R (1, 2, 3, 4, 5, 6)” represented the reactors. “+” indicated “with”, “-“indicated “without”. DI indicated distilled water. MB indicated Modified Bentonite. 
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while no significance appeared for Norf. Additionally, the initial con-
centration had a significant impact (p < 0.05) only on TC removal. A 
detailed description of the MVAs removal pathways is provided in the 
following sections. 

3.1.1. MVAs degradation pathway 
VAs used to keep swine healthy may undergo a series of reactions 

that would cause its attenuation naturally [20]. The outcomes from 
degradation experiment in the current study depicted that all MVAs 
degradation were significantly (p < 0.05) affected by the incubation 

time. Temperature difference in both treatment processes showed a 
significant impact on Norf's degradation, while no difference was 
observed on the degradation of TC, OTC, and SDZ. (Fig. 1). Moreover, it 
was perceived that TC had the highest degradation rate among co- 
antibiotics under anaerobic conditions, and its degradation efficiency 
increased with incremented concentration. 

As shown in Fig. 1a, the average degradation percentage of TC under 
anaerobic conditions was 20.7 % (Fig. 1a) compared to 16.5 % with 
storage conditions (Fig. 1b). This difference in degradation was non- 
significant (p < 0.05), which means the difference in temperature 

Fig. 1. The removal pathways of the combined antibiotics (TC, OTC, SDZ, and Norf) at different antibiotics concentrations 12.5 mg/l [A], 25 mg/l [C], and 50 mg/l 
[E] for anaerobic conditions, while 12.5 mg/l [B], 25 mg/l [D], 50 mg/l [F] for storage conditions from DI and swine manure experiments (R1, R2, and R3), and 
MVAs pathways at the end of running period under storage and anaerobic conditions, and [G] proportion of each pathway (i.e., degradation, biodegradation, and 
adsorption) in antibiotics fate. 
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between anaerobic and storage conditions has no influence on TC 
degradation. Since TCs antibiotics (i.e., TC and OTC) are unstable 
because of their unique chemical structure, they may undergo abiotic 
degradation depending on pH, temperature, redox, and light to generate 
degradation products via epimerization, dehydration or other pathways 
[35,36]. The variation of those factors may result in this small variation 
on TCs degradation between anaerobic and storage conditions. Also, it is 
reported previously by [14] that TC has high sorption potential to 
reactor walls that may contribute on TC degradation compared to co- 
antibiotics. Furthermore, TC's degradation was not affected (p < 0.05) 
by its initial concentration. Also, it was found that TC's degradation 
remained unaffected at incremented initial concentration under anaer-
obic conditions, while degradation increases under storage conditions at 
higher concentrations. TC can be degraded considerably in an anaerobic 
environment such as deep water and anaerobic systems, while it's 
degradation lowered under storage conditions (i.e., surface waters). 
Similar results were depicted by [14]. As previously reported by [37], 
TC could be degraded to different intermediates such as ETC (4-epite-
tracycline), ATC (anhydrotetracycline), and EATC (4-epianhydrotetra- 
cycline). Also, OTC can be degraded into less toxic intermediate such as 
2-acetyl-2-decarboxamido-oxytetracycline. 

Additionally, it was found that the degradation percentage of OTC 
under anaerobic conditions increased from 2.4 % to 18.2 % with an 
increase in initial antibiotic concentration from 12.5 mg/l to 50 mg/l 
(Fig. 1e), shows a significant (p < 0.05) impact on its degradation. 
Likewise, it was observed that OTC could be degraded by 14.3 % under 
storage conditions compared to 9.0 % under anaerobic conditions within 
100 h (Fig. 1d). However, there is no significance on OTC's degradation 
is existed induced the temperature difference. Thus, this degradation 
variance between both processes could be due to instability of OTC 
structure to undergo several abiotic degradation pathways [36]. A 
similar degradation trend was observed for SDZ with an increase in 
degradation percentage from 1.5 % to 15.5 % when VAs concentrations 
raised from 12.5 mg/l to 50 mg/l under anaerobic conditions. According 
to the statistical analysis, initial concentration of SDZ showed a signif-
icant (p < 0.05) impact on SDZ's degradation. [38] reported that sul-
fonamides antibiotics (i.e., SDZ) did not breakdown via hydrolysis 
(degradation) under normal environmental conditions, whereas [20] 
observed that <5 % of sulfamethoxazole was degraded within 56 days. 
[39] reported that abiotic and biotic degradation of sulfonamides anti-
biotics were negligible. However, under temperature conditions of the 
current study, 15.5 % and 8.8 % of SDZ degraded within 100 h under 
anaerobic and storage conditions, respectively at 50 mg/l (Fig. 1g). This 
difference is considered relatively low and indicates no influence of 
temperature difference on SDZ degradation. It means that SDZ's func-
tional groups such as piperazine ring (N–H) and amino group (NH2) 
associated with other mechanisms such as H-bonding (− SO2− , pyrimi-
dine N; (anilinic N, sulfonamidic N) that might be degraded into smaller, 
less active or inactive compounds forming carboxyl groups or trans-
formed to intermediates such as 2-aminopyrimidine and 4-hydroxy-2- 
aminopyrimidine under this study conditions [40]. 

On the other hand, a significant higher degradation of Norf by 15.5 % 
was observed under anaerobic conditions compared to storage condi-
tions by 5.8 % within 100 h. This could be due to the higher temperature 
effect, since temperature difference between anaerobic and storage 
showed a significant (p < 0.05) impact on Norf's degradation. Similarly, 
initial concentration affects Norf degradation significantly (p < 0.05) 
under anaerobic and storage conditions, Fig. 1. Overall, MVAs could be 
degraded in DI significantly under anaerobic condition by an average of 
11.2 to 16.5 % and by 10.1 to 12.4 % under storage condition within 
100 h, when initial concentration increased from 12.5 m/l to 50 m/l. 
These degradation rates were driven the MVAs natural breakdown 
under regular operation conditions without the microbial activity role. 
Similar results were observed by [29] who observed that combined 
chlortetracycline and OTC were degraded much higher in control assays 
(without solids) in a very short period of time than those determined 

from assays including inoculum and manure substrate. [41] reported 
that OTC and TC may be degraded under surface discharge typically 
have temperatures range from 0 to 35 ◦C and pH ranges from 6 to 8.5, 
those conditions commonly used in surface water, animal wastes treat-
ment, wastewaters, and ground water. Moreover, abiotic degradation 
was observed in swine manure microcosm under anaerobic conditions 
with half-life of 15 days [42]. 

3.1.2. MVAs biodegradation in swine sludge 
Mixed antibiotics biodegradation induced by microbial activity 

under anaerobic and storage conditions was illustrated in Fig. 1. The 
outcomes from experimental runs depicted that biodegradation of MVAs 
has improved significantly with the increasing the incubation time, 
temperature difference has significant (p < 0.05) impact on OTC, SDZ, 
and Norf, while initial concentration has significant impact only on TC. 
Based on the removal averages, anaerobic conditions led to higher 
biodegradation of MVAs than with storage conditions. Notably, 
biodegradation of MVAs was stopped partially in the first 10, 5, 10, and 
20 h for TC, OTC, SDZ, and Norf, respectively, under anaerobic and for 
30, 10, 5, and 10 h, respectively under storage conditions, (Fig. 1a). 
These delay in biodegradation could be due to lack of abilities from 
microorganisms to degrade MVAs induced by generated microbial ac-
tivity inhibition. Also, due to stress on microbial activity generated by 
MVAs, microorganisms may prioritize the degradation of one antibiotic 
over another. However, the increase of biodegradation after these delays 
could be explained as the microbial activity start acclimatizing to the 
generated inhibition. The overall biodegradation of MVAs declined from 
an average of 36.9 % to 23.8 % and from 27.9 % to 22.1 % under 
anaerobic and storage conditions, respectively, when the initial level 
increased from 12.5 mg/l to 50 mg/l. 

Among studied MVAs, the biodegradation of OTC was the highest, 
with an average of 57.3 % and 38.1 % under anaerobic and storage 
conditions, respectively (6.34 and 2.7 times more than degradation in 
DI). OTC is known for its high biodegradation under such conditions, 
which is consistent with [19,28]. While TC has the lowest biodegrada-
tion with 17.3 % within 100 h. This lower biodegradation of TC resulted 
from being TC hard to be degraded. Similar results were reported by 
[21], who found that TC degradation in DI was higher than its biodeg-
radation in swine manure, while biodegradation of OTC was higher in 
swine manure than its degradation in DI. [4,43] observed that no 
biodegradation of TC occurred under storage conditions. Moreover, both 
TC and OTC could be degraded through the breakdown of the parent 
compounds or by hydroxylation, acetylation of the amino group (OTC), 
and loss of N-methyl group by demethylation of the dimethyl amino 
group at C4 position (i.e., TC) (Gaballah el., 2023a). On the other hand, 
the biodegradation of SDZ was significantly (P < 0.05) higher under 
anaerobic conditions compared with storage conditions at varying 
initial concentrations. This probably could be due to higher removal 
performance of co-antibiotics under anaerobic conditions that made less 
stress on microorganisms who consuming SDZ as sole carbon source and 
energy source and/or via co-metabolism. These findings agree with 
[44], who observed that the removal of SDZ was mainly attributed to the 
anaerobic microorganisms than storage microorganisms. SDZ could be 
degraded by an average of 34.5 % and 18.8 % under anaerobic and 
storage conditions, respectively, within 100 h, higher at 12.5 mg/l and 
lower at 50 mg/l, respectively. SDZ at low initial concentration was 
significantly removed while showing more recalcitrant at high initial 
concentration. SDZ is known for its low degradability during swine 
manure management practices. This degradability could be governed by 
acetylation mechanism of the amino group or by the cleavage of the 
piperazine ring (N–H) forming carboxyl groups to transfer SDZ into 
small intermediates such as 2-aminopyrimidine and 4-hydroxy-2-amino-
pyrimidine. Similarly, the biodegrading of Norf under anaerobic con-
ditions ranged from 26.1 % to 21.7 %, with an increment in the 
concentration ranged from 12.5 mg/l to 50 mg/l. Compared to co- 
antibiotics, the lower biodegradation of Norf might be due to its 
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strong adsorption affinity to sludge and low desorption rates [45]. Norf 
is very resistant to degradation in biological systems because of its 
unique physicochemical characteristics, electronegativity, and high 
stability of C–F bonds and hard degradation of piperazine ring (H–N) 
group that breakdown mainly through a cleavage mechanism to other 
intermediates such as (m/z 318 and m/z 336) and Norf-C (C14H17FN3O) 
[36]. 

Furthermore, each antibiotic showed a significant (P < 0.05) dif-
ference in biodegradation performance under the anaerobic and storage 
processes. For OTC and SDZ, the biodegradation pathway was pre-
dominant while it did less contribution for Norf and TC. This should be 
accredited to the distinctive functional groups of each antibiotic, which 
influence its degradation and interactions with microbes [46]. For 
example, OTC and SDZ are frequently associated with the electron- 
donating of (hydroxyl and primary amine) functional groups that are 
easily lost or assimilated by microorganisms, but this is not available in 
case of TC and Norf. Overall, the biodegradation performance obtained 
in this study are somewhat different and relatively lower than the pre-
vious studies for individual spikes and lower/higher than other antibi-
otics mixtures as reported in Table 3. The average biodegradation of TCs 
was reported to achieve 52 % – 100 % and 45.1 % – 99.2 % for SAs as 
reviewed by [5]. Another study by [47] has observed the complete 
removal of TC and sulfamethoxy- diazine (0–50 mg/l) from swine 
manure after 2–3 days of AD. This may indicate that mixed antibiotics 
adversely affected the biodegradation of each antibiotic. This could be 
due to degradation competition that may generate when several anti-
biotics are mixed, since microorganisms may preferentially degrade one 
antibiotic over another [27]. This degradation competition may result in 
a decline of the overall removal performance of the system that needs a 
further research for more confirmation. It's worth noting that a relatively 
low biodegradation of mixed antibiotics would be due to some other 
reasons such as the observed antibiotic could be probably an interme-
diate metabolite of another antibiotic in the same mixture, this may 
happen with FQs (i.e., Norf). Moreover, the breakdown of function 
groups of antibiotics may be inhibited due to co-antibiotics exist. In 
additions, desorption process of swine sludge releases more antibiotics 
into wastewater that hampered role of microorganisms in removing 
mixed antibiotics through biodegradation. 

Additionally, the biodegradation of MVAs in swine manure fitted 
well with the first-order kinetic model, with R2 values ranging from 0.77 
to 0.99, as presented in Table 4. Comparatively, the biodegradation of 
OTC under anaerobic conditions appeared to be much faster (>50 % 
degraded in <30 h) than co-antibiotics. This quick removal of OTC could 
be due to its rapid transformation to a less toxic intermediate 2-acetyl-2- 
carboxamide-oxytetracycline catalysed by microorganisms [36]. In 
contrast, TC and SDZ degraded slowly under storage conditions with 

DT50 values of 216.4–899.9 h and 261.4–414.6 h, respectively. A little 
higher rate of degradation of TC and SDZ was observed under anaerobic 
conditions with DT50 values of 283.8–510.5 h and 114.4–245.2 h, 
respectively. The lower removal efficiency and long DT50 of SDZ were 
also reported previously. For example, [4] observed around 23.9–33.5 % 
of spiked SDZ in swine manure was degraded with DT50 values of 
223.6–533.2 h under anaerobic conditions. Similarly, lower DT50 
values (272.9–342.1 h) for Norf were observed under storage conditions 
contrasted with values (264.8–586.2 h) found under anaerobic condi-
tions. Herein, the biodegradation of MVAs was perceived to be 
decreased with an increase in their initial concentration from 12.5 mg/l 
to 50 mg/l. 

3.1.3. MVAs adsorption onto swine sludge 
The adsorption process of antibiotics in the biological treatments 

plays an essential role in their removal [36]. In this study, the adsorption 
performance of MVAs varied with antibiotic type and treatment condi-
tions, i.e., storage and anaerobic. The results showed that the adsorption 
of MVAs into swine sludge was significantly (p < 0.05) affected by in-
cubation time. The adsorption of TC, OTC, and Norf was influenced by 
temperature differences between storage and anaerobic conditions, 
while Norf was not. Moreover, the initial concentration exhibited a 
significant (p < 0.05) variance in the adsorption of TC and Norf, while it 
did not for OTC and SDZ. 

TC and OTC were adsorbed onto swine sludge by 34.2 and 61.6 %, 
respectively, under anaerobic conditions. While under storage condi-
tions, 52.3 % and 51.4 % of TC and OTC were adsorbed in the first 5 h of 
contact time (Fig. 1). However, with an increase in contact time to 100 
h, the adsorption of TC was almost remained to close at 35.3 % against a 
decline in OTC adsorption to 28.9 % under anaerobic conditions. These 
results indicated that TC cannot be desorbed under study conditions 
while OTC was desorbed easily. This behaviour can be explained as 
being TC was hard degraded as mentioned in previous section, while 
OTC was degraded sufficiently. It was also corroborated that the 
adsorption performance for both TC and OTC was optimal at an initial 
concentration of 25 mg/l, followed by 50 mg/l, while lowered at 12.5 
mg/l. This could be due to that both TC and OTC were degraded less at 
higher initial concentrations compared to 12.5 mg/l. However, TCs 
compounds are known for their high adsorption affinity to solids, 
however, TC and OTC adsorption behaviour in this study was not 
satisfactory. Individual adsorption behaviour of TC and OTC was >90 % 
in the first 30 min of contact with sludge according to [4,43]. Thus, it is 
suggested that the adsorption performance of both TC and OTC could 
probably influenced by co-antibiotics. 

Among the MVAs in this study, SDZ showed the lowest adsorption 
into solids, with reductions of 16.1 % and 18.1 % under anaerobic and 

Table 3 
Individual and combined antibiotics removal performances in literature.  

Antibiotics Concentration (mg/ 
l) 

Removal pathway Removal HRT 
(days) 

Substrate Running conditions References 

TC 1024 Degradation 64 39 Cattle manure AD [32] 
OTC 1024 Degradation 57 39 Cattle manure AD [32] 
Norf 100 Adsorption 80 24 sewage sludge AD [33] 
TC + OTC 100 Degradation 90, 69.1 30 Swine manure AD [29] 
CIP 5 Degradation 20.9 

90 Cattle manure AD [34] SMX 5 Degradation 81.28 
CIP + SMX 5 + 5 Degradation 6.46; 17.42 
OTC 45 Degradation 82.3 

250 h 
synthetic swine 
wastewater 

Biodegradability 
test [14] 

TC  Degradation 79.7 
TYL  Degradation 69.6 
OTC + TC + TYL 45 + 45 + 45 + 45 Degradation 51.2;47.9;67.8 
SDZ 200 Degradation 19 70 synthetic wastewater AD [16] 
RX + SDZ 60,100 Degradation 62.3;24 
TC + OTC + SDZ +

Norf 
50 Adsorption 

competition 
70.9;87.5;41.4;55.2 40 Swine manure AD [19] 

Note: Tetracycline (TC); Oxytetracycline (OTC); Sulfamethoxazole (SMX); Ciprofloxacin (CIP); Norfloxacin (Norf); Sulfadiazine (SDZ); Tylosin (TYL); Roxarsone (RX). 
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storage conditions, respectively, during 100 h of contact time. These 
results may indicate that adsorption was not the dominant pathway for 
the removal of SDZ in swine manure treatment. Lower adsorption of SDZ 
might be attributed to its low N-octanol-water distribution coefficients 
(log Kow: 0.09) with high water solubility [48–50]. Furthermore, elec-
trostatic repulsion by the negative charge surface of sludge might also be 
responsible for the lower adsorption of SDZ [4]. In contrast, Norf has low 
(log Kow: 0.46) and high water solubility, its adsorption onto sludge was 
caused by both hydrophobic partitioning and hydrophobicity- 
independent mechanisms (e.g., electrostatic interactions) [36]. These 
mechanisms are closely linked to the sludge properties that maximized 
when pH ranged between 6.0 and 8.0, which made the adsorption as the 
primary removal pathway of Norf during biological wastewater treat-
ment. As shown in Fig. 1, about 58.9 % and 79.3 % of spiked Norf were 
adsorbed under anaerobic and storage conditions within the first 5 h, 
respectively. This adsorption performance is much higher than it was for 
other mixed antibiotics in the current study. While within 100 h, Norf's 
adsorption was declined to 51.1 % and 53.4 %; respectively under 
anaerobic and storage conditions. This declining of Norf's adsorption 
might be due to improvement in other removal pathways, which were 
higher under storage conditions compared to anaerobic conditions. 

Additionally, the adsorption pathway participated in removing 
around 28.4 to 37.3 % and 33.3 to 37.9 % of MVAs within 100 h of 
contact with swine manure sludge, under anaerobic and storage condi-
tions; respectively, when initial concentration increased from 12.5 m/l 
to 50 m/l, Fig. 1g. Moreover, it was found that storage condition was 
favourable for MVAs adsorption onto swine sludge than anaerobic 
condition. This difference could be attributed to higher degradation and 
biodegradation performances under anaerobic condition compared to 
storage condition. Interestingly, MVAs showed low adsorption 
compared to Norf in the current study. Norf is known for its high affinity 
for solids adsorption that may occupy most of the solids' active sites 
generating an adsorption competition between co-existing compounds. 
Due to limited active sites for adsorption (TS: 5 %), it is suggested that an 
adsorption competition was exhibited between MVAs that led to low 
adsorption performance and then negatively affected MVAs' overall 
removal under both running conditions. This finding was in agreement 
with [19,26–28], where they also observed an adsorption competition 
when antibiotics from different groups were mixed. 

3.2. Adsorption of MVAs onto modified bentonite (MB) material 

3.2.1. MVAs' adsorption onto MB 
MB is an effective adsorbent for removing toxic compounds like 

antibiotics [51,52]. Bentonite is found to attracting much attention 
because of its constructional cations, such as Fe3+, K+, Na+, and Al3+, 
which could enrich the microbial activity against toxic compounds 
during animal residues management practices. Bentonite has distin-
guished features towards antibiotics adsorption. Recently, bentonite was 

used as an additives during animal manure treatment practices to 
enhance the process's performance towards energy production [53], and 
to improve antibiotics removal during anaerobic digestion [26]. 

In this study, the adsorption of MVAs onto MB under anaerobic and 
storage conditions was examined. The kinetics of MVAs adsorption onto 
MB was likewise studied using 50 mg/l of MVAs with different weights 
of MB (1, 5, and 10 g/l), as presented in Fig. 2. The results showed that 
the adsorption of MVAs onto MB was significantly (p < 0.05) affected by 
the contact time and also influenced by the initial MB doses, except for 
Norf. The temperature difference between the anaerobic and storage 
processes exhibited a significant variance in the case of OTC and SDZ but 
showed no variance in the case of TC and Norf. Overall, under both 
running conditions, Norf had the highest adsorption rates onto MB, 
while SDZ has the lowest adsorption rates. These results are matched 
with the adsorption of MVAs onto swine sludge in previous sections. The 
same set of experiments was conducted without the addition of MB as a 
control Moreover, the adsorption of TC onto MB increased from 75.9 % 
to 90.6 % and 75.5 % to 88.6 %, with an increase in the amount of MB 
from 1 g/L to 10 g/L after 5–10 h under anaerobic and storage condi-
tions; respectively (Fig. 2a and b). After 10 h, TC adsorption onto 1 g/L 
MB increased slightly, while reached the maximum at 5 and 10 g/L MB. 
The maximum adsorption of OTC onto MB under anaerobic and storage 
conditions was around 71 % and 95 %, respectively, at 5 g/L MB. While 
the lowest adsorption of OTC was observed at 1 g/l MB under anaerobic 
than storage conditions. Notably, TC and OTC showed low desorption 
behaviour, which means MB's active sites could retain TCs ions for a long 
time. Both TC and OTC showed higher adsorption under storage con-
ditions than anaerobic conditions. 

The adsorption of SDZ into MB increased from 17.5 % to 24.8 % and 
25 % to 28.8 %, with an increase in the amount of MB from 1 g/L to 10 
g/L under anaerobic and storage conditions, respectively, Fig. 2. SDZ's 
adsorption showed a slight increase with time increases at 1 g/l while no 
significance on its adsorption with MB amount increases. The low 
adsorption of SDZ could be due to its low water solubility [48,50]. In 
contrast, Norf showed the highest adsorption to MB among co- 
antibiotics, averaging from 89.0 % to 95.5 % and 97.7 % to 98 % 
under anaerobic and storage conditions (Fig. 2a and b). Likewise, the 
results outcomes depicted that Norf has less desorption behaviour under 
both running conditions. The amount of MB showed a varied adsorption 
rates, higher with 5 and 10 g/l and lower at 1 g/l. MVAs adsorption into 
MB was found to be higher under storage condition compared to 
anaerobic conditions. This finding is consistent with the adsorption 
behaviour of MVAs into sludge. However, no significant difference be-
tween MB performance at 5 and 10 g/L. A possible explanation is that 
increasing initial MB may result in unsaturated adsorption surfaces and 
make an agglomeration phenomenon. Thus, it is suggested that using 
MB around to 5 g/l is sufficient for attaining optimal adsorption of 
MVAs. Furthermore, the relatively low desorption performance of MVAs 
with MB, MB could be recommended for maintaining swine manure 

Table 4 
Degradation rate constants (k1) and half-lives (t1/2) of the CVAs in both anaerobic and aerobic digestion, Spearman corr.  

Antibiotic Initial concentration (mg/l) (C0) Equation K1(h− 1) R2 DT50 (h) 

Anaerobic Storage Anaerobic Storage Anaerobic Storage 

TC  
12.5 

Ct = Co*e− k1*t  

0.00244  0.00320  0.82  0.77  283.8  216.4  
25.0  0.00205  0.00267  0.77  0.94  338.2  260.4  
50.0  0.00136  0.00077  0.94  0.77  510.5  899.9 

OTC  
12.5  0.01071  0.00550  0.99  0.99  64.74  126.1  
25.0  0.00824  0.00520  0.99  0.99  78.43  132.9  
50.0  0.00534  0.00320  0.99  0.99  129.8  222.2 

SDZ  
12.5  0.00606  0.00265  0.99  0.94  114.7  261.4  
25.0  0.00495  0.00179  0.99  0.99  140.1  387.1  
50.0  0.00283  0.00167  0.94  0.94  245.2  414.6 

Norf  
12.5  0.00262  0.00254  0.89  0.94  264.8  272.9  
25.0  0.00203  0.00224  0.90  0.77  341.4  309.8  
50.0  0.00118  0.00203  0.86  0.99  586.2  342.1  
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treatment processes under the MVAs exist. 
In the current study, pseudo-second-order kinetic model and pseudo- 

first-order kinetic model were separately applied for the regression of 
the adsorption process of MVAs onto MB. The experimental results are 
illustrated in Fig. 3 and Table 5, which fit well to the pseudo-second- 
order kinetic model with relatively higher correlation coefficients 
compared to pseudo-first-order kinetic model. Moreover, the theoretical 
values of qe calculated from the pseudo-second-order equation model 
fitted well with experimental qe values than with pseudo-first-order 
equation model. Thus, the pseudo-second-order model is more suitable 
to describe the behaviour of the adsorption process of MVAs onto MB 
than the pseudo-first-order kinetic model. The outcomes of the current 
study are in agreement with the results of previous studies [4,43]. These 
results indicated that the chemisorption would be rate-limited, and the 
sorption capacity of MB was proportional to the number of active sites 
on the sorbent. Therefore, the increase in the pseudo-second-order rate 
constant (k2) was observed with an increase in the amount of MB. This 
might be due to the increased availability of adsorption active sites with 
an increasing amount of adsorbent under both running conditions. 

3.2.2. Microstructure and chemical elements of bentonite 
Raw natural bentonite, modified bentonite (blank), and modified 

bentonite with spiked antibiotics after 100 h of running conditions 
(anaerobic and storage) were characterized using SEM and EDS (Fig. 4). 
The structure of raw bentonite was found to be porous with a rough 
micro-surface having irregular layer slices (Fig. 4a). This surface struc-
ture could potentially increase the contact between adsorbed com-
pounds and bentonite [54]. Thermal modification of raw bentonite was 
observed to significantly improve the workability of bentonite by 
immobilizing microorganisms as can be seen clearly in (Fig. 4b). 
Whereas, the major elements observed in the natural bentonite before 
modification were oxygen, silicon, aluminum, and sodium (Fig. 4a). 
Theses contents like oxygen and silicon were slightly changed after 

thermal modification of raw bentonite (Fig. 4b). This change might 
probably cause an enchantment in the adsorption behaviour of MB. 

After the adsorption of MVAs under storage condition (100h), a 
remarkable change in the surface area of MB was seen (Fig. 4c). It was 
found that the structure of bentonite in R5T1 was more crumbled and 
crashed with larger pores and more furrows than the structure of 
bentonite in raw and MB (Fig. 4a and b). It also observed that these 
features were increased with R5T2 and R5T3 (Fig. 4e and g). This might 
be attributed to the antibiotics attachment on the surface of the MB, 
which is increased with increasing the amount of bentonite. Moreover, 
the content of oxygen element dropped significantly from 49.6 % with 
blank to 45.2 %, 44.4 %, and 38.6 % for R5T1, R5T2, and R5T3, 
respectively. Likewise, silica content was increased from 33.5 % in MB 
to 38.1 %, 53.8 %, and 44.9 % with R5T1, R5T2, and R5T3, respectively. 

Furthermore, it was found that the structure of R6T1, R6T1, and 
R6T1 were less crumbled and crashed under anaerobic (Fig. 4d, f and h), 
compared to those under storage condition. This might indicate that MB 
adsorbed fewer antibiotics under anaerobic conditions than with under 
storage conditions. This was consistent with MVAs adsorption illustrated 
in Fig. 2, that showed storage conditions offer higher MVAs' adsorption 
than under anaerobic conditions. 

4. Conclusions 

This research sheds light on the diverse removal mechanisms of 
MVAs during animal manure treatment, emphasizing the importance of 
understanding their distinct behaviours to develop more environmen-
tally friendly and sustainable treatment practices. Each antibiotic 
showed a different removal pathway; degradation for TC, biodegrada-
tion for OTC and SDZ, and adsorption for Norf. MVAs could be removed 
by 44.65 ± 14.9 % under anaerobic conditions compared to 36.22 ±
11.2 % under storage conditions. A relatively high and fast adsorption of 
Norf affected co-antibiotics' adsorption, which stressed the 

Fig. 2. The residues concentrations of CVAs in the reactors caused by adsorption onto MB with change in amount of modified bentonite under anaerobic [a] and 
storage conditions [b]. 
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Fig. 3. Adsorption kinetics data and fitted modes of TC [A, B], OTC [C, D], SDZ [E, F], Norf [G, H] under anaerobic and storage conditions, respectively onto 
different concentrations of MB. 
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biodegradation process and decreased the overall removal performance. 
This stress caused a longer half-life for antibiotics with relative inhibi-
tion impacts. MB showed a high capacity for MVAs adsorption except for 
SDZ, higher under anaerobic conditions than under storage conditions. 
Further studies in this direction will help improve our understanding 
and management of MVAs residues in the environment. 
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Table 5 
Kinetic model for the adsorption of combined antibiotics onto modified bentonite.  

Kinetic Equation Equation Parameter Reactor Anaerobic condition Storage condition 

TC OTC SDZ Norf TC OTC SDZ Norf 

Pseudo-first-order kinetics ln(qe − qt) = lnqe − k1t 

qe 

T1  43.39  35.971  15.656  46.529  43.670  43.497  17.983  47.228 
T2  9.298  8.5718  3.4903  9.8237  9.2320  9.8346  3.8100  9.8329 
T3  1.713  4.3346  1.7756  4.8297  4.7270  4.7806  1.9183  4.8978 

K1 

T1 
T2 
T3  

0.299  0.2251  0.0462  0.4538  0.3626  0.3121  0.0613  0.3645  
0.418  0.4196  0.0479  0.6884  0.4776  0.5861  0.0836  0.5351  
0.602  0.5826  0.0704  0.9838  0.6797  0.5821  0.2458  0.3834 

R2 
T1 
T2 
T3  

0.988  0.9528  0.9524  0.9951  0.9923  0.9844  0.9915  0.9738  
0.996  0.9929  0.9859  0.9999  0.9965  0.9984  0.9651  0.9957  
0.999  0.9959  0.8983  0.9999  1.0  0.9979  0.9809  0.9946 

Pseudo-second-order kinetics t
qt

=
1

k2qe2 +
t

qe 

qe 

T1 
T2 
T3  

45.71  39.086  19.032  47.852  45.412  45.829  21.595  49.634  
9.563  8.8623  4.2956  9.8753  9.4594  9.9679  4.3197  10.028  
4.765  4.4117  2.0476  4.8391  4.7545  4.8356  2.0534  5.0670 

K2 

T1 
T2 
T3  

0.013  0.0089  0.0026  0.0283  0.0191  0.0136  0.0030  0.0150  
0.129  0.1259  0.0115  0.6336  0.1654  0.2902  0.0255  0.2033  
0.709  0.5474  0.0436  4.4538  1.2205  0.5493  0.2067  0.198 

R2 
T1 
T2 
T3  

0.999  0.9838  0.9766  0.9990  0.9991  0.9967  0.9862  0.9894  
0.999  0.9986  0.9930  0.9997  0.9994  0.9991  0.9758  0.9995  
0.999  0.9978  0.9469  0.9999  0.9997  0.9991  0.9962  0.9990  
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[29] J.A. Álvarez, L. Otero, J.M. Lema, F. Omil, The effect and fate of antibiotics during 
the anaerobic digestion of pig manure, Bioresour. Technol. 101 (2010) 8581–8586, 
https://doi.org/10.1016/j.biortech.2010.06.075. 

[30] J. Ma, M. Amjad Bashir, J. Pan, L. Qiu, H. Liu, L. Zhai, A. Rehim, Enhancing 
performance and stability of anaerobic digestion of chicken manure using 
thermally modified bentonite, J. Clean. Prod. 183 (2018) 11–19, https://doi.org/ 
10.1016/j. jclepro.2018.02.121. 

[31] M.S. Gaballah, X. Li, Z. Zhang, A. Al-Anazi, H. Sun, M. Sobhi, M. Philbert, M. 
A. Ghorab, J. Guo, R. Dong, Determination of tetracycline, oxytetracycline, 
sulfadiazine, norfloxacin, and enrofloxacin in swine manure using a coupled 
method of on-line solid-phase extraction with the UHPLC-DAD, Antibiotics 10 
(2021), https://doi.org/10.3390/antibiotics10111397. 

[32] I. Koniuszewska, M. Harnisz, E. Korzeniewska, M. Czatzkowska, J.P. Jastrzȩbski, 
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