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This study investigated the abiotic transformation kinetics of chlortetracycline (CTC) by synthesized
8-MnO; under conditions of different solutions. CTC was rapidly oxidized by 8-MnO,, with the gen-
eration of Mn?*. The measured CTC transformation rate increased considerably with an increase in
initial 8-MnO, concentration but it decreased as the initial CTC concentration increased. Both the
measured CTC transformation rate and the amount of Mn?* generated decreased with increasing pH.
The CTC transformation rate rose with an increase in temperature. The apparent activation energy
(45 + 14k] mol~') was consistent with a surface-controlled reaction. Dissolved Mn?* and Zn?*, as back-
ground cations, and substituted phenols, as co-solutes, remarkably decreased the transformation rate
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3-MnO, of CTC. Liquid chromatography-tandem mass spectrometry (LC-MS-MS) was used to identify oxidation
Kinetics products, which include iso-CTC, 4-epi-CTC, anhydro-CTC and 4-epi-anhydro-CTC, keto-CTC, 4-epi-keto-
Products CTC, N-demethyl-CTC, 4-epi-N-demethyl-CTC, N-didemethyl-CTC and 4-epi-N-didemethyl-CTC. Product

identification together with Fourier transform-infrared (FTIR) spectra suggested that the hydroxyl groups
at C6 and C12 and the dimethylamine group of CTC reacted with the Mn-OH groups on the 8-MnO, sur-
face. Thus, 3-MnO-, in the soils most probably plays an important role in the abiotic transformation of

tetracycline antibiotics.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Antibiotics are largely consumed by humans for therapeutic
purposes and are widely used in livestock and poultry produc-
tion, as well as in fish farming, for preventing illness or improving
growth efficiency [1,2]. The increasing use of these drugs during
the last five decades has caused genetic selection of more harmful
bacteria—a matter of tremendous concern [3,4]. A representative
of the group of tetracycline (TC) antibiotics, chlortetracycline (CTC)
is globally used in the livestock industry because of its low cost
and broad-spectrum range of antimicrobial activities. Up to 75%
CTC of an administered CTC dose, however, can be excreted as the
parent compound through animal urine and feces [5]. The most
important ways by which antibiotics are introduced into the soil
environment are through the use and dispersion of manure and
sewage sludge in fields as fertilizers. CTCresidues can be detected in
manure, soil, water and sediment samples [6-8]. CTC was reported
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to be detected at levels between 100 and 7730 pgkg~! in manure
samples examined by Hamscher et al. [9]. The concentration level
of CTC was up to 150 ugkg=! in soil amended with contami-
nated manure [10]. Such considerable amounts of CTC residues
in manure and soil would result in the emergence and spread of
resistant microorganisms and they could also be absorbed by cer-
tain crops such as corn, green onion and cabbage [11], which could
have potential impacts on the ecosystems and the human health
[12].

TCantibiotics can persistin terrestrial and aquatic environments
because of their intensive usage and high adsorption capability [13].
Under field conditions, Halling-Serensen et al. [14] found that the
average degradation half-lives of CTC varied from 25 to 34 days
in two Danish sandy soils. Samuelsen et al. [15] reported that no
degradation was observed after 6 months’ incubation in a lab-
oratory study of oxytetracycline (OTC) in marine sediment. The
biodegradation rates of most antibiotics were relatively lower than
their abiotic degradation rates because they are specially designed
and produced to inhibit or destroy microbial growth [16]. Abiotic
degradation of antibiotics, such as photodegradation and oxida-
tive degradation by metal oxides, often plays an important role in
the overall dissipation and elimination of antibiotics in the envi-
ronment. Several studies are available on the abiotic degradation
of antibiotics [17-21], and all show substantial variation in the
degradation rate.
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Manganese dioxide (MnO, ) is one of the most active and impor-
tant oxidative components of soil systems, showing high potency in
degrading various organic pollutants, such as substituted phenols
and anilines, atrazine and antibacterial agents [18,19,22-24]. Abi-
otic degradation mediated by manganese minerals is an important
transformational process of antibiotics in soil and aquatic envi-
ronments. To our knowledge, the oxidation kinetics of tetracycline
antibiotics by MnO, have been reported in previous studies [19,24],
but the kinetics and products of CTC degradation have not yet
been well described for MnO,-oxidized reactions. Therefore, this
study investigated transformation rates and possible products of
CTC oxidized by 5-MnO, and the effect of different solutions on the
transformation rates.

2. Materials and methods
2.1. Chemicals reagents

Chlortetracycline hydrochloride (97%) was purchased from
Fluka (Milwaukee, WI, USA). Isochlortetracycline hydrochlo-
ride (I-CTC, 97%), anhydrochlortetracycline hydrochloride (A-CTC,
99%), 4-epichlortetracycline hydrochloride (E-CTC, 97%) and 4-
epianhydrochlortetracycline hydrochloride (EA-CTC, 99%) were
obtained from Sigma (New Jersey, USA). Ferulic acid (99%), p-
coumaric acid (98%), caffeic acid (99%) and 2,6-dimethoxyphenol
(99%) were purchased from Sigma-Aldrich (Milwaukee, WI, USA).
All reagents were used in the same condition as they were
received from the manufacturers. High-performance liquid chro-
matographic (HPLC)-grade methanol (MeOH) and acetonitrile
(ACN) were purchased from Tedia (Fairfield, OH, USA). Ultra-pure
water was obtained from Millipore Milli-Q Advantage A10 Water
Purification System (Bedford, MA, USA). CTC stock solutions were
prepared in MeOH to obtain a final concentration of 20mM in a
15-mL amber borosilicate glass bottle with a brown screw cap.
The bottles were protected from light and stored at —18°C. The
CTC stock solution was diluted with buffer solutions to constitute
solutions with different concentrations on the day of experimental
usage.

2.2. MnO, synthesis and characterization

MnO, was synthesized by the following method. Briefly stated,
200mL of 35gL-! KMnO4 was added drop-wise to 200mL of
45gL-1 MnSOQ,4 solution and mixed by a magnetic stirrer under
neutral pH conditions. The precipitates were washed several times
with Milli-Q water, and vacuum filtration was used for recovering
the MnO>, solids in each cycle. Additional washing was performed,
if necessary, until no SO42~ was detected in the filtrate on testing
by BaZ*. The product was dried by heating at 103 °C for 12h and
then stored at 4°C until further use. The synthesized MnO, was
characterized as 8-MnO,, by X-ray diffraction analysis (Fig. S1, sup-
plementary material). The Brunauer-Emmett-Teller (BET)-specific
surface area of 8-MnO; was determined to be 250m?2 g~! using a
Micromeritics Tristar 3000 analyzer at —195 °C over a wide relative
pressure range from 0 to 1. Scanning electron microscopy (SEM)
images indicate that the synthesized 8-MnO, is composed of both
granular and rod-shaped particles (Fig. S2, supplementary mate-
rial). The pHzpc (zero point of charge) for the synthesized MnO,
was determined to be 2.3 in 0.1 mM NacCl solution by using a J]S94H
microiontophoresis apparatus (Shanghai, China).

2.3. Kinetic experiments
Batch reactions were conducted in 15-mL amber borosilicate

glass bottles with brown screw caps and Teflon septa at 25 °C under
constant shaking at 150 rpm. Reaction pH range of 3.0-6.0 was

maintained with a 10 mM glacial acetic acid (HAc)-sodium acetate
(NaAc) buffer system. Sodium chloride (NaCl) was added to adjust
the ionic strength (I=0.01 M). To exclude the influence of micro-
bial effect on degradation, buffer solutions were sterilized at 130°C
for 30 min prior to use. MnO, solutions were prepared at concen-
trations of 50, 100, 150 and 200mgL-! by continuously stirring
for at least 12 h on magnetic stirrers to homogenize the solution
prior to use. CTC solutions were diluted to 200 wM with HAc-NaAc
buffer from the stock solution. Five milliliters of 8-MnO, solution
and CTC solution each were mixed together in 15-mL brown glass
bottles for reactions and were duplicated. Reaction samples were
periodically collected at time points from 3 min to 30 h. Two meth-
ods were used to quench the reaction: filtration through a 0.22-pm
tetrafluoroethylene-perfluoropropylene filter, and the addition of
100 L of 1 M oxalic acid to dissolve the remaining 6-MnO, parti-
cles. Besides this, the effect of temperature was studied by setting
the reaction temperatures in the range of 15-35°C.

The effect of pH was investigated by independently varying the
buffer solutions. HAc-NaAc buffer was used to maintain pH <6.0,
while H3BO3-Na;B40; buffer was used for pH>7.0. Filtration
method was used to quench reactions. Further, 2 mL of additional
liquid samples were prepared to monitor the Mn2* concentration
during the reaction. Pure buffer with only CTC and pure buffer with
only 3-MnO, were also set up as controls for the influence of the
buffer solution on the reaction.

The effects of inorganic ions and organic substituted phenols
were also investigated at pH 5.0 in buffer solutions with differ-
ent concentrations of inorganic ions (K*, Zn%*, Ca?*, Mg2*, AI**,
S04%~ and PO43~) and organic substituted phenols (p-coumaric
acid, ferulic acid, caffeic acid and 2,6-dimethoxyphenol). Reaction-
quenching and sampling methods were the same as previously
described.

2.4. Analysis of CTC and Mn?*

CTC was analyzed by a 2695 Waters Alliance system (Milford,
MA, USA) equipped with a diode-array UV/vis detector set to
a wavelength of 360nm. A Phenomenex Gemini Cig column
(Torrance, CA, USA; 150 mm x 4.6 mm, 5um) was coupled to a
Phenomenex Gemini Cig guard cartridge (4mm x 3 mm). The
column temperature was set at 40°C. The HPLC mobile phase was
a mixture of ACN and 1 mM oxalic acid at 18:82 (v/v) and was
delivered at a flow rate of 1 mLmin~!. Each sample was analyzed
twice, and the injection volume was 10 p.L. Under these conditions,
CTC had a retention time of 7.7 min.

The Mn?2* concentration generated was determined by an IRIS
Advantage inductively coupled plasma (ICP) spectrometer with
optical emission spectroscopy (OES) from Thermo Jarell Ash Com-
pany (USA). Controls with only MnO, and buffers but without CTC
revealed that no dissolution of 8-MnO; occurred in the absence of
CTC.

2.5. Product identification

In order to obtain sufficient amounts of all possible products
for analysis, the initial concentrations of CTC and 8-MnO, were
increased 10-fold, and two sets of 20 identical reactors were set
up in parallel at pH 5.0. All reactors were quenched by centrifuga-
tion (4500 rpm x 15 min) after 72 h, and the supernatants as well
as 8-MnO, solids were collected separately. The supernatants of
all reactors were combined and extracted with Oasis-HLB solid-
phase extraction tubes (1 mL) purchased from Waters (MA, USA).
After extraction, products were eluted by 2 mL MeOH from the car-
tridge, and subsequently concentrated to 1 mL with a gentle N, gas
stream. The products were then analyzed by LC-MS-MS. In a pre-
liminary experiment, the 8-MnO, solids obtained were also washed
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and extracted by MeOH. The extraction was concentrated and ana-
lyzed by HPLC. However, no measurable quantities of products
could be detected by comparing with external standards, includ-
ing CTC, I-CTC, E-CTC, A-CTC and EA-CTC. Thus, no further analysis
of the possible products on the 8-MnO, surface was performed in
this study.

The LC-MS-MS system (ThermoquestLCQ Duo, USA) was
equipped with a Beta Basic-C;g HPLC column (150 mm x 2.1 mm
i.d., 5 wm, Finnigan, Thermo, USA). The initial mobile phase (A) con-
sisted of 200 mL MeOH and 310 p.L formic acid in 1L Milli-Q water.
The second mobile phase (B) was prepared by mixing with 950 mL
MeOH and 310 pL formic acid in 1L Milli-Q water, by the method
described by Sgeborg et al. [25]. The gradient began at 95% A for
10 min, decreased rapidly to 50% A in 1 min, and was then main-
tained constantly at 50% A for 20 min. Then, it was increased to
95% A again in 1 min and held for 30 min to equilibrate the col-
umn. The flow rate was 0.2 mLmin~!. The MS was operated in the
positive ion mode. The electrospray ionization (ESI) interface was
selected and the capillary temperature was set to 300°C with a
voltage of 4kV. The discharge current was 5 A, and the sheath gas
flow rate was 25 AU. Diagnostic fragment ions were obtained by the
protonated molecule [M+H]*, and ion signals were acquired by the
time-scheduled, multiple-ion selected ion monitoring (SIM) mode.
CTC, I-CTC, E-CTC, A-CTC and EA-CTC, as external standards, were
analyzed by LC-MS-MS together with product samples using the
same methods.

2.6. FTIR analysis

For Fourier transform-infrared (FTIR) spectroscopy, the 8-MnO,
solids with CTC in the reactors as described above (Section 2.5) were
collected by centrifugation (4500 rpm x 15 min) after 72 h. Control
sample, just 3-MnO,, in buffer solution without CTC, was also set up
parallel and treated in the same way. The 8-MnO, slurries were re-
suspended and washed in 15 mL Milli-Q-grade deionized water by
gentle stirring and collected by centrifugation again. The slurries
were then freeze-dried and stored at 35°C for 2 days for further
drying prior to analysis. The 8-MnO, solids (reacted and control
samples) were analyzed by a NEXUS870 spectrometer from the
Thermo Nicolet Company (Waltham, MA, USA) that was equipped
with a photoacoustic detector (MTEC Photoacoustics Inc., Ames, IA,
USA). The reference spectrum of untreated CTC standard was also
acquired in the same analytical condition.

3. Results and discussion
3.1. CTC oxidative transformation kinetics

Fig. 1 presents a typical reaction profile at the condition of
0.01 M NacCl as background electrolyte, 25 °C and pH 5.0, where CTC
concentration decreased and MnZ* concentration increased as the
reaction progressed. In the control experiment without 8-MnO,,
CTC was stable and no measurable loss was detected. However, a
significant degradation of CTC occurred in the presence of 8-MnO,.
Mn?* was generated and its concentration increased along with
the reaction time. No Mn?* was detected in the control experi-
ment without CTC. The generation of Mn2* shows that 8-MnO,
was an oxidant in this system and CTC could be readily oxidized
by 8-MnO,. Although it is well known that CTC may chelate with
divalent metal ion, no effect of the generated Mn2* was observed
on CTC quantification by complexation in this study, which has also
been reported in previous studies [26,27].

To discover the role of adsorption in the reaction process,
besides the filtration quenching method, oxalic acid was added
to dissolve the residual 8-MnO>, solid and quench the reaction as
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Fig. 1. The time courses of CTC oxidative transformation by 3-MnO, and generation
of Mn2* with 0.01 M NaCl as background electrolyte, at 25°C and pH 5.0.

reported by Rubert and Pedersen [19]. The quenching time was
approximately 7 s for the filtration quenching method and 30s for
the oxalic acid addition quenching method, which was determined
by a preliminary experiment that no visible 8-MnO, particles could
be found on a 0.22-pm tetrafluoroethylene-perfluoropropylene
membrane after filtration at 30 s even when the amount of 3-MnO,
was at a maximum value (100mgL-1) in this study. The resid-
ual CTC concentration quenched by oxalic acid was expected to
be higher than that quenched by filtration. Contrary to expecta-
tion, the CTC concentrations in oxalic acid-quenched samples were
lower than those in filtration samples collected prior to 12 h (Fig. 1).
This was also observed in experiments with different initial 8-
MnO, concentrations quenched by oxalic acid addition in this study
(Fig. S3, supplementary material). Zhang et al. [24] also reported
similar experimental phenomena wherein only negligible amounts
of adsorbed CTC (about 1%) could be detected on the MnO, surface.
Two reasons might generate this result wherein no considerable
amount of adsorbed CTC is observed. One is that the time expended
in dissolving the remaining 8-MnQO, might result in some CTC loss
during analysis; another reason could be that the pH in the system
decreased rapidly after oxalic acid addition, thereby promoting a
CTC transformation in the 8-MnO, system (Section 3.2). This result
also implies that the adsorption rate of CTC on the 8-MnO, sur-
face was lower than the rate of the oxidation step, which indicates
that the adsorption was a rate-limiting step, by contrast to electron
transfer between CTC and 8-MnO,, according to the kinetic surface
reaction model proposed by Stone [28] and Zhang et al. [24].

The pseudo-first-order kinetic model has been applied in pre-
vious investigations to evaluate the initial reaction kinetics of
organic compounds with MnO, [29-31]; however, departure from
the pseudo-first-order kinetics over the course of reactions has
also been reported simultaneously. For better predicting long-term
kinetics of organic compound oxidized by MnO,, Rubert and Ped-
ersen [19] applied a rate-retarded equation to fit OTC degradation
kinetics by MnO, and a retarded factor () was used to describe the
extent of departure from the pseudo-first-order behavior. Zhang
et al. [24] also proposed a mechanism-based model to fit TCs
degradation kinetics by MnO,. In this study, the oxidation kinet-
ics of CTC by 8-MnO, were tentatively fitted to these three kinetic
models described above as well as to the pseudo-second-order
kinetic model. As shown in Fig. S4 (supplementary material), the
pseudo-second-order kinetic model was the best model for fitting
the reaction kinetics among the four kinetic models, followed by
the empirical rate-retarded equation and the pseudo-first-order
kinetic model. The model least suited, based on the corresponding
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Table 1
Summary of the apparent rate constant ks for CTC simulated by the pseudo-second-order kinetic model under different solution conditions.?

(O pH [8-MnOJo (mgL~") [CTCo (u.M) Kobs x 1073 (WM~ h™") R?

25 5.02 25 65 19 +0.1 0.97
25 5.02 50 65 3.5+ 0.7° 0.99
25 5.02 50 65 3.2 +0.2¢ 0.99
25 5.02 75 65 7.0 £0.2 0.99
25 5.02 100 65 104 £ 0.5 0.97
25 5.02 50 18 241 +19 0.94
25 5.02 50 33 15.9 + 0.6 0.98
25 5.02 50 65 35407 0.99
25 5.02 50 120 1.0 £ 0.1 0.96
25 3.77 50 65 375+ 16 0.99
25 4.10 50 65 223+ 1.2 0.99
25 5.02 50 65 35+ 0.7 0.99
25 5.92 50 65 14 +0.2 0.96
25 7.41 50 65 02 + 0.0 0.97
15 5.02 50 65 2.7 +£0.1 0.97
25 5.02 50 65 35+07 0.99
35 5.02 50 65 7.6 +£02 0.99

2 Significant at the 95% confidence level.
b Obtained using the filtration method for quenching the reaction.
¢ Obtained using the oxalic acid method for quenching the reaction.

R? values in Fig. S4 (supplementary material), for fitting reaction
kinetics was the mechanism-based model by Zhang et al. [24],
which was probably because the reaction kinetic data collected
in this study (as shown in Fig. S3, supplementary material) were
not completed enough to reach the request of the mechanism-
based model, since this model strongly relies on completed reaction
kinetics data collection, especially the later stage. On the other
hand, the reaction kinetic constant (k,ps) values simulated by the
empirical rate-retarded equation and the mechanism-based model
by Zhang et al. [24] both exhibited inconsistent transformation
trends of CTC compared with the corresponding experimental
transformation rate curves under different reaction conditions,
such as variable initial concentration of MnO, and CTC, pH and
temperature, as shown in Tables S1 and S2 (supplementary mate-
rial), respectively. Therefore, only the pseudo-second-order kinetic
model was used to fit reaction kinetics under different conditions,
and the rate constants (kqps) under various conditions are listed in
Table 1.

Rate constants of reaction increased rapidly with an increase in
initial 8-MnO, concentrations. This accords well with the kinetic
surface reaction model applied in previous studies on the oxida-
tion of substituted phenols, substituted anilines and antibacterial
agents by manganese oxides [18,19,28,29]. The increase in initial
concentration of 8-MnO, can supply more active surface sites for
more precursor complex formation, which could, in turn, increase
the reaction rate. By contrast, the rate constants in reactions
decreased considerably with an increase in initial CTC concentra-
tion when the concentration of MnO, was constantly maintained
at 50mgL-1. A similar result was observed for CTC by Zhang et al.
[24]. As the initial concentration of CTC increased further, the molar
ratio of MnO, surface sites to CTC decreased, thus slowing down
the rate of CTC adsorption on MnO, surface and finally reducing
the rate constants.

3.2. Effect of pH

Both the degradation rate of CTC and the amount of Mn2* yielded
decreased significantly with an increase in pH (Fig. S5a and b, sup-
plementary material), suggesting that an increase in pH could
inhibit CTC transformation in MnO, system, which was supported
by the ko, of CTC in Table 1. Previous studies also confirmed that
pH plays an important role in adsorption [33,34] and degradation
[18,19,31] processes of antibiotics.

The pH of the solution influences not only the speciation
of CTC (Fig. S6b, supplementary material) but also the surface-
charge property and reduction potential of MnO, [31,32]. The
speciation of CTC transits from cation to zwitterion and then
to anion across the entire pH range (3.77-7.41) investigated
because CTC has three distinct moieties, which correspond to tri-
carbonylamide (I), phenolic diketone (II) and dimethylamine (III),
presented in Fig. S6a (supplementary material). Three pK, val-
ues (pKa, = 3.30, pK,, = 7.44and pK,, = 9.27) were reported for
the tricarbonylamide (C1-C3), phenolic diketone (C10-C12) and
dimethylamine (C4) moieties, respectively [35]. When pH was
<3.30, the dimethylamine moiety carried a positive charge at the
position of the nitrogen atom, while the other two moieties were
neutral (Fig. S6b, supplementary material), which caused the CTC
to exist mainly as a cation (CTC*90). The enolic group of the tri-
carbonylamide moiety disassociated into an anion in the pH range
3.30-7.44. Thus, the zwitterionic form of CTC (CTC*~?) became the
dominant species with decreasing amounts of CTC*%°, The enolic
groups at C10 and C12 (Fig. S6a) of the phenolic diketone moi-
ety began to disassociate as anions at pH>7.44, and CTC mainly
existed in a negative form (CTC*~~). When pH increased over 9.27,
the dimethylamine moiety became neutral and the other two moi-
eties disassociated into anions. Thus, the negative ion CTC?~~ was
the dominant species. On the other way, the 8-MnO, particle was
negatively charged under all tested pH conditions since its pHpzc
value was determined to be 2.3. The positively charged CTC moi-
eties could be adsorbed at the negatively charged 8-MnO- surface
via electrostatic force and the neutral CTC groups via the van der
Waals interactions. Therefore, the adsorption of CTC at the MnO,
surface declined because the negatively charged CTC species and
the charge density of the MnO, surface increased with the increase
of pH. Further, the tricarbonylamide moiety of CTC was less likely to
be adsorbed onto the MnO, surface because of its negative charge
under all tested pH levels. Phenolic diketone and dimethylamine
were, therefore, expected to be active sites for CTC adsorption and
oxidation on the MnO,, surface. This is consistent with the oxidative
products of CTC detected by LC-MS-MS (Section 3.6).

3.3. Effect of temperature
Temperature had a significant effect on the rate constants

(kops) of CTC (Table 1). With an increase in temperature from 15 to
35°C, the ks increased from 0.0027 to 0.0076 uM~1 h—1, thereby
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indicating an endothermic reaction. Its apparent activation energy
for CTC transformation was estimated to be 45+ 14kJmol-! by
fitting the rate constants obtained at various temperatures to
the Arrhenius equation. The apparent activation energy of CTC
in this study is lower than that of OTC (60 +2 k] mol~1) reported
by Rubert and Pedersen [19]. This is in agreement with the result
reported by Rubert and Pedersen [19] that the reactivity of CTC is
higher than that of OTC oxidized by MnO,.

3.4. Effect of inorganic ions

Coupled with the oxidation of CTC, Mn2* was generated by
reduction of 3-MnO,. The generated Mn?* could be adsorbed on the
negatively charged MnO, surface, thereby slowing reaction rates.
This inhibitory effect has been documented for MnO,-oxidized
reactions for phenols, anilines and antimicrobial agents [23,31]. To
quantify such an effect on CTC transformation, a series of exper-
iments were performed by adding metal ions and anions to the
reaction systems at pH 5.0. The resulting ks values are summa-
rized in Table 2. The table clearly shows that the addition of Mn2*
and Zn?* considerably decreased the transformation rate of CTC
oxidation by 8-MnO,. The presence of low concentrations (at 10%
MnO, initial concentration) of Mn%* and Zn%* ions decreased the
rate of reaction by 37% and 29%, respectively. Further, the inhibition
effectincreased remarkably in a nonlinear manner as the additional
Mn?* concentration increased. At background Mn?* concentrations
of 57.5 and 287.5 uM, the ks value decreased by 37% and 66%,
respectively. Compared with Mn2* and Zn?*, no pronounced inhi-
bition effect was observed with the addition of four other metal
ions (K*, Mg2*, Ca%* and Al**) and two anions (S042~ and PO,43-).
The two anions were less likely to adsorb on the 8-MnO, surface
due to repulsive forces; however, the lack of an inhibition effect
of the addition of four metal ions on the transformation rate sug-
gested that these co-solutes did not compete with CTC for the same
surface sites reported by Zhang and Huang [31] due to their weak
sorption affinities on the 8-MnO, surface [36]. The inhibition effect
of Zn?* was caused only by its competition with CTC for occupation
of the Mn** vacancy sites of the 8-MnO, layers, but not by its reac-
tion with Mn** for lowering the average oxidation state of 3-MnO;
[37,38]. However, the greater inhibition effect of Mn2*, besides its
occupation of the reaction sites of the 8-MnO-, layers as similar as
ZnZ*, might be primarily attributed to competing with CTC for its
reduction of Mn** of 8-MnO, and hence to lowering the average
oxidation state of 8-MnO, [38,39].

3.5. Effect of substituted phenols

Substituted phenols, such as p-coumaric acid, ferulic acid, caffeic
acid and 2,6-dimethoxyphenol, are widely distributed in natural

Table 2
Effect of background ions on the apparent rate constant k,,s for CTC simulated by
the pseudo-second-order kinetic model.?

Addition of ion [Ton]o (wmol L") Kops x 1073 (uM~" h=1)P R?
Control reactor 0 35+07 0.99
5.75 3.6 £0.1 0.99
Mn?* 57.5 23 +0.1 0.99
287.5 1.3+00 0.99
Zn%* 57.5 25 +0.1 0.99
K* 57.5 33 +0.1 0.99
Ca** 57.5 3.5+0.1 0.99
Mg?* 57.5 4.1 £ 0.1 0.99
AP+ 57.5 3.5+0.1 0.99
S04%~ 57.5 3.6 £0.1 0.99
PO43~ 57.5 33 +0.1 0.99

3 Experimental conditions: pH 5.02, [CTC]o =65 M, and [8-MnO,]o =50 mgL-'.
b Significant at the 95% confidence level.

soil and aquatic environments. Previous studies have reported that
the phenolic groups of these substituted phenols could affect the
reaction efficiency of chlorophenols and sulfonamide antimicro-
bials via cross-coupled reactions in the presence of phenoloxidases
or acid birnessite [22,40]. In this study, several substituted phe-
nols were chosen as simple models to determine the effect of the
organic matter on CTC oxidative transformation by MnO,. A series
of experiments were performed by adding different substituted
phenols to the reaction solutions at pH 5.0. The resulting ks are
listed in Table 3. The t values in Table 3 obtained by T-test were all
over 3.792 (tp 001,22 =3.792), indicating that the addition of substi-
tuted phenols could significantly decrease the CTC transformation
rate. The inhibition effect also increased considerably as the p-
coumaric acid concentration increased, although not in a directly
proportional manner. The addition of the same concentrations
(100 wM) of p-coumaric acid, ferulic acid, caffeic acid and 2,6-
dimethoxyphenol decreased CTC transformation rate by 80, 97, 36
and 43%, respectively. Likewise, the ks values of p-coumaric acid,
ferulic acid, caffeic acid and 2,6-dimethoxyphenol alone with MnO-,
were 3.9+0.1, 1271.4+72.3, 15.5+0.6 and 145.2+2.4pM-1h-!
in Table 3, respectively. It is clear that the inhibition effect of sub-
stituted phenols on CTC transformation rate was consistent with
its reaction capacity with MnO, except p-coumaric acid. This result
indicates that the inhibition effect of these substituted phenols was
primarily attributed to competing with CTC to react with MnO,.
Comparing the molecular structures of four substituted phenols
(Fig. S7, supplementary material), at ortho-position of phenolic
group, only p-coumaric acid has no substituent, suggesting that
p-coumaric acid might be more favorable to adsorb on MnO, sur-
faces than the other three substituted phenols due to its lower
steric hindrance on MnO, surfaces. Thereby, the strong sorption
affinity of p-coumaric acid might offset the weak reaction capacity
with MnO,, which resulted in the greater inhibition effect on CTC
transformation rate of p-coumaric acid than that of caffeic acid and
2,6-dimethoxyphenol.

3.6. Oxidation products of CTC

With LC-MS-MS analysis, four products were confirmed via
comparison with authentic standards and six other products were
also tentatively identified on the basis of their mass spectra
together with relevant reports on degradation products of TCs
[25,41-43] since no commercially authentic standards are avail-
able. The SIM chromatograms and the individual MS? spectra of
possible transformation products are presented in Fig. 2, and the
chemical structures of these possible products are depicted in Fig. 3.

Two product ions at m/z 462 were obtained from the precursor
ions with m/z 479, corresponding to I-CTC [I-CTC-H]* (tg =6.36 min)
and E-CTC [E-CTC-H]* (tg =10.07 min). These products were iden-
tified and confirmed with the standard values under the same
analysis conditions by LC-MS-MS. CTC can be converted to I-CTC
under alkaline conditions, while E-CTC has been found to be formed
in acidic solutions in a pH range from 2 to 6 [44]. The bond between
C6 and Cl11a atoms (Fig. S6a, supplementary material) could be
disrupted as a consequence of the catalyzation by intramolecular
cyclization of the hydroxyl moiety of the MnO, surface to yield I-
CTC at pH 5.0, as noted in this study. Meanwhile, CTC could easily
epimerize at position C4 to form E-CTC [45]. Thus, I-CTC and E-CTC
may be considered as byproducts of CTC reactions in the presence
of MnO,, at pH 5.0.

Two additional product ions at m/z 462 were also obtained from
the precursor ions with m/z 479, which were tentatively character-
ized as keto-CTC [K-CTC-H]* (tg =10.07 min) and 4-epi-keto-CTC
[EK-CTC-H]* (tg =8.92 min), respectively, based on fragmentation
pattern of their MS? spectra, with regard to the structures and
conditions of formation for K-CTC and EK-CTC that were proposed
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Table 3
Effect of substituted phenols on the apparent rate constant kps for CTC simulated by the pseudo-second-order kinetic model.?
Substituted phenol (SP) [SP]o (M) [CTClo (M) kops x 1073 (uM~"h-1)P R? td
CTC N
Control 0 65 35+0.7 0.99
50 65 1.7+ 0.0 0.99 8.9
50 0 10.1 £ 0.5 0.98
. . 100 65 0.7 £ 0.0 0.97 13.7
p-Coumaric acid 100 0 39401 0.99
200 65 0.3 +£0.0 0.95 15.5
200 0 0.8 + 0.1 0.95
Feruli d 100 65 0.1 £0.0 0.97 13.7
erulic aci 100 0 12714 £ 723 0.99
Caffei d 100 65 26 +£0.1 0.99 43
atteicact 100 0 155+ 0.6 0.95
. 100 65 2.0+0.1 0.99 6.4
2.6-Dimethoxyphenol 100 0 1452 + 2.4 0.99

Experimental conditions: pH 5.02 and [8-MnO,]o =50 mgL-'.
Significant at the 95% confidence level.

a
b
¢ The kops values of substituted phenols oxidized by 8-MnO, without CTC simulated by the pseudo-second-order kinetic model.
4t means T-test of the apparent rate constant under the presence of different substituted phenols (the degree of freedom =22).

by Halling-Serensen et al. [41], who reported that K-CTC could be
reversibly formed from CTC at pH 3-9. Previous studies demon-
strated that as solid, E-CTC and CTC exist as enol forms, but in
aqueous solutions an equilibrium is formed between the keto and
enol tautomers [46,47], indicating that K-CTC and EK-CTC can be
generally thought as accompanied composition of CTC and E-CTC
standard in solutions. Blanchflower et al. [48] further found that
EK-CTC was formed rapidly in fresh acidic aqueous solutions of E-
CTC, but K-CTC formed more slowly (over a period of days) from
CTC due to the higher stability of CTC than E-CTC. Hence, although
the identification of K-CTC and EK-CTC was not confirmed because
of the absence of commercial standards, the generation of K-CTC
and EK-CTC could be assured during the reaction of CTC with MnO,
based on previous works described above. Additionally, character-
istic fragment ions in the individual MS? spectra of E-CTC, K-CTC
and EK-CTC contained the identical fragment ions, such as m/z 462
and 444, indicating that they might be isomers.

Product ions at m/z 444 were obtained from the precursor ions
withm/z461.9, corresponding to A-CTC (tg =22.80 min) and EA-CTC
(tg =19.85 min), which have also been confirmed by the standard
controls. Their MS2 fragments with m/z 444 were derived by remov-
ing one molecule of NH3 from A-CTC or EA-CTC. A-CTC and EA-CTC
could be anticipated as predominant abiotic degradation products
of CTC at pH 3-6.5 in the aqueous environment, as reported by
Halling-Serensen et al. [41]. A-CTC was formed via elimination of
one H,0 molecule by losing a hydrogen atom at C5a and a hydroxyl
group at C6 in a CTC molecule, and EA-CTC was the 4-epimer of
A-CTC.

Two products contained molecular ions of m/z451 ([M+H]*) and
the difference between the molecular weight of these two com-
pounds and CTC was equal to 28, indicating the possibility of losing
two methyl groups from CTC. Their MS? fragments with m/z 433,
434 and 416 corresponded to the daughter ions of [M+H—H,0]*,
[M+H-NH3]* and [M+H-NH3-H,0]* by loss of H,O, NH; and
NH3 +H,0 moieties from the molecular ion, respectively. Based on
the molecular weight of the compounds and the fragmentation
pattern, we suggested that these two compounds could be N-
didemethyl products formed by the loss of two methyl groups from
the dimethylamine moiety at the C4 position of CTC, which cor-
responded with N-didemethyl-CTC (N-DDM-CTC, tg=19.13 min)
and 4-epi-N-didesmethyl-CTC (EN-DDM-CTC, tg =9.65 min). Sim-
ilarly, the molecular ions of m/z 465 were tentatively considered
the products of N-demethyl-CTC (N-DM-CTC, tg =21.98 min) and

its 4-epimer (EN-DM-CTC, tg =20.07 min), with MS? fragments of
m(z 448, 447, and 430 corresponding to the daughter ions of
[M+H-NH;3]*, [M+H-H;0]* and [M+H—-NH3—H;0]* by loss of NH3,
H,0 and NH3 +H;O0, respectively. The demethyl products could,
theoretically, also be formed by loss of a methyl group from the C6
position of CTC, such as 6-demethyl-CTC and its epimer correspond-
ing to m/z 465, by comparison with N-DM-CTC and EN-DM-CTC
proposed in this study. According to previous studies, 6-demethyl
products could only be isolated as impurities from the bacterial
production of TCs [49], which indicated that the formation of 6-DM-
CTC was difficult through an abiotic degradation of CTC. Thus, we
tentatively identified that the demethyl products were N-DM-CTC
and N-DDM-CTC in the samples.

In addition to these 10 proposed products, certain other com-
pounds with molecular ions at m/z 402, 432, 445, 447, 453, 456,
463, 466, 475, 511 and 525 could not be identified because neither
commercial standards nor published information was available for
analysis of their structures. Future research dedicated to the iden-
tification of these possible transformational products is needed.

3.7. FTIR analysis

FTIR spectroscopy was used to analyze the changes on 3-MnO,
surface after reacting with CTC (Fig. 4). Peak assignments for non-
reacted 8-MnO, (Fig. 4a) were referred to the study by Nakamoto
[50]. The strong broad peak at 3393 cm~! corresponded with the
stretching vibration of the hydroxyl group in water and Mn-O-H
molecules. The 1625 and 1085 cm~! bands were assigned to the
bending vibrations of the hydroxyl groups of Mn-OH, suggesting
that 8-MnO, in this study is a hydrous manganese oxide containing
numerous hydroxyl groups on the surface. The 528 cm~! band was
assigned to the bending vibration of Mn-0, indicating the presence
of a crystal cell of MnO, molecule. Compared with the spectrum
of non-reacted MnO,, many peaks occurred between 1200 and
1800cm™! in the spectrum of MnO, that underwent reaction with
CTC (Fig. 4b). These additional IR absorption peaks depicted in
Fig. 4b are attributed to the most characteristic region of non-
reacted CTC spectrum in Fig. 4c. Peak assignments for CTC in Fig. 4c
concur with the report on the FTIR spectrum of TC [51,52]. The 1669
and 1518 cm~! bands were assigned to the carbonyl and amino
groups, respectively, of the amide in ring A (Fig. S6a, supplemen-
tary material). Frequencies at 1618 and 1577 cm~! corresponded
with the carbonyl groups in A and C rings, respectively. The
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Fig. 2. SIM chromatograms presented with individual MS? spectra of possible transformational products of CTC by 8-MnO,.

1505 and 1444 cm~! bands were assigned to the aromatic amino carbonyl, amide carbonyl and amino groups in ring A and carbonyl
moiety of the dimethylamine group and to the skeletal vibration, groups in ring C (Fig. 4b) were apparent. A shift in the carbonyl
respectively. Although it was difficult to assign the band shift in absorption band from 1669, 1618 and 1577 to 1600 cm~! might
the spectrum of CTC that reacted with MnO,, the band changes of be interpreted as the participation of carbonyl groups in hydrogen
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EA-CTC

K-CTC

Fig. 3. Chemical structures of possible transformational products of CTC by 8-MnO5.

bonding with hydroxyl groups on the surface of MnO, or as
coordination of carbonyl groups with Mn** on the surface of MnO,
[53]. A shift of the amide absorption band from 1505 to 1484 cm™!
indicated participation of amide at the C4 position functioned with
MnO,. Further, a band loss of Mn-OH or a clear shift of Mn-OH
adsorption band at 1625 and 1085 cm™! in Fig. 4b indicates that
numerous Mn-OH groups on the MnO, surface might be active
sites for CTC adsorption and oxidation based on the FTIR result.

3.8. Environmental significance

According to this study, CTC could be rapidly degraded by
MnO,, indicating that MnO, in the environment will facilitate
transformation of tetracycline antibiotics. The risk of CTC contami-
nation in agricultural soil still exists because of its extensive usage,

despite the fact that appropriate compost methods are available
to reduce the amount of CTC residue in livestock manure, which
presents a great potential for release into the environment [54,55].
Considering the effect of pH on CTC oxidative degradation in the
presence of MnO,, the transformation of CTC will be accelerated
when the manure contaminated with CTC is used as fertilizer
in some weakly acidic soils. Furthermore, the reaction products
revealed that oxidative transformation of CTC by MnO, could
reduce its toxicity on microorganisms because the degradation
products were generally found to be less toxic than their parental
compound, except for A-CTC and EA-CTC, according to their MICsq
and ECsq values reported by Halling-Segrensen et al. [41]. A-CTC and
EA-CTC belong to the “atypical tetracyclines”, which have a differ-
ent mode of action compared to the parental compounds [56]. They
interfere with membrane permeability and may exhibit activity
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Fig. 4. FTIR spectra of (a) 8-MnO, and (b) 8-MnO, reaction with CTC; (c) CTC at pH 5.0.

against organisms that are resistant to CTC. No literature can be 4. Conclusion

found to compare the toxicities of N-demethylation products of

CTC with that of the parent compound. The antimicrobial activity CTC was proved to be efficiently degraded by 8-MnO;. The

of these demethylation products of CTC necessitates further measured CTC transformation rates increased with an increase

investigation. in the initial concentration of 8-MnO, and reaction temperature;
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however, transformation rates decreased with an increase in the
initial CTC concentration and pH. The addition of metal ions (Mn2*
and Zn%*) and substituted phenols can reduce transformation rates
of CTC by competitive inhibition of adsorption on 8-MnO, surfaces
or reaction with 8-MnO,, respectively. Isomerization, dehydration,
cyclization, ketonization and N-demethylation products were eval-
uated by LC-MS-MS analysis, which indicated that the hydroxyl
groups at C6 and C12 and the dimethylamine moiety were the
active sites for CTC reaction with the Mn-OH moieties on the MnO,
surface. The formation of less toxic products implies that the abiotic
transformation of CTC by MnO, is likely to minimize the environ-
mental risk constituted by CTC discharged into the environment.
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