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� Tetracycline hydrochloride and As(III) were simultaneously oxidized by d-MnO2.
� Removal efficiency of TC and As(III) positively increased with initial d-MnO2 dosage.
� Competition between TC and As(III) for adsorption–oxidation sites occurs on d-MnO2 surface.
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Simultaneous removal of antibiotic tetracycline hydrochloride (TC) and As(III) by poorly-crystalline Mn
dioxide was investigated. TC and As(III) can be effectively oxidized and removed by MnO2. High concen-
trations of TC and As(III) competed with each other for oxidation or adsorption sites on MnO2 and thus
affected their removal efficiency. The intermediates and products of TC after reaction with
poorly-crystalline manganese dioxide were identified by LC–ESI–MS (liquid chromatography–electro
spray ionization–mass spectrometry), and the decomposition pathways of TC by MnO2 were proposed.
This study is helpful for understanding the importance of environmental Mn dioxides in the decontam-
ination of combined pollution by organic pollutants and metal(loid)s.

� 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Arsenic (As) contamination in groundwater is a global health
concern because of its high toxicity to humans (Bissen and
Frimmel, 2003). It is estimated that more than 100 million people
are at risk of As exposure through groundwater contamination (Ng,
2005). In Guizhou province, Inner Mongolia and Xinjiang Uighur
autonomous regions of China, high levels of As in groundwater
have been reported since the 1950s (Zhang et al., 2002;
Rodriguez-Lado et al., 2013). In Kuytun area of Xinjiang, As concen-
trations in groundwater were 35 times more than the limit value
for As set by the World Health Organization (WHO) (Li et al.,
2008). In these contaminated sites, As(III) is the predominant
species, which shows higher mobility and toxicity than As(V)
(Seyler and Martin, 1990).

The residents in arsenic contaminated areas are also unavoid-
ably exposed to antibiotic pollution of groundwater. Most of the
antibiotics, which are widely used in humans, animals and plants
for preventing bacterial or fungal infections (Kummerer, 2009;
Davies and Davies, 2010), are excreted via urine or faeces into sur-
face water and groundwater (Alcock et al., 1999). In the rural
arsenic contaminated areas, livestock wastewater and domestic
sewage containing antibiotics are frequently used for irrigation of
farmland, which can easily cause antibiotic pollution of soil and
groundwater (Seyler and Martin, 1990; Guo et al., 2001; Barber
et al., 2009; Buerge et al., 2009; Zhao et al., 2010). A variety of
antibiotics (e.g., tetracycline, sulfamethoxazole and lincomycin)
and their metabolites have been detected in groundwater in the
northern China (Hu et al., 2010).
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Natural and artificial processes including adsorption, precipita-
tion, hydrolysis and complexation (Seyler and Martin, 1990;
Sassman and Lee, 2005; Ji et al., 2011; Yang et al., 2011; Liu
et al., 2014) can affect transformation of antibiotics and arsenic,
but these processes cannot thoroughly eliminate antibiotics from
natural environments or reduce the mobility of arsenite in contam-
inated sites. Moreover, the environmental behaviors of antibiotics
and arsenite correlate with each other. A recent study indicates
that coexisted antibiotics in sediment have a strong effect on the
biogeochemical cycle of As (Yamamura et al., 2014).

Poorly-crystalline manganese dioxides with structural disorder
due to cation vacancies and random stacking arrangements are
almost ubiquitous in a wide variety of geological settings (Post,
1999; Bodei et al., 2007; Bargar et al., 2009). They have strong abil-
ity in degradation of antibiotics (e.g., oxytetracycline, sulfamet-
hazine and ciprofloxacin) (Zhang and Huang, 2005; Rubert and
Pedersen, 2006; Gao et al., 2012), and oxidation and adsorption
of heavy metals including As(III), Cr(III) and Co(II) (Lafferty et al.,
2010a; Landrot et al., 2012; Crowther et al., 1983). The decrease
of MnO2 reactivity during oxidation of pollutants was also
observed in recent studies (Lafferty et al., 2010a,b; Chen et al.,
2011a). For example, Lafferty et al. (2010a) showed that As(III) oxi-
dation by MnO2 was rapid initially but the passivation phe-
nomenon occurred on MnO2 surface after several hours of
reaction. Additionally, the co-solutes (substituted phenols) can sig-
nificantly decrease the oxidation rate of chlortetracycline by MnO2

(Chen et al., 2011a). However, the interactive effects of arsenic and
antibiotics on their removal by MnO2 are poorly understood.

The aim of this study was to evaluate the simultaneous removal
of tetracycline hydrochloride (TC) and As(III) using MnO2. Their
interactive effects of TC and As(III) on their removal were also
examined. The intermediates in the decomposition of TC by
MnO2 were analyzed by LC–MS and possible pathways of TC degra-
dation by MnO2 were proposed.
2. Materials and methods

2.1. Preparation of MnO2 and TC solutions

Poorly-crystalline MnO2 which has high reactivity (Tebo et al.,
2004) was freshly synthesized (Villalobos et al., 2003) and con-
firmed by X-ray diffraction (XRD). The XRD data were taken from
5� to 80� (2h). The sample sprayed with Au was analyzed by scan-
ning electron microscopy (SEM) (Zeiss Super 55VP,
Germany)-energy dispersive spectroscopy (EDS) (Bruker XFlash
5010, Germany). The particle size distribution and zeta potential
were determined by a Malvern Zetasizer Nano analyzer (Malvern,
Table 1
The initial concentrations of MnO2, TC and/or As(III) for batch experiments.

Treatment MnO2 (mg L�1) TC (lM) As(III) (lM)

A1 0 100 50
A2 20 100 50
A3 50 100 50
A4 100 100 50
A5 200 100 50
B1 100 100 0
B2 100 100 10
B3 100 100 50
B4 100 100 100
B5 100 100 125
C1 100 0 50
C2 100 10 50
C3 100 50 50
C4 100 100 50
UK). The XRD spectrum, zeta potential, SEM micrograph with
EDS spectrum and particle size of the synthesized MnO2 were
shown in Fig. S1. The XRD spectrum showed two main peaks at
37� and 66� belonged to MnO2 (He et al., 2012; Lafferty et al.,
2010a; Landrot et al., 2012). The MnO2 particles had an average
particle size of 180 nm and were negatively charged at various
pHs (3.3–10.0), which was consistent with Murray’s report
(Murray, 1974). The EDS spectrum showed that the synthesized
MnO2 was predominantly composed of O and Mn with a little of
Na and K.

Tetracycline hydrochloride (AR) was purchased from Hefei
BoMei Biotechnology Co. Ltd, China. Sodium arsenite (AR) was
obtained from Xiya Reagent Co. Ltd, China. Stocking solutions of
1 mM TC and As(III) were separately prepared in Milli-Q water
and stored at 4 �C in the dark. Speciation of TC in solution at pH
1–13 based on the pKa was shown in Fig. S2.

2.2. Batch experiments

Batch experiments for evaluation of TC and/or As removal by
MnO2 were conducted in 100 mL (working volume) Erlenmeyer
flasks on a reciprocating shaker at 150 rpm and 30 �C. Briefly, var-
ious proportions of MnO2 suspension (0–200 mg L�1), TC (0–
100 lM) and As(III) (0–125 lM) solutions were mixed together
for reaction (Table 1). Before addition of TC and/or As(III) solu-
tion(s), the MnO2 suspension was magnetically stirred at
500 rpm for at least 12 h to homogenize MnO2 (Chen et al.,
2011a). Table 1 listed the initial concentrations of MnO2, TC and/or
As(III) for batch experiments. The background electrolyte was
0.01 M NaCl and pH of all test solutions was adjusted to 6.0 using
0.01 M NaOH or HCl because the groundwater and surface water
polluted with arsenic or antibiotics were usually found at neutral
pHs (6–8) (Postma et al., 2007; Kummerer, 2009). At different time
intervals (0, 10, 20, 30, 45, 60, 90, 150, 300 and 480 min), 1 mL of
water samples were collected and filtered through 0.22 lm hydro-
philic polyestersulfone membrane filters (Durapore PVDF,
Millipore) for further analysis. Adsorbed TC was extracted by dis-
solving the membrane retained MnO2 in 0.05 M hydroxylamine
chloride for 0.5 h. All experiments were done in triplicate. All glass-
ware was soaked overnight in K2CrO7–H2SO4 solution before use.

2.3. Analytical methods

TC concentration was measured using a Hitachi HPLC analyzer
coupled with an ODS-C18 reversed chromatographic column
(Waters, 4.6 � 250 nm, 5 lm) and an UV–DAD detector. The iso-
cratic mobile phase was acetonitrile (35%, V/V)-0.01 M K2HPO4

(65%, pH 2.5, V/V) at 0.8 mL min�1 and the UV-absorbance wave-
length was 360 nm. The column temperature was 25 �C and injec-
tion volume was 20 lL. The retention time of TC was 4.05 min. The
concentration range of TC standards was 0–80 lM (R2 = 0.9999)
and the detection limit of this method was 0.1 lM.

As(III) and As(V) in the water sample were separated by
anion-exchange method (Tani et al., 2004). 100 lL of the sample
solution was eluted through the Dowex 1 � 8 anion-exchange
resin, where As(III) was eluted while As(V) was retained. The total
As concentration in solution without anion exchange separation
procedure and As(III) with anion exchange separation procedure
were determined by hydride generation atomic florescence spec-
troscopy (HG-AFS) (AFS-810, Jitian, Beijing, China). As(V) concen-
trations were obtained by subtracting As(III) concentration from
total As concentration. Soluble Mn(II) produced by the reductive
dissolution of MnO2 was determined by inductively coupled
plasma-mass spectrometry (ICP-MS) (ELAN DRC II, PE, USA). The
concentration range of Mn(II) standards was 0–20 lM
(RSD = 2.54%) and the detection limit of this method was
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Fig. 1. (a) Percentage of TC and As(III) remaining in water as a function of reaction time with MnO2; (b) Mn(II) concentration in water as a function of reaction time. The MnO2

oxidative system, with 0.01 M NaCl as background electrolyte, had an initial MnO2 concentration of 100 mg L�1 and an initial pH of 6.0. The initial TC and/or As(III)
concentrations are 100 lM and/or 50 lM, respectively. The MnO2 oxidative experiments were performed at 150 rpm at 25 �C.
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0.025 lM. Solution pH was detected by an automatic potentiomet-
ric titrator with a pH electrode (Metrohm 702, Switzerland).

For identification of intermediate products of TC decomposed
by MnO2, the supernatants were analyzed by liquid chromatogra
phy–electrospray ionization–mass spectrometry (LC–ESI–MS),
including an ultra-HPLC (1200, Agilent, USA) and
Quadrupole-linear ion trap mass spectrometer (4000QTRAP, AB
Sciex, USA). Mass spectra were obtained with an electrospray ion-
ization (ESI) source. The spectral resolution of the MS was 0.1 m/z.
Before LC–MS analysis, the supernatants were centrifuged
(6000 rpm, 10 min) and extracted by Poly-Sery HLB solid-phase
extraction tubes (6 mL) (Shanghai ANPEL Scientific Instrument
Co., Ltd.). The extracted intermediate product solution was eluted
by 3 mL of methanol and subsequently flushed with high purity
N2 (99.999%) to dryness, and finally diluted with acetonitrile to
1 mL.

Means ± standard deviations were calculated from three dupli-
cations (n = 3) and the significance between control and treat-
ments was calculated using Tukey’s test. The significance level
was accepted when the value of p was <0.05.
3. Results and discussion

3.1. Removal of TC and As(III) by MnO2

In MnO2-free solutions, TC and As(III) concentrations changed
slightly during the entire 480 min experimental time, indicating
that air oxidation of As(III) and TC is limited. Oxidation of As(III)
in pure water may need weeks (Pichler et al., 1999; Sorlini and
Gialdini, 2010). Efficient removal of TC and/or As(III) was observed
in all MnO2 treatments (Fig. 1). At the initial stage (0–10 min), TC
removal efficiency in the solutions containing TC alone was higher
than that in the solutions containing both TC and As(III). A rapid
removal of As(III) from solution was observed after 10 min of reac-
tion. In the later stage (10–480 min), removal efficiency of TC or
As(III) in the solutions containing TC or As(III) alone increased
slowly with reaction time and was not significantly different from
the solutions containing both TC and As(III). Additionally, oxidation
of TC and As(III) led to reduction of solid Mn(IV) to free Mn(II) ion
and its concentration increased with reaction time. Mn(II) concen-
tration significantly increased when TC and As(III) coexisted in the
solutions. These results clearly indicated that MnO2 was able to
simultaneously remove TC and As(III) from water and the removal
efficiencies of TC or As(III) were not significantly influenced even
when both contaminants were present.
3.2. Effect of MnO2 dosage on TC and As(III) removal

As seen from Figs. 2 and 3, in the TC and As(III) jointly contam-
inated system (TC–As(III) system), TC and As(III) were removed
rapidly within the first 10 min and thereafter their removal rates
were much lower with increasing reaction time. Their removal per-
centage was enhanced with increasing MnO2 dosage but the
removal efficiency decreased with increasing initial MnO2 dosage
when the sorption capacity (mg/g) is considered.

Ten min after the onset of the experiments, TC removal percent-
age was 26.8%, 38.5%, 61.8% and 78.7% in the presence of 20, 50,
100 and 200 mg L�1 of MnO2, respectively (Fig. 2). The kinetic data
of TC oxidation or degradation by MnO2 were fitted with the
pseudo-first-order model (Eq. (1)):

lnðCt=C0Þ ¼ �kt ð1Þ

where k (min�1) is the rate constant of the pseudo-first-order
model; t (min) is the reaction time; C0 (mg L�1) is the initial concen-
tration of TC, and Ct (mg L�1) is the TC concentration at different
reaction time.

The kinetics data were generally well fitted with the
pseudo-first-order model (R2 = 0.67–0.93) (Fig. S3a). The reaction
rate constant k (Fig. 2b) increased from 0.000834 to 0.00279 with
increasing initial MnO2 dosage from 20 mg L�1 to 200 mg L�1

(p < 0.05). The positive dependence of oxidative transformation of
tetracycline and other pollutants by dosage gradients of Mn diox-
ides has also been reported in previous studies (Chen et al.,
2011a; Lu et al., 2011; Lu and Gan, 2013).

Removal of As(III) by MnO2 was shown in Fig. 3a–d. The inter-
action between As(III) and MnO2 showed two phases. In the first
phase (0–10 min), fast removal of As(III) by MnO2 was associated
with the release of As(V). During the initial 10 min reaction, the
As(III) removal efficiency was 83.3%, 90.2% and 92.2% at MnO2

dosages of 50, 100 and 200 mg L�1, respectively, indicating that
As(III) was oxidized by MnO2 or partially adsorbed onto MnO2 sur-
face. As(V) rapidly increased from zero to about 50% of the total As
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at an initial MnO2 of 20 mg L�1 and 78.2–84.1% of the total As at
initial MnO2 dosages of 50–200 mg L�1 during the initial 10 min
reaction (Fig. S3b). In the second phase (10–480 min), a slow
As(III) oxidation and As(V) adsorption was observed, associated
with the release of Mn(II) to solution (Fig. 3f), which indicates
As(III) oxidation by MnO2. As(V) drastically dropped to 23.9%,
40.8%, 37.7% and 32.3% at 20 min at initial MnO2 dosages of 20,
50, 100 and 200 mg L�1, respectively and thereafter the proportion
of As(V) in total As showed increasing trends during the rest
460 min (Fig. S3b). At initial MnO2 dosages of 20–200 mg L�1, oxi-
dation of one molar As(III) to As(V) is accompanied with release of
17–34 molar free Mn(II) ions (Fig. 3f), which is the reductive pro-
duct of MnO2. As(III) must be adsorbed to the Mn dioxide surface
sites prior to oxidation, but only As(V) can be retained on the min-
eral surface (Manning et al., 2002; Lafferty et al., 2010a). Therefore,
it is suggested that removal of As(III) from solution can be attribu-
ted to rapid adsorption and oxidation of As(III) to As(V) by MnO2

and subsequent adsorption of As(V) to MnO2. The total As
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concentration in solution significantly decreased with increasing
MnO2 dosage (Fig. 3a–d) whilst adsorbed As increased with
MnO2 dosage (Fig. 4).

It was worth noting that the release of Mn(II) from MnO2 to
solution was accompanied by the simultaneous removal of TC
and As(III) by MnO2. Meanwhile, decreasing reactivity of MnO2

was observed in the TC and As(III) jointly contaminated system,
which was mainly attributed to passivation of MnO2 surface.
MnO2 is a poorly-ordered form of hexagonal birnessite, mainly
with two types of reactivity sites: the vacancy sites within
Mn(IV) octahedral layers and the edge sites at Mn(IV) octahedral
layers edges (Drits et al., 1997; Lafferty et al., 2010a,b). It is
reported that adsorption of As(III) and As(V) only occurs at the
edge sites while Mn(II) can be adsorbed at both the vacancy sites
and the edge sites (Tournassat et al., 2002; Manning et al., 2002).
Lafferty et al. (2010a) showed that decrease of MnO2 reactivity
was attributed to early adsorption of Mn(II) onto MnO2 surface
and subsequently formation of Mn(III) via Mn(II)/Mn(IV) conpro-
portionation. In this study, the large amount of Mn(II) in solution
suggests that physically block of As(III) oxidation would occur
due to fully or partially adsorption of Mn(II) at the vacancy sites
and the edge sites of MnO2. As(V) adsorption at the edge sites also
blocks As(III) oxidation (Tournassat et al., 2002). As shown in Fig. 4,
only when MnO2 dosage was as high as 200 mg L�1, can the frac-
tion of dissolved As(V) be decreased significantly. This implies that
high dosage of MnO2 may alleviate MnO2 surface passivation phe-
nomenon. Moreover, the inhibitory effect of adsorbed Mn(II) on
reactivity of MnO2 was also reported during the oxidation of other
pollutants including chlortetracycline, octylphenol and nonylphe-
nol (Chen et al., 2011a; Lu and Gan, 2013).
3.3. Effect of As(III) concentration on TC removal

It can be seen from Fig. 5a that the TC removal efficiency was
significantly decreased in the presence of high concentrations of
As(III) (p < 0.05). For example, after 10 min reaction, the TC
removal efficiency was 64.7% in As(III) free solution but decreased
to 60.4%, 54.5% and 51.1% in the presence of 50, 100 and 125 lM of
As(III), respectively. When As(III) concentration was 125 lM, the
rate constant k was 0.00272 (R2 = 0.727–0.955), which significantly
decreased in comparison with the control (0.00197, R2 = 0.716–
0.895) (Figs. 5b and S4a). Effect of As(III) on the adsorption of TC
onto MnO2 surface was further examined (Fig. S5). Adsorbed TC
accounted for a relatively small fraction (2.80–3.96%) of total TC
removal. Compared with the control, the proportions of adsorbed
TC in the presence of 125 lM As(III) were not significantly differ-
ent. These results suggest that the removal of TC is mainly due to



Fig. 8. Potential oxidation and degradation pathways of TC by MnO2.
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decomposition by MnO2. Similar results were observed by other
researchers (Chen et al., 2011a; Zhang et al., 2008).

The inhibition of TC removal by As(III) can be explained as fol-
lows. Firstly, when pH ranged from 3.3 to 7.7, TC mainly occurred
as a neutral molecule (TCH2) (Fig. S2). As(III) mainly occurs in the
fully protonated form (H3AsO3) when pH is less than 9 (Sadiq,
1997) while MnO2 is negatively charged. This means that proto-
nated As(III) can be strongly adsorbed by negatively MnO2 and this
significantly inhibits adsorption and decomposition of TC by MnO2.
At early stages of reaction, the rapid occupation of MnO2 surface
reactivity sites by As(III) led to the decrease of TC reaction rate.
For example, after 10 min of reaction, a rapid removal and oxida-
tion of As(III) and a fast increase of As(V) concentration in solution
were observed (Fig. 3). This implies the competition for reactive
sites between TC and As(III). Moreover, the increased Mn(II) con-
centration in solution in the presence of various concentrations
of As(III) (Fig. S4b) indicated that MnO2 was consumed by dis-
solved As(III). Therefore, inhibitory effects on TC removal by As
may also be related to the competitive adsorption of Mn(II) onto
MnO2 reactive sites.
3.4. Effect of TC concentration on As removal

Inhibitory effect of TC on the removal and oxidation of As(III)
and adsorption of As(V) was shown in Fig. 6. Low concentrations
of TC were removed rapidly and thus the slight inhibition of As
removal by TC was due to the depletion of TC by MnO2. Higher con-
centrations of TC caused more inhibitory effects of TC on As
removal (p < 0.05). After 10 min of reaction, total As concentration
in solution decreased from initial 50.0 to 20.8 lM in absence of TC,
while total As concentration increased by 48.1% compared to the
control in the presence of 100 lM TC. The significant increase of
release of Mn(II) into solution was observed in the presence of
TC (Fig. S6), indicating that the depletion of MnO2 by TC led to
the decrease of As removal. This means that the inhibitory effect
of high concentrations of TC on As(III) removal can be attributed
to its competition with As(III) and As(V) for oxidative sites on
MnO2 surface. Furthermore, the complexation of amine and car-
bonyl in TC with Mn(II) through cation bridging may decrease
the availability of MnO2 (Tantuvay and Khan, 2004).
3.5. TC decomposition by MnO2

The possible intermediate products or by-products of decompo-
sition of TC by MnO2 were identified from the ESI–MS spectra
(Fig. 7), and the possible degradation pathways of TC by MnO2

were proposed (Fig. 8).
The ion products at m/z 445 were designated as the tetracycline

molecule (Dalmazio et al., 2007; Chen et al., 2011b). The interme-
diate with m/z 371 was generated due to losing N-methyl,



H. Wang et al. / Chemosphere 136 (2015) 102–110 109
hydroxyl and amino groups of tetracycline molecule. This was in
accordance with TC oxidation using potassium ferrate (Jiao et al.,
2008) and photolysis of TC using luminescent bacteria (Ma et al.,
2012). Moreover, the protonated tetracycline dissociates to mid
mass ions at m/z 321 via loss of m/z 124 (Vartanian et al., 1998).
Two additional ions at m/z 428 and 410 were obtained from the
tetracycline molecule. Loss of N-methyl groups due to the low
bond energy of N–C would generate product with m/z at 428,
and this product was also identified during microbial degradation
of oxytetracycline in sediments (Delepee et al., 2000). Further
degradation would lead to the formation of m/z 410 via the loss
of H2O and structurally analogous ions. These findings confirm
the results about degradation of TC by ozone (Dalmazio et al.,
2007).

One of the by-products with m/z of 459 mainly originated from
the H-abstraction reaction with the hydroperoxyl radical or oxida-
tion of compound C to quinone (Jeong et al., 2010; Mboula et al.,
2012). The by-product with the mass value of 442 resulted from
the deamination of m/z 459. Four of the by-products with m/z of
461, 443, 444 and 426 were identified as oxidation products of
the tetracycline molecule in this study and previous reports
(Dalmazio et al., 2007; Jeong et al., 2010; Mboula et al., 2012).
The intermediate with an m/z 461 was generated by the addition
of a hydroxyl group on the phenol group of tetracycline molecule,
and the results were also reported during photocatalytic decompo-
sition of TC (Mboula et al., 2012). The by-products with m/z of 426
are due to the loss of H2O and amino groups.

After the tetracycline molecule structure was destroyed, some
small molecular intermediates were produced through the
open-ring reaction and cleavage of the central carbon, and similar
results were also observed during photocatalytic degradation of
rhodamine B (Yu et al., 2009) and malachite green in TiO2 suspen-
sions (Ju et al., 2008). For example, the potential intermediates with
an m/z of 154 originated from the precursor ions with m/z of 461.
Then the fragment ions at m/z 154 dissociated to m/z 126 and m/z
98, and then the m/z 98 led to the generation of smaller products
via the loss of water and CO units (Vartanian et al., 1998). Finally,
CO2, H2O and inorganic ions can be generated by further oxidation
steps.
4. Conclusions

This work demonstrates that MnO2 is an effective material for
simultaneous removal of TC and As(III) from water. Removal effi-
ciency of TC and As(III) increased with increasing MnO2 dosage.
Removal efficiency of TC was affected by high concentrations of
As(III) and the coexisting TC also competed for oxidation or adsorp-
tion sites on the surface of MnO2 against As(III) and thus reduced
the removal efficiency of As(III). ESI–MS analysis showed that
intermediates of TC with different mass values were produced
after reaction of MnO2. These by-products mainly stemmed from
TC degradation after losses of some groups from the ring or wreck
of aromatic ring. This study is also helpful for understanding the
behavior of arsenic and antibiotic in natural environments, where
Mn dioxide is ubiquitous.
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