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Abstract The oxidation of chloramphenicol (CAP) by potas-
sium ferrate (VI) in test solution was studied in this paper. A
series of jar tests were performed at bench scale with pH of 5—
9 and molar ratio [VI/CAP] of 16.3:1-81.6:1. Results showed
that raising VI dose could improve the treatment performance
and the influence of solution pH was significant. VI is more
reactive in neutral conditions, presenting the highest removal
efficiency of CAP. The rate law for the oxidation of CAP by
VI was first order with respect to each reactant, yielding an
overall second-order reaction. Furthermore, five oxidation
products were observed during CAP oxidation by VI.
Results revealed that VI attacked the amide group of CAP,
leading to the cleavage of the group, while benzene ring
remained intact.
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Introduction

Chloramphenicol (CAP) is a broad spectrum antibiotic which
is widely used throughout the world since 1950s (Sanchez-
Fortun et al. 2009). CAP is applied in swine, cattle, poultry,
and fish husbandry as feed additives and veterinary drugs for
prophylactic, as well as therapeutic purposes (Yan etal. 2013).
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However, a series of environmental issues and human health
problems caused by the widespread use of CAP have drawn
people’s attention in recent decades (Marx et al. 2015; Li et al.
2015; Burkina et al. 2015). Previous study showed that CAP
residues were found in animal foods and environmental pol-
lution (Wang et al. 2011; Gao et al. 2012; Hanekamp and Bast
2015; Liu et al. 2016). Most of CAP were excreted unmetab-
olized from human or animal body via feces and urine
(Kramer et al. 1984), causing its extensive distribution in soil,
groundwater, surface water, seawater, and sediment world-
wide (Jiang et al. 2011; Lou et al. 2012; Bayen et al. 2014).
Moreover, the nature of CAP is stable, which made it difficult
to degrade; therefore, it could exist in natural environment for
a long time (Xue et al. 2015). Its presence in natural environ-
ment poses threat on human health and ecosystem through the
development of drug resistance among pathogens and bacteria
(Wang etal. 2011; Gao etal. 2012). Therefore, removing CAP
from wastewater before discharged into the environment rep-
resents an important challenge. Several studies have shown
that CAP can hardly be degraded through conventional waste-
water treatment process due to its stable chemical properties
(Peng et al. 2006; Badawy et al. 2009). Recently, many new
processes, such as photocatalytic, Fenton process, and ther-
mally activated persulfate, were developed to degrade CAP
(Xia et al. 2014; Nie et al. 2014; Giri and Golder 2014; Giusy
et al. 2016). However, these processes were difficult to apply
in wastewater treatment process and led to secondary pollu-
tion during oxidation (Giusy et al. 2016).

Potassium ferrate (VI) is a strong oxidant in aqueous media
with a reduction potential of 2.20 and 0.70 V in acidic and
alkaline, respectively (Jiang et al. 2006). Under acidic condi-
tions, the redox potential of VI ion is strongest among all
oxidants/disinfectants used for water and wastewater treat-
ment (Jiang 2014). It is also known as an environment-
friendly chemical for coagulation, disinfection, and oxidation
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Fig. 1 Effect of reaction time and ferrate (VI) dosage on CAP
degradation

for multipurpose treatment of water and wastewater. During
the oxidation/disinfection process, VI ions are reduced to Fe
(IIT) or ferric hydroxide and simultaneously generate a coag-
ulant in a single-dosing and mixing unit process (Jiang et al.
2012). Furthermore, the application of VI can improve the
removal of natural organic matter or disinfection by-product
(DBP) precursors (Sharma et al. 2006). However, no study on
the removal of CAP using VI, as well as the degradation
process has yet been reported.

In this study, batch tests were performed to analyze the
influence factors of CAP oxidation, and the degradation prod-
ucts were identified. The objectives of this study were to (i)
find the optimal react condition for the removal of CAP; (ii)
evaluate the rate constants of the CAP oxidation, proposing
the reasonable CAP degradation pathways and possible oxi-
dation products; and (iii) advance mechanistic understanding
of CAP degradation by VI oxidation.

Materials and methods
Chemicals and reagents

The CAP was purchased from Aladdin (Shanghai, China),
methanol (high-performance liquid chromatography (HPLC)
grade) was purchased from Tianjin Shiyou Chemical Reagent
Factory (Tianjin, China), and potassium hydroxide (AR) was
purchased from Hangzhou Xiaoshan Chemical Reagent
Factory (Hangzhou, China). VI solution of high concentration
was synthesized by the electro-chemical method, and then,
solid VI was obtained after various purification steps
(Li et al. 2005). The VI strength of the resulting dry product
was measured by chromite method and direct spectrophoto-
metric method using a wavelength of 505 nm and an absor-
bance coefficient of 1100 M ™' cm ™! (Jiang et al. 2006). The

purity of VI was continuously monitored daily. The other
reagents (AR) were supplied by Sinopharm Chemical
Reagent Co., Ltd. (Shanghai, China). Water used in the exper-
iments was generated by ultra-pure water supplier (UPHW1-
90T, Sichuan Europtronic Ultrapure Technology Co. Ltd.,
China). Stock solutions of CAP were prepared in ultra-pure
water at 100 mg L™ for the use of jar test experiments.

Experimental procedure
Influence factor of CAP oxidation

The batch tests were performed using a magnetic stirrer (HJ-6,
Jintan Jiang Nan Instrument Factory), with a mixing speed of
500 rpm. CAPs were sampled at given reaction time intervals,
and sodium thiosulfate (0.1 mol L") was used as a quencher.

To identify the effect of VI dosage on CAP oxidation, the
initial concentration of CAP was 1000 pg L™ with solution
pH of 6. VI dosage increased from 16.3:1 to 81.6:1 gradually
in molar ratio (VI/CAP) to identify the effect of VI dosage on
CAP oxidation.

The influence of pH on CAP degradation was studied as
follows: with initial concentration of CAP of 1000 ug L', pH
was adjusted from 5 to 9, and the dosage of [VI]/[CAP] was
40.8:1 in molar ratio.

Batch tests were carried out for the kinetic experiments.
The initial concentration of CAP was 1000 ug L™ and the
solution pH was 6, and the dosage of VI was 50.5, 75.8, 126.3,
and 252.5 uM at room temperature, respectively.

Degradation product identification
To identify degradation products of CAP, solutions with initial

concentration of 1000 pg L™' CAP were prepared. The VI
powder was added to the solution of CAP with the molar ratio
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Fig. 2 Effect of different pH values on CAP degradation
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Fig. 3 Kinetics under different dose of ferrate (VI) oxidation of
chloramphenicol fitting curve

of 50:1. The samples were obtained with time intervals of 0, 1,
5, 15, 30, 45, and 60 min.

Analytical methods

The quantification of CAP was measured by an Agilent
1200 Series HPLC system equipped with a UV detector.
A C;g Eclipse XDB (Supelco) column (150 x 4.6 mm,
5-um particle size) was used as a stationary phase. The
mobile phase for CAP was a mixture of ultra-pure water
and methanol (v:v = 2:3) at a flow rate of 0.8 mL min .
The detection wavelength was set at 278 nm, the sample
injection volume was 10 pL, and the column temperature
was kept at 30 °C. The oxidation products of CAP were
analyzed by a GC-MS system (SHIMADZU, Japan)
equipped with an SE-54 capillary column (Chrome,
UK). For each GC-MS injection, samples were pretreated
by hydrochloric acid and then extracted with chloroform.
The GC conditions were given as follows: a sample vol-
ume of 1 uL injected in the splitless mode at 280 °C and
the oven temperature programmed from 50 °C (5 min) to
250 °C at 10 °C min ' followed by a 5-min hold at
250 °C and helium used as the carrier gas at a flow rate
of 0.8 mL min~'. Mass spectrometer was operated under
electron ionization mode at 70 eV with mass scan range
of 40-500.

Results and discussion
Effect of VI dosage on CAP oxidation

VI dosage was increased from 16.3:1 to 81.6:1 (in molar ratio)
to identify its effect on CAP oxidation. The CAP concentra-
tion decreased rapidly in first 15 min. Along with the time, the
concentration of CAP decreased slowly, and at the time of
30 min, the reaction had reached to a dynamic equilibrium
(see Fig. 1). From 30 to 60 min, the concentration of CAP
changed slightly. When the dosage of VI increased, higher
removal rate was achieved. However, the removal rate in-
creased slowly when [VI]/[CAP] range from 16.3:1 to
81.6:1. This indicates that the dose of VI did not exert signif-
icant influence on the oxidation of CAP.

Influence of pH on CAP oxidation

Batch test was conducted to explore the influence of pH on
CAP degradation. Results revealed that neutral conditions (with
pH of 7) presented the highest removal efficiency of CAP, while
CAP oxidation was significantly suppressed in alkaline condi-
tion. The removal efficiency of CAP decreased significantly
from 25 + 0.4% (pH = 7) to 8 £ 0.5% (pH = 9) (see Fig. 2).
Previous studies suggested redox potential of VI decreased with
the increase of pH, restraining the reaction and removal of CAP
(Jiang 2007). Ferrate with low oxidation potential under alka-
line conditions led to restricted redox reactions. Studies have
proven that with the increasing of pH, the mainly existed form
of VI changed from H,FeO, to FeO,>", which presented much
lower oxidation capacity (Egs. (1), (2), and (3)).

H3FeO4 " >H' + HyFeOyq, pK, = 1.6 £ 0.2 (1)
H2F604<—>H+ + HFeO{-pKa =35 (2)
HFeO, «>H" + FeO,* ,pK, = 7.3+ 0.1 (3)

However, too low pH also seemed to restrain the removal
efficiency of CAP. In this study, with the decrease of pH, the
removal efficiency of CAP decreased from 25 + 0.4%
(pH = 7) to 21 + 0.6% (pH = 5). Previous studies suggested
that when pH <6, the ferrate became highly unstable, reducing
rapidly within minutes, which decreased oxidation capacity
(Graham et al. 2004; Jiang 2007).

Table 1 Pseudo-first-order

reaction kinetic parameters of Cherrate vpy (HM) Kinetic equations K (min ") (M min ") R
different dose of ferrate
50.5 In[Cy/C] = 0.0061 t + 0.0234 0.0061 120.79 0.9841
75.8 In[Cy/C] = 0.0089 t + 0.0387 0.0089 117.41 0.9984
1253 In[Cy/C] = 0.0095 t + 0.0518 0.0095 75.82 0.9585
252.5 In[Co/C] = 0.0099 t + 0.0744 0.0099 39.21 0.9984
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Table 2 Oxidation products formed during CAP degradation

Time (min)
Formula
0 1 5 15 30 45 60 No.
NO,
a N N, N N, N, N, v
OH NﬁH\m
o]
OH
T
H(‘Z—C—OH X N, N, N, N, N, N 1
Cl
OH  NH,
Hi—i—CHZOH
H
© X J J J J J v 2
NO,
OH NH, O
HC*E*(‘:OH
X X N N, N, N, N 3
NO,
OH NH, O
@—ﬁﬁcm X X X N, N, J v 4
o, o)
QC\ECH X X X X X N J 5

V-Could be detected in GC-MS

x-Could not be detected in GC-MS
v could be detected in GC-MS, x could not be detected in GC-MS

Kinetic experiments

The rate expression for the reaction of Fe (VI) and CAP can be
expressed as follows:

- d[(;’;P] — K[CAP]" [Fe(VI)]" )

where [CAP] and [Fe(VI)] are the concentrations of CAP and
Fe(VI), m and n are the orders of the reaction, and k is the
overall reaction rate constant. Previous studies have shown
that this reaction was first order with respect to each reactant,
yielding an overall second-order reaction (Jiang et al. 2006;
Jiang 2007). Therefore, the reaction of Fe (VI) and CAP can
be expressed as follows:
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Fig.4 Possible pathways of CAP NO;
degradation by ferrate (VI)
Cl
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d[CAP]
—=— = k[CAP|[Fe(VD)]

(5)

When the kinetic studies were carried out with Fe (VI) in
excess (dosage of [VI]/[CAP] greater than 10:1), reaction
changed into pseudo-order conditions, and Eq. (5) can be
rewritten as

_ d[CAP]
dt

=k [CAP] (6)
where & is the pseudo-order reaction rate constant (min ).
The kinetic experiments were carried out to further under-

stand the CAP degradation process. Results showed that

points lie satisfactorily around straight lines (with correlation
coefficients higher than 0.94), and In [Cy/C] represents a linear
relationship with reaction time, which confirmed that oxida-
tion of CAP by VI can be accepted as pseudo-first-order reac-

tion (see Fig. 3).

The pseudo-first-order reaction kinetic parameters of dif-
ferent doses of VI are shown in Table 1. Results revealed that
reaction kinetic increased with the VI concentration (see
Table 1), presenting a linear relationship with the concentra-
tion of the VI (k" = 0.0093[Fe(VI)] + 6.843), which confirmed
that oxidation of CAP by VI can be accepted as an overall
second-order reaction. Previously, studies suggested that elec-
tron transfer rate was the controlling factors in oxidation,

@ Springer
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which increased with oxide concentration, and simultaneously
improved the reaction rate (Graham et al. 2004; Jiang 2014).
With pseudo-order reaction rate constant (k) and VI concen-
tration, the overall rate constants (k) were calculated and
depicted in Table 1.

Oxidation products

A number of oxidation products (OPs) formed during the
CAP degradation were separated and detected by LC-MS,
and their structures were presented (see Table 2). The possible
pathways of CAP degradation during the treatment by VI
were shown in Fig. 4. The attack on amide group of CAP by
Vlled to the cleavage of the group, and the oxidation products
were dichloroacetic acid (CAP-1) and CAP-2. Then, the hy-
droxyl of CAP-2 with the addition of one oxygen atom formed
CAP-3. Further oxidation of CAP-3 could lead to the loss of
the nitro group and latter formation of CAP-4. In addition, the
attack on the amino group and the hydroxyl of CAP-4 by VI
formed CAP-5 (see Fig. 4).

Conclusions

CAP was degraded rapidly in the first 15 min, and with the
dosage of VI increased, higher removal rate was achieved.
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The influence of solution pH was significant. Fe (VI) was
more reactive in neutral conditions, presenting the highest
removal efficiency of CAP, while redox potential of VI de-
creased in alkaline condition, which restrained the reaction
and removal of CAP. The oxidation of CAP by VI presented
a linear relationship with the concentration of the VI (k' =
0.0093[Fe(VI)] + 6.843), which confirmed that oxidation of
CAP by VI can be accepted as an overall second-order reac-
tion. Five oxidations were detected during reaction process.
The attack on the amide group of the CAP by VI led to the
cleavage of the group, while benzene ring remained intact.
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