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HIGHLIGHTS

o Chloramphenicol (CAP) removal by
nanoscale zero-valent iron (nZVI) was
investigated.

« Effects of dosage, initial pH and air on
chloramphenicol removal were
ascertained.

« Removal kinetics model of CAP by
nZVI was constructed.

« Removal mechanisms of CAP by nZVI
were disclosed via various analyzing
techniques.

« Rational reduction pathway of CAP by
nZVI was provided.
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ABSTRACT

The chloramphenicol (CAP) removal from aqueous solution by nanoscale zero-valent iron (nZVI) particles
was systematically investigated using batch experiments. The effects of the key parameters including
nZVI dosage, initial pH and air on the CAP removal were ascertained. The removal process of CAP followed
a pseudo-first order kinetics model. The removal efficiency was found to be enhanced with increasing
nZVI dosage and decreasing initial pH. Due to the Fenton reaction of the nZVI catalyzed by the oxygen
in the air, the nZVI process with air showed higher CAP removal efficiency than that with N,. Under
the conditions of nZVI dosage 1.06 g/L, initial pH 6.8 and air presence, CAP (100 mg/L) was completely
removed by nZVI within 5 min. The Raman analyses of nZVI particles before and after the process indi-
cated that CAP was adsorbed and reduced on the surface of nZVI particles. The XPS analyses along with
the ICP results further confirmed that Fe® was oxidized after the process. From the LC-MS and GC-MS
results of the CAP reduction products, dechlorination followed by nitro group reduction was proposed
to be the potential reduction routine of CAP by nZVI.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Contamination by pharmaceuticals and personal care products
(PPCPs) in surface water and ground water are emerging as a

potential threat to the ecosystem and human health [1,2]. PPCPs,
especially pharmaceuticals, are reported to act as an inhibitor of
multi-xenobiotic resistance, which creates adverse effects on aqua-
tic organisms [3]. Due to antibiotic effects and their high molecular
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complexity, these contaminants usually cannot be removed effec-
tively by conventional wastewater treatment methods [3,4].
Accordingly, a great deal of efforts are being made to find out ways
of inactivating or eliminating this class of substances in surface
water or wastewater [5-7].

Among the medicines, antibiotics receives extensive concern
because of a wide usage all over the world [8]. Chloramphenicol
(CAP, Fig. 1) is a broad-spectrum antibiotic with excellent antibac-
terial properties, isolated from Streptomyces venezuelae in 1947.
Inhibiting protein synthesis in microorganisms, CAP is effective
against Gram-positive and Gram-negative cocci and bacilli, which
makes it a popular choice to treat human and animal diseases
[9]. Various side effects of CAP, however, were revealed, e.g., fatal
bone marrow depression and aplastic anemia [10]. It is reported
that the detected concentrations of CAP in municipal sewage, the
Nanming River and the sediment of Nanming River of Guiyang City,
China were up to 47.4 pg/L, 19.0 pg/L and 1138 pg/kg, respectively
[11]. In Germany, CAP was also found in sewage treatment plant
effluents and river water at concentrations up to 0.56 and
0.06 ng/L, respectively [12]. Up to present, only a few studies on
CAP removal from water or wastewater have been reported. Chatz-
itakis et al. [13] and Zhang et al. [14] reported photo-catalytic oxi-
dation of CAP by TiO,, while radiation induced CAP removal was
also reported by Kapoor and Varshney [15] and Csay et al. [16].
However, the products of CAP during photocatalytic degradation
and irradiation might be more toxic for human health [17]. More-
over, great investments in infrastructure limit their applications for
large scale operations [18]. Fan et al. [19] reported using bamboo
charcoal as an adsorbent to remove CAP from wastewater. During
this process, CAP is simply accumulated and then separated from
water without any degradation, which was unsatisfactory in the
field of pollution abatement [18]. Development of new techniques
like nanotechnology may help solving this problem.

Nanotechnology is one of the most rapidly growing sectors of
the global economy. For the treatment of persistent pollutants, a
growing body of theoretical and empirical evidences have proven
that nanoscale zero-valent iron (nZVI) particles are both highly
effective and versatile due to their high specific surface area, envi-
ronmental harmlessness and capabilities for catalytic reduction of
contaminants [20]. The removing mechanism of contaminant by
nZVI is still unclear and several mechanisms have been proposed:
reduction, oxidation, adsorption and co-precipitation. In terms of
reduction, the dehalogenation mechanism of nZVI in aqueous solu-
tion is a multi-step process depending on the target substances. Fe®
acts as an electron donor to reduce organic pollutants [21]. As for
the oxidation process, in the Fe®~H,0 system, strong oxidants are
generated in the presence of oxygen, including hydroxyl radicals,
ferryl ions, and superoxide radicals. In the oxidation process with
nZVI under aerobic conditions, hydrogen peroxide (H,0,) is pro-
duced as an intermediate product and the desorbed H,0, is able
to react with ferrous iron following the Fenton reactions (Eqgs. 1-
3) [22-24]. For adsorption and co-precipitation, iron hydroxides
or oxides are formed on the surface of nZVI, which are well known
for their adsorption capacities [25]. To the best of our knowledge,
the CAP removal from aqueous solution by nZVI has not been

OH Cl

CH,0H O
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Fig. 1. Chemical structure of CAP.

reported previously. Therefore, it appears interesting to investigate
the efficacy of this novel technique and its mechanisms.

Fe’ + 0, + 2H" — H,0, + Fe** (1)
Fe** + H,0, — Fe*' +-OH + OH™ (2)
2Fe®t 4 Fe® — 3Fe®* (3)

The present study is aimed to investigate the removal mecha-
nisms of CAP from aqueous solution by nZVI. The effects of the
key parameters including nZVI dosage, initial pH, and air on the
CAP removal were examined to study removal kinetics. Several
techniques, including XPS, Raman, ICP, LC-MS and GC-MS, were
used to obtain the structural features of CAP reduction products
and further analyze the removal mechanisms.

2. Materials and methods
2.1. Materials

Sodium borohydride (NaBH,4, Analytical Reagent), ferric chlo-
ride hexahydrate (FeCl;-6H,0, Analytical Reagent) and ethanol
(C,Hs0H, Analytical Reagent) were purchased from Sinopharm
Chemical Reagent Shanghai Co., Ltd. (China); chloramphenicol
(C11H12CI5N05, Analytical Reagent) was obtained from Sangon
Biotech Shanghai Co., Ltd. (China); acetonitrile (CH3CN, HPLC
grade), methanol (CH3OH, HPLC grade), N-Hexane (CgHi4, HPLC
grade) and formic acid (HCOOH, HPLC grade) was from Shanghai
ANPEL Scientific Instrument Co., Ltd. (China). Chloramphenicol
standard used for establishing standard curve was obtained from
Dr. Ehrenstorfer GmbH (Germany). Bis(trimethylsilyl)trifluoroace-
tamide trimethylchlorosilane (BSTFA:TMCS, 99:1) was purchased
from Regis Technologies, Inc. (USA).

2.2. nZVI preparation

The nZVI particles were prepared via a liquid phase reduction
method described by Wang and Zhang [26]. Deionized water was
deoxygenated by purging with N, for 30 min before use. nZVI par-
ticles were produced by adding 1.6 M NaBH, aqueous solution
dropwise to a 1.0 M FeCl3-6H,0 aqueous solution at ambient tem-
perature with vigorous stirring. Ferric iron (Fe**) was reduced
according to the following reaction [27]:

Fe(H,0)2" + 3BH, + 3H,0 — Fe® | +3B(OH); + 10.5H, (4)

The synthesized nZVI particles were washed with deoxygenated
deionized water and pure ethanol three times and stored in etha-
nol for further use.

2.3. Characterization analyses of nZVI

Prior to the measurements, nZVI particles were dried using a
vacuum freeze-drying method. The measurement of specific sur-
face area of nZVI was performed using a nitrogen adsorption iso-
therm with a specific surface area pore size analyzer (JW
BK122W, Beijing JWGB Sci & Tech Co., Ltd., China). The surface,
morphology and size of nZVI were examined using scanning elec-
tron microscopy (SEM, XL-10, Koninklijke Philips N.V., Netherland)
and transmission electron microscopy (TEM, JEM-2011, Jeol,
Japan). The crystal structures of prepared nanoparticles were
examined with X-ray powder diffraction (XRD, D8 Advance X, BRU-
KER AXS GMBH, Germany). Elemental composition of nZVI was
determined with XPS (PHI 5000C ESCA, Physical Electronics, Inc.,
USA).
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2.4. CAP removal by nZVI

Batch experiments of CAP removal were performed in 50-mL
serum bottles. The benchmark experiment conditions were as fol-
lows: nZVI dosage 1.06 g/L, initial pH 6.8, and air presence. For bet-
ter comparison with the former researches regarding the removal
of CAP with other techniques [19,28] and the removal of other anti-
biotics by nZVI [29,30], a similar concentration of CAP (100 mg/L)
was applied. Previously prepared nZVI particles were introduced
into the bottles, and CAP aqueous solution (40 mL) was added
and mixed on a rotary shaker at ambient temperature (25 1 °C).
Periodically, 0.25 mL of the aqueous solution was withdrawn with
a 1-mL gas-tight syringe into a 2-mL vial and filtered immediately
through a 0.45 pm membrane filter for HPLC analysis.

2.5. Analytical methods of products

The concentration of CAP in the solution was analyzed using
high performance liquid chromatography (LC-20AT, Shimadzu Cor-
poration, Japan) equipped with a photo-diode array detector (SPD-
M20A) and a C18 column (250 mm x 4.6 mm x 5 pm, VP-ODS) at
the following conditions: mobile phase: 35% acetonitrile and 65%
water, flow rate: 1.0 mL/min, injection volume: 20 pL, column
temperature: 40 °C, absorbance detection: 277 nm. The retention
times for CAP is 7.24 min and the correlation coefficient of the
standard curve (n = 6) was greater than 0.9999.

The concentration of soluble Fe was tested with an inductive
coupled plasma emission spectrometer (ICP-720ES, Agilent Tech-
nologies, Inc., USA) with RF power = 1.35 kW.

Dissolved oxygen (DO) and pH were detected by a multi-param-
eter potable meter (HQ40d, Hach, USA) equipped with a lumines-
cent/optical dissolved oxygen probe (IntelliCAL LDO101, Hach)
and a gel filled pH electrode (IntelliCAL PHC101, Hach).

HPLC-ESI-MS measurements were carried out using a liquid
chromatography-triple stage quadrupole mass spectrometer (TSQ
Quantum Access MAX, Thermo Fisher Scientific Inc., USA) equipped
with a C18 column (150 mm x 2.1 mm x 3.5 pm, Eclipse Plus, Agi-
lent Technologies, Inc., USA). Mobile phase: 0.1% formic acid-water
(A) and 0.1% formic acid-acetonitrile (B). The gradient profile was
carried out starting from 5% to 50% of B in 30 min, then to 90% of B
in 0.5 min, held for 5 min, and then to 10% of B in 0.5 min, held for
5 min, at a flow rate of 0.2 mL/min and an injection volume of 5 pLL.
MS data acquisition was performed in the Full Scan/Q1MS mode. In
order to obtain maximum sensitivity for identification and detec-
tion of CAP, the ion spray voltage was always set at 4.0 kV.

GC-EI-MS measurements were carried out using a gas chroma-
tography-triple stage quadrupole mass spectrometer (TSQ Quan-
tum XLS, Thermo Fisher Scientific Inc., USA) equipped with a

5%-phenyl-film column (30 m x 0.25 mm x 0.25 pm, TraceGOLD
TG-5MS). The samples were extracted with Ploy-Sery HLB SPE tube
(CNW, China), derivatized using BSTFA:TMCS (99:1) and then dis-
solved in N-Hexane before injection. For the GC the following con-
ditions were used: Initial 80 °C, held for 2 min, ramp 8.0 °C/min to
300 °C, held for 2.0 min, at a He flow rate of 1.0 mL/min. MS data
acquisition was performed in the Full Scan/Q1MS mode with
source temperature 240 °C, emission current 50 pA, transfer Line
310°C and injection volume 1 pL.

3. Results and discussion
3.1. nZVI characterization

The morphology and size of the synthesized nZVI particles are
shown in the SEM and TEM images (Fig. 2). The nZVI particles
had a core-shell structure with particle size in a range of 20-
50 nm. The particles formed a chainlike, aggregated structure
because of magnetic interactions between them and a natural ten-
dency to remain in more thermodynamically stable state [31]. The
synthesized nZVI had a BET surface area of 32.02 m?/g and a BJH
adsorption average pore diameter of 8.04 nm, which was similar
to the values of other researches [32]. Compared to commercial
iron powder, the synthesized nZVI was much smaller in diameter
and higher in BET surface area. Those differences enhanced the
nZVI activity and made it attractive for eliminating contaminants.
According to the XRD pattern of the synthesized nZVI particles
shown in Fig. 2c, there was a broad peak at the 20 incidence angle
of 44.662°. It indicated the presence of Fe® that possessed an amor-
phous structure.

3.2. Removal kinetics of CAP by nZVI

Kinetic experiments with varying parameters (amount of nZVI
added and solution pH) were used to estimate an observed reac-
tion rate coefficient ks (Eq. 5), where c is the CAP concentration
(mg/L), t the time (s) and ks the observed reaction rate coefficient
(s™1). As shown in Fig. 3, the overall removal process did not
exactly follow the pseudo-first-order kinetics. In the beginning,
the removal rate of CAP was faster than that in the later, possibly
due to an initial sorption process [33]. This indicated that the
removal mechanisms were more complicated than that suggested
by Eq. 5. However, as a tool to analyze the results, rate coefficients
obtained by this way were still significant and comparable.
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Fig. 2. (a) SEM image of the synthesized nZVI, (b) TEM image of the synthesized nZVI and (c) characterization of nZVI particles by XRD.
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Fig. 3. (a) Effects of variations in nZVI dosage on the removal of CAP (experimental conditions: initial pH = 6.8, initial CAP conc. = 110 mg/L, shaking speed = 150 rpm,

25 £ 1 °C); (b) relationship between nZVI dosage and observed rate coefficients.

3.2.1. Effect of nZVI dosage on CAP removal

The effect of nZVI dosage (0.53, 1.06, 2.12 and 4.23 g/L) on the
CAP (initial concentration 100 mg/L) removed by nZVI was studied
(Fig. 3a). The plot of k,,s and nZVI dosage presented their linear
dependence (Fig. 3b). The removal efficiency of CAP was greatly
enhanced with the increase of nZVI dosage. This enhancement
was due to the catalytic reduction occurring on the surface of nZVI
and increasing available surface area for adsorption and reaction
sites [26]. The nZVI presented extremely great capability of cata-
lytic reduction because of its small diameter and huge surface area,
which have been earlier demonstrated with TEM and BET.

3.2.2. Effect of initial pH on CAP removal

The solution pH is considered as one of the most important fac-
tors affecting the removal process of organic contaminants with
nZVI. The CAP removal was examined for a series of initial pH
values (2.8, 4.8, 6.8, 8.8 and 10.8). Fig. 4a shows that the removal
followed the pseudo-first-order kinetics at a given pH value, and
as shown in Fig. 4b, increasing initial solution pH value led to a
remarkable decrease in kops. Thus, acidic conditions were favorable
for CAP removal by nZVI. The result was similar to the previous
reports [18,34]. This effect was ascribed to the fact that: (a) at
lower pH values, the iron corrosion could be accelerated, producing
abundant hydrogen for hydrogenation reactions [35]; (b) at higher
solution pH, a passive film of iron hydroxide formed on the sur-
faces of nanoparticles, which could inhibit further reactions [36].

3.2.3. Comparison of nZVI/air process and nZVI/N, process

The CAP removal by nZVI were conducted under air conditions
and nitrogen conditions (bubbling N, for 10 min before reaction),
respectively, at pH 6.8, initial CAP concentration of 110 mg/L, and
nZVI dosage of 1.0 g/L. The results shown in Fig. 5 indicated that
the removal efficiency under air presence was much higher than
that under nitrogen presence, which indicate that oxygen served
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Fig. 5. Effects of O, on the removal of CAP (experimental conditions: initial
pH = 6.8; initial CAP conc. =110 mg/L; nZVI dosage = 1.0 g/L; 25+ 1 °C).
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Fig. 6. Raman spectra of nZVI surfaces before and after reaction with CAP.
as an important parameter in the process of CAP removal. There

was probably Fenton reaction occurring on the nZVI in the pres-
ence of air, which can produce strong oxidants, such as hydroxyl

(b)

pH

Fig. 4. (a) Effects of variations in initial pH on the removal of CAP (experimental conditions: initial CAP conc. = 110 mg/L; nZVI dosage = 1.0 g/L; shaking speed = 150 rpm;

25 £ 1 °C); (b) relationship between initial pH and observed rate coefficients.
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Table 1
Possible vibration for Raman shifts.

Raman shift (cm™!) Possible vibration

730 C-Cl
911 c-C
1098 Cc-C
1202 Para disubstituted benzenes
1450 —CH3
1560 -NO,
1675 Amide [
3348 -NH,
30000 Fe** ©p,,)
25000 - Fresh nZVI
nZVI After Reaction
20000 |
%)
<= 15000 - +
4 Fe™(2p,,)
10000
5000
) S A A ‘
700 705 710 715 720 725 730 735
Binding Energy (eV)

Fig. 7. XPS spectra of nZVI surfaces before and after reaction with CAP.

radicals ("‘OH) [37,38]. This result demonstrates that the CAP
removal by nZVI could be undertaken in a system open to the
atmosphere and enhanced by the presence of oxygen.
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Fig. 9. GC-MS chromatograph of CAP reduction products.
3.3. Change in characterization of nZVI before and after the reaction

Fig. 6 shows Raman spectra for nZVI before and after reaction
with CAP. Fresh nZVI shows bands at 217, 280, 399, 590 and
1289 cm™'. After the reaction, the bands for iron oxides declined
and new bands were evident at 730, 911, 1098, 1202, 1450,
1560, 1675, and 3348 cm™'. As shown in Table 1, the new bands
indicated the presence of the corresponding organic functional
groups on the nZVI surface, which should be related to the reduc-
tion products of CAP. For example, the presence of -NH, should be
attributed to -NO, reduction of CAP [39-41]. The results indicated
that adsorption and deoxidization of CAP took place on the surface
of nZVIL.

Fig. 7 presents XPS spectra for the narrow scan of Fe (2p). For
the fresh nZVI, the photoelectron peaks at 707 and 720 eV repre-
sent the 2ps;; peaks and 2pyj, of Fe’, respectively. The peaks at
710 and 724 eV represent the binding energies of Fe>* (2ps);) and
shake-up satellite 2py,, respectively. The two main feature peaks

3.5x10°

(b) 173
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1.5x10°
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Fig. 8. LC-MS chromatographs of CAP reduction products (a) Positive Ion; (b) Negative lon).

Table 2
Detected potential CAP reduction products via LC-MS.

Compound Molecular weight Formula Potential structure
[ 288 C11H13CIN,O5 OH
H
N
\‘(\Q
CH,OH O
O2N
Il 224 Cy1H16N203 OH
H
N
CH,OH o

NH,
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Table 3

Detected derivatization compounds of CAP reduction products via GC-MS.

Compound Molecular weight Formula Potential structure
11 151 C7H5NO3 o
O,N
v 281 C;3H23NO,Si; (e}

~

S

/S

suggested that the surface of the iron nanoparticles mainly con-
sisted of a layer of iron oxides, probably in the form of FeO or
Fe,03 [42,43]. It was possible that samples were exposed to air
during the test, resulting in the oxidation of some of the nZVI sur-
faces. For the nZVI after reaction, the photoelectron peaks at 710
and 724 eV represent the binding energies of Fe (2ps;) and
shake-up satellite 2p; ,, respectively, and the Fe® feature peaks dis-
appeared. As the XPS technique was used to study sample surface
properties at depth of 3-5 nm, it can be assumed that the reacted
nZVI was covered by an iron oxide film that was thicker than 5 nm.

ICP results showed that there was 30.7 mg/L soluble Fe in the
solution after 20 min of reaction (experiment conditions: initial
pH 6.8, initial CAP 110 mg/L, nZVI dosage 1.0 g/L and 25+ 1 °C),
whereas only 9.9 mg/L was in the solution of nZVI-blank after
the same period. This result indicates that part of nZVI was oxi-
dized and dissolved in the solution during the reaction.

The XPS analysis along with the ICP results demonstrate that
iron oxides and hydroxides were formed both on the nZVI surface
and in the solution, which denotes the occurrence of redox
reaction.

3.4. Analyses of reduction products

As an electron donor, nZVl is effective in transforming of a wide
array of common environmental contaminants such as chlorinated
solvents, heavy metal ions and organic dyes due to its strong
reductive characteristics [9]. The reduction products of CAP after
treatment by nZVI were analyzed by using LC-MS. Four new peaks
were observed at retention time of 13.9, 15.8, 17.3 and 18.5 min
(Fig. 8). Based on LC-MS results, the possible reduction products
of CAP by nZVI are proposed in Table 2. Compound I (MW 288,
15.8 min) originated from CAP reduction via loss of chlorin due
to the low bond energy of C-Cl. Further reduction of Compound I
lead to the generation of Compound II (MW 224, 13.9 min) via fur-
ther dechlorination and nitro group reduction. To our best knowl-
edge, other two peaks at retention time of 17.3 and 18.5 min still
remain unclear, which could be multimers generated during elec-
trospray ionization.

For further investigation of the reduction products of CAP,
experiments were performed using GC-MS with the solution after
extraction and derivatization. Fig. 9 presents the GC-MS spectra of
the solution after reaction. Three obvious flow peaks were
observed at retention times of 11.69, 19.92, and 21.08 min. Com-
pound IIT (MW 151, SI 930, RSI 930, Prob. 80.38%) and Compound
IV (MW 281, SI 730, RSI 824, Prob. 62.74%) in Table 3 were found
in the reference of NIST/EPA/NIH Mass Spectral Library, at the
retention times of 11.69 and 19.92 min, respectively. The
high match possibility means both Compound Il and IV have

characteristic fragments similar to the actual reduction products
of CAP. Compound IV contains an amide group, which could origi-
nate from the silylanization derivatives of Compound II with a
shortened side chain. Thus the GS-MS results provided an indirect
proof of Compound II as potential transformation products of CAP.

According to the above results, the potential reduction routine
of CAP by nZVI can be proposed as following. CAP was dechlorinat-
ed by nZVI to Compound I in the first place, which was further con-
verted to Compound II with further dechlorination and nitro group
reduction.

4. Conclusions

The present study demonstrates that nZVI can be used to effi-
ciently remove antibiotic CAP from aqueous solution. The CAP
removal by nZVI followed the pseudo-first-order kinetics model.
The removal efficiency was enhanced with increasing nZVI dosage
and decreasing pH. The nZVI/air process showed a faster removal
rate compared with the nZVI/N, process. The Raman spectra
showed the adsorption and deoxidization of CAP on the surface
of nZVI. The XPS and ICP results further confirmed the occurrence
of reduction reaction. From the LC-MS and GC-MS results of the
CAP reduction products, dechlorination followed by nitro group
reduction was proposed to be the potential reduction routine of
CAP by nZVI.
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