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1. Introduction

Nanoscale zerovalent iron (nZVI) has been considered as a strong
reductant with large specific surface area and high reactivity, and has
gained many attentions due to its great potential for environmental
remediation (Wang and Zhang, 1997; Joo et al., 2004; Nurmi et al.,
2005; Xu et al., 2019a). nZVI technology for contaminants removal has
been widely studied over the past two decades, and most of the studies
focused on developing various nZVI-based materials to overcome the
limitations of nZVI and exploring the applications of nZVI for various
contaminants of concern (Tang et al., 2016).

One interesting research hotspot is to address the deficiencies of
nZVI, such as easy aggregation, easy passivation, low utilization ratio,
short reactive longevity, and so on (Phenrat et al., 2007; Hwang et al.,
2014). Supporting nZVI on a matrix becomes a feasible and attractive
option to inhibit the aggregation of nZVI. Based on the method sim-
plicity and chemical homogeneity of nZVI, various matrices have been
used to support nZVI particles to mitigate the aggregation, such as
carbon materials (Hoch et al., 2008; Xu et al., 2012a), clay (Li et al.,
2015), magnetite (Xu et al., 2013a, b), silica (Tang et al., 2015), layered
double hydroxide (Sheng et al., 2016), zeolite (Arancibia-Miranda
et al., 2016), and so on. Carbon is the most abundant element in the
biosphere among these materials, and conforms best to the sustainable
materials development (Titirici et al., 2015). Carbon materials with
large surface area and unique structure have been considered as pro-
mising materials to support nZVI particles, and activated carbon, bio-
char, carbon nanotubes, and graphene are commonly used (Zou et al.,
2016). Nevertheless, most studies on the carbon-supported nZVI in-
cluded the adsorption by carbon and the reduction by nZVI of the probe
contaminant (Wu et al., 2013; Chang et al., 2011; Xu et al., 2013c), the
precise role of these carbon supports (e.g. the morphology of carbon
supports and the resulted distribution of nZVI particles on these sup-
ports) in the reactivity of nZVI without adsorption has not been clearly
compared and verified.

Another research hotspot of nZVI is studying the possible interac-
tions between nZVI and uninvestigated/emerging contaminants besides
extensively studied conventional heavy metals (Zou et al., 2016;
Boparai et al., 2011), inorganic anions (Wu et al., 2013; Xu et al.,
2012b), and chlorinated organics (Liu et al., 2005; Xu et al., 2016a).
However, few studies investigate the toxicity of degradation products
after the treatment by nZVI, such as the antibacterial activity after
antibiotics degradation. Moreover, most studies focused on the re-
activity of nZVI without considering the utilization of nZVI, that is how
much electrons from nZVI are used to degrade the targeted contaminant
(Liu et al., 2005). Generally, the electrons from Fe® would either reduce
the contaminant or reduce the water to hydrogen, and the latter is
considered as an undesirable reaction that would waste the electrons
from Fe® and reduce its capacity (Qin et al., 2017; Li et al., 2018; Qiao
etal., 2018). Hence, it is of great important to improve the selectivity of
nZVI, such as sulfidation (Li et al., 2018; He et al., 2018; Lv et al., 2019;
Xu et al., 2019b), or finding an appropriate contaminant that could be
degraded by nZVI and outcompete water for the electrons. Hence, from
the electron efficiency point of view, it is hypothesized that the faster
the contaminant is reduced by nZVI, the higher the electron efficiency,
which would further increase the capacity of nZVI for the contaminant
reduction and lower the cost of nZVI.

As a special category of emerging organic contaminants, antibiotics
in water have become an emerging threat to ecosystems and human
health due to the generation of antibiotic-resistant bacteria and genes
(Chen et al., 2017; Guo et al., 2018). However, the removal efficiencies
of antibiotics by wastewater treatment plants are relatively low due to
the lack of a special technology for this category of contaminants
(Ahmed et al., 2017). A chlorinated nitroaromatic antibiotic chlor-
amphenicol (CAP) was selected as the target contaminant to explore the
application of nZVI for antibiotics degradation in this study. As an ef-
fective bacteriostatic pharmaceutical, CAP has still been used in many
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developing nations due to its low production costs and wide avail-
ability. The frequent detection and existence of CAP in surface water,
underground water, and sewage influent and effluent in China have
been widely reported (Hu et al., 2010; Zhao et al., 2017).

In this work, nZVI particles were supported onto different carbon
materials, including activated carbon, biochar, nanoscale carbon
powder, carbon nanotubes, and graphene oxide. The effect of the
carbon support on the reactivity of nZVI was investigated without the
effect of CAP adsorption by the carbon support. The degradation rate,
capacity, electron efficiency, and antibacterial activity of CAP removal
by supported nZVI were studied to assess the application potential of
nZVI for CAP-contaminated water.

2. Experimental section
2.1. Chemicals

CAP was obtained from Aladdin Reagent (Shanghai) Co., Ltd.
NaBH,, FeSO,7H,0, NaOH, and HCI of analytical grade were pur-
chased from the Sinopharm Group Chemical Reagent Co., Ltd.
Activated carbon (AC) and graphene oxide (GO) were obtained from
Jining Leadernano Tech. LLC. Nanoscale carbon powder (CP) and
multi-walled carbon nanotubes (CNTs) were obtained from Beijing Dk
Nano technology Co., Ltd. and Shenzhen Nanotech Port Co., Ltd., re-
spectively. Bamboo wood derived biochar (BC) was prepared via
heating the wood particles (0.6-2mm) at 380 °C in a closed reactor
inside the furnace under nitrogen gas at 2 atm. All the chemicals were
used without further purification. Ultrapure water (pH = 7.0) was
purged by nitrogen for 1h prior to the use in nZVI preparation and
batch experiments.

2.2. Preparations

nZVI and carbon-nZVI nanocomposites were prepared immediately
before use. The entire experimental procedure was performed in a
1000 mL three-necked flask with nitrogen purging and stirring
(500 rpm), located in a thermostatic water bath. Briefly, a homo-
geneous dispersed phase of 200mL solution contained 0.25g
FeSO4,7H,0 and 0.05 g carbon matrix (CNTs, GO, AC, CP, or BC) was
obtained by ultrasonic treatment, and the Fe>* ions were assumed to be
adsorbed onto the negatively charged surface of carbon matrix via
electrostatic attraction. Subsequently, 200 mL solution of 0.07 g NaBH,4
was dropwise added to generate 0.05 g nZVI that loaded on the surface
of each carbon matrix (Chang et al., 2011; Schrick et al., 2004). The
fresh carbon-based nZVI nanocomposites were washed three times with
deoxygenated deionized water to remove impurities ions.

2.3. Batch experiments

Batch experiments were carried out in three-necked flasks with ni-
trogen purging and stirring (500 rpm). Unless otherwise specified, the
basic conditions of CAP degradation by supported nZVI were 500 mL
solution of as-prepared carbon supported nZVI nanocomposites (con-
taining 0.1 g L~ carbon and 0.1 g L~! nZVI) and CAP (0.30 mM) at
pH = 7.0 and T =30 °C. Samples were collected at specified times and
filtered through a 0.22 um polyethersulfone (PES) membrane to remove
the nanocomposites and quench the reaction. The PES filter does not
adsorb CAP as reported in our previous study (Liu et al., 2018), and the
calibration curve after PES filtration was used to calculate the CAP
concentration in batch experiments which were also filtered by the
same type of filter. Similar experiments were also performed in 160 mL
sealed bottles (capped by Teflon Mininert valves) containing 100 mL
solution and leaving 60 mL of headspace, in order to detect the accu-
mulated H, in the headspace during the reaction, which was detected
by GC-TCD (Agilent 6850) as previously described (Liu et al., 2005; Xu
et al., 2019b). The adsorption kinetics (2h reaction) and isotherms
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(24 h reaction) of CAP by each carbon matrix were also studied via
batch experiments performed in 100 mL flasks. The cytotoxicity of so-
lution was assessed by Escherichia Coli (E. coli), and detailed assessment
method of antibacterial activity is presented in the Section S1 in the
Supporting Information.

2.4. Analytical methods

CAP and its degradation products were analyzed by HPLC (Agilent
1260 Infinity) and UPLC-MS/MS system (Waters Acquity™), respec-
tively. Detailed detection methods are presented in the Section S2 and
S3 in the Supporting Information. Relatively higher concentration of
CAP (0.30 mM) is used in this study to meet the analytical sensitivity of
HPLC, and to better compare the experimental results with previous
studies regarding the removal of similar concentration of antibiotics by
nZVI and other methods (Liang et al., 2013; Xia et al., 2014).

Field emission scanning electron microscopy (SEM, FEI-Quanta
200F), Brunauer-Emmett-Teller (BET, Quantachrome 02108-KR-1),
Zeta potential meter (Malvern Nano-ZS90), X-ray diffraction (XRD,
Rigaku-Ultima IV), energy dispersive X-ray spectroscopy (EDX, FEI-
Quanta 200F), and X-ray photoelectron spectroscopy (XPS, Thermo
Scientific K-Alpha) were used to characterize carbon-supported nZVI
nanocomposites. Water quality analyzer (HACH HQ40d) was used to
measure the oxidation reduction potential (ORP) of the carbon-sup-
ported nZVI suspension.

3. Results and discussion
3.1. Characterizations

The morphologies of bare nZVI and various carbon-supported nZVI
nanocomposites were investigated by SEM and TEM with the same
magnification. As shown in Figs. 1a and 2 a, serious aggregation of bare
nZVI particles was observed, which was attributed to the magnetic and
van der Waals forces between the nanoparticles. The nZVI particles
appeared to be irregular and difficult to be distinguished after the
support of AC (Fig. 1b), and several particle clusters were observed
besides AC (Fig. 2b), indicating the poor distribution and reactivity of
nZVI with AC support. Although spherical nZVI particles were

(a) Bare nZVI

1 (d) CP-nZVI

¥

(b) AC-nZVI
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synthesized and loaded on the surface of BC (Figs. 1c and 2 c), chain-
like aggregates of nZVI were still observed. However, after the in-
troduction of CP (Fig. 1d), no obvious aggregation or chain-like parti-
cles but more even distribution and spherical particles of nZVI were
observed. Smaller nZVI particles were observed in TEM image (Fig. 2d),
indicating the larger specific surface area and higher reactivity of nZVI
after the support of CP, which were consistent with the results below.
CNTs has been proved to be a good support for nZVI particles to inhibit
their aggregation in previous studies (Xu et al., 2016b, c), and nZVI
particles were loaded around the surface of CNTs (Fig. 1e), but it still
seems chain-like and the distribution of nZVI was not as good as that
with CP due to the self-contained chain of CNTs and their intertwined
structure (Fig. 2e). As shown in Figs. 1f and 2 f, GO surface seems
difficult to load nZVI particles except steric obstruction, and the dis-
tribution of nZVI particles seems better than that with CNTs support.
According to the comparison of particles size and aggregation in the
SEM and TEM images, it could be concluded that the distribution of
nZVI particles followed an order of CP-nZVI > GO-nZVI > CNTs-
nZVI > BC-nZVI > AC-nZVI > bare nZVIL

XRD was used to analyze the main components of bare nZVI, AC-
nZVI, BC-nZVI, CP-nZVI, CNTs-nZVI], and GO-nZVI. As shown in Fig. 3a,
the typical peak of Fe® at 20 = 45° was observed in each spectrum,
while the typical crystal surface peak of carbon 002 at 26 = 26° only
appeared in the spectra of CNTs-nZVI. Note that the high intensity of
Fe in the spectrum of AC-nZVI suggested it was much more crystalline
than other carbon-supported nZVI. The typical peaks of Fe;O, at
20 = 31°/36°/57° were observed after reaction (Fig. 3b), indicated the
oxidation of Fe® during the reaction (Liu et al., 2017). However, re-
maining reducibility of AC-nZVI and CP-nZVI after reaction could be
expected according to the residual peak of Fe® in the spectra. In addi-
tion, EDX analysis was also conducted to acquire the impurities in the
nanocomposites as XRD had a detection limit of 5.0 wt%. As shown in
Fig. S2, the peak of O in the EDX spectra of bare nZVI indicated the
inevitable oxidation of a portion of Fe®, and the observed obvious peaks
of O, P, and S in the EDX spectra of AC-nZVI suggested the impurity of
AC-nZVI, while the only detected elements of Fe and C in the EDX
spectra of other nanocomposites implies high-purity of prepared ma-
terials.

The chemical status of the Fe species on the surface of various

Fig. 1. SEM images of (a) bare nZVI and (b-f) carbon-based nZVI (0.1 g L~ ! carbon matrix, 0.1 g L~ nZvD).
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(¢) BC-nZVI

Fig. 2. TEM images of (a) bare nZVI and (b-f) carbon-based nZVI (0.1 g L~ ! carbon matrix, 0.1 g L~! nzZvD).
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Fig. 3. XRD patterns of various carbon-based nZVI nanocomposites (a) before
and (b) after reaction (T =30°C, pH = 7.0, 0.30mM CAP, 0.1g L~ carbon
matrix, 0.1 g L™" nZVI).

carbon-supported nZVI was further investigated via high resolution
Fe2p XPS spectra. As shown in Fig. 4, The peaks at binding energies of
~706.7, ~719.8, ~724.8, ~711.2, ~714.6, and ~718.9/733.4eV
are characteristic of Fe® 2p; /5, Fe® 2p3 /2, Fe®* 2p, o, Fe®* 2p3 5, Fe?™*
satellite, and Fe>* satellite species, respectively (Xu et al., 2016c), and
the detailed theoretical and experimental values of binding energies for
each peak of Fe species are shown in Table S1. As reported in previous
studies (Liu et al., 2018; Cao et al., 2017), iron oxides species could be
observed in the nZVI samples due to the inevitably facile oxidation of
nZVI surface during the preparation process. Note that the detection
depth of XPS is only several nanometers, and the observation of Fe’
peaks at ~706.8 eV suggests that the iron oxides layers of these carbon-
supported nZVI before reaction were all < 10 nm (Fig. 4a—e). The peaks
of Fe species disappeared after reaction (Fig. 4f-j) due to the oxidation
of superficial Fe°.

3.2. Adsorption behavior of CAP by various carbon and carbon-supported
nzZvl

Since carbon materials have been widely reported to be good ad-
sorbents for various contaminants (Xu et al., 2018; Yang et al., 2018;
Xue et al., 2016), the adsorption behavior of CAP onto different carbon
materials used in this study was also investigated. As shown in Fig. S3,
the removal of CAP via the adsorption was increased with the increased
dosage of AC, CP, and CNTs, while almost no CAP was removed by BC
and GO. Adsorption isotherm models (Langmuir and Freundlich) and
kinetics (pseudo-second-order) were used to further describe the ad-
sorption behavior of CAP on AC, CP, and CNTs, and the fitted results of
adsorption isotherms and kinetics were shown in Fig. S4 and Tables S2
and S3. AC shows much higher adsorption affinity toward CAP than
other carbon materials. Since the adsorption of CAP by 0.1 g ™! carbon
materials (except AC) was negligible, 0.1 g L™ ! was selected as the basic
dosage of carbon materials to support nZVI particles in the CAP de-
gradation experiments, in order to rule out the CAP adsorption by
carbon materials and study the effect of different carbon supports on
the reactivity of nZVIL

FTIR studies were performed to investigate the changes of surface
groups before and after adsorption or reaction at the basic dosage of
carbon matrices (0.1 g L™ ). As shown in Fig. S5a and S5b, the spectra
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Fig. 4. Narrow scans of Fe2p XPS spectra of various carbon-based nZVI (a-e) before and (fj) after the reaction (T =30 °C, pH = 7.0, 0.30 mM CAP, 0.1 gL~ ! carbon

matrix, 0.1g L7t nZVI).

of AC after the adsorption of CAP were obviously changed after the
adsorption of CAP, suggested that some CAP was adsorbed onto AC
surface. Slight differences were observed between the spectra of other
carbon materials (BC, CP, CNTs, and GO), which was probably because
limited CAP (e.g. "1% of CAP was removed by 0.1 g L™ ! BC or GO) was
adsorbed onto the surface of these carbon materials. However, there
was almost no changes observed in the FTIR spectra of each carbon-
supported nZVI (Fig. S5c¢ and S5d) before and after reaction. The results

of FTIR further confirmed that the adsorption of CAP onto the different
carbon-based nZVI nanocomposites (except AC-nZVI) with the basic
dosage of carbon matrix (0.1 g L™1) could be ignored in this study, and
the removal of CAP by carbon-based nZVI was mainly attributed to the
reduction by nZVI, which would be easy to compare the effects of
carbon types on the nZVI reactivity.
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Fig. 5. Kinetics of CAP removal by (a) AC-nZVI, (b) BC-nZVI, (c) CP-nZVI, (d) CNTs-nZVI, and (e) GO-nZVI with different mass ratio of carbon/nZVI (T =30°C,

pH = 7.0, CAP = = 0.30mM, 0.1 g L' carbon matrix, nZVI =0.1g L™1).

3.3. Kinetics of CAP removal by various carbon-supported nZVI
nanocomposites

Fig. 5 shows the plots of In(C,/Cy) against t, and the line slope re-
presents the removal rate according to the pseudo-first-order kinetics
model. It was obvious that two slopes could be observed in most cases,
indicated that the degradation process of CAP by carbon-supported
nZVI nanocomposites could be divided into two stages. The possible
reasons are the deactivation of surface active sites by the CAP de-
gradation products and the surface oxidation of nZVI. The average
values of R? of the first stage and second stage were as high as 0.994
and 0.979, respectively. The fitted values of observed removal rate
(kobs1) and surface-area-normalized rate (ksa;) of the first stage, half life
time (t;,»), observed removal rate of the second stage (kops2), and R? for
the removal of CAP by each carbon-supported nZVI nanocomposites are
summarized in Table 1. Generally, the removal rates of CAP by nZVI
were not increased after the support of AC and BC, while the CAP re-
movals were greatly enhanced by CP-nZVI, CNTs-nZVI, and GO-nZVI
nanocomposites, which could remove > 99% of CAP in 2 min. The re-
moval kinetics followed an order of CP-nZVI > GO-nZVI > CNTs-
nZVI > BC-nZVI > AC-nZVI in the first stage, which was consistent
with the distribution results that observed in the SEM and TEM images
(Figs. 1 and 2). Although AC showed highest adsorption capacity to-
ward CAP even at the basic dosage (0.1 g L™!) according to the pre-
vious results (Figs. S3 and S4), the removal rate of CAP by AC-nZVI was

Table 1

Kinetics parameters for the removal of aqueous CAP by various carbon-based
nZVI with different mass ratio of carbon/nZVI (T =30°C, pH =7.0,
CAP = 0.30mM, nZVI =0.1g L™ 1.

Materials C:Fe Kobst ti2 ksa1 R? Kobsz R?
Bare nZVI - 0.74 0.94 1.13 0.997 0.19 0.997
AC-nZVI 1:2 0.21 3.30 - 1.000 0.02 0.981
1:1 0.52 1.33 0.004 1.000 0.03 0.915
2:1 0.51 1.36 - 1.000 0.08 0.979
BC-nZVI 1:2 0.33 2.10 - 0.973 0.12 0.994
1:1 0.43 1.61 0.04 0.984 0.12 0.995
2:1 0.78 0.89 - 0.992 0.15 0.994
CP-nZVI 1:2 0.90 0.77 - 0.998 0.12 0.997
1:1 2.07 0.33 0.18 0.994 0.30 0.942
2:1 3.70 0.19 - 1.000 0.78 0.995
CNTs-nZVI 1:2 0.86 0.81 - 0.988 0.20 0.940
1:1 1.38 0.50 0.11 0.984 0.29 0.999
2:1 1.53 0.45 - 0.991 0.47 0.959
GO-nZVI 1:2 1.39 0.50 - 0.999 0.74 0.999
1:1 1.86 0.37 0.05 0.999 0.61 0.999
2:1 2.77 0.25 - 0.999 0.30 0.974

kobs1 (min~™?) and kopse (min~?!) are the observed pseudo-first-order rate con-
stant of CAP removal in the first fast and second slow stages, respectively; t; />
stands for the half-life calculated from the first-order decay fitting using kops1;
ksa1 (L min~* m™2) represents the surface-area-normalized reaction rate of CAP
removal in the first fast stage.
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much lower than that by bare nZVI, indicating the poor distribution of
nZVI by AC and the reduction of CAP by nZVI was the dominant
pathway for CAP removal in this study. Since the adsorption of CAP by
BC and GO were negligible under the dosages used for nZVI stabiliza-
tion (Fig. S3), the higher removal rate of CAP at higher C/Fe mass ratio
was probably attributed to the better distribution of nZVI particles with
more efficient support. The values of kgps; (2.07 min~1), kga; (0.18L
min~ ' m~2), and kops» (0.30 min 1) of CAP removal by CP-nZVI were
much higher than those of other carbon-based nZVI nanocomposites,
and it only required 0.33 min to remove half of the CAP. No H, was
detected after 30 min reaction, indicating that the reduction of CAP by
nZVI was much faster than the reduction of water by nZVI (Fe® +2H,0
— Fe?* +20H™ +H,). The H, limit of quantitation (LOQ) of our GC-
TCD is "1 pmol, the reduction of CAP requires at least 2 e~ per molar
(reduced to the primary intermediate, CAP — O). Once all the
0.03 mmol CAP was removed, it required at least 0.06 mmol, while the
H, was below the LOQ (1 umol) and electrons for H, evolution were less
than 2 umol, hence, the electron efficiency for CAP was > 0.06 mmol/
(0.06 mmol + 2 pmol), that is > 97%. Almost all the electrons from Fe®
were utilized for the degradation of CAP. In addition, the removal rate
of CAP by CP-nZVI in this study was "10 and 240 times higher than that
by nZVI stored in ethanol and a biocathode method, respectively (Liang
et al., 2013; Xia et al., 2014). These results also suggested the appli-
cation of nZVI would be promising when a contaminant could be
quickly removed and outcompete with water for the electrons from
nZVIL.

3.4. Proposed mechanism of CAP removal by carbon-supported nZVI
nanocomposites

UPLC-MS/MS analysis was performed to detect the potential pro-
ducts of CAP by carbon-supported nZVI nanocomposites, in order to
elucidate the entire pathway of CAP removal. Detailed mass spectrums
from the UPLC-MS/MS analysis are shown in Figs. S5-S8, which clearly
describe the changes of reduction products of CAP (C;;H;5CloN50s) by
carbon-based nZVI nanocomposites during the reaction. Note that no
residual CAP was detected by UPLC-MS/MS after the reaction, in-
dicating that nZVI and carbon-supported nZVI were also efficient for
the removal of trace CAP that below the LOQ of UPLC-MS/MS (0.2 ng
L.™1). Fig. 6a summarizes the reduction products based on the results of
UPLC-MS/MS analysis, as well as the proposed pathway of CAP removal
by carbon-supported nZVI nanocomposites. First, the cleavage of co-
ordination bond between O atom and N atom in the NO, group oc-
curred, generating the first intermediate product with a MW of 307
(C11H12CIN504). This product was quickly generated and then de-
graded by reactive CP-nZVI, CNTs-nZVI, and GO-nZVI nanocomposites
(Fig. S6), which was the main reason for the rapid removal of CAP by
these nanocomposites. As the reaction proceeded, the other O atom on
the NO, group was removed, and the NO, group was completely con-
verted to NH, group at this time, which was inferred by the detection of
production-293 (C;;H;4CIN,O3) (Fig. S7). Then, the detection of pro-
duction-259 (C;;H;5CIN5O3) (Fig. S8) indicated the removal of one Cl
atom from product-293 via dechlorination. Finally, product-224
(C11H16N203) (Fig. S9) was detected after the removal of the second Cl
atom via dechlorination. Both denitration and dechlorination of CAP by
carbon supported nZVI were confirmed by the products analysis by
UPCL-MS/MS.

Note that no obvious difference was observed between the XRD
spectra (except AC-nZVI) and XPS spectra of different carbon-supported
nZVI nanocomposites (Figs. 3 and 4), and the adsorption of CAP on
different carbon-supported nZVI nanocomposites were negligible under
the basic dosage of carbon matrix (0.1 g L™!) as shown in Fig. S3. It
requires 2 and 10 mol e~ to reduce each mole CAP to the preliminary
product (C;1H;2Cl5N>04) and the final product (C;;H;6N203), respec-
tively, and each mole Fe® could provide 2 and 3 mol e~ when it was
oxidized to Fe®’* and Fe®*, respectively. Electrons from 0.1g L™!
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(1.8 mM) nZVI with “95% Fe content were sufficient for the removal of
0.30 mM CAP. Hence, the removal of CAP by these carbon-based nZVI
nanocomposites was mainly controlled by the distribution of nZVI,
which deeply affects the reactivity of nZVI for CAP removal in this
study. Fig. 6b shows the schematic of distribution and reactivity of
various carbon-based nZVI nanocomposites based on the SEM/TEM
images (Figs. 1 and 2) and CAP removal kinetics (Fig. 5).

3.5. Performance of carbon-supported nZVI nanocomposites for CAP
removal under different pH

The isoelectric point of AC-nZVI, BC-nZVI, CP-nZVI, CNTs-nZVI, and
GO-nZVI was around 6.3, 9.0, 7.9, 5.8, and 5.0, respectively (Fig. S10).
The removal efficiency of CAP after 1 min reaction was decreased when
the initial solution pH increased (Fig. 7a). The pK, value of CAP is 7.59,
and no electrical repulsion would occur when pH < pKa because CAP
is in non-ionized form. Both CAP molecules and carbon-based nZVI
nanocomposites were negatively charged when pH increased from 7.0
to 9.0, which might reduce the reaction rate due to the electrostatic
repulsion. Besides the electrostatic interactions, the corrosion of nZVI
was another important factor. Generally, nZVI would be deactivated by
the formation of (hydro)oxides on the surface under alkaline condition.
However, after 30 min reaction (Fig. 7b), all the CAP was removed by
CP-nZVI, CNTs-nZVI, and GO-nZVI in the pH range of 3.0-9.0, sug-
gesting the high pH-tolerance and reactivity of these carbon-supported
nZVI nanocomposites for the removal of CAP.

3.6. Assessment of antibacterial activity of CAP-contaminated solution after
reaction

Since nZVI or carbon-supported nZVI treatment under anaerobic
condition did not completely degrade CAP, and the toxicity of CAP
degradation products was further studied to determine whether another
process needed to be followed. E. coli. was used to evaluate the anti-
bacterial activity of CAP-contaminated solution before and after reac-
tion. Fig. 8 shows the numbers of E. coli and the MS signal values of
different products. Approximately 49 and 47 (numbers) E. coli grew in
the blank medium and the medium with filtrate of bare nZVI suspen-
sion, respectively, suggesting that the effect of iron ions on the toxicity
was negligible, and the toxicity of nZVI particles would be also limited
when using them in the permeable reactive barriers (PRB) that main-
tain nZVI particles in the barriers and only iron ions would be released
to the environment. No E. coli grew in the control experiment with
0.009 mM CAP (the minimal inhibitory concentration), while 16, 68,
71, 81, and 59 (numbers) E. coli grew with the addition of solution that
treated by AC-nZVI, BC-nZVI, CP-nZVI, CNTs-nZVI, and GO-nZVI, re-
spectively. The antibacterial activities of CAP contaminated solutions
were all obviously decreased after the treatments by these carbon-
supported nZVI nanocomposites. And based on MS signal values of
degraded products (Fig. 8), it also could be concluded that the anti-
bacterial activity would be decreased with the proceeding of CAP de-
gradation, suggesting that partial degradation (denitration and de-
chlorination) was enough to take away the antimicrobial properties.
Moreover, more E. coli was observed in the presence of degraded pro-
ducts of CAP, indicating the degraded products were likely to be nu-
trient source for the growth of E. coli. These results revealed that
carbon-supported nZVI was a promising alternative to remediate CAP-
contaminated water to reduce the antibiotic selection pressure of the
environment.

3.7. Capacity and electron utilization of CP-nZVI nanocomposite for CAP
removal

Since CP-nZVI nanocomposite shows good nZVI distribution, high
reactivity, low antibacterial activity, and high pH-tolerance (Fig. 7), the
capacity and reusability of CP-nZVI nanocomposite was further



J. Xu, et al.

CyH1,CLN,05(323)

CyH,CLhN,0,(307)

(b)

c ;
o -0 N
H
N — Cl

Journal of Hazardous Materials 384 (2020) 121253

0
Cul N0,y L
H

NH,

OV € HN,05(224)

Bare nZVI AC-nZVI BC-nZVI CNTs-nZVI1 GO-nZVI CP-nZVI
.
Serious Particles Chain-like Intertwined Steric Good
aggregations clusters particles structure obstruction distribution
Bad Distribution Good
>
Low Reactivity High

Fig. 6. Mechanism of CAP removal by carbon-based nZVI nanocomposites, (a) proposed pathway and (b) schematic of distribution and reactivity of various carbon-

based nZVI nanocomposites.

ACZVI K BC-nZVI = CP-nZVI R CNTs-nzVI ] GO-nZVI
J(a)

—_
(=3
(=)

in
T
inansumu: |

(e
(e
1

[T

S
=)
!

Removal efficiency of CAP, %
S 3

(=)

= |
©

V27 ACnzvI KN BC-nZVI = CP-nzV1 BZXI CNTs-nzV1 HHH GO-nzvI

& 1004®) - -

o = EF

< = H

O 80+ = H

S - 0

© =, H

> — 57 i

g 6017 = s

3} = H

E 40+ = .

© =, H

E: = i

g 2] = E

=) =0 R

5] oo oS0

~ T A R
pH=3.0 pH=5.0 pH=7.0 pH

Fig. 7. Performance of carbon-based nZVI nanocomposites for CAP removal
under different pH, (a) after 1 min reaction and (b) after 30 min reaction (T
=30°C, carbon matrix =0.1g L™", nZVI =0.1g L™ ").

= 357 product—307 d;% Lo
- 30- XN product-293 S
« B product-259 —1 S
2 25 [ product-224 N Leo K
S ¢ -
—
.20 15- F4( 'g
v
b =]
2 L20 &
it
0-— : kas = 7 @ ﬁ g‘ Lo
) 0 0009 0002 O 0 0  0=-—--CAP,mM
Ng J > R\ & N & &
RSP I N S
& R S

Fig. 8. Assessment of the antibacterial activity of reaction solution after 30 min
reaction (T =30°C, pH = 7.0, CAP = 0.30mM, carbon matrix =0.1g L7},
nZVI =0.1g L™'; Blank: pure medium without contaminant; nZVI filtrate:
medium with filtrate of 0.1 g L™! bare nZVI suspension without contaminant;
Control: medium with 0.009 mM CAP).

investigated by adding consecutive doses of 0.30 mM CAP and allowing
60 min reaction time between doses. Oxidation-reduction potential
(ORP) is a measure of electron activity in a solution and indicates its
relative tendency to accept or transfer electrons (Elliott and Zhang,
2001; Yu et al., 2014), and the ORP was also measured during the
consecutive reaction. As shown in Fig. 9, the ORP was sharply increased
upon adding CAP solution with high ORP (32mV). The ORP value
trended to drop during the first two runs and all the CAP was removed,
suggested the generation of electrons and the proceeding of nZVI cor-
rosion. Although almost all the CAP was removed within 5min in Run
3, the solution ORP did not come back after CAP addition and quickly
increased to approximately —200mV at the end of Run 3, indicating
the depletion of Fe®. Moreover, no CAP was removed in Runs 4 and 5
when the solution ORP was higher than —200 mV, which proposed a
convenient method to check the reactivity of nZVI for CAP removal.
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The accumulated H, after 5 runs was accounted for “8% electron-
equivalents of the initial nZVI, suggesting that more than 90% of the
electrons were utilized for the degradation of CAP. At least 0.90 mM
CAP (3 runs) could be removed by 1.8 mM nZVI (0.1 g L™H supported
by CP via experiments of 60 min each run, suggesting the capacity of
nZVI for CAP removal could achieved to 3000 mg g~ *. Note that 60 min
for each run was excessive for CAP removal and a portion of electrons
were used to react with water after CAP was removed, hence, higher
CAP capacity (> 3000mgg~1) and electron efficiency (> 90%) are
expected after optimizing the time of each run.

3.8. Application potential of carbon supported nZVI nanocomposite for CAP
removal

The removal rates of CAP by nZVI in different water matrices were
found to be not decreased compared to ultrapure water in our previous
study (Liu et al., 2018), indicating that the other substances and metals
did not affect the degradation of CAP by nZVI. Since the reactivity (kops)
of CP-nZVI with CAP was 5 times higher than that of nZVI (Table 1), it
could be anticipated that the CP-nZVI nanocomposites will be a more
robust material for CAP removal in different water matrices. Note that
the dose of nZVI was only 0.1 g L™?, but its capacity for CAP was up to
3000 mg g~ ! with fast rate and almost complete utilization of electrons.
Moreover, the resulted nZVI sludge could be even much smaller if the
CAP concentration is lower than that studied in this work, and the
toxicity of nZVI particles would be also limited, especially using them in
the PRB, which maintains nZVI particles in the barriers and only allows
iron ions to be released to the environment, and the iron filtrate had
been proved to be have almost no toxic effect on the E.coli. growth
(Fig. 8). This study also suggests that partial degradation of CAP (de-
nitration and dechlorination) was enough to take away the anti-
microbial properties, and the products could probably be utilized as
nutrients to favor the growth of E. coli. (Fig. 8). These results suggest
the high application potential of nZVI for CAP-contaminated water.

It is difficult to estimate the total potential cost of nZVI for future
application at larger scale, many factors (e.g. order amount, transpor-
tation cost, hydrogeological and geochemical investigations, con-
ducting a pilot test, etc.) will affect the overall costs (Stefaniuk et al.,
2016). Generally, nZVI is considered as a cost-effective and efficient
technology for in-situ remediation. Although the initial investment may
be higher than other methods, all the cost of the remediation with nZVI
in the permeable reactive barrier arise within one or two years, while
the costs of pump and treat of other methods are spread over other
10-20 years (Mueller et al., 2012). However, for the carbon supported
nZVI, the carbon is just added into the Fe ion solution before its re-
duction by NaBH,, almost no extra energy is required for the formation
of carbon supported nZVI compared with nZVI. Moreover, carbon
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supports have been reported to be good carriers for enhancing the
transportation of nZVI in field-scale remediation (Schrick et al., 2004;
Busch et al., 2015, 2014; Su et al., 2016).

4. Conclusions

Fast degradation, high capacity, and high electron efficiency of CAP
removal was achieved by carbon-supported nZVI in this study. The che-
mical compositions of AC-nZVI, BC-nZVI, CP-nZVI, CNTs-nZVI, and GO-
nZVI were similar, while the distributions of nZVI particles were different
with different carbon support, and nZVI particles were most dispersive
with CP support. For the 0.30 mM CAP removal by carbon-supported nZVI
with a C:Fe ratio of 2:1 (nZVI dose was 0.1g L™Y), the removal kinetics
rate constant (kops) followed an order of CP-nZVI (3.70 min~ ') > GO-nZVI
(2.77 min~1) > CNTs-nZVI (1.53 min~') > BC-nZVI (0.78 min~!) > AC-
nZvI (0.51 min~ '), and the half-life of CAP was only 0.19 min, 0.25 min,
0.45min, 0.89 min, and 1.36 min respectively. These trends were con-
sistent with the distribution results that observed in the SEM and TEM
images. Consecutive experiments suggest that the capacity of CP-sup-
ported nZVI for CAP was at least 3000 mg g~ . Based on the UPLC-MS/MS
analysis, the mechanisms of denitration and dechlorination of CAP by
various carbon-supported nZVI nanocomposites were summarized, and
the distribution of nZVI particles was considered as the main factor of nZVI
reactivity in this study. The antibacterial activity of CAP-contaminated
solution would be greatly decreased with the proceeding of CAP de-
gradation. CAP could outcompete with water for the electrons from nZVI,
and almost all the electrons of nZVI would be utilized to degrade CAP in
consecutive experiments. These results suggested that carbon-supported
nZVI was a promising alternative to remediate CAP-contaminated water to
reduce the antibiotic selection pressure of the environment.
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