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of diatrizoate using nanoscale
zero-valent iron: impacts of various parameters and
assessment of aerobic biological post-treatment†

Pan-Pan He, Chuan-Shu He, Qi Liu and Yang Mu *

This study investigated the feasibility of nanoscale zero-valent iron (nZVI) for reductive dehalogenation of

iodinated contrast medium diatrizoate (DTA). The impacts of various parameters, including nZVI dosage,

DTA concentration, solution pH, aging time of nZVI, the presence of natural organic matter, and the type

of competitive anions, on the dehalogenation of DTA as well as the formation of its reductive product 5-

diacetamidobenzoate (DABA) using nZVI were evaluated. Furthermore, an aerobic biological post-

treatment was conducted to study the biodegradability of reductive products of DTA dehalogenation

using nZVI. The results showed that dosing with 0.5 g L�1 nZVI particles resulted in a rapid decrease in

DTA concentration and a corresponding rise of the concentrations of DABA and I�. DTA dehalogenation

in terms of its removal and DABA formation was enhanced with the increase in nZVI dosage but

deteriorated when increasing solution pH. nZVI aging time had a negative impact on DTA

dehalogenation. Natural organic matter at much low level could improve DTA dehalogenation, while had

a negative influence at high concentrations. Contrary to sulfate, the presence of nitrate and phosphate

strongly inhibited DTA removal using nZVI. The results also showed that the reductive product DABA

could be degraded by aerobic biological post-treatment, suggesting DTA dehalogenation with nZVI may

be a vital procedure for its biodegradability improvement and consequently complete removal.
1. Introduction

Iodinated contrast media (ICM) are widely used in hospitals for
urinary tract imaging. A large number of ICM are used in tests
for patients (>100 g per dose), and the annual world-wide
consumption of ICM was reported as approximately 3.5 � 106

kg.1 Due to their heavy use and high biochemical stability,
increasing concentrations of ICM have been detected in
hospital and domestic wastewater, treated wastewater effluent,
surface water, groundwater, and even nished drinking water,
whose concentration is up to mg L�1.2–6 Although ICM are
believed to be harmless, subtle effects of mixtures of ICM with
their metabolites and other micropollutants are unknown and
may exert unanticipated ecological or human health risks.7

Due to high oxidation resistance of the tri-iodinated
aromatic ring structure, ICM have been reported to only lose
their alkyl side chains by biological and chemical oxidation.7

Alternatively, some reductive strategies have been developed for
the removal of ICM from water, such as anaerobic biological
version, Collaborative Innovation Centre
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transformation,8 dehalogenation through hydrogen with noble
metal as the catalyst, and (bio)elelctrochemical reduction.7,9

However, there are some shortcomings in those methods.
Anaerobic biodegradation needs high activity microbial species,
and long processing time. Other chemical methods suffer from
high cost, which inhibits their wide application. Therefore, it's
urgent to nd an efficient and low-cost technique for the
treatment of ICM from water.

Zero-valent iron (ZVI) is an active metal whose electric
potential is�0.440 V. Iron releases electrons when it is oxidized,
making it be able to remove a variety of pollutants.10 It is noted
that micro-scale ZVI powder has been successfully applied to
treat iodine organic matters.11–13 Compared to micro-scale ZVI,
the nano-scale ZVI (nZVI) possesses greater surface activity to
remove water pollutants effectively,14 resulting from small
particle size and sharp increase of specic surface area.
Therefore, nZVI has been widely adopted to reductive removal
of different pollutants such as chlorinated organic
compounds,15,16 nitro-aromatic compounds,17,18 organic dyes19,20

and heavy metals.21,22 However, the utilization of nZVI to
degrade ICM under anoxic conditions has seldom been
investigated.

This study aimed at investigating the feasibility of nZVI for
reductive dehalogenation of ICM from water, in which dia-
trizoate (DTA) was selected as the model ICM. The impacts of
various parameters, including nZVI dosage, diatrizoate
This journal is © The Royal Society of Chemistry 2017
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concentration, solution pH, aging time of nZVI, the presence of
natural organic matter (NOM), and type of competitive anions,
on DTA dehalogenation using nZVI were evaluated. Further-
more, an aerobic post-treatment was conducted to study the
biodegradability of reductive products of DTA dehalogenation
using nZVI.
2. Materials and methods
2.1 Materials

Sodium diatrizoate ($98% purity) and its reductive product 5-
diacetamidobenzoate (DABA, $98% purity) were purchased
from Aladdin Industry Company (China) and Chem-Bridge
Company (China), respectively. Humic acid was obtained from
Sigma-Aldrich Company (Switzerland), and other chemicals
including NaBH4, FeCl3, NaCl, NaNO3, Na2SO4, HCl, NaOH,
ethanol and riboavin were purchased from Sinopharm
Chemical Reagent Ltd (China). High purity of compressed N2

was obtained from Shangyuan Gas Products Co. (Nanjing,
China). All the chemicals were used as receipt except for that
humic acid was puried according to a previous method.23
2.2 Synthesis and characterization of nZVI

The nZVI particles were synthesized by using the liquid-phase
reduction method.24 Briey, 19.32 g FeCl3$6H2O was dissolved
into 200 mL 30% ethanol solution, following with N2 purge for
20 min. The reducing solution was prepared with 24.37 g NaBH4

dissolved into 400 mL deionized water. Aer that, the reducing
solution was added into the ferric solution on a mechanical
stirrer with the speed of 300 rpm. The drop rate of reducing
solution was controlled at 60–70 drops per min. The mixture
was le to stir for another 30 min aer the addition of NaBH4

solution was completed. Centrifugation was used to separate
the liquid phase solution and the solid black particles. The solid
black particles were washed three times with deionized water
and ethanol, respectively, and then dried in a vacuum oven
overnight at 65 �C. The nZVI products were stored in an
anaerobic operation box (Shellab, Bactron EZ, USA) containing
5% H2, 5% CO2 and 90% N2 to avoid oxygen exposure.

The morphology of the synthesized nZVI nanoparticles (NPs)
was examined using a transmission electron microscope (TEM)
with a JED-2300T (JEM-2011, JEOL Ltd., Japan) and a ZEISS
GEMINISEM 500 scan electron microscope (SEM) (EHT ¼ 3.00
kV, Mag ¼ 30.00k�, WD ¼ 6.00 mm, JSM-6700F, JEOL Ltd.,
Japan). The freshly prepared nZVI samples were dispersed in
ethanol by ultrasonic before TEM and SEM tests. X-ray diffrac-
tion (XRD) analysis of nZVI particles was performed by using
a Japan Rigaku TTR-III X-ray diffractometer at 40 kV and 100mA
with a Cu Ka (l ¼ 1.54178) radiation source. Iron nanoparticles
were scanned from 10� to 80� at 0.020� per step and 8� min�1.
Also, Fourier Transform Infrared (FTIR) spectrometer was used
to examine the nZVI before and aer the dehalogenation reac-
tion (Nicolet 8700, Thermo Nicolet, USA).
This journal is © The Royal Society of Chemistry 2017
2.3 DTA dehalogenation experiments

In the typical degradation experiments, 0.5 mL of 6 mM DTA
solution was added into a 150 mL serum bottle containing 100
mL deionized water with pH at 7.0, then was purged with
nitrogen for 15 min. Further, 0.05 g nZVI was added into the
solution in the anaerobic operation box, and then the bottle was
immediately sealed tightly with rubber stoppers and aluminum
caps following with continuous shaking with 150 rpm at 25 �C
for 120 h by using a bath shaker.

The effects of various parameters on DTA dehalogenation
were investigated, including nZVI dosage, DTA concentration,
pH, nZVI aging time, the presence of NOM (riboavin and
humic acid), and competitive anions (SO4

2�, PO4
3� and NO3

�).
The experimental conditions are summarized in Table 1. The
initial solution pH was adjusted using 2 M HCl or NaOH. Each
experiment was carried out in duplicate.
2.4 Aerobic post treatment

An aerobic post-treatment was conduct at room temperature to
test the biodegradable ability of the product from DTA deha-
logenation in this study. Aer 96 h dehalogenation by nZVI with
initial DTA concentration of 30 mM, the solution was collected
and then centrifuged to prepare basal medium for aerobic
biological treatment. The composition of basal medium was as
follows (mg L�1): glucose 1880, (NH4)2SO4 2830, KH2PO4 132,
K2HPO4$3H2O 221, CaCl2$2H2O 250, FeSO4$7H2O 200,
MgSO4$7H2O 200 and 1.0 mL trace element solution. The trace
element solution contained (mg L�1): H3BO3 50, ZnCl2 50,
CuCl2$2H2O 30, MnSO4$H2O 50, Na2Mo7O4$2H2O 60, AlCl3 50,
CoCl2$6H2O 50, and NiCl2$6H2O 50.25 2 g L�1 NaHCO3 was
added as buffer solution. 10 g VSS per L (VSS: volatile total
solids) of aerobic sludge from Wangtang municipal wastewater
treatment plant (Hefei, China) was inoculated into a 440 mL
serum bottle with basal medium to a nal working volume of
250 mL. To exclude the possibility of sludge adsorption, the
control experiments were conducted without oxygen. A pump
was used to purge air into the solution to guarantee adequate
oxygen during experiments. The dissolved oxygen (DO) in the
solution was monitored with LDO101 dissolved oxygen probe
(HACH, USA). Additionally, experiments with 30 mM DTA in the
basal medium were also conducted to investigate whether DTA
could be degraded by the aerobic activated sludge. Each
experiment was repeated twice.
2.5 Analysis and calculations

Samples were collected at selected time intervals by syringes
and then ltered through a 0.45 mm membrane for further
analysis. The concentrations of DTA and DABA were analyzed
using high performance liquid chromatography (Agilent 1260,
USA) with an Agilent HC-C18 column (5 mm, 4.6 mm � 250
mm). The mobile phase was a mixture of 0.1% formic acid–
methanol (75 : 25, v/v) with ow rate of 1.0 mL min�1 and the
UV detector was set at 254 nm. Samples aer 24 h dehaloge-
nation reaction in the typical experiments were collected for the
identication of intermediate products using liquid
RSC Adv., 2017, 7, 27214–27223 | 27215
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Table 1 Summary of operational conditions for different experiments

Experiments

Operational conditions

Variable item Constant items

Effect of nZVI dosage Dosage of nZVI: 0.1, 0.2, 0.5, 1.0 g L�1 DTA: 30 mM
pH: 7
Aging time: fresh one
NOM: NA
Competitive anion: NA

Effect of DTA concentration DTA: 5, 15, 30, 60 mM nZVI dosage: 0.5 g L�1

pH: 7
Aging time: fresh one
NOM: NA
Competitive anion: NA

Effect of pH pH: 3, 5, 7, 9 nZVI dosage: 0.5 g L�1

DTA: 30 mM
Aging time: fresh one
NOM: NA
Competitive anion: NA

Effect of nZVI aging time Aging time: 0, 4, 8 weeks nZVI dosage: 0.5 g L�1

DTA: 30 mM
pH: 7
NOM: NA
Competitive anion: NA

Effect of NOM Riboavin: 0, 0.1, 0.2, 0.5, 1, 5 mM nZVI dosage: 0.5 g L�1

DTA: 30 mM
Humic acid: 0, 0.1, 0.5, 1, 5, 10 mg L�1 pH: 7

Aging time: fresh one
Competitive anion: NA

Effect of different anions SO4
2�: 0, 2, 5, 10 mg L�1 nZVI dosage: 0.5 g L�1

DTA: 30 mM
PO4

3�: 0, 2, 5, 10 mg L�1 pH: 7
NO3

�: 0, 2, 5, 10 mg L�1 NOM: NA
Aging time: fresh one
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chromatography electrospray ionisation tandem mass spec-
trometry (LC-ESI-MS) (LTQ-Orbitrap XL, ThermoFisher Co.,
USA), in which the chromatographic conditions are as same as
those for DTA and DABA analysis, and other parameters are
summarized in Table S1 of the ESI.† The concentrations of
SO4

2� and PO4
3� were determined by ion chromatography

(DIONEX ICS-1100, USA) equipped with an AS19 column and an
electrical conductivity detector. The KOH effluent was used as
mobile phase with concentration gradient ranging from 10 to
40 mM and 25 to 65 mM at 1 mL min�1, respectively. I�

concentration was analyzed by using UV-vis spectrophotometer
(Agilent Cary 60, USA) at 226 nm,26 while Fe2+ concentration was
determined with phenanthroline method at 510 nm.27 The
concentrations of NO3

� and NH4
+ were measured with UV-vis

spectrophotometer (Agilent Cary 60, USA) at 220 and 697 nm
by coordinating with salicylic acid and hypochlorous acid,
respectively.27

The DTA removal efficiency (DRE, %) and the DABA forma-
tion efficiency (DFE, %) at time t (h) were determined using the
following equations:

DRE ¼ (CDTA,0 � CDTA,t)/CDTA,0 � 100

DFE ¼ CDABA,t/CDTA,0 � 100
27216 | RSC Adv., 2017, 7, 27214–27223
where CDTA,0 (mM) is the initial DTA concentration, CDTA,t (mM)
is the DTA concentration at reaction time t (h), and CDABA,t (mM)
is the DABA concentration at reaction time t.

3. Results and discussion
3.1 Typical DTA dehalogenation with nZVI

As shown in Fig. 1a, nZVI particles prepared in our study had
a chain-like, core–shell structure and were nearly spherical with
a size around 50 nm,28 which was also demonstrated by the SEM
image (Fig. 1b). The peak at 44.67� in Fig. 1c conrmed that Fe0

was the majority of the particle component.28 Fig. 2a illustrates
the trend in concentrations of DTA, DABA and I� over time in
typical DTA dehalogenation experiments using nZVI particles.
Dosing with 0.5 g L�1 nZVI particles resulted in a rapid decrease
of DTA concentration and a corresponding rise of the concen-
trations of DABA and I�. The DTA removal efficiency reached to
100% within 24 h, while the DABA formation efficiency was only
39.6% in 24 and it reached to 84.0% aer 120 h reaction. In
addition, it should be mentioned that DABA concentration still
slowly increased with reaction time aer DTA was completely
removed (Fig. 2a). Moreover, the adsorption of DABA on nZVI
was negligible, as shown in Fig. S3.† These results indicate that
DTA dehalogenation by nZVI was fast while the DABA formation
was the limiting step reaction. Therefore, we speculate that all
This journal is © The Royal Society of Chemistry 2017
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Fig. 1 Images of the synthesized nZVI particles: (a) TEM, (b) SEM and
(c) XRD.
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DTA could be completely reduced to DABA by nZVI but with
much long reaction time at high pHs.

As illustrated in Fig. 2b, the reaction pH increased rapidly
from 7.0 to 9.4 within 2 h because of the reaction between nZVI
and H2O or DTA with proton consumption.11 Aer that, the
solution pH changed slightly, properly due to the equilibrium
for the Fe(OH)2/H2O system (pH ¼ 8.9).29 Fig. 1c shows that the
crystal form of nZVI was totally destroyed aer 96 h dehaloge-
nation reaction. The nZVI surface passivation under high pH
occurs easily, while DTA removal and DABA formation were
continuous aer 2 h in this study. Additionally, we also tested
the reductive ability of Fe2+ and found that DTA concentration
changed slightly regardless of Fe2+ concentration (Fig. 2c).
This journal is © The Royal Society of Chemistry 2017
Thus, the possible contribution to DTA removal and DABA
formation in this study may partially result from surface-bound
Fe2+ and/or other reactive corrosion products like green rust.
Several studies have reported that the green rust could dechlo-
rinate different pollutants effectively.30,31 Erbs et al. found that
green rusts formed during corrosion of ZVI under nonacid
conditions may considerably contribute to the total reduction of
CCl4.30 Satapanajaru et al. reported that the green rusts provided
a source of Fe(II) and produced magnetite (and other oxide
surfaces) that coordinated Fe(II), which then facilitated
dechlorination.31

As shown in Fig. 2a, I� concentration increased from 0 to
77.46 mM within 96 h due to the dehalogenation of DTA in the
typical experiments. Based on the mass balance calculation, the
total detectable iodine concentration (i.e., I� concentration + 3
� CDTA,t) decreased from 90 to 53.78 mM and then increased to
77.46 mM during reaction (Fig. 2d). The missing iodine was
speculated to exist in the intermediate products with one or two
iodine loss during DTA dehalogenation.8 The results from LC-
ESI-MS analysis conrmed the formation of intermediate
products (DTA-2I, DTA-I) during DTA dehalogenation process,
as shown in Fig. S1 and S2.† Since each DTA dehalogenation
experiment was carried out under anaerobic conditions, it could
be concluded that reductive transformation was majorly
happened during DTA dehalogenation by nZVI in this study.
The oxidative Fenton like reaction for DTA degradation would
be negligible because this reaction need an aerobic condition.
Recently, Stieber et al. investigated ICM removal by granular ZVI
with a particle size of 0.125–3.000 mm in the presence of oxygen
at acidic pH conditions,11 and DTA only reduced by 60% in 8 h,
indicating a slower removal rate compared to our study. Besides
for reductive transformation by ZVI, they found that oxidative
process were also responsible for the removal of ICM, which is
due to the formation of hydrogen peroxide as an intermediate
product for the oxidation of ZVI in aerobic water.
3.2 Effects of various parameters

3.2.1 nZVI dosage. The effect of nZVI dosage on DTA
dehalogenation is shown in Fig. 3a and b. DTA was completely
degraded in 24 h at different nZVI dosages, but both the
removal rate and efficiency of DTA were merely affected by the
dosage of nZVI in a range of 0.1–1.0 g L�1 (Fig. 3a). The DABA
formation efficiency at 48 h was increased from 40.3% to 73.7%
when nZVI dosage was increased from 0.1 to 0.5 g L�1, and then
changed slightly with the further increase to 1.0 g L�1 (Fig. 3b).
These results further imply that DTA dehalogenation was fast by
nZVI while DABA formation was the rate-limiting step. However,
Li et al. found that higher nZVI dose resulted in the higher Cr(VI)
reduction rate for Cr(VI) immobilization using nZVI particles.32

3.2.2 DTA concentration. The removal of DTA with nZVI as
a function of initial DTA concentration was examined in the
range of 5–60 mM. The DTA could be degrade completely within
36 h in all batch experiments, while the amount of dehalo-
genated DTA increased with the increase in initial DTA
concentration (Fig. 3c). Meanwhile, the amount of DABA
generated increased with the increase in initial concentration of
RSC Adv., 2017, 7, 27214–27223 | 27217
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Fig. 2 Variations of (a) DTA removal, DABA formation and I� release, (b) pH as a function of reaction time in typical dehalogenation experiments
(30 mM DTA, 0.5 g L�1 nZVI, and pH at 7), and (c) DTA removal by Fe2+ at various concentrations, and (d) the total detectable I.
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DTA, but the DABA formation efficiency was similar under
different initial DTA concentrations, which reached to nearly
80% aer 120 h reaction (Fig. 3d). A similar phenomenon was
also observed for tetracycline removal using poly-
vinylpyrrolidone modied nZVI, where the amount of
Fig. 3 Effect of nZVI dosage on (a) DTA removal and (b) DABA formatio
formation.

27218 | RSC Adv., 2017, 7, 27214–27223
tetracycline removed increased with the improvement of initial
tetracycline concentration.33

3.2.3 pH. The removal of DTA as well as the generation of
DABA was investigated as a function of initial solution pH from
3.0 to 9.0. As shown in Fig. 4a and b, solution pH had a signif-
icant impact on both the removal of DTA and the formation of
n, and effect of DTA concentration on (c) DTA removal and (d) DABA

This journal is © The Royal Society of Chemistry 2017
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Fig. 4 Effect of pH on (a) DTA removal and (b) DABA formation, and effect of nZVI aging time on (c) DTA removal and (d) DABA formation.
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DABA. When initial pH was increased from 3.0 to 9.0, the DTA
removal efficiency at 9 h was reduced from 100% to 46.3%, and
simultaneously the DABA formation efficiency at 24 h was
decreased from 89.7% to 19.0%. pH is well known to affect rates
of reactions with ZVI due to effects on iron corrosion, producing
more corrosion at lower pH values and more passivation by
mineral precipitation at higher pH values.34 We found that the
solution pH rapidly changed from 3.0, 5.0, 7.0 and 9.0 to 6.4,
7.5, 9.4 and 9.5, respectively, and then kept constantly.
Fig. 5 DTA dehalogenation with nZVI in the presence of two different N

This journal is © The Royal Society of Chemistry 2017
Therefore, the deterioration of DTA removal as well as DABA
generation at higher pHs could be attributed to the fact that the
precipitation generated and wrapped the nZVI to inhibit the
contact between nZVI and DTA.

3.2.4 nZVI aging time. The aggregation and shell trans-
formation of nZVI particles with time could affect their reac-
tivity and longevity.29 Compared with fresh nZVI, the DTA
removal efficiency at 12 h was decreased from 89.0% to 80.0%
and 62.6% using nZVI with aging time at 4 and 8 weeks,
OMs.

RSC Adv., 2017, 7, 27214–27223 | 27219
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Fig. 6 FTIR images of nZVI before and after dehalogenation reaction
in the presence or absence of humic acid.
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respectively (Fig. 4c). Meanwhile, the DABA formation efficiency
at 24 h was signicantly reduced to 26.1% using nZVI with aging
time at 8 weeks (Fig. 4d). We did not nd the remarkable
aggregation of nZVI particles with different aging times in this
study. It was reported that the nZVI could transform into iron
oxide particulates like FeO,35 FeOOH,36 g-Fe2O3 and Fe3O4

37 to
form the oxide shell on the surface of nZVI during aging and
moreover the oxide shell increased with increasing aging time.29

This might prevent the contact between nZVI and DTA and thus
result in the poor dehalogenation performance.

To activate the aged nZVI and recover its reactivity, several
methods can be effective, such as acid washing, H2-
Fig. 7 DTA dehalogenation with nZVI in the presence of different anion

27220 | RSC Adv., 2017, 7, 27214–27223
pretreatment and ultrasound. Aer acid washing, the oxide
layer on the surface of nZVI is able to be dissolved into solution
and transformed into Fe2+ or Fe3+. It involves the reconversion
of oxidized iron compounds to iron chlorides, which can
participate again as a precursor in a regenerating synthesis
process with NaBH4 reductant to produce nZVI.38 The H2-
pretreatment method offered several advantages over the acid-
washing method practically without wastewater or sludge
generation. Liou et al. employed hydrogen gas at 400 �C to
activate the ZVI surface to improve nitrate removal by ZVI and
they found that the lag period of nitrate removal by H2-pre-
treated ZVI disappeared and the rst-order reaction rate
constant was increased by 4.7 times compared with the non-
pretreated ZVI.39 The ultrasound method serves to increase
the active iron surface, improve reaction rates, and increase the
concentration of terminal by-products. Geiger et al. showed the
kinetic improvement caused by ultra-sound pretreatment and
illustrated that ultrasound could clear the iron surfaces of
debris and thus increase the surface area up to 169%.40

3.2.5 The presence of NOM. NOM, widespread in the
environment where nZVI technologies are most applicable, is
an important factor for controlling the degradation of
contaminants.41 The effect of two common NOMs, i.e., ribo-
avin and humic acid, on DTA removal with nZVI was evaluated
in this study. As shown in Fig. 5, both of them showed a similar
consequence for DTA dehalogenation. The rates of both DTA
removal and DABA generation increased as riboavin concen-
tration was increased from 0 to 0.5 mM, while they reduced when
riboavin concentration further increased from 0.5 to 5 mM.
Similarly, the DABA formation efficiency increased from 55.0%
s (SO4
2�, PO4

3�, and NO3
�).

This journal is © The Royal Society of Chemistry 2017
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Fig. 8 Concentration changes of DTA, DABA and DO during aerobic
biological post-treatment.
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to 69.8% aer 96 h when the concentration of humic acid was
increased from 0 to 0.5 mg L�1, and then reduced to 31.0% with
a further increase in humic acid concentration to 10 mg L�1

(Fig. 5d).
At low concentrations, several studies have found that NOM

was able to act as the electron shuttle to rapidly transfer elec-
trons, leading to enhanced reductive degradation of contami-
nants.42 For instance, Kim et al. observed that the degradation
rate of NO3

� by nZVI was accelerated in the presence of 6.25–
100 mg L�1 humic acid, and they suggested that quinone
moieties (e.g., p-hydroquinone, lawsone, and 9,10-
anthraquinone-2,6-disulfonate (AQDS)) in humic acid played
a pivotal role in enhancing degradation of NO3

� by nZVI.42 On
the contrary, in the presence of high concentration of NOM,
adsorption of NOM onto reaction sites on the surface of iron
phases would play a major role in inhibiting the reductive
degradation of pollutants by nZVI. Adsorption of NOM can
compete with contaminants in ways which can decelerate the
kinetics of contaminant degradation.42,43 The FTIR images
further proved this phenomenon. As shown in Fig. 6, a charac-
teristic peak at 1425 cm�1, belongs to –CH deformation of –CH3

and –CH bending of CH2 (ref. 44), was found in the presence of
This journal is © The Royal Society of Chemistry 2017
10 mg L�1 humic acid, strongly suggesting the adsorption of
humic acid on the surface of nZVI.36

3.2.6 Competitive anions. The effects of different anions
(SO4

2�, PO4
3� and NO3

�) on DTA dehalogenation using nZVI
are shown in Fig. 7. Sulfate had an insignicant inuence on
DTA dehalogenation in terms of DTA removal and DABA
formation (Fig. 7a and b), while both PO4

3� and NO3
� showed

passive impacts.
The DTA removal efficiency at 24 h reduced from 100% to

37.4% when PO4
3� concentration was improved from 0 to 10 mg

L�1, and at the same time the DABA formation efficiency at 48 h
decreased from 64.1% to 9. 4% (Fig. 7c and d). The negative
effect might be due to that PO4

3� is an inner-sphere complex-
forming anion which could strongly sorb to mineral surfaces,
thus hindering the sorption of DTA on the surface of nZVI
particles. Indeed, we found that the PO4

3� in the solution
completely disappeared aer reaction. The disappearance of
PO4

3� may result from precipitation with ferrous ion or co-
precipitation with Fe(OH)2 due to high pH.45 Chen et al. also
observed that PO4

3� had a negative effect on the removal of
tetracycline with polyvinylpyrrolidone modied nZVI.33

Similarly, the rates of both DTA removal and DABA forma-
tion reduced when concentration of NO3

� were increased from
0 to 10 mg L�1 (Fig. 7e and f). As shown in Fig. S4,† NO3

� was
completely transformed into NH4

+ by nZVI aer 24 h reaction
with initial NO3

� concentration of 10 mg L�1, and the removal
efficiency at 12 h reached to 87.4%, suggesting that NO3

�

removal was faster than DTA reduction by nZVI. This implies
that that NO3

� was able to compete with DTA for reactive sites
and electrons of the nZVI, resulting in inhibition of DTA
dehalogenation. Meanwhile, the reaction between NO3

� and
nZVI could make the oxide-shell thicker, and the surface
passivation become more seriously with the concentration of
NO3

� increased.46
3.3 Performance of aerobic biological post-treatment

To test the biodegradability of reductive products of DTA
dehalogenation using nZVI, aerobic biological post-treatment
was conducted in this study. We rst excluded the volatiliza-
tion possibility of DABA even with O2 supply (data not shown).
As shown in Fig. 8, DABA concentration was unchanged without
O2 supply, suggesting insignicant adsorption of DABA onto
sludge. In the presence of oxygen, the DABA removal efficiency
was 58.8% aer 96 h, indicating that aerobic sludge had a good
degradation ability on DABA. The other transformation prod-
ucts including DTA-2I and DTA-I, which are present with much
low concentrations, were not examined during aerobic degra-
dation experiments. Meanwhile, the DO concentration declined
in rst 8 h and then increased to around 8 mg L�1, majorly due
to the consumption of glucose in the solution. In addition, we
also found that DTA couldn't be degraded by aerobic biological
treatment (Fig. 8b). These results illustrated that DTA dehalo-
genation with nZVI would be a vital procedure for its biode-
gradability improvement and consequently complete removal.
RSC Adv., 2017, 7, 27214–27223 | 27221
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4. Conclusions

The present study demonstrated that the nZVI could be effec-
tively adopted for the dehalogenation of DTA. The DTA removal
efficiency reached to 100% within 24 h in typical experiments
with 0.5 g L�1 nZVI particles. DTA dehalogenation in terms of its
removal and DABA formation was enhanced with the increase
in nZVI dosage but deteriorated when increasing solution pH.
nZVI aging time had a negative impact on DTA dehalogenation.
The presence of NOM at much low level could improve DTA
dehalogenation, while negatively affected DTA removal at high
concentrations. Contrary to sulfate, both nitrate and phosphate
ions strongly inhibited DTA removal with nZVI. The results also
showed that DABA could be degraded by aerobic biological post-
treatment, suggesting DTA dehalogenation with nZVI may be
a vital procedure for its biodegradability improvement and
consequently complete removal.
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