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Abstract

Reductive degradation of three typical multi-substituted nitroaromatic pollutants by
zero valent iron was comprehensively compared in terms of performance, kinetics,
toxicity and mechanisms in this study. The results showed that 0.5 mM
2,4-dinitrochlorobenzene (DNCB), 2,4-dinitroanisole (DNAN) and 2,4-dinitrophenol
(DNP) could be completely removed in the ZVI reduction system within 75 min, 90
min and 210 min, respectively. The pseudo first-order kinetics could well describe the
reduction process of the three NACs by ZVI. The reduction rates of the three NACs
followed in the order of DNCB>DNAN>DNP, which was further confirmed by
density function theory computations analysis. Moreover, the acute toxicity of the
three NACs effluent significantly decreased after treatment by ZVI. In addition, the
mechanism investigation revealed that the selective reduction of nitro groups on the
three NACs was closely related to the characteristic of the functional groups on the
benzene rings. The results of this study would increase the comprehensive
understanding in terms of the performance, kinetics, toxicity and mechanisms
involved in the reduction of multi-substituted NACs by ZVI, thus benefit the effective
treatment of wastewaters containing multi-substituted nitroaromatic pollutants by

ZVI.

Keywords: Multi-substituted nitroaromatic compound; Zero valent iron; Density

function theory computations; Selective reduction
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1. Introduction

Nitroaromatic compounds (NACs) are used widely since they are the most
important intermediate products for the manufacture of insecticides, pharmaceuticals,
explosives, and dyes, et a." NACs are of interest to environmental scientists because
they are known or suspected to be human toxins, carcinogens and mutagens.’
Moreover, some NACs are considered as hazardous substances and priority toxic
pollutants by the United States Environmental Protection Agency (USEPA). Therefore,
their presence in wastewater is severely regulated and effective treatment is highly
requested.

Due to the pronounced electron-withdrawing character of the nitro groups on the
benzene ring, NACs often harbor a highly electron deficient n-electron system.” Thus
the electrophilic attack, which is usually the first step in direct oxidation, becomes
more difficult for NACs. However, the NACs are subject to initial reductive
transformation.*> Under the anaerobic conditions, NACs can be readily transformed
into their corresponding aromatic amines without cleaving the aromatic ring.
Nevertheless, due to the low biodegradability and high toxicity of NACs on the active
biomass, the biological anaerobic reduction of NACs is usually very slow and requires
an electron donor to create the necessary reductive condition.® Therefore, for the
reductive degradation of NAC:s, it is essential to develop the abiotic methods, which
are both efficient and cost-effective.

Zero valent iron (ZVI), as an inexpensive, reliable and moderately strong reducing
agent, has attracted great interest in wastewater treatment, soil remediation and
groundwater purification.” In light of the findings from the previous studies, ZVI was
well suited to reduce various oxidative organic compounds, such as halogenated
organic compounds (HOCs), azo dyes and NACs, et al.*'° To enhance the reactivity
of ZVI, bimetallic particles prepared by the deposition of a second transition metal on
the iron surface, have been proven to be effective in the removal of these oxidative
contaminants.'' Comparing with ZVI, the bimetallic particles had several advantages,
such as high reaction rate and alleviative deposition of corrosion products on the
particle surface. In addition to the bimetallic particles, high carbon iron filings (HCIF),
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which was cost effective, has been employed for the dehalogenation reaction of
various HOCs, such as 2-chloronaphthalene and 2,4,6—trichlorophenol.12'14 In addition
to the dehalogenation reaction, the hydrophobic HOCs were prone to be adsorbed on
HCIF surface, which would further facilitate the dehalogenation of HOCs. HCIF
materials with larger specific surface area had a promising potential for the removal of
HOCs from wastewater. Moreover, the adoption of nanoscale zero valent iron (nZVI)
for the removal of oxidative contaminants has also received increasing attention due
to its higher surface area and higher reactivity than ZVI."> Recently, several studies
have typically indicated that the combination of ZVI with other techniques, such as
Fenton oxidation and bioprocess, has made great progress in the remediation of sites
contaminated by various oxidative contaminants.'®"'® Hindrance to subsequent Fenton
oxidation or biological oxidation could be overcame by reductive transformation of
the nitro functional groups in the presence of ZVI.

Most of the previous studies on the reduction of NACs by ZVI focused on the
preparation and performance of the ZVI material.'""> In addition, the mono-nitro
aromatic compounds, such as nitrobenzene and p-nitrophenol, were often chosen as
the model because of their simple structure, large quantities and potential
environmental contamination.'”?° However, the reduction of multi-substituted NACs
in the presence of ZVI could be significantly affected by the functional groups on the
benzene rings, since the difference of the functional groups might result in the
difference in the physicochemical characteristics of NACs, such as the octanol/water
partition coefficient (K,y), the presence of hydrogen bond and the charge density of a
given aromatic system, etc.”’ Although there was a need to clarify the impact of these
characteristic parameters on the reduction of multi-substituted NACs by ZVI, so far a
systematic and comprehensive investigation was still absent.

Thus, in this study, the reductive degradation of multi-substituted NACs by ZVI in
terms of performance, kinetics, toxicity and mechanisms, was comprehensively
compared in order to evaluate the role of the functional groups. 2,4-Dinitroanisole
(DNAN), 2,4-dinitrochlorobenzene (DNCB) and 2,4-dinitrophenol (DNP), which
coexisted in the DNAN-producing wastewater, were selected as the model

4
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multi-substituted NACs in this study.* The effect of the substituent type (namely
chlorine (-Cl), methoxyl (-OCH3) and hydroxyl (-OH), respectively) on the reduction

performance of NACs was emphasized.

2. Materials and methods
2.1. Materials

DNAN, DNCB and DNP were obtained from Hubei Dongfang Chemical Co. Ltd
(Hubei, China). 2-Amino-4-nitrophenol (2-A-4-NP), 2-nitro-4-aminophenol
(2-N-4-AP), 2,4-diaminoanisole (DAAN), 2-nitro-4-aminochlorobenzene
(2-N-4-ACB), 2-amino-4-nitrochlorobenzene (2-A-4-NCB) and
2,4-diaminochlorobenze (DACB) were purchased from Sun Chemical Technology Co.
Ltd (Shanghai, China). 2-Nitro-4-aminoanisole (2-N-4-A AN), 2-amino-4-nitroanisole
(2-A-4-NAN) and 2,4-diaminophenhenol (DAP) were purchased from Bepharm Co.
Ltd (Shanghai, China). All of the above chemicals were of the analytical reagent
grade.

ZVI powder with analytical purity was purchased from Sinopharm Chemical
Reagent Co. Ltd (Shanghai, China), and used without further pretreatment. The
surface area of the ZVI powder was determined to be 0.071 m?/g by gas adsorption

using Brunauer-Emmett-Teller (BET) analysis.

2.2. Reductive experiments

The reduction experiments were carried out in batch mode. A series of 150 mL
serum bottles with butyl rubber stoppers was employed as batch reactors. 100 mL
aqueous stock solution containing 0.5 mM DNCB, DNAN or DNP was placed in the
serum bottles for batch experiment. The initial pH was adjusted to 3.0+0.1 using 0.1
M HCI solution, since NACs could be well reduced by the iron powder in the acid
condition. To increase the electrical conductivity, 0.06% NaCl was added into these
solution as electrolyte. The solutions were purged with nitrogen gas for at least 10 min
to remove any residual dissolved oxygen. To maintain anaerobic conditions, the serum
bottles were sealed immediately with butyl rubber stoppers after adding 0.2 g ZVI

5
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powder into these solutions. Then the serum bottles were placed on rotary shaker at
200 rpm and 30 °C for intensive mixing. During the reduction process, 15 ml of
solution sample was withdrawn from serum bottles at desired time intervals and then
were filtered through a 0.22 pym membrane (ANPEL Laboratory Technologies Inc.,
Shanghai, China) for immediate analysis. To maintain anaerobic condition well, the
NAC:S solution in each serum bottle was used only once.

All of experimental runs were performed in triplicate and the results were reported

as an average of the three independent determinations.

2.3. Analyses

DNAN, DNCB, DNP and their corresponding intermediate products were identified
and quantified by high performance liquid chromatography (HPLC) (Waters 2996,
Waters Incorporation, USA). The HPLC analysis was conducted according to our
previous study.* The reductive intermediates of NACs were also identified by
high-performance liquid chromatograph (HPLC)-mass spectrometer (MS) (Agilent
6410, Agilent Technologies Incorporation, USA), using Agilent Eclipse Plus-C18
columns (3.5pum, 2.1x150 mm). The mobile phase was a mixture of 55% methanol
and 45% water pumped at a flow rate of 0.2 mL/min. The ESI and the ion-trap
analyzer MS parameters were optimized to reach the best sensitivity for intermediates.
The "HNMR was recorded on Bruker DRX 500, with dChloroform-d (DCCls) used as
a reference. The total organic carbon (TOC) content was measured with a TOC
analyzer (Elementar vario, Germany). Acute toxicity of the influent and effluent was
evaluated according to OECD Guideline 203.* The results of the toxicity were
expressed as ECsg, 4gn (%, V/V), the concentration responsible for the death in 50% of
the tested Zebrafish population after exposure.

The charge densities of N atoms and N-O mayer bond order on the three NACs
were calculated using density functional theory in Materials Studio Modeling 6.0™

package, after minimizing the energy.’

2.4 Kinetic model development
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Langmuir-Hinshelwood model (L-H model) was widely used to describe the
solid—liquid heterogenerous reaction kinetics.”> The equation was formulated as

follows (Eq. (1)):

€]
where r was the degradation rate of the organic substrate (mM/min), £ was the
degradation kinetic constant (min™or mM/min), K was the adsorption equilibrium
constant (L/mmol), C was the concentration of the substrate in the aqueous solution
(mM) and ¢ was the reaction time (min). The L-H model could be simplified into the
pseudo first-order kinetic model (Eq. (2)) when limited reactive surface sites were
occupied or the concentrations of the reactants were relatively low. The pseudo
first-order rate constant (K, min™) equaled to kK. However, when the reactive surface
sites were saturated or played a minor role in the reaction, the reaction might follow
the pseudo zero-order kinetic model (Eq. (3)), and the pseudo zero-order rate constant
(Ko, mM/min) equaled to £.

In(Co/C)=Kt (2)

Co- Ci= Kt )
where Cy (mM) is the initial concentration of NACs, C; is the NACs concentration
(mM) at reaction time ¢ (min).

For the ZVI reduction reaction, if the adsorption of contaminants onto ZVI surface
played a minor role in the reductive process, the contaminant removal often followed
the pseudo zero-order kinetic model, otherwise pseudo first-order kinetic model was
more appropriate for the removal kinetics.”* However, it was very difficult to
determine the adsorption of NACs onto the surface of ZVI because the adsorption and
reductive reaction occurred simultaneously. Therefore, the removal kinetics of NACs
in this study was assessed by both pseudo first-order kinetic model and pseudo

zero-order kinetic model.

3. Results and discussion

3.1. Performance of NACs reduction by ZVI
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As indicated in Fig. 1 and S1, complete degradation of DNCB, DNAN and DNP
could be achieved in the ZVI reduction system within 75 min, 90 min and 210 min,
respectively. During the DNCB reduction process, the maximum accumulated
concentrations of 2-N-4-ACB and 2-A-4-NCB were 0.273+0.002 mM and
0.018+0.001 mM, respectively, indicating that 2-N-4-ACB was the main intermediate
(Fig. 1a and Sla). The concentration of the final reduction product, namely DACB,
increased over time, from the initial 0 to final 0.369+0.015 mM. However, no
m-phenylenediamine was detected in the effluent of DNCB reduction system,
indicating that further dehalogenation of DACB was quite difficult in ZVI reduction
system based on Fe’. However, dehalogenation easily occurred in the catalytic
reduction system based on high carbon iron filings (HCIF) or bimetallic

13,2526 . . .
> The result was also consistent with our previous study, where

nanoparticles.
DACB was also found to be the final product in the ZVI reduction system.?’ Similar
trend to DNCB was also observed in the DNAN reduction process, with 2-A-4-NAN
as the main intermediate and DAAN as the end product (Fig. 1b and S1b). For DNP
reduction, 2-A-4-NP was identified as the main intermediate. However, DAP, the
theoretical end product of DNP in ZVI reduction system, was not observed in the
effluent of ZVI from HPLC (Fig. 1c and Slc).

In addition, the main reductive products of DNAN, DNCB and DNP were also
confirmed by HPLC-MS analysis (Fig. S2). The peaks with retention time of 4.86 min
and 2.195 min in Fig. S2(A), were identified as 2-N-4-ACB (m/z=173.1, m/z=175.1)
and DACB (m/z=143.1, m/z=145.1), respectively, through MS analysis. Similarly, the
peaks with retention time of 3.62 min and 1.87 min in Fig. S2(B), were identified as
2-A-4-NAN (m/z=169.1), and DAAN (m/z=139.1), respectively. After 180 min
reaction, the peak with retention time of 8.71 min in Fig. S2(C) was identified as
2-A-4-NP (m/z=163.0), and no DAP was detected in the effluent of ZVI from
HPLC-MS analysis.

Accounting for the above intermediate species and end products gave good mass
balance (>70% at maximum) for both DNCB and DNAN, but with a reproducible dip
at intermediate time (Fig. la and 1b), indicating that there was an additional reaction

8

Page 8 of 22



Page 9 of 22

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

Physical Chemistry Chemical Physics

intermediate. This might be due to the formation of nitroso and hydroxylamino
compounds as intermediates. Similar result was also reported by Agrawal and
Tratnyek.18 However, these intermediates were hard to detect, as their reduction rate
was much faster than their formation rate.® Moreover, the conjugation of unstable
nitroso and hydroxyamino intermediates often results into the formation of complex
azo or azoxy compounds under abiotic conditions.*” Different from the good mass
balance of DNCB and DNAN, poor mass balance (<10% in the end) was observed in
the DNP reduction process (Fig. 1c), which was consistent with the continuously
decreasing TOC concentration during DNP reduction (Fig. S3). Moreover, the UV-vis
spectra evolution during DNP reduction also confirmed the absence of DAP or any
other intermediates in the ZVI effluent, as no characteristic absorbance peak could be
observed at the end of the reduction process (Fig. S4c). The solution in the DNP
reduction system turned from initial light yellow to final reddish black during the
reduction process, which illustrated that the reductive products were particularly
unstable and could be transformed to unknown products readily.**° Additionally, there
was a new unidentified peak in HPLC with retention time of about 4.3 min (Fig. Slc),
which possibly corresponded to the polymerization products of the DNP reduction

intermediates.

3.2. Kinetics of NACs reduction by ZVI

For the calculation of the rate constants and correlation coefficients (R?), the NACs
reduction data vs ¢ were described with pseudo first-order kinetic model (Eq. (2)) and
pseudo zero-order kinetic model (Eq. (3)), as was presented in Fig. 2. Obviously, the
pseudo first-order kinetics described the reduction of the three NACs by ZVI better,
which was indicated by higher correlation coefficients (R* of the pseudo first-order
kinetics and pseudo zero-order kinetics were 0.9563 and 0.9419, 0.9898 and 0.9065,
0.9650 and 0.8726, for DNCB, DNAN and DNP, respectively). The pseudo first-order
rate constants (K;) were 0.0708 min™ for DNCB, 0.0356 min™ for DNAN and 0.0195
min™ for DNP, following the order of DNCB>DNAN>DNP. Moreover, the better
fitting of the three NACs reduction by pseudo first-order kinetics indicated that the

9
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removal of three NACs in the ZVI reduction process was significantly affected by the
adsorption of the three NACs onto ZVI surface.”

The reduction of NACs differed from each other with respect to different molecular
configurations of the NACs, such as the charge of the nitrogen atoms, which leaded to
different rates of attack by electrons.”’ Since the electron attack was a nucleophilic
process, it would occur preferentially at the N atoms with much more positive charge
density.” As shown in Fig. 3a, the charge densities of the N atoms, which were higher
between the two N atoms on DNCB, DNAN and DNP, were 0.218, 0.215 and 0.221,
respectively. The order of the reduction rates for DNCB and DNAN was consistent
with the order of the charge densities on these N atoms. However, as for DNP, the
intramolecular hydrogen bonding, which was formed by the hydroxyl (-OH)
substituent group and ortho-NO, functional group in solution, existed in the molecular
structure under the pH condition used in this study.’’ The physicochemical
characteristics of NACs was largely dependent on the strength of hydrogen bonding,
and the NACs would be more stable due to the presence of intramolecular hydrogen
bonding.3 132 As a result, the electron acceptance by the ortho-NO, of DNP became
more difficult during the reduction by ZVI. Therefore, DNP was reduced at the lowest
rate among the three NACs, even though the more positive charge density of the N
atoms at the ortho-NO, position on DNP.

In addition, the mass transfer of NACs to the iron surface might be the reduction
rate-limiting step.'” However, the difference in the functional groups on DNCB,
DNAN and DNP (namely chlorine (-Cl), methoxyl (-OCH3) and hydroxyl (-OH),
respectively) often resulted into the different physicochemical characteristics of these
NACs, such as the octanol/water partition coefficient (K,w), which determines the
mass transfer to a large extent.”® The log Ko of DNCB, DNAN and DNP was 2.17,
1.71 and 1.67, respectively, following in the order of DNCB>DNAN>DNP. The order
of the log K, was also the same as that of the reduction rates, confirming that the
adsorption of NACs onto ZVI played a key role during the removal of NACs in the

ZVI reduction sys‘cem.19

10

Page 10 of 22



Page 11 of 22

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

Physical Chemistry Chemical Physics

3.3. Toxicity evaluation during ZVI reduction

The presence of the electron-withdrawing moieties, such as nitro group, often
resulted into the high toxicity of the NACs, especially for multi-substituted NACs.**
Due to the electrophilic nature of the NACs, the mechanistic route for exerting
specific toxicity was the attack at electron-rich sites of endogenous macromolecules,
resulting in malfunctions of proteins.35 Therefore, toxicity reduction of the NACs
could be achieved by reductive transformation of the electron-withdrawing moieties
with ZVI treatment.***

As shown in Table 1, for the ZVI influent containing 0.5 mM DNCB, DNP or
DNAN, the ECsg, 4gn value was 1.3£0.2 %, 2.2+0.3 % and 35.4+0.1 %, respectively.
The lower ECs, 451 values mean the higher toxicity to Zebrafish. Obviously, the
DNCB exhibited the highest acute toxicity, while DNAN exhibited the lowest acute
toxicity among the three NACs. After reduction in the ZVI system, the ECs 431 values
of the effluent from DNCB and DNAN reduction systems increased to 80.3+£3.1 %
and 95.7+£2.3 %, respectively, suggesting a significant reduction in the biological
toxicity. This phenomenon was probably due to the high reductive transformation of
NACs during ZVI treatment. Owing to the reduction of the electron-withdrawing nitro
groups, the high electron deficiency of the m-electron system on NACs was reduced. *°
In addition, it was found that the TOC concentration decreased slightly in the ZVI
systems for DNCB and DNAN (Fig. S3), confirming that the reduction of toxicity
was mainly due to the conversion of DNCB and DNAN to their corresponding
aromatic amines, not due to the removal of toxic compounds through polymerization,
adsorption or deposition on ZVI. However, the effluent of the DNP reduction system
was not toxic at all, since all Zebrafish subjected to the undiluted effluents survived.
Thus, an ECsg 4sn values of the effluent from DNP reduction system could not be
ascertained. It was mainly due to the formation and precipitation of the reddish black
polymeric compounds, which could be observed during the reduction process. For the
effluent from DNP reduction system, the low toxicity was consistent with the low
concentrations of DNP and its reductive products, as was indicated by the low TOC
values (Fig. S3), the poor mass balance (Fig. 1¢) and the absence of any characteristic

11
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absorbance peak in UV-vis spectra (Fig. S4c).

3.4. Reduction mechanisms of various NACs by ZVI

Based on the intermediate products confirmed by HPLC and HPLC-MS, a possible
pathway for the reduction of the three NACs by ZVI was proposed (Fig. 4). In general,
the sequential reduction of -NO, to -NH, included three steps under acid conditions,
from nitroso group (-NO) to hydroxylamino group (-NHOH) as intermediates, and
eventually to amino group (—NHZ).20 Nevertheless, due to the presence of different
functional groups on DNCB, DNAN and DNP, the reduction of -NO; at the ortho and
the para positions for each NAC was not equal during the early stage. DNCB was
firstly reduced at para-NO, position. However, the reduction of DNAN and DNP
preferentially occurred at ortho-NO, position firstly.

'"HNMR analysis indicated that chemical shifts of the aromatic proton Ha for
DNCB, DNP and DNAN were 7.79, 7.33 and 7.22, respectively (Fig. S5). Larger
chemical shift of Ha means stronger electron-withdrawing capacity of functional
groups.37 Thus, the electron-withdrawing ability of functional groups followed in the
order of -CI>-OH>-OCHj3;. As a result, the electron-withdrawing functional group (-Cl)
on DNCB might strongly deactivate the ortho-NO, for ZVI reduction, leading to
higher charge density of the N atom at the para position. However, the existence of
the electron-donating functional groups (namely -OCHj3 and -OH) might result into
higher charge density of the N atom at ortho position on DNAN and DNP. As shown
in Fig. 3a, the charge densities of nitrogen atoms at para-NO, and ortho-NO;
positions were 0.218 and 0.216, 0.213 and 0.221, 0.211 and 0.215, for DNCB, DNP
and DNAN, respectively. The charge densities of nitrogen atoms followed the order of
para > ortho for DNCB, ortho > para for DNAN and DNP, which was consistent with
'"HNMR analysis.

As mentioned above, the electron attack will occur preferentially at the N atoms
with much more positive charge density. Thus, according to the density function
theory computations analysis, the reduction of -NO, group on DNCB was selectively
favored at the para position, as for DNAN and DNP, the reduction of -NO, group

12
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preferentially occurred at ortho position. This theoretical calculation analysis was
consistent with the results of the ZVI reduction experiment. It indicated that the
selective reduction of the three NACs could be well explained by their difference in
the functional groups, which directly affected charge density distribution of the N
atoms on the benzene rings. Moreover, as a quantitative description parameter of
chemical bonds, bond order has been widely used to understand the nature of
molecular electronic structure and predict the molecular reactivity, aromaticity and
stability.*® Lower bond order means higher activity, where bond rupture occurs more
easily. Obviously, the N-O mayer bond order (MBO) at para and ortho positions
followed the order of ortho > para for DNCB, ortho < para for DNAN and DNP (Fig.
3b), which was also consistent with the results of the reduction experiments.

However, the performance, kinetics and mechanisms of NACs reduction may be
affected by the type or characteristics of the ZVI used. Oh et al. has found that the
kinetics, mechanism, and pathway of 2,4-dinitrotoluene (DNT) reduction is
significantly different between high-purity iron powder and scrap iron.” The authors
hypothesized that exposed graphite in scrap iron transferred reductants from iron to
adsorbed nitroaromatic molecules. Graphite-mediated, indirect reduction of DNT
occurred primarily through reduction of the ortho nitro group to form
2-amino-4-nitrotoluene (2A4NT), whereas DNT reduction at the iron surface occurred
via para nitro reduction to give 4-amino-2-nitrotoluene (4A2NT). However, since the
focus of our study was mainly on the effect of molecular structure in the reduction of
NACs by ZVI, ZVI powder, which was commonly used for ZVI reduction, was
chosen as reductant in this study. Further study is needed for examine the effect of the

type or characteristics of the ZVI on NACs reduction.

4. Conclusions

A comprehensive comparison of performance, kinetics, toxicity and mechanisms
was conducted for various multi-substituted NACs removal by ZVI in this study. The
results indicated that three typical multi-substituted NACs, namely DNCB, DNAN
and DNP, could be effectively reduced by ZVI. The reduction process of the three
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NACs could be well simulated by pseudo first-order kinetics. The reduction rates of
the three NACs followed in the order of DNCB>DNAN>DNP, which was further
confirmed by density function theory computations analysis. Moreover, the acute
toxicity of the three NACs effluent significantly decreased after treatment by ZVI.
Additionally, the mechanism investigation revealed that the selective reduction of
nitro groups on the three NACs was closely related to the characteristic of the

functional groups on the benzene rings.
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Figure captions

Figure 1 Concentration evolution of NACs and their corresponding reduction

intermediates as a function of reduction time, (a) DNCB; (b) DNAN; (c¢) DNP.

Figure 2 Reduction kinetics of three NACs: (a) Pseudo first-order kinetic model; (b)

Pseudo zero-order kinetic model.

Figure 3 Quantum chemical calculation of DNCB, DNAN and DNP: (a) charge

density of the atoms; (b) N-O mayer bond order.

Figure 4 Possible reduction pathways of DNCB, DNAN and DNP by ZVI.
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Table 1 The toxicity of the influent and effluent from NACs reduction system

NACs ECs0.4sn(v/v) of the influent ECs0.4sn(v/v) of the effluent
DNCB 1.3+0.2 % 80.3+3.1 %

DNAN 35.4+0.1 % 95.7£2.3 %

DNP 2.240.3 % Not toxic”

" All Zebrafish subjected to the undiluted effluent survived.
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Fig. 3
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