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E
nhanced degradation of multiple nitrosamines from aqueous solution by zero-valent iron-assisted biological activated carbon

.

Abstract

Nitrosamines have become a focus of considerable research because of
 their carcinogenicity and environmental universality. In this study, we used 
zero-valent iron (Fe0)-assisted biological activated carbon (BAC_Fe0) to degrade nitrosamines from aqueous solution. BAC was first collected after acclimatization domesticated 
with the nitrosamine-reducing bacterium Rhodococcus cercidiphylli
, and the influencing factors and degradation mechanism were investigated. The highest ratios of nitrosamine degradation by BAC_Fe0 were 49.8% (N-nitrosodimethylamine, NDMA), 75.3% (N-nitrosomethylethylamine, NMEA), 89.5% (N-nitrosodi-n-propylamine NDEA), 99.3% (N-nitrosodi-n-propylamine, NDPA), 99% (N-nitrosodi-n-butylamine, NDBA), 
and 71.4% (N-nitrosomorpholine, NMor), respectively, which increased with higher concentrations of NDEA, NDPA, and NDBA, but decreased for NDMA, NMEA, and NMor. Degradation reaction kinetics agreed well with a pseudo-second order model. Additionally, the removal ratios and rate constant K2 of the linear nitrosamines partially scaled with molecular weight, Henry′s Constant, and LogKow, with notably strong correlation between K2 and these properties (r
2 > 0.798). The removal efficiencies of nitrosamines were increased under acidic and anaerobic conditions resulting from enhancement of the reduction of Fe0 and biodegradation by R. cercidiphylli, but were negatively affected by the presence of humic acid. The reaction mechanism clarified that the primary degradation products were secondary amines, methylamine, formic acid, nitrate, and nitrite. These results are attributable to the reduction of Fe0 and biodegradation by the nitrosamine-reducing bacterium.
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1. Introduction

Nitrosamines
, as a group of disinfection and industrial byproducts frequently detected in water supplies, have attracted considerable attention in recent years
 because of
 their high carcinogenicity [1–7]. The main
 nitrosamines detected in aqueous environments include N-nitrosodimethylamine (NDMA), N-nitrosomethylethylamine (NMEA), N-nitrosodi-n-propylamine (NDPA), N-nitrosodiethylamine (NDEA), N-nitrosodi-n-butylamine (NDBA), N-nitrosopiperidine (NPip), N-nitrosomorpholine (NMor), N-nitrosopyrrolidine (NPyr), and N-nitrosodiphenylamine (NDPhA) [3, 8]. P
articularly for the linear nitrosamines, concentrations of NDMA, NMEA, NDEA, NDPA, and NDBA as low as 0.7, 2.0, 0.2, 5.0, and 6.0 ng/L, respectively, were estimated to be associated with a 10−6 lifetime cancer risk [9].
 As disinfection byproducts, these compounds cause additional complications for subsequent treatment processes because of their early generation from the initial treatment unit and transit through comprehensive pre-oxidation in drinking water treatment plants (DWTPs) (e.g., pre-chlor(am)ination, pre-chlorine dioxide oxidation, and pre-ozonation) [2, 10–14].

Because of their high water solubility and polarity, there is limited removal of nitrosamines by
 conventional treatment processes in DWTPs [7]. Although advanced oxidation processes such as UV/H2O2, O3+biological activated carbon (O3+BAC), reverse osmosis, and membrane filtration [15–18] have been proven effective at removing nitrosamines, the high cost and complexity of these methods limit practical application. Hence, it is critical to develop nitrosamine removal technologies that are economic, practical, and contaminant-free.

Biofiltration (e.g., BAC) is increasingly employed throughout the world as an advanced treatment method to improve drinking water quality, especially for controlling refractory organic contaminants [6, 19–22]. Among these biofiltration processes, BAC has been extensively applied to water supplies. The removal mechanism of organic matter by BAC is attributed mainly to two major pathways: adsorption and biodegradation [23]. Although granular activated carbon (GAC) only has an adsorption effect, contaminants adsorbed within the pores can be biodegraded by beneficial bacteria, allowing for a synergistic system composed of GAC, pollutants, and the degrading bacteria.
 Further, the toxicity of intermediates from biodegradation of highly toxic pollutants is often progressively reduced. Hence, biodegradation
 prevents the occurrence of secondary pollution in comparison with
 chemical treatments. For nitrosamine biodegradation, many studies have focused on screening and evaluation of nitrosamine-reducing isolates [24–28]
. Effective biodegradation of NDMA to below method-reporting limits has been observed in different full-scale BAC systems [20, 29, 30], while only ~50% removal was observed in a recent pilot scale study [31]. Additionally, Webster et al. [32] reported that a fluid bed reactor inoculated with the bacterium Rhodococcus ruber ENV425, which can co-metabolize NDMA during growth on propane as a primary substrate, was able to attenuate approximately 12 mg/L of NDMA to less than 10 ng/L (> 99.9%) with a 30 minute hydraulic retention time under optimized oxygen and propane addition rates. However, another recent study reported NDMA formation through the deep
 BAC in wastewater effluent previously treated by O3 or UV/H2O2 [33]. In particular, NDMA removal was observed at empty bed contact times (EBCTs) within 4–
14 min, whereas a net increase in NDMA formation was found by 20 min of EBCTs. This finding was attributed to changes in the microbial population and
 water quality conditions in the longer EBCT of BAC columns, although the related formation mechanism was not understood. Although bio-treatments are green and contaminant-free technologies, they usually require longer periods for water treatment. To enhance the removal effect, zero-valent iron (Fe0) is the most widely applied combination treatment material for the reduction of pollutions [34–36]. Combining BAC and Fe0 has many advantages: first
, the formation of an Fe0/AC micro-electrolysis system was found to accelerate the electron transfer between Fe0 and AC [34, 37]. Atomic hydrogen ([H]) formed by hydrogen ions on the AC surface through electron transport at the cathode had substantial
 reaction activity toward pollutant degradation [38]. Second, the corrosion of Fe0 can reduce oxidation-reduction potential, possibly
 creating a suitable reducing environment for the growth of anaerobic bacteria [39] and strongly enhancing the dehalogenation ability of anaerobic microorganisms [40]. Third, the interaction of microbes and Fe0 produces many active minerals (e.g., green rust, lepidocrocite, and rock bridgeite) and acids, providing many active sites for adsorption, reduction, and co-precipitation.
 Fourth, an integrated treatment system of Fe0 and bacteria could completely degrade the contaminants into non-toxic or harmless substances [41].
To promote further contaminant degradation and enhance efficiency, we performed exclusive screens for degrading bacteria from different ambient media. 
Rhodococcus cercidiphylli A41 AS-1, a cultured nitrosamine-reducing isolate we reported previously [28], showed a prominent degradation effect on multiple nitrosamines. In this study, we first acclimate this bacterium domesticate
 to BAC, and then combine it with Fe0 to remove nitrosamines from aqueous solution. We evaluate influencing factors including the proportion of Fe0/BAC, the initial nitrosamine concentration, pH, dissolved oxygen (DO), and humic acid (HA). Further, we explore the degradation mechanism of nitrosamines by BAC_Fe0 system.

2. Materials and methods

2.1 Chemicals and materials

Commercial granular coconut shell-based activated carbon (GAC, 4–8 mesh) was obtained from Sigma-Aldrich (Zwijndrecht, Netherlands). Granular ZVI (Fe0) was obtained from Aladdin Reagent Co. (Shanghai, China). A standard solution containing 1000 mg/L each of NDMA, NMEA, NDEA, NDPA, NDBA, and NMor was purchased from Supelco (Bellefonte, PA, USA). The internal standard [2H6] N-nitrosodimethylamine (NDMA-d6) was obtained from Cambridge Isotope Laboratories (Tewksbury, MA, USA). Glass fiber pads (GF/F, 0.7 µm) were obtained from Whatman International Ltd. (Little Chalfont, Buckinghamshire, UK)
. Tryptone soya broth (TSB) medium was obtained from Oxoid Ltd. (Basingstoke, Hampshire, UK).
 All other chemicals used in this study were of GR or HPLC grade. We prepared a liquid mineral salt (MS) medium containing 4.25 g/L K2HPO4∙3H2O, 1.0 g/L NaH2PO4∙H2O, 0.2 g/L MgSO4∙7H2O, 0.012 g/L FeSO4∙7H2O, 0.003 g/L MnSO4∙H2O, 0.003 g/L ZnSO4∙7H2O, 0.001 g/L CoSO4∙7H2O, and 2.0 g/L NH4Cl. Stock solutions for all standard substances were stored at −
20 °C.
2.2 BAC acclimation
The nitrosamine-reducing isolate Rhodococcus cercidiphylli A41 AS-1 was acclimatized to BAC during culture in MS medium. Firstly,
 the nitrosamine-reducing bacterium was cultivated up to OD600 
= 0.8–
1.0 at 160 rpm
 and 25 °C in TSB medium. Secondly, 10 mL
 of mature nitrosamine-reducing isolate was added to amber vials containing 10 g of autoclaved GAC and 1 L
 of MS medium. After inoculation, the vials were capped with sealing film and incubated in the dark at 25 °C and 80 rpm. Finally, BAC was obtained after 30 days incubation.
2.3 Experimental procedures
Batch experiments were conducted in sealed 1000 mL headspace glass Erlenmeyer flasks to investigate nitrosamine removal by different materials. 550 mL of a solution containing fixed amounts of either GAC, BAC, or BAC_Fe0, and a certain concentration of mixed nitrosamines (100, 200, and 500 ng/L) were added to each flask. The removal experiments were conducted at 160 rpm and 25 °C for 24 h under neutral conditions (pH = 7.0) that were adjusted by a phosphate buffer.
 Aliquots of the samples were extracted at specific time intervals
 (3, 6, 9, 12, 15, 18, 21, and 24 h after inoculation) and analyzed after filtration through a 0.22 μm syringe filter. All experiments were conducted in duplicate and the results were averaged.
Additional batch experiments were conducted to identify the mechanism of nitrosamine removal in the BAC_Fe0 treatment systems. For these experiments, we used 250 mL of a solution containing 10 mg/L of either NDEA (linear structure) or NMor (heterocyclic structure) and 2.0 g/L (dry weight) of BAC_Fe0 (Fe/BAC = 1:2).
 The experiments were conducted under neutral conditions (pH = 7.0) at 160 rpm and a uniform temperature (
25 °C) for 24 h. 200 mL samples were analyzed for degradation products using high performance liquid chromatography and Q-Tof mass spectrometry (HPLC-Q-TOF-MS) using a Bruker micrO TOF II (Bruker Daltonics, Germany).
 A Dionex Aquion ion chromatograph (IC) system (Thermo Fisher Scientific, Waltham, MA, USA) was employed to identify the inorganic products.
2.4 Coexisting substances Potential effects of humic acid

As a primary component of natural organic matter in source water, we also investigated the effects of humic acid (HA, 10 mg/L) on nitrosamine removal by BAC_Fe0.

2.5 Analysis methods

Morphological properties were observed using a SUPRA 40 scanning electron microscope (Carl Zeiss AG, Oberkochen, Germany).
 Nitrosamines were analyzed using UPLC–MS/MS
 according to our previously developed method [3].



3. Results and Discussion

3.1 Effect of Fe0/BAC proportion and different materials on nitrosamine removal
Figure 1 describes the effect of Fe0/BAC proportion on nitrosamine removal. The removal ratios of the six nitrosamines increased along with the amount of BAC added. The best removal efficiencies obtained at a Fe0/BAC ratio of 1:2, at which the highest removal ratios were 49.8% (NDMA), 75.3% (NMEA), 89.5% (NDEA), 99.3% (NDPA), 99.0% (NDBA), and 71.4% (NMor), respectively. The suitable proportion of Fe0/BAC (1:2) had a positive effect, while
 Conversely, excess Fe0 (Fe0/BAC = 1:1) inhibited the removal of nitrosamines by BAC_Fe0. Although Fe0 [image: image1.emf]0 
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Figure 1. Removal of nitrosamines with different proportions of Fe0/BAC. The initial concentration of each nitrosamine was 200 ng/L, with an Fe0/BAC dose of 2.0 g/L (dry weight), at pH = 7.0.

could effectively reduce contaminants, a certain amount of hydroxyl ions (OH−) was generated by the formation of H2 from hydrogen ions when Fe0 was oxidized in aqueous solution, and subsequently transformed into Fe(OH)2 and Fe(OH)3 via reaction with Fe2+ and Fe3+. These products precipitated on the surfaces of BAC and Fe0, inhibiting adsorption and biodegradation. Several previous reports have also identified the presence of iron oxide-coated activated carbon reducing the adsorption capacity of organic compounds [42, 43]. Further, the removal efficiency of nitrosamines by BAC alone was close to that of BAC_Fe0 at an Fe0/BAC ratio of 1:2. The reason was that the biodegrading capability of BAC had considerable effects on nitrosamine degradation. Figure S1 shows that GAC alone also demonstrates good nitrosamine-reducing activity. 
The removal efficiency of BAC_Fe0 decreased considerably with relatively greater Fe0, indicating that increasing Fe0 had a smaller positive influence than the biodegradation of the relatively lower BAC.


The capture capacities for nitrosamine removal by GAC, BAC, and BAC_Fe0 were also assessed (Figure 2). The capture capacities and removal trends of the six nitrosamines by BAC_Fe0 were consistent with those in the BAC experiment. Higher capture capacities of NDEA, NDPA, and NDBA by GAC also obtained, whereas they were lower for NDMA, NMEA, and NMor. For NDEA, NDPA, and NDBA, adsorption by GAC had a relatively greater effect on their removal compared with bacterial biodegradation and reduction of Fe0, which may relate to their larger molecular weights (MW) and longer linear chains (Table S1) [28, 37].
3.2 Effect of initial nitrosamine concentration on removal
Figure 3 describes the influence of initial nitrosamine concentration (C0) on removal by BAC_Fe0. In all cases, the removal ratios decreased with higher C0. T
he highest ratios for all six nitrosamines were 71.7% (NDMA), 98.4% (NMEA), 86.4% (NDEA), 96.4% (NDPA), 97.7% (NDBA), and 78.9% (NMor), respectively, at a C0 of 100 ng/L. By contrast, at higher C0 (200|
500 ng/L) removal ratios improved by 21.9% (|14.8%) (NDMA), 23.1% (|23.6%) (NMEA), and 7.5% (|25.7%) (NMor), [image: image2.emf]0 
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Figure 2. Removal of nitrosamines by different materials. The initial concentration of each nitrosamine was 200 ng/L, with an initial dose for each material of 2.0 g/L (dry weight), at an Fe0/BAC ratio of 1:2 and pH = 7.0.

but remained almost unchanged for NDEA (-3.1%|-3.9%), NDPA (-2.9%|-2.8%), and NDBA (-1.2%|-0.9%), respectively. Since the population of nitrosamine-reducing bacteria remained constant and Fe0 was limited, the quantity of BAC_Fe0 was fixed, which decreased the durations of biodegradation and reduction, ultimately resulting in a low removal ratio under high nitrosamine concentration.
To further study the degradation mechanism and potential rate-limiting steps, such as adsorption, biodegradation, and chemical reduction reaction processes, kinetic [image: image3.emf]0 
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Figure 3. Effect of initial nitrosamine concentrations on removal under neutral conditions (pH = 7.0), and a Fe0/BAC ratio of 1:2. Insets show modeling of the reaction kinetics by fitting to a pseudo-second order reaction. 

models were employed to test experimental data. The insets in Figure 3 describe linearized plots (((1/Ct)−(1/C0)) vs. time) of the experimental and model-simulated kinetic data. The degradation kinetics of the six nitrosamines by BAC_Fe0 conformed best to a pseudo-second-order model, with r2 exceeding 0.8913
 obtained under the three nitrosamine concentrations. This result agrees with that concerning the removal of multiple nitrosamines by nZVI
/GAC in our previous study [37].

Considering the properties of nitrosamines (Table S1), the removal ratios of the five linear nitrosamines (NDMA, NMEA, NDEA, NDPA, and NDBA) by BAC_Fe0 in this study partially scaled with MW and LogKow, with r2 of 0.7459 and 0.7109 for these properties (Figure S2)
. There were also strong correlations between the rate constant K2 and MW, Henry's Constant, and LogKow, with r2 of 0.9501, 0.798, and 0.9179, respectively (Figure S2).
 These results were consistent with our previous studies, which discussed the relationships between the removal ratios of multiple nitrosamines by different nitrosamine-reducing strains, nZVI/GAC, and their properties [28, 37]. In contrast to the linear nitrosamines, the removal ratio and K2 of NMor were unrelated to its physicochemical parameters, a result perhaps attributable to its heterocyclic structure (Table 1).

3.3 Effect of pH on nitrosamine removal
The removal ratios of the six nitrosamines by BAC_Fe0 decreased substantially with higher pH (Figure 4). Almost all the nitrosamines were removed within 30 min under strong acidic conditions (pH = 3.4), whereas under neutral conditions (pH = 7.0) many hours were required to obtain similar removal efficiencies. Under acidic conditions, Fe0 has a strong reduction ability because its presence promotes the transition of hydrogen ions (H+) to single atomic active hydrogen (Hads) [44, 45] according to the following processes:

Fe + H2O + e- <=> FeHads + OH-     (1)

Fe + H+ + e- → Fe + Hads      (2)

As a strong reducing agent, Hads could also reduce the contaminants. Under acidic conditions, Fe0 cannot be oxidized and continues to provide free electrons to hydrogen ions. The resulting increase in Hads promotes the reduction reaction to degrade pollutants [46]. Further, the pore diameter of activated carbon becomes larger
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Figure 4. Effect of pH on nitrosamine removal by BAC_Fe0 (Fe0/BAC=1:2). The initial concentration of each nitrosamine was 200 ng/L.
under acidic conditions, facilitating absorption of nitrosamines.
3.4 Effect of DO on nitrosamine removal
Figure 5 demonstrates that the removal efficiency of nitrosamines by BAC_Fe0 [image: image5.emf]0 
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Figure 5. Effect of DO on nitrosamine removal by BAC_Fe0 (Fe0/BAC = 1:2) under neutral conditions (pH = 7.0) and BAC dose of 2.0 g/L (dry weight). The initial concentration of each nitrosamine was 200 ng/L. 

is inhibited substantially at higher DO concentration. Compared with the results obtained at a DO dose of 4 mg/L, at 12
 mg/L of DO the removal ratios decreased by 22.1% (NDMA), 23% (NMEA), 23.1% (NDEA), 11.7% (NDPA), 11.2% (NDBA), and 20.1% (NMor), respectively. As an anaerobic nitrosamine-reducing isolate, DO had a positive effect on the biodegradation of nitrosamines under anaerobic conditions [28]. Anaerobic environments are also conducive to improving the reducibility of Fe0 by preventing the formation of a passivation layer on its surface [37, 47
].

3.5 Effect of HA on nitrosamine removal
The presence of HA also had a negative effect on the removal of nitrosamines by BAC_Fe0 (Figure 6). At 10 mg/L of HA, the removal ratios decreased by 9.6% (NDMA), 1.3% (NMEA), 13.1% (NDEA), 0.87% (NDPA), -0.05% (NDBA), and 23.8% (NMor), respectively, within 24 h. This result is consistent with previous studies reporting that HA inhibits degradation of many pollutants [14, 37, 48]. HA may readily adsorb to iron oxide coatings on the surface of corroded Fe and obstruct Fe0 surface sites where the reduction of contaminants occurs [48]. Additionally, the corrosion rates of Fe0 may be lowered in the presence of HA, which may in turn lower the formation of new sorption sites for the removal of contaminants [49]. Further, with the continuous release of dissolved iron because of corrosion of Fe0 systems, HA aggregates larger than 0.45 mm, composed of 
metal precipitates and/or hydrolyzed species, would eventually form in solution and potentially impact the sorption and reduction of contaminants in BAC_Fe0 systems [50].
3.6 Mechanism of nitrosamine removal by BAC_Fe0
To further clarify the removal mechanism of nitrosamines by BAC_Fe0, the degradation products of NDEA and NMor (linear and heterocyclic compounds, respectively) were analyzed with HPLC-Q-TOF-MS and IC.
Figure S3 shows the degradation products diethylamine (DEA), morpholine (Mor), unsymmetric dimethylhydrazine (UDMH), methylamine, and formic acid, detected by HPLC-Q-TOF-MS, while nitrate and nitrite were detected by IC (Figure S4). [image: image6.emf]0 

50 

100 

150 

200 

0  3  6  9  12  15  18  21  24 

NMor concentration (ng/L)

Time (h)

HA=0 mg/L

HA=10 mg/L

0 

50 

100 

150 

200 

0  3  6  9  12  15  18  21  24 

NDMA concentration (ng/L)

Time (h)

HA=0 mg/L

HA=10 mg/L

0 

50 

100 

150 

200 

0  3  6  9  12  15  18  21  24 

NMEA concentration (ng/L)

Time (h)

HA=0 mg/L

HA=10 mg/L

0 

50 

100 

150 

200 

0  3  6  9  12  15  18  21  24 

NDEA concentration (ng/L)

Time (h)

HA=0 mg/L

HA=10 mg/L

0 

50 

100 

150 

200 

0  3  6  9  12  15  18  21  24 

NDPA concentration (ng/L)

Time (h)

HA=0 mg/L

HA=10 mg/L

0 

50 

100 

150 

200 

0  3  6  9  12  15  18  21  24 

NDBA concentration (ng/L)

Time (h)

HA=0 mg/L

HA=10 mg/L


Figure 6. Effect of HA on nitrosamine removal with BAC_Fe0 (Fe0/BAC = 1:2
) under neutral conditions (pH = 7.0) and a BAC dose of 2.0 g/L (Dry weight). The initial concentration of each nitrosamine was 200 ng/L.
As the reaction proceeded, NDEA was first degraded into DEA, then formed the intermediate product UDMH, and finally decomposed into methylamine, formic acid, nitrate, and nitrite through reduction by Fe0 and biodegradation by the nitrosamine-reducing strain. NMor degradation products included the secondary amine Mor, methylamine, formic acid, nitrate, and nitrite, although we did not detect a potential intermediate decomposed from the heterocyclic group of NMor. The presence of these primary degradation products (secondary amines, methylamine, nitrate, and nitrite) was in agreement with previous results [37], while the formic acid possibly resulted from biodegradation of nitrosamines by the nitrosamine-reducing isolate.

4. Conclusions

This study focused on enhancing removal of nitrosamines from aqueous solution by Fe0-assisted BAC. We first allowed a nitrosamine-reducing bacterial isolate to acclimate to BAC, and we then optimized the Fe0/BAC ratio to improve the degradation of nitrosamines. We found that the degradation kinetics closely fit a pseudo-second order model. Further, there were close correlations between the removal ratio, the rate constant K2
, and the physicochemical properties of the five linear nitrosamines tested. The removal efficiencies increased substantially under strong acidic and anaerobic conditions, while the presence of HA inhibited the degradation of nitrosamines by our BAC_Fe0 system. Analysis of the degradation mechanism revealed that nitrosamine removal by BAC_Fe0 was primarily contingent on Fe0 reduction, biodegradation by the nitrosamine-reducing isolate, and adsorption by GAC. The primary degradation products were the corresponding secondary amines, methylamine, formic acid, nitrate, and nitrite. Based on these results, we propose this BAC_Fe0 system as a filtration material with strong potential for the removal of multiple nitrosamines in DWTP filtration units, because of its synergistic, clean, and substantial reduction and biodegradation of contaminants.
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