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INTRODUCTION 

 
One of the methodologies developed in 
recent years to induce nitrate 
attenuation is the use of permeable 
reactive barriers (PRB). This in situ 
remediation technique involves the 
interception of groundwater flow to 
remove contaminants by physical, 
chemical or biological processes. In the 
case of nitrate pollution, heterotrophic 
or autotrophic denitrification can be 
induced by using organic or inorganic 
substrates, respectively. On the other 
hand, several PRB filled with Zero-Valent 
Iron (ZVI) have been installed to 
remediate groundwater polluted with 
chlorinated solvents (Wilkin et al., 2014) 
or nitrate (Gu et al., 2002). 
 
The following reaction pathway has been 
proposed as the dominant one during 
abiotic nitrate reduction by ZVI (Yang 
and Lee, 2005):  
 

4Fe0 + NO3
- +10H+→4Fe2+ + NH4

+ + 3H2O   (1) 

 
The use of Zero-Valent Iron to reduce 
nitrate can lead to extremely reducing 
conditions that can induce ammonium 
production (Liou et al., 2005), which is 
more toxic than nitrate itself. The 
application of ZVI in reducing nitrate is 
therefore limited by ammonium 
production and the requirement for 
adequate pH control. However, no clear 
reaction pathway has been determined 
yet and other studies suggest that nitrite 
and nitrogen gas could be other possible 
products of nitrate reduction by ZVI 
(Chen, et al., 2005). 
 
As the abiotic reduction of nitrate by ZVI 
occurs, residual nitrate might be 
enriched in heavy N and O isotopes 
following the Rayleigh equation. 
Therefore, isotopic analyses of dissolved 
nitrate might permit evaluating the 
extent of nitrate attenuation by ZVI and 
distinguishing degradation from other 
processes at contaminated sites. The 
oxygen and nitrogen isotope 
fractionations associated to nitrate 

reduction by ZVI have not been reported 
in the literature. The potential of the in 
situ measurement of the isotopic 
composition of nitrate for assessing the 
effectiveness of ZVI-PRBs for removing 
nitrate has yet to be evaluated. 
 
OBJECTIVES 
 
The main aim of this study is to carry out 
lab experiments to determine nitrogen 
and oxygen isotope fractionations (εN 
and εO) associated with the ZVI-driven 
nitrate reduction reaction in order to 
investigate the potential of isotope 
analyses to assess and quantify the 
performance of a ZVI-PRB at 
contaminated sites. 
 
MATERIAL AND METHODS 
 
Experimental set-up 
 
Batch experiments were carried out in 
40mL bottles. Each bottle contained 
6.75 mg of cast iron and 35 mL of a 
nitrate-containing aqueous solution. 
Three different solutions were used: 
MilliQ water (pH=5.5.), a pH 4 HCl 0.1M 
solution and groundwater sampled 
upflow of a ZVI-PRB installed in a 
DNAPLs polluted site (Audí-Miró et al., 
2013). In this site, high nitrate 
concentrations (up to 215 mg/L) were 
found upstream of the barrier, whereas 
nitrate content downflow of the barrier 
ranged between 1 and 150 mg/L, 
suggesting the occurrence of nitrate 
reduction processes. All the synthetic 
solutions contained 120 mg/L of nitrate, 
whereas the groundwater nitrate 
content was 180 mg/L. All the 
experiments were performed in 
duplicate under anaerobic conditions in 
a sterilized and anaerobic glove box with 
N2 at 28 ± 2ºC.  
 
The specific surface area of the cast iron 
determined by N2 gas adsorption (BET 
method) was 0.704±0.005 m2/g. Prior 
to the experiment the Fe was acid-
cleaned with 1N degassed HCl and dried 

inside the glove box. After preparation 
inside the glove box, bottles were 
immediately covered with aluminium 
foil to avoid oxidation due to light and 
were rotated on a horizontal roller table 
at 60 rpm. Experimental runs lasted 8 
days. Concentration of N species, pH 
and, δ15N and δ18O of dissolved nitrate 
were measured. 
 
RESULTS AND DISCUSSION 
 
Consumption of nitrate over time was 
observed in all the batch experiments 
(Fig. 1). Almost complete consumption 
of nitrate occurred in 8 days. 
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Fig 1. Consumption of nitrate concentration over 
time in representative batch experiments. The error 
bars show the standard deviation for duplicate 
experiments. 

 
The reaction was assumed to be of 
pseudo first order and the pseudo-first-
order rate constants, k’, were calculated 
from the slope of the regression lines of 
the lnC/C0 vs. time graph (Fig. 2). Nitrate 
reduction rate in the experiments with 
groundwater (PRB experiments) was 
faster (k’=0.9 d-1) than in the 
experiments with synthetic solutions 
(MQ and pH4 experiments, k’=0.5 d-1), 
suggesting additional NO3- degradation 
by autochthonous bacteria. Denitrifying 
bacteria may greatly increase the rate 
and extent of nitrate reduction in the 
reducing zone of a ZVI-PRB. The 
combination of ZVI-driven nitrate 
reduction with denitrification by 
heterotrophic denitrifying bacteria has 
been proved at lab scale, resulting in an 
increase in the nitrate reduction rate 
and in a decrease in the ammonium 
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 release (An et al., 2009). In the present 
experiments, additional autotrophic 
denitrification by oxidation of cathodic 
hydrogen from anaerobic ZVI corrosion 
(Till et al., 1998) could be proposed, 
although further research is required. 
At both pH values tested in the 
experiments with synthetic solutions (4 
and 5.5) similar nitrate reduction rates 
were obtained, suggesting that at the 
tested conditions nitrate reduction was 
independent of pH. 
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Fig 2. Evolution of ln(C/C0) over time.The error bars 
show the standard deviation for duplicate 
experiments.Linear regression lines and high 
correlation values (R2) evidenced pseudo-first order 
kinetics. 
 

All experiments show a considerable 
enrichment in both 15N and 18O in the 
remaining nitrate over the course of the 
experiments. In the PRB experiment 
δ15N increased from +8.2‰ to 
+154.9‰, whereas δ18O increased from 
+5.4‰ to +83.5‰ (Fig. 3). Similarly, the 
δ15N-NO3- in the MQ and pH4 
experiments increased from +15.6 and 
+17.5‰ to +133.9 and +135.9‰, 
respectively. δ18O values increased from 
+26.5 and +29.6 ‰ to +78.2 and 
79.9‰, respectively. The N and O 
isotopic enrichment factors in the 
experiments were calculated from the 
slope of the regression lines that fit the 
data of the natural logarithm of nitrate 
concentration vs. δ15N or δ18ONO3, 
respectively (Fig.3). The nitrogen isotopic 
enrichment factor (εN) was -58.8‰ for 
the PRB experiments and -39.7‰ for 
the MQ and pH4 experiments. The 
oxygen isotopic enrichment factor (εO) 
was -31.5‰ and -17.5‰, respectively. 
In all the experiments δ15N showed a 
linear relationship with δ18O, with slopes 
between 0.42 and 0.54, yielding εN/εO 
ratios of 1.9 for the PRB experiment and 
2.3 for the MQ and pH4 experiments 
(Fig. 4). This slight difference between 
εN/εO values in the PRB experiments 
and in the experiments with purely 
abiotic solutions suggests that the use 
of this relationship could allow to 
distinguish additional degradation of 
nitrate by the action of bacteria 
autochthonous to the aquifer. Further 
research is required. 
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Fig 3. δ15N vs. δ18ONO3- for batch experiments. The 
error bars show the standard deviation for replicate 
measurements. 
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Fig 4. δ15N vs. δ18ONO3-for batch experiments. The 
error bars show the standard deviation for replicate 
measurements. 
 

In all the experiments ammonium was 
produced whereas insignificant nitrite 
contents were detected. Nitrogen mass 
balance in the current experiments 
shows that ammonium accounts for 
about 85-95% and 60-80% of the 
reaction products in the PRB and the MQ 
and pH4 experiments, respectively (Fig. 
5). This fact suggests that gaseous N 
species should account for the balance. 
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Fig 5. NH4+ concentration vs. time. The evolution of 
theoretical (assuming complete conversion of 
nitrate to ammonium following Eq. 1) and measured 
ammonium values is shown.  
 
CONCLUSIONS 
Zero-Valent Iron induced nitrate 
reduction in laboratory batch 
experiments. Nitrate was consumed in 
less than 8 days, releasing ammonium 
to the solution. The nitrate reduction and 
ammonium production rates were 
independent of pH at the tested pH 
range. In all the experiments, the mass 
balance of nitrogen aqueous species 
suggested production of N2 (g) as 
proposed by other authors (Yang and 
Lee, 2005). Further research is needed 

to confirm this hypothesis. 
 
Nitrogen and oxygen isotope 
fractionations (εN and εO) associated 
with the ZVI-driven nitrate reduction 
reaction were calculated.  
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