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A zero-valent iron and zeolite filter for nitrate recycling from agricultural 
drainage water 

Adrian F. Florea *, Changyong Lu, Hans Chr B. Hansen 
Department of Plant and Environmental Science, Faculty of Science, University of Copenhagen, Thorvaldsensvej 40, Frederiksberg C, Dk-1871, Denmark   

H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Complete and fast nitrate reduction to 
ammonium at 2–8 mg L− 1 nitrate 
concentration. 

• Full recovery of ammonium in zeolite 
enables nitrogen recycling. 

• Full removal of phosphate in treated 
drainage water. 

• Formation of green rust (FeII
4-

FeIII
2(OH)12CO3⸱2H2O) increases system 

redox capacity.  
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A B S T R A C T   

Nitrate reduction to ammonium followed by ammonium capture and reuse, represent a new pathway to recycle 
nitrogen, prevent eutrophication, and to save energy used for industrial ammonium production. The present 
study investigates the principle of nitrogen recycling to agricultural drainage water using a coupled zero-valent 
iron (ZVI) and zeolite-based filter column system tested in laboratory and field continuous-flow experiments. A 
40-day laboratory test showed 82% nitrate removal, of which 70% was converted to ammonium. In the following 
pilot scale field test, a total of 59.2 m3 (1700 pore volumes) drainage water with a nitrate concentration of 2–8 
mg L− 1 NO3

− -N was filtrated. An oxidizing unit inserted after the ZVI unit removed iron(II) and optimized 
ammonium retention in the zeolite unit. Nitrate removal efficiency was 94% for the entire 56-day period with a 
slight pH increase (pH 8.9). All ammonium produced was retained by the zeolite unit. Formation of green rust 
carbonate (layered FeII–FeIII-hydroxide) was observed on ZVI particle surfaces, which may increase the redox 
capacity of the filter system by up to 50% and contribute to its cost-efficiency. Moreover, all phosphate in the 
influent waters with concentrations between 0.1 and 0.5 mg L− 1 was retained due to sorption by iron oxides in 
the system. Corrosion products formed cause partial filter clogging and should be removed by regular cleaning 
and backflushing. In conclusion, the ZVI – zeolite coupled filter system serves as a promising and cost-effective 
technology for nutrient removal and ammonium retention from agricultural drainage water.   
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1. Introduction 

Intensive application of nitrogen fertilizers to agricultural fields re-
sults in high leaching of nitrate (NO3

− ) to the aqueous environment. 
Eutrophication with nitrate has strong attention both as part of the UN 
sustainability goals (United Nation Environmental Assembly (UNEA, 
2019) and as part of water regulation, e.g. the EU Water Framework 
Directive (2015). Runoff from agricultural land is regarded as the pre-
dominant source of nitrogen discharges to the aquatic environment 
(EEA, 2018). Moreover, only about 60% of reactive nitrogen applied as 
fertilizer is taken up by the crops and the rest is lost to the environment 
(Sutton et al., 2011)). 

Biological denitrification is the classical process to remove nitrate 
from wastewater (Prasse et al., 2015) and drainage water (Vymazal 
et al., 2020). However, microbial denitrification is slow at low tem-
peratures, require readily available carbon sources (Han et al., 2020) 
and may be regarded as waste of the energy spend for industrial syn-
thesis of ammonia fertilizers (Galloway et al., 2004; Anas et al., 2020). 
Nitrate reduction to ammonium followed by ammonium retention by a 
cation exchanger would be an attractive way to recycle nitrogen, reduce 
energy consumption for industrial ammonium production and to apply 
the concept of circular economy to nitrogen. 

Among various methods proposed for efficient chemical reduction of 
nitrate and other contaminants, zero-valent iron (ZVI) has received 
special attention, due to its high capacity to reduce and remove con-
taminants. Applications of ZVI includes degradation of chlorinated hy-
drocarbons (Wu et al., 2020; Zhang et al., 2015), removal of heavy 
metals (Guo et al., 2016) and other inorganic pollutants (Simeonidis 
et al., 2016; Huang and Zhang, 2004), from both wastewaters and 
groundwater. ZVI is a non-selective reactant and can reduce a 
broad-spectrum of pollutants from aqueous systems (Ullah et al., 2020; 
Zhang et al., 2015; Guo et al., 2016). In these systems, ZVI functions as 
the electron donor, while the pollutants, for example nitrate, function as 
electron acceptors (Eq. (1)). For nitrate reduction the principal reaction 
comprises:  

4Fe0 + NO3
− + 10H+ ⇄ 4Fe2+ + NH4

+ +3H2O                             Eq. 1 

Following nitrate reduction (Eq. (1)), the iron(II) generated may 
precipitate in the system and/or be oxidized to Fe(III) (hydr)oxides (Eq. 
(2)) (Zhang et al., 2017).  

4Fe2+ + O2 + 10H2O ⇄ 4Fe(OH)3(s) + 8H+ Eq. 2 

Different materials including nanoscale ZVI (nZVI) (Khalil et al., 
2018) and bimetallic alloys (Eljamal et al., 2020), have been applied to 
increase the efficiency of ZVI for contaminant removal. While use of 
bimetallic nZVI particles show numerous potential benefits compared 
with larger ZVI particles, nZVI may show higher ecotoxicity than larger 
particle size ZVI (Guo et al., 2016). The larger surface area of nZVI re-
sults in higher reactivity compared with milli- or micro-sized ZVI (Sohn 
et al., 2006; Hu et al., 2016). While nZVI materials are useful for in-situ 
remediation, e.g. for injection into polluted aquifers (Ahn et al., 2016) 
they cannot be used for flow-through column reactors, as the hydraulic 
conductivity of the material is far too low. ZVI is thermodynamically 
unstable in water, and can react with both water (Eq. (3)) and dissolved 
O2 (Eq. (4)), resulting in ZVI consumption (Luo et al., 2014; Ling et al., 
2015):  

Fe0 + 2H2O ⇄ Fe2+ + H2 + 2OH− Eq. 3  

2Fe0 + O2 + H2O ⇄ 2Fe2+ + 4OH− Eq. 4 

Previous reports on nitrate reduction by ZVI showed that regardless 
of the type of ZVI, rapid reduction of nitrate mainly occurs at pH values 
below 5 (Huang and Zhang, 2004; Zhang et al., 2017) with decreasing 
rates at higher pH (Choe et al., 2004; Alowitz and Scherer, 2002). 

Stoichiometric reduction of nitrate to ammonium may occur, but 

parameters like initial pH and ZVI particle size can influence the prod-
ucts formed (Huang and Zhang, 2004; Yang et al., 2018; Wang et al., 
2006; Choe et al., 2004). Also, total nitrogen mass balances may suffer 
from gaseous losses, such as ammonia and nitrogen gas (N2) (Hwang 
et al., 2011; Yang et al., 2018). 

It has been reported that magnetite (Fe3O4) is the main corrosion 
product (Huang and Zhang, 2006), and once magnetite covers ZVI 
grains, only negligible nitrate reduction occurs. Additionally, due to the 
formation of other iron hydroxides, cementation of ZVI can occur, 
leading to decrease in permeability of the filter system. 

The ammonium produced is valuable and should be retained to 
enable recycling and use as fertilizer. Previous experiments demonstrate 
that cation-exchange using clinoptilolite - a zeolite - works for ammo-
nium trapping and recovery (Tosun, 2012; Wang and Peng, 2010). 

With agricultural drainage water as major source of nitrogen emis-
sion to the environment, the aim of this study was to develop a filtration 
system that can remove nitrate and recover ammonium from agricul-
tural drainage water. Therefore, ZVI and clinoptilolite were used as filter 
materials, with the ZVI filter part preceding the clinoptilolite trap. 
Laboratory and field experiments were performed, to construct and 
optimize a column filter system and thus to evaluate: i) the capacity and 
efficiency of ZVI to reduce nitrate to ammonium in agricultural drainage 
water at natural pH and relevant flow rates, ii) the capacity of the 
optimized large-scale field filter to remove the iron (II) generated from 
ZVI, and iii) to evaluate the efficiency of clinoptilolite to retain the 
ammonium produced. 

2. Materials and methods 

2.1. Materials 

Zero valent iron was purchased from Peerless (Peerless Metal Pow-
ders & Abrasives, Detroit, MI). The material had a purity of >93%, a 
bulk density of 2.4 g cm− 3 and particle size between 0.6 and 2.3 mm. 
The material was used without any chemical pretreatment. Clinoptilo-
lite, a natural micro-porous alumino-silicate mineral, with high cation 
exchange capacity and a strong affinity for NH4

+ was purchased from RS 
Minerals LTD, UK. It had a purity of 88–95%, a cation exchange capacity 
of 1.5–1.9 meq g− 1, a bulk density of 0.9 g cm− 3 and grain size of 1–2.5 
mm. Quartz sand was purchased from Dansand DK and had a particle 
size between 1.5 and 2 mm. 

2.2. Experimental setup 

2.2.1. Laboratory experiment 
The filter concept was first developed, refined and tested in the 

laboratory as a basis for building the field pilot scale unit. The filter 

Fig. 1. Schematic diagram of the laboratory ZVI filter system setup.  
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system comprises three units made from polyvinyl chloride columns 
which are connected through silicone tubing (Fig. 1). 

The first unit - the reduction unit - represented by a column with 
length of 48 cm and an internal diameter of 5.5 cm, contained a mixture 
of 2/1 m/m ZVI/sand. A total amount of 900 g of ZVI was used. The pore 
volume of the reduction unit was 0.37 L and water residence time was 
approximately 35 min at the pumping rate applied. 

The second unit - the oxidation unit - is an oxidizer unit which 
transforms soluble iron (II) released from the reduction unit. Air was 
pumped into the unit using laboratory air, at a flow of 10 L min− 1. The 
air was diffused as small micron-sized bubbles, using a Hygger type 
aquarium bubble stone (2 cm diameter). Moreover, the air pumped into 
the system could exit through the air pressure valves installed on the 
oxidation unit, avoiding interferences of the air with water flow. 

Finally, retention of ammonium was achieved in the third unit. This 
reactor, represented by a column 48 cm long and with an internal 
diameter of 5.5 cm was filled with 15 cm sand at the bottom, and 33 cm 
clinoptilolite above, making up 500 g of clinoptilolite. The sand layer at 
the bottom was used in order to prevent iron oxides from the oxidation 
unit to penetrate the zeolite material. 

The calculated PV of the ammonium retention unit was 0.45 L and 
the residence time was approximately 45 min. 

Agricultural drainage water was pumped into the filter system by 
using an Ismatec peristaltic pump, for a period of 40 days at a flow of 10 
mL min− 1 from a 65 L feeding tank, kept at 8–12 ◦C. The drainage water 
was collected from the experimental farm of the University of Copen-
hagen, Taastrup, Denmark. The outlet of the system was connected to a 
fraction collector (model Advantec SF-2100W), and one sample was 
collected every 8 h. In order to monitor nitrate and ammonium con-
centrations, samples were collected every day from the feeding tank, 
after each unit of the filter system and at the outlet. In addition, soluble 
iron(II) and phosphate were determined in each sample. 

The nitrate reduction efficiency of the ZVI filter was calculated as 
percentage of nitrate reduced from initial nitrate concentration: 

Nitrate reduction efficiency (%) = 100 −
[NO3

− ]after *100
[NO3

− ]inlet
Eq. 5  

where [NO3
− ]inlet and [NO3

− ]after represents nitrate concentrations 
measured in the inlet and after the reduction unit of the system. 

After termination of the experiment, the zeolite column was divided 
horizontally in 7 slices of 100 g wet zeolite, and each was extracted by 
500 mL of 2 M potassium chloride solution, for 2 h. The extracts were 
filtrated and analyzed for ammonium. 

2.2.2. Field experiment 
A field experiment was performed using a pilot scale filter system 

implementing the optimized features of the lab scale unit, but now 100 
times as large for treatment of water flows up to 1.2 L min− 1. The pur-
pose of the field experiment was to monitor the performance of the much 
larger filter system in situ and to compare efficiency with the lab scale 
model. Like the lab filter, the field filter system comprised three units 
(Fig. 1 and Fig. S1). 

The nitrate reduction unit consists of a 120 cm long column with an 
internal diameter of 31.5 cm. This unit is packed with a 2/1 m/m 
mixture of ZVI and sand, with a total mass of 45 kg of ZVI, a PV of 35 L 
and water residence time of 35 min. In the second unit - the oxidation 
unit - air was pumped at a flow of 35 L min− 1 using a Hailea AC Piston air 
compressor pump. In order to diffuse the air as micron-sized bubbles 
into the unit, the air pump was connected via silicone tube and air valve 
to a Hygger type aquarium bubble stone (10 cm diameter). Similar as in 
the laboratory experiment, retention of ammonium was achieved in the 
ammonium retention unit consisting of a 140 cm long column with an 
internal diameter of 31.5 cm. The bottom was filled with 20 kg filter 
sand followed by 70 kg of clinoptilolite. The PV of the retention unit was 
45 L and water residence time was approximately 45 min. 

The field experiment was conducted at the experimental farm of the 
University of Copenhagen, Taastrup, Denmark, using water from the 
same drainage well as used for the laboratory experiment. The experi-
ment was performed between February and April 2020, and the outdoor 
temperature during the experiment ranged between 5 and 14 ◦C. The 
drainage water was pumped from 2 m below ground via a drainage well, 
using a submersible pump (Max Dykpumpe SPW400), into a pallet tank 
of 1 m3 volume. Then water was pumped from the feeding tank through 
the filter system for a period of 56 days using a Whale gulper membrane 
pump at a flow of 1 L min− 1. 

To monitor the performance of the system, samples were collected 
every day from the feeding tank, after each unit of the filter system and 
at the outlet (Fig. 1). Measurements of nitrate, ammonium, iron(II), 
phosphate and pH were performed for each collected sample. 

2.3. Analytical methods 

Water samples were filtered through a 0.45 μm Millipore cellulose 
membrane syringe filter, acidified with 0.2 M sulfuric acid (20 μL ml− 1 

sample) and stored at 4 ◦C before analysis. 
Nitrate, ammonium and phosphate were analyzed using Flow In-

jection Analysis (FIA) on Fiastar 5000 instrument, and photometric 
determination. Briefly, nitrate was measured using a cadmium reduction 
method where a diazo compound is reacted to form a purple azo dye that 
is measured at 540 nm (ISO, 13395, 1996). Phosphate was determined 
by the molybdate method and detection at 720 nm (Růžička and Hansen, 
1980), while ammonium was determined by an ammonia gas diffusion 
method, in which ammonia produces a colored indicator with detection 
at 590 nm (Růžička and Hansen, 1980). For all analytes, the instrument 
was calibrated for low range measurements. The detection limit was 
0.005 mg N L− 1 for nitrate, 0.01 mg N L− 1 for ammonium and 0.005 mg 
P L− 1 for phosphate. The standard deviation was 1% for nitrate, 0.5% for 
ammonium and 0.7% for the phosphate analytical methods. In both 
laboratory and field experiments, duplicate samples were collected on 
several occasions, to check for accuracy of measurements. In general, 
there was less than 3% difference between duplicates. 

Iron(II) was determined by the 1,10-phenantroline method by Fadrus 
and Maly (1975). The sample is mixed with 2 mL of a mixed reagent 
comprising 5:5:1 of glycine (GLY), 1,10-phenanthroliniumchlorid 
(PHT), and nitrilotriacetic acid - titriplex I (NTA), to form a red 
colored Fe(II)-phenanthroline complex with photometric measurement 
at 512 nm. 

The identity and presence of crystalline substances was tested by 
powder X-ray diffraction (PXRD) using a PANalytical X’Pert Pro MPD 
instrument employing Co-Kα radiation (Kα1 = 1.789 Å, 40 kV, 40 mA). 
All samples were filled into the sample holder, then pressed to obtain a 
planar surface and then measured in continues scan mode (2θ range 
from 5◦ to 90◦, step size 0.02◦/step and 3 s/step, PW3011/10 detector). 
Morphological analysis of all samples was carried out by using field 
emission scanning electron microscopy (FE-SEM, Quanta FEG-250 FE- 
SEM system). The surface of samples was sputter coated by Au/Pd until 
the coating thickness reached ~10 nm; images were collected using a 20 
kV accelerated electron beam. 

Total organic carbon (TOC) in agricultural drainage water was 
determined using a Total Organic Carbon Analyzer, TOC-Vcpn from 
Shimadzu, with a detection limit of 4 μg L− 1. Samples were filtered 
through a 0.22 μm Millipore nylon membrane before analysis. The 
concentrations of NO3

− , Cl− and SO4
2− (Table S1) were measured by ion 

chromatography (IC) using an IC Metrohm 833, IC 818 Pump, IC 820 
Separation Center and IC 819 Detector. Inductively Coupled Plasma - 
Optical Emission Spectrometry (ICP-OES) was used to determine metal 
cations (Ca2+, Mg2+, Na+, K+) (Table S1) in the drainage water. pH and 
conductivity were measured using Metrohm pH/conductivity meter. 
Alkalinity was determined by Gran Titration (Drever, 1988). 
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3. Results 

3.1. Laboratory experiment 

3.1.1. Reduction capacity 
The chemical composition of the agricultural drainage water used for 

both laboratory and field experiments is summarized in Table S1. 
Drainage water had initial pH of 7.6, electrical conductivity (EC) of 0.9 
dS m− 1, nitrate concentrations between 2 and 9 mg L− 1, and calcium and 
magnesium as major cations. 

The drainage water was passed through the filter system for 1460 
PVs. The nitrate reduction efficiency (Eq. (5)) was close to 100% during 
first 800 PVs and then gradually dropped to about 25% after 1400 PVs 
(Fig. 2). The average reduction efficiency for the entire period was 82%. 
Measurements of pH from influent and effluent samples showed a minor 
increase of pH of 0.2–0.5 units cf. Eq. (1). The flow decreased slightly 
over time, from 10 mL min− 1 to a final flow of 9 mL min− 1. 

3.1.2. Optimization of the filter system/oxidation unit 
Reduction of nitrate by ZVI produces soluble iron(II) (Eq. (1)). In our 

first setup no oxidation unit was used resulting in low ammonium 
sorption and a high iron(II) retention in the zeolite column (Fig. S2). 
Hence, an oxidizing unit was added to oxidize iron(II) to iron(III), 
resulting in oxidation of more than 99% of iron(II) (Fig. 3). The oxida-
tion unit strongly improves ammonium retention in the zeolite layer, by 
removing iron(II), one of the main sorption competitors. 

3.1.3. Nitrate to ammonium conversion stoichiometry 
Ammonium concentration measured after the reduction section, 

accounted for 100% of the nitrate reduced by ZVI, at any time for the 
first 500 PVs (Fig. 2). These results imply that nitrate is reduced by ZVI 
with stoichiometric conversion to ammonium. Reduction of nitrate to 
ammonium decreased to 75–85% after this period. 

3.1.4. Ammonium retention efficiency 
The zeolite was able to retain all ammonium formed in the process 

over the first 400 PVs of the experiment. The retention efficiency of the 
zeolite unit decreased slowly over time, but with no total saturation 
(Fig. 2). 

Total NH4
+-N retained in the ammonium retention unit, approxi-

mately 1680 mg NH4
+-N, was calculated based on the average con-

centrations found after the reduction unit and total volume of water 
filtered (Table S2). The average NH4

+ adsorption of zeolite was 3.36 mg 
NH4

+-N g− 1 of zeolite. A total amount of 1330 mg NH4
+-N was recov-

ered during desorption, amounting to 80% of the total NH4
+-N adsorbed 

into zeolite. 

3.2. Field experiment 

3.2.1. Reduction capacity 
The filter system built in the field, based on the laboratory filter 

system model, was continuously operated for 1691 PVs. Inlet nitrate 
concentrations ranged between 2 and 8 mg L- NO3

− -N. The nitrate 
removal efficiency ranged between 72% and 100% (Fig. 4), while the 
average removal efficiency of the field filter system was 94%. 

Measurements of pH in influent and effluent samples showed that 
outlet pH increased from 7.6 to 8.9, while the flow decreased over time, 
from 1.2 L min− 1 in the beginning of the experiment, to 0.2 L min− 1 at 
the end (Fig. S3). 

3.2.2. Oxidation of soluble iron(II) 
Soluble iron(II) measured after the ZVI filter unit was found to be 

highly variable, with concentrations ranging between 0.5 and 9 mg L− 1. 
Like for the laboratory system, the oxidation unit showed almost 100% 
efficiency in iron(II) oxidation and removal (Fig. 5). 

3.2.3. Stoichiometry 
The first 400 PVs treated by the field filter system resulted in 95% 

conversion of nitrate to ammonium (Fig. 4). After this period, the con-
version rate varied between 50% and 99% with an average of 70%. 

3.2.4. Ammonium retention 
The ammonium retention unit of the field filter system was able to 

retain approximately 99% of the ammonium formed by ZVI nitrate 
reduction, for the entire duration of the experiment (Fig. 4). 

Fig. 2. Nitrate reduction efficiency, nitrate to ammonium conversion and 
ammonium retention versus number of pore volumes in laboratory filter sys-
tem. Nitrate reduction efficiency % (Eq. (5)); Nitrate-N reduced mg L− 1;
Ammonium-N produced mg L− 1 and ● Ammonium-N outlet mg L− 1. 

Fig. 3. Concentration of Iron(II) measured after the reduction unit and Iron 
(II) measured after the oxidation unit for the laboratory system as a function of 
passed pore volumes. 

Fig. 4. Nitrate reduction efficiency, nitrate to ammonium conversion and 
ammonium retention versus number of pore volumes in field filter system.
Nitrate reduction efficiency % (Eq. (5)); Nitrate-N reduced mg L− 1;
Ammonium-N produced mg L− 1 and ● Ammonium-N outlet mg L− 1. 
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3.2.5. Phosphorus retention 
The pristine phosphate concentration measured in the agricultural 

drainage water was low, with the highest concentration of 0.12 mg P 
L− 1. However, for the field experiment, the water in the feeding tank was 
spiked 2 times with phosphate, to reach phosphate concentrations of 0.5 
mg P L− 1, a concentration relevant for agricultural drainage water 
(Poikane et al., 2019). This treatment was done in order to test the ca-
pacity of ZVI to retain phosphate. Very low concentration of phosphate 
was measured after the reduction unit, and no phosphate was found in 
the outlet samples, demonstrating a total retention of P onto the ZVI and 
iron oxides formed in the nitrate reduction process (Fig. 6). 

3.2.6. Corrosion products in the ZVI reduction unit 
After termination of the field experiment, the reduction unit of the 

field filter system was opened for visual inspection and sample collec-
tion. Visible green solids were present in the water from inside the 
reduction unit, and the ZVI material had a black-green color. Four 
samples of used filter material were collected from the upper part of the 
unit, between 10 and 20 cm from the outlet, as well as four samples of 
water with suspended solids. 

FE-SEM analysis of used ZVI filter material showed the formation of 
small (nano and micro sized) green rust (GR) (a layered metal hydrox-
ide, FeII

4FeIII
2(OH)12CO3 ⸱2H2O) particles located on ZVI particle sur-

faces with tabular single crystals aggregated to form a “flower-like” 
structure (Fig. 7). These findings are supported by XRD of the green 
precipitates in the ZVI unit (Fig. S4). The EDS analysis of the flower like 
structure formed on the surface of ZVI particles, confirmed the presence 
of iron, carbon, oxygen and calcium (Fig. S5). The XRD of the samples 
showed that besides GR, also calcite and quartz was present. 

4. Discussion 

4.1. Field filter performance 

The ZVI filter system showed efficient nitrate removal from agri-
cultural drainage water in both laboratory and field systems, with a 
better performance in the latter system. The high nitrate removal rates 
for the field system, which were faster than 8 mg NO3

− -N L− 1 h− 1, are 
comparable or even better to those observed during autotrophic or 
biological denitrification, using similar reactor volume and nitrate 
concentrations (Chen et al., 2020). In comparison, the rate of nitrate 
removal in autotrophic denitrification is directly coupled to addition of a 
carbon source, temperature, and influent nitrate concentration (Han 
et al., 2020). The rate of nitrate removal by ZVI did not decrease at low 
temperature or at fluctuation of the inlet nitrate concentrations. The 
produced ammonium accounted for more than 70% of the nitrate 
reduced, comparable with a previous ZVI column study (Westerhoff and 
James, 2003), while batch experiments have shown up to 95% of nitrate 
to ammonium conversion (Hwang et al., 2011; Guo et al., 2016), but 
sometimes with small amounts of N2 formed (Huang and Zhang, 2006). 
The reasons for less than stoichiometric nitrate to ammonium conver-
sion seen in the field experiment after approximately 500 PVs may be 
attributed to formation of N2, nitrate sorption to GR (Hansen and Koch, 
1998), and/or sorption of ammonium ions to iron oxides (Thornton 
et al., 2000). Surface passivation by formation of iron(III)(hydr)oxide 
coatings on ZVI particles has been observed to decrease the nitrate 
removal efficiency (Mishra and Farrell, 2005; Zhang et al., 2017) as we 
also observed for the laboratory system after 800 PVs (Fig. 2), but not for 
the field system (Fig. 4). Moreover, using larger reduction and retention 
units compared with the lab system resulted in a higher nitrate reduction 
efficiency, and a better ammonium retention efficiency. The ZVI field 
filter reduced 6 mg NO3

− -N g− 1 ZVI and had ammonium retention of 
100%, while with the lab filter reduced 3.3 mg NO3

− -N g− 1 ZVI and 
retained approximately 70% of the ammonium. 

4.2. Green rust and nitrate reduction 

The field scale tested filter system showed a significant reduction of 
hydraulic permeability experienced after 1000 PVs, compared with the 
lab-scale filter. FE-SEM and XRD analysis demonstrate a morphological 
change of ZVI surface particles, with a high amount of GR formation on 
ZVI particle surfaces. This could lead to cementation of ZVI particles, 
resulting in decreasing porosity and permeability. These findings are 
also supported by previous studies, where formation of metal pre-
cipitates and iron(II) carbonate compounds have been reported (West-
erhoff and James, 2003; Zhang et al., 2017). However, GR formation 
during the corrosive process of ZVI nitrate reduction could play a pos-
itive and important role for the feasibility of the filter system. 

It is known that nitrate is stoichiometrically reduced to ammonium 
in the presence of GR, while GR in turn oxidizes to magnetite (Eq. (6)) 
(Hansen et al., 1996; Hansen and Koch, 1998). 

FeII
4FeIII

2(OH)12SO4(s) +
1
4

NO−
3 +

3
2

OH − ⇄SO2−
4 +

1
4

NH+
4 +2Fe3O4 +6

1
4

H2O

Eq.6 

Nitrate reduction by ZVI results in substantial formation of iron(II) 
(Eq. (1)). Also, reaction of ZVI with dissolved O2 and corrosion by H2O 
produces iron(II) (Eqs. (3) and (4)). However, ZVI corrosion by O2 is 
much faster than iron corrosion by water (Huang and Zhang, 2006; Ling 
et al., 2015). With data for the iron(II) measured after the reduction unit 
of the filter, the amount of iron(II) produced due to nitrate reduction 
(Eq. (1)) and ZVI corrosion by O2 saturated drainage water (Eq. (4)), it 
can be calculated that up to 56.6 mol of iron(II) was retained in the 
reduction unit (Table S3). We attribute this retention of iron(II) to for-
mation of GR by partial oxidation of iron(II) at neutral to alkaline pH 
(Hansen et al., 1996; Hansen and Koch, 1998). Formation of GR (Eq. (7)) 

Fig. 5. Concentration of Iron(II) measured after the reduction unit and Iron 
(II) measured after the oxidation unit for the field filter system as a function of 
passed pore volumes. 

Fig. 6. Phosphate concentration in the field filter as a function of passed pore 
volumes - Phosphate-P inlet; Phosphate-P after reduction unit and 

Phosphate-P after oxidation unit. 
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is also an important pH buffer as hydroxyl ions produced in the reduc-
tion processes (Eqs. (1) and (4)) are consumed during GR precipitation:  

6Fe2+
(aq) + 12OH− + CO3

2− ⇄ FeII
4FeIII

2(OH)12CO3 + 2e− Eq. 7 

Nitrate reduction by ZVI as well as reaction with dissolved O2 con-
sumes protons (Eqs. (1) and (4)). For the field filter experiment, up to 
127 mol of OH− could be produced in the reduction unit, which would 
result in a pH increase up to 11.3, if the OH− is diluted in the total 
volume of water passed (59.2 m3). However, the highest pH value 
measured in the filter system was 8.9. Thus, the difference between the 
theoretical amount of OH− produced and the observed amount 
(126.6–0.47 = 126.1 mol) may be attributed to GR formation (Table S3). 
This is in line with the amount of iron(II) retained in GR cf. Eq. (7) and 
suggests that up to 9.4 mol GR may have formed in the reduction unit. 

Nitrate reduction by GR with formation of magnetite increases the 
redox capacity of the whole system and makes use of ZVI more efficient. 
Thus, the GR formed could reduce up to 2.35 mol nitrate to ammonium 
(Eq. (6)). The green rust-facilitated nitrate reduction to ammonium may 
therefore be an important pathway for nitrate removal in ZVI filter 
systems. 

4.3. Phosphate removal 

The ZVI filter system was able to remove 100% of the phosphate from 
the agricultural drainage water, regardless of the phosphate inlet con-
centration. More than 95% of the total phosphate was removed in the 
reduction unit of the filter system, suggesting that the passivation layers 
formed in ZVI nitrate reduction process creates bonding sites for phos-
phate. Moreover, iron oxides formed in the oxidation unit can be 

regarded as a strong filter material for phosphate sorption. 

4.4. Cost efficiency and applications 

It has previously been stated that more than 1.2% of the world pri-
mary energy is consumed to produce reactive nitrogen fertilizer (IFA, 
2009). While natural/microbial denitrification removes nitrate emission 
to water recipients, the nitrogen that was fixed with a high cost of en-
ergy, is returned to the atmosphere in its unreactive form and hence 
nitrogen is de facto not recycled. Recovery of nitrogen as described 
above provides a principle for lowering the environmental impact. 
Moreover, ammonium desorption and re-use can reduce the cost of 
reactive nitrogen production and apply the concept of circular economy 
to nitrogen. 

Although this could be an ideal solution to re-cycle nitrogen, the 
economic implications of ZVI filter use should be addressed. Using ZVI 
filter to reduce nitrate from agricultural drainage water leads to a high 
iron consumption (Eq. (1)). 

Estimating the construction, maintenance and materials costs of a 
filter system capable to filtrate nitrate in the annual discharge of 
drainage water from 1 hectar (approx. 2000 m3), having an average 
nitrate-N concentration of 10 mg L− 1, results in a total cost up to 35 € 
kg− 1 N reduced, over a projection/depreciation period of 10 years 
(Table S4). As the current market price of N is around 0.3 € kg− 1 for 
ammonia fertilizers, the cost of the recycled N seems high. However, 
compared with other nutrient removal techniques the cost is at a similar 
level (Table S5). Denitrification in constructed mini wetlands has an 
average cost of about 30 € kg− 1 N removed (Gachango et al., 2015). In 
addition, the ZVI filter technology is also a perfect filter for trapping 
phosphorus, with a retention efficiency of up to 100%. This could add to 

Fig. 7. FE-SEM images of GR flower-like structure for a sample from the top 10–20 cm of the ZVI filter unit in field experiment.  
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the cost-efficiency of the ZVI filter system, as the cost for removing P 
could reach 1000 € kg− 1 P for alternative filter solutions (Gachango 
et al., 2015). 

Nonetheless, this type of filter system could be used for small com-
munities or green house production facilities for filtrating water con-
taining higher concentrations of fertilizers, pesticides or heavy metals. 

The limiting factor for the sustainability of the ZVI filter system is 
related to formation of passivation layers and reduction in permeability - 
problems that have to be overcome by cleaning cycles of the filter for 
corrosion product removal and ZVI activation. Alternatively, a com-
bined abiotic-biotic filter system, using ZVI and iron(III) reducing bac-
teria, that can convert oxidized iron(III) to iron(II) (Shin et al., 2007), 
which becomes available as e.g. GR reductants, could result in ZVI 
surface regeneration, a better long term performance of the filter, and 
could add to the cost-efficiency of the filter system. 

5. Conclusion 

Both laboratory and field experiments proof the principle of the ZVI - 
zeolite coupled filter system comprising reduction of nitrate and re-
covery of ammonium from agricultural drainage water. Main conclu-
sions are:  

• An average of 70% conversion ratio of nitrate to ammonium.  
• High performance even with relatively short retention times of 

35–45 min  
• Almost 100% retention of ammonium in zeolite enabling reuse of the 

recovered ammonium.  
• The ZVI filter system works at variable nitrate concentrations and 

have high efficiency also at low temperature.  
• ZVI surface corrosion by nitrate and oxygen reduction results in GR 

formation which further facilitates nitrate to ammonium conversion 
and increases the reduction capacity of the filter system.  

• Retention of phosphate in the filter system is complete. 

Consequently, these findings can represent the starting point of a 
promising removal and recovery filter technology for both N and P and 
can be an important way to reduce energy consumption for industrial 
ammonium production and to apply the concept of circular economy to 
nitrogen. 

Credit author statement 

Adrian Florin Florea: Conceptualization, Methodology, Data treat-
ment, Writing – original draft preparation, Reviewing and Editing. 
Changyong Lu: Methodology, Writing, Reviewing and Editing. Hans 
Chr. B.Hansen: Supervision, Writing and Reviewing, Guidance. 

Declaration of competing interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Acknowledgments 

This research was funded by the North Sea Region Interreg project 
NuReDrain, contract number 8-2-17-16. We acknowledge the support of 
Sebastian Nielsen and Flemming Frederiksen from the mechanical 
workshop, University of Copenhagen. 

Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.chemosphere.2021.131993. 

References 

Ahn, J.-Y., Cheolyong Kim, C., Hong-Seok Kim, H.-S., Kyung-Yup Hwang, K.-Y., Inseong 
Hwang, I., 2016. Effects of oxidants on in situ treatment of a DNAPL source by 
nanoscale zero-valent iron: a field study. Water Res. 107, 57–65. https://doi.org/ 
10.1016/j.watres.2016.10.037. ISSN 0043-1354.  

Alowitz, M.J., Scherer, M.M., 2002. Kinetics of nitrate, nitrite, and Cr(VI) reduction by 
iron metal. Environ. Sci. Technol. 36, 299–306. https://doi.org/10.1021/ 
es011000h. 

Anas, M., Liao, F., Verma, K.K., Muhammad, A.S., Mahmood, A., Zhong-Liang, C., Yang- 
Rui, L., 2020. Fate of nitrogen in agriculture and environment: agronomic, eco- 
physiological and molecular approaches to improve nitrogen use efficiency. Biol. 
Res. 53, 1–20 doi:https://doi.org.ep.fjernadgang.kb.dk/10.1186/s40659-020- 
00312-4.  

Chen, Y., Shao, Z., Kong, Z., Gu, L., Fang, J., Chai, H., 2020. Study of pyrite based 
autotrophic denitrification system for low-carbon source stormwater treatment. 
J. Water Process Eng. 37, 101414. https://doi.org/10.1016/j.jwpe.2020.101414. 

Choe, S., Liljestrand, H.M., Khim, J., 2004. Nitrate reduction by zero-valent iron under 
different pH regimes. Appl. Geochem. 19, 335–342. https://doi.org/10.1016/j. 
apgeochem.2003.08.001. 

Drever, J.I., 1988. The Geochemistry of Natural Waters. Prentice Hall, Englewood Cliffs, 
p. 437. 

Eljamal, O., Thompson, I.P., Maamoun, I., Shubair, T., Eljamal, K., 
Lueangwattanapong, K., Sugihara, Y., 2020. Investigating the design parameters for 
a permeable reactive barrier consisting of nanoscale zero-valent iron and bimetallic 
iron/copper for phosphate removal, 112144 J. Mol. Liq. 299. https://doi.org/ 
10.1016/j.molliq.2019.112144. ISSN 0167-7322.  

European Environment Agency, 2018. European Waters Assessment of Status and 
Pressures. https://www.eea.europa.eu/publications/state-of-water. 

European Water Framework, 2015. The Water Framework Directive and the Floods 
Directive: Actions towards the ’good Status’ of EU Water and to Reduce Flood Risks. 

Fadrus, H., Maly, J., 1975. Suppression of iron(III) Interference in the Determination of 
iron(II) in Water by the 1,10-phenanthroline Method. https://doi.org/10.1039/ 
an9750000549. 

Gachango, F.G., Pedersen, S.M., Kjaergaard, C., 2015. Cost-effectiveness analysis of 
surface flow constructed wetlands (SFCW) for nutrient reduction in drainage 
discharge from agricultural fields in Denmark. Environ. Manag. 56, 1478–1486 doi: 
https://doi.org.ep.fjernadgang.kb.dk/10.1007/s00267-015-0585-y.  

Galloway, J.N., Dentener, F.J., Capone, D.G., Boyer, E.W., Howarth, R.W., Seitzinger, S. 
P., Asner, G.P., Cleveland, C.C., Green, P.A., Holland, E.A., Karl, D.M., Michaels, A. 
F., Porter, J.H., Townsend, A.R., Vörösmarty, C.J., Vöro, V., Vörösmarty, V., 2004. 
Galloway-et-al-2004-BioGeoCh. Biogeochemistry 70. 

Guo, X., Yang, Z., Dong, H., Guan, X., Ren, Q., Lv, X., Jin, X., 2016. Simple combination 
of oxidants with zero-valent-iron (ZVI) achieved very rapid and highly efficient 
removal of heavy metals from water. Water Res. 88, 671–680. https://doi.org/ 
10.1016/j.watres.2015.10.045. 

Han, F., Zhang, M., Shang, H., Liu, Z., Zhou, W., 2020. Microbial community succession, 
species interactions and metabolic pathways of sulfur-based autotrophic 
denitrification system in organic-limited nitrate wastewater. Bioresour. Technol. 
315, 123826. https://doi.org/10.1016/j.biortech.2020.123826. 

Hansen, H.C.B., Koch, C.B., 1998. Reduction of nitrate to ammonium by sulphate green 
rust: activation energy and reaction mechanism. Clay Miner. 33, 87–101. 

Hansen, H.C.B., Koch, C.B., Nancke-Krogh, H., Borggaard, O.K., Sorensen, J., 1996. 
Abiotic nitrate reduction to ammonium: key role of green rust. Environ. Sci. Technol. 
30, 2053–2056. 

Hu, L., Zhang, C., Zeng, G., Chen, G., Wan, J., Guo, Z., Wu, H., Yu, Z., Zhou, Y., Liu, J, 
2016. Metal-based quantum dots: synthesis, surface modification, transport and fate 
in aquatic environments and toxicity to microorganisms. RSC Adv. 6, 8595–78610. 
https://doi-org.ep.fjernadgang.kb.dk/10.1039/C6RA13016J. 

Huang, Y.H., Zhang, T.C., 2004. Effects of low pH on nitrate reduction by iron powder. 
Water Res. 38, 2631–2642. https://doi.org/10.1016/j.watres.2004.03.015. 

Huang, Y.H., Zhang, T.C., 2006. Nitrite reduction and formation of corrosion coatings in 
zerovalent iron systems. Chemosphere 64, 937–943. https://doi.org/10.1016/j. 
chemosphere.2006.01.025. 

Hwang, Y.H., Kim, D.G., Shin, H.S., 2011. Mechanism study of nitrate reduction by nano 
zero valent iron. J. Hazard Mater. 185, 1513–1521. https://doi.org/10.1016/j. 
jhazmat.2010.10.078. 

IFA, 2009. Feeding the Earth: Energy Efficiency and CO2 Emissions in Ammonia 
Production. International Fertilizer Industry Association, Paris.  

ISO 13395, 1996. Water Quality – Determination of Nitrite-Nitrogen and Nitrate- 
Nitrogen and the Sum of Both by Flow Analysis (CFA and FIA) and Spectrometric 
Detection. 

Khalil, A.M.E., Eljamal, O., Saha, B.B., Matsunaga, N., 2018. Performance of nanoscale 
zero-valent iron in nitrate reduction from water using a laboratory-scale continuous- 
flow system. Chemosphere 197, 502–512. https://doi.org/10.1016/j. 
chemosphere.2018.01.084. ISSN 0045-6535.  

Ling, L., Pan, B., Zhang, W. Xian, 2015. Removal of selenium from water with nanoscale 
zero-valent iron: mechanisms of intraparticle reduction of Se(IV). Water Res. 71, 
274–281. https://doi.org/10.1016/j.watres.2015.01.002. 

Luo, J., Song, G., Liu, J., Qian, G., Xu, Z.P., 2014. Mechanism of enhanced nitrate 
reduction via micro-electrolysis at the powdered zero-valent iron/activated carbon 
interface. J. Colloid Interface Sci. 435, 21–25. https://doi.org/10.1016/j. 
jcis.2014.08.043. 

Mishra, D., Farrell, J., 2005. Understanding nitrate reactions with zerovalent iron using 
tafel analysis and electrochemical impedance spectroscopy. Environ. Sci. Technol. 
39, 645–650. https://doi.org/10.1021/es049259y. 

A.F. Florea et al.                                                                                                                                                                                                                                

https://doi.org/10.1016/j.chemosphere.2021.131993
https://doi.org/10.1016/j.chemosphere.2021.131993
https://doi.org/10.1016/j.watres.2016.10.037
https://doi.org/10.1016/j.watres.2016.10.037
https://doi.org/10.1021/es011000h
https://doi.org/10.1021/es011000h
http://refhub.elsevier.com/S0045-6535(21)02465-6/sref3
http://refhub.elsevier.com/S0045-6535(21)02465-6/sref3
http://refhub.elsevier.com/S0045-6535(21)02465-6/sref3
http://refhub.elsevier.com/S0045-6535(21)02465-6/sref3
http://refhub.elsevier.com/S0045-6535(21)02465-6/sref3
https://doi.org/10.1016/j.jwpe.2020.101414
https://doi.org/10.1016/j.apgeochem.2003.08.001
https://doi.org/10.1016/j.apgeochem.2003.08.001
http://refhub.elsevier.com/S0045-6535(21)02465-6/sref6
http://refhub.elsevier.com/S0045-6535(21)02465-6/sref6
https://doi.org/10.1016/j.molliq.2019.112144
https://doi.org/10.1016/j.molliq.2019.112144
https://www.eea.europa.eu/publications/state-of-water
http://refhub.elsevier.com/S0045-6535(21)02465-6/sref9
http://refhub.elsevier.com/S0045-6535(21)02465-6/sref9
https://doi.org/10.1039/an9750000549
https://doi.org/10.1039/an9750000549
http://refhub.elsevier.com/S0045-6535(21)02465-6/sref11
http://refhub.elsevier.com/S0045-6535(21)02465-6/sref11
http://refhub.elsevier.com/S0045-6535(21)02465-6/sref11
http://refhub.elsevier.com/S0045-6535(21)02465-6/sref11
http://refhub.elsevier.com/S0045-6535(21)02465-6/sref12
http://refhub.elsevier.com/S0045-6535(21)02465-6/sref12
http://refhub.elsevier.com/S0045-6535(21)02465-6/sref12
http://refhub.elsevier.com/S0045-6535(21)02465-6/sref12
https://doi.org/10.1016/j.watres.2015.10.045
https://doi.org/10.1016/j.watres.2015.10.045
https://doi.org/10.1016/j.biortech.2020.123826
http://refhub.elsevier.com/S0045-6535(21)02465-6/sref15
http://refhub.elsevier.com/S0045-6535(21)02465-6/sref15
http://refhub.elsevier.com/S0045-6535(21)02465-6/sref16
http://refhub.elsevier.com/S0045-6535(21)02465-6/sref16
http://refhub.elsevier.com/S0045-6535(21)02465-6/sref16
https://doi-org.ep.fjernadgang.kb.dk/10.1039/C6RA13016J
https://doi.org/10.1016/j.watres.2004.03.015
https://doi.org/10.1016/j.chemosphere.2006.01.025
https://doi.org/10.1016/j.chemosphere.2006.01.025
https://doi.org/10.1016/j.jhazmat.2010.10.078
https://doi.org/10.1016/j.jhazmat.2010.10.078
http://refhub.elsevier.com/S0045-6535(21)02465-6/sref21
http://refhub.elsevier.com/S0045-6535(21)02465-6/sref21
http://refhub.elsevier.com/S0045-6535(21)02465-6/sref22
http://refhub.elsevier.com/S0045-6535(21)02465-6/sref22
http://refhub.elsevier.com/S0045-6535(21)02465-6/sref22
https://doi.org/10.1016/j.chemosphere.2018.01.084
https://doi.org/10.1016/j.chemosphere.2018.01.084
https://doi.org/10.1016/j.watres.2015.01.002
https://doi.org/10.1016/j.jcis.2014.08.043
https://doi.org/10.1016/j.jcis.2014.08.043
https://doi.org/10.1021/es049259y


Chemosphere 287 (2022) 131993

8

Poikane, S., Kelly, M.G., Salas Herrero, F., Pitt, J.A., Jarvie, H.P., Claussen, U., 
Leujak, W., Lyche Solheim, A., Teixeira, H., Phillips, G., 2019. Nutrient criteria for 
surface waters under the European Water Framework Directive: current state-of-the- 
art, challenges and future outlook. Sci. Total Environ. 695, 133888. https://doi.org/ 
10.1016/j.scitotenv.2019.133888. 

Prasse, C., Stalter, D., Schulte-Oehlmann, U., Oehlmann, J., Ternes, T.A., 2015. Spoilt for 
choice: a critical review on the chemical and biological assessment of current 
wastewater treatment technologies. Water Res. https://doi.org/10.1016/j. 
watres.2015.09.023. 
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