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1. Abstract

Nitrate contamination of groundwater represents a treat to human health. Many researchers have
studied zerovalent iron as a mean to remediate nitrate contamination. However the application of
such method is limited by ammonium production. This work investigates the use of microscale iron
particles in association with zeolitite, a natural material containing zeolite, to remove nitrate and
ammonium from groundwater. The association of the two materials is shown to lower nitrate
concentration in both deionized and groundwater under the limit suggested by the European Union
and to significantly reduce the ammonium concentration. The method is potentially applicable in

water filtration.

2. Keywords: 1. micrometric iron 2. nitrate, 3. zeolitite, 4. groundwater, 5. water filtration.

3. Introduction

The presence of nitrate in drinking water represents a problem due to its harmful biological effects.

High dietary intakes of nitrate and nitrite can cause methemoglobinemia (Liang B. C., 1994), and



have been implicated in the etiology of human gastric cancer based on epidemiology and clinical

studies (Bartsch et al., 1990), (Joossens et al., 1996).

Nitrate contamination of groundwater is widespread mainly due to the leaching of nitrogen
fertilizers used in agriculture to intensive animal breeding, food processing, industrial waste effluent
discharge (Follett, 2001) and to the leaching of septic tanks (Hallberg, 1993). The concentration of
nitrate in groundwater often exceed the European standard for nitrate in drinking water of 10 mg/l
nitrate-N (European Council, 2001) in several European areas subjected to intensive agricultural
practices and where soils have a poor protection capacity for the water table, such as some zones in
the Po valley, Italy. The situation is exacerbated in rural areas of the developing world where the
inputs of nitrogen to agricultural soils are increasing and no centralized drinking water system is
available. Therefore efficient and affordable methods for safe drinking water production should be
available, both at household and at small and big community level (Noubactep and Caré; Shannon

et al., 2008; Sobsey et al., 2008).

The use of zerovalent iron has been proposed for reduction of nitrate (Alowitz and Scherer, 2002),

(Westerhoff and James, 2003), (Zawaideh and Zhang, 1998), (Chew and Zhang, 1998):

NO; +4Fe® +10H * «—>NH; +4Fe? +3H,0

Eq. 1

This reaction has been exploited in situ, by realizing Permeable Reactive Barriers (PRB) using
millimetric iron (Gu, 2002). PRBs are typically constructed via trenching and excavation (Molfetta

and Sethi, 2006).

Many studies have been conducted on nitrate reduction by millimetric (Buresh, 1976), (Westerhoff
and James, 2003), Su and Puls (2004, 2007), (Rodriguez-Maroto et al., 2009), micrometric
(Schaefer et al., 2007), (Huang et al., 1998), and nanoscale iron (Schaefer et al., 2007), (Liou et al.,

2005), (Choe et al., 2000), (Chen et al., 2004), (Yang and Lee, 2005), (Li et al., 2006), (Sohn et al.,
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2006), (Shin and Cha, 2008), (Liou ef al., 2006). Most of the above mentioned works investigated
the reactions’ kinetic, whereas little attention has been devoted to the system in thermodynamic

equilibrium.

Almost all studies convey that ammonium is the main reaction product, even if some of them report
nitrite as intermediate species (Rahman, 1997) and (Siantar ef al., 1996) and one study on nanoscale
iron reports nitrogen gas to be the only reaction product (Choe et al., 2004). The ammonium ion is
an undesired species in groundwater mainly because it can lead to nutrient enrichment of water
systems and subsequently to eutrophication, and because it determines taste and odour problems in
drinking water (Huang et al., 2000). Therefore the production of ammonium may be a drawback for

field application of nitrate reduction by iron.

Zeolites are an important class of materials which are characterized by a three-dimensional
framework structure with uniform pore and channel systems, where exchangeable cations can be
accommodated. Deposits of zeolitites, natural materials containing zeolite, are diffused in several
zones of Italy. Chabasite is one of the most common constituents in Italian natural zeolitite deposits,
and exhibits a high affinity for NH4" ion (Passaglia, 1999) and (Passaglia, 2008). The use of zeolite

has been proposed for ammonium removal from groundwater (Wang et al., 2008).

The reductive capacity of Fe’ towards nitrate could be favourably combined with the adsorbent
properties of zeolitites, as proposed by Lee et al., 2007, who synthesized a nanostructured material
derived from zeolite modified with Fe(Il) subsequently reduced to Fe’. The material is able to
rapidly reduce nitrate without ammonium release under unbuffered pH, however, it is not presently
commercially available for large scale application. The combination of zerovalent iron and natural
zeolitites for the removal of nitrate and ammonium could be practically feasible and cost effective,

although the effectiveness of this combination has still to be proved.



Most studies focus on kinetic considerations. However (Sohn ef al., 2006) points out the importance
of evaluating also the amount of iron which is consumed in the reaction, in order to reach a

complete nitrate reduction and, contemporarily, to avoid leaving part of the material unexploited.

The primary end points of this study are to determine the dosage of micrometric iron needed for the
complete nitrate reduction (i.e. the amount of nitrate that can be reduced per mass unit of iron
introduced in the aquifer) and to evaluate the feasibility of using zeolitite to remove ammonium
after nitrate reduction by micro iron particles. Experiments were conducted in both synthetic and
groundwater in order to evaluate the influence of different cations and anions naturally occurring in

groundwaters on the reduction reaction of nitrate by Fe’.

3. Experimental section

3.1 Materials characterization

Reactive micro scale zero-valent iron was provided by Basf, in form of carbonyl iron powder
commercially known as SM micro. According to the producer, the Fe content of the material is >
99%, while particles dimension is below 10 pm (dio%=2.1, dso%=3.5, de%=5.5). The zeolitite was
provided by Sorano mines, in Central Italy. The chemical and physical properties of this zeolitite
are described by Passaglia (2008). The contained zeolites were 66% Chabasite and 1.4 Phillipsite.
According to Passaglia (2008) the C.E.C of the zeolitite is 2.17 molc kg™ and the naturally occurring
exchangeable cations are mainly Ca (1.46 molc kg™') and K (0.60 mol. kg"). To minimize material
heterogeneity we used the <0.5 mm fraction of zeolitite.

Experiments of nitrate reduction were conducted both in deionized water spiked with a nitrate salt
(NaNOs, Sigma Aldrich) and in a groundwater, sampled near the city of Fossano in Piemonte
Region, North West of Italy. This sampling site is representative of the groundwater characteristics

of a wide area in the Western Po valley subjected to intensive agricultural and farming activities,



coupled with a scarce soil capacity to protect groundwater from nitrate leaching, thus increasing the

risk of contamination.

The nitrate concentration was adjusted to the desired value by adding NaNOs (Sigma Aldrich).
Surface morphologies of unreacted iron powder, iron after reaction with nitrate and of the iron-
zeolitite mix were obtained by a field emission scanning electron microscope (FE-SEM, Hitachi S-
4700) equipped with a Gemini Field Emission Column, and an Energy Dispersive X-ray (EDX)
probe (Low Vacuum Scanning Electron Microscope Quanta Inspect 200), that was used for semi-
quantitative analysis of chemical composition. Samples were prepared by drying the powders at

ambient temperature under atmospheric conditions.

The mineralogical features of the zeolitite sample were determined by X-ray diffraction using a
Philips 1710 diffractometer (40 kV and 20 mA, Co-Ka radiation, with graphite monochromator).
Scans were made from 2 to 50° 26 at steps of 0.020° 26 and 1 sec/step.

The concentration of the major anions in solution in groundwater was determined by ionic
chromatography. The total dissolved organic carbon was determined by a Vario TOC Cube

analyzer, Elementar (Hanau, Germany). Results are reported in Table S 1..

3.2  Abiotic reduction of nitrate by zerovalent iron

The influence of the interaction time on nitrate reduction was studied by batch experiments
conducted in 100 ml airtight bottles sealed with a rubber plug. The Fe’ concentration was 100 g 1"
and 33 mg 1" N-NOs were added. The experiment was performed both in deionized water and
groundwater, with the same concentrations of Fe” and N-NOs". Oxygen was removed by purging all
the used solutions with argon, and the headspace of each sample bottle was filled with the same gas.
Control experiments containing no Fe’ particles were also prepared. Bottles were shaken on a
reciprocating shaker (Glas-Col) at 60 rpm at 25°C in the dark. Aliquots of 5 ml were withdrawn at
selected times using a plastic syringe and immediately filtered through a 0.2 um filter.
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Nitrate and nitrite concentrations in solution were determined by ion chromatography with a Dionex
DX-500, 2 mm system, equipped with an auto-sampler AS50, AS4 analytical column, and AG4
pre-column. The eluent was 1.8 mM sodium carbonate/1.7 mM sodium bicarbonate pumped at a
flow rate of 0.25 ml min”'. Ammonium concentration was determined colorimetrically using the
salicylate-dichloroisocyanurate reaction (Crooke, 1971). The dissolved Fe** concentration was

determined colorimetrically using the orthophenantroline method (Loeppert and Inskeep, 1996).

A series of batch reduction experiments was also performed to evaluate the amount of iron which is
consumed in the reaction, in order to optimize the dosages, ensuring a complete nitrate reduction
while avoiding that part of the expensive material could remain unexploited. Therefore, various
weighed amounts of iron (1, 5, 10 g) were introduced into 50 ml bottles with 50 ml solution
containing 2, 12, 23, 33, 45 mg 1™ of N-NOs". Both deionized water and groundwater were used. A
contact time of 40 or 120 hours was used respectively for deionized water and groundwater
(accordingly with the results of the previous step, in order to reach semi-equilibrium in the

reduction reaction). Nitrate, nitrite and ammonium were measured as described above.

At the end of the experiment, values of oxidation-reduction potential (ORP) and pH were measured
(WTW, Multi 3401 probe). Nitrate, nitrite and ammonium are reported respectively as nitrate-

nitrogen (N-NO3), nitrite-nitrogen (N-NO2'), ammonium-nitrogen (N-NH4").

3.4 Ammonium adsorption on zeolitite

Batch adsorption isotherms of ammonium removal by zeolitite were carried out in polyethylene
bottles. Each bottle was filled with 50 ml of deionized water spiked with ammonium to reach a
concentration ranging from 0.07 to 230 mg N-NH4" 17, then 0.5 g of zeolitite were introduced into
each bottle. Bottles were shaken on a reciprocating shaker at 25 °C for 4 h in the dark. Preliminary

tests showed that within this time the equilibrium was reached. At the end of the interaction period,



the two phases were separated by filtration through a 0.20 pm membrane filter. The ammonium

concentration remaining in solution was measured as described in the previous section.

Experimental data were fitted using the Freundlich isotherm:

Q = KCel/n

Eq. 2

where Q is the amount of ammonium adsorbed per unit weight of zeolitite, Ce the concentration of

ammonium remaining in the solution at equilibrium, K and » are empirical constants.

Adsorption of nitrate by zeolitite was also investigated with the same procedure by placing 33.5 mg

N-NOs 1™ and 0.5 g of zeolitite in a volume of 50 ml.

After studying the reactive properties of iron and the adsorption capacity of zeolitite, the two
materials were used together to assess the feasibility of ammonium removal from the solution
through adsorption on zeolitite after nitrate reduction. A fixed amount (0.5 g) of zeolitite was
introduced into each 50 ml bottle after the reaction between iron and nitrate. The iron dosage was
equal to 100 g I''. The N-NOs concentration was 35 mg 1™ for deionized water and 20 mg 1™ for

groundwater.

Statistical analysis was performed with the software Minitab. Averaged results from duplicate tests
were reported. In general, relative sample standard deviations for duplicate tests were less than

12%.

4. Results and Discussion

4.1 Abiotic nitrate reduction by zerovalent iron: effect of interaction time

The iron concentrations over time (or ammonium production) are reported in Figure 1. The reaction

showed a delay time of nearly 8 h both in deionized water and in groundwater, likely due to the
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possible presence of oxygen traces in solution even after purging with Ar. Once the reaction started,
nitrate was completely reduced within 48 hours in deionized water. In contrast, in groundwater the
nitrate concentration decreased substantially more slowly, and the amount of reduced nitrate was

smaller. Even after 10 days of interaction, some unreacted nitrate was still present in solution.

In both deionized and ground water, once the reaction had started, after a faster nitrate reduction
step the reaction slowed down. In the case of groundwater, the change in the slope of the plot of the
reduced nitrate (or the produced ammonium) vs time is more marked and can be noticed in
correspondence of 86-100 hours, suggesting a sharp decrease in the reaction rate after 3-4 days of

interaction (Figure 1).

The reduction of nitrate could be described by a pseudo-first-order equation, according to previous
findings (Choe et al., 2000), (Alowitz and Scherer, 2002), (Su and Puls, 2004). The values of the
rate constants, determination coefficients and level of significance are summarized in Table 1. In
the case of groundwater, the observed decrease in the rate of nitrate reduction after 86 h resulted in
a change of the slope in the pseudo-first-order model (Figure S 1). The kinetic was thus split into a

fast-reaction step (12h-86h) and slow-reaction step (86h-254h).

The pseudo-first-order rate constant determined for the nitrate reduction in distilled water was one
order of magnitude greater than the rate constant determined for the fast step in groundwater, and
the rate constant of the slow reaction step in groundwater was more than 4 folds smaller than that
calculated for the fast step. The slow phase of the reduction reaction, in groundwater, was a long-

lasting process, which was still going on after 16 days of interaction (data not shown).

A change in the rate constant is not unusual in the case of surface reactions, such as the reactions of
specific adsorption or desorption of anions and cations on/from the surfaces of iron or aluminum
oxides (Liu and Huang, 2003), (Saha et al., 2004, 2005), (Yu et al., 2006) and (Martin et al., 2009).

The chemical reduction of nitrate by zerovalent iron has been confirmed to be a surface-mediated
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process (Weber, 1996) and (Rodriguez-Maroto et al., 2009) and one of the main proposed rate-
limiting factors, beside mass transport of nitrate to the iron surface, is the availability of reactive
surface area on the iron particles (Yang and Lee, 2005), that could progressively decrease as the
reaction proceeded. The decrease of the total amount of nitrate reduced at the end of the experiment
and the slower kinetic of the process in groundwater compared with deionized water has been
explained in the literature with the blockage of reactive sites on the surface of Fe’ and its corrosion
products by specific adsorption of inner-sphere complex forming ligands (such as oxalate, citrate,
sulphate, borate, phosphate) (Su and Puls, 2004). The groundwater used in this study actually
contained high concentrations of sulphate (Table S 1). Also carbonate anions, which are present in
high levels in the used groundwater, can play a role in the reduction of the reactive sites, as they
could form surface precipitates on the iron particles, diminishing the surface area available for

nitrate reduction, thus decreasing the speed of the reaction (Westerhoff and James, 2003).

4.2 Abiotic nitrate reduction: effect of the amount of iron

Nitrate reduction in Deionized Water. Based on the results on the time experiments, a reaction
time of 40 h was selected, to allow the reaching of quasi-equilibrium, as deduced by the kinetic
experiments (Figure 1). The results of the interaction of three aliquots of Fe® powder (20, 100, or
200 g I'Y) with increasing N-NO3 concentrations (from 0 to 45 mg I™* of N-NO5) are illustrated in
Figure 2. An amount of 200 g I iron is able to reduce N-NO3™ concentration below the European
Union limit for drinking water (equal to 15 mg N-NOs I') over the entire concentration range.
However 100 g I™* of iron were enough to completely reduce nitrate in the range 0 — 33 mg I™* of N-
NO5". Therefore the utilisation of a Fe dosage of 200 g I would leave unexploited part of the
material unless nitrate contamination is exceptionally high.

The increase in nitrate removal with increasing iron concentration was likely related to the increase

in the reactive sites which were provided by the increased surface area of iron that passed from 14
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m’ 1" to 140 m*I"' by increasing the Fe’ concentration from 20 g 1" to 200 g I"'. Nitrate, in fact, does
not react with dissolved ferrous ions without catalysis of other transition-metal ions such as Cu**
(Buresh, 1976) and Ag" (Brown, 1967), implying that abiotic reduction of nitrate occurs only at the
surfaces of the iron metal, i.e. through a direct electron transfer from iron metal at the metal surface
to the adsorbed oxidant (Su and Puls, 2004), (Zawaideh and Zhang, 1998), (Rodriguez-Maroto et

al., 2009).

Besides nitrate concentration, also nitrite and ammonium were measured at the end of the
experiments. Results are reported in term of percentage of the initial N-NOs™ concentration (Figure
3). Nitrite was found in small amounts. Specifically, when using an iron concentration equal to 100
g 1" and an initial N-NOs™ concentration from 2 to 33 mg 1™, the amount of N-NO: was below the
European Union limit for drinking water (0.1 mg N-NO2 1™). When using 200 g 1" iron N-NOx»
concentration was below the limit over the entire range of N-NOs™ addition. Ammonium was the
dominant end product of nitrite reduction under our experimental conditions. Most of the added
nitrate remained unreacted in all the samples with 20 g 1™ iron and, with 100 g 1™ iron, nearly one
third of the nitrogen in the samples spiked with 45 mg I was still found in the nitric form. At the
end of the experiments the recovery of the initially added nitrogen was approximately 75-85%.
Different studies suggest that gaseous species (N2, N2O, NO) may be formed in the reaction (Choe
et al., 2000), (Alowitz and Scherer, 2002), (Westerhoff and James, 2003), (Liou et al., 2005), (Liou
et al., 2006). At alkaline pH and low Eh values (pH increased from 5.4 to >11 and Eh was <-0.200
mV after the reaction occurrence) substantial amounts of N can be present in form of NHs.
Therefore the incomplete mass balance, in the present case, could be justified by the production of

ammonia.

The aforementioned reaction products are consistent with the occurrence of the following reactions

reported in the literature:
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e Ammonium generation from nitrate reduction:
4Fe® + NO; +10H " «——>4Fe* + NH; +3H,0

Eq. 3 (Alowitz and Scherer, 2002)

e Nitrite generation from nitrate reduction:
Fe® + NO; +2H " «——>Fe* +H,0+NO,

Eq. 4 (Siantar et al., 1996), (Chew and Zhang, 1998), (Flis, 1991)

e N:production from nitrate reduction:

5Fe® +2NO; +6H,0 «—>5Fe* + Ny(gag +120H"
Eg. 5 (Choe et al., 2000), (Chew and Zhang, 1998), (Flis, 1991), (Till et al., 1998),

(Kielemoes et al., 2000)

10Fe® + 6NO; +3H,0 «—>5Fe,0, +3N,,, +60H "

Eq. 6 (Siantar et al., 1996), (Flis, 1991)

e Ammonium generation from nitrite reduction:
3Fe’ + NO, +8H " «——>3Fe”* + NH; +2H,0

Eq. 7 (Alowitz and Scherer, 2002)

The variations of the nitrogen species with iron concentration is statistically significant (p-value
below 0.001). It is worth noting that with increasing iron concentration not only ammonium
increased and nitrate decreased, but also nitrite decreased. The result can be explained in terms of a
higher amount of available reactive surface sites, which enabled not only a more complete
transformation of nitrate into ammonium, but also a more complete reduction of nitrite through Eq.

7.
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In all systems pH increased from 5.4 to >11 after the reaction occurrence, whereas Eh generally
decreased reaching values of about -100 ~ -200mV. The increase in pH probably results from iron

corrosion by nitrate (Eq. 2) and from iron anaerobic corrosion in water:

Fe® +2H,0«—>Fe* + H, + 20H"

Eq. 8

According to (Rodriguez-Maroto et al., 2009) both reactions can occur simultaneously in systems

like the ones in this study.

Dissolved Fe** was recovered in remarkable amounts (up to 17 mg I'") only in the initial stages of
the reaction. In groundwater, where the reaction rate is significantly slower compared with
deionized water, the presence of Fe ** continued up to 20 hours. The presence of Fe*" in the early
stages of the reaction is consistent with the chemical reactions reported before. Equilibrium
calculations (Chen et al., 2004) indicate the presence of substantial amounts of Fe** ion for acid to
neutral pH values. However it is likely that as reaction takes place, the system moves to a pH region
(i.e. higher pH) where the stability of dissolved Fe** ions drastically decreases, whereas iron oxides
become the dominant species. The formation of an oxide coating on Fe’ particles was observed by

means of FESEM-EDX analysis.

Figure 4 and Figure 5 reports FESEM images of unused iron material and of a sample from nitrate
reduction experiment. The regular shape of the iron particles was lost after nitrate reduction, as
platelets are formed onto the spherical particle surface. EDX analysis indicates that platelets are
associated to a major amount of oxygen (about 10% atomic), therefore a relationship between
composition and morphology is present. On the contrary in the case of unreacted iron, the
percentage of oxygen was almost non detectable. In the literature (Sohn ef al., 2000) it is reported

that the oxidation of nanoscale zerovalent iron particles involves the formation of crystalline
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magnetite in a platelet shape. In the present case, the oxide formed after the reaction appeared as a
coverage on the micrometric iron particles, apparently without a defined crystalline organization,
rather than as discrete crystalline particles. Therefore depending on the conditions, the oxide will
differ for type and crystalline organization, with consequences on their respective reactivity (Liu et

al., 2005).

The decrease of the rate of nitrate reduction with time observed in the kinetic experiments could be
explained with the gradual formation of the aforementioned oxide coverage, which reduce the
percentage of the sites available for nitrate reduction and hence the number of effective collisions

per unit of time between the nitrate anions and the reactive sites on Fe surface.

Nitrate reduction in groundwater. Nitrate reduction tests were repeated using a groundwater, in
order to better understand the behaviour of iron particles under field conditions. According to the
results obtained with deionized water, an iron concentration of 100 g 17" was selected, while nitrate

concentration ranged from 2 to 45 mg 1" of N-NOs (like in experiments with deionized water).

A reaction time of 120 h was selected, to allow the reaching of quasi-equilibrium, as derived by the
kinetic experiments (Figure 1). After this time the fast step of the reaction was completed and
nearly 90% of the N-NOs™ reductable after two weeks was already removed. As shown in (Figure 6),
in groundwater iron resulted to be less effective over the entire nitrate concentration range
compared to deionized water (Figure 2), confirming the results of the kinetic experiments. Also in
this case, the presence of organic matter and inorganic ions (i.e. sulphate, carbonate) in groundwater
is likely to be responsible for the incomplete nitrate reduction, as such species are known to form
inner-sphere complexes on the surface of Fe’ and its corrosion products, blocking reactive sites for

nitrate reduction (Su and Puls, 2004) and thus limiting the reaction

The reaction products were ammonium and unreacted nitrate, as in the case of deionized water

(Figure 6), while nitrite was not detected. The pH recorded at the end of the experiment attained
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lower values compared with deionized water (pH increased from 5.4 to about 7.5-8, instead of >11).
At such pH values, ammonium, rather than ammonia, is the main nitrogen species. This could
justify the fact that the recovery of the added nitrogen was complete, thus suggesting that gaseous
nitrogen forms were not produced, differently from the case of deionized water. The Eh generally

decreased reaching values of about -100 to -200 mV.

The presence of Fe’* was not detectable in the experiments. As discussed previously for deionized
water, at the aforementioned pH and Eh values, the main iron specie should be magnetite. Besides
this specie, as the groundwater used contained chloride ion and sulphate ion, it is possible that green

rust was also formed (Su and Puls, 2004):
3Fe*" +Fe* +ClI™ +8H,0«—>Fe,(OH),CI(s, chloride green rust) +8H *

Eq. 9

AFe* +2Fe* +S0,” +12H,0<«—>Fe,(OH),,S0, (s, sulfate green rust) +8H *

Eqg. 10
Although not proven, the formation of green rust was suggested by the presence of a green film in

the vials at the end of the reaction.

4.3.  Ammonium adsorption on zeolitite

The dimensions of the utilized zeolitite material are heterogeneous, as particles from a few pum to
tens of um can be observed in FESEM images (Figure S 2 Supporting Informations). The
superficial elements of raw zeolite according to EDX analysis are silicon and oxygen, and in minor
amount aluminium, magnesium, potassium, calcium and iron. According to XRD analysis of
zeolitite, such atoms are arranged in the main mineralogical forms of chabasite, micas and feldspars

(Figure S 3).
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Experimental data for ammonium adsorption on zeolitite are reported in Figure 7. The Freundlich
equation gave a good fit to the data (r>>0.999). The value of K in the Freundlich equation (Eq. 1)
resulted 1.02 mg g* and the value of 1/n was 0.47.

Preliminary experiments showed that nitrate is not adsorbed by zeolitite. Therefore, when both iron
and zeolitite are present, the decrease in nitrate concentration is likely to be caused only by iron

reducing action, and not by zeolitite adsorption.
4.4. Ammonium adsorption on zeolitite after nitrate reduction

According to our results the zeolitite is able to adsorb ammonium, when added to a batch system of
iron and nitrate in deionized water after the reduction. Out of the total 35 mg 1-1 of N-NOs" initially
added to the system and reduced to ammonium by the zerovalent iron, less than 8 mgl™ of N were
recovered in solution after the interaction with the zeolitite. Ammonium adsorption after nitrate
reduction was correctly predicted by the Freunlich isotherm obtained from adsorption experiments
without iron addition, as can be observed in Figure 7 from the overlapping of the amounts of N-
NH:" adsorbed after reduction of N-NOs both in deionized water (white triangles) and in
groundwater experiment (white circles) with the fitting line (Figure 7). This indicates that the ion
exchange is not hindered by the presence of iron particles or by other competing species. Bivalent
iron 1ons, produced as indicated in reactions mentioned in Eq. 3, Eq. 4 and Eq. 7, could compete
with ammonium for adsorption, however, the bivalent form of iron was never detected in solution at
the end of the nitrate reduction reaction. These results indicate that it is possible to remove nitrate
from the solution using zerovalent iron and zeolitite, thus avoiding the permanence in solution of

the NH4" produced in the previous reaction.

In the experiments conducted with groundwater, when the nitrate reduction reaction reached a
quasi-equilibrium, a residual amount of N-NOs™ was still present in the solution (about 4.5 mg 1™).

After adding the zeolitite, not only most of the ammonium was removed from the solution, but also
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the N-NOs", which concentration decreased from 4.5£0.36 mgl™ to 0.13+£0.01 mgl”. Like in the case
of deionized water, ammonium adsorption followed quite well the Freundlich isotherm (Figure 7).
We conclude that ammonium formed by nitrate reduction can be efficiently removed by means of
adsorption onto zeolitite. Moreover the presence of zeolitite seems to favor the nitrate reduction. It
is likely that as ammonium is removed from the solution by adsorption on zeolitite, the system will

shift its equilibrium to compensate for the ammonium decrease in solution.

From the performance of zeolitite in groundwater, it can be deduced that its high NHs" adsorbing
capacity is maintained even when other cationic species are present. Therefore the method of nitrate
reduction and subsequent ammonium adsorption is consistent with the application with

groundwater.

5. Conclusions

Our laboratory results show that nitrate can be eliminated with the contemporary removal of the
produced ammonium by means of sequential reactions with micrometric zerovalent iron and natural
chabazite. The reactive material can be easily exploited in filters, while the use of Fe” in permeable

reactive barriers for nitrate reduction would pose some additional challenges.

The nitrate reduction by zerovalent iron could determine the release of Fe*" ion, which limit is 0.2
mg 1" according to the European Union Council Directive 98/83/EC. In our experiments, this ionic
species was not of concern, since it was detected only in the early stages of the reaction, as it was
probably subsequently fixed on the oxidized particle surfaces. The nitrate reduction is also known,
from the literature, to produce nitrite. Our experiments proved that the use of a sufficient amount of
iron can minimize nitrite production, keeping its concentration below the safety limit. However,
site-specific characteristics of groundwater should be taken into account while designing the filter,

in order to select the appropriate dose of iron and zeolitite. Further experiments are required to
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assess the suitability of the method to a wide range natural groundwaters differing in their chemical

characteristics.

A future step of the research is to optimize the use of the spent adsorbent. The zeolitite could be
either regenerated and the ammonia recovered could be reused, or the exausted zeolitite can be itself

be used as a fertilizer and amendment for soils.
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Captions

Table 1 Rate constants (K), specific surface area normalized rate constants (KSSA), r2 and p values

for pseudo-first-order equation fitted to the kinetic data of nitrate reduction.

Figure 1 Experimental NOs" removal and NH4" generation. Results are reported as mean value

(points) and standard error (error bars).

Figure 2 Concentration of nitrate in solution at the end of 40 h experiment as a function of the initial

nitrate concentration, with different iron amounts in deionized water.

Figure 3 Nitrogen mass balance for experiments in deionized water with an iron concentration of 20

g/1. Each experiment is reported as average value.
Figure 4 FESEM image of unreacted iron particle.
Figure 5 FESEM image of iron material after nitrate reduction in deionized water.

Figure 6 Nitrogen mass balance for experiments in groundwater with an iron concentration of 100

g/1. Each experiment is reported as average value and standard deviation.

Figure 7 Amount of ammonium ion adsorbed per unit weight of zeolitite (Q) vs equilibrium amount
in solution (black squares) and fitting with the Freundlich model (black line). The solid/solution
partition of ammonium deriving from nitrate reduction experiments in deionized water (white

triangles) and groundwater (white circles) is also reported.
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Figure 1. Experimental NOs removal and NH4" generation. Results are reported as mean value

(points) and standard error (error bars).
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Figure 2 Concentration of nitrate in solution at the end of 40 h experiment as a function of the initial

nitrate concentration, with different iron amounts in deionized water.
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Figure 3 Nitrogen mass balance for experiments in deionized water with an iron concentration of 20

g/1. Each experiment is reported as average value.
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Figure 4 FESEM image of unreacted iron particle.
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Figure 5 FESEM image of iron material after nitrate reduction in deionized water.
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Figure 6 Nitrogen mass balance for experiments in groundwater with an iron concentration of 100

g/1. Each experiment is reported as average value and standard deviation.
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Figure 7 Amount of ammonium ion adsorbed per unit weight of zeolitite (Q) vs equilibrium amount
in solution (black squares) and fitting with the Freundlich model (black line). The solid/solution
partition of ammonium deriving from nitrate reduction experiments in deionized water (white

triangles) and groundwater (white circles) is also reported.
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Table 1 Rate constants (K), specific surface area normalized rate constants (KSSA), r2 and p values

for pseudo-first-order equation fitted to the kinetic data of nitrate reduction.

K Kssa
'y | mi) r P
Deionized

water 0.108 15 0.844 | 0028
Groundwater )
Fast reaction 0.012 0.164 0.998 | <0.001
Groundwater
Slow reaction 0.003 0.037 0954 | 0023
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Supplementary Material

Reduction of nitrate and ammonium adsorption using microscale iron particles and
zeolitite

Silvia Combaa, Maria Martine, Daniele Marchisios, Rajandrea Sethis, Elisabetta Barberis b
aDITAG — Dipartimento del Territorio, dell’ Ambiente e delle Geotecnologie, Politecnico di Torino, Torino,
Italy.

b Di.Va.P.R.A. - Dipartimento di Valorizzazione e Protezione delle Risorse Agroforestali, Facolta di

Agraria, Universita di Torino, Italy

Table S 1 Chemical composition of the sampled groundwater. Standard deviation was always below
2%

pH 6.96
N-NOs [mg '] | 0.23
N-NO; [mg '] | <0.05
N-NH: [mg '] | <0.10

CI' [mg I''] 23.43
S04 [mg ['] 75.44
POs [mg '] | <0.05
COs* [mg I 200
TOC [mg '] 1.56

dar .

15} .

In (N-NQ,) [mgL]

v Experiment
First-order kinetic - Fast reaction
—-—--First-order kinetic - Slow reaction
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a aa 100 150 200 250 30
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Figure S 1 Experimental NOs removal in groundwater as a function of time and fitting with
pseudo-first order equation.
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Figure S2. FESEM image and EDX analysis of the zeolitite sample.
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Figure S 3. XRD patterns of the zeolitite sample.
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