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The use of reactive barriers is one of the preferred remediation technologies for the remediation of
groundwater contamination. An adequate design of these barriers requires the understanding of the
kinetics of the reaction between the target contaminant and the solid phase in the barrier. A study of
the kinetics between metallic iron and aqueous nitrate is presented in this paper. Published literature
regarding this reaction indicates that researchers are far from a consensus about the mechanism of this
reaction. This paper presents the results obtained from experiments performed at different constant pH
values and iron dosages, together with a mathematical analysis of the kinetic results. We have found that
an Eley-Rideal kinetic model yields a good explanation of the relatively complicated dependence
between rate of nitrate reduction and the pH value of the solution.

© 2008 Elsevier Ltd. All rights reserved.

1. Introduction

Nitrate contamination has become a major water quality
problem in agricultural regions. A high nitrate level in surface
waters poses a serious threat to aquatic ecosystems due to the
increase of algae growth, which usually leads to a decrease of
the biodiversity (eutrophication problem). High nitrate concen-
tration in drinking water presents a risk to the human health.
Nitrate itself is relatively non-toxic; however, it can be reduced
to nitrite, which combines with hemoglobin in the blood to form
methemoglobin. Methemoglobinemia occurs mostly in children
and is also known as “blue-baby syndrome” (Shuval and Gruen-
er, 1977; Kapoor and Viraraghavan, 1997). There is also circum-
stantial evidence linking ingestion of nitrate to gastric cancer
and birth defects. Consequently, the concentration of nitrate
and nitrite in drinking water has been regulated. The levels in
drinking water of nitrate and nitrite established by the European
Union legislation (Council Directive 91/676/EEC) are 50 and
0.5mg L', respectively. In the United States, EPA establishes
the maximum contaminant levels of 10mg NO;-NL~' and
1 mg NO,-NL™! for drinking water (EPA, 2003).

Nitrate-contaminated waters are commonly treated by ion ex-
change or reverse osmosis. However, these traditional treatments
are relatively expensive, because they require frequent regenera-
tion of the media, or generate secondary brine wastes that may
pose a disposal problem. Biological denitrification is another alter-
native to remove nitrate from water (Kim et al., 2003; Davis, 2007),
because the microbial process reduces the nitrate to innocuous

* Corresponding author. Tel.: +34 952 131 915; fax: +34 952 132 000.
E-mail address: maroto@uma.es (J.M. Rodriguez-Maroto).

0045-6535/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.
doi:10.1016/j.chemosphere.2008.10.020

nitrogen gas rather than ammonium and generally results in lower
operating costs as compared to ion exchange or reverse osmosis.
However, this process can produce excessive biomass and soluble
microbial products that require further treatment of the denitrified
water (aeration and disinfection). Moreover, the denitrification
process is generally slow and sometimes incomplete as compared
to chemical reduction.

In recent years, the success of iron metal in treating groundwa-
ter containing chlorinated solvents has stimulated a significant
interest in the application of zero-valent iron (Fe®) to other con-
taminants such as chromium(VI), nitrate and nitrite, thus emerging
as a novel chemical process for the use of in situ reactive barrier
intercepting and treating groundwater plumes containing these
contaminants (Rocca et al., 2006).

It is well known that the kinetics of nitrate reduction by Fe® in
an anoxic aqueous phase is strongly dependent on the proton con-
centration (Cheng et al., 1997; Huang et al., 1998; Zawaideh and
Zhang, 1998; Alowitz and Scherer, 2002; Huang and Zhang,
2004). The study of this influence has been attained performing
experiments at several constant pH values. Different experimental
systems have been used to control the pH throughout the nitrate
reduction. The published results indicate that experimental sys-
tems with pH controlled by the controlled addition of acid solu-
tions have shown more reliability than the buffered systems. In
the latter, the specific buffer used to control pH has shown a signif-
icant effect on the amount of nitrate reduced and poor ability to
control pH throughout the experiment (Zawaideh and Zhang,
1998; Choe et al.,, 2000; Alowitz and Scherer, 2002; Su and Puls,
2007). However, regardless of the Fe° type, a rapid reduction of ni-
trate mainly occurs at pH values below 4 or 5 (Huang et al., 1998;
Huang and Zhang, 2004).
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The works mentioned above reveal no consensus on the mech-
anism of the reaction. Nevertheless, the researches performed in
recent years indicate that the reducing agent could be Fe® coated
with Fe(II)/Fe(III) oxides, with special influence of the Fe(Il) compo-
nent in the NO; reduction to NH; (Huang and Zhang, 2004; Mishra
and Farrell, 2005). Most of the reviewed works indicate NH; as the
end product of nitrate reduction, although some authors suggest,
without providing evidence, that when the size of the iron grains
is on the nanometer scale the product is N, gas (Choe et al.,
2000; Yang and Lee, 2005). Nevertheless, Sohn et al. (2006) have
observed NH; as the main end product with nanometer scale
Fe®. Different end-product distributions have also been observed
in the degradation of chlorinated compounds by different types
of commercial irons (Tamara and Butler, 2004).

A wide variety of kinetic models for nitrate reduction by Fe®
have been published: from those using a first order kinetic model
with respect nitrate concentration (Cheng et al., 1997; Choe
et al., 2000; Alowitz and Scherer, 2002; Choe et al., 2004), to those
with apparent higher reaction order (Huang et al., 1998) or lower
one (Yang and Lee, 2005). Finally, there are shifting order models
corresponding to mechanisms similar to those of Langmuir (Huang
and Zhang, 2004) or of Michaelis—Menten (Choe et al., 2000). The
proposed kinetic expressions usually include a first order depen-
dence on Fe° surface area concentration. Unfortunately, only a
few of these kinetic data have been obtained in experiments with
successful pH-control.

This study examines the applicability and limitations of granu-
lar Fe® for the chemical reduction of nitrate in aqueous solution.
Specifically, we followed the kinetics of nitrate removal at different
controlled pH values, with different concentration/dosage of Fe®
and at constant temperature.

2. Experimental method
2.1. Chemicals

Sodium nitrate (99.5%) (from Carlo Erba, RPE) and a commercial
fine granulated Fe® (Panreac, PRS) were used as received. The mean
value of the diameter of these particles (0.42 mm) was obtained by
sieving while their BET area was not large enough to be measured
by a Micromeritics ASAP 2020 accelerated surface area analyzer.
All solutions were prepared using milli-Q water (18.2 MQ cm)
from a Millipore-15Q plus system.

2.2. Experimental system

Basically it consists of a 5 L glass batch reactor with the initial
NO; solution that is continuously deoxygenated by N, bubbling
which, together with a mechanical agitator, provides agitation.
The temperature was regulated at 15 + 1 °C by immersion in a ther-
mostatic water bath. The pH value and the redox potential are peri-
odically registered by means of Hamilton pH- and ORP- electrodes,
each one connected to a pH-control system of our own manufac-
ture. PVC tubes, which also act as baffles that improve mixing, pro-
tect these electrodes. These tubes are fitted to the openings of the
reactor stopper by permeable foam, providing a secure exit for N,
while preventing the entrance of O,. The pH-control system con-
sists of a graduated 100 mL burette that makes available the neces-
sary volume of sulfuric acid solution to the reactor when the pH
increases above a target pH-value. The acid volume added is con-
trolled by an electrovalve assembled on the top of the burette.
When the electrovalve is open, air comes into the burette and the
acid solution drops into the reactor. This electrovalve is electroni-
cally controlled by a computer, which allows the maintenance of
the pH value in the reactor within a 2% variation of the target value.
The acid consumption was followed during the reaction.

2.3. Experimental procedure

About 5L of NaNOs solution (500 mg NO;L™ '), with the re-
quired amount of sulfuric acid to yield the desired pH value, is
added to the thermostatic glass reactor. While the temperature
of this solution is stabilized, N, is continuously bubbling, the
mechanical agitation is activated and the pH value and redox po-
tential recording is started. After this stabilization, the necessary
amount of Fe® was provided.Two samples of 10 mL were with-
drawn at selected times using a plastic syringe. The aqueous con-
centrations of NO; are determined by potentiometric standard
methods (US-EPA method 9210) (EPA, 2004) using an ion selective
electrode (ISE) Cole Parmer 27502-30 connected to a Teknokroma
pH-meter, model 555. The aqueous concentrations of NH,; were
also determined using an ion selective electrode (Cole Parmer
27502-03). The aqueous iron concentrations were also determined
by flame atomic absorption spectroscopy (Varian AA210). About 20
duplicate samples were withdrawn by the end of the assay, less
than 8% of volume of reactor. Similarly, the maximum volume of
H,S0, solution added for pH control throughout each assay was
between 50 and 150 mL. Therefore, the opposite effects of these
volume changes on the assay results are considered negligible.

In order to study the effect of pH on the kinetics of nitrate
reduction, six triplicated experiments were performed at different
pH values ranging from 1.5 to 4, using in each one the adequate
concentration of sulfuric acid solutions for the pH-control system.
The effect of the Fe® surface area concentration was studied in a set
of duplicated experiments performed at a constant pH value of 2
and at concentrations/dosages of Fe® ranging from 1.2 to 24 gL',

3. Results

As an example, Fig. 1 shows the results obtained at pH 2, 15°C
and an iron dosage of 6 g L~'. This represents a 333% excess of the
amount required for a complete reduction of NO; following Eq. (1)

s 9 800
E g $¢+ + a 700
o)
g 740 412444 LY * 600 <
T g 500 £
2 6 AA =
Z g5 A _ - 400 =
- O NO; S
c . r 300 3
= 2 NH, 200 &
s o N x
£ 37 A N-balance . 100 S
Z A — Redox potential )
= 2 Fo o
|
° 144 100
2 =23 ICD Im m ol
80 1 b r 200
A=74 -
70 A e -
Acid consumption interval /,/" - o
_ 60 for O3~ experiments /K./_‘ s r 150 %
P @
= 401 A4YT ofe P00
L //@ [‘]',»’\Amd consumption for o
30 1 '<1>¢ . control experiment o
O o
20 1 /i’D@ - 50 g
104 5 & Reacted Fe €
ot O Fe control
,D
g , . 0
0 10 20 30

t(h)

Fig. 1. Experimental results for fixed pH 2.00 + 0.04 and iron dosage=6 gL "
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4Fe® + NO; + 10H" — 4Fe*" + NH; + 3H,0 (1)

As can be seen, nitrates were almost completely transformed
into ammonium in about 24 h. The nitrogen recovery was about
90% at the end of all the experiments, the losses probably due to
errors in the determination of ammonium concentration. It is also
possible that some nitrogen initially present as NO; ends as a
product different from NH;. We have checked every sample for
NO; absence by the 8507 US EPA method using a Hach Odyssey
spectrophotometer.

As can be seen, the system evolves from oxidizing conditions at
the beginning (around 650 mV before Fe® addition and 430 mV a
few minutes later) to reducing conditions (-100 mV). Fig. 1b shows
the dissolved iron concentration and the acid added to maintain the
pH value shown as the average of the replicate assays plus and
minus the standard deviation. Note that acid consumption scale axis
is 2.5 times the iron concentration one. The slope of the proton con-
sumption curve is therefore about 2.5 times that of iron concentra-
tion although this ratio gradually decreases towards 2 at the end of
the experiment. All this, together with the still significant proton
consumption rate when almost all nitrates are reduced, indicate
that some other proton sink different to the nitrate reduction to
ammonium Eq. (1) is present. Among the possible reactions that
could be taking place is the following competitive oxidation of Fe®

Fe’ + 2H' — Fe** + H, 2)

A control test without nitrate was performed in order to inves-
tigate the rate of iron oxidation and proton consumption. As can be
seen in Fig. 1b, this control test presents a rather constant rate of
proton demand which is quite similar to the one observed at the
end of the nitrate reduction experiment, so the reaction given by
Eq. (2) should be considered together with nitrate reduction.

Fig. 2 shows the nitrate concentration against the reaction time
at different fixed pH values. As can be seen, the kinetics of reduc-
tion of nitrates strongly depends on the protons concentration. To-
tal reduction of nitrate is obtained in a few hours for pH values
below 2.5, whereas only about 37% of nitrate is reduced after
22 d in the assays performed at pH of 4. On the other hand, the
experiments performed at different Fe® dosages indicate that the
rate of nitrate reduction increases with the metal surface concen-
tration, as can be expected.

4. Discussion
4.1. Kinetic model

In a first attempt, we have explored the nitrate reduction kinet-
ics using an empirical rate equation of nth order. The solid lines
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Fig. 2. Experimental NO; removal for pH values between 1.5 and 4.0 and iron
dosage of 6g L.

shown in Fig. 2 correspond to the best fit for this kind of equation
and the legend shows the value obtained for n. As can be seen, the
changes observed in the order of reaction are difficult to be ex-
plained as a consequence of the different constant pH values.
Therefore, the kinetic model to be proposed should somehow ex-
plain these variations on the order of reaction that have been also
previously observed in the literature (Yang and Lee, 2005).

Furtheremore, we have found that a shift in the reaction order
can be observed as the concentration of nitrates decreases. This
kind of behaviour is usually described using models for the kinetics
of surface-catalyzed gas reactions such as Langmuir-Hinshelwood
or Eley-Rideal mechanisms (Steinfeld et al, 1989; Elnashaie and
Elshishini, 1993). We have obtained best results with the Eley-
Rideal mechanism, in which the reduction reaction step on the iron
surface (single-site) controls the overall process. In other words,
the reactants adsorption and the products desorption are very fast
as compared with the reaction step, and therefore adsorption-
desorption equilibrium can be assumed. The model proposes a
competitive adsorption for both nitrates and protons on the ac-
tive-site on the iron surface. Before these adsorptions, the active
site would have retained a proton. The kinetic and equilibrium
expressions are shown below, where 0; represents the fraction of
the active-site covered by the ith species and 0s the fraction of ac-
tive-site uncovered:

- Proton adsorption on the active site (S)

K
H++slé(s-H+)

K_o

Ip = k() [H+]95 — l<,0(95H (3)

ads>

- Nitrate adsorption on the active site (S) after the proton
adsorption

kq

= (S-H" - NO3)

ads K,

rh = 1(1 [NO;]@SH — ](,1 On (4)

NO; + (S-HY)

ads»

- Second proton adsorption on the active site (S)

!
H™+(S-H"),4 k(az (S-H"-H"),4, 2=ky[H 0y —Kk 204 (5)
2

- Reduction of the adsorpted nitrates, (S-H" - NO3),4,, consider-
ing irreversible reaction with a fast desorption of the reaction
products. In this case, the reduction of nitrate follows two differ-
ent paths simultaneously. The first one produces Fe?* and the
other one produces FeO

(S-H" - NOj),q + 4Fe’(s) + 9H"

! AFe®* 4 NHj +S+3H,0, 13 = ksOn[H'] (6)
(S-H" -NOj )4 + 4Fe’(s) + H" + H,0

X 4Fe0(s) + NH] +S, 14 = ksOn[H'] (7)

- Reduction of adsorpted protons, considering irreversible reac-
tion with fast desorption of the reaction products

(S-H' -H'),g + F%(s) S Fe® + Hy(g) +S, rs=ksOy  (8)

ads

Assuming that the adsorption of both nitrate and protons on the
active sites is fast enough to consider that equilibrium is achieved
in 3-5 and taking into account that 0s + 0sy + 0y + 0y = 1, then the
fraction of active-site covered by nitrates and protons can be ex-
pressed as a function of their adsorption equilibrium constants
(Ko, K7 and K;) and their aqueous concentration, this is
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And therefore, the rate expressions of the rate determining steps 6-
8 are
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As can be seen in these last three equations, when the reduction is
performed at a constant pH value, r3, r4 and rs only depend on the
nitrate concentration. The rate of nitrate reduction will be ex-
pressed as

NO; H*][NO;
—d[d(t:)3]=r3+r4=(k3+l<4) ] ! HKZO 3]
I(0K1[H+]+K1 +75q L+ NO3]
_ fi[NO5]
~ f5+[NO;] (14)
where
1 1 KyH'
fi = (1 + ke)H'] and f, = il (15)

KKH] KT K

The rate of iron oxidation to Fe?
rate-determining steps

* is given by the sum of both

d[Fe*?] 4ks[H'][NO; | + 52 [H']
ar A= ]
GG ET 1<1 + + [NO;]
4f5[NO;] +fs
— il 16
f» +INO,] o)
where f, — ky[H'] andfs I‘SKZ ksK2 ) (17)
And finally, the rate of proton consumption is
+
— d[dHt ) =10r3 + 214 + 215
10k3[HF)[NO3 ] + 2ks[H'][NO3 ] + 2 k% [H]
#{H‘] + e + ] + [NO;}
_ 10f5[NO;] + 2f4[NO5 ] + 2f 5 (18)

fo +[NO;]
where f; = kq[H'].

4.2. Kinetic model application

The procedure followed to fit the kinetic model to the experi-
mental data at each constant pH value is as follows: first, the least
squares fitting of the experimental nitrate concentration evolution
to the kinetic expression of nitrate reduction (14) provides the
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Fig. 3. Experimental and model results for pH 3.

values of f; and f». Second, in a similar way, the least squares fit-
ting of the experimental iron concentration evolution to the kinetic
expression for Fe?* (16) yields the values of f3 and fs; it should be
noted that the values of f, are already known from the first step.
Third, the values of f4 at each pH value are obtained from f; and

f3 (fa=f1—f3). Then, the calculation procedure is checked by the
10 3
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Fig. 4. Fitting of the f; parameters to the model expressions.
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Fig. 5. Experimental and model results for nitrate and iron concentration evolutions at different iron dosage and a fixed pH value of 2.

comparison between the experimental and the model results for
proton consumption (18) using the parameter values already
obtained.

4.3. Influence of the pH value

As an example, Fig. 3 shows the model and experimental results
for pH = 3.0. In Fig. 3a the concentrations of nitrate and ammonia
and the nitrogen balance are represented against the reaction time.
As indicated in the Section 3, the determination of ammonium con-
centration by ISE presents errors that can be close to 10%, therefore
the fittings were performed for the experimental nitrate concen-
tration using f; and f, as fitting parameters. Similar results were
obtained for the other pH values explored, with determination
coefficient values between R?=0.9985 and 0.9997. It should be
noted that the nitrogen balance differences present similar values
in all the experiments and depend on the ammonium concentra-
tion more than on the reaction time.

Fig. 3b shows the results for Fe?* concentration and acid con-
sumption evolution. As explained above, the model results are ob-
tained using the values of f; and f, obtained from the nitrate data
fitting, and using f3 and f5 as fitting parameters. Again good deter-
mination coefficient values (from R? = 0.9929 to 0.9985) were ob-
tained for all the six pH values explored. The determination
coefficient values for the non-fitted acid consumption were be-
tween 0.9385 and 0.9927. This gives an important reliability on
the model.

The values of the kinetic and equilibrium coefficients of the
model can now be obtained from the values of f; at the different
pH values essayed. Except for f5, the logarithm of the parameter
values was used to obtain the best fit. The values of the parameters
fi against the pH value together with the model results are shown
in Fig. 4. The results corresponding to pH 1.5 are not consistent
with the trend observed for the other pH values. This observation
is probably due to the arising of mass transfer limitations when
the chemical reaction becomes very fast. This is also consistent
with the fact that the results obtained for pH values of 1.5 and
2.0 are quite similar, as can be seen in Fig. 2. Therefore, results
for pH 1.5 are omitted in the following figures and calculations.

As indicated in the introduction section the wide variation of
the order of reaction with respect to the nitrate concentration re-
ported previously is difficult to explain. As far as the authors know,
only the work of Huang and Zhang (2004) presented a kinetic
equation with shifting order of reaction by means of a Langmuir ki-
netic equation. The equivalent value to their specific nitrate reduc-
tion rate (0.200 Lm 2 min~') can be calculated from our model
results as 0.256 Lm 2 min~! after normalizing our parameter val-

ues with respect to the surface concentration. Since the specific
surface is not large enough to be measured directly, we have calcu-
lated the specific surface, assuming spherical shape for the Fe par-
ticles after classification by sieving, as 2.6 x 107> (m?g™").
Nevertheless, Huang and Zhang model is unable to explain our
observation that the variation of f, with respect to the pH value
Eq. (15) presents a minimum, while their analogous term (Ky) in-
creases continuously with the proton concentration.

4.4. Influence of the Fe® dosage

As expected, the surface area concentration of Fe® strongly
influences the kinetics of nitrate reduction, indicating that this
reaction should be taking place at the metal surface. Fig. 5 presents
the model and experimental results at a fixed pH value of 2 and dif-
ferent iron dosages (1.2-24 g Fe® L"), Since f, is only related to
thermodynamic parameters Eq. (15) the experimental nitrate con-
centration evolution was performed using only f as fitting param-
eter while the value for f, was the one obtained in the influence of
the pH value paragraph. The values of the remaining parameters
were obtained following the same procedure described in the ki-
netic model application paragraph. As can be seen, good fitting is
obtained for both experimental concentration evolutions at each
iron dosage. Although not shown the model adequately reproduces
the experimental acid consumption too.

The values of the parameters f; and fs obtained are represented
against the iron dosage in Fig. 5b. As indicated in the kinetic model
paragraph, f; is related to the reduction of the adsorpted nitrates
whereas f5 is related to reduction of the adsorpted protons. The
influence of the iron surface concentration is analyzed by fitting
these two parameters to a potential function on the iron dosage,
so the exponent indicates the apparent reaction order with respect
to the iron surface concentration for both reduction reactions.

The apparent reaction order with respect to the iron surface
concentration is close to 2/3 for the reduction of adsorpted nitrate.
This value is typical (Levenspiel, 1999) when the chemical reaction
rate is the rate-limiting step in the solid-fluid reaction models
where the solid particles are considered spherical. Nevertheless,
in the reduction of adsorpted protons, the apparent reaction order
almost doubled the 2/3 coefficient, that may indicate that two ac-
tive sites on the iron surface are involved on the mechanism de-
scribed by Eq. (8).
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