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a b s t r a c t

The pillared bentonite prepared by intercalating poly(hydroxo Al(III)) cations into bentonite interlayers
was used together with Fe(0) for removing nitrate in column experiments. The obvious synergetic effect
on nitrate removal was exhibited through uniformly mixing the pillared bentonite with Fe(0). In such
a mixing manner, the nitrate was 100% removed, and the removal efficiency was much higher than
vailable online 16 September 2009
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itrate
ero-valent iron
lay

the simple summation of adsorption by the pillared bentonite and reduction by Fe(0). The influencing
factors such as bentonite type, amount of the pillared bentonite and initial pH of nitrate solutions were
investigated. In this uniform mixture, the pillared bentonite could adsorb nitrate ions, and facilitated the
mass transfer of nitrate onto Fe(0) surface, then accelerated the nitrate reduction. The pillared bentonite
could also act as the proton-donor, and helped to keep the complete nitrate removal for at least 10 h even

was
eduction
dsorption

when the nitrate solution

. Introduction

Zero-valent iron (Fe(0)) has been demonstrated to be an effi-
ient reductant to many pollutants, and has been extensively
nvestigated for remediation of water contaminated by chlorinated
ydrocarbons [1–3], nitro aromatics [4,5] and heavy metals such as
r(VI) [6–8]. In recent years, Fe(0) has also been investigated on its
otential to reduce nitrate (NO3

−) in water [9–17].
Nitrate contamination in water mainly comes from the agricul-

ural runoff, animal wastes and industrial processes, etc., and has
ecome a worldwide environmental problem. Nitrate will pose a
erious threat to the human health when it is reduced to nitrite
NO2

−), and cause health effects including liver damage, cancers,
nd methemoglobinemia. Despite a lot of other methods have been
roposed for the treatment of nitrate in water, Fe(0) treatment has
eceived much attention due to its relatively cheap costs and easy
perations [18,19].

The performance of Fe(0) treatment is strongly dependent on
H value in aqueous system [9–11]. Huang et al. [11] reported that
apid reduction of nitrate by Fe(0) only occurred at pH ≤ 4, which
s probably related to the enhanced iron corrosion in acid solution
10,11]:
O3
− + 4Fe(0) + 10H3O+ → 4Fe2+ + NH4

+ + 13H2O (1)

H3O+ + Fe(0) → H2 + Fe2+ + 2H2O (2)

∗ Corresponding author. Tel.: +86 575 8834 2386; fax: +86 575 8831 9253.
E-mail address: liym@zscas.edu.cn (Y. Li).

304-3894/$ – see front matter © 2009 Published by Elsevier B.V.
oi:10.1016/j.jhazmat.2009.09.035
fed at nearly neutral pH.
© 2009 Published by Elsevier B.V.

At pH > 4, the nitrate reduction is insignificant, because the fer-
rous hydroxide produced during the reaction may form a passive
oxide layer, and hinder the iron corrosion [11]. In order to keep the
nitrate being reduced at a satisfying rate, the methods for adjust-
ing pH by adding acids or buffering agents have been reported
[10,11,13–15]. But these methods are not convenient in view of
practical applications. So other methods such as pretreatment of
iron surface [17], deposition of copper as catalyst [17,20] and ele-
vated temperature [18] were also proposed for accelerating nitrate
reduction by Fe(0).

The accumulation of contaminants on iron surface is benefi-
cial for enhancing the removal efficiency by Fe(0) [21,22]. When
surfactant-modified zeolite and Fe(0) was used together, the
enhanced performance on Cr(VI) removal was observed due to the
combined effects of adsorption by zeolite and reduction by Fe(0)
[23]. Recently, Oh et al. [24] reported that the amorphous silica
provided excessive surfaces for scavenging the reduction products
of Cr(VI), and significantly enhanced the reduction efficiency of
Cr(VI) by Fe(0). So it is interesting to investigate the performance
of adsorbents on removing nitrate by using adsorbents and Fe(0)
together.

Bentonite is a kind of expandable clay composed primarily of
montmorillonite, with permanent negative charges on its surface
resulting from the isomorphous substitution of central atoms in the
octahedral/tetrahedral by cations of lower valence. Such structure
enables bentonite to be intercalated by inorganic and/or organic

cations, and the resulting materials have high specific surface areas
associated with their small particle size. These modified clays can
be used as efficient adsorbents for many inorganic and organic con-
taminants in water [25–30]. Natural Fe-bearing clays demonstrated
their capacity on reduction of Cr(VI) with or without addition of

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:liym@zscas.edu.cn
dx.doi.org/10.1016/j.jhazmat.2009.09.035
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ther reductants [31–33]. But the combination of Fe(0) with mod-
fied clays for the reduction of aqueous contaminants has seldom
een reported till now.

The present work is aiming to enhance the efficiency of Fe(0)
n removing nitrate by using the pillared bentonite as adsor-
ent. For this purpose, the pillared bentonite was prepared by

ntercalation of poly(hydroxo Al(III)) cations. The continuous col-
mn experiments were performed to examine the efficiency
n nitrate removal by Fe(0) mixed with the pillared bentonite.
or the comparison study, the nitrate reduction by Fe(0) alone
nd the nitrate adsorption on the pillared bentonite were also
nvestigated.

. Materials and methods

.1. Materials

The bentonite was primarily of Na+-montmorillonite (denoted
y Na-bent) from Inner Mongolia, China. Its cation exchange capac-

ty was determined to be 115 cmol/kg. The sand was washed and
ried, and the fraction with size of 0.2–0.9 mm was collected for use.
ommercial iron powder was purchased from Shanghai Chemical
o., China, and the fraction of passing through a sieve of 100 mesh
size <150 �m, specific surface area ≈ 0.35 m2/g, and iron content
f 91.2%) was used. Potassium nitrate of analytical grade was used
o prepare aqueous nitrate solutions. NaOH and AlCl3·6H2O were
oth of analytical grade.

.2. Preparation and characterizations of the pillared bentonite

The pillared bentonite was prepared from Na-bent by intercalat-
ng with poly(hydroxo Al(III)) cations. Firstly, NaOH solution was
dded dropwise to a solution of 0.2 mol L−1 AlCl3 until the molar
atio [OH−]/[Al3+] = 2.0. The resulting pillaring solution was slowly
dded in a Na-bent suspension of 10 g in 500 mL of de-ionized
ater until the [Al3+]/bentonite ratio of 10 mmol/g was reached.

he resulting mixture was heated at 70 ◦C for 48 h and the modified
entonite was washed, centrifuged, and dried to a constant weight.
he bentonite sample (denoted by OH-Al-bent) was mechanically
round to less than 100 mesh and heated at 115 ◦C for 2 h before
se.

The Brunauer–Emmett–Teller (BET) surface areas of Na-bent
nd OH-Al-bent were 31.8 and 129 m2/g, respectively, as obtained
rom nitrogen adsorption data at 77 K in an accelerated surface
rea and porosimetry system, ASAP 2020 (Micromeritics). The
amples were degassed at 115 ◦C for 4 h under vacuum prior
o adsorption. The basal spacings of bentonite samples were
.27 nm for Na-bent and 1.79 nm for OH-Al-bent, respectively,
s measured by X-ray diffraction (XRD) in a Rigaku D/MAX-
500 equipment with Cu K� radiation and a goniometer rate
f 4◦ min−1.

.3. Nitrate adsorption on bentonite samples

The adsorption isotherms were determined by batch equilibra-
ion of 0.050 g of each bentonite sample with 50 mL of aqueous
itrate solutions of varied initial concentrations. Experiments
ere carried out in a thermostatic shaker bath at 25 ± 0.1 ◦C

or 2 h. Preliminary experiments confirmed that the adsorption
quilibrium time was less than 2 h. After equilibration, the sus-

ension was centrifuged, the supernatant was filtered, and the
itrate concentration in supernatant (Ce) was measured. The
mount adsorbed (Qe) was calculated from the difference in
oncentration between the initial (C0) and the equilibrium (Ce)
olution.
terials 174 (2010) 188–193 189

2.4. Nitrate removal studies

The removal studies were carried out continuously in packed
columns [3,12]. The mixture of sand, iron powder and/or bentonite
samples with total weight of 100 g was installed in the column
of 20 cm × 2 cm i.d. Four columns using different packing manners
were tested: (i) uniform mixture of 90 wt% of sand with 10 wt% of
OH-Al-bent; (ii) uniform mixture of 90 wt% of sand with 10 wt% of
Fe(0); (iii) the lower half of column was packed with the mixture of
sand (40 wt%) and Fe(0) (10 wt%), and the upper half of column with
the mixture of sand (40 wt%) and bentonite (10 wt%); (iv) uniform
mixture of 80 wt% of sand, 10 wt% of Fe(0) and 10 wt% of bentonite.

The de-ionized water was flowed through the column for 5 h
before the nitrate solution was pumped in. Then the nitrate solu-
tion of 100 mg/L (C0 = 1.61 mmol/L) was fed continuously at a rate
of 0.5 mL/min by a peristaltic pump, and passed slowly through the
column in an upward flow mode. The nitrate concentration of efflu-
ent sample at time t (Ct) was determined. The removal efficiency
was calculated as

removal efficiency (%) = C0 − Ct

C0
× 100

The effects of pH on nitrate removal were determined by adjust-
ing the initial pH values of influent nitrate solution with HCl and
NaOH solutions.

2.5. Analytical methods

Concentrations of nitrate, nitrite and ammonium species in
effluent samples were determined by using a UV–vis spectropho-
tometer (SP-756P, Shanghai Spectrum, China) [34–36]. The nitrate
concentration was calculated by ultraviolet absorbance measure-
ment, which was made at 220 nm and corrected by subtracting
a second measurement at 275 nm. The nitrite concentration was
determined by visible absorbance measurement at 540 nm, due
to the diazonium complex formed by reaction involving NO2

−,
sulfanilamide and N-(1-naphtyl)-ethylenediamine dihydrochlo-
ride. The ammonium concentration was determined by Nessler’s
method, in which the derivative of ammonium was measured by
absorbance at 420 nm.

3. Results and discussion

3.1. Comparison of various mixing manners on nitrate removal

Four columns were packed with various materials and manners
as mentioned in Section 2.4, so as to investigate the performance
of the pillared bentonite on nitrate removal by Fe(0). The pH of
influent nitrate sample was kept at 3.0, and the changes of nitrate
concentration in effluent with time for the four columns are shown
in Fig. 1.

In column (i) packed with mixture of sand and OH-Al-bent, the
nitrate was removed by only a very small fraction. The nitrate
removal in this case could only be ascribed to the adsorption by
OH-Al-bent because there was not any reductant in this column.
In column (ii) packed with mixture of sand and Fe(0), the nitrate
was removed by a higher efficiency and less nitrate was detected
in effluent. This shows that nitrate was reduced by Fe(0) in this
column, but the reduction alone is not sufficient for the complete
removal of nitrate under the experimental conditions. In column
(iii), the nitrate was partly adsorbed by the pillared bentonite in

the upper layer, and partly reduced by Fe(0) in the lower layer. As
can be seen in Fig. 2, at a certain time the removal efficiency in
column (iii) is approximately equal to the sum of removal efficien-
cies in columns (i) and (ii). This indicates that, the nitrate removal
with such a mixing manner as in column (iii) is resulted from the
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ig. 1. Nitrate concentrations in effluents from various columns and removal effi-
iency in column (iv) (initial pH of influent solutions = 3).

umulative effect of adsorption by the bentonite and reduction by
e(0).

The column (iv) showed a surprisingly higher efficiency on
emoving nitrate than that in other columns (see Fig. 1). The
emoval efficiency in the initial 27 h was kept at 100%, which is
uch higher than that in column (iii). In this way, the pillared ben-

onite improved the efficiency of nitrate removal by Fe(0) on the
elow two aspects: (1) the more complete removal of nitrate and
2) the long time for the complete removal. The results indicate
hat, in this uniformly mixing system, the nitrate removal is not a
imple summation of adsorption by the bentonite and reduction by
e(0). There must be synergetic effect existing between the pillared
entonite and Fe(0) on removing nitrate.

.2. Effect of different bentonites on nitrate removal

The synergetic effect of OH-Al-bent on nitrate removal by Fe(0)
as further explored by using Na-bent (instead of OH-Al-bent) in
olumn (iv). As can be seen in Fig. 3, when the Na-bent was used
ogether with Fe(0), the removal efficiency of nitrate was kept at a
evel slightly higher than that by Fe(0) alone, but much lower than
hat treated by the mixture of OH-Al-bent and Fe(0). The results

ig. 2. Nitrate removal efficiency in columns (i), (ii) and (iii) (initial pH of influent
olutions = 3).
Fig. 3. Nitrate removal efficiency by Fe(0) mixed with different bentonites in column
(iv) (initial pH of influent solutions = 3).

indicate that, the pillared modification with poly(hydroxo Al(III))
cations is necessary for the bentonite to achieve higher efficiency
on removing nitrate.

For the multi-phase reaction system composed of both liquid
and solid reactants, the adsorption or accumulation of reactants
on the solid phase is very important [19]. For example, surface
modification of Fe(0) with cationic surfactants improved the accu-
mulation of perchloroethylene on reactive sites of iron, which
resulted in the increased degradation of perchloroethylene [21,22].
In order to explain the synergetic effect of the pillared bentonite,
the adsorption of nitrate on the bentonites was investigated (Fig. 4).
The Na-bent did not show noticeable adsorption to nitrate ions,
which may be due to the repulsion between anionic NO3

− and
the negatively charged bentonite surface [37]. The modification
of bentonite with poly(hydroxo Al(III)) cations partly reduced the
negative charge density. At the meantime, the basal spacing and
specific surface area of bentonite were both enlarged. So the nitrate
ions could be adsorbed by OH-Al-bent with a noticeably higher

amount than that by Na-bent.

Due to the enhanced adsorption of nitrate ions on the pillared
bentonite, more contaminants accumulated on the solid phase,
which made them easily approach the reactive sites of iron sur-

Fig. 4. Adsorption isotherms of nitrate on various bentonites at 25 ◦C.
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ig. 5. Nitrate concentrations in effluents when influents of various initial pH were
sed in column (iv).

ace. As a result, the mass transfer of nitrate from the solution to
he iron surface was facilitated, and then the surface reaction was
ccelerated. In this regard, the pillared bentonite performed just
ike organic-bentonites for the Fe(0) reduction of trichloroethy-
ene [38] and 2,4-dichlorophenol [39]. Because the direct contact
f nitrate with Fe(0) is necessary for electron transfer to occur, the
lose contact of the pillared bentonite with Fe(0) is very impor-
ant for accelerating the surface reaction. Therefore, the synergetic
ffect was observed only when the pillared bentonite was uni-
ormly mixed with Fe(0).

.3. Effects of pH on nitrate removal

When the uniform mixture of OH-Al-bent with Fe(0) and sand
as packed in column (iv), the nitrate removal for influent solu-

ions of various initial pH were tested (Fig. 5). In all the treatments,
he complete removal of nitrate was observed in the early period,
hich was shortened with the increasing pH from 3 to 6.5. Accord-

ng to the kinetics of nitrate reduction by Fe(0), the higher the pH in
itrate solution, the slower the reduction rate [11,14,19,40]. But in
his column test, the mixture of OH-Al-bent with Fe(0) could still
rovide a high efficiency of 100% nitrate removal even when the
itrate solution was fed at nearly neutral pH. This is an important
dvancement, because most reports indicated that nitrate could be
educed by Fe(0) at a satisfying rate only in an acid medium, except
hat catalysts were used [17,20].

As it is known, the nitrate reduction by Fe(0) is a surface reaction
riven by hydrogen protons. The protons may directly participate

n the redox reaction or accelerate the reaction by dissolving away
he passive layer on the iron surface [11,14]. In the pillared ben-
onite, there are many proton-donating hydroxyl groups derived
rom the intercalated poly(hydroxo Al(III)) cations, which results
n the acidity of bentonite surface [41]. Due to the acidity of pil-
ared clays, they can be used for catalyzing the reduction of nitric
xide [42]. The OH-Al-bent in this mixing system might also act as
he acid catalyst for the nitrate reduction.

The high efficiency of this mixing system might be explained
y another proposed reason that was related to the adsorption

f by-products by OH-Al-bent. As indicated in Eqs. (1) and (2),
t the meantime of nitrate reduction, Fe(0) itself was converted
nto the form of Fe2+, which might be adsorbed by the pillared
entonite. Due to the complexity of the column system involv-

ng various iron and nitrogen species, the adsorption mechanisms
Fig. 6. Nitrate concentrations in effluents when various amounts of OH-Al-bent
were used in column (iv) (initial pH of influent solutions = 3).

on bentonite are obviously complicated. If only iron metal cations
were considered, the cation exchange mechanism could be used to
explain their adsorption by clays [43]. In the case of bentonite pil-
lared with poly(hydroxo Al(III)) cations, the adsorption occurred
in the manner of displacement of protons from surface hydroxys
by iron cations (Fe2+ and Fe3+), which was accompanied by the H+

release [44,45]. The released protons could help to improve the
Fe(0) activity in the following ways: (1) the nitrate reduction could
continue with high reaction rate; (2) the removal efficiency could
be kept at nearly 100% for a period.

3.4. Effect of amount of the pillared bentonite on nitrate removal

Fig. 6 shows the nitrate removal by the uniform mixtures of OH-
Al-bent and Fe(0) with various amounts of bentonite in column
(iv). When Fe(0) was used at a fixed amount, the higher amount of
bentonite used in the mixtures resulted in the longer service time of
Fe(0) for the complete nitrate removal. This could be explained by
the above proposed mechanism. When the pillared bentonite was
used with a higher amount, the cation exchange between bentonite
and the by-product iron cations could last for a longer time, and
more protons would be released into the column system. Therefore,
the nitrate reduction could be kept at a high reaction rate for a
longer period.

3.5. Analytical results on the reduction products

Most of the reports have indicated NH4
+ as the end product of

nitrate reduction by Fe(0), although different end product such as
N2 gas has also been reported [15,46]. When the pillared bentonite
was used together with Fe(0) in a uniform mixture for removing
nitrate, the compositions of the effluent were analyzed (Fig. 7).
In the early 27 h (30 pore volumes), the nitrogen in the effluent
existed in the form of NH4

+, indicating the complete reduction of
nitrate. After 27 h, the gradual increase of NO3

− concentration in
the effluent was observed, at the mean time the decrease of NH4

+

concentration was measured. This might be related to the gradual
saturation of adsorption on the pillared bentonite, which resulted
in the declined mass transfer rate of nitrate and reduced release of

hydrogen protons. So the nitrate reduction rate was slowed down,
which led to more reactant (NO3

−) and less product (NH4
+) in the

effluent. In the latter period (after 27 h in Fig. 7) of declining removal
efficiency, the presence of a little NO2

− in the effluent indicated that
the nitrate was reduced through a pathway including nitrite as an
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ig. 7. Concentration changes of nitrogen species in the effluent with time (column
iv), initial pH of influent solution = 3).

ntermediate [11]:

O3
− + Fe(0) + 2H3O+ → Fe2+ + NO2

− + 3H2O (3)

Fig. 7 also indicates that the concentration of total nitrogen in the
ffluent samples changed little during the whole process of nitrate
emoval. The amount of total nitrogen in the effluent maintained
t a level of 1.49 ± 0.02 mmol/L, which is a little lower than the
nitial concentration of influent nitrate solution (1.61 mmol/L). This
ndicates that a little part of nitrate was converted into N2 gas and
scaped from the solution in the column experiments.

. Conclusions

The pillared bentonite (OH-Al-bent) was used by mixing with
e(0) together for nitrate removal, and the distinctly enhanced
fficiency was obtained when the uniform mixture was used in
he continuous column experiments. The nitrate removal efficiency
as kept at 100% for 10–40 h depending on the initial pH of influent
itrate solution and the amount of OH-Al-bent used. The pillared
entonite played multiple roles in the mixture including:

1) adsorption to nitrate ions, which facilitated the mass transfer
of nitrate from solution onto solid surface;

2) acid catalyst for the nitrate reduction due to its surface acidity;
3) the sustained release of hydrogen protons through cation

exchange with iron cations (by-products in nitrate reduction),
which could explain the high efficiency on nitrate removal even
when the solution was fed at nearly neutral pH.
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