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 i g  h  l  i  g  h  t  s

Pb(II)  removal  capacity  of  nZVI was
greatly influenced  by nitrate.
Nitrate  reduction  led to  the  formation
and deformation  of Pb-containing
ferrite.
ORP  can  indicate  the  transformation
of  nZVI  particles  and  related  redox
processes.
Shortening  reaction  time  or  adding
fresh nZVI  can  reduce  the  negative
effects  of nitrate.
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a  b  s  t  r  a  c  t

Nanoscale  zerovalent  iron  (nZVI)  is  efficient  for removing  Pb2+ and  nitrate  from  water.  However,  the
influence  of  nitrate,  a common  groundwater  anion,  on  Pb2+ removal  by  nZVI  is  not  well  understood.  In
this  study,  we  showed  that  under  excess  Fe0 conditions  (molar  ratio  of  Fe0/nitrate  >  4),  Pb2+ ions were
immobilized  more  quickly  (<5  min)  than  in nitrate-free  systems  (∼15  min)  due  to  increasing  pH.  With
nitrate  in  excess  (molar  ratio  of  Fe0/nitrate  <  4),  nitrate  stimulated  the  formation  of crystal  PbxFe3−xO4

(ferrite),  which  provided  additional  Pb2+ removal.  However,  ∼7%  of immobilized  Pb2+ ions were  released
anoscale zerovalent iron
ead pollution
itrate influence
errite process
xidation–reduction potential

into  aqueous  phase  within  2 h due to  ferrite  deformation.  Oxidation–reduction  potential  (ORP)  values
below  −600  mV  correlated  with  excess  Fe0 conditions  (complete  Pb2+ immobilization),  while ORP  values
≥−475  mV  characterized  excess  nitrate  conditions  (ferrite  process  and  Pb2+ release  occurrence).  This
study  indicates  that  ORP monitoring  is  important  for proper  management  of nZVI-based  remediation  in
the subsurface  to avoid  lead remobilization  in  the  presence  of nitrate.

© 2014  Elsevier  B.V.  All  rights  reserved.
∗ Corresponding author at: Bren School of Environmental Science & Management,
niversity of California, Santa Barbara, 3420 Bren Hall, CA 93106, USA.
el.: +1 8058937548; fax: +1 8058937612.
∗∗ Corresponding author. Tel.: +86 2165982503; fax: +86 2165988885.

E-mail addresses: keller@bren.ucsb.edu, arturo.keller@gmail.com (A.A. Keller),
hangyalei@tongji.edu.cn (Y. Zhang).

ttp://dx.doi.org/10.1016/j.jhazmat.2014.08.040
304-3894/© 2014 Elsevier B.V. All rights reserved.
1. Introduction

Groundwater has long been used as a drinking water resource in
parts of China and many other countries [1–4], but the presence of
pollutants in groundwater is a common problem [1,5,6]. Nanoscale

zerovalent iron (nZVI) has been extensively considered for in situ
groundwater remediation [7–10] of a wide range of groundwa-
ter pollutants including chlorinated solvents [11,12], chlorinated
pesticides [13], heavy metals [14–16], and nitrate [17–19].
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Pb2+ is immobilized by nZVI mainly through sorption and co-
recipitation and partly by reduction [15]. Nitrate removal by nZVI
enerally occurs via reduction to ammonium (Eq. (1)) at very high
ate (50 ppm nitrate could be reduced by 1.43 g/L nZVI within

 h, as modeled by pseudo-first-order reaction kinetics), even at
igh pH (9–10) [19–21]. Although there are several studies on
he use of nZVI for cleanup of Pb2+ [22–24] or nitrate contam-
nation [18,19] individually, little attention has been paid to the
reatment of groundwater with different levels of Pb2+ and nitrate,
ven though some researchers recommend that studies need to be
one in the systems similar to the real environment [25,26]. Pb2+

ollution results mainly from leakage of leaded gasoline and poor
anagement of wastes from industrial processes such as mining,

oal burning, battery production, and smelting [27], while nitrate
ontamination is mainly from fertilizer application, irrigation with
ntreated wastewater, and industrial processes [2,28]. Nitrate con-
entrations as high as 300 mg/L have been detected in groundwater
2].nZVI is easily oxidized on exposure to water, hence the Fe(0)
ore is surrounded by an oxide layer [6,29]. The core-shell struc-
ure is key for Pb2+ sequestration (partly reduction by core but

ainly adsorption and co-precipitation on shell) [15,29,30], but this
nique structure is destroyed during the nitrate reduction process
s Fe(0) may  be oxidized completely [19]. The potential effect of
he damaged structure on the ability of nZVI to immobilize Pb2+

as not been investigated to date.
Nitrate reduction by nZVI (Eq. (1)) will increase solution pH (to

10) from the accumulation of hydroxyl ions [19,31], which could
ossibly enhance heavy metal removal through precipitation and
he ferrite formation process (Eqs. (2) and (3)) [32,33]. As shown in
q. (2), Pb2+ ions may  be incorporated into the lattice points of fer-
ites (PbxFe3−xO4) during their formation through co-precipitation
32]. Ferrite formation occurs mainly via oxidation of Fe2+ at high
H and temperature in the presence of an oxidant (Eq. (2)) [32].
lthough dissolved oxygen can be limited or even non-existent in
ZVI reaction systems (which means Eq. (2) is not likely to happen),
itrate also could oxidize Fe2+ to Fe3+, leading to the formation
f PbxFe3−xO4 (Eq. (3)). Therefore, nitrate reduction by nZVI may
esult in both negative (damage of core-shell structure) and positive
high pH and ferrite formation) effects on Pb2+ immobilization.

O3
− + 4Fe0 + 7H2O → 4Fe2+ + NH4

− + 10OH− (1)

Pb2+ + (3 − x)Fe2+ + 6OH− + 0.5O2 → PbxFe(3−x)O4 + 3H2O (2)

Fe3+ + (1 − x)Fe2+ + xPb2+ + 8OH
NO3

−,NO2
−

−→ PbxFe(3−x)O4 + 4H2O

(3)

An important parameter to be considered in nZVI-based reme-
iation (when it occurs via adsorption, such as Pb2+) in the presence
f groundwater oxidants (e.g. nitrate) is the amount of nZVI to be
pplied. Due to oxidation, nZVI may  persist for less time when oxi-
ants are abundant in the environment than when oxidants are

imited [7,34,35]. If all nZVI is consumed by nitrate and/or other
xidants, previous adsorbed/co-precipitated Pb2+ on the surface of
ZVI will be likely released into solution again. Consequently, to
void possible remobilization of pollutants (e.g. Pb2+), excess nZVI
relative to oxidants) in permeable reactive barriers or injection
ells is required. Oxidation and reduction potential (ORP) mea-

urement of media, which can represent the sum of two or more
edox couples [36] (such as, Fe/Fe2+, H2/H+, NH4

+/NO3
−), presents

 useful technique for monitoring nZVI reactivity in the subsurface

nd has been widely used by other studies [37–39]. ORP was  suc-
essfully used to indicate the presence of Fe0 in columns packed
ith hexavalent chromium, nitrate, sulfate, and trichloroethene-

ontaminated mixture in groundwater [40]. Shi et al. [38] showed
aterials 280 (2014) 504–513 505

that the specific transformation of nZVI can be effectively character-
ized by the ORP value of media, especially at low levels of unreacted
nZVI.

In this study, we investigated nZVI remediation of lead in the
presence of nitrate by carefully tracking nitrate, ammonium, nitrite,
and Pb2+ concentrations in the aqueous phase. Transformation of
nZVI and the ferrite process were also visualized via transmission
electron microscopy (TEM). Furthermore, ORP monitoring was also
employed to understand the reactions occurring among nZVI, Pb2+,
and nitrate. The results of this study provide useful information
for proper management of nZVI-based remediation of lead (and
possibly other heavy metals) in the presence of groundwater anions
such as nitrate.

2. Material and methods

2.1. Chemical reagents

Analytical-grade lead acetate (Pb[CH3COO]2·3H2O, denoted as
Pb(AC)2), lead nitrate (Pb(NO3)2), sodium borohydride (NaBH4,
98%), sodium nitrate (NaNO3), and anhydrous ferric chloride (FeCl3)
were purchased from Aladdin (Shanghai, China). All chemicals were
used without further purification.

2.2. nZVI synthesis method

nZVI was synthesized via the reaction shown in Eq. (4) [30]:

4Fe3+ + 3BH4
− + 9H2O → 4Fe0 + 3H2BO3

− + 6H2 + 12H+ (4)

Sodium borohydride (NaBH4, 0.25 M)  was titrated (1 L/h) into
ferric chloride solution (FeCl3, 0.048 M)  at a volumetric ratio of 1:1.
After reduction, the jet-black iron nanoparticles were collected and
washed with deionized (DI) water and anhydrous ethanol three
times each. A neodymium iron boron magnet was then used to
remove nZVI from suspension. Freshly prepared nZVI was stored in
anhydrous ethanol solution at 4 ◦C until use. DI water was  used in
this study, and it was  degassed by N2 (final DO < 0.1 mg/L) prior to
use.

2.3. Pb2+ removal from Pb(NO3)2 and Pb(AC)2 systems using nZVI

Preliminary studies to understand Pb2+ sorption by nZVI from
Pb(AC)2 and Pb(NO3)2 were done via batch sorption experiments.
The tests were carried out in a series of 100 mL  conical flasks
sealed with screw caps. 100 mL  of sample volume was  used to
ensure minimal headspace; N2 was introduced into the headspace
before sealing the flasks (each flask was  sampled only once to avoid
reaeration). 0.25 g/L nZVI was  used for all the studies while Pb2+

concentration was  0.97–1.93 mM.  The flasks were agitated vig-
orously on a shaker table (200 rpm) at 25 ◦C, and aliquots were
collected from the supernatant at different times within 2 h (pre-
liminary experiments indicated 2 h was long enough to achieve
equilibrium). Dissolved lead and iron in collected samples were
determined by inductively coupled plasma (ICP; Agilent 720ES,
Japan) after filtering with 0.22 �m filter and acidifying with 4%
ultrahigh-purity HNO3.

2.4. Relationship between Pb2+ removal and ORP in Pb(NO3)2 or
Pb(AC)2 reaction system

2 g/L nZVI was exposed to a series of Pb2+ (from Pb(NO3)2 or

Pb(AC)2) concentrations (1.45, 2.40, 3.85, 4.83, 5.80, 7.25, and
9.65 mM)  in a three-necked flask under argon (Ar) atmosphere
(Fig. S1). ORP was monitored every minute for 2 h using a HACH
Sc200 (Loveland, CO). Pb2+ removal was  determined via ICP
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nalysis of Pb2+ in supernatant as described previously. The
eaction temperature was kept at 25 ◦C with a water bath.

.5. Reactions among Pb2+, NO3
−, and nZVI at different nitrate

bundance conditions

Reactions between Pb(NO3)2 (Pb2+ and NO3
−) and nZVI were

nvestigated under (1) excess nZVI (molar ratio of Fe0/nitrate > 4);
2) balanced nZVI-NO3

− (Fe0/nitrate, ∼4), and (3) excess NO3
−

Fe0/nitrate < 4) conditions. nZVI stock suspension was introduced
o solutions with different Pb(NO3)2 concentrations in a three-
ecked flask under Ar atmosphere (nZVI, 500 mg/L). Pb(NO3)2
oncentrations used were 0.97 mM (excess nZVI), 1.45 mM
approximately balanced nZVI-NO3

−), and 1.93 mM (excess NO3
−).

he flask was agitated by an electric stirrer (250 rpm) at 25 ◦C. ORP
nd pH were also monitored every minute using the HACH Sc200
hroughout the reaction (2 h). 1 ml  of aliquots were collected in
ime series and analyzed for NO3

−, NO2
−, NH4

+, Fe2+, and Pb2+. All
itrogen-containing groups were assessed via UV–Vis spectropho-
ometry (Shimadzu UV-2550, Japan) according to a previous study
41]. TEM analyses were also done as explained later.

.6. Effect of NO3
− on Pb2+ removal

To verify the effect of NO3
− on Pb2+ removal performance of

ZVI, a certain amount of nZVI stock suspension was charged into
.2 mM Pb(AC)2 solution with 0, 0.3, 0.6, 0.9, 1.2, and 1.5 mM NaNO3
o achieve a final nZVI concentration of 0.2 g/L. After 20 min  shaking
t 200 rpm, 1 ml  of aliquots was collected for Fe2+ and Pb2+ analyses
ia ICP as described earlier. Final pH was also measured in all the
amples.

.7. Determining nZVI re-dosing via ORP measurement

In order to approximate the right time to dose new nZVI during

b2+ remediation in the presence of NO3

−, 500 mL  of 0.4 g/L nZVI
uspension in natural groundwater from Santa Barbara, California,
SA (characteristics in Table S1) was spiked with 1.7 mL  of 48 mM
b(NO3)2 every 15 min  from 0 to 90 min. At 100 min, another dosing

Fig. 1. Pb removal performance of nZVI (0.25 g/L) in Pb(AC)2 and P
aterials 280 (2014) 504–513

of nZVI was  performed to achieve a theoretical nZVI load of 0.5 g/L.
ORP was  monitored throughout for 160 min.

2.8. Transmission electron microscopy (TEM) analyses

High-resolution TEM imaging was  performed using a JEOL JEM
2011 operated at 200 kV. The TEM was  coupled with an energy-
dispersive X-ray spectrometer (EDS; Hitachi S-3000 N). For this
experiment, 10 mL  of sample mixture was collected using a syringe
(the stainless steel needle was replaced by a fine long tube) at
various times. A magnet was then used to separate solid from
suspension, and the solid was transferred into anhydrous ethanol
immediately. A few droplets of sample were then deposited onto
a carbon-coated TEM grid in an anaerobic chamber and analyzed
via TEM. The time between sampling and TEM analysis was  mini-
mized and kept constant for all samples. All tests were performed
in triplicate.

3. Results

3.1. Pb2+ removal from Pb(NO3)2 and Pb(AC)2 systems using nZVI

Pb2+ removal dynamics in Pb(AC)2 or Pb(NO3)2 reaction systems
were very different (Fig. 1). In the Pb(AC)2 system, the majority of
Pb2+ ions were immobilized upon contact with nZVI as indicated by
much lower Pb2+ concentration detected at initial time t0 relative to
the amount added initially. Subsequently, residual Pb2+ ions were
adsorbed at a relatively slower rate, and Pb2+ was  undetectable
after 2 h (except at initial Pb(AC)2 concentration of 3.86 mM  where
0.1 mM Pb2+ was detected). The initial removal rate of Pb2+ was
even higher in the Pb(NO3)2 system than that in Pb(AC)2 solution,
with all Pb2+ ions appearing to be immobilized after about 15 min.
However, from 20 to 120 min, Pb2+ ions were released back
into solution in the Pb(NO3)2 system. For instance, at an initial
Pb(NO3)2 concentration of 0.96 mM,  aqueous Pb2+ was undetected
after 20 min  of exposure to nZVI. However, 100 min later, Pb2+
concentration increased rapidly to about 0.4 mM.  Based on our
results, nZVI’s removal capacity of lead was  >1600 mg/g in Pb(AC)2
system, but it seemed unreasonable to determine the removal
capacity in a Pb(NO3)2 system because of the release of Pb2+ after

b(NO3)2 solution (error bar represents standard deviation).
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nitial adsorption. Clearly the presence of nitrate in groundwater
ill have a major effect on the ability of nZVI to remove Pb2+.

.2. Relationship between Pb2+ removal performance and ORP
ariation

To understand the relationship between ORP trend and Pb2+

emoval performance of nZVI in the Pb(NO3)2 system, nZVI was
xposed to a series of solutions with different Pb(NO3)2 concen-
rations and ORP was carefully monitored throughout the reaction
Fig. 2a). When the initial Pb(NO3)2 concentration was  less than or
qual to 3.85 mM,  no Pb2+ ions were detected in the final super-
atant (i.e. complete removal, 398 mg  Pb2+/g in nitrate present
onditions). However, when the initial Pb(NO3)2 concentration
as greater than or equal to 4.83 mM,  higher concentrations of

b2+ ions were detected at the end of the experiments (Fig. 2a).
n Fig. 2b, the ORP curves obtained at different concentrations of
b(NO3)2 can be divided into two main groups. The first group,
orresponding to conditions with initial Pb(NO3)2 concentrations
elow 3.85 mM and complete removal of Pb2+ had a final ORP value

ess than −600 mV.  The second group was characterized by a final
RP value around −475 mV,  corresponding to the tests with ini-

ial Pb(NO3)2 concentrations above 4.83 mM.  Significant amounts
f Pb2+ ions were detected in the second group. In comparison, Pb2+

ons were not detected in all the conditions with Pb(AC)2 as Pb2+

ource (Fig. 2a). This implies that detection of Pb2+ at the end of the
xperiment is largely independent of initial Pb2+ concentrations
for the conditions of this study). Additionally, final ORP values in
b(AC)2 systems were all below −600 mV (Fig. 2c). Thus, the ORP
alue may  be a good indicator for determining whether Pb2+ ions
re being released or not in Pb(NO3)2-nZVI systems.

.3. Reactions among Pb2+, NO3
−, and nZVI under different

onditions

Using 0.5 g/L nZVI and 0.97, 1.45, and 1.93 mM Pb(NO3)2
esulted in three distinct conditions: excess Fe0, balanced Fe0-
itrate, and excess nitrate (according to Eq. (1)). Fig. 3 shows that
he reactions in the three conditions can be divided into three
hases, characterized by distinct ORP variation.

Under excess Fe0 conditions (Fig. 3a and b), Pb2+ ions were unde-
ected in the supernatant throughout the study. In the first phase
f excess Fe0 condition (which occurred within the first 30 min),
itrate was reduced to nitrite and ammonium, accompanied by (1)

 sharp increase in pH from 7.3 to 10, and (2) a decrease in ORP to
bout −550 mV from about +200 mV.  In the second phase, which
ccurred in the next 50 min, the reaction was nitrate-limited, and
he accumulated nitrite was reduced by Fe0. We  only observed a
light further increase in pH and decrease in ORP compared to the
rst phase, as the reaction slowed down. Subsequently, pH and ORP
emained constant in the third phase as nitrate and nitrite were
xhausted, leaving excess Fe0.

Similarly, there were three phases in the balanced Fe0-nitrate
onditions (Fig. 3c and d). In the first phase (first 30 min), Pb2+

ons were immobilized and nitrate was reduced first to ammonium,
esulting in a steep increase in pH and decrease in ORP. Later, nitrite
ccumulation was observed, with a slight decrease in pH, while
RP reached a plateau. Adsorbed Pb2+ remained immobilized in

his phase. During the second phase (next 30 min), ORP increased
lightly to −440 mV  from −650 mV  while pH stabilized at ∼9.2. The
itrite accumulated in the later first phase was consumed at a rela-
ively fast rate, accompanied by a decline in Fe2+ concentration. In

he last phase, the residual nitrite was slowly reduced and a small
raction of immobilized Pb2+ (∼2%) was released into solution.

Under excess nitrate conditions (Fig. 3e and f), a significant
mount of Pb2+ ions were detected at the end of the experiment.
aterials 280 (2014) 504–513 507

The first phase was similar to the other conditions except that initial
decrease to −575 mV  in ORP was  quickly followed by an increase
to −475 mV,  all of which occurred in the first 20 min. In the second
phase, pH decreased slightly followed by an increase to 9.3, while
ORP decreased after an initial increase. The predominant reaction
was the reduction of the accumulated nitrite, and 0.05 mM Pb2+

was also detected. In the last phase, residual nitrite was  reduced at
a slow rate and release of previously immobilized Pb2+ continued,
but at a slower rate than in the second phase. At the end of the
experiment, 0.15 mM Pb2+ ions were detected in solution.

Two  major rapid reactions were identified in the first phase: (1)
the reaction between Pb2+ and nZVI and (2) the reaction between
nitrate and nZVI (each reduction profile from these three differ-
ent conditions is fit with a first-order equation). The first reaction
led to Pb2+ immobilization, while the second reaction resulted in
the transformation of nitrate to ammonium and nitrite, and subse-
quently a significant increase in pH. In addition, a large amount of
green rust (GR) (color of the mixture was  green, and confirmed via
XRD; see Fig. S2) was  formed at the end of the first phase due to the
formation of highly reactive Fe(II)–Fe(III) layered double hydrox-
ides [42]. In the second phase, nitrite (formed in the first phase)
was rapidly reduced by Fe0 (in excess Fe0 condition) or dissolved
Fe2+. In the last phase of excess nitrate conditions, further reduc-
tion of remaining nitrite/nitrate by Fe2+ in ferrite occurred, leading
to the deformation of ferrite and release of immobilized Pb2+ back
into solution. This process is discussed in detail in a later section.
Although Fe0 may  also react with water, at pH above 9, the reaction
rate is very small [43], which means its influence on Pb2+ removal
performance can be neglected.

3.4. Transformation of nZVI and ferrite formation

The HR-TEM figures of iron nanoparticles isolated at different
times under excess nitrate conditions (Fig. 3f) showed represen-
tative transformation of nanoparticles during the entire reaction
process (Fig. 4a–d). Synthesized nZVI were almost spherical with a
size range of 20–80 nm in diameter. As soon as nZVI particles were
exposed to the Pb(NO3)2 solution, Fe0 reacted with nitrate rapidly
leading to increasing pH and Fe2+ accumulation. pH increase led
to the formation of lead hydroxide (seen as tiny granules in the
background of Fig. 4b) as confirmed by EDS analysis (Fig. S3 and
S4). The Fe2+ ions produced further reacted with nitrite to produce
Fe3+ but Fe2+ generation was  faster than its transformation to Fe3+.
The presence of Fe3+ initiated the formation of Pb-containing ferrite
crystals with diameter ≤600 nm (Fig. 4c) and thickness of ∼2.58 nm
(Fig. 4e). Ferrite formation is usually favored by high pH [44]. The
ratio of Pb to Fe in the ferrite formed was  ∼0.15 as estimated by EDS
(Fig. S5), and the electron diffraction pattern (Fig. 4f) confirmed that
the ferrite was a hexagonal crystal system. As the reaction went on,
ferrite was formed continuously because of increasing availability
of Fe3+ (formed from Fe2+ oxidation by nitrite). With time, as Fe0

and Fe2+ were limiting in solution (due to excess nitrate), Fe2+ in
ferrite was used to provide electrons, causing transformation of the
ferrite crystals (Fig. 4d). Under excess Fe0 and balanced Fe0-nitrate
conditions, ferrite was  not observed (Fig. S6).

3.5. Positive effect of NO3
− on Pb2+ removal

Pb2+ removal by nZVI was  significantly influenced by the pres-
ence and concentration of nitrate. In this study, Pb2+ removal rate
reached a peak after 20 min  in the Pb(NO3)2 reaction system. Here
(Fig. 5a), we  provided the results from experiments which were

over within 20 min. Seen from Fig. 5a, while about 8% of Pb2+ was
removed in nitrate-free conditions (final pH 5.0), almost 100% Pb2+

ions were sequestered when 1.2 mM nitrate was present in solution
(final pH 6.4). Nitrate reduction by nZVI led to increase in solution
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Fig. 2. (a) Final Pb(II) concentrations in Pb(NO3)2 and Pb(AC)2 solutions (nZVI, 2 g/L); (b) ORP during the reaction between nZVI (2 g/L) and Pb(NO3)2; (c) ORP  during the
reaction  between nZVI (2 g/L) and Pb(AC)2.
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Fig. 3. (a) ORP and pH trend under excess Fe0 conditions; (b) Pb2+, Fe2+, NO3
−-N, NH4

+-N, and NO2
−-N concentrations variations under excess Fe0 conditions; (c) ORP  and

pH  trend under balanced Fe0-nitrate conditions; (d) Pb2+, Fe2+, NO3
−-N, NH4

+-N, and NO2
−-N concentration variations under balanced Fe0-nitrate conditions; (e) ORP  and

p -N co

p
r

3

t
t
p
P

H  trend under excess nitrate conditions; (f) Pb2+, Fe2+, NO3
−-N, NH4

+-N, and NO2
−

H, which significantly enhanced Pb2+ precipitation and eventual
emoval from aqueous phase.

.6. Right time to re-dose nZVI

nZVI-based remediation is commonly done via permeable reac-

ive barriers or injection wells at remediation sites. As shown by
his study, deficiency of nZVI relative to NO3

− or other oxidizers
resent in soil or groundwater will lead to the remobilization of
b2+. As such, it is necessary to determine the right time to re-dose
ncentration variations under excess nitrate conditions; (nZVI, 0.5 g/L).

nZVI (to make it abundant relative to the oxidizer). Fig. 5b illus-
trates that from 0 to 60 min, ORP declined sharply after the every
dosage of Pb(NO3)2, and Pb2+ ions were not detected in aqueous
phase. However, from 60 to 100 min, rather than decrease, ORP
increased continuously after the dosage of Pb(NO3)2 (due to nZVI
deficiency), and an increasing amount of Pb2+ ions were detected

in solution. When nZVI was re-dosed at 100 min, both ORP and
Pb2+ concentration decreased significantly. Hence, decreasing ORP
trend indicates deficiency of nZVI, and the right time to re-dose
nZVI.
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Fig. 4. TEM images of samples from excess nitrate conditions (1.93 mM nitrate). (a) Fresh nZVI; (b) nanoparticles after 10 min  (phase I); (c) nanoparticles after 35 min  (red
l 2+ icles a 2+
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i
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ine,  the maximum diameter of the Pb -containing ferrite) (phase II); (d) nanopart
he  electron diffraction pattern of the Pb2+-containing ferrite.

. Discussion

.1. Mechanisms of formation and transformation of
b-containing ferrite

Formation of ferrite requires that rate of incorporation of Fe2+

nto the ferrite crystal exceed the rate of Fe2+ oxidation to Fe3+

Eqs. (5) and (3)) [44–46]. In this study, Pb2+ was not reduced to
b0 by nZVI (Fig. S7, no Pb0 was detected by X-ray photoelectron
pectroscopy), but it was incorporated into the ferrite crystal
tructure during the dehydroxylation-crystallization process. This
s similar to observations by Tamaura et al. [47]. Although the
arge ionic radius of Pb inhibits the growth and stability of ferrite

48], and the atomic sizes of Pb and iron differ by 22.2% [49],
DS analysis confirmed that Pb-containing ferrite was  formed,
nd the ratio of Pb to Fe in the ferrite was ∼15%. The influencing
actors on the formation of substitutional solid solution include
fter 95 min  (phase III); (e) the thickness of the Pb -containing ferrite (red line); (f)

electrochemical factor, relative valence effect, and crystal structure
factor [48].

For the conventional ferrite process in aqueous system, favor-
able conditions are usually ≥60 ◦C and pH ≥ 11, and ferrite could
be formed within 20 min  [50–52]. In our study, pH was  ≤10 in
all conditions, but ferrite formation still occurred mainly via the
GR pathway [47]. GR was also observed in excess nZVI condition
but there was no ferrite formation (Fig. S6) due to Fe3+ deficiency.
Stability of ferrite was decreased as Fe2+ ions in ferrite were used
for nitrite reduction as Fe0 and Fe2+ run out in solution (in excess
nitrate conditions, Eq. (6)). Loss of ferrite led to release of co-
precipitated Pb and nitrite consumption. The entire reaction is
illustrated in Fig. 6. In contrast to a previous study by Reinsch

et al. [53], which reported surface passivation of nZVI by nitrate, we
observed rapid corrosion (oxidation) of nZVI by nitrate in this study.
Acceleration oxidation of nZVI is due to stripping of the oxide shell
from the Fe(0) core, which increases reactivity and surface area
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Fig. 5. (a) Nitrate effect on Pb2+ removal by nZVI (0.2 g nZVI/L; 1.2 mM Pb(AC)2; reaction tim
ORP;  ♦, Pb2+ calculated; �, Pb2+ measured.

Fig. 6. Redox reaction process under excess nitrate conditions.
e, 20 min); (b) determining the right time to dose nZVI through ORP monitoring.—,

[19]. Oxidation by dissolved oxygen was negligible in this study
due to the infinitesimal amount of oxygen compared to nitrate and
the relatively short reaction time.

Fe2+NO3
−,NO2

−
−→ Fe3+ (5)

PbxFe(3−x)O4
NO2

−
−→ xPb2+ + (1 − x)Fe3+ (6)

4.2. Relationship between ORP and the reaction among Pb2+,
NO3

−, and nZVI

In batch tests to investigate the relationship between Pb2+

removal performance and ORP variation in Pb(NO3)2–nZVI reac-
tion system, it seemed that there was a critical concentration of
Pb(NO3)2 below which there was  complete Pb2+ removal without
remobilization, and above which Pb2+ was still detected in aque-
ous phase. According to Eq. (3) [17–19], the theoretical threshold

concentration of Pb(NO3)2 to completely react with 2 g/L nZVI is
4.46 mM,  which agrees with our result (Fig. 2a). ORP has a clear rela-
tionship with the redox processes in nZVI reaction system [7,38,54].
ORP mainly depends on the composition of the film formed on the
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lectrode and is also partially influenced by the concentrations of
issolved Fe2+ and H2.

According to the ORP trend seen in Figs. 2b and 3, the reaction
mong Pb2+, nitrate, and nZVI can be divided into three phases. In
he first phase, nZVI particles attach to the ORP electrode as they
re introduced into the system, forming a (visible) Fe0 film on the
lectrode. This Fe0 film results in rapid decrease in ORP. However,
apid oxidation of Fe0 to Fe2+ by nitrate significantly affects ORP.
nder excess nitrate conditions (>4.46 mM),  the initial decrease in
RP is not as large as conditions with limited nitrate (Fig. 2b). Avail-
ble nitrate leads to more Fe0 consumption, producing additional
e2+ and Fe3+. Due to significant decrease in Fe0, the composition
f the film on the electrode begins to change to Fe0–Fe2+. In excess
itrate conditions, the remaining Fe0 is so small that ORP increases
uickly after an initial short period of decrease.

In the second phase, accumulated nitrite (from nitrate reduc-
ion by Fe0) is reduced with the electrons donated by Fe0 (in excess
e0 conditions) or Fe2+ (in excess nitrate conditions) [55]. ORP
oes not change much in excess Fe0 conditions because the Fe0

lm remains on the electrode. However, under excess nitrate state,
RP increases, peaks, and then decreases, indicating a significant
hange in the composition of the film around the electrode. It is
ikely that the increase in ORP is caused by nitrite reduction, and
he increase–maximum–decrease trend is caused by the difference
n nitrite reduction rate. Nitrite reduction rate is accelerated by
e2+ ions [55] in the second phase. Notably, this correlates with the
ime Fe2+ in ferrite is consumed, leading to ferrite deterioration and
elease of Pb2+.

In the third phase, the remaining nitrite in the excess nitrate
ondition is reduced at a relatively slow rate, characterized by a
oderate increase in ORP and Pb2+ concentration. Nitrite is not

etected in the third phase of excess nZVI conditions. As indicated
n this study, ORP can serve as an indicator for the transfor-

ation of nZVI, and the different redox reactions occurring in
b2+/NO3

−/nZVI reaction system.

. Conclusions and implications for management of Pb2+

emediation in the presence of nitrate

In this study, we demonstrated that Pb2+ removal by nZVI was
ignificantly affected by the presence and concentrations of nitrate.
itrate reduction by nZVI led to increase in solution pH, facilitating
b2+ precipitation. However, excess nitrate (relative to nZVI) con-
itions were not favorable for complete Pb2+ removal. Apart from
he change in pH, nitrate also influenced Pb2+ removal from the
queous phase via the ferrite process. However, sequestration of
b2+ in ferrite crystals was only temporary as the crystals were not
table under excess nitrate conditions. One potential disadvantage
f nitrate reduction by nZVI is the production of toxic ammonium
nd nitrite ions.nZVI-based remediation can be done via permeable
eactive barriers or injection wells at remediation sites. As shown
y this study, deficiency of nZVI relative to an oxidizing agent (e.g.
itrate) may  lead to undesirable consequences, such as remobi-

ization of previously adsorbed pollutants (e.g. Pb2+). As such, it is
ecessary to determine the right time to remove nZVI and immo-
ilized Pb2+ (before remobilization), or re-dose nZVI (to make it
bundant relative to the oxidizer)—the former being more suitable
or heavy metal polluted industrial wastewater treatment, while
he latter more practical for groundwater remediation. Careful ORP

onitoring during nZVI-based remediation of Pb2+ and nitrate may
rovide valuable information on the status of the reaction and for

etermining the appropriate time to remove adsorbed pollutant
r re-dose nZVI. Specifically, as seen in our study, highly negative
RP values (≤−600 mV)  indicated complete immobilization of Pb2+

ons (excess Fe0 condition) while less negative values (∼−475 mV)

[

aterials 280 (2014) 504–513

suggested incomplete immobilization of Pb2+ ions (excess nitrate
conditions). Thus, continuous ORP monitoring will contribute to
improving the management of nZVI-based remediation of heavy
metal pollution with nitrate interference.
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