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� The properties of NZVI were obviously enhanced using pumice as the support.
� P-NZVI was more effective to remove heavy metals from wastewater.
� P-NZVI is a regenerated material.
� P-NZVI was suitable for applications to in situ environmental remediation.
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Nanoscale zero-valent iron successfully supported on pumice (P-NZVI) was used to remove heavy metals
from wastewater with a higher removal capacity and efficiency. NZVI particles with a mean diameter of
30.6 nm are distributed uniformly on the surface of P-NZVI. The thermal stability and mechanical
strength of P-NZVI were also obviously enhanced. P-NZVI with a 7.7% NZVI mass fraction had a specific
surface area (SBET) of 32.2 m2/g. The removal capacity of Hg (II) and Cr (VI) by P-NZVI was 332.4 mg Hg/g
Fe and 306.6 mg Cr/g Fe, respectively. As an increase of pH, the removal rates of Hg (II) increased but
those of Cr (VI) decreased gradually. P-NZVI is a regenerated material. The X-ray photoelectron spectro-
scope analysis (XPS) results indicated that Hg (II) and Cr (VI) were removed by a rapid physical adsorp-
tion in the first 0.5 min and predominantly by reduction. In terms of the efficiency and speed, P-NZVI was
a promising candidate for applications to in situ environmental remediation, especially to the heavy met-
als pollution incidents with an extremely high concentration of heavy metals.

� 2014 Elsevier B.V. All rights reserved.
1. Introduction

Mercury (II) and chromium (VI) are two toxic metals found in
various industrial wastewaters. Several industrial activities, such
as electroplating, leather tanning, metal finishing and petroleum
refining, can cause water pollution by these ions [1,2]. Their levels
in the wastewater are much higher than the action level of
0.001 mg/L for Hg (II) and 0.1 mg/L for Cr (VI) [3]. Mercury (II)
and chromium (VI) contaminate the environment, affect aquatic
life and cause several health problems. Hence, these heavy metals
must be removed from wastewaters before being discharged to the
environment.

Various methods, including chemical precipitation, membrane
filtration, ion exchange and adsorption, were used to remove heavy
metals from wastewaters [4]. Recently, the use of nanoscale zero-
valent iron (NZVI) to remove heavy metals has become one of the
most promising and effective remediation technologies because of
its extremely small particle size, large surface area and high reac-
tivity [5–7]. However, NZVI was usually agglomerated in conven-
tional systems along with a decrease of its reactivity and
mechanical strength, which limited the practical application of
NZVI [8]. In recent years, porous materials, including zeolite, kao-
linite, bentonite and pillared clay, have been widely used as
mechanical supports to enhance the dispersibility of NZVI particles
[9–11]. More recently, NZVI was stabilized by chitosan and sup-
ported by chitosan beads to increase the dispersibility and stability
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in air [12–14]. Nevertheless, the mechanical strength of chitosan
beads needed to be improved [15].

Pumice is a porous volcanic rock and has a large surface area
and skeleton structure, which contains open channels allowing
water and ions to travel into and out of the crystal structure
[16]. Furthermore, pumice can be processed easily and used as a
low-cost heavy metals adsorbent [17]. Pumice–iron granular mix-
tures perform well in removing contaminants and maintaining the
long-term hydraulic conductivity [18]. However, only a few studies
have focused on using the pumice as the support material for NZVI.

In the study, in order to enhance its dispersibility and stability
in the air, NZVI was supported on pumice (P-NZVI) for the removal
of Hg (II) and Cr (VI) from aqueous solution. The main objectives
are to: (1) synthesize and characterize the new and stable P-NZVI
composite, (2) evaluate the removal efficiency of Hg (II) and Cr (VI)
by P-NZVI under different experimental conditions, (3) assess the
reuse of P-NZVI and (4) test the role of pumice during remediation
process and investigate the elemental composition of final prod-
ucts to reasonably conclude the removal mechanism of Hg (II)
and Cr (VI) by P-NZVI.
2. Materials and methods

2.1. Materials and chemicals

Pumice with a diameter of 0.5–1.0 mm was provided by Dahe
Building Materials Co., Ltd. (Hebei, China) and the chemical com-
position was 67.2% SiO2, 22.1% Al2O3, 2.98% Fe2O3, 2.28% CaO and
small amounts of Mn, Mg, P and S. Iron (III) chloride hexahydrate
(FeCl3�6H2O) and sodium borohydride (NaBH4) were purchased
from Fuchen Chemical Reagent Manufactory (Tianjin, China).
K2CrO4, HgCl2 and absolute alcohol were provided by First Chemi-
cal Reagent Manufactory (Tianjin, China). All other chemicals were
of analytical grade purity.

2.2. Preparation of P-NZVI

Pumice-supported nanoscale zero-valent iron (P-NZVI) was pre-
pared using conventional liquid-phase methods via the reduction
of ferric ion (FeCl3�6H2O) by borohydride (NaBH4) and pumice
was used as a support material [7,10,19]. Pumice (3.36 g) was ini-
tially placed into a three-necked open flask. A ferric solution pre-
pared by dissolving ferric chloride hexahydrate (1.35 g) in an
ethanol water solution (100 mL, 8:1 v/v) was added into the flask.
The previous mixture was stirred for 1 h. Subsequently, a freshly
prepared NaBH4 solution (0.95 g of NaBH4 in 100 mL deionized
water) was added drop-wise into the mixture at a rate of 50–60
drops per minute with constant stirring for 60 min after addition.
Every 10 min, the mixture was dispersed by sonication for 2 min
operating at 40 kHz. The theoretical mass fraction of NZVI in pre-
pared P-NZVI was about 7.7%. The synthesized materials were sep-
arated from the liquid solution via the magnet and dried at 65 �C
overnight. P-NZVI was stored in brown and sealed bottles for fur-
ther use. The whole process was carried out in a nitrogen
atmosphere.

2.3. Batch experiments

Batch experiments for removal of Hg (II) and Cr (VI) were car-
ried out in polytetrafluoroethylene bottles at room temperature
using the mechanical agitation. To each bottle, 100 mL Hg (II)
and Cr (VI) (60 mg/L) solution and P-NZVI were added. Sampling
was made at a certain time-interval and the samples were filtered
through a 0.42 lm filter. All experiments were performed in
duplicate.
2.4. Characterization and analytical methods

The concentrations of Hg (II) and Cr (VI) in the solution were
measured using an inductively coupled plasma-mass spectrometry
(ICP-MS, Elan-9000, PE). The P-NZVI samples were collected after
reacting with wastewater for 0.5, 1, 2, 10, and 60 min, respectively,
and used to the X-ray photoelectron spectroscope analysis (XPS,
PHI 5000 Versa Probe). The specific surface area (SBET) of P-NZVI
was measured by the Brunauer–Emmett–Teller (BET) N2 method.
The thermal stability of P-NZVI was determined using a thermo-
gravimetric analyzer (TGA-Q500, Switzerland). The morphological
analysis of NZVI was performed using a transmission electron
microscope (TEM, FEI Tecnai G2 F20). The morphological analysis
of P-NZVI was performed using a scanning electron microscope
(SEM) with an energy-dispersive X-ray spectrometer (EDS) (SEM/
EDS, FEI Nova NanoSEM 230).
3. Results and discussion

3.1. Characterization of P-NZVI

The morphology of P-NZVI is presented in Fig. 1. It can be seen
from Fig. 1(a) that pumice is porous with open channels and rug-
ged surfaces [16], which is favorable for the load and support of
NZVI particles on overall framework and all of its surfaces. Other
researchers reported that pumice particles consisted of a network
of irregular or oval shape internal voids/pores or vesicles, some
of which were interconnected and open to the external surface
[20]. Pumice was a promising porous support for the immobiliza-
tion of TiO2 used for the removal of pollutants from aqueous solu-
tions [21,22]. NZVI particles are distributed uniformly on the
surface of pumice, indicating that pumice as a support material
can prevent NZVI particles from agglomeration (Fig. 1(b)). Pumice
is highly abrasive and porous with the pore volumes up to 85%
[23], which indicates that pumice is suitable for supporting NZVI.
Pumice stones were excellent solid supports in biological fluid-
ized-bed reactors with the low energy consumption [24]. NZVI par-
ticles are nearly spherical in shape and uniform in size with a mean
diameter of 30.6 nm (Fig. 1(c)). The dispersed distribution of NZVI
particles can also be found in Fig. 1(c), which demonstrates again
that pumice is effective to enhance the dispersibility of NZVI parti-
cles. Other porous materials, such as zeolite, kaolinite, bentonite
and chitosan beads, were also useful to enhance the dispersibility
of NZVI particles [7,9,10,25].

Surface chemistry of pumice played an important role in
removing of pollutants from wastewater [26]. In order to better
understand the rough surface of P-NZVI, EDS survey for P-NZVI
marked with ‘‘+’’ in Fig. 1(b) was conducted. The EDS result showed
that P-NZVI mainly consisted of Fe, O, C, Si, Mg, Ca, K, Na, Al and Au,
and no notable peaks of other elements were observed (Fig. 1(d)).
Iron came from NZVI. The O, C, Si, Mg, Ca, K, Na and Al would come
from pumice. The Au would be introduced when SEM samples
were prepared. Chemical composition of pumice powder was
74% of SiO2, 15.6% of Al2O3, 6.1% of Na2O and 2.4% of K2O, and
the large proportion of free silica sites at the surface resulted in a
negatively charged surface [16]. However, uncoated Kay and Nev
pumice had pHpzc values in the neutral range [23].

The SBET of pumice and NZVI was 9.6 and 60.8 m2/g, respec-
tively. P-NZVI with a 7.7% NZVI mass fraction had a SBET of 32.2
m2/g. K-NZVI with a 20% NZVI mass fraction and B-NZVI with a
50% NZVI mass content had a SBET of 26.11 and 39.94 m2/g, respec-
tively, which were used to remove heavy metals from wastewater
with high efficiencies [7,27]. So it can be predicted that P-NZVI pre-
pared in the study will be useful to remove heavy metals from
aqueous solutions.



Fig. 1. The morphology of P-NZVI was analyzed: (a) SEM image of pumice, (b) SEM of P-NZVI, (c) TEM image of NZVI and (d) EDS survey for P-NZVI marked with ‘‘+’’ in (b).
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3.2. The thermal stability of P-NZVI

The TG curve of P-NZVI from 15 to 550 �C is shown in Fig. 2. It
shows a first thermal event in the range 15–150 �C, which corre-
sponds to a mass loss of approximately 1.3% (Fig. 2). This loss is
attributed to the evaporation of water remaining in the pore of
P-NZVI. The TG curve is stable in the range of 150–550 �C, which
indicates that there are few changes in the mass loss of P-NZVI.
A result can be concluded that the thermal stability of P-NZVI is
good below 550 �C. Thermal stability of ECH–CS–NZVI beads is
enhanced after ECH cross-linking with CS–NZVI beads [14].
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Fig. 2. TG curve of P-NZVI in the range 15–550 �C.
However, the thermal stability of P-NZVI is better than that of
ECH–CS–NZVI.

3.3. Mechanical properties of P-NZVI

Mechanical strength of ECH–CS–NZVI beads and P-NZVI were
determined following a previously reported method [28]. The re-
sults are shown in Table 1. It can be seen from Table 1 that crum-
pling ratios of P-NZVI are markedly reduced by comparison with
ECH–CS–NZVI beads. It indicates that the mechanical strength of
P-NZVI is obviously enhanced using pumice as the support mate-
rial, which is contributed by the hard properties of pumice stone
[23]. As a result, the stuffed phenomenon caused by the scratched
beads [25] may be avoided when P-NZVI is used as the reactive
materials in permeable reactive barriers.

3.4. Effect of initial concentrations of heavy metals

The effect of initial concentrations of heavy metals was esti-
mated and the result is shown in Fig. 3. It can be observed that
the removal rates of Hg (II) and Cr (VI) decrease with an increase
Table 1
Comparison of the mechanical strength of ECH–CS–NZVI beads and P-NZVI.

Beads Stirring speed (rpm)

100 200 400 800 1200

Crumpling ratio (%)

ECH–CS–NZVI 0 0 2 8 16
P-NZVI 0 0 0 0 1
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Fig. 3. Effect of concentrations of heavy metals on the removal of heavy metals by P-NZVI: (a) initial concentration of Hg (II): 40, 60 and 100 mg/L and (b) initial concentration
of Cr (VI): 40, 60 and 100 mg/L. Error bars represent the standard deviation of the measurements.
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of the initial concentrations of heavy metals. As a fixed P-NZVI
dose, the total available adsorption sites are limited, thus, leading
to a decrease in removal rate of heavy metals corresponding to an
increased initial heavy metals concentration [29]. Similar results
were also reported in other studies [5,12,14]. At the lower concen-
tration (less than 60 mg/L), the removal rates of Hg (II) and Cr (VI)
were all more than 99.8%. When the concentrations of Hg (II) and
Cr (VI) were enhanced to 100 mg/L, the removal rates were 93.0%
and 85.8% in an hour, respectively (Fig. 3(a) and (b)). At the same
time, the removal capacity of Hg (II) and Cr (VI) by P-NZVI was
332.4 mg Hg/g Fe and 306.6 mg Cr/g Fe, respectively. The removal
capacities obtained in the study are much higher than the results
using commercial iron filings or other NZVI systems [19,25,30]. It
is mainly attributed to the fact that pumice with highly porous
and high surface areas was useful to adsorb heavy metals [17],
leading to that heavy metals were accumulated on the surface
or/and in the pores of pumice. Furthermore, pumice was useful
to enhance the dispersibility of NZVI particles, thus, providing
more reaction sites for heavy metals. As a result, P-NZVI went into
effect by the cooperation of pumice and NZVI to remove more hea-
vy metals.

The results indicated that P-NZVI was effective to remove vari-
ous heavy metals in an hour, in terms of efficiency and speed, mak-
ing it a promising candidate for applications to in situ
environmental remediation, especially to the heavy metals pollu-
tion incidents with an extremely high concentration of heavy met-
als compared with the maximum concentrations allowed in
groundwater [3].
3.5. Effect of pH

The pH of wastewater played an important role in removing of
heavy metals. The dominant forms of heavy metals in aqueous
solution were influenced by pH [31]. The solution pH can also af-
fect the reaction rate of iron oxidation and corrosion of iron [32]
and heavy metals can be removed through oxidation or/and com-
plexation [33].

The effect of pH on the removal rates of heavy metals was
investigated and the result is shown in Fig. 4. It can be seen that
with an increase of pH from 3.11 to 8.13, the removal rates of Hg
(II) are increased and all more than 99.1% in all conditions
(Fig. 4(a)), while the removal rates of Cr (VI) are decreased gradu-
ally but all more than 96.0% (Fig. 4(b)). With increased hydroxyl
groups, the surface of P-NZVI became dominantly negatively
charged, leading to the enhanced attraction force between Hg (II)
and P-NZVI. Therefore, the removal amount of Hg (II) was in-
creased. The finding is in agreement with our previous work on
other NZVI systems [25] and other researchers’ work on the
adsorption of heavy metals on pumice composite [16]. On the
other hand, HCrO�4 predominates at pH between 1.0 and 6.0, and
CrO2�

4 pH above about 6.0 [31]. At lower pH, pumice was positively
charged causing to form a dominantly positively charged surface of
P-NZVI, while Cr (VI) existed mostly as an anion leading to the
electrostatic attraction between Cr (VI) and P-NZVI [23,34]. As a re-
sult, Cr (VI) removal rate decreased with an increase of pH.

The removal rates of Hg (II) and Cr (VI) were all more than 96%
(Fig. 4), indicating that these removal rates were not obviously af-
fected by the solution pH. It may be contributed to the fact that the
removal capacity of Hg (II) and Cr (VI) by P-NZVI is so high that the
pH range in the study played only a small part in the removal rates
of Hg (II) and Cr (VI).

3.6. P-NZVI reuse

The regeneration efficiency of P-NZVI was studied and the re-
sult is presented in Fig. 5. It is shown that a high removal rate
can be maintained on the second, third and fourth runs. 87.8%
and 62.3% of Hg (II) is removed on the second and third run,
respectively (Fig. 5). Until the fourth time, the removal rate is still
up to 56.7%. A similar trend is also found in Cr (VI) removal (Fig. 5).
76.7%, 56.7% and 45.5% of Cr (VI) is removed on the second, third
and fourth run, respectively. The results suggest that P-NZVI is a
regenerated material. Although other research reported that the
process of removal of Cr(VI) by NZVI was irreversible [7], however,
in our study, P-NZVI was washed by dilute HCl before being reused,
which could dissolve Fe(III)–Cr(III) precipitate on the surface of
NZVI [5,13,35]. As a result, fresh NZVI would be exposed to Hg
(II) and Cr (VI) when P-NZVI was reused. Spent iron nanoparticles
can be regenerated using renewable carbon materials at moderate
temperature [36]. Fu et al. reported that the removal efficiencies of
Cr (VI) were all above 80% and the resin-NZVI can be reused for
many times [37]. By now, it can be concluded that extending utility
time of P-NZVI makes it more practical in the in situ remediation of
wastewater.

3.7. XPS characterization

The results of XPS characterization were shown in Figs. 6 and 7.
It is clear that new peaks at the binding energy (BE) of 102.2 eV and
585.6 eV appeared after heavy metals reduction (Fig. 6(a) and (b)).
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The appearances of the bands were assigned to the photoelectron
peak of Hg and Cr, respectively, which indicated the uptake of Hg
and Cr on the surface of P-NZVI.
Detailed XPS surveys on the region of Hg4f and Cr2p are pre-
sented in Fig. 7. At 0.5 min, photoelectron peak centers at
101.4 eV (Fig. 7(a)), which has binding energies and line structures
similar to those of Hg (II) [38]. Then, at 1, 2, 10 and 60 min, the
photoelectron peak drifted and centered at 99.8 eV (Fig. 7(a)),
which matched with the binding energy of Hg (0) [39]. The result
indicated that an immediate physical adsorption of Hg (II) hap-
pened in the first 0.5 min before reduction of Hg (II) to Hg (0) by
P-NZVI. The finding in the study proved the hypothesis that there



Fig. 8. A proposed mechanism (reactions + graphic) for Hg (II) and Cr (VI) reduction by P-NZVI.
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might be a sorption of Hg (II) to NZVI prior to its reduction [35].
Sorption of Ni (II) onto NZVI was also observed as a proceeding step
of surface reduction [40].

However, at 0.5 min, the Cr2p3/2 and Cr2p1/2 survey (Fig. 7(b))
presents photoelectron peaks centering at 576.7 and 588.4 eV,
respectively, which come from Cr (III) and Cr (VI) [41] for Cr2O3

and K2CrO4 by analogy with other chromium compounds [42,43].
These binding energies are well in agreement with the results ob-
tained by other researchers [41,44]. It is also observed that the
peak at 576.7 eV is stronger than that at 588.4 eV, which means
that a small of Cr (VI) are adsorbed on the P-NZVI surface and most
of Cr (VI) is reduced to Cr (III). Then, the photoelectron peak for
Cr2p3/2 at 576.7 and 586.2 eV (Fig. 6(b)) was known as characteris-
tics of Cr (III) [19,25] at 1, 2, 10 and 60 min. The XPS results implied
that the reduction of Cr (VI) to Cr (III) was in effect for the removal
of Cr (VI) after 0.5 min. The removal mechanism can be concluded
that Cr (VI) was removed by a rapid physical adsorption in the first
0.5 min and predominantly by reduction. A mechanism for Hg (II)
and Cr (VI) reduction by P-NZVI is proposed as shown in Fig. 8.
4. Conclusions

In this study, P-NZVI was successfully prepared with a higher
capacity and efficiency to remove heavy metals from wastewater.
Based on the results, the major findings are summarized as
follows:

� NZVI particles are nearly spherical in shape with a mean diam-
eter of 30.6 nm. NZVI particles are distributed uniformly on the
surface of pumice demonstrating that pumice is effective to pre-
vent NZVI particles from agglomerating. P-NZVI with a 7.7%
NZVI mass fraction had a SBET of 32.2 m2/g.
� The thermal stability of P-NZVI is good below 550 �C. The

mechanical strength of P-NZVI is obviously enhanced using
pumice as the support material.
� The removal rates of Hg (II) and Cr (VI) decrease with an

increase of the initial concentrations of heavy metals.
� With an increase of pH from 3.11 to 8.13, the removal rates of

Hg (II) are increased and all more than 99.1% in all conditions,
while the removal rates of Cr (VI) are decreased gradually, but
all more than 96.0%.
� P-NZVI is a regenerated material.
� The XPS results indicated that all of Hg (II) was reduced to Hg

(0) while Cr (VI) was reduced to Cr (III) after 0.5 min, however,
an immediate physical adsorption of Hg (II) and Cr (VI) hap-
pened in the first 0.5 min.
The results indicated that P-NZVI was effective to remove vari-
ous heavy metals from wastewater, in terms of efficiency and
speed, making it a promising candidate for applications to in situ
environmental remediation.
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