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The removal of heavy metals from wastewater is one of the most important issues for the world, espe-
cially from industrial effluents. Pumice-nanoscale zero-valent iron (P-NZVI) was successfully prepared
in different experimental conditions. Meanwhile, the shape, size and distribution of NZVI on P-NZVI were
evaluated using a scanning electron microscope (SEM). At the optimum condition, NZVI with a mean
diameter of 20.2 nm was distributed uniformly and consistently on the surface of pumice. Freundlich iso-
therm analysis suggested that the surface property of P-NZVI were heterogeneous. The removal of Hg (II)
and Cr (VI) by P-NZVI could be well described by pseudo-first-order kinetic model. At equilibrium qmax of
Hg (II) and Cr (VI) was 107.1 and 106.9 mg/g, respectively. Thermodynamic investigation suggested that
the removal of Hg (II) and Cr (VI) by P-NZVI was an endothermic and spontaneous process. The less values
of DH0 for Hg (II) than those for Cr (VI) demonstrated that more thermal energy was needed to remove Cr
(VI) than Hg (II) at the same reaction rate.

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

The presence of heavy metals in wastewater will contaminate
the water environment. Furthermore, the wastewater which has
not been handled properly will pose an admitted hazard to human
health and the environment. Hence, heavy metals must be
removed from wastewater to bring their concentrations down to
below the prescribed legal limit.

Pumice is a porous material with large surface area, which can
provide more reaction sites for heavy metals thus leading to the
removal of heavy metals from wastewater [1]. Pumice can be used
as an efficient low-cost adsorbent for heavy metals [2]. Further-
more, pumice particles were effective as a support media in
filtration and heterogeneous catalytic reactions [3,4]. Iron-coated
pumice performed well both in maintaining the long-term hydrau-
lic conductivity and eliminating contaminants [5].

As is well known, nanoscale zero-valent iron (NZVI) was effec-
tive to remove pollutants from wastewater because of its extre-
mely small particle size, large surface area and high reactivity
[6,7]. However, the application of NZVI is primarily restricted to
anaerobic condition since it is easily oxidized to iron oxides under
aerobic condition [8]. Also, the easy formation of their agglomer-
ates restricted field applications of NZVI [9]. To overcome these
problems, NZVI has been modified using surface stabilizers such
as chitosan [10], guar gum [11], and starch [12]. In order to
enhance the stability in the air, NZVI was supported on PolyFlo
resin [13]. In recent years, porous materials, including pillared clay
[14], bentonite [15], chitosan beads [16] and kaolinite [17], have
been widely used to enhance the dispersibility of NZVI particles.
Pumice can be also used as a porous material to support and stabi-
lize iron [18,19]. Pumice is a commonly available rock with a stable
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structure and low cost [2], which could potentially be used as a
porous material to support NZVI to remove heavy metals from con-
taminated water. Several supporting materials were used to sup-
port NZVI particles and enhance their dispersibility, however,
only a few studies have focused on the influence of the different
experimental conditions on the morphology of NZVI.

The objective of the study is to demonstrate that NZVI can be
effectively supported on pumice (P-NZVI) with significant enhance-
ment of its decontamination ability. Effectiveness of P-NZVI in con-
taminant remediation was examined with Hg (II) and Cr (VI) as the
test contaminant. P-NZVI composite was successfully prepared in
different experimental conditions and the influence of these condi-
tions on the morphology of NZVI on P-NZVI was evaluated with scan-
ning electron microscope (SEM) analysis. The impact of different
factors on the kinetics of heavy metals reduction from wastewater
by P-NZVI, as well as the thermodynamics study, was investigated.
2. Materials and methods

2.1. Materials

Sodium borohydride (NaBH4) and iron chloride hexahydrate
(FeCl3�6H2O) were provided by Fuchen Chemical Reagent Manufac-
tory (Tianjin, China). Pumice with a mean diameter of 1.0 mm was
purchased from Kexin Building Materials Co., Ltd. (Shijiazhuang,
China). K2CrO4 and HgCl2 were provided by Jinbohua Laboratory
Equipment Co., Ltd. (Tianjin, China). All other chemicals were of
analytical grade purity.
Fig. 1. Effect of the masse ratio of Fe (III) to pumice on the morph
2.2. Preparation of P-NZVI

The effect of the mass ratio of Fe (III) to pumice, the molar ratio
of Fe (III) to BH4

�, and the volume ratio of deionized water to abso-
lute alcohol on the morphology of NZVI on P-NZVI was investi-
gated. P-NZVI was prepared according to the procedures
described in detail elsewhere [17,19]. Briefly, a known mass of
pumice was initially placed into a three-necked flask, and a ferric
solution was added and stirred for 1 h. Subsequently, a freshly pre-
pared NaBH4 solution was added at a rate of 50–60 drops per min-
ute into the mixture. Every 10 min, the mixture was sonicated for
2 min. After the completed addition of NaBH4 solution, a constant
stirring continued for 60 min. The prepared composite was sepa-
rated from the liquid solution, and then it was dried at 65 �C for
24 h [10]. The prepared material was stored in brown and sealed
bottles for further use. The whole process was carried out in a
nitrogen atmosphere.
2.3. Batch experiments

Batch experiments for removal of heavy metals by P-NZVI were
carried out in polytetrafluoroethylene bottles at room temperature
without mechanical agitation. To each bottle, 100 mL wastewater
and P-NZVI were added. At certain time-interval, 1 mL sample
was withdrawn using disposable syringes and filtered through a
0.42 lm micro-hole filter. All experiments were performed in
duplicate.
ology of NZVI on P-NZVI: (a) 1:3, (b) 1:6, (c) 1:9 and (d) 1:12.



T. Liu et al. / Chemical Engineering Journal 263 (2015) 55–61 57
2.4. Kinetics and thermodynamic o f Hg (II) and Cr (VI) removal by P-
NZVI

The effect of pH value (3.11, 4.12, 5.17, 6.10, 7.05 and 8.13) and
NZVI dosages (0.28, 0.373, 0.56, and 1.12 g) on the reduction kinet-
ics of Hg (II) and Cr (VI) was studied in accordance with a previ-
ously reported procedure [20,21].

The thermodynamic parameters such as enthalpy change (DH0),
Gibbs free energy change (DG0) and entropy change (DS0) were
employed to evaluate the feasibility and nature of the adsorption
process.

The enthalpy change (DH0) for the adsorption heavy metals by
P-NZVI was calculated using the following equation [20]:

ln Ce ¼ DH0=ðRTÞ þ K0 ð1Þ

where T is the solution temperature (K), R is gas constant (8.314 kJ/
(mol K)) and K0 is a constant. The values of DH0 were calculated by
plotting lnCe versus 1/T.

The Gibbs free energy change (DG0) for the adsorption heavy
metals by P-NZVI was calculated using the following equation [22]:

DG0 ¼ �nRT ð2Þ

where n is a Freundlich isotherm constant.
The entropy change (DS0) was computed using the relationship

[20]:

DS0 ¼ ðDH0 � DG0Þ=T ð3Þ
Fig. 2. Effect of the molar ratio of Fe (III) to BH4
� on the morphol
2.5. Characterization and analytical methods

The P-NZVI was placed at a platform with a diameter of 5 cm
and gold-coated by a vacuum electric sputter coater to a thickness
of 600 Å. Then, the morphological analysis of P-NZVI was per-
formed using a scanning electron microscope (SEM) (SEM, FEI Nova
NanoSEM 230) with a high resolution of 3.0 nm under high vac-
uum at 15 keV. The concentrations of Hg (II) and Cr (VI) in the solu-
tion were measured using inductively coupled plasma-mass
spectrometry (ICP-MS, Elan-9000, PE). The procedure was as fol-
lows: firstly, 1 mL sample was pipetted into a 10 mL comparator
with cover using disposable syringes. Secondly, the sample was
diluted to volume using 3% HNO3 as the acid medium. Then, the
concentrations of Hg (II) and Cr (VI) in the solution were measured
using ICP-MS.
3. Results and discussion

3.1. SEM characterization

SEM (Figs. 1–3) images are used to qualitatively understand the
morphology of NZVI on P-NZVI. The effect of the mass ratio of Fe
(III)/pumice on the morphology of NZVI on P-NZVI was shown in
Fig. 1. It can be seen that the mass ratio of Fe (III)/pumice has a
significant effect on the diameter, shape and distribution of NZVI
on P-NZVI (Fig. 1). When the ratio was 1:3, the fluffy masses and
ogy of NZVI on P-NZVI: (a) 1:2, (b) 1:5, (c) 1:8 and (d) 1:10.



Fig. 3. Effect of the volume ratio of deionised (DI) water to absolute alcohol on the morphology of NZVI on P-NZVI: (a) 2:1, (b) 4:1, (c) 8:1 and (d) 12:1.
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Fig. 4. Effect of pH values on Kobs for (a) Hg (II) and (b) Cr (VI) reduction by P-NZVI. Initial Hg (II) and Cr (VI) concentration: 60 mg/L; the mass fraction of NZVI in P-NZVI: 7.7%,
0.28 g; pH: 3.11, 4.12, 5.17, 6.10, 7.05 and 8.13; temperature: 20 �C.
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irregular plate-shaped of NZVI were formed (Fig. 1(a)). As the ratio
decreased to 1:6, NZVI was mainly spherical nano-particles with a
mean diameter of 12.8 nm (Fig. 1(b)). However, these NZVI parti-
cles were obviously aggregated in Fig. 1(b), leading to a decrease
in its chemical activity and removal capacity of pollutants [23].
NZVI particles were not packed tightly together in Fig. 1(c), never-
theless a chainlike and aggregated structure was formed because of
the natural magnetism of NZVI [24]. NZVI with a diameter of
36.9 nm was distributed uniformly on the surface of pumice when
the ratio was decreased to 1:12 (Fig. 1(d)), which demonstrated
that pumice can be effective to enhance the dispersibility of NZVI
particles [19].

Fig. 2 showed that with the decrease in the molar ratio of Fe
(III)/BH4

� from 1:2 to 1:10, there were significant changes in the
diameter, shape and distribution of NZVI on P-NZVI. Strips and
patches or plate-shaped iron were noticed in Fig. 2(a). Further-
more, the iron was not nano-scale particle. As the molar ratio
was 1:5, NZVI with a mean diameter of 36.2 nm was distributed
uniformly on the surface of pumice (Fig. 2(b)). Sodium borohydride
is frequently used as the reductant in the synthesis because of the
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Fig. 5. Effect of the mass of NZVI on Kobs for (a) Hg (II) and (b) Cr (VI) reduction by P-
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Table 1
Freundlich isotherm constants for Hg (II) and Cr (VI) at different temperatures.

T (K) Hg (II) Cr (VI)

qmax n K R2 qmax n K R2

293 106.70 2.73 104.30 0.98 106.50 2.49 80.81 0.97
298 106.92 3.62 132.84 0.97 106.63 3.03 95.68 0.98
303 107.02 4.17 155.72 0.97 106.84 4.37 120.30 0.98
308 107.11 4.81 174.22 0.96 106.91 5.16 130.71 0.97
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sufficiently low reduction potential of borohydride ion [25]. As a
result, the reaction proceeded quite rapidly as an increase in the
molecular fraction of BH4

�. The NZVI particles became smaller in
Fig. 2(c) and (d) than those in Fig. 2(b). However, the presence of
high concentrations of Na+ promoted agglomeration of nanoparti-
cles [26]. Due to an increase in molecular fraction of NaBH4, NZVI
particles were obviously aggregated in Fig. 2(c) and (d).

The effect of the volume ratio of deionized water to absolute
alcohol on the morphology of NZVI was shown in Fig. 3. At a vol-
ume ratio of 2:1, 96.8% of NZVI particles aggregated to greater than
1.5 lm and a chainlike structure was also observed (Fig. 3(a)). Con-
versely, when the volume ratio of deionized water to absolute alco-
hol was increased to 4:1, the primary (94.4%) NZVI became much
smaller (18.2 nm) and was distributed uniformly on the surface
of pumice in Fig. 3(b). In this case, no aggregates greater than
200 nm were detected. When the volume ratio was further
increased to 8:1, NZVI was distributed uniformly and consistently
on the surface of pumice in Fig. 3(c). NZVI particles were obviously
uniform and regular spheres with a mean diameter of 20.2 nm,
although larger aggregates with diameters around 65 nm (2%)
and 116 nm (1%) were also discovered (Fig. 3(c)). When the volume
ratio was finally increased to 12:1, NZVI particles became even
smaller (12.7 nm) and there were still small aggregates (60 nm)
detected in Fig. 3(d), however, these NZVI particles were not dis-
tributed uniformly. Smaller NZVI was obtained as an increase of
the carboxymethyl cellulose (CMC)/Fe2+ molar ratio [26]. The poly-
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Fig. 6. Adsorption isotherms of (a) Hg
meric structure of CMC enhanced the growth of the nucleation of
Fe atoms, which resulted in the formation of a larger number of
smaller particles through the electrosteric stabilization [26]. The
same phenomenon appeared to be plausible for the stabilization
of Au nanoparticles by thiol-terminated polyethylene glycol
(PEG) [27]. So far a conclusion can be drawn that the volume ratio
of deionized water to absolute alcohol played an important role in
the diameter and distribution of NZVI on P-NZVI.

The chemical composition of pumice was 66.8% SiO2, 23.1%
Al2O3, 2.88% Fe2O3, 2.18% CaO and small amounts of Mn, Mg, P
and S [19]. The theoretical mass fraction of NZVI in prepared P-
NZVI was about 7.6%. NZVI has very thin layers of oxide shells with
distinguishable gray or dark portions inside due to the Fe0 [28]. The
main compound on the NZVI surface was iron ferrihydroxide [29].

3.2. Kinetics of Hg (II) and Cr (VI) removal by P-NZVI

3.2.1. Effect of pH values
The dependence of Kobs on pH was investigated and the result

was shown in Fig. 4. It can be seen that Kobs of Hg (II) increases with
an increase in the initial pH, indicating that the reduction rate
increased as an increasing pH value (Fig. 4(a)). However, Kobs of
Cr (VI) decreases with an increase in the initial pH, indicating that
the reduction rate decreased as pH increased (Fig. 4(b)). With an
increasing pH, the surface of P-NZVI became dominantly nega-
tively charged, leading to the enhanced attraction force between
P-NZVI and Hg (II) and the repulsion force between P-NZVI and
HCrO4

�/CrO4
2� [19]. As a result, Kobs of Hg (II) increases but Kobs of

Cr (VI) decreases with an increase in the initial pH. The finding is
in agreement with previous works reported by other researchers
[2,5,30].

3.2.2. Effect of NZVI dosage
The effect of the mass of NZVI on Kobs for Hg (II) and Cr (VI) was

investigated, and the results are shown in Fig. 5. Obviously, Kobs of
Hg (II) and Cr (VI) displays a good linearity to the dosage of P-NZVI
with correlation coefficients (R2) more than 0.98. This indicated
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Table 2
Thermodynamic parameters for adsorption of Hg (II) onto P-NZVI.

DH0 (kJ/mol) DG0 (kJ/mol) DS0 (kJ/mol)

293 K 298 K 303 K 308 K 293 K 298 K 303 K 308 K

345.40 �6.65 �8.97 �10.49 �12.30 1.20 1.19 1.17 1.16
323.31 �6.65 �8.97 �10.49 �12.30 1.13 1.12 1.10 1.09
288.72 �6.65 �8.97 �10.49 �12.30 1.01 1.00 0.99 0.98
86.73 �6.65 �8.97 �10.49 �12.30 0.32 0.32 0.32 0.32

Table 3
Thermodynamic parameters for adsorption of Cr (VI) onto P-NZVI.

DH0 (kJ/mol) DG0 (kJ/mol) DS0 (kJ/mol)

293 K 298 K 303 K 308 K 293 K 298 K 303 K 308 K

410.33 �6.06 �7.50 �11.00 �13.19 1.42 1.40 1.39 1.37
426.91 �6.06 �7.50 �11.00 �13.19 1.48 1.46 1.45 1.43
238.92 �6.06 �7.50 �11.00 �13.19 0.84 0.83 0.82 0.82
95.94 �6.06 �7.50 �11.00 �13.19 0.25 0.25 0.25 0.26
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that the removal of Hg (II) and Cr (VI) by P-NZVI agreed well with
the pseudo-first-order reaction kinetics under various conditions
(Fig. 5). As a result of increasing dosage of NZVI, the surface area
and reactive sites of NZVI were enhanced, leading to an increase
of the efficiency of remediation [31]. At the same time, due to pum-
ice with a large surface area providing more reaction sites for
heavy metals [18], heavy metals can be easily introduced to NZVI
on P-NZVI. This cooperative effect enhanced the removal efficiency
of heavy metals. Thus, it can also be found that Kobs are all more
than 0.13 min�1 and even high as 0.32 min�1. The finding is consis-
tent with the result in Fig. 3(d). It also can be seen that Kobs of Hg
(II) is more than that of Cr (VI) (Fig. 5), which may indicate that it is
more quickly to remove Hg (II) than Cr (VI). The adsorption equilib-
rium time for Hg (II) was less than that for Cr (VI) [32].

3.3. Adsorption of isotherm analysis

Adsorption isotherms of Hg (II) and Cr (VI) onto P-NZVI were
performed at four different temperatures (293–308 K). The initial
Hg (II) and Cr (VI) concentrations were 20, 60, 100 and 300 mg/L,
respectively. The results were shown in Fig. 6. It can be seen that
qe of Hg (II) increases with the increase of the temperatures and
Ce (Fig. 6(a)). Adsorption isotherm of Cr (VI) onto P-NZVI is similar
with that of Hg (II) (Fig. 6(b)). The phenomenon is in conformity
with the kinetics behavior previously. The same result was
reported using chitosan-NZVI beads to remove Cr (VI) [20].

3.4. Thermodynamic parameters

The equilibrium adsorption data on Hg (II) and Cr (VI) onto P-
NZVI at different temperatures were analyzed using Freundlich
model (Table 1) and the parameters of Freundlich equation were
calculated from those isotherms (Tables 2 and 3).

At different temperatures, the values of qmax of Hg (II) can be
estimated to be 106.7, 106.9, 107.0 and 107.1 mg/g, respectively
(Table 1). Likewise, the values of qmax of Cr (VI) are 106.5, 106.6,
106.8 and 106.9 mg/g, respectively (Table 1), which are much
higher than those reported in other NZVI system [20]. According
to the fact that the parameter n > 1 represents a favorability
adsorption condition [33], all of the exponent n are larger than
2.4 for adsorption of Hg (II) and Cr (VI) on P-NZVI (Table 1), which
indicated that the removal of Hg (II) and Cr (VI) by P-NZVI could
easily happened. As shown in Table 1, the values of Freundlich iso-
therm constant K are all more than 80 at four temperatures. At the
same time, the values of K increased as an increase in temperatures
indicating that the affinity of Hg (II) and Cr (VI) to P-NZVI increased
as the temperatures increased. This phenomenon may also help us
explain the kinetics behavior previously. Hence, the results show
that Freundlich isotherm provides a good model of the sorption
system, which is based on heterogeneous adsorption of metal ions.
The high correlation coefficients (R2 > 0.962) also suggested that
Freundlich isotherm agreed well with experimental data. The anal-
ysis hence suggested that P-NZVI were heterogeneous in the sur-
face properties. This is in agreement with the results shown in
Figs. 1–3.

At the reaction temperature of 293–308 K, the DG0 for Hg (II)
adsorption process was found to be �6.65, �8.97, �10.49 and
�12.30 kJ/mol, respectively (Table 2). The negative values of DG0

(Table 2) suggested that the process was spontaneous. The values
of DG0 decreased with an increase in temperature, indicating that
the Hg (II) adsorption was more favorable at higher temperature, a
phenomenon also observed by Wu and Li [34]. The positive values
of DH0 suggested that Hg (II) removal by P-NZVI was an endother-
mic process, which was in agreement with previous observation,
namely Kobs increased with an increase in temperature. The posi-
tive values of DS0 for all case (Table 2) reflected the good affinity
of the sorbent for Hg (II) ions and the increasing randomness at
the solid-solution interface during the adsorption of Hg (II). The
positive values of DS0 suggested some structural changes in Hg
(II) (adsorbate) and P-NZVI (adsorbent) [35]. The same phenomena
had also been reported for the system of Cr (VI) on chitosan-NZVI
beads, as well as basic dyes on tree fern [20,36].

The similar regularity was also found on Cr (VI) adsorption pro-
cess (Table 3). The thermodynamic parameters showed that reac-
tions were endothermic and spontaneous in nature. DH0 for Hg
(II) was less than that for Cr (VI) at the same condition (Tables 2
and 3), which demonstrated that more thermal energy was
needed to remove Cr (VI) than Hg (II) at the same reaction rate.
This is consistent with the result of Fig. 5. Adsorption of b-carotene
onto carbon coated monolith was spontaneous and endothermic
[37].
4. Conclusions

In this study, P-NZVI was successfully prepared and used to
remove heavy metals from wastewater. Kinetics and thermody-
namics of Hg (II) and Cr (VI) removal from wastewater by P-NZVI
were investigated. Based on the results, the major findings are
summarized as follows:
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� SEM results showed that the mass ratio of Fe (III) to pumice, the
molar ratio of Fe (III) to BH4

�, and the volume ratio of deionized
water to absolute alcohol played an important role in the shape,
diameter and distribution of NZVI on P-NZVI.
� Kobs for Hg (II) increased with increasing NZVI dosage and pH

values, however, Kobs for Cr (VI) increased with increasing NZVI
dosage but decreased with the increase in pH values.
� qe of Hg (II) and Cr (VI) increases with the increase of the tem-

peratures and Ce.
� Freundlich isotherm analysis suggested that P-NZVI were heter-

ogeneous in the surface properties.
� Thermodynamic investigation showed that enthalpy change

(DH0) was positive, indicating that the removal of Hg (II) than
Cr (VI) was an endothermic process. The negative values of
Gibbs free energy change (DG0) for Hg (II) and Cr (VI) suggested
that the process was spontaneous.

The result revealed that P-NZVI had the capacity to remediate
wastewater containing heavy metals. Our study was to provide
information for engineers on using NZVI in the practical remedia-
tion of wastewater. P-NZVI could become an effective and promis-
ing technology for in situ remediation of wastewater.
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