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Abstract Heavy metal removal from water required reli-

able and cost-effective considerations, fast separation as

well as easy methodology. In this piece of research,

nanozerovalent iron (NZVI) was prepared as ideal sorbent

for Pb2? removal. The sample was characterized using

X-ray diffraction (XRD), high-resolution transmission

electron microscope (HRTEM), and atomic force micro-

scope (AFM–SPM). Batch experiments comprised the

effect of pH value and contact time on the adsorption

process. The same NZVI was stored for a shelf time

(10 months) and the batch experiment was repeated. The

outcomes of the investigation assured that NZVI publicized

an extraordinary large metal uptake (98%) after a short

contact time (10 h). The stored sample revealed the same

effectiveness on Pb2? removal under the same conditions.

The results of the physical properties, magnetic suscepti-

bility, and conductance were correlated with the adsorption

efficiency. This work offers evidence that these NZVI

particles could be potential candidate for Pb2? removal in

large scale, stored for a long time using a simple, green,

and cost-effective methodology, and represent an actual

feedback in waste water treatment.
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Introduction

Iron nanoparticle was one of the first generation nanoscale

environmental technologies. In the past few years, different

methods were developed to synthesize iron nanoparticles

(Brumfiel 2003; Hassan 2005; Zhang et al. 2015; Su et al.

2016), modify their surface properties (Mahfuz and Ahmed

2005; Karlsson et al. 2004; Rajajayavel and Ghoshal 2015),

and improve their efficiency for field delivery and reactions

(Liu et al. 2015; Glavee et al. 1995; Khalil et al. 2004; Xu

et al. 2005; Zhang et al. 1998; Schrick et al. 2002; Elliott

and Zhang 2001). Extensive investigations reported that

nanoscale iron particles are effective for the removal of a

wide environmental contaminants such as heavy metal ions

like As(III), Pb(II), Cu(II), Ni(II), and Cr(VI), chlorinated

organic solvents, organochlorine pesticides, some inor-

ganic compounds (Elliott and Zhang 2001; Liu et al. 2005;

Alowitz and Scherer 2002; Cao et al. 2005; Kanel et al.

2005), and organic dyes (Alowitz and Scherer 2002; Cao

et al. 2005; Kanel et al. 2005).

NZVI is usually reported to have a core–shell structure.

The shell contains oxidized iron that is mostly magnetite

Fe3O4 and often with maghemite (c-Fe2O3) or lepi-

docrocite (c-FeOOH) (O’Carroll et al. 2013; Phenrat et al.

2016; Boparai et al. 2013).

Some efforts expanded to examine the specific functions

of the metal core and the oxide shell in different remedi-

ation systems. More informative knowledge of the core–

shell structure and the surface chemistry of NZVI materials

can accelerate the development of new applications,

especially in the category of inorganic contaminants,
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whose treatment typically involves surface-mediated

complexation and/or redox transformations (Auffan et al.

2008). Another aspect which has received less attention in

the literature is the inevitable reaction of NZVI with water

and its effect on the solution and surface chemistry. This

point is of particular relevance to the treatment of ionic

species including heavy metal ions, because their specia-

tion and reactivity are profoundly dependent on the solu-

tion pH.

NZVI corrosion primarily occurred due to the formation

of Fe2? or mainly Fe3? species, which can be described as

follows (Geng et al. 2009; Uzum et al. 2009; Morgada et al.

2009; Rao et al. 2009):

Fe0 ! Fe2þ þ 2e� ð1Þ

Fe2þ ! Fe3þ þ e� ð2Þ

Fe0 ! Fe3þ þ 3e�: ð3Þ

If NZVI reacts with ionic heavy metals such as Pb2?, the

following reaction takes place

Pb2þ þ Fe0 ! Pb0 þ Fe2þ: ð4Þ

NZVI has engrossed the most consideration from those

experts in the art (environmental technicians and scientists)

owing to its eclectic applicability and extraordinary

removal efficiency. NZVI is branded to be extremely

operative at the conversion and detoxification of organic

contaminants as well as heavy metals pollutants. The

central technical tricky encountered in the handling of such

nanoparticles is their high air sensitivity. When unprotected

from the air, NZVI is quickly oxidized and misses its high

surface reactivity which is mainly its focus advantage.

Many procedures have been established to suppress

oxidation and protect NZVI during, post-preparation, and

at the shelf lifetime (expiration period/storage).

The main goal of this research work is to improve the

previous reported methods of preparation NZVI to obtain a

sample that could be stored for a long time at normal

conditions. Moreover, these nanoparticles are characterized

by their physical stability hand in hand with superior

chemical catalytic activity. The second essential target is to

find out the most suitable situations to utilize this prepared

NZVI to remove Pb2? ions from water.

Experimental techniques

Synthesis of NZVI

Modified method was used to prepare PVP–NZVI particles,

where the reduction of FeCl3 by NaBH4 using the ‘‘bot-

tom–up’’ method (Boparai et al. 2011) with some

modifications is considered. The reduction was carried out

by adding droplets of 0.125 M sodium borohydride

(NaBH4) aqueous solution to (200 mL) solution of

0.023 M FeCl3 and polyvinyl pyrrolidone (PVP) of

1.3055 g under continuous flow of nitrogen gas with stir-

ring using mechanical stirrer. Ferric ion (Fe3?) was

reduced to zerovalent iron (Fe0) by borohydride according

to the following reaction:

4Fe3þ þ 3BH4� þ 9H2O ! 4Fe0 # þ3H2BO3�

þ 12Hþ þ 6H2 " :
ð5Þ

Black NZVI particles appeared immediately after

introducing the first few drops of NaBH4 solution, where

the pH value of the reaction was adjusted at &8–9. The

mixture was stirred for additional 20 min. The precipitated

zerovalent iron nanoparticles (NZVI) were separated,

washed several times with deoxygenated-deionized water

and ethanol, and then stored in thin layer of ethanol. The

preparation method in this study is modified than that

reported (Boparai et al. 2011) by adding PVP (polyvinyl

pyrrolidone). The prepared NZVI does not show visible

changes in color which suggested that the PVP used in

synthesis procedure protects Fe0 nanoparticles from air

oxidation. In other words, PVP is used as a stabilizer for

preparing more physically stable and more chemically

reactive NZVI for the removal of metal ions from water as

well as it leads to best storage for the prepared NZVI at

normal conditions.

X-ray diffraction (XRD) was carried out to assure the

formation of the NZVI in a single phase using XPERT-

PRO with CuKa1 target (k = 1.54443 Å. The particle size

and microstructure were examined by HRTEM (Tecnai

G20, Super twin, double tilt). The surface topography and

roughness profile was examined using atomic force

microscope (scanning probe; SPM-9600).

Batch experiment of Pb21 removal

To optimize the conditions of Pb2? removal from water,

the following set of experiments was carried out at room

temperature. Equivalent weights of NZVI (0.02 g) were

added to five similar volumes 10 mL of lead nitrate stan-

dard solution (2 ppm), and several drops of ammonia or

nitric acid were used to adjust the pH value at (4–8). The

investigated solutions were covered by parafilm and shaked

well using electric shaker at 250 rpm for 1 h. The atomic

absorption measurements were carried out using (PERKIN

ELMER A. Analyst 100). The electrical properties of the

investigated samples were carried out using LCR meter

model HIOKI 3531 (Japan). A quartz cell with two parallel

platinum electrodes was especially designed for such

purpose.
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Results and discussion

Microstructural investigations of fresh NZVI using

HRTEM

Figure 1a shows HRTEM micrograph of freshly prepared

NZVI sample. Some of the nanoparticles appear agglom-

erated, due to magnetic and electrostatic attractions. It is

worthy noted that the formed black spherical nanoparticles

were certainly magnetic and, therefore, attract each other

easily. Accordingly, this was a clear evidence of the for-

mation of nanoparticles of zerovalent iron (ZVI). From a

closer look using higher magnification, Fig. 1b shows that

each single particle appears as a dense black core sur-

rounded by a thin brighter shell of dark gray color. The

shell thickness was found from HRTEM to vary

significantly between 4 and 6 nm, while the core was

occasionally observed as thick as 25 nm and as thin as

9 nm. The core and shell thickness dimensions obtained

from HRTEM agree with those previously reported NZVI

(Yan et al. 2010). The disordered oxide layer can be par-

tially explained by the ultrafine radius of nanoparticles as

well as their agglomeration state. It is noticed from the

micrograph that the chains of connected nanoparticles have

a continuous oxide shell looking like that previously

reported (Liu and Zhang 2014; Wang and Zhang 1997;

Ahn et al. 2001).

The uniqueness of our work originated from the exten-

ded storage (shelf lifetime) of the obtained NZVI. Herein,

after more than 10 months and in the normal atmosphere,

there is neither weight loss content nor pronounced

microstructural changes in the shell thickness/shape. This

originality is remarked in Fig. 2, where the HRTEM of the

stored sample of NZVI after more than 10 months shows

the identical core–shell with nearly similar dimensions as

illustrated in Fig. 1b for the freshly prepared one.

Crystal structure and topography of NZVI

before and after removal process

XRD characterization of the as-prepared NZVI is shown in

Fig. 3a. The peak at 2h = 44.9� corresponds to the (110)

plane indicating the presence of Fe0; this result is in line

with that previously reported (Liang et al. 2014). The broad

iron peak implies that the synthesized ZVI is formed in the

nanoscale. To calculate the crystallite size, one used

Fig. 1 a, b HRTEM of the freshly prepared NZVI sample at two

different magnifications

Fig. 2 HRTEM micrograph of NZVI after storage period of

10 months
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Scherrer formula (Sun et al. 2007) Lhkl = (0.9k)/b1/2 cos h,

where Lhkl is the crystallite size, k is the wavelength of

CuKa radiation, b1/2 is the corrected full-width at half-

maximum (FWHM), and h is the diffraction angle of the

strongest peak. The calculated value of the crystallite size

of the prepared NZVI is 1 nm. Figure 3b shows the XRD

of NZVI after Pb2? removal (at pH 8, contact time 1 h). It

is noted that a peak appeared at (2h = 35.631�) corre-

sponds to the plane (311) of the hematite (Fe2O3) according

to ICDD card [00-039-1346]. Another peak appeared at

(2h = 14.148�) pointed to the presence of FeO(OH) as

identified from ICDD card [04-014-3986] and was indexed

as (020). The presence of Fe2O3 and FeO(OH) confirmed

the redox reactions between Fe(0) and Pb2?, where NZVI

acts as a reducing agent (Shu et al. 2007).

Atomic force microscopy was employed to examine

surface topography of the synthesized NZVI. The freshly

prepared NZVI as shown in Fig. 4a appeared to be more or

less distributed in a non-regular manner with large rough-

ness and spherical shape. The size distribution is observed

to narrow form the line profile. The surface topographic

details resembles to spikes of different heights and widths.

Certainly, this will play an important role in the adsorption

process. After Pb2? removal (pH 8, 1 h contact time),

Fig. 4b, the particles seem to be enlarged. The distribution

became broader and the surface could be described as

nanoislands with no clear boundaries and lost distinct

shells. This reflects that iron corrosion products are formed

on the shell and accumulated on the Fe0 surface as a direct

result of the extremely large surface/volume ratio as well as

large exposed surface area as it was clear from the ultrafine

size of NZVI. Consequently, the particle size gets enlarged

after Pb2? removal owing to the reaction products on the

nanoparticle surface.

Effect of pH value on the surface charge of NZVI

Surface charge or zeta potential is the major factor deter-

mining the mobility of particles in an electric field. The

electrostatic repulsion between the nanoparticles depends
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on the surface potential determined by zeta potential. The

metastable suspension is obtained at the value of zeta

potential of ±30 mV (Xi et al. 2010; Larsson et al. 2012).

Results in Fig. 5 designate that at low pH value, the par-

ticles have a net positive charge, and at higher pH value, a

net negative charge was acquired. These results agree well

with the reported data (Dickinson and Scott 2010). As

demonstrated in Fig. 5, the nanoparticles maintained a

surface charge of ?15.4 to -30 mV over the pH range of

4–8. When the pH value is less than the iso-electric point

(IEP), NZVI exhibits a positive charge. Surface of lead

ions carries positive charge and NZVI nanoparticles are

negatively charged above the isoelectric point. Therefore,

the lead ions will be easily adsorbed on the surface of

NZVI.

Effect of pH value on Pb21 removal efficiency

and microstructure of NZVI (before

and after 10 month storage)

In water, iron oxides possess metal-like or ligand-like

coordination properties depending on the solution character

(pH). At low pH, iron oxides are positively charged and

attract negatively charged ligands (e.g., phosphate, nitrate,

chloride, etc). Increasing pH above the iso-electric point

(pH *8), the surface of the oxide becomes negatively

Fig. 4 AFM images for a fresh NZVI and b NZVI after Pb2? removal (pH 8, contact time 1 h)
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charged and can form surface complexes with positive

cations (Pb2?, Cd2?, and Ni2?).

The adsorption efficiency was calculated from

{(Co - C/Co) 9 100}, where Co is the initial Pb?2 con-

centration and C is its value at the considered condition;

the values are reported in Table 1 for the fresh NZVI

samples and for those stored for 10 months. The data were

collected after similar contact time 1 h. Maximum removal

efficiency was recorded at pH 8 which means that NZVI

displays double roles (sorbent) and metallic iron (a

reductant). The metallic iron was believed to reduce the

Pb2? ions and the NZVI reduced the rest of them. The

results clarified that the adsorption efficiency of Pb2? ions

using NZVI before and after 10 months is approximately

the same which means that there is no weight loss in the

NZVI. Moreover, one could see that this result in line with

the observed microstructure form HRTEM as mentioned

above, where core–shell-type nanoparticles with nearly

similar dimensions and core/shell thickness ratio were

preserved. This is an optimized excellent result after such

long time.

Figure 6a–c clarifies the HRTEM micrograph of NZVI

after Pb2? adsorption at pH values (6, 7, and 8) and contact

time 1 h. Agglomeration of NZVI at the beginning origi-

nated from the strong magnetic interactions, although in

our case, PVP decreases the electrostatic attraction. Fig-

ure 6a shows that pH 6, NZVI core shape is likely to be

still small as compared with that of the fresh prepared

sample, Fig. 1a. Correspondingly, no clear change in the

size could be detected at pH 7, Fig. 6b. This is back to the

small adsorption efficiency achieved at this pH value.

Figure 6c, pH 8, shows that the core–shell structure dis-

appeared completely as a result of the highest adsorption

efficiency of lead ions on the surface of NZVI that took

place, as discussed in Fig. 4b. Furthermore, from Fig. 6a–

c, we conclude that the particle size of NZVI after lead

adsorption becomes larger than that before, as shown in

Fig. 4a, b.

Effect of contact time on the Pb21 removal efficiency

The adsorption efficiency of NZVI in lead removal at pH 8

is certainly time dependent. The obtained results of Fig. 7

clarify that, using only 1.0 g/L of our prepared NZVI, the

adsorption efficiency reached 95% after 1 h and complete

(100%) uptake is after 24 h. This is an applicable result in

fast water detoxification, as one can use these prepared

NZVI to remove large percentage of Pb in a very short

contact time. Here, this result was due to the number of

available active sites for adsorption owing to the excellent

specific surface area of the samples.

Study of the electrical conductance and its

correlation with removal efficiency

Figure 8 represents the dependence of the room tempera-

ture electrical conductance (G) of NZVI on pH values. The

comparison between Table 1 and Fig. 8 pointed to the

matching between the adsorption efficiency and the con-

ductance of the NZVI. This is interpreted as the lead

adsorption which is accompanied by an increase in the

maghemite shell, as discussed above in XRD data, Fig. 3a,

b. From another point of view, the lead adsorption by

NZVI is accompanied by liberation of electron charge

carriers as explained before.

Figure 9 represents the frequency dependence of the

conductance of NZVI at different pH values after 1 h

contact time. The results from this figure clarify that a

similar variation of the conductance with the applied fre-

quency was obtained at all pH values. The conduction and

polarization processes in nanoparticles are certainly

depending on many factors including electrical double

layer at the mineral/water interface, applied frequency, and

temperature. For NZVI, these physical properties are

impacted by the charge transfer and valence exchange for

the existing iron ions during the redox reaction across the

interface. Herein, the interfacial polarization is highly

pronounced and Maxwell–Wagner type plays a significant
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Table 1 Removal efficiency percentage of Pb?2 using NZVI after

contact time 1 h at different pH values for the freshly prepared sample

and that stored 10 months

pH Removal efficiency (%) for (2 mg Pb?2/1 g NZVI)

NZVI (fresh sample) NZVI (stored 10 months)

4 85.3 –

5 88.2 –

6 91.9 91.4

7 83.6 83.2

8 99.8 98.9
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role especially at elevated temperatures. Since one

assumed that the interface between NZVI and water takes

the upper hand in controlling electrical properties,

Fig. 6 HRTEM micrograph for NZVI after Pb2? adsorption at different pH values, a pH 6, b pH 7, and c pH 8
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Fig. 8 Effect of pH value on the conductance of Pb2? nitrate solution

with NZVI after 1 h at room temperature at 1 MHz
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therefore, physico-chemical studies here must be high-

lighted represented in the surface area. The latter is

inversely proportional to the crystallite size as the relation

is depicted from

S ¼ surface area

Mass
ðSun et al: 2006Þ ð6Þ

S ¼ 6

qL
ð7Þ

where q is the density and taken here (7800 kg/m3) for iron

and L is the crystallite size (particle diameter assuming

spherical shape) as obtained from XRD. For our NZVI, the

calculated surface area is 76.92 9 104 or 769 m2/g which is

a surprising result and exceedingly larger than obtained

earlier (Cornell 2003). The obtained surface area is six times

more than that obtained and reported by Sun et al. (2006).

Zerovalent iron, Fe0, has been renowned as an effective

electron donor irrespective of its particle size. This is

supported by the standard reduction potential (E0) of

-440 mV for the following half-reaction between the

Fe2?/Fe0 pair:

Fe2þ þ 2e� ! Fe0: ð8Þ

In the water environment, the predominant electron

receptors are water and to some extent residual dissolved

oxygen:

Fe0
ðsÞ þ 2H2OðaqÞ ! Fe2þ

ðaqÞ þ H2ðgÞ þ 2OH�
ðaqÞ

2Fe0
ðsÞ þ 4Hþ

ðaqÞ þ O2ðaqÞ ! 2Fe2þ
ðaqÞ2H2OðlÞ:

ð9Þ

Herein, the conductivity originated from the number of

electrons liberated during redox reaction as well as their

mobility. In other words, the predominant effect on the

conduction mechanism is the remediation process (the medium

alkalinity and/or acidity) rather than the applied frequency.

This is evidenced by the change in G with pH values that is

observed to be more significant than that produced by scanning

over the whole frequency range (0.4–5 MHz).

Study of the magnetic susceptibility of NZVI

at different pH values

Figure 10 illustrates the dependence of the room temper-

ature magnetic susceptibility v at different pH of the

solution of NZVI after 1 h contact as a function of mag-

netic field intensity. The values of the magnetic suscepti-

bilty decreased as the magnetic field increased as the

general trend of magnetic materials (Ahmed et al. 2013).

The variation of v with the pH value is interpreted

depending on the obtained HRTEM micrograph, Fig. 6a–c,

and the adsorption efficiency, Table 1. It is noted that, the

smallest magnetic susceptibility values are attained at pH

8, this corresponds to high adsorption efficiency, i.e., where

the thickness of the iron oxide gets enlarged. This means

that the predominant factor affecting on the magnetic

susceptibility is the iron oxide shell and the ZVI core has a

minor contribution. Moreover, Fig. 10 shows that the lar-

gest v is obtained for the solution at pH 6. This is back to,

at this pH value, the shell thickness of the NZVI possess

small value, as appeared in Fig. 6a. Here, the importance of

the magnetic properties of the NZVI is highlighted in how

the material after adsorption could be recovered and easily

removed from water after decontamination process using

external magnetic field.
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