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Nanofer zerovalent iron (nanofer ZVI) is a new and innovative nanomaterial capable of removing organic as well as inorganic
contaminants in water. It displays a decrease in agglomeration, when it is coated with tetraethyl orthosilicate (TEOS). TEOS imparts
an increase in reactivity and stability to nanofer ZVI. Characteristics of nanofer ZVI were determined using scanning electron
microscope/electron dispersive spectroscope (SEM/EDS), transmission electron microscope (TEM), and X-ray diffraction (XRD).
Nanoparticle size varied from 20 to 100 nm and its surface area was in the range of 25–30 m2 g−1 . The present study examined its
structure before and after kinetic experiments. Kinetic experiments indicated that adsorption of heavy metals [Pb (II), Cd (II), and
Cu (II)] and TCE is very rapid during the initial step which is followed by a much slower second step. Removal rates of 99.7% for
Pb (II), 99.2% for Cd (II), 99.9% for Cu (II), and 99.9% for TCE were achieved in less than 180 minutes. Lagergren models (LM),
liquid film diffusion model (LFDM), and interparticle diffusion model (IDM) were used to understand the removal mechanism
associated with nanofer ZVI. In this study, interactions of nanofer ZVI with individual metals as well as TCE are examined.

1. Introduction
It is almost a decade since the zerovalent iron nanoparticle
application was engineered. The application of conventional
nanoparticles to remove organic and inorganic contaminants
from water has received considerable attention. The new
nanofer ZVI is the third generation of iron nanoparticles
(nZVI) produced in 2012. It is highly applicable in the
oxidation-reduction technologies of water remediation [1, 2].
The oxidation of organic contaminants produces hydroxyls,
superoxides, and hydrogen gas. They play a significant role in
the degradation of organic contaminants [3–6]. Iron particle
disassociation and metal adsorption by nanoparticles are the
mechanisms by which nZVI removes inorganics. The study of
nanofer ZVI to remove organic and inorganic contaminants
in water is crucial.
The life time and agglomeration of particles are the
main hurdles for the use of the conventional nZVI for
the remediation of contaminated water. The particle life
time varies from 2 hours to a few days. Further, in some

cases, the particle agglomeration can be even shorter than
2 hrs. In the last decade, extensive research was focused
on enhancing the mobility and dispersion of particles by
adding transitional metals or coating the nZVI particles
with silicon-based materials. The NANOIRON Company
produced nanofer ZVI [7] by coating the conventional nZVI
particles with tetraethyl orthosilicate (TEOS). Other types
of coatings such as carboxymethyl cellulose (CMC) and
polyacrylic acid-stabilized coatings are also reported to be
effective in increasing the stability of nZVI while passing
through soil, when nanoparticles are injected into the soil to
reduce groundwater contamination [8, 9].
Due to the presence of the coating, the nanofer ZVI
is stable, transportable, reactive, and air-stable. Hence, it
is much easier and safer to store, handle, transport, and
process compared to other nonstabilized conventional nZVI.
It maintains its extreme reactivity in the presence of reducible
pollutants in the water environment [7]. As such, the (new)
nanofer ZVI is suitable for direct application to remove contaminants from polluted water as well as for the preparation
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of slurries injected for in situ groundwater remediation. Its
advantages include the stabilization of particles by the thin
layer which inhibits particles from rapid oxidation when
they are in contact with air. Also, it maintains its high
reactivity in water, in spite of surface stabilization with
silica coating. Further, this coating enables it to be free of
pyrophoric properties and permits easy handling. Hence, it
results in much lower packaging and transportation costs
compared to other conventional nZVI [10]. Only few feasible
procedures have been suggested in literature to dispose the
spent nanoparticle used remediation processes. For instance,
Karn et al. [11] have suggested that the spent nanoparticle
are susceptible to be taken up by microorganism. US EPA
[12] has also suggested possibility of biomagnification of
nanoparticles as intermediate for eventual disposal. After
completing the treatment at the point source, Nowack [13]
has suggested that the residual water left should be pumped
out to the surface and separate the nZVI containing the
contaminants using filters.
The adsorption or reaction kinetics of nanoparticle system in the presence of contaminated water must be studied to
determine the appropriate design that results in the extended
lifetime and reactivity of particles [14, 15]. Recently, several
studies have investigated the use of nZVI that were coated by
other metals such as Pd and Ni which impart higher stability
and reactivity to nZVI particles. For instance, Greenlee et al.
[16] studied the kinetic adsorption as well as the oxidation
of TCE by bimetallic nanoparticles (Ni-Fe nZVI) using the
results based on SEM/EDS data analysis. They found that
bimetallic nanoparticles have increased reactivity well above
the conventional nZVI. Also, it was noticed that nZVI got
primarily oxidized to iron oxide-hydroxide (lepidocrocite)
in the presence of oxygenated water. Li et al. [17] have
examined the injection of bimetallic nanoparticles (Pd-Fe
nZVI) to a sand aquifer that was contaminated by TCE.
They found that the nanoparticles injected to the aquifer
did not reach the target area due to their reactivity with
the soil. Both Environmental Protection Agency (EPA, 2012)
and the Office of Solid Waste and Emergency Response
(OSWER, 2012) investigated the scope of remedying several sites contaminated with organic and inorganic contaminants using different nZVI. They treated almost 90
percent of sites by bimetallic nanoscale particles (BNP)
produced by Lehigh University (USA) and the conventional
nZVI. 95% of target contaminants were organics such as
trichloroethylene (TCE), polychlorinated biphenyls (PCB),
1,1,1-trichloroethane (TCA), and vinyl chloride (VC). In most
cases, a second injection of nZVI was needed to reach the
desired contaminant concentration level.
Little is known about the reaction kinetics and products
formed during metal adsorption or oxidation-reduction by
nZVI, especially the coated form. Even fewer studies have
investigated TCE dechlorination by coated nZVI with metal
or different polymers [5, 16, 17]. However, only few details of
the nanoparticle distribution and reaction kinetics have been
provided. The pathways of TCE dechlorination and metal
removal by coated nZVI have not been explored.
Several methods such as precipitation, electrochemical
reduction, adsorption, ion exchange, solvent extraction, and
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nanofiltration are used to remove heavy metals (Cu, Pb, and
Cd) from groundwater. These operations are expensive, often
generate excessive sludge, and lead to operational problems
[20]. Heavy metals in groundwater can be removed more
efficiently using nanomaterials. Considerable attention is
currently paid to study the use of nZVI to remove heavy
metals from groundwater [20]. The mechanisms of heavy
metal removal using nZVI depend on the standard redox
potential (𝐸0 ) of the metal contaminant. Metals that have
an 𝐸0 which is more negative than or similar to that of Fe0
(e.g., Cd) are removed by adsorption to the iron hydroxide
shell. On the other hand, metals with 𝐸0 which is much
more positive than Fe0 (e.g., Cu) are preferentially removed
by reduction and precipitation. Metals for which 𝐸0 is only
slightly more positive than that for Fe0 (e.g., Pb) can be
removed by reduction and adsorption [20]. O’Carroll et al.
[21] rightly stated that oxidation and coprecipitation involved
in heavy metal removal depend on the prevailing chemical conditions (pH, initial concentration, and speciation of
contaminant metals). In most cases, addition of nZVI to
the aqueous solution increases pH due to the generation of
OH− resulting in the immobilization of metal by precipitation
as the hydroxide [21]. This also suggests that other metal
contaminants with more negative redox potential than Fe0
may be removed by adsorption and precipitation on the nZVI
surface.
Recently, Rangsivek and Jekel [22] studied the removal
of Cu II by macroscale ZVI and showed that a substantial
portion of Cu II is reduced and transformed to insoluble
form of Cu and Cu2 O. More recently, Ayob et al. [23] studied
the adsorption of Cu II by nZVI coated by carboxymethyl
cellulose (CMC-nZVI) and found that the removal efficiency
is highly pH-dependent. The removal of Pb II by bimetallic
nanoparticles (Ni/Fe) has also been reported by Saberi [24].
O’Carroll et al. [21] have indicated that only few studies
have investigated the adsorption kinetic of metal removal by
nZVI. They also suggested that more research is needed to
investigate the adsorption mechanism and kinetics associated
with other metals that can be removed by nZVI.
In the present study, surface morphology and surface
chemistry of the new nanofer ZVI were determined using
spectroscopic image data (SEM/EDS, TEM, and XRD). The
surface area of nanofer ZVI was obtained using the BET
procedure. The kinetics of adsorption of heavy metals ((Pb
(II), Cu (II), and Cd (II)) and dechlorination of TCE present
in polluted water by the new nanofer ZVI were investigated.
To achieve this goal, the experimental data were collected and
the results were used to validate the Lagergren model as well
as the liquid diffusion model. The study also scrutinizes the
reaction pathways of the removal of metals and TCE by the
new nanofer ZVI from contaminated water.

2. Materials and Methods
2.1. Chemicals. Details related to different chemical solutions
used in the study are presented in Tables 1 and 2. All chemicals
supplied by Fisher Scientific were classed as pure grade
(99.9%).
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Table 1: Selected organic and inorganic chemicals used in the study.
Reagent
Inorganic
Cu (II)
Cd (II)
Pb (II)
Organic
TCE
PVP
TEOS

Formula

Source

CuCl2
CdCl2
Pb (II)Cl2

Fisher
Fisher
Fisher

C2 HCl3
(C6 H9 NO)𝑛
SiC8 H20 O4

Fisher
Sigma Aldrich
Sigma Aldrich

Table 2: Metal ion characteristics [18, 19].

Cu (II)

Metals
Pb (II)

Hydrated radius (Å)

4.19

4.01

Ionic radius (A)
Electronegativity
Polarization

0.72
1.8
6.1
4s 3d
1B

1.2
1.6
6.8
6s 4f 5d 6p
4A

Characteristics

Electron configuration

Cd (II)
4.26
0.97
1.5
7.2
5s 4d
2B

2.2. ZVI Nanoparticles. The iron suspension characterized
and modified in this study was supplied by the Czech
company, NANOIRON ltd. The material was developed to
overcome the uncoated nanofer 25 which was produced via
a dry reduction of iron oxide. However, the coated nanofer
ZVI is a new innovative material produced by impregnating
the iron oxide with polyvinylpyrrolidone (PVP) and socked
and coated with tetraethyl orthosilicate (TEOS). Lenka et al.
[7] provide more information about these two products.
Deionized water was used in all experiments.
2.3. Surface Morphology and Particle Characteristics
2.3.1. Transmission Electron Microscope Images. Images of
the nanofer ZVI particles were recorded with the JOEL
2000 FX Transmission microscope (JOEL ltd, Japan). The
samples deposited on the top of the sample holder by adding
two to three droplets of nanofer ZVI onto the carbon film.
The sample holder was cleaned by air to removal unglued
particles. Using the TEM, the particle structure was examined
by passing beam of electrons through the specimen. The
transmission of the electron beam depends on the properties
such as density and composition of materials. The image
appeared as a shadow of the specimen on the screen. The best
image showing the particle characteristics was selected from
the data collected.
2.3.2. Scanning Electron Microscope/Electron Dispersive
Microscope. The SEM was operated using the Hitachi
S3400N equipped with the EDS system. The samples were
placed on top of the sample holder using carbon duck liquid.
The operating voltage was 15 kV. The energy dispersive X-ray

spectroscope (EDS) was conditioned at 55 kV, dead time
35%, and a stage-working distance between 9.8 and 10.
2.3.3. X-Ray Diffractometer. The Philips X pert Pro multipurpose X-ray diffractometer was used with parafocusing
Bragg-Brentano geometry and CuKa radiation column (𝜆 =
1.5418 Å, 𝑉 = 40 kV, and 𝑖 = 30 mA). The particles were
placed in a glass holder and scanned from 20∘ to 75∘ . This
scan range covered all major species of iron and iron oxides.
The scan rate was set at 2.0∘ per min.
2.3.4. BET Method. Specific surface area of the nanofer
ZVI was determined with the classic Brunauer-Emmer-Teller
isotherm (BET) method. The BET isotherm was the basis
for determining the extent of nitrogen adsorption on the
particle surface. The nitrogen physiosorption with Coulter
SA 3100 analyzer (Barrett-Joyner-Hanleda) was used in this
study. The sample was placed on a glass tube and was
exposed to nitrogen gas at precisely controlled pressures. As
the pressure increased, the number of nitrogen molecules
increased. The pressure at which adsorption equilibrium
occurred was measured and the universal gas law was applied
to determine the quantity of gas molecules adsorbed. The
process continued until the point of bulk condensation of
nitrogen. Following this, the reverse sequence of desorption
occurred. The systematic sorption and desorption of nitrogen
provided the important information related to surface area
characteristic.
2.3.5. 𝜁 Potential and Isoelectric Point. The surface charge
of nanofer ZVI is often characterized by the zeta potential
(𝜁). Surface charge or zeta potential is the major factor
determining the mobility of particles in an electrical field. The
pH versus 𝜁 potential diagram was employed to determine
the isoelectric point (IEP) for the nanofer ZVI. The pH of the
solution was adjusted with 2.0 N NaOH. An electromagnetic
mixer was used to achieve rapid mixing. The titration began
after the iron nanoparticles were suspended with deionized
water for 30 min to allow the solution to reach equilibrium.
The diagram of pH versus 𝜁 yielded the IEP data.
2.4. Batch Kinetic Adsorption Experiments. Batch experiments were conducted to determine the kinetics of adsorption of heavy metals and dechlorination of TCE by nanofer
ZVI. 0.01 M of metals chloride was prepared, was sealed,
and was left in the shaker for 24 hrs (250 rpm). Nanofer ZVI
and stock solution of metal chloride were added to 40 mL
bottles. Following this, the (sample solution) bottles were
closed and the caps with a Teflon liner sealed the bottles to
prevent leakage. The head room in the bottle was kept to
the minimum. The sample solution bottles were agitated on
a mechanical shaker (250 rpm) at 21∘ C. Time was recorded
for each bottle at the moment of adding the nZVI. Each
bottle was assigned a time and a code. After regular time
intervals, the nZVI particles were separated using vacuum
filtration with 0.2 𝜇m filter (grade 42 Whatman). The pH
and temperature were measured before and after adding
the nZVI. The filtered solutions were immediately acidified
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and stored at 4∘ C prior to metal analyses. The Atomic
absorption spectroscope (AAS, Perkin Elmer) was used for
analysis of metals. Similar procedure was used to prepare
the TCE solution samples. However, TCE concentration after
reduction-oxidation was obtained by gas chromatography
(GC Varian 3800).
2.5. Kinetic Experimental and Modeling. Batch kinetic experiment techniques were used to study the adsorption of
metals and the degradation of TCE from contaminated
water by nanofer ZVI. Both the liquid film diffusion model
(LFDM) and the interparticles diffusion model were selected
to describe the behavior of contaminants through the liquid
phase (aqueous) to the solid phase surface of nanoparticle
(nanofer ZVI). The main reason to select these two models
is linked to the fact that adsorption between metal and nZVI
is diffusion controlled. Besides the diffusion models, the
Lagergren model was also used to describe the kinetics of
both metals and TCE removal by nanofer ZVI. Qiu et al. [25]
have provided a comprehensive discussion of several other
related models.

3. Results and Discussions
3.1. Morphology and Surface Chemistry. Nanofer ZVI was
characterized using images recorded by (XRD), (SEM), and
(TEM). The specific surface area of the nanofer ZVI was
determined by BET analysis. The division shown in the SEM
images indicates 1/10 of the range shown (i.e., 40 nm subdivision Figure 1(a)). Figures 1(a) and 1(b) show that the average
particle size was 50 nm (20–100 nm). The surface area ranged
from 25 to 30 m2 g−1 . The XRD analysis (Figure 3) indicated
two distinct peaks at scanning angles corresponding to 45∘
and 65∘ . The XRD index software (JCPDS) indicated that
these peaks denote ferrite (𝛼Fe, 97.9%) and magnetite (Fe3 O4 ,
2.1%). The increase of pure iron (ferrite) is caused by the
coating of nanofer ZVI with TEOS. However, Lenka et al.
[7] found that the percentage of 𝛼-Fe for uncoated ZVI 25
is 60% and is 70% for coated ZVI 25. Further, Nurmi et al.
[26] investigated the hydrogen reduction of iron oxides while
Sun et al. [27] reduce Fe3+ by borohydride to form zerovalent
nanoparticles. It was found that nZVI contains two phases.
The 𝛼-Fe was ranged from 30 to 70% and Fe3 O4 was the
surrounding oxide layer that ranged from 30 to 70%. Broad
peaks were observed by Sun et al. [27] in the TEM images
for 𝛼-Fe and FeO. This contrasts with the slim peak for ferrite
(98%) in the image for the new nanofer ZVI (Figure 3). For
fresh iron particles to be used for remediation of organic and
inorganic form aqueous solutions, the fraction of the 𝛼-Fe
is expected to be higher than 80% to remain effective [19].
The higher percentage (98%) of 𝛼-Fe in nanofer ZVI clearly
indicates that it is a very highly reactive adsorbent.
The surface area of the nanofer ZVI was determined
to be 27.5 ± 2 m2 g−1 by N2 -BET analysis. However, the
surface area of nanofer 25 (uncoated) was found to be 20 ±
1 m2 g−1 [7]. It is believed that the increase in surface area
between the (uncoated) nanofer 25 and the new nanofer
ZVI is caused by the coating of particle which prevents
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agglomeration (Figures 4(a) and 4(b)). Unlike Figure 4(b)
which clearly displays individual particles, Figure 4(a) does
not show the existence of distinct particles. In Figure 2, the
TEM image shows that nanofer ZVI exhibits a chain-like
structure due to the inherent magnetic interaction between
particles. The enlarged image (insert, Figure 2) also shows
a dark area which is possibly the core of a single nanofer
ZVI particle surrounded by a thin film of oxide shell. The
thickness of the oxidizing shell (insert, Figure 2) based on the
TEM software output indicated that the layer surrounding the
core varied from 2 to 4 nm.
Li et al. [17] investigated the characteristic of ion ZVI,
coated by Pd. It was found that the average particle size is
70 nm and the surface area ranged from 30 to 35 m2 g−1 .
The oxide shell surrounding the core nanoparticle was less
reactive due to metal coating.
Figures 1(c) and 1(d) show corresponding image of SEMEDS elemental maps from agglomerate of the nanofer ZVI
particles with both Cu II (Figure 1(c)) and TCE (Figure 1(d)).
The particle exhibits strong intensity in the bulk of the
agglomerate but depicts a clear increase in intensity at the
edge region corresponding to the amorphous shell. The
agglomerated image (Figures 1(a) and 1(b)) has much brighter
light in the central of the amorphous region. Overlay of the
elemental maps that are attached to the nanoparticle creating
strong complex ligands. However, Weile [10] stated that the
brighter colour in the SEM/EDS image represents amorphous
oxide phase at the agglomerate surface and between the
individual particles. In earlier studies, less focus was given to
the chemical composition and microstructure of particle of
the nanoparticle after use. The SEM/EDS (Table 3) technique
employed in this study is able to unambiguously map out
elemental distribution at a nanometer-scale spatial solution
and thereby provides direct evidence of a core layered
structure existing in these nZVI materials.
The effect of particle suitability and mobility was studied
using 𝜁 potential and the impact of pH on nanofer ZVI.
The isoelectric point (IEP) for the nanofer ZVI was found
to be at pH of 4.3 (Figure 5). However, by increasing pH from
6.5 to 11, nZVI displayed a 𝜁 potential higher than ±85 mV. It
may be noted that this value of 𝜁 potential is considered to
be suitable for groundwater remediation. The nZVI with pH
lower than 8.3 and 𝜁 potential higher than ±60 mV is hence an
excellent reagent and is attractive for the removal of aqueous
contaminants [27]. Lenka et al. [7] reported similar results
for IEP for the nZVI with a different film coating. However,
they found that the 𝜁 potential for uncoated nZVI 25 is below
±30 mV for the pH range of 6 to 10. The uncoated nZVI was
considered to be slightly suitable for groundwater treatment.
Weile [10] detected that reduction-oxidation potential for PdZVI was ±230 mV. Palladium in this case makes the ZVI
more stable and mobile. However, the cost associated with
the production of Pd-ZVI is considered to be a hurdle as it
is much more expensive than TEOS.
3.2. Kinetics of Pb (II), Cu (II), Cd (II), and TCE Adsorption. To understand the metal affinities for nanofer ZVI
as a function of time, adsorption edge experiments were
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Figure 1: SEM images of nanofer ZVI (a) particle size in the range of 40 nm. (b) Particle size in the range of 100 nm. (c) Particle after oxidation
of TCE. (d) Particle after Cu (II) adsorption. Arrow shows metal location.

Zoom particle

200 nm

Figure 2: TEM images of nanofer ZVI with the oxide shell. Tip of arrow indicates zoom location.

performed (Figure 6). Preliminary studies indicated that the
optimum nanofer ZVI dose was determined as 10 mg per
40 mL test solution. Further, these studies also indicated that
the optimum pH values were 5.5 for Cu (II), 4.8 for Cd (II),
4.5 for Pb (II), and 5.6 for TCE. Kinetic experiments also

indicated that the adsorption of the metals and TCE is very
rapid during the first 50 minutes of the initial step (Figure 6).
This was followed by a much slower second step which was
related to the solid state diffusion and the available surface
area. Figure 6(a) shows the rapid and the slow steps for Cd
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Figure 3: XRD nanofer ZVI of 𝛼-Fe; the particle size: 50–100 nm
and high content of iron in range of 70–90 wt.% (𝜆 = 1.5418 Å, 𝑈 =
40 Kv, and 𝐼30 = 30 mA); composition: (green) 2.1%, FeO3 and (red)
𝛼-Fe, 97.9%.

degradation (Figure 6(d)) are in agreement with results of
many previous studies [6, 30–38].
SEM/EDS images (Figure 1) show the nanofer ZVI samples obtained before and after metal adsorption and TCE
degradation. The expected effect of localized corrosion of
metals (iron) due to the presence of chloride ion is not very
evident from the images (Figures 1(c) and 1(d)) since the effect
of localized corrosion can be noticed, only after a much longer
period of metal exposure to oxidation [2, 15, 29, 39].
EDS techniques were used know the amount of metal
adsorbed onto the nanoparticles. The results presented in
Table 3 show that, during step 1, the rapid adsorption
(weight %) of Cu (II) was much more than that of Pb (II)
and Cd (II). The result in agreement with the fact that
Cu (II) has smaller ionic radius (Table 2) may allow it to
be dipped into and attached to the outer surface of the
nanofer ZVI.

4. Sorption Kinetics
removal rate. The equilibrium solid phase concentration at
time interval (𝑞𝑡 ) is calculated via the mass balance:
𝑞𝑡 =

𝑉 ∗ (𝐶0 − 𝐶𝑆 )
,
𝑚

(1)

where 𝑉 is volume of contaminant (L), 𝑚 is the mass of nZVI
(mg), 𝐶𝑜 is the initial or control concentration (mole), and 𝐶𝑒
is the concentration after the sample is filtered at time interval
(mole). The values of 𝑞𝑡 will be used to determine the mass
transfer coefficient 𝐾𝑓 .
In these studies, removal rates of 99.2% for Cd (II), 99.7%
for Pb (II), 99.9% for Cu (II), and 99.4% for TCE were
achieved in less than 180 min. Further, no significant changes
were observed in the removal of both metal ions and TCE
after 8 hrs of equilibration. During the first 10 min, the rates
of adsorption of Cu (II), Pb (II), and Cd (II) were 80%, 76%,
and 71%, respectively. The adsorption of Cu (II) seems to
be faster than the adsorptions of Pb (II) and Cd (II). This
is probably related to their ionic hydrated radius and the
electronegativity (Table 2). Chorstophi and Axe [28] have
stated that the degree of affinities to adsorption sites is a
function of site capacity and the equilibrium constant, which
often coincide with the electronegativity of the corresponding
metal ions. Schwertman and Taylor [29] reported that the
affinities of metals ions for goethite in the crystal level also
follow the order of Cu (II) > Pb (II) > Cd (II) as in the present
case.
Although considerable studies have focused on the
adsorption of TCE by ZVI, the mechanism of its degradation
is not clearly understood and there is a general agreement
that electron transfer at the absorbent is required for TCE
degradation [29]. In the presence of oxygen, metallic iron
gets oxidized and releases electrons which can be used in the
reduction reaction of water. Depletion of oxygen can lead
to an excess of positive charge in the solution causing the
diffusion of chloride ions. Insoluble metal hydroxides can
form and coat the external surface and thereby reduce the
rate of TCE degradation. These specific results related to TCE

Adsorption kinetics depends on the adsorbate-adsorbent
interaction and system conditions. Two fundamental
attributes of an adsorption process unit are its mechanism
and reaction rate. Several studies have described the kinetics
of metal adsorption on solid surfaces. Lagergren (1898)
proposed the first order rate equation to describe the kinetic
adsorption between the liquid-solid system based on solid
capacity. Both the liquid film diffusion model and the
homogenous solid diffusion model are generally used to
describe the fundamental concept of kinetic adsorption
controlled by liquid diffusion [40] or intraparticle diffusion
[40].
4.1. First Order Kinetic Model. Equation (2) represents the
Lagergren model (LM) which was used to determine the time
interval required for ions [Cu (II), Pb (II), and Cd (II)] and
molecules (TCE) to migrate from the liquid phase (solute) to
the solid phase (nanofer ZVI). The kinetics data presented in
Figure 6 was fitted with the following expression:
log (𝑞𝑒 − 𝑞𝑡 ) = log 𝑞𝑒 − (

𝐾1
) 𝑡.
2.303

(2)

Here, 𝑞𝑒 and 𝑞𝑡 refer to the amount of metal ions adsorbed
per unit weight of nanofer ZVI at equilibrium. The plots
of log(𝑞𝑒 − 𝑞𝑡 ) versus 𝑡 are straight lines. The correlation
coefficients for metals removal were determined. The corresponding value of 𝑅2 for Cu (II) ions (insert, Figure 6(b)) was
0.99. The 𝑅2 values for Pb (II) and Cd (II) were respectively
0.97 and 0.95. Further, for the initial concentration of 0.01 M
of Pb (II), Cd (II), and Cu (II) ions, the corresponding
pseudo first order rate constants (𝑘1 ) were determined to
be 0.0137 min−1 , 0.0165 min−1 , and 0.0187 min−1 , respectively.
These results show that, compared to other metals, Cu (II)
has the fastest reaction rate. The results are in agreement with
the earlier SEM/EDS analysis which indicated that a relatively
much larger percentage of Cu (II) was present on the surface
of the nanofer ZVI (Table 3). For TCE, the 𝑅2 value was 0.96
and 𝐾1 value was 0.0142 min−1 .
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(a)

(b)

Figure 4: SEM images: (a) noncoated nanofer 25 taken after [7]. (b) Coated with silicon nanofer ZVI produced in TMG Lab, Concordia
University.
Table 3: SEM/EDS analysis of kinetic experiments for single metal adsorption (step 1; rapid rate).
Cu (II)

Element

Weight%
11.32
82.17
6.51

O
Fe
Cu
Pb
Cd

0

1.5

0

3

4.5

Pb (II)
Atomic%
35.42
59.93
5.65

6

7.5

9

10.5

Atomic%
32.27
67.36

3.91

0.37

12

𝜁 potential

−25
−50

IEP

−75
𝜁 potential

−100

Cd (II)

Weight%
9.56
86.53

pH

Figure 5: 𝜁 potential as function of pH for nanofer ZVI [Isoelectric
point (IEP)].

𝑑𝑞
𝐴
= 𝐾𝑓 𝑆 (𝐶 − 𝐶𝑖 ) ,
𝑑𝑡
𝑉𝑝

(3)

Atomic%
22.49
77.39

0.39

0.16

where 𝑉𝑝 (𝑑𝑞/𝑑𝑡) demonstrates the rate of contaminant
accumulation on the surface of nZVI. Here, 𝑞 represents
the average contaminant concentration in the solid phase
(nZVI), and 𝑉𝑝 is the volume of the particle. However,
the rate of contaminant transfer across the liquid film is
proportional to the surface area of the particle (𝐴) and the
driving force that is controlled by concentration gradient
(𝐶 − 𝐶𝑖 ). Therefore, it is equal to 𝐾𝑓 𝐴 𝑠 (𝐶 − 𝐶𝑖 ), where 𝐾𝑓
represents the film mass transfer coefficient.
The film diffusion mass transfer rate model ((3) and (4))
was developed earlier by Boyd et al. [40] and later refined by
Qiu et al. [25]. Consider
ln [1 −

4.2. Adsorption Diffusion Model. The adsorption diffusion
models involve film diffusion, intraparticle diffusion, and
mass action [25, 41]. Liquid film diffusion model (LFDM)
and intraparticle diffusion model (IDM) are the rate limiting
steps used to describe kinetic adsorption [41]. However, these
models are mainly developed to describe the process of film
diffusion and intraparticle diffusion once the contaminants
move from the liquid phase (aqueous solution) to the solid
phase. In our case, nanofer ZVI denotes the solid phase. The
liquid film diffusion model is based on the linear driving force
law and is given by (2) [42]. Consider

Weight%
7.66
91.98

𝑅=

𝑞𝑡
] = −𝑅𝑡,
𝑞𝑒

(4)

3𝐷𝑒
.
𝑟0 Δ𝑟0 𝐾𝑓

(5)

The 𝑅 (min−1 ) is the liquid film diffusion constant; De
(cm2 min−1 ) is the effective liquid film diffusion coefficient.
𝑟0 (cm) is the radius of particles (nanofer ZVI); Δ𝑟0 (cm)
is the thickness of liquid film (which is estimated to be
from 2 to 4 nm); and 𝐾𝑓 is the equilibrium constant of
adsorption defined in (3). By plotting (1 − 𝑞𝑡 /𝑞𝑒 ) versus 𝑡
(experimental data presented in Figure 6), a straight line with
slope of −𝑅 can be determined. Since film diffusion is the
rate limiting step, the corrected film diffusion coefficient 𝐷𝑒
can be evaluated using (5). The values of liquid film diffusion
constant (𝑅) and the effective liquid diffusion coefficient (𝐷𝑒 )
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Figure 6: Kinetic adsorption of organic and inorganic contaminants by nanofer star ZVI; dose 10 mg; concentration 0.01 M; T: 20–22∘ C; (a)
Cd (II), (b) Cu (II), (c) Pb (II), and (d) TCE.
Table 4: Calculated parameters of both liquid film diffusion model and intraparticle diffusion model from kinetic data (𝐶0 = 40 mg/L, 𝑇 =
21–25∘ C).
Parameters
Metals
Cu (II)
Pb (II)
Cd (II)

𝑅
min−1
0.0173
0.0159
0.0134

𝐷𝑒
cm2 min−1
0.957
0.785
0.213

are presented in Table 4. Meng, [41] successfully applied the
liquid film diffusion model to predict breakthrough curve for
the adsorption of phenol by a polymeric adsorption NDA1000 under different condition.
The intraparticle diffusion model (IDM) (6) is developed
to describe the mass transfer in an amorphous and homogenous sphere [42]. Consider

0.5
𝑞𝑒
𝐷𝑠
))
= (6 (
𝑡0.5 ,
𝑞𝑡
𝜋𝑅𝑠 𝑆2

(6)

𝑘𝑓
g/(mg⋅min)
2.97
2.76
2.03

𝐷𝑠
cm2 min−1
0.083
0.069
0.025

where 𝐷𝑠 is the intraparticle diffusion coefficient; 𝑅𝑠 is the
total particle radius. By plotting 𝑞𝑒 /𝑞𝑡 against 𝑡0.5 , the values
of 𝐷𝑠 (Table 4) were determined for adsorption of three
metals n nanofer ZVI. It can be concluded that as the particle
size increases the adsorption rate decreases. The values of
𝐷𝑒 describe the movement of ions or particle in liquid film
near the oxidizing layer which is considered the fast step.
The values of 𝐷𝑠 describe the motion or movement of ions
through the core shell of nZVI. The process is much slower
due to resistivity and limited free service area [17, 31]. The LM
and LFDM models are based on the first order kinetic model
and the intraparticle diffusion models. Both these models
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are sequential steps (not independent entities). The two steps
(two models) together yield factors such as 𝐷𝑠 , 𝐾𝑓 , and 𝐷𝑒 .
Table 4 includes all parameters of (3), (4), (5), and (6).
The film diffusion coefficient 𝐷𝑒 for the Cu (II) ion seems
to be higher than that for Pb (II) and Cd (II). As mentioned
earlier, the metal ions adsorption is often described as a twostep mechanism adsorption [43]. The first step represents
the rapid metal adsorption occurring due to the diffusion of
metal ions from the liquid phase to the external solid phase
(nanofer ZVI). In the present study, the time interval for the
initial fast step is estimated to be about 10 minutes. Subsequently, a slow step results in the intraparticle diffusion which
controls the adsorption rate and finally the metal adsorption
reaches the equilibrium. Chiron et al. [44] presented similar
results for the adsorption of Cu (II) and Pb (II) from aqueous
solutions by activated carbon and grafted silica.
The film mass transfer coefficients 𝐾𝑓 (Table 4) represent
the rapid step. It appears that the initial rate of Cu (II)
diffusion is significantly higher than that for Pb (II) and Cd
(II) ions. The metal concentrations were measured by AA
to the nearest 0.1 mg/L. The overall error of concentration
measurement is estimated to vary typically from 1 to 3%.
Admittedly, there is a slight ambiguity in interpreting
results of Figure 6(b) and Figure 6(c). For instance, Cu II
reaches 80% adsorption in less than 5 min compared to Pb II
which attains 80% adsorption in 15 min, indicating that Cu
II adsorption rate is faster in this range. However for 99%
removal, Pb II is adsorbed faster. On the other hand, the
data (Table 4) for effective liquid film diffusion coefficient
(𝐷𝑒 , fast step) and intraparticle diffusion coefficient (𝐷𝑠 ,
slow step) predict that the Cu II has the highest adsorption
rate while Cd II has the lowest adsorption rate in both
the fast and slow steps and hence the results (Table 4) are
unambiguous. The results of these models may contribute to
understanding the overall kinetics of adsorption mechanism,
which was discussed earlier. The rapid step depends on
external diffusion. In earlier studies, it is noted that the slow
step (internal diffusion) is mainly controlled by intraparticle
diffusion and probably this is independent of the particle
agglomeration as well as individual metal characteristics [43,
44].

5. Conclusions
Batch studies indicated that the new and innovative adsorbent nanofer ZVI was capable of removing contaminant
such as heavy metals [Cu (II), Pb (II), and Cd (II)] as well
as organic [TCE] from polluted water. The comprehensive
physical and chemical characteristics of adsorbent (nanofer
ZVI) before and after the experiment were determined using
images captured by SEM, EDS, and TEM. Nanofer ZVI
with 98% of 𝛼-Fe is very highly reactive and hence acts as
an effective adsorbent that can remove contaminants from
polluted water. The batch kinetic test data confirmed that
almost all (99%) of the heavy metals such as (Cu (II), Pb (II),
and Cd (II)) can be adsorbed. In case of TCE, the nanofer ZVI
got oxidized and released electrons which reduce the reaction
of water. Depletion of oxygen led to an excess of positive
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charge in the solution causing the diffusion of chloride ions
to the surface of nanofer ZVI. The results also indicated that
nanofer ZVI degrades TCE almost completely. Batch kinetic
adsorption and EDS analysis indicated that the adsorption of
Cu (II) was relatively higher compared to the adsorption of
Pb (II) and Cd (II). Both the film diffusion model and the
intraparticle diffusion model confirmed that, compared to the
Pb (II) and Cd (II), the diffusion of Cu (II) was much faster.
The models also implied that the metals transfer to nanofer
ZVI was achieved in two stages. The first stage involved
the rapid step which was controlled by liquid diffusion. The
second stage involved the slow step which was controlled by
intraparticle diffusion.
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