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ABSTRACT

This study aims at the synthesis of zero valent iron (ZVI) nanoparticles and its application for the
removal of phenol by adsorption. The ZVI nanoparticles were synthesized using borohydride
reduction method. The structural, morphological properties of synthesized ZVI nanoparticles
were thoroughly investigated by X-ray diffraction, scanning electron microscopy and particle size
distribution. The effect of initial pH, contact time, initial concentration of phenol and nano ZVI dosage
on phenol removal has been studied. From the results, the optimum conditions for the maximum
removal of phenol at 100 ppm were found to be: pH - 3, contact time —30 min, sorbent dosage — 0.5 g/L.
Isotherm and kinetic studies were performed from the data obtained from adsorption studies. From
the results, it was observed that the Freundlich isotherm (R* = 0.9836) fits the sorption data well when
compared with other isotherm. From the kinetic studies, it was inferred that the sorption process
follows pseudo-first order (R?=0.9836) adsorption kinetics. This study also compares the performance

of synthesized nanoparticles for the removal of phenol from industrial and synthetic wastewater.
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1. Introduction

In the earth’s crust, the fourth largest liberal element
is iron. Zero valent iron (ZVI) nanoparticles are the first
generation nanoparticles of interest to environmental
remediation. ZVI is a strong reducing agent with higher
reactivity. The reaction rates for nano zero-valent iron
(nZVI) were much faster and also the sorption capacity is
much higher compared with normal granular iron. Removal
of contaminants occurs on the surface of ZVI nanoparticles.
ZVI nanoparticles are extremely effective for the removal
of a wide range of common environmental pollutants such
as pharmaceutical products, chlorinated organic solvents,
phenolic compounds, pesticides, nitrates, chromium, mal-
athion, aromatic compounds, arsenic and polychlorinated
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biphenyls [1-8]. The removal of pollutants by the use of
these nanoparticles occurs in a short time when compared
with a conventional process such as biodegradation.

ZVI as a remediation technology has the following
advantages such as that it is relatively inexpensive,
non-toxic, highly energy efficient and mainly used technique
for treating contaminated groundwater in-situ by utilizing
passive reactive barriers. There are many processes available
for synthesis of ZVI nanoparticles under physical, chemical
and biological methods [9-18]. The major difference between
all the above methods is that the toxicity is less in physical
and biological methods. But the irregular shape, time con-
sumption and lesser yield are the major disadvantages [9]. In
chemical method, synthesis of nZVI can be largely obtained
by borohydride reduction method. Reduction method is
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used as it is cheap and simple. It is normally done in all
chemical laboratories with simple chemical reagents and
does not need any sophisticated instruments.

Industrial use of phenol and its derivatives over the past
decades have led to severe environmental pollution. Due to
the harmful nature of phenols and their potential hazardous
effects on human health, they have been classified as toxic
pollutants. Since phenol is harmful to organisms even at low
concentration and is difficult to be degraded biologically,
it has been classified as a priority pollutant in wastewater.
There are many physical, chemical and biological treat-
ment methods available for the removal of phenol but all
these methods have associated problems such as secondary
effluent, hazardous and harmful end products, high energy
consumption, long reaction times, uneconomical and low effi-
ciency [19,20]. These problems can be overcome by the use of
nanotechnology which is simple when compared with other
methods and complete removal of the pollutants is possible
[21]. In this study, nZVI is synthesized and it is utilized for the
removal of phenol from synthetic and industrial wastewater.

2. Materials and methodology
2.1. Synthesis of zero valent iron nanoparticles

Synthesis of nanoscale iron particles with the sodium
borohydride method was used. The major advantages of this
chemical reduction method are its simplicity and chemical
homogeneity and thus it can be carried out in almost any lab-
oratory without any special equipment. Moreover, the parti-
cles prepared by this method have an amorphous structure,
which lends them higher reactivity when used as chemical
catalysts.

4Fe +3BH, + 9H,0 — 4Fel +3H,BO, + 12H' +6H, (1)

Ferrous sulphate heptahydrate (FeSO,.7H,0) is reduced
to iron (Fe) using sodium borohydride as reducing agent
in the presence of ethanol to avoid oxidation of iron to iron
oxide. The synthesis of iron nanoparticles was carried out in
a flask reactor with three open necks (Fig. 1). The central neck
was housed with a tunable mechanical stirrer. Ethanol was
added to preserve the nano iron particles from oxidation.

NaBH,

3 rl Ethanol
— (-

Fe(lIC1, or Fe(ll)S0,

Fig. 1. Experimental setup for iron nanoparticle synthesis.

5 g of FeSO,.7H,O was dissolved in 35 mL distilled water
and 15 mL ethanol was taken in a conical flask and the solu-
tion was stirred well. 1 g of NaBH, was dissolved in 50 mL
of distilled water and taken in another conical flask. For
better growth of iron nanoparticles, excess borohydride is
required. The borohydride solution was poured in a burette
and added drop by drop into ferrous sulphate solution with
vigorous stirring. After the addition of first drop of sodium
borohydride solution, appearance of black solid particles
was observed and then the remaining sodium borohydride
solution was added completely to accelerate the reduction
reaction. The mixture was thoroughly stirred for 30 min after
the complete addition of borohydride solution. The filtration
technique was used to separate the black iron nanoparticles
from the liquid phase. Two sheets of Whatman filter paper
were used for filtration. The solid particles were washed three
times using 40 mL of absolute ethanol to completely remove
the water present in the solution. This washing process was
the key step of synthesis since it prevents the rapid oxidation
of ZVI nanoparticles. For storage, a thin layer of ethanol was
added to preserve the nano iron particles from oxidation.

2.2. Preparation of synthetic effluent and industrial
phenolic wastewater

Stock phenol solution was prepared by dissolving 1.0 g of
phenol in freshly boiled and cooled distilled water and diluted
to 1L (1 mL=1 mg phenol). Working solution A: dilute 10 mL
stock phenol solution to 1 L with distilled water (1 mL=10 ug
phenol). Working solution B: dilute 100 mL of working solu-
tion A to 1,000 mL with distilled water (1 mL =1 ug phenol).
The concentration of phenol in the synthetic effluent was ana-
lytically determined by 4-aminoantipyrine method [22].

The conditions of phenol removal were essentially the
same as for assay with the synthetic wastewater, except
the phenol solution was replaced by industrial wastewater
obtained from Yaaco Pharma Private Limited, Mettupalayam,
Pondicherry. The sample was stored at 4°C and utilized for the
batch experiments within 3 d. The characteristics of industrial
wastewater were analyzed and it is given in Table 1. 500 mL
of the sample is measured in a beaker and then transferred to
the distillation apparatus. For most samples, a preliminary
distillation is required to remove interfering materials.

2.3. Removal of phenol using zero valent iron nanoparticles

The effect of initial pH, initial concentration of phenol, con-
tact time and nZVI dosage was studied. Samples of different
pH (3, 4, 5, 6 and 7), different initial concentrations of phenol
(100, 200, 300 and 400 ppm) were prepared. The samples were

Table 1
Characteristics of wastewater from pharmaceutical industry

Parameter Range or average
pH 6.1-7

BOD,, mg/L 480-590

COD (mg/L), mg/L 1,100-1,200
Phenol (mg/L), ppm 45-58

Turbidity (NTU) 7
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treated with nZVI of different dosage for different intervals of
contact time such as 10, 20, 30 and 40 min. The experiments
were conducted in a batch reactor with 500 mL of diluted phe-
nol solution (100 ppm) which has a pH of 6 (natural pH), 0.25 g
of ZVI was added to initiate the process. The solution was
stirred well using magnetic stirrer and the sample was taken
for every 10 min and was filtered to remove ZVI nanoparticles.

The filtered sample was analytically measured by
4-aminoantipyrine method [22]. The sample solution was
analyzed in UV spectrophotometer at a wavelength of 510 nm
with an optical path length of 1 cm and the absorbance value
was obtained. Again, phenol solution of 100 ppm initial
concentration was prepared and the above procedure was
repeated for different pH, different dosage of nZVI and dif-
ferent contact time. The same methodology was adopted for
industrial effluent. For industrial effluent, the sample was
initially distilled and the distillate should be used for further
purpose. From the standardization of phenol, to get the rela-
tionship between concentration and absorbance, a calibration
chart was prepared. The calibration curve was prepared by
varying the amount of phenol in the range of 2-500 ppm.

The amount of phenol adsorbed per unit mass of
adsorbent (g, mg/g):

(¢, -c)v
9. = o ()
The amount of adsorbed phenol per unit mass of
adsorbent at time ¢ (g, mg/g):

C -C )V
q,:u 3)

m

where Vis the volume of the solution treated in L, C;is the ini-
tial concentration of the phenol in mg/L, C, is the equilibrium
phenol concentration in mg/L, C, (mg/L) is the concentration

of adsorbent at time t and m is the mass of adsorbent in g.

2.4. Characterization studies
2.4.1. X-ray diffraction analysis

X-ray diffraction (XRD) is an analytical technique which
is used for phase identification of a crystalline material. It can
provide information about the unit cell dimensions of natural
and synthesized compounds. Iron nanoparticles were placed
in a glass holder and scanned from 40° to 80°. This scan range
covered all major species of iron and iron oxides. The ZVI
characteristic peaks of the sample are detected at 44.7°, which
confirms the presence of ZVI nanoparticles in the sample
(Fig. 2). The grain size calculated using Scherrer’s formula
for ZVI nanoparticles.

09
Bcos0

_ 09x154x10™" )
0.00514 x cos(11.99)

D =28.11nm

2.4.2. Scanning electron microscopy

Scanning electron microscopy (SEM) is used as a tool
to obtain the image of a surface. The nZVI were filtered
from the ethanol solution and vacuum dried carefully. The
dried samples were then sputter-coated with gold for SEM
analysis. The resulting ZVI nanoparticles were composed of
spherical rod shape particles (Fig. 3). These structures were
used to increase the available surface area for reaction.

2.4.3. Particle size distribution analysis of zero valent iron
nanoparticles

Size distribution was determined with a Malvern
Zeta Sizer Nano S (Malvern Instruments Ltd., UK) by the
dynamic light scattering technique. The specifications are
given in Table 2. The characterization of synthesized ZVI
nanoparticles was done by particle size distribution (PSD)
method based on laser diffraction technique. Refractive index
for ZVI nanoparticles is 2.87.

Coml=

100 —

nawvi

Fig.3.SEM image of zero valent iron nanoparticles at 20 um/600X.
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Table 2
Specification of particle size analyzer

Specification Units

Measurement 0.3 nm-10.0 microns (diameter)

Measurement principle Dynamic light scattering

Minimum sample 12 uL
volume
Accuracy Better than +2% on NIST traceable

latex standards

Better than +2% on NIST traceable
latex standards

0.1 mg/mL

Precision/repeatability

Sensitivity

From the PSD chart (Fig. 4), the mean diameter of iron
nanoparticles was found to be 68.92 nm. The PSD results also
show that most of the particles have a size ranging between
30 and 100 nm.

2.4.4. Isotherm and kinetic study

In this study, the batch experimental data were fitted with
the following isotherms namely Langmuir and Freundlich
to study the applicability of the isotherms. Also the kinetic
models namely, Lagergren’s [38] pseudo-first order model,
Ho and McKay’s [39] pseudo-second order model are
employed in this study. The kinetic model parameters are
determined using MATLAB software.

3. Results and discussion
3.1. Effect of contact time and pH

The effect of contact time on the removal of phenol from
aqueous solutions at a pH of 3, 4, 5, 6 and 7 is shown in Fig. 5.
The results obtained from contact time studies show that the
removal of phenol increases with increase in contact time.
The sorption of phenol onto nZVI was rapid for first 20 min
and equilibrium was nearly reached after 30 min irrespective
of initial pH of the solution. A further increase in the contact
time has a negligible effect on the removal of phenol by the
nanoparticles. The removal efficiency of phenol was higher
in the beginning due to a larger surface area of the nZVI
being available for phenol removal.

The pH of the solution is one of the most critical param-
eters in the removal of phenol from aqueous solutions. This
parameter is directly related to the competing ability of
hydrogen ions with phenol to active sites on the nZVI. The
effect of solution pH on the sorption of phenol onto nZVI
nanoparticles was evaluated within the pH range of 3.0-7.0
and the result is shown in Fig. 5. The increase in initial pH
affected the phenol removal negatively and pH of 3 was
found to be the optimum for nZVI. Phenol removal recorded
its maximum removal efficiency of 91.8% at a pH of 3 in
30 min.

3.2. Effect of initial dosage

The effect of variations in nZVI dosage on the sorption of
phenol is shown in Fig. 6. The nZVI dosage is an important
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Fig. 4. Particle size distribution of zero valent iron nanoparticles.
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Fig. 5. Effect of solution pH (experimental conditions: phenol
concentration = 100 ppm, nZVI dosage = 0.5 g/L).
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Fig. 6. Effect of nZVI dosage (experimental conditions:
phenol concentration = 100 ppm, solution pH = 3 and contact
time = 30 min).

parameter because this estimates the sorption capacity for a
given initial phenol concentration. During the process, initial
phenol concentration and pH were maintained at 100 ppm
and 3, respectively. The increase in nZVI dosage from 0.3 to
1.0 g/L accelerated the removal of phenol moderately, which
is mainly due to the increase in number of active sites. The
removal of phenol was increased when nZVI dosage was
increased up to 0.5 g/L and further increase in nanoparticles
dosage did not enhance the sorption to a great extent. The
maximum removal efficiency of phenol onto nZVI was found
to be 91.8% at nZVI of 0.5 g/L and 93.4% at 1.0 g/L of sorbent
dosage.
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3.3. Effect of initial concentration of phenol

The effect of initial concentration of phenol on the
sorption of phenol by nZVI is shown in Fig. 7. The results
showed that the reaction time for the sorption of phenol
extended with an increase in initial concentration of phenol
from 100 to 400 mg/L. This is due to the fact that at higher
concentrations, phenol molecules may get adsorbed on the
surface of nZVI occupying a large number of active sites. The
removal efficiency of phenol was found to decrease with an
increase in initial concentration of phenol.

3.4. Phenol removal from industrial effluent

The phenol concentration in the industrial effluent was
found to be much lower when compared with the synthetic
wastewater prepared in the laboratory. The removal effi-
ciency was also found to be low when compared with the
synthetic wastewater. The reason for the poor efficiency of
removal may be due to high viscosity and interference of
other particles in industrial wastewater. The removal of phe-
nol from industrial samples at a pH of 6 for nZVI is shown
in Fig. 8. The sorption of phenol onto nZVI was found to be
relatively less when compared with synthetic effluent. The
efficiency for ZVI nanoparticles is 82%. From the above
results, ZVI nanoparticles were found to be good and effi-
cient with respect to removal of phenol. With respect to cost,
it takes 12 rupees for removal of 1 L solution of phenol for
ZVI nanoparticles.
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Fig. 7. Effect of different initial concentration (experimental
conditions: nZVI dosage = 0.5 g, pH = 3, contact time = 30 min).
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Fig. 8. Phenol removal from industrial effluent (experimental
conditions: pH = 6, dosage of nZVI=0.5 g/L).

4. Isotherm study
4.1. Langmuir isotherm

Langmuir [23] anticipated a theory to clarify the sorption
of gas molecules onto metal surfaces. It has been successfully
applied to many other monolayer sorption processes.
Langmuir’s model of sorption depends on the hypothesis that
intermolecular forces decrease rapidly with distance and thus
forecast the existence of monolayer coverage of the sorbate
in the outer surface of the sorbent. Hypothetically, the sor-
bent has a definite capacity for the sorbate. Thus, a saturation
value is attained after which no further sorption can take
place. The linear form of Langmuir isotherm is given by:

1 1 1

E i 5
9, 4.bC, 4, ©)

where g, is the monolayer sorption capacity of the sorbent
(mg/g), q, is the equilibrium phenol uptake by the sorbent
(mg/g), C, is the equilibrium phenol concentration in the
solution (mg/L) and b is the Langmuir sorption constant
(L/mg) related to the free energy of sorption. The equilibrium
uptake (g,) is estimated from the experimental data using
Langmuir isotherm. The constants were evaluated from the
Langmuir isotherm plot (Fig. S1) and are given in Table 3.
The maximum sorption capacity of ZVI nanoparticles was
found to be 47.61 mg/g. A comparison has been made for the
sorption capacity of various sorbents and it is presented in
Table 4. From Table 4, it is inferred that the sorption capacity
of ZVI nanoparticles is superior to most of the sorbent and
comparable with others.

4.2. Freundlich isotherm

The Freundlich [24] isotherm is an empirical equation
used to describe heterogeneous systems; it is characterized
by the heterogeneity factor 1/n. The linear form of Freundlich
isotherm is represented by the equation

logg, =logK, +llogCe (6)
n

where C, is the equilibrium concentration (mg/L), g, is the
amount of phenol adsorbed at equilibrium (mg/g), 1 s the

empirical parameter relating the sorption intensitynand K,
is the constant relating the sorption capacity, which varies
with the heterogeneity of the material. The constants were

Table 3
Langmuir, Freundlich constants for the sorption of nZVI
nanoparticles

Isotherm model Parameters Values
Langmuir . 47.61 mg/g

b 0.2442

R? 0.981
Freundlich K s 31.04

1/n 0.077

R? 0.9836
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Table 4
Comparison of uptake of phenol using various sorbents

Table 5
Kinetic model parameters for the sorption of phenol

Sorbent Capacity, mg/g  Reference Sl no Kinetic model Parameters Values
CNTs 15.9 [25] 1 Pseudo-first order k, (min™) 0.1082
Synthetic resin MCM - 41 114 [26] R? 0.950
PHEMA microbead modified 8 to 16.1 [27,28] 2 Pseudo-second order  k, ((g/mg)min)  0.001332
sorbent R? 0.979
Samla coal 13.3 [29]

Red mud 59.2 [30]

Bagasse fly ash 23.83 (31] 5.2. Pseudo-second order model

Carbonaceous sorbent 17.2 [32] The pseudo-second order model predicts the sorption
Blast furnace sludge 75 behavior over the whole time of adsorption [39].

Blast furnace dust 53

Activated sewage sludge 42 [33] L ! >+ lt 8)
GAC 350 [34] 9 kd.q.

Clay 30.3 [35]

7n0 nano tube 20.408 [36] where k, is the rate constant of second-order equation
Aloe vera 71.73 [37] (g/mg min), g, and g, are the amount of the phenol adsorbed
Mesquite 5407 137] at. any. time and at eqqilibrium (mg/g), respectively, and
nZVI nanoparticle 1761 This study t in minutes. The sorption rate constants, k, and k,, were

evaluated and are tabulated in Table 3. The plot is shown
in Fig. 52. From Table 3, it is observed that the Freundlich
isotherm fits the phenol sorption data well when compared
with Langmuir isotherm based on R? value.

5. Sorption kinetics

The study of adsorption dynamics describes the solute
uptake rate, and this rate controls the habitation time of
adsorbate uptake at the solid-solution interface. Chemical
kinetics gives information about reaction pathways and
times to reach equilibrium. Sorption kinetics showed a large
confidence on physical and chemical characteristics of the
sorbent material. Different models have been used to inves-
tigate the mechanism of sorption. The consistency between
experimental and the model outcome values is expressed by
the correlation coefficients. High R? value indicates that the
model fruitfully describes the kinetics of sorption process.
When the sorbent is used as a free and small-sized sorbent
suspension in a well-agitated batch system, all the sorbent
binding sites are readily available for the phenol uptake.

5.1. Pseudo-first order model

Lagergren [38] suggested a pseudo-first order equation
for the sorption of a liquid/solid system based on the solid
capacity. The linear form of the Lagergren’s pseudo-first
order rate equation is:

K, @)

log(q, —q,) =logq, - 2303

where k, is the rate constant of the equation (min™), g, and g,
are the amount of the phenol adsorbed at any time ¢ and at
equilibrium (mg/g), respectively.

determined from the graph given in Figs. S3 and S4,
respectively. The rate constant values along with R? values
are given in Table 5. The correlation coefficients show that the
pseudo-second order model fits better than the pseudo-first
order model for the sorption of phenol.

6. Conclusions

In this work, ZVI nanoparticles were synthesized using
borohydride reduction method. Thestructural, morphological
properties of ZVI nanoparticles were thoroughly investigated
by XRD, SEM and PSD. The removal of phenol by sorption
using ZVI nanoparticles was studied. The effect of initial pH,
contact time, initial concentration of phenol and nZVI dos-
age on phenol removal was studied. The performance of ZVI
nanoparticles were also compared based on their efficiency
and cost for synthetic and industrial wastewater. A maxi-
mum phenol removal efficiency of 91.8% was achieved using
the synthesized nZVI particles. This study clearly shows
that the ZVI nanoparticles can be effectively applied for the
removal of phenol from industrial water.
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Supplementary figures
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Fig. S1. Langmuir isotherm plots for the sorption of nZVI

nanoparticles.
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Fig. S3. Pseudo-first order plots for the sorption of nZVI

nanoparticles.
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Fig. S2. Freundlich isotherm plots for the sorption of nZVI

nanoparticles.

Fig. S4. Pseudo-second order plots for the sorption of nZVI

nanoparticles.



