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ABSTRACT: The purpose of this study was the investigation of the removal of phenol with
nanoparticles zero valent iron and iron powder. The effect of various parameters such as initial
concentration, pH, contact time, and dosage of NZVI and Fe powder were examined, and a Central
Composite Design (CCD) was then applied to appraisal the effect of these variables. The chemical
and physical characteristics of NZVI were studied with Scanning Electron Microscope (SEM) and
X-Ray Diffraction (XRD) analysis. The results displayed that the adequate initial concentration
for phenol sorption, pH, contact time, and sorbent dosage were 5 mg/L, pH 2, 54.75 min and 1.40 g
in the case of NZVI and 5 mg/L, pH 2, 55.84 min and 2.5 g in the case of Fe powder. The Central
Composite Design (CCD) showed that the fundamental parameters were pH and initial phenol
concentration had the main effect on phenol removal.

KEYWORDS: Zero valent iron; Phenol; Central composite design; Sorption; Nanoparticles;
Dosage.

INTRODUCTION

Phenol and phenolic compounds are ubiquitous
pollutants which come to the natural water resources
from the effluents of a range of chemical industrial
such as coal refineries, phenol manufacturing, pharmaceuticals
and industries of resin paints, dying, textile wood,

petrochemical, pulp mill, etc [1]. Therefore, aquatic
organisms are subjected to these pollutants. These aromatic
compounds induce ecological problems such as taste
and smell in the presence of chlorine compounds [2].
US EPA nominated phenol among the priority pollutants;
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thus, phenol and its derivatives concentration in drinking
water should be under the order of pg/L [1].A variety of
techniques have been utilized to remove phenol from
water and wastewater such as biosorption, chemical
oxidation with ozone, adsorption, ion exchange,
photodegration, membrane separation, active carbon,
etc[3].Most of these methods can appear costly and might
produce sludge, whose disposal is challenging [4].

During recent years, the synthesis of nanoparticle Iron
is of specific interest for researcher. Iron nanoparticles
and lron powder are widely investigated in the removal of
phenol and other organic matter [5]. NZVI was also used
in the elimination of Cr (V1) [6], Malathion [7], aromatic
compounds [8] and arsenic [9]. In rather comparable
conditions, such process allows contaminants removal
in a short time compared to a conventional process like
biodegradation. Elimination of contaminants occurs
on the surface of NZVI or Fe powder [10]. There are many
ways to produce nanoparticles, including the synthesis of
ZV1 nanoparticles by dropping ferric on solution
to borohydride solution. In most researches, the particles
perform best when the size is typically around 1-100 nm
[11,12]. The purpose of this research was therefore
the synthesis of nanoscale iron particle by ferric ion
into borohydride solution that is a cheap method and
the comparison of its efficiency with Fe powder for
the removal of phenol.

EXPERIMENTAL SECTION
Preparation of the NZVI

In this research, nanoparticles were generated by
reduction of ferric iron in the presence of sodium
borohydride. These particles were synthesized with
1:1 volume ratio of NaBH,4 and FeCls.6H,0. NaBH. solution
(0.16 M) was added dropwise into FeCls.6H.O (0.1M)
under vigorous magnetic stirring in atmospheric
conditions during 1 hour. Finally, fine black particles
were obtained and precipitated according to the following
reaction:

- 0

2FeCl, +6NaBH, +18H20—>2Fe(5) + Q)
6B(OH), +21H, +6NaCl

Chemicals and Batch experiments

The stock solution containing1000 mg/L of phenol
was provided by dissolving phenol into deionized water.
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Batch experiments were performed by adding NZVI
in 250 mL bottles containing phenol and the following
parameters were examined: the contact time (10, 40, 70,
100 and 130 min), the phenol concentration (5, 10, 15, 20
and 25 mg/L), the pH (2, 4, 6, 8 and 10), and the sorbent
dosage (0.5, 1.5, 2.5, 3.5 and 4.5 g). The concentration of
residual phenol was spectrophotometrically determined
(DR-5000 spectrophotometer model number LZV485).
The Response Surface Method was used to analyze
data. For this purpose, a central composite design
was applied to appraisal the effect of the operating variables
such as pH, sorbent dosage, contact time, and phenol
concentration on the performance of the sorption process.
Thus, to optimize the parameters and investigate the interactions
between these independent parameters for phenol sorption
Response Surface Methodology (RSM) was applied.

Experimental design

A statistical experimental design based on “Central
Composite Design (CCD)” was planned [13] and the yield
was measured for different variables such as phenol
concentration, pH, time, and sorbent dosage coded as X,
X2, X3, and Xa respectively. These variables were investigated
at five levels (-2, -1, 0, 1, 2) and the dependent variable
was Y. The Minitab software package (version 16.2)
was used to design and evaluate these five independent
variables at five levels on the responses according to Eq. (2).
The ranges for the selected levels of the four variables
are shown in Table 1. The experimental yield for
different selected levels of variables is shown in Tables 2
and 3 for 30 runs.

2
YZBO ZZBjxi +Zﬁjjxj +ZBjkxjxk (2)
Where, Y = response, fo = intercept, fj = linear
coefficients, fj = squared coefficients, fj= interaction
coefficients, Xi, X Xj, X« = level of independent
variables.

Moreover the theoretically predicted values of the
yield at different experimental conditions are illustrated
in Tables 2 and 3.

RESULTS AND DISCUSSION
Characterization of NZVI1 particles

Synthesized iron nanoparticles were analyzed
to confirm their nanosize and zero valence Characterization.
Therefore, SEM was used to investigate the morphology
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Table 1: Range of values for the central composite design.

Vol. 36, No. 3, 2017

é o -1 0 1 +a N
Phenol concentration (mg/L) 5 15 25 35 45
pH 2 4 6 8 10
time (min) 5 25 45 65 85

Dosage of NZV1/ Fe (g) 0.5 1.0 15 2.0 25 )

* a=2, calculated by Minitab sofiware

Table 2: Theoretically predicted values of percentage removal of phenol by NZV1 for the different selected levels of variables.

ﬂ%un Phenol concentration (mg/L) pH Time(min) Dosage of NZVI(g) Observed Yield (%) Predicted Yield (%N
1 15 4 25 1.0 68.34 66.5211
2 35 4 25 1.0 60.20 57.7277
3 15 8 25 1.0 28.30 27.6028
4 35 8 25 1.0 26.40 27.8944
5 15 4 65 1.0 78.80 77.7611
6 35 4 65 1.0 66.45 66.2277
7 15 8 65 1.0 33.10 35.1028
8 35 8 65 1.0 30.50 32.6544
9 15 4 25 20 85.00 81.9861
10 35 4 25 20 66.50 64.0277
11 15 8 25 20 35.80 35.5528
12 35 8 25 20 26.50 26.6794
13 15 4 65 20 93.50 91.5361
14 35 4 65 2.0 71.00 70.8377
15 15 8 65 20 39.75 41.3628
16 35 8 65 2.0 28.40 29.7494
17 25 6 45 15 58.80 59.9790
18 25 6 45 15 59.00 59.9790
19 25 6 45 15 59.20 59.9790
20 25 6 45 15 57.60 59.9790
21 5 6 45 15 63.30 65.2178
22 45 6 45 15 45.40 44.8112
23 25 2 45 15 72.00 77.9178
24 25 10 45 15 2.50 -2.0888
25 25 6 5 15 30.50 34.3595
26 25 6 85 15 51.20 48.6695
27 25 6 45 0.5 47.80 47.4345
28 25 6 45 25 58.30 59.9945
29 25 6 45 15 57.80 54.9420
ke,o 25 6 45 15 57.40 54.9420 /
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Table 3: Theoretically predicted values of percentage removal of phenol by Fe powder
for the different selected levels of variables.
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ﬂun Phenol concentration (mg/L) pH Time(min) Dosage of Fe powder(g) Observed Yield (%) Predicted Yield (%)\
1 15 4 25 1.0 56.10 52.1690
2 35 4 25 1.0 46.90 46.9440
3 15 8 25 1.0 22.60 21.1973
4 35 8 25 1.0 19.80 20.9723
5 15 4 65 1.0 63.80 64.1773
6 35 4 65 1.0 56.40 55.4523
7 15 8 65 1.0 28.40 29.6557
8 35 8 65 1.0 22.10 25.9307
9 15 4 25 20 68.10 65.2773
10 35 4 25 20 59.30 56.4023
11 15 8 25 20 26.80 26.1057
12 35 8 25 2.0 21.60 22.2307
13 15 4 65 20 78.90 76.0857
14 35 4 65 2.0 61.30 63.7107
15 15 8 65 20 32.40 33.3640
16 35 8 65 20 23.70 25.9890
17 25 6 45 15 50.80 51.4090
18 25 6 45 15 50.40 51.4090
19 25 6 45 15 51.00 51.4090
20 25 6 45 15 50.90 51.4090
21 5 6 45 15 55.60 59.8170
22 45 6 45 15 50.80 47.2170
23 25 2 45 15 59.88 64.8537
24 25 10 45 15 0.50 -3.8397
25 25 6 5 15 22.50 27.1337
26 25 6 85 15 46.90 42.9003
27 25 6 45 0.5 38.60 38.0837
28 25 6 45 25 50.10 51.2503
29 25 6 45 15 50.70 49.4820
ke,o 25 6 45 15 50.80 49.4820 /
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Fig. 1: SEM images of nano zero valent iron particles.
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Fig. 2: X-ray Diffraction Pattern of nano zero valent iron particles.

and the size diffusion of synthesized NZVI. Fig. 1 shows
a SEM micrograph of these pristine samples. Synthesized
NZVI particle was in the size range of 20-50 nm.
This micrograph showed that these particles are not
disjoint and that the synthesized NZVI particles are
almost spherical. As shown in Fig.1, on the spherical
particles there were string-like structures. These
structures increased the active and available surface area
of reaction [14].

Fig. 2 shows the X-ray diffraction pattern of the
NZVI sample. The XRD pattern displays six
characteristic peaks at 20 = 4.4521°, 16.5409°, 31.5378°,
44.2876°, 57.6486° and 71.4737° in crystalline structure.
These peaks indicate the presence of Iron Crystals in the
surface area.

Vol. 36, No. 3, 2017

Optimum conditions

For total phenol removal, initial phenol concentration,
pH, time, and sorbent dosage were 5.0 mg/L, 2, 54.75 min,
and 1.4 g in the case of NZVI and 5.0 mg/L, 2,
55.84 min, and 2.5 g in the case of Fe powder.
The optimal conditions might provide the design basis for an
industrial-scale process. A second-order polynomial
equation is proposed for the prediction of the vyield
for NzVI (Eq. (3)) and Fe powder (Eqg. (4)) as a function
of the different variables as follows [13, 15]:

Y=57.4605-5.1017C,~20.0017pH + ©)

2 2
3.5775t+3.1400D,,,, —4.2569pH? ~3.3569t2 +

2.2712pHxC, ~2.2913C, xDy 5, -

1.8787pHxD, .,

Y =50.4455-3.150C, ~17.1733pH + @)

3.9417t+3.2917D , —4.7437pH*-3.6163t* +
2.2712pHxC,—2.0500pHxD,,

Where C, is the Phenol concentration, t is contact
the time, and D the sorbent dosage. The response surface model
which was obtained from an experimental design
was evaluated using ANOVA and analysis of residuals.
The results of the statistical analysis including the estimated
regression coefficients, t-test, and p-values of the vyield
were tabulated in Tables4 and 5. The obtained R? were 0.9738
and 0.9573 for NZVI and Fe powder, respectively, showing
the accuracy of the developed models to fully predict the yield.
The linear regression coefficients, R? for NZVI and Fe
powder for the yield was also 0.9874 and 0.9794 which
shows good performance of the model based on the
observed and predicted yields. The value of significance of
each coefficient determined by t-test and p-values are listed
in Tables 4 and 5. The larger the t-value and the smaller the
p-value, the more significant is the corresponding
coefficient. Based on the statistical results (ANOVA) with
confidence level of 95%, the effect of each term in the
models could be significant provided that its p-value being
smaller than 0.05 (p-value<0.05).

Effect of the different parameters
Effects of the Phenol concentration and the pH

The adsorption of phenol was also monitored
in the concentration range 5 to 45 mg/L. Figs. 3a and 3b show
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Table 4: Observed regression coefficients, t-Test, and p-Values for phenol removal by NZVI.

/ t-value p-value \
Constant 42.088 0.000
C, (mg/L) -7.566 0.000
pH -29.665 0.000
t (min) 5.306 0.000
D (9) 4.657 0.000
C,? (mg/L)? 0.029 0.977
pH? -6.749 0.000
t 4(min)? -5.322 0.000
D? (g)? -0.487 0.634
pH x Cp (mg/L) 2.750 0.016
Cp (mg/L) x t(min) -0.830 0.421
Cp (mg/L) x D (9) -2.775 0.015
pH x t (min) -1.132 0.277
pH x D (g) -2.275 0.039
k t (min) x D (g) -0.512 0.617 j

Table 5: Observed regression coefficients, t-Test, and p-Values for phenol removal by Fe powder.

/ t-value p-value \

Constant 32.999 0.000

Cp (mg/L) 1.345 0.001

pH -4.172 0.000

t (min) 22.'747 0.000

D (g) 5.221 0.001

Cp? (mg/L)? 4.360 0.175
pH? 1.428 0.000

t 2(min)? -6.717 0.000

D2 (g)? 5.121 0.110

pH x Cp (mg/L) -1.705 0.198
Cp (mg/L) x t(min) -0.946 0.360
Cp (mg/L) x D (g) -0.987 0.340
pH x t (min) -0.960 0.353
pH x D (9) -2.217 0.044

\ t (min) x D (g) -0.324 0.750 /
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Fig. 3: Response Surface of the Percentage Sorption of phenol ions versus pH and initial concentration by NZVI (a)
and Fe powder (b).

that increasing the phenol concentration led to a decrease
in the sorption percentage. According to the results,
the degradation efficiency decreased when the initial phenol
concentration increased, leading to a total removal
(100%) for the lowest phenol concentration (5.0 mg/L)
with nanoparticle iron and Fe powder. The removal of
phenol by iron nanoparticle depends direct contact
between the organic contaminant and reactive site
on the iron nanoparticle surface. This organic contaminant
first diffuse through the solution to the NZV1 surface and
then adsorb on the reactive surface of iron particles and
occupies a greater number of active sites on the particle
surface [16], until saturation of the available sites at high
initial phenol concentration leading to a decrease of the
efficiency [17]; while at low concentration, the number of
available pores on the sorbent surface is in excess.
Usually, surface atoms/ or ions, particularly atoms at
the border of nanoparticles iron, has a high activity
in reaction with contaminants [18]. Electrons are transferred
from iron particles to the contami nant molecules and
produce lesser toxic compounds and various oxides on
the surface. Therefore, at the first stage phenol molecules
were absorbed by these sites on the nanoscale surface,
and the concentration of phenol decreased. Subsequently,
some of the adsorbed molecules reacted with the surface
atoms of Fe particle [19]. In conclusion, the decrease of
phenol molecules was the result of both sorption and
degradation processes.

The effect of pH (2 — 10) was also shown in Figs. 3a
and b; the pH of the solution was adjusted using dilute

HCI and NaOH. Removal was optimal at acidic pH and
efficiency decreased when pH was greater than 2.
Usually, organic pollutants were efficiently reduced
at acidic pH values in the Fe particle-water system. Acidic
condition redounds to the reduced function of Fe particles
in this oxidation-reduction reaction [15]. The pollutant
could be adsorbed onto the Fe particles surface more
easily at acidic pH. In alkaline conditions, iron
is converted to insoluble forms (ferrous hydroxide); which
pervade on the reactive sites leading to a decrease of
phenol removal. In alkaline conditions, phenoxide and
Fe particles are negatively charged; this phenomenon
induces repulsive forces between phenoxide ion and
Fe(l11)-O" groups [10]. In addition, with pH increase,
electrostatic repulsive force becomes operative, which
thereby retards diffusion and adsorption. Also, at high
pH, iron ions are produced in aqueous solution. Then,
hydroxyl ion bopped with Fe particles surface and
dissolved ferrous ions; the produced ferrous hydroxide
deposited on the iron surface, and these precipitates
occupy the available and active sites on the surface area
and hence hinder pollutant adsorption. In addition, at high
pH NzZVI surface is negative (Fe(ll1)-O7) and hence
electrostatic repulsive force becomes operative. On the
other hand, acidic conditions promote the washing of
metallic surfaces. These acts, reduces passivation of
Fe particles and also facilitate solvability of these hydroxides [20].
From this, degradation and/or adsorption reduction of
phenol with Fe particles is improved at low pH.
Moreover at low pH, Iron particles have positive charge.
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Fig. 4: Response Surface of the Percentage Sorption of phenol ions versus time and dosage of NZVI (a) and Fe powder (b).

These positive charges absorb ionized species of phenol
which has negative charges.

The p-value is used to determine the effect of each
parameter; it should be less than 0.05. ANOVA statistical
test shows that there was statistically significant
difference between the removal efficiency by pH and
concentration (p-value <0/05).

The effect of contact time and NZVI / Fe powder dosage

Regarding contact time, the results showed that the
optimal times to remove phenol by nano particles iron
and Fe particles were 54.75 min and 55.84 min,
respectively; and phenol removal was found to increase
with time, and then a plateau is reached up to 85 min
as shown in Figs. 4a and 4b. The phenol removal
in mentioned time was attributed to the site junction
between active surface groups and phenol ion. Also,
the further sorption at the above times can be explained with
an increased availability in the active bounding sites
on the sorbent surface area [21].

As shown in Figs. 4a and b, when the Fe particles and
nano scale iron dosage increased, the removal efficiency
increased. The reactivity of these aromatic contaminants
with Fe particles is dependent on the dosage of these
particles. Usually, the reduction of organic contaminants
with Fe particles is a surface function. Consequently,
the removal of organic compounds such as phenol
by nanoparticle iron or Fe powder implicates direct contact
between the contaminants and the reactive parts
on the iron particle surface. Also, phenol may be eliminated
as follows: In the first stages, the phenol ions percolate
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through the solution to the Fe particles surface, where
these ions adsorb onto the reactive parts. Secondly,
electrons are transferred from Fe particles to the phenol
ions and produce a solution with less contaminant and
various oxides on the surface [22]. Batch studies prove
that the process of phenol elimination consists in
sorption, cleavage and also precipitation [23]. Adsorption
process includes aggregation of the phenol ions in the
Fe particle surface area and complex formation; cleavage
process consists in the degradation and the formation of
other compounds. Also, precipitation of insoluble
compounds is also involved through the removal
of the contaminant ions via trapping in the precipitates or
on the Fe particles surface [24, 25]. Due to their high specific
surface and high reactivity nano iron particle has
a remarkable capability for sorption of organic ions.
The Fe particles and phenolic salts would substitute when
these particles dripped into the liquid; then, the Fe ions
distributed into the solution. In other words, molecules of
phenol were sited on the reactive surfaces and reacted
with Fe particles. Therefore, with increasing dosage
of Fe particles, the active, adsorptive and reactive sorbent sites
increased, leading to the acceleration of phenol oxidation
[26].

So for pluralization, the removal of phenol by zero
iron particles depends on the direct contact between
phenol and reactive site of nanoparticles. Zero iron, as an
electron donor, can quickly get oxidized to +2 and +3
oxidation states and in the process reduce other as well as
inorganic impurities [27]. This is demonstrated
by Equations (5)-(9)
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Table 6: Comparison of NZVI and Fe powder for maximum phenol removal.

@ Parameters Phenol concentration pH Contact time Dosage h
NzVI 5 2 54.75 1.4

\_ Fe powder 5 2 55.84 25 )
Fe® SFe*? +2¢ (5) [2] Ekpete O.A., Horsfall M.J., Column Removal of

Phenol and Chlorophenol Using a Comercial Activated
2H,0+2e —5H° +20H (6) Carbon, Advances in Environmental Biology, 5: 194-

, . 200 (2011).

Fe™ —>Fe™ +e” (7 [3] Ayranci E., Conway B.E., Removal of Phenol,

Phenoxide and Chlorophenols from Wastewaters by

+3 +2 0 +

Fe”+H,0>Fe™+OH +H ®) Adsorption and Electrosorption at High-Areacarbon
OH° +Phenol >Phenol_ ©) Felt Electrodes, Journal of Electroanalytical

The comparison between NZVI and Fe powder for all
of the parameters tested for maximum removal as shown
in Table 6.

CONCLUSIONS

Nanoscale iron and Fe powder can be used to remove
organic pollutants in water, under reduction reactions,
adsorption and precipitation process. Due to its quick
reaction, low cost and convenience-to-obtain, this
material has gained interest for removal of pollutants
in environment. The theoretical treatment by central
composite design gave interactive influence of various
parameters on the efficiency of phenol removal. Thus
on the basis of experimental and theoretical data it can be
safely concluded that iron powder can be efficiently
used as a low cost suitable sorbent for the removal of phenol.

Acknowledgements

The authors are most grateful to the laboratory staff of
the Department of Environmental Health Engineering,
School of Public Health, for the financial support and
their collaboration in this research.

Received : May 13, 2015 ; Accepted : May 2, 2016

REFERENCES

[1] Daraei H., Mittal A., Noorisepehr M., Daraei F.,
Kinetic and Equilibrium Studies of Adsorptive
Removal of Phenol onto Eggshell Waste, Environal
Science and Pollution Research, 20: 4603-4611 (2013).

Chemistry, 513: 100-110 (2011).

[4] Zhang J., Zhuang J., Gao L., Zhang Y., Gu N., Feng J.,
Yang D., Zhu J., Yan X., Decomposing Phenol by
the Hidden Talent of Ferromagnetic Nanoparticles,
Chemosphere,73: 1524-1528 (2008).

[5] Kassaee M.Z., Motamedi E., Mikhak A., Rahnemai R.,
Nitrater Removal from Water Using Iron
Nanoparticles Produced by Arc Discharge vs.
Reduction, Chemical Engineering Journal, 166:
490-495 (2011).

[6] Fu R., Yang Y., Xu Zhen., Zhang X., Guo X., Bi D.,
The Removal of Chromium (V1) and Lead (Il) from
Groundwater Using Sepiolite-Supported Nanoscale
Zero-Valent iron (S-NZV1), Chemospher, 138: 726—
734 (2015).

[7] Singhal R.K., Gangadhar B., Basu H., Manisha V.,
Naidu G.R., Reddy R., Remediation of Malathion
Contaminated Soil Using Zero Valent Iron Nano-
Particles, American Journal of Analytical Chemistry,
3:76-82 (2012).

[8] Chen C.F., Binh N.T., Chen C.W., Dong C.D.,
Removal of Polycyclic Aromatic Hydrocarbons
from Sediments Using Sodium Persulfate Activated
by Temperature and Nanoscale Zero-Valent Iron,
Journal of Air and Waste Management Association.,
65: 375-383 (2015).

[9] Rodova A., Filip J., Arsenic Immobilization by
Nanoscale Zero-Valent Iron, Ecological Chemistry
and Engineering S, 22: 1291-98 (2015).

[10] Lu AMH., Salabas E.L., Schuth F., Magnetic
Nanoparticles: Synthesis, Protection, Functionalization,
and Application. Angewandte Chemie International
Edition, 46: 1222-44 (2007).

145


https://link.springer.com/article/10.1007/s11356-012-1409-8
https://link.springer.com/article/10.1007/s11356-012-1409-8
https://www.researchgate.net/publication/228372971_Column_Removal_of_Phenol_and_Chlorophenol_Using_a_Commercial_Activated_Carbon
https://www.researchgate.net/publication/228372971_Column_Removal_of_Phenol_and_Chlorophenol_Using_a_Commercial_Activated_Carbon
https://www.researchgate.net/publication/228372971_Column_Removal_of_Phenol_and_Chlorophenol_Using_a_Commercial_Activated_Carbon
http://www.sciencedirect.com/science/article/pii/S0022072801005290
http://www.sciencedirect.com/science/article/pii/S0022072801005290
http://www.sciencedirect.com/science/article/pii/S0022072801005290
http://www.sciencedirect.com/science/article/pii/S0022072801005290
http://www.sciencedirect.com/science/article/pii/S0045653508007145
http://www.sciencedirect.com/science/article/pii/S0045653508007145
http://www.sciencedirect.com/science/article/pii/S1385894710010508
http://www.sciencedirect.com/science/article/pii/S1385894710010508
http://www.sciencedirect.com/science/article/pii/S1385894710010508
http://www.sciencedirect.com/science/article/pii/S0045653515007717
http://www.sciencedirect.com/science/article/pii/S0045653515007717
http://www.sciencedirect.com/science/article/pii/S0045653515007717
https://file.scirp.org/pdf/AJAC20120100006_67127208.pdf
https://file.scirp.org/pdf/AJAC20120100006_67127208.pdf
https://file.scirp.org/pdf/AJAC20120100006_67127208.pdf
https://www.ncbi.nlm.nih.gov/pubmed/25947207
https://www.ncbi.nlm.nih.gov/pubmed/25947207
https://www.ncbi.nlm.nih.gov/pubmed/25947207
https://www.ncbi.nlm.nih.gov/pubmed/25947207
https://www.degruyter.com/view/j/eces.2015.22.issue-1/eces-2015-0002/eces-2015-0002.xml
https://www.degruyter.com/view/j/eces.2015.22.issue-1/eces-2015-0002/eces-2015-0002.xml
http://onlinelibrary.wiley.com/doi/10.1002/anie.200602866/abstract
http://onlinelibrary.wiley.com/doi/10.1002/anie.200602866/abstract
http://onlinelibrary.wiley.com/doi/10.1002/anie.200602866/abstract

Iran. J. Chem. Chem. Eng.

[11] Pouretedal H.R., Basati S., Characterization and
Photocatalytic Activity of ZnO, ZnS, ZnO/ZnS,
CdO, CdS and CdO/CdS Nanoparticles in
Mesoporous SBA-15, Iran. J. Chem. Chem. Eng.
(IJCCE), 34: 11-19 (2015).

[12] Xu L., Wang J., A heterogeneous Fenton Like
System with Nanoparticulate ZVI for Removal of
4 Chloro 3 Methyl Phenol, Journal of Hazardous
Material, 186: 256-264 (2011).

[13] Daraei H., Mittal M., Mittal J.,, Kamali H.,
Optimization of Cr(VI) Removal Onto Biosorbent
Eggshell, Membrane: Experimental & Theoretical
Approache, Desalination and Water Treatment, 52:
1307-1315 (2014).

[14] Taghavi K., Purkareim S., Pendashteh A., Chaibakhsh N.,
Optimized Removal of Sodium Dodecylbenzenesulfonate
by Fenton-Like Oxidation Using Response Surface
Methodology, Iranian Journal of Chemistry and
Chemical Engineering, 35: 113-124 (2016).

[15] Rasheed Q.J., Pandian K., Muthukumar K., Treatment of
Petroleum Refinery Wastewater by Ultrasound-
Dispersed Nanoscale Zero-Valent Iron Particles,
Ultrasonics Sonochemistry, 18: 1138-1142 (2011).

[16] Babuponnusami A., Muthukumar K., Removal of
Phenol by Heterogenous Photo Electro Fenton-Like
Process Using Nano-Zero Valentiron, Separation
and Purification Technology, 98: 130-135 (2012).

[17] Hamad B.K., Noor A.M.D., Rahim A.A., Removal
of  4-Chloro-2-Methoxyphenol  from  Aqueous
Solution by Adsorption to Oil Palm Shell Activated
Carbon Activated with K,COs, Journal of Physical
Science, 22: 39-55 (2011).

[18] Ahmadi H., Davar P., Manbohi A., Adsorptive
Removal of Reactive Orange 122 from Aqueous
Solutions by lonic Liquid Coated Fe304 Magnetic
Nanoparticles as an Efficient Adsorbent, lranian
Journal of Chemistry and Chemical Engineering,
35: 63-73 (2016).

[19] Liu L., Chen F., Yang F., Chen Y., Crittenden J.,
Photocatalytic Degradation of 2,4-Dichlorophenol
Using Nanoscale Fe/TiO,, Chemical Engineering
Journal, 181: 189-195 (2012).

[20] Saharan P, Chaudhary GR, Mehta SK, Umar A,
Removal of Water Contaminants by Iron Oxide
Nanomaterials, Journal of Nanoscience and
Nanotechnology, 14: 627-643 (2014).

146

Daraei H. et al.

Vol. 36, No. 3, 2017

[21] Ulucan K., Noberi C., Coskun T., Ustundag C.B.,
Debik E., Kaya C., Disinfection By-Products
Removal by Nanoparticles Sintered in Zeolite,
Journal of Clean Energy Technologies, 1: 120-123
(2013).

[22] Bang S., Johnson M.D., Korfiatis G.P., Meng X.,
2005 Chemical Reaction Between Arsenic and Zero-
Valant Iron in Water, Water Research, 39: 763-770
(2005).

[23] Rong C., JianLong W., WeiXian Z., Reductive
Dechlorination  of  2,4-Dichlorophenol  Using
Nanoscale FeO: Influencing Factors and Possible
Mechanism, Science in China Series B-Chemistry,
50: 574-79 (2007).

[24] Gunawardana B., Singha N., Swedlund P.,
Degradation of Chlorinated Phenols by Zero Valent
Iron and Bimetals of Iron: A Review, Environmental
Engineering Research, 16: 187-203 (2011).

[25] Noubactep C.A., Critical Review on the Process of
ConTaminant Removal in Fe%H,O Systems,
Environmental Technology, 29: 909-920 (2011).

[26] Xu J., Lv X,, Li J., Li Y, Shen L, Zhou H, Xu X.,
Simultaneous Adsorption and Dechlorination of 2,4-
Dichlorophenol by Pd/Fe Nanoparticles with Multi-
Walled Carbon Nanotube Support, Journal of
Hazardous Material, 30: 36-45 (2012).

[27] Yazdanbakhsh A.H., Daraei H., Rafiee M., Kamali H.,
Performance of Iron Nano Particles and Bimetallic
Ni/Fe Nanoparticles in Removal of Amoxicillin
Trihydrate from Synthetic Wastewater, Water and
Science Technology, 73: 2998-3007. (2016).


http://www.ijcce.ac.ir/article_12617_0.html
http://www.ijcce.ac.ir/article_12617_0.html
http://www.ijcce.ac.ir/article_12617_0.html
http://www.ijcce.ac.ir/article_12617_0.html
http://www.sciencedirect.com/science/article/pii/S030438941001410X
http://www.sciencedirect.com/science/article/pii/S030438941001410X
http://www.sciencedirect.com/science/article/pii/S030438941001410X
http://www.tandfonline.com/doi/abs/10.1080/19443994.2013.787374
http://www.tandfonline.com/doi/abs/10.1080/19443994.2013.787374
http://www.tandfonline.com/doi/abs/10.1080/19443994.2013.787374
http://www.ijcce.ac.ir/article_23593_0.html
http://www.ijcce.ac.ir/article_23593_0.html
http://www.ijcce.ac.ir/article_23593_0.html
http://www.sciencedirect.com/science/article/pii/S1350417711000629
http://www.sciencedirect.com/science/article/pii/S1350417711000629
http://www.sciencedirect.com/science/article/pii/S1350417711000629
http://www.sciencedirect.com/science/article/pii/S1383586612002766
http://www.sciencedirect.com/science/article/pii/S1383586612002766
http://www.sciencedirect.com/science/article/pii/S1383586612002766
http://web.usm.my/jps/22-1-11/22.1.3.pdf
http://web.usm.my/jps/22-1-11/22.1.3.pdf
http://web.usm.my/jps/22-1-11/22.1.3.pdf
http://web.usm.my/jps/22-1-11/22.1.3.pdf
http://www.ijcce.ac.ir/article_18809_3120.html
http://www.ijcce.ac.ir/article_18809_3120.html
http://www.ijcce.ac.ir/article_18809_3120.html
http://www.ijcce.ac.ir/article_18809_3120.html
http://www.sciencedirect.com/science/article/pii/S1385894711014604
http://www.sciencedirect.com/science/article/pii/S1385894711014604
https://www.ncbi.nlm.nih.gov/pubmed/?term=Saharan%20P%5BAuthor%5D&cauthor=true&cauthor_uid=24730287
https://www.ncbi.nlm.nih.gov/pubmed/?term=Chaudhary%20GR%5BAuthor%5D&cauthor=true&cauthor_uid=24730287
https://www.ncbi.nlm.nih.gov/pubmed/?term=Mehta%20SK%5BAuthor%5D&cauthor=true&cauthor_uid=24730287
https://www.ncbi.nlm.nih.gov/pubmed/?term=Umar%20A%5BAuthor%5D&cauthor=true&cauthor_uid=24730287
https://www.ncbi.nlm.nih.gov/pubmed/24730287
https://www.ncbi.nlm.nih.gov/pubmed/24730287
https://www.ncbi.nlm.nih.gov/pubmed/24730287
https://www.ncbi.nlm.nih.gov/pubmed/24730287
http://www.jocet.org/papers/028-I044.pdf
http://www.jocet.org/papers/028-I044.pdf
https://www.ncbi.nlm.nih.gov/pubmed/15743620
https://www.ncbi.nlm.nih.gov/pubmed/15743620
https://link.springer.com/article/10.1007/s11426-007-0066-0
https://link.springer.com/article/10.1007/s11426-007-0066-0
https://link.springer.com/article/10.1007/s11426-007-0066-0
https://link.springer.com/article/10.1007/s11426-007-0066-0
http://eeer.org/journal/view.php?number=78
http://eeer.org/journal/view.php?number=78
https://www.ncbi.nlm.nih.gov/pubmed/18724646
https://www.ncbi.nlm.nih.gov/pubmed/18724646
https://www.ncbi.nlm.nih.gov/pubmed/?term=Xu%20J%5BAuthor%5D&cauthor=true&cauthor_uid=22609387
https://www.ncbi.nlm.nih.gov/pubmed/?term=Lv%20X%5BAuthor%5D&cauthor=true&cauthor_uid=22609387
https://www.ncbi.nlm.nih.gov/pubmed/?term=Li%20J%5BAuthor%5D&cauthor=true&cauthor_uid=22609387
https://www.ncbi.nlm.nih.gov/pubmed/?term=Li%20Y%5BAuthor%5D&cauthor=true&cauthor_uid=22609387
https://www.ncbi.nlm.nih.gov/pubmed/?term=Shen%20L%5BAuthor%5D&cauthor=true&cauthor_uid=22609387
https://www.ncbi.nlm.nih.gov/pubmed/?term=Zhou%20H%5BAuthor%5D&cauthor=true&cauthor_uid=22609387
https://www.ncbi.nlm.nih.gov/pubmed/?term=Xu%20X%5BAuthor%5D&cauthor=true&cauthor_uid=22609387
http://www.sciencedirect.com/science/article/pii/S0304389412004645
http://www.sciencedirect.com/science/article/pii/S0304389412004645
http://www.sciencedirect.com/science/article/pii/S0304389412004645
https://www.ncbi.nlm.nih.gov/pubmed/22609387
https://www.ncbi.nlm.nih.gov/pubmed/22609387
http://wst.iwaponline.com/content/73/12/2998.abstract
http://wst.iwaponline.com/content/73/12/2998.abstract
http://wst.iwaponline.com/content/73/12/2998.abstract

