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ABSTRACT

To preserve environmental and human health, remediation of the produced wastewater from various industries such
as textile and metalworking is of prime significance. The present investigation strives to draw a meaningful comparison
between the metalworking fluid (MWF) wastewater chemical oxygen demand (COD) removal ability of three different
methods, including coagulation-flocculation, Fenton oxidation, and heterogeneous nano-zeolite catalyzing Fenton-like
oxidation processes. The results illustrated that the highest COD removal efficiency achieves through the application
of a heterogeneous Fenton-like oxidation process. Also, the influence of nanocatalyst dosage and solution pH on COD
removal efficiency of the heterogeneous Fenton-like process is addressed. The concentration of the used catalyst in
this method plays a crucial role in its removal ability, wherein COD removal efficiency increases with an increase in the
catalyst amount. Besides, the COD removal efficiency of this process is not affected by the pH value of the treated
solution. Moreover, the sludge production rate as well as affecting parameters of each method is evaluated. The
heterogeneous Fenton-like process provides the lowest sludge production rate, while the maximum sludge production
rate is encountered with the coagulation-flocculation route. Therefore, the heterogeneous Fenton-like process
overcomes the common challenges facing the successful industrial use of the conventional Fenton process.

Keywords: Metalworking fluid; Fenton oxidation; Coagulation-flocculation; heterogeneous nano-zeolite catalyzing Fenton-like oxidation
processes; Wastewater treatment.

1. Introduction a large amount of oil and other organic/inorganic

The various components involved in machining
processes may experience severe friction during the
service condition. The application of metalworking
fluids (MWFs) and metal cutting fluids (MCFs)
are found to be strongly effective in the reduction
of such frictions. They can also be employed as
coolant agents. Nevertheless, these fluids may
drastically pollute the environment by introducing

compounds into the wastewater. MWFs and MCFs
are chemically complex compounds containing
performance tailoring additives, various kinds
of surfactants, complex components, corrosion
inhibitors, alkaline reverse compounds, and anti-
weld agents, which may result in the high COD
content [1-5]. In general, there are two major
types of MWFs as follows: (i) water-based and
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(ii) oil-based MWFs [6,7]. The drinking water,
groundwater, human health, etc. are deeply
affected by incorporation of un-treated MWTFs
and MCFs wastewaters into the environment.
Albeit there are several approaches to treat the
MWEFs wastewaters, more researches should be
performed to fulfill the complete removal of their
harmful elements and components. Considering
the annual incorporation of several million liters
of these fluids into the wastewater, it is essential to
assess different approaches to achieve the highest
performance [8-15]. Generally, three methods,
namely physicochemical, physicomechanical, and
biological treatments, have been developed for
treating MWFs wastewater. Solvent extraction,
catalytic oxidation, and chemical flocculation are
some of the frequently employed physicochemical
treatments. Since most of the physicochemical
methods are expensive and technically difficult
to be utilized, they have often been used as a
pre-treatment step in wastewater remediation.
Thermal splitting, incineration, evaporation,
and ultrafiltration fall under the classification of
physicomechanical approaches. Biological routes
include membrane separation, advanced oxidation
process, and etc. Nevertheless, these methods are
not able to fully remove the oil and other effluents
from MWFs wastewater. A significant challenge
in these systems is the disposal of the residual
sludge, which increases overall costs [16-24]. To
overcome the disability of the aforementioned
methods in terms of complete removal of effluents
from MWFs wastewater, one practical approach
is the simultaneous use of two or more methods,
namely hybrid methods [25-28]. Furthermore,
it is possible to improve the efficiency of MWFs
wastewater treatment through the application of
post-treatment [3].

Generally, advanced oxidative degradation
processes (AOPs) such as Fenton oxidation are
employed to diminish and even fully remove the
organic contaminations of various wastewaters
through oxidation reactions. The processes
may proceed via the transformation of such
contaminations to CO, and inorganic ions. Fenton
oxidation method possesses several advantages,
as follows: (i) low cost, (ii) acceptable safety, (iii)
providing desirable mineralization of the organic
matter, and (iv) providing a suitable platform for
performing post-biological treatments [29-32].

Coagulation flocculation is an appropriate
chemical treatment for remediation of different
types of industrial wastewaters, and it can
satisfactorily remove the organic materials, thereby
decreasing the COD. Similar to Fenton oxidation,
coagulation-flocculation is a simple and cost-
effective route. Additionally, it can separate various
kinds of particles from MWFs wastewaters [33-
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36]. Among various AOPs, the application of
H,0, and Fenton main reagent, i.e., homogeneous
Fenton process, has been widely reported as a
homogeneous catalytic process for the removal
of the various pollutants, especially dyes [37].
However, the so-called “homogeneous Fenton
process” has some potential drawbacks, including
the need to be operated in a strongly acidic
conditions, the production of iron-containing
sludge as a by-product to be further removed,
and the catalyst deactivation by some produced
intermediates in complex matrices encountered in
real industrial applications [38]. These drawbacks
can be overcome through the development and
use of heterogeneous Fenton-type catalysts such
as iron-substituted synthetic and natural minerals
such as natural and synthetic zeolites [39], laponite
[40], pyrite [41], magnetite [42], goethite [43], and
pillared clays [44] catalyze the production of OH-
radicals. Among them, iron-substituted zeolites
have been efficiently used within heterogeneous
Fenton-type processes because of their unique
physical and chemical properties, including
crystallinity and stability in harsh chemical and
thermal environments [43-50].

The present work, for the first time, deals with the
evaluation of the influence of processing parameters
on the performance of heterogeneous nano-zeolite
catalyzing Fenton-like oxidation processes. It
also attempts to make a comparison between the
efficiency of three different methods, including
coagulation-flocculation, Fenton oxidation, and
heterogeneous Fenton-like oxidation processes in
treating wastewater of a locally developed MWE.

2. Materials and methods
2.1. Raw wastewater characteristics

In the present investigation, 1.2 wt.% mineral
oil-containing MWF wastewater was used to study
the efficiency of the various treatment methods.
Inorganic and organic corrosion inhibitors,
stabilizers, and anionic surfactant agents are among
the other existing compounds in the studied
MWF composition. The main organic ingredients
of the MWF are Triethanolamine (TEA) and
some sodium salts of sulfonated petroleum cuts.
Water-soluble MWEF was developed locally in our
laboratory and used successfully in small-scale
local industries during the past decade. Table 1
outlines the physicochemical characteristics of the
used MWF wastewater.

All of the other used chemicals were supplied
by Merck & Co., Inc. with the analytical grade.
Notably, the as-received chemicals were employed
without any further treatment and/or purification.
During the experiments, the volumetric
concentration of H O, was adjusted at 27% by the
titration method.
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2.2. Coagulation-flocculation

The major goal of the coagulation-flocculation
process is aggregating the present small particles
within the colloid to form the big flocculent
particles. Iron (III) chloride (FeCl,) is known as
a favorable coagulant. FeCl, can strongly adsorb
the present particles when it is being incorporated
into the colloid. To perform the coagulation-
flocculation process, firstly, 500 ml of MWF
wastewater was added to a 1000 ml beaker. In the
next step, FeCl, at various dosages was incorporated
into the existing MWF wastewater in the beaker to
determine the optimum concentration of FeCl..
Then, a two-step successive blending process was
carried out, as follows: (i) rapid blending (150 rpm
for 7 min); and (ii) slow blending (30 rpm for 25
min). Then, the mixing process stopped for 45 min
in order to obtain the jelly-like deposit. Colloid

pH was controlled at 8.20.4 by the incorporation
of H,SO, and/or NaOH. Fig. 1 shows the
schematic illustration of the employed setup for
the coagulation-flocculation process in the present
study.

2.3. Fenton oxidation process

Four sequential steps are involved in Fenton
oxidation as: (i) oxidation, (ii) neutralization, (iii)
coagulation/flocculation, and (iv) separation of
solid-liquid. The major chemical compound used
in this process is hydrogen peroxide (H,0,), an
oxidant that is usually employed for the treatment
of the different organic and inorganic effluents.
Hydrogen peroxide firstly reduces to hydroxyl
radicals during the Fenton oxidation process. The
chemical reactions that governed this reduction
process are reported elsewhere [2, 29].

Table 1- The physicochemical characteristics of the used MWF wastewater.

Physicochemical characteristics Value
pH 8.6
Temperature 27°C
Color Pale yellow-colorless
COD Approx. 32000 mg/L
BODs Approx. 2500 mg/L
BODs/COD 0.078
ot

Incorporation of
Coagulant + Rapid
mixing

Incorporation of

flocculant + Slow

Sediment
mixing

Fig. 1- The schematic illustration of the employed setup for the coagulation-flocculation process.
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In the present work, the Fenton oxidation
process was performed via a conventional jar test
apparatus, where 500 ml of MWF wastewater was
injected into the 1000 ml individual beakers at room
temperature. MWF wastewater pH was adjusted at
3.60.3 by adding the specified amounts of H,SO,
(99% purity). Then, ferrous sulfate (FeSO,.7H,0)
and hydrogen peroxide were incorporated into the
beakers, respectively. Similar to Fenton oxidation,
the prepared mixture underwent a two-step mixing
process as: (i) rapid mixing (150 rpm for 7 min)
and (ii) slow mixing (30 rpm for 25 min). Then,
the blending process stopped and the mixture was
heated to 55 °C to remove the excess hydrogen
peroxide. Finally, NaOH was incorporated into
the mixture to finish the oxidation process of the
hydrogen peroxide. It is to be noted that significant
amounts of the iron sludge originated from the
conversion of Fe** to hydroxo complexes formed
during this process. Fig. 2 indicates the schematic
demonstration of the used setup for the Fenton
oxidation process in the present study.

2.4. Heterogeneous Fenton-like oxidation process

Although this process is similar to the
conventional Fenton oxidation in terms of the
experimental procedure, the recently developed
Fe-substituted zeolite-based nanocatalyst is used
within the heterogeneous Fenton-like process
along with a much lower dosage of hydrogen
peroxide with no further ferrous sulfate required.
The synthesis method and characteristics of the
used Fe-substituted zeolite have been reported
previously [46]. The heterogeneous Fenton-like
oxidation is able to eliminate the entire present
chemicals, which is considered as an outstanding
advantage from both economic and environmental
perspectives. The results reported the acceptable
performance of the abovementioned nanocatalyst
in removing the pollutant organic dyes from the
wastewaters through a heterogeneous Fenton-like
oxidation process [46]. All experimental runs were
performed in the batch mode (1000 ml beaker)
under constant magnetic stirring at 180 rpm. 500
mL MWF wastewater solutions were treated for
30 min using a variety of catalyst dosages, i.e., 1-6
g/L. The pH of the solution was adjusted by the
addition of 1M H,SO, and/or NaOH solutions.
Fig. 3 schematically indicates the setup used for
heterogeneous Fenton-like oxidation process in the
present study.

2.5. COD determination

After completion of the Fenton oxidation
process within 1 hour, the colloidal medium divides
into two parts of supernatant and sludge including.
To study the reduction in COD, the supernatant
solutions were filtered using a conventional ultra-
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fine filter paper followed by dilution using distilled
water. The dichromate reflux standard route
was employed to measure the COD values. The
reported values are the average of three separate
measurements.

2.6. Characterization

The surface morphology and chemical
composition of the Fe-substituted zeolite powder
were evaluated using a field-emission scanning
electron microscopy (FESEM, MIRA 3 Tescan,
Czech Republic) equipped with energy dispersive
spectroscopy (EDS), respectively.

The phase composition of the powder was
studied by the X-ray diffraction (XRD, Tongda,
TD-3700, China) in the 20 range of 10-80°.

3. Results
3.1. Microstructural characteristics

The FESEM photograph and EDS elemental
mapping images of the Fe-substituted zeolite
powder are displayed in Fig. 4. The nano-scaled
pores are seen in the FESEM image of the powder.
The primary morphology of the powder is
cuboctahedron-shaped. The similar morphology
hasbeen reported in the already published literature
[51]. Fiber-like grains can also be observed in the
FESEM image. Fig. 5 shows a high-magnification
FESEM image of the powder to provide a clear view
of the “fiber-like” grains. The nanopores are shown
by arrows in the figure. The EDS elemental mapping
images illustrate the presence of Si, Al, O, Ca, Fe,
Na, and K elements that uniformly dispersed in the
microstructure of the powder.

Fig. 6 shows the XRD pattern of the Fe-
substituted zeolite powder. The phase composition
of the powder is made of clinoptilolite phase
according to the JCPDS 01-079-1461 reference
card. Clinoptilolite is the precursor of the zeolite.
The main peak is appeared at 20 = 22°. Scherrer
equation was used to calculate the crystallite size of
the powder [52]. The crystallite size of the powder
is 38 nm, which approves that the powder used is a
nanostructured material.

3.2. COD removal efficiency

Table 2 summarizes the COD removal
efficiency and volume of the produced sludge for
three different methods, including coagulation-
flocculation, Fenton oxidation, and heterogeneous
nano zeolite catalyzing Fenton-like oxidation
processes.

The heterogeneous nano zeolite catalyzing
Fenton-like oxidation process exhibits the highest
COD removal efficiency. Furthermore, this method
provides the lowest sludge volume, which leads to
a dramatic decrease in the overall cost of the MWF
wastewater remediation process. The application of
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Step (i) Step (i) Step (iii) Step (iv)
Oxidation Neutralization coapuistionflocculation solid liquid separation

Fig. 2- The schematic demonstration of the used setup for the Fenton oxidation process.

C N\

Incorporating MWF o Incorporating Fe-substituted
waste water o o zeolite based nanocatalyst

Magnetic stirrer

Hot Plate

‘_ Rotation speed
regulator
'

Temperature regulator

Fig. 3- The schematic demonstration of the used setup for heterogeneous Fenton-like oxidation process.
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FESEM image

_

EDS elemental mapping

Si Ka 0O Ka Al Ka

Ca Kz FcKu

Fig. 4- The FESEM photograph and EDS elemental mapping images of the Fe-substituted zeolite powder.
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the nanocatalyst decreases the need for hydrogen
peroxide, resulting in decreased final cost of the
procedure. Moreover, it can be easily seen that
the processing parameters can noticeably alter the
COD removal efficiency and sludge production
in all of the studied methods. The effect of these
parameters will be comprehensively discussed in
the following sections.

3.3. Influence of Iron (III) chloride dosage within
the coagulation-flocculation process
As can be seen from Table 2, increasing the

amount of FeCl, in C.F process from 10 to 50
g/L increases the COD removal efficiency and
totally produced sludge volume by 12 % and
150 ml/L, respectively. The improved COD
removal efficiency may be attributed to the
higher concentration of the available Fe** active
sites for the organic materials to be neutralized
and adsorbed within C.F process. On the other
hand, a high volume of the produced sludge in
this case which leads to a need for subsequent
treatments, prevails over the mentioned
advantage.

Fig. 5- High-magnification FESEM image of the Fe-substituted zeolite powder.

Intensity (a.u.)

% Clinoptilolite

25

3 s 45

20 (°)

Fig. 6- XRD pattern of the Fe-substituted zeolite powder.
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3.4. Influence of ferrous sulfate dosage within the
Fenton oxidation process

Asis evident in Table 2, at an optimum hydrogen
peroxide concentration of 50g/L, ferrous sulfate
dosage variation from 10 to 50g/L has no profound
effect on both COD removal and produced sludge
volume. While COD removal efficiency in this
method is comparable to that of C.F, a considerable
drop in sludge volume production is observable in
EO, as its main superiority over the C.F process.

3.5. Influence of nanocatalyst dosage within the
heterogeneous Fenton-like oxidation process
Itisworthmentioningthatallofthemeasurements
were carried out at the constant solution pH of
5. The increase in nanocatalyst dosage from 1 to
6 g/L can result in the COD removal efficiency
enhancement by 6%. Also, the produced sludge
volume is in the range of 35-45 ml/L in this method
which is about an order of magnitude less than that
of the aforementioned processes. Higher COD
removal efficiency, together with quite low sludge
volume, make this approach as an industrially
promising method for MWF wastewater treatment.
To the best of our knowledge, there is no study
reporting the efficiency of the zeolite-based
nanocatalysts in MWF wastewater treatment;
however, the application of such a nanocatalyst has

been demonstrated to yield promising outcomes
in wastewater treatment. For instance, Yang et al.
(53] have employed Fe O, nanoparticles-reinforced
zeolite Y matrix composite catalysts to remove
organics in particular phenol. They reported that
the degradation rate is varied in a range of 45-90%
depending on the Fe content, time, and size of the
Fe,O, nanoparticles. Comparing with results of the
present work, it is not difficult to recognize that the
employed heterogeneous nano zeolite catalyzing
Fenton-like oxidation process results in acceptable
efficiency.

3.6. Influence of pH value

The MWF wastewater with a wide range of pH
values can be released due to several reasons such
as the composition of the treated metal, chemical
composition of the used fluid, and etc. Therefore,
it is crucial to assess whether the developed
heterogeneous nano zeolite catalyzing Fenton-
like oxidation process is able to preserve its COD
efficiency over the wide pH range. To meet this
issue, the effect of MWF solution pH on the COD
removal efficiency of this process at the constant
nanocatalyst dosage of 6 g/L, i.e., the optimum
nanocatalyst concentration is evaluated. In this
case, MWF solution pH was controlled by the
addition of H,SO, and/or NaOH 1M solutions in

Table 2- COD removal efficiency and volume of the produced sludge for three different methods, including coagulation-flocculation
(C.F), Fenton oxidation (F.0), and heterogeneous nano zeolite catalyzing Fenton-like oxidation (H.N.F) processes.

Fe-substituted zeolite-

Process H:0: (g/L) FeSO.7H:0 (g/L) FeCls based nanocatalyst COD. removal Produced Sludge
Type (g/L) (g/L) efficiency (%) Volume (ml/L)
C.F - - 10 75 420
C.F - - 25 83 480
C.F - - 35 85 510
C.F - - 50 87 570
F.O 50 10 - 83 240
F.O 50 25 - 85 260
F.O 50 35 - 87 270
F.O 50 50 - 87 290
H.N.F 5 - - 1 87 35
H.N.F 5 - - 2 89 42
H.N.F 5 - - 3 91 43
H.N.F 5 - - 6 93 45
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the range of 5-9. The correlation between the MWF
solution pH and COD removal is presented in
Fig.7.

As seen, pH value has a negligible effect on the
COD removal efficiency of the process, which is
associated with the published results [54]. The
results pave the way for the designing a high-
efficiency heterogeneous Fenton-like procedure
which is not restricted to a limited range of
acidic pH values and can be applied over a wide

3.7. Catalyst stability and cycleability

There is a tremendous need for the application
of catalysts that offer long-term stability along with
a high level of reusability in wastewater treatment.
Complementary experiments in the batch mode
were performed at a nanocatalyst dosage of 6 g/L
to investigate the stability and cycleability of the
nanocatalyst applied in H.N.F process. All COD
removal efficiencies remained higher than 90%
after 21 batches of treatment. The COD removal
efficiency was declined sharply beyond 35 batch

100

(%0)

~3
hn

25

COD removal efficiency

range of pH.
5

6

7 8 9

MWEF solution pH

Fig. 7- The correlation between the MWF solution pH and COD removal efficiency of the process at
constant nanocatalyst dosage of 6 g/L.

100

80

60

40

20

COD removal efficiency (%)

0

10 20

30 40

Batch number

Fig. 8- COD removal efficiency variation of nanocatalyst with the optimum dosage, i.e., 6 g/L as a function of batch numbers.
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operations and reached a value of 46%. As a result,
the maximum useful life of the nanocatalyst can be
considered to be about 20 batches of treatment. Fig.
8 shows the COD removal efficiency variation of
the nanocatalyst with the optimum dosage, i.e., 6
g/L as a function of batch numbers.

4. Discussion

In general, a catalyst can enhance the reaction
speed through three mechanisms, as follows:
(i) providing a facilitated substrate for reacting
species to react more efficiently; (ii) decreasing the
activation energy needed for reaction initiation; and
(iii) increasing the yield of one specific product when
there would be two or more products. However,
the thermodynamic aspects of the reaction remain
almost unchanged. To date, scholars have benefited
from a broad spectrum of nanocatalysts such as
carbon nanotubes (CNTs), zero-valent iron, zeolite,
Fe,O,, and TiO, for purification and treatment of
wastewater released from various industries. The
application of nano-scale materials as catalyst
bears two major advantages over the conventional
(micron-scaled) catalysts as: (i) emerging some
specific properties when a material gets smaller
to nano-scale and (ii) profound increment in the
surface area-volume ratio which contributes to the
improved catalyst efficiency [55-58]. Besides, the
unique characteristics offered by nanocatalysts,
including surface catalysis, high surface area, fast
ion exchange, etc., open up new horizons in the
successful use of nano-catalysts in wastewater
treatment [59].

Overall, there are two potential challenges,
namely the need for a low pH and the production
of noticeable sludge content that commonly
faces during the conventional Fenton oxidation,
which is believed to be bypassed through the
application of the appropriate nanocatalyst [60].
Depending on the employed catalyst, the Fenton
oxidation process can be categorized into two
main groups: homogeneous and heterogeneous.
The reaction proceeds on the active sites that
exist over the surface of the catalyst within the
heterogeneous Fenton-like process. This is shown
to drastically limit leaching during the process.

= Fe!l—= Fe'l' — zeolite + [H,0,]lgur = [ OHlgurs

Fe-substitute

zeolite

The heterogeneous Fenton-like oxidation exhibits
several advantages over the homogenous one. The
most highlighted superiority of the heterogeneous
Fenton oxidation is that there is no need for an
acidic medium for reaction initiation & proceeding.
Recently, the application of various nanocatalysts
for heterogeneous Fenton-like degradation of the
various pollutants from industrial wastewaters has
received great attention [61-70].

The volume fraction of incorporated nanocatalyst
plays a key role in determining the final efficiency.
For instance, Sun et al. [54] addressed the influence
of nano-Fe O, catalyst concentration in a Fe,O,/
H,O, system. They have reported the tremendous
role of nano-Fe,O, catalyst concentration during
the homogeneous Fenton-like degradation of
compound carbamazepine (CBZ) from the polluted
wastewater, where the degradation efficiency
increases with increasing the Fe,O, concentration,
followed by reaching a steady state. Besides, the
influence of the amount of H,O, should not be
neglected since a similar trend in degradation
efficiency by changing the Fe O, content has
been attained for H,O, dosage. In the present
survey, it can be seen a direct relation between
Fe-substituted zeolite nanocatalyst concentration
and COD removal efficiency (see Table 2). Scheme
1 illustrates the proposed mechanism of COD
removal by means of a heterogeneous nano-
Fenton-like oxidation process.

According to the literature, the surface which
serves as a platform for a heterogeneous Fenton-
like process can contribute to the formation of
hydroxyl radicals via a chelating agent, thereby
improving the removal performance of the reaction
[71].

Apart from homogenous Fenton process, H,O,
concentration can also determine the overall
performance of the employed heterogeneous
Fenton-like process, where Li et al. [72] reported
that COD removal efficiency using heterogeneous
UV-Fenton technique increases with an increase in
H,0O, concentration followed by a descending trend
with further increment in H,O, concentration.
Moreover, solution pH affects the concentration
of H,0, needed for COD removal. For example,

[C_QD]Surr'
N\

\
\\.

-

Removal

H,0+0,’

Scheme. 1- The proposed mechanism of COD removal by means of a heterogeneous nano-Fenton-like oxidation process.
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a low dosage of H,O, would be needed if solution
pH is adjusted at 7, which is a favorable industrial
condition in terms of cost management. Notably,
the heterogeneous Fenton-like process that benefits
nanocatalysts profoundly decreases the dosage
of H,0, compared to the conventional Fenton
process. [73, 74].

5. Conclusions

The present investigation strives to draw a
meaningful comparison between the metalworking
fluid (MWEF) wastewater chemical oxygen
demand (COD) removal ability of three different
methods, including coagulation-flocculation,
Fenton oxidation, and heterogeneous nano-zeolite
catalyzing Fenton-like oxidation processes.

The results indicated that a heterogeneous
Fenton-like oxidation process benefiting easy-
to-made low-cost nanocatalyst gives the highest
COD removal efficiency. This method ends up in
the lowest sludge volume, while the coagulation-
flocculation route produced maximum sludge
production.

A survey on the effects of nanocatalyst
dosage and solution pH on COD removal
efficiency revealed that a superior COD removal
performance is achieved with an increase in
nanocatalyst dosage, while the removal efficiency
is not related to the solution pH. Moreover, this
method preserves its high efficiency up to 20
batches. The use of nano Fe-substituted zeolite
catalyzing heterogeneous Fenton-like process not
only eliminates the requirement for decreasing the
pH value of the treated solution to strongly acidic
amounts but also decreases the volume fraction of
the produced sludge. Therefore, it overcomes two
potential challenges facing the conventional Fenton
process. It seems that the heterogeneous Fenton-
like oxidation process is a promising approach
for remediation of MWF wastewater from the
economic, technical, and environmental points of
view.

References

1. Cheng C, Phipps D, Alkhaddar RM. Treatment of spent
metalworking fluids. Water research. 2005;39(17):4051-63.

2. Vahid A, Mojtaba F, Abbas S, Reza K. Evaluation of the
Metalwork Cutting Fluid Treatment performance Using
Fenton Oxidation Process in Comparison with Coagulation-
Flocculation. Caspian Journal of Applied Sciences Research.
2013;2(5).

3. Muszynski A, Zaleska-Radziwilt M, Lebkowska M,
Nowak D. Biological and electrochemical treatment of used
metalworking fluids: a toxicity-reduction evaluation. Archives
of environmental contamination and toxicology. 2007;52:483-8.
4. Amin MM, Mofrad MM, Pourzamani H, Sebaradar SM,
Ebrahim K. Treatment of industrial wastewater contaminated
with recalcitrant metal working fluids by the photo-Fenton
process as post-treatment for DAF. Journal of Industrial and

200

Engineering Chemistry. 2017;45:412-20.

5. Jagadevan S, Jayamurthy M, Dobson P, Thompson IP. A novel
hybrid nano zerovalent iron initiated oxidation-Biological
degradation approach for remediation of recalcitrant waste
metalworking fluids. Water research. 2012;46(7):2395-404.

6. Bataller H, Lamaallam S, Lachaise J, Graciaa A, Dicharry
C. Cutting fluid emulsions produced by dilution of a cutting
fluid concentrate containing a cationic/nonionic surfactant
mixture. Journal of Materials Processing Technology.
2004;152(2):215-20.

7. Sorachoti K, Pangkumhang B, Tanboonchuy V, Tulaphol S,
Grisdanurak N. Reversible adsorption of metalworking fluids
(MWFs) on Cu-BTC metal organic framework. Chinese journal
of chemical engineering. 2017;25(6):768-74.

8. Jamali HA, Moradnia M. Optimizing functions of coagulants
in treatment of wastewater from metalworking fluids: prediction
by RSM method. Environmental Health Engineering and
Management Journal. 2018;5(1):15-21.

9. Lawniczak 1, Marecik R. Comparison of metalworking fluids
biodegradation efficiency by autochthonous and environmental
communities. Journal of environmental ~management.
2019;232:625-35.

10. Teli A, Vyrides I, Stuckey DC. Treatment of metalworking
fluids using a submerged anaerobic membrane bioreactor
(SAMBR). Journal of Chemical Technology & Biotechnology.
2015;90(3):507-13.

11. Safavi MS, Tanhaei M, Ahmadipour MF, Adli RG, Mahdavi
S, Walsh FC. Electrodeposited Ni-Co alloy-particle composite
coatings: a comprehensive review. Surface and Coatings
Technology. 2020;382:125153.

12. Safavi MS, Walsh FC. Electrodeposited Co-P alloy and
composite coatings: A review of progress towards replacement
of conventional hard chromium deposits. Surface and Coatings
Technology. 2021;422:127564.

13. Nasseri S, Yaqubov A, Alemi A, Nuriev A. Optimization
of Copper and Zinc ions removal from aqueous solution by
modified Nano-bentonite using Response surface methodology.
Journal of Ultrafine Grained and Nanostructured Materials.
2020;53(1):78-90.

14. ElHarby N, Badawy A, Ibrahim S. Improvement of
Nanosized CuO-Fe203/cordierite System by Li2O-treatment
for wastewater treatment. Journal of Ultrafine Grained and
Nanostructured Materials. 2019;52(2):175-87.

15. Ghorbanpour M, Yousofi M, Lotfiman S. Photocatalytic
decolorization of methyl orange by silica-supported TiO2
composites. Journal of Ultrafine Grained and Nanostructured
Materials. 2017;50(1):43-50.

16. MacAdamJ, Ozgencil H, Autin O, Pidou M, Temple C, Parsons
S, Jefferson B. Incorporating biodegradation and advanced
oxidation processes in the treatment of spent metalworking
fluids. Environmental technology. 2012;33(24):2741-50.

17. Yuan S, Tong M, Wu G. Destabilization of emulsions
by natural minerals. Journal of hazardous materials.
2011;192(3):1882-5.

18. Rajagopalan K, Rusk T, Dianovsky M. Purification of semi-
synthetic metalworking fluids by Microfiltration®. Tribology &
lubrication technology. 2004;60(8):38.

19. Pouran SR, Aziz AA, Daud WM. Review on the main
advances in photo-Fenton oxidation system for recalcitrant
wastewaters. Journal of Industrial and Engineering Chemistry.
2015;21:53-69.

20. Estrada-Arriaga EB, Zepeda-Aviles JA, Garcia-Sanchez
L. Post-treatment of real oil refinery effluent with high
concentrations of phenols using photo-ferrioxalate and Fenton’s
reactions with membrane process step. Chemical Engineering


http://dx.doi.org/10.1016/j.watres.2005.07.012
http://dx.doi.org/10.1016/j.watres.2005.07.012
https://www.researchgate.net/profile/Vahid-Aghabalaei-2/publication/341621900_Fenton/links/6054aee592851cd8ce52783f/Fenton.pdf
https://www.researchgate.net/profile/Vahid-Aghabalaei-2/publication/341621900_Fenton/links/6054aee592851cd8ce52783f/Fenton.pdf
https://www.researchgate.net/profile/Vahid-Aghabalaei-2/publication/341621900_Fenton/links/6054aee592851cd8ce52783f/Fenton.pdf
https://www.researchgate.net/profile/Vahid-Aghabalaei-2/publication/341621900_Fenton/links/6054aee592851cd8ce52783f/Fenton.pdf
https://www.researchgate.net/profile/Vahid-Aghabalaei-2/publication/341621900_Fenton/links/6054aee592851cd8ce52783f/Fenton.pdf
http://dx.doi.org/10.1007/s00244-006-0131-2
http://dx.doi.org/10.1007/s00244-006-0131-2
http://dx.doi.org/10.1007/s00244-006-0131-2
http://dx.doi.org/10.1007/s00244-006-0131-2
http://dx.doi.org/10.1016/j.jiec.2016.10.010
http://dx.doi.org/10.1016/j.jiec.2016.10.010
http://dx.doi.org/10.1016/j.jiec.2016.10.010
http://dx.doi.org/10.1016/j.jiec.2016.10.010
http://dx.doi.org/10.1016/j.jiec.2016.10.010
http://dx.doi.org/10.1016/j.watres.2012.02.006
http://dx.doi.org/10.1016/j.watres.2012.02.006
http://dx.doi.org/10.1016/j.watres.2012.02.006
http://dx.doi.org/10.1016/j.watres.2012.02.006
http://dx.doi.org/10.1016/j.jmatprotec.2004.03.027
http://dx.doi.org/10.1016/j.jmatprotec.2004.03.027
http://dx.doi.org/10.1016/j.jmatprotec.2004.03.027
http://dx.doi.org/10.1016/j.jmatprotec.2004.03.027
http://dx.doi.org/10.1016/j.jmatprotec.2004.03.027
http://dx.doi.org/10.1016/j.cjche.2016.11.011
http://dx.doi.org/10.1016/j.cjche.2016.11.011
http://dx.doi.org/10.1016/j.cjche.2016.11.011
http://dx.doi.org/10.1016/j.cjche.2016.11.011
http://dx.doi.org/10.15171/ehem.2018.03
http://dx.doi.org/10.15171/ehem.2018.03
http://dx.doi.org/10.15171/ehem.2018.03
http://dx.doi.org/10.15171/ehem.2018.03
http://dx.doi.org/10.1016/j.jenvman.2018.11.132
http://dx.doi.org/10.1016/j.jenvman.2018.11.132
http://dx.doi.org/10.1016/j.jenvman.2018.11.132
http://dx.doi.org/10.1016/j.jenvman.2018.11.132
http://dx.doi.org/10.1002/jctb.4339
http://dx.doi.org/10.1002/jctb.4339
http://dx.doi.org/10.1002/jctb.4339
http://dx.doi.org/10.1002/jctb.4339
http://dx.doi.org/10.1016/j.surfcoat.2019.125153
http://dx.doi.org/10.1016/j.surfcoat.2019.125153
http://dx.doi.org/10.1016/j.surfcoat.2019.125153
http://dx.doi.org/10.1016/j.surfcoat.2019.125153
http://dx.doi.org/10.1016/j.surfcoat.2021.127564
http://dx.doi.org/10.1016/j.surfcoat.2021.127564
http://dx.doi.org/10.1016/j.surfcoat.2021.127564
http://dx.doi.org/10.1016/j.surfcoat.2021.127564
https://jufgnsm.ut.ac.ir/article_76829_10090.html
https://jufgnsm.ut.ac.ir/article_76829_10090.html
https://jufgnsm.ut.ac.ir/article_76829_10090.html
https://jufgnsm.ut.ac.ir/article_76829_10090.html
https://jufgnsm.ut.ac.ir/article_76829_10090.html
https://jufgnsm.ut.ac.ir/article_74296.html
https://jufgnsm.ut.ac.ir/article_74296.html
https://jufgnsm.ut.ac.ir/article_74296.html
https://jufgnsm.ut.ac.ir/article_74296.html
https://jufgnsm.ut.ac.ir/article_62090.html
https://jufgnsm.ut.ac.ir/article_62090.html
https://jufgnsm.ut.ac.ir/article_62090.html
https://jufgnsm.ut.ac.ir/article_62090.html
http://dx.doi.org/10.1080/09593330.2012.678389
http://dx.doi.org/10.1080/09593330.2012.678389
http://dx.doi.org/10.1080/09593330.2012.678389
http://dx.doi.org/10.1080/09593330.2012.678389
http://dx.doi.org/10.1016/j.jhazmat.2011.06.047
http://dx.doi.org/10.1016/j.jhazmat.2011.06.047
http://dx.doi.org/10.1016/j.jhazmat.2011.06.047
https://www.proquest.com/openview/432b9c449618f6c83cfaa8fa11d31095/1?pq-origsite=gscholar&cbl=44644
https://www.proquest.com/openview/432b9c449618f6c83cfaa8fa11d31095/1?pq-origsite=gscholar&cbl=44644
https://www.proquest.com/openview/432b9c449618f6c83cfaa8fa11d31095/1?pq-origsite=gscholar&cbl=44644
http://dx.doi.org/10.1016/j.jiec.2014.05.005
http://dx.doi.org/10.1016/j.jiec.2014.05.005
http://dx.doi.org/10.1016/j.jiec.2014.05.005
http://dx.doi.org/10.1016/j.jiec.2014.05.005
http://dx.doi.org/10.1016/j.cej.2015.10.030
http://dx.doi.org/10.1016/j.cej.2015.10.030
http://dx.doi.org/10.1016/j.cej.2015.10.030
http://dx.doi.org/10.1016/j.cej.2015.10.030

Safavi M.S., J Ultrafine Grained Nanostruct Mater, 57(2), 2024, 190-202

Journal. 2016;285:508-16.

21. Al Sofyani S, Marinescu ID. Analytical modeling of the
thermal aspects of metalworking fluids in the milling process.
The International Journal of Advanced Manufacturing
Technology. 2017;92:3953-66.

22. Bhattacharya SS, Yadav JS. Modeling and simulation
of colonization of water-based metalworking fluid by
Mycobacterium immunogenum. Journal of environmental
chemical engineering. 2018;6(4):4953-60.

23. Kobya M, Omwene PI, Ukundimana Z. Treatment and
operating cost analysis of metalworking wastewaters by a
continuous electrocoagulation reactor. Journal of Environmental
Chemical Engineering. 2020;8(2):103526.

24. Balakrishnan A, Kanchinadham SB, Kalyanaraman C.
Studies on the effect of pre-treatment of vegetable tanning
process wastewater prior to biological treatment. Journal of
Environmental Chemical Engineering. 2020;8(4):104020.

25. Bensadok K, Belkacem M, Nezzal G. Treatment of cutting
oil/water emulsion by coupling coagulation and dissolved air
flotation. Desalination. 2007;206(1-3):440-8.

26. Hoseini SM, Salarirad MM, Alavi Moghaddam MR. TPH
removal from oily wastewater by combined coagulation
pretreatment and mechanically induced air flotation.
Desalination and Water Treatment. 2015;53(2):300-8.

27. Painmanakul P, Chintateerachai T, Lertlapwasin §,
Rojvilavan N, Chalermsinsuwan T, Chawaloesphonsiya N,
Larpparisudthi OA. Treatment of cutting oily-wastewater by
sono Fenton process: experimental approach and combined
process. International Journal of Environmental and Ecological
Engineering. 2014;7(12):936-40.

28. Matos M, Garcia CF, Sudrez MA, Pazos C, Benito JM.
Treatment of oil-in-water emulsions by a destabilization/
ultrafiltration hybrid process: Statistical analysis of operating
parameters. Journal of the Taiwan Institute of Chemical
Engineers. 2016;59:295-302.

29. Pawar V, Gawande S. An overview of the Fenton process for
industrial wastewater. IOSR Journal of Mechanical and Civil
Engineering. 2015;2:127-36.

30. Ozdemir C, Sahinkaya S, Oniigyildiz M. Treatment of
pesticide wastewater by physicochemical and fenton processes.
2008;20:3795.

31. Feijoo S, Yu X, Kamali M, Appels L, Dewil R. Generation
of oxidative radicals by advanced oxidation processes (AOPs)
in wastewater treatment: a mechanistic, environmental and
economic review. Reviews in Environmental Science and Bio/
Technology. 2023;22(1):205-48.

32. Khan ZU, Gul NS, Sabahat S, Sun J, Tahir K, Shah NS,
Muhammad N, Rahim A, Imran M, Igbal J, Khan TM. Removal
of organic pollutants through hydroxyl radical-based advanced
oxidation processes. Ecotoxicology and Environmental Safety.
2023;267:115564.

33. Borchate SS, Kulkarni GS, Kore VS, Kore SV. A review on
applications of coagulation-flocculation and ballast flocculation
for water and wastewater. International Journal of Innovations
in Engineering and Technology. 2014;4(4):216-22.

34. Teh CY, Budiman PM, Shak KP, Wu TY. Recent advancement
of coagulation-flocculation and its application in wastewater
treatment. Industrial & Engineering Chemistry Research.
2016;55(16):4363-89.

35. Wei H, Gao B, Ren J, Li A, Yang H. Coagulation/flocculation
in dewatering of sludge: a review. Water research. 2018;143:608-31.
36. Zaharia C, Musteret CP, Afrasinei MA. The Use of
Coagulation-Flocculation for Industrial Colored Wastewater
Treatment—(I) The Application of Hybrid Materials. Applied
Sciences. 2024;14(5):2184.

201

37. Khataee AR, Fathinia M, Aber S. Kinetic modeling of liquid
phase photocatalysis on supported TiO2 nanoparticles in a
rectangular flat-plate photoreactor. Industrial & Engineering
Chemistry Research. 2010;49(24):12358-64.

38. Neamfu M, Zaharia C, Catrinescu C, Yediler A, Macoveanu
M, Kettrup A. Fe-exchanged Y zeolite as catalyst for wet
peroxide oxidation of reactive azo dye Procion Marine H-EXL.
Applied Catalysis B: Environmental. 2004;48(4):287-94.

39. Diikkanaa M, Giindiiz G, Yilmaz S, Prihod’ko R.
Heterogeneous Fenton-like degradation of Rhodamine
6G in water using CuFeZSM-5 zeolite catalyst prepared by
hydrothermal synthesis. Journal of hazardous materials.
2010;181(1-3):343-50.

40. Fathima NN, Aravindhan R, Rao JR, Nair BU. Dye house
wastewater treatment through advanced oxidation process using
Cu-exchanged Y zeolite: A heterogeneous catalytic approach.
Chemosphere. 2008;70(6):1146-51.

41. Chen E Ma W, He ], Zhao J. Fenton degradation of malachite
green catalyzed by aromatic additives. The Journal of Physical
Chemistry A. 2002;106(41):9485-90.

42. Ma ], Song W, Chen C, Ma W, Zhao ], Tang Y. Fenton
degradation of organic compounds promoted by dyes under
visible irradiation. Environmental science & technology.
2005;39(15):5810-5.

43. Khataee AR, Safarpour M, Naseri A, Zarei M. Photoelectro-
Fenton/nanophotocatalysis decolorization of three textile
dyes mixture: response surface modeling and multivariate
calibration procedure for simultaneous determination. Journal
of Electroanalytical Chemistry. 2012;672:53-62.

44. Neyens E, Baeyens J. A review of classic Fenton’s peroxidation
as an advanced oxidation technique. Journal of Hazardous
materials. 2003;98(1-3):33-50.

45, Muranaka CT, Julcour C, Wilhelm AM, Delmas H,
Nascimento CA. Regeneration of activated carbon by (photo)-
Fenton oxidation. Industrial & engineering chemistry research.
2010;49(3):989-95.

46. Khataee A, Bozorg S, Khorram S, Fathinia M, Hanifehpour
Y, Joo SW. Conversion of natural clinoptilolite microparticles
to nanorods by glow discharge plasma: a novel Fe-impregnated
nanocatalyst for the heterogeneous Fenton process. Industrial &
Engineering Chemistry Research. 2013;52(51):18225-33.

47. Saleh R, Taufik A. Ultraviolet-light-assisted heterogeneous
Fenton reaction of Ag-Fe304/graphene composites for the
degradation of organic dyes. Journal of Environmental Chemical
Engineering. 2019;7(1):102895.

48. So HL, Lin KY, Chu W. Triclosan removal by heterogeneous
Fenton-like process: Studying the kinetics and surface chemistry
of Fe304 as catalyst. Journal of Environmental Chemical
Engineering. 2019;7(5):103432.

49. Gérmez F, Gormez O, Gézmen B, Kalderis D. Degradation of
chloramphenicol and metronidazole by electro-Fenton process
using graphene oxide-Fe304 as heterogeneous catalyst. Journal
of Environmental Chemical Engineering. 2019;7(2):102990.

50. Buldnek R, Hrdina R, Hassan AF. Preparation of
polyvinylpyrrolidone modified nanomagnetite for degradation
of nicotine by heterogeneous Fenton process. Journal of
Environmental Chemical Engineering. 2019;7(2):102988.

51. Moreno-Torres JA, Espejel-Ayala F, Ramirez-Bon R,
Coutino-Gonzalez E. Sustainable strategies to synthesize small-
pore NaP zeolites using natural minerals. Journal of Materials
Science. 2024;59(2):423-34.

52. Safavi MS, Rasooli A. The positive contribution of
Cr203 reinforcing nanoparticles to enhanced corrosion
and tribomechanical performance of Ni-Mo alloy layers
electrodeposited from a citrate-sulfate bath. Journal of Materials


http://dx.doi.org/10.1016/j.cej.2015.10.030
http://dx.doi.org/10.1007/s00170-017-0429-4
http://dx.doi.org/10.1007/s00170-017-0429-4
http://dx.doi.org/10.1007/s00170-017-0429-4
http://dx.doi.org/10.1007/s00170-017-0429-4
http://dx.doi.org/10.1016/j.jece.2018.07.020
http://dx.doi.org/10.1016/j.jece.2018.07.020
http://dx.doi.org/10.1016/j.jece.2018.07.020
http://dx.doi.org/10.1016/j.jece.2018.07.020
http://dx.doi.org/10.1016/j.jece.2019.103526
http://dx.doi.org/10.1016/j.jece.2019.103526
http://dx.doi.org/10.1016/j.jece.2019.103526
http://dx.doi.org/10.1016/j.jece.2019.103526
http://dx.doi.org/10.1016/j.jece.2020.104020
http://dx.doi.org/10.1016/j.jece.2020.104020
http://dx.doi.org/10.1016/j.jece.2020.104020
http://dx.doi.org/10.1016/j.jece.2020.104020
http://dx.doi.org/10.1016/j.desal.2006.02.070
http://dx.doi.org/10.1016/j.desal.2006.02.070
http://dx.doi.org/10.1016/j.desal.2006.02.070
http://dx.doi.org/10.1080/19443994.2013.846522
http://dx.doi.org/10.1080/19443994.2013.846522
http://dx.doi.org/10.1080/19443994.2013.846522
http://dx.doi.org/10.1080/19443994.2013.846522
https://scholarly.org/pdf/display/treatment-of-cutting-oily-wastewater-by-sono-fenton-process-experimental-approach-and-combined-process
https://scholarly.org/pdf/display/treatment-of-cutting-oily-wastewater-by-sono-fenton-process-experimental-approach-and-combined-process
https://scholarly.org/pdf/display/treatment-of-cutting-oily-wastewater-by-sono-fenton-process-experimental-approach-and-combined-process
https://scholarly.org/pdf/display/treatment-of-cutting-oily-wastewater-by-sono-fenton-process-experimental-approach-and-combined-process
https://scholarly.org/pdf/display/treatment-of-cutting-oily-wastewater-by-sono-fenton-process-experimental-approach-and-combined-process
https://scholarly.org/pdf/display/treatment-of-cutting-oily-wastewater-by-sono-fenton-process-experimental-approach-and-combined-process
http://dx.doi.org/10.1016/j.jtice.2015.08.006
http://dx.doi.org/10.1016/j.jtice.2015.08.006
http://dx.doi.org/10.1016/j.jtice.2015.08.006
http://dx.doi.org/10.1016/j.jtice.2015.08.006
http://dx.doi.org/10.1016/j.jtice.2015.08.006
https://www.researchgate.net/profile/Sagar-Gawande/publication/292364403_An_overview_of_the_Fenton_Process_for_Industrial_Wastewater/links/56ad9a5c08ae43a3980c8c19/An-overview-of-the-Fenton-Process-for-Industrial-Wastewater.pdf
https://www.researchgate.net/profile/Sagar-Gawande/publication/292364403_An_overview_of_the_Fenton_Process_for_Industrial_Wastewater/links/56ad9a5c08ae43a3980c8c19/An-overview-of-the-Fenton-Process-for-Industrial-Wastewater.pdf
https://www.researchgate.net/profile/Sagar-Gawande/publication/292364403_An_overview_of_the_Fenton_Process_for_Industrial_Wastewater/links/56ad9a5c08ae43a3980c8c19/An-overview-of-the-Fenton-Process-for-Industrial-Wastewater.pdf
https://www.cabidigitallibrary.org/doi/full/10.5555/20103238682
https://www.cabidigitallibrary.org/doi/full/10.5555/20103238682
https://www.cabidigitallibrary.org/doi/full/10.5555/20103238682
http://dx.doi.org/10.1007/s11157-023-09645-4
http://dx.doi.org/10.1007/s11157-023-09645-4
http://dx.doi.org/10.1007/s11157-023-09645-4
http://dx.doi.org/10.1007/s11157-023-09645-4
http://dx.doi.org/10.1007/s11157-023-09645-4
http://dx.doi.org/10.1016/j.ecoenv.2023.115564
http://dx.doi.org/10.1016/j.ecoenv.2023.115564
http://dx.doi.org/10.1016/j.ecoenv.2023.115564
http://dx.doi.org/10.1016/j.ecoenv.2023.115564
http://dx.doi.org/10.1016/j.ecoenv.2023.115564
https://ijiet.com/wp-content/uploads/2014/12/27.pdf
https://ijiet.com/wp-content/uploads/2014/12/27.pdf
https://ijiet.com/wp-content/uploads/2014/12/27.pdf
https://ijiet.com/wp-content/uploads/2014/12/27.pdf
http://dx.doi.org/10.1021/acs.iecr.5b04703
http://dx.doi.org/10.1021/acs.iecr.5b04703
http://dx.doi.org/10.1021/acs.iecr.5b04703
http://dx.doi.org/10.1021/acs.iecr.5b04703
http://dx.doi.org/10.1016/j.watres.2018.07.029
http://dx.doi.org/10.1016/j.watres.2018.07.029
http://dx.doi.org/10.3390/app14052184
http://dx.doi.org/10.3390/app14052184
http://dx.doi.org/10.3390/app14052184
http://dx.doi.org/10.3390/app14052184
http://dx.doi.org/10.1021/ie101997u
http://dx.doi.org/10.1021/ie101997u
http://dx.doi.org/10.1021/ie101997u
http://dx.doi.org/10.1021/ie101997u
http://dx.doi.org/10.1016/j.apcatb.2003.11.005
http://dx.doi.org/10.1016/j.apcatb.2003.11.005
http://dx.doi.org/10.1016/j.apcatb.2003.11.005
http://dx.doi.org/10.1016/j.apcatb.2003.11.005
http://dx.doi.org/10.1016/j.jhazmat.2010.05.016
http://dx.doi.org/10.1016/j.jhazmat.2010.05.016
http://dx.doi.org/10.1016/j.jhazmat.2010.05.016
http://dx.doi.org/10.1016/j.jhazmat.2010.05.016
http://dx.doi.org/10.1016/j.jhazmat.2010.05.016
http://dx.doi.org/10.1016/j.chemosphere.2007.07.033
http://dx.doi.org/10.1016/j.chemosphere.2007.07.033
http://dx.doi.org/10.1016/j.chemosphere.2007.07.033
http://dx.doi.org/10.1016/j.chemosphere.2007.07.033
http://dx.doi.org/10.1021/jp0144350
http://dx.doi.org/10.1021/jp0144350
http://dx.doi.org/10.1021/jp0144350
http://dx.doi.org/10.1021/es050001x
http://dx.doi.org/10.1021/es050001x
http://dx.doi.org/10.1021/es050001x
http://dx.doi.org/10.1021/es050001x
http://dx.doi.org/10.1016/j.jelechem.2012.03.010
http://dx.doi.org/10.1016/j.jelechem.2012.03.010
http://dx.doi.org/10.1016/j.jelechem.2012.03.010
http://dx.doi.org/10.1016/j.jelechem.2012.03.010
http://dx.doi.org/10.1016/j.jelechem.2012.03.010
http://dx.doi.org/10.1016/s0304-3894(02)00282-0
http://dx.doi.org/10.1016/s0304-3894(02)00282-0
http://dx.doi.org/10.1016/s0304-3894(02)00282-0
http://dx.doi.org/10.1021/ie900675d
http://dx.doi.org/10.1021/ie900675d
http://dx.doi.org/10.1021/ie900675d
http://dx.doi.org/10.1021/ie900675d
http://dx.doi.org/10.1021/ie403283n
http://dx.doi.org/10.1021/ie403283n
http://dx.doi.org/10.1021/ie403283n
http://dx.doi.org/10.1021/ie403283n
http://dx.doi.org/10.1021/ie403283n
http://dx.doi.org/10.1016/j.jece.2019.102895
http://dx.doi.org/10.1016/j.jece.2019.102895
http://dx.doi.org/10.1016/j.jece.2019.102895
http://dx.doi.org/10.1016/j.jece.2019.102895
http://dx.doi.org/10.1016/j.jece.2019.103432
http://dx.doi.org/10.1016/j.jece.2019.103432
http://dx.doi.org/10.1016/j.jece.2019.103432
http://dx.doi.org/10.1016/j.jece.2019.103432
http://dx.doi.org/10.1016/j.jece.2019.102990
http://dx.doi.org/10.1016/j.jece.2019.102990
http://dx.doi.org/10.1016/j.jece.2019.102990
http://dx.doi.org/10.1016/j.jece.2019.102990
http://dx.doi.org/10.1016/j.jece.2019.102988
http://dx.doi.org/10.1016/j.jece.2019.102988
http://dx.doi.org/10.1016/j.jece.2019.102988
http://dx.doi.org/10.1016/j.jece.2019.102988
http://dx.doi.org/10.1007/s10853-023-09218-4
http://dx.doi.org/10.1007/s10853-023-09218-4
http://dx.doi.org/10.1007/s10853-023-09218-4
http://dx.doi.org/10.1007/s10853-023-09218-4
http://dx.doi.org/10.1016/j.jmrt.2023.12.014
http://dx.doi.org/10.1016/j.jmrt.2023.12.014
http://dx.doi.org/10.1016/j.jmrt.2023.12.014
http://dx.doi.org/10.1016/j.jmrt.2023.12.014

Safavi M.S., J Ultrafine Grained Nanostruct Mater, 57(2), 2024, 190-202

Research and Technology. 2024;28:865-78.

53. Yang X, Cheng X, Elzatahry AA, Chen J, Alghamdi A, Deng
Y. Recyclable Fenton-like catalyst based on zeolite Y supported
ultrafine, highly-dispersed Fe203 nanoparticles for removal
of organics under mild conditions. Chinese Chemical Letters.
2019;30(2):324-30.

54. Sun SP, Zeng X, Li C, Lemley AT. Enhanced heterogeneous
and homogeneous Fenton-like degradation of carbamazepine
by nano-Fe304/H202 with nitrilotriacetic acid. Chemical
Engineering Journal. 2014;244:44-9.

55. Chaturvedi S, Dave PN, Shah NK. Applications of nano-
catalyst in new era. Journal of Saudi Chemical Society.
2012;16(3):307-25.

56. Zelmanov G, Semiat R. Phenol oxidation kinetics in water
solution using iron (3)-oxide-based nano-catalysts. Water
research. 2008;42(14):3848-56.

57. Mahmoud AM, Ibrahim FA, Shaban SA, Youssef NA.
Adsorption of heavy metal ion from aqueous solution by nickel
oxide nano catalyst prepared by different methods. Egyptian
Journal of Petroleum. 2015;24(1):27-35.

58. Bahgat M, Farghali AA, El Rouby WM, Khedr MH.
Synthesis and modification of multi-walled carbon nano-
tubes (MWCNTS) for water treatment applications. Journal of
Analytical and Applied Pyrolysis. 2011;92(2):307-13.

59. Westerhoff P, Alvarez P, Li Q, Gardea-Torresdey J,
Zimmerman J. Overcoming implementation barriers for
nanotechnology in drinking water treatment. Environmental
Science: Nano. 2016;3(6):1241-53.

60. Jorfi S, Rezaee A, Moheb-Ali GA, Jaafarzadeh NA. Pyrene
removal from contaminated soils by modified Fenton oxidation
using iron nano particles. Journal of environmental health
science and engineering. 2013;11:1-8.

61. Rusevova K, Kopinke FD, Georgi A. Nano-sized magnetic
iron oxides as catalysts for heterogeneous Fenton-like
reactions—Influence of Fe (II)/Fe (III) ratio on catalytic
performance. Journal of hazardous materials. 2012;241:433-40.

62. He J, Yang X, Men B, Bi Z, Pu Y, Wang D. Heterogeneous
Fenton oxidation of catechol and 4-chlorocatechol catalyzed
by nano-Fe304: role of the interface. Chemical Engineering
Journal. 2014;258:433-41.

63. Kumar A, Rana A, Sharma G, Naushad M, Dhiman P,
Kumari A, Stadler FJ. Recent advances in nano-Fenton catalytic
degradation of emerging pharmaceutical contaminants. Journal
of Molecular Liquids. 2019;290:111177.

64. Velichkova F, Julcour-Lebigue C, Koumanova B, Delmas

202

H. Heterogeneous Fenton oxidation of paracetamol using iron
oxide (nano) particles. Journal of Environmental Chemical
Engineering. 2013;1(4):1214-22.

65. Arshadi M, Abdolmaleki MK, Mousavinia F, Khalafi-Nezhad
A, Firouzabadi H, Gil A. Degradation of methyl orange by
heterogeneous Fenton-like oxidation on a nano-organometallic
compound in the presence of multi-walled carbon nanotubes.
Chemical Engineering Research and Design. 2016;112:113-21.
66.HouB,Han H, Jia S, Zhuang H, Xu P, Wang D. Heterogeneous
electro-Fenton oxidation of catechol catalyzed by nano-Fe304:
kinetics with the Fermi’s equation. Journal of the Taiwan
Institute of Chemical Engineers. 2015;56:138-47.

67.KongL, Zhu Y, Liu M, Chang X, Xiong Y, Chen D. Conversion
of Fe-rich waste sludge into nano-flake Fe-SC hybrid Fenton-
like catalyst for degradation of AOII Environmental Pollution.
2016;216:568-74.

68. Kurian M, Nair DS. Heterogeneous Fenton behavior of nano
nickel zinc ferrite catalysts in the degradation of 4-chlorophenol
from water under neutral conditions. Journal of Water Process
Engineering. 2015;8:e37-49.

69. Kuang Y, Wang Q, Chen Z, Megharaj M, Naidu R.
Heterogeneous Fenton-like oxidation of monochlorobenzene
using green synthesis of iron nanoparticles. Journal of colloid
and interface science. 2013;410:67-73.

70. Zhang G, Wang S, Yang F. Efficient adsorption and combined
heterogeneous/homogeneous Fenton oxidation of amaranth
using supported nano-FeOOH as cathodic catalysts. The Journal
of Physical Chemistry C. 2012 Feb 9;116(5):3623-34.

71. Xue X, Hanna K, Despas C, Wu F, Deng N. Effect of chelating
agent on the oxidation rate of PCP in the magnetite/H202
system at neutral pH. Journal of molecular catalysis A: chemical.
2009;311(1-2):29-35.

72. Li W, Wang Y, Irini A. Effect of pH and H202 dosage on
catechol oxidation in nano-Fe304 catalyzing UV-Fenton and
identification of reactive oxygen species. Chemical Engineering
Journal. 2014;244:1-8.

73. Pignatello J], Oliveros E, MacKay A. Advanced oxidation
processes for organic contaminant destruction based on the
Fenton reaction and related chemistry. Critical reviews in
environmental science and technology. 2006;36(1):1-84.

74. Kalantary RR, Farzadkia M, Kermani M, Rahmatinia M.
Heterogeneous electro-Fenton process by Nano-Fe304 for
catalytic degradation of amoxicillin: Process optimization
using response surface methodology. Journal of environmental
chemical engineering. 2018;6(4):4644-52.


http://dx.doi.org/10.1016/j.jmrt.2023.12.014
http://dx.doi.org/10.1016/j.cclet.2018.06.026
http://dx.doi.org/10.1016/j.cclet.2018.06.026
http://dx.doi.org/10.1016/j.cclet.2018.06.026
http://dx.doi.org/10.1016/j.cclet.2018.06.026
http://dx.doi.org/10.1016/j.cclet.2018.06.026
http://dx.doi.org/10.1016/j.cej.2014.01.039
http://dx.doi.org/10.1016/j.cej.2014.01.039
http://dx.doi.org/10.1016/j.cej.2014.01.039
http://dx.doi.org/10.1016/j.cej.2014.01.039
http://dx.doi.org/10.1016/j.jscs.2011.01.015
http://dx.doi.org/10.1016/j.jscs.2011.01.015
http://dx.doi.org/10.1016/j.jscs.2011.01.015
http://dx.doi.org/10.1016/j.watres.2008.05.009
http://dx.doi.org/10.1016/j.watres.2008.05.009
http://dx.doi.org/10.1016/j.watres.2008.05.009
http://dx.doi.org/10.1016/j.ejpe.2015.02.003
http://dx.doi.org/10.1016/j.ejpe.2015.02.003
http://dx.doi.org/10.1016/j.ejpe.2015.02.003
http://dx.doi.org/10.1016/j.ejpe.2015.02.003
http://dx.doi.org/10.1016/j.jaap.2011.07.002
http://dx.doi.org/10.1016/j.jaap.2011.07.002
http://dx.doi.org/10.1016/j.jaap.2011.07.002
http://dx.doi.org/10.1016/j.jaap.2011.07.002
http://dx.doi.org/10.1039/c6en00183a
http://dx.doi.org/10.1039/c6en00183a
http://dx.doi.org/10.1039/c6en00183a
http://dx.doi.org/10.1039/c6en00183a
https://pubmed.ncbi.nlm.nih.gov/24499620
https://pubmed.ncbi.nlm.nih.gov/24499620
https://pubmed.ncbi.nlm.nih.gov/24499620
https://pubmed.ncbi.nlm.nih.gov/24499620
http://dx.doi.org/10.1016/j.jhazmat.2012.09.068
http://dx.doi.org/10.1016/j.jhazmat.2012.09.068
http://dx.doi.org/10.1016/j.jhazmat.2012.09.068
http://dx.doi.org/10.1016/j.jhazmat.2012.09.068
http://dx.doi.org/10.1016/j.cej.2014.07.063
http://dx.doi.org/10.1016/j.cej.2014.07.063
http://dx.doi.org/10.1016/j.cej.2014.07.063
http://dx.doi.org/10.1016/j.cej.2014.07.063
http://dx.doi.org/10.1016/j.molliq.2019.111177
http://dx.doi.org/10.1016/j.molliq.2019.111177
http://dx.doi.org/10.1016/j.molliq.2019.111177
http://dx.doi.org/10.1016/j.molliq.2019.111177
http://dx.doi.org/10.1016/j.jece.2013.09.011
http://dx.doi.org/10.1016/j.jece.2013.09.011
http://dx.doi.org/10.1016/j.jece.2013.09.011
http://dx.doi.org/10.1016/j.jece.2013.09.011
http://dx.doi.org/10.1016/j.cherd.2016.05.028
http://dx.doi.org/10.1016/j.cherd.2016.05.028
http://dx.doi.org/10.1016/j.cherd.2016.05.028
http://dx.doi.org/10.1016/j.cherd.2016.05.028
http://dx.doi.org/10.1016/j.cherd.2016.05.028
http://dx.doi.org/10.1016/j.jtice.2015.04.017
http://dx.doi.org/10.1016/j.jtice.2015.04.017
http://dx.doi.org/10.1016/j.jtice.2015.04.017
http://dx.doi.org/10.1016/j.jtice.2015.04.017
http://dx.doi.org/10.1016/j.envpol.2016.06.012
http://dx.doi.org/10.1016/j.envpol.2016.06.012
http://dx.doi.org/10.1016/j.envpol.2016.06.012
http://dx.doi.org/10.1016/j.envpol.2016.06.012
http://dx.doi.org/10.1016/j.jwpe.2014.10.011
http://dx.doi.org/10.1016/j.jwpe.2014.10.011
http://dx.doi.org/10.1016/j.jwpe.2014.10.011
http://dx.doi.org/10.1016/j.jwpe.2014.10.011
http://dx.doi.org/10.1016/j.jcis.2013.08.020
http://dx.doi.org/10.1016/j.jcis.2013.08.020
http://dx.doi.org/10.1016/j.jcis.2013.08.020
http://dx.doi.org/10.1016/j.jcis.2013.08.020
http://dx.doi.org/10.1021/jp210167b
http://dx.doi.org/10.1021/jp210167b
http://dx.doi.org/10.1021/jp210167b
http://dx.doi.org/10.1021/jp210167b
http://dx.doi.org/10.1016/j.molcata.2009.06.016
http://dx.doi.org/10.1016/j.molcata.2009.06.016
http://dx.doi.org/10.1016/j.molcata.2009.06.016
http://dx.doi.org/10.1016/j.molcata.2009.06.016
http://dx.doi.org/10.1016/j.cej.2014.01.011
http://dx.doi.org/10.1016/j.cej.2014.01.011
http://dx.doi.org/10.1016/j.cej.2014.01.011
http://dx.doi.org/10.1016/j.cej.2014.01.011
http://dx.doi.org/10.1080/10643380500326564
http://dx.doi.org/10.1080/10643380500326564
http://dx.doi.org/10.1080/10643380500326564
http://dx.doi.org/10.1080/10643380500326564
http://dx.doi.org/10.1016/j.jece.2018.06.043
http://dx.doi.org/10.1016/j.jece.2018.06.043
http://dx.doi.org/10.1016/j.jece.2018.06.043
http://dx.doi.org/10.1016/j.jece.2018.06.043
http://dx.doi.org/10.1016/j.jece.2018.06.043

	Development of heterogeneous nano-zeolite catalyzing Fenton-like oxidation processes for metalworkin
	Abstract
	1. Introduction
	2. Materials and methods
	2.1. Raw wastewater characteristics  
	2.2. Coagulation-flocculation 
	2.3. Fenton oxidation process
	2.4. Heterogeneous Fenton-like oxidation process 
	2.5. COD determination
	2.6. Characterization

	3. Results 
	3.1. Microstructural characteristics 
	3.2. COD removal efficiency 
	3.3. Influence of Iron (III) chloride dosage within the coagulation-flocculation process
	3.4. Influence of ferrous sulfate dosage within the Fenton oxidation process
	3.5. Influence of nanocatalyst dosage within the heterogeneous Fenton-like oxidation process 
	3.6. Influence of pH value
	3.7. Catalyst stability and cycleability 

	4. Discussion 
	5. Conclusions
	References 


