¢ Desalination and Water Treatment
www.deswater.com

() doi: 10.5004/dwt.2018.22441

118 (2018) 258-267
June

FeNi,@SiO, magnetic nanocomposite as a highly efficient Fenton-like catalyst
for humic acid adsorption and degradation in neutral environments
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ABSTRACT

In this research, the ability of Fenton-like catalytic process in the presence of H,0O, for degradation
of humic acid in simulated water was studied. In this regard, FeNi, nanoparticles were synthesized
by the coprecipitation method, using SiO,. The properties of the prepared FeNi,@SiO, were assessed
using Fourier transform infrared spectroscopy, vibrating sample magnetometer, field-emission scan-
ning electron microscopy and transmission electron microscopy. The studied parameters were pH
(3,5, 7,9 and 11), contact time (5-180 min), nanocomposite dose (0.005-0.1 g/L), concentration of
humic acid (2-15 mg/L) and concentration of H,0, (50-200 mg/L). The highest removal percentage
of humic acid was 100% at pH = 7, with humic acid concentration of 10 PPM, FeNi,@SiO, dosage of
0.1 g/L and H,O, dosage of 200 mg/L. According to the results, the Fenton-like catalytic process of
FeNi,@SiO,/H,0, had high efficiency in removing humic acid from aquatic environment.

Keywords: FeNi,@SiO, magnetic nanoparticles; Humic acid; Catalyst; Fenton-like; Advanced oxidation

process

1. Introduction

Almost all surface waters contain natural organic matters
(NOMs) which are complex compounds of organic matter
resulting from the chemical and biological decomposition of
plants and animals in water bodies. NOMs are mostly com-
plex compounds of various organic matters, for example,

* Corresponding author.

bacteria, viruses, humic and folic acids, polysaccharides and
proteins.

The presence of NOM in drinking water causes problems
in most water treatment processes, thereby decreasing the
quality of water by creating aesthetic problems such as yellow
and brownish water as well as unpleasant taste and odour [1].
Moreover, the existence of these compounds in drinking
water leads to numerous problems in water treatment pro-
cesses, and it is essential to be removed. NOM compounds
mostly consist of different parts with unique properties and
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varying molecule sizes (small to large molecules and large
particles). The large difference in the size of NOM molecules
creates complexities for their removal from water, especially
because seasonal changes highly affect their qualities and
concentrations in surface waters [1-3]. NOM mixtures are
classified into hydrophilic and hydrophobic groups; the
former usually includes aliphatic carbon and nitrogen com-
pounds, for example, carboxylic acids, carbohydrates and
proteins, and the latter mostly consists of humic and folvic
compounds which include aromatic carbon, phenolic circle
and double bonds [4].

Humic substances (HSs) often comprise one half of
NOMs [1,5]. The major constituents of HSs are aliphatic and
aromatic structures as well as carboxylic and phenolic-OH
groups and quinones. HSs are divided into three main
groups. Humic, the first group, is completely insoluble, the
second, haloacetic, being soluble in alkaline and insoluble in
acidic environments, and the third group, folic acid, being
soluble at all pH levels [6]. In recent years, humic acid has
received considerable attention as a progenitor of disinfec-
tion by-products (DBPs) [7]). It has been shown that humic
acid can be oxidized to small organic molecular compounds
and may result in halogenated DBPs as a matter of drinking
water disinfection process by chlorinated compounds [8].
Trihalomethanes (THMs) and haloacetic acids are among
the most important DBPs, suspected to be carcinogenic
and mutagenic. THMs can cause bladder, kidney and colon
cancer [8,9]. According to the United States Environmental
Protection Agency, the allowable concentration of THMs in
drinking water is 0.08 mg/L at stage 1 of rule application and
0.03 and 0.04 mg/L at stage 2 [10,11].

Based on the noted considerations, humic acid com-
pounds must be removed from aquatic environments prior
to disinfection. So far, numerous methods have been stud-
ied for the removal of humic acid compounds from drinking
water. It has been proven that the common water treatment
processes, for example, coagulation, flocculation, adsorp-
tion and filtration, do not have a significant effect on the
removal of humic acid. The usual removal percentage of
total organic carbon in common drinking water treatment
methods is approximately 10%-50% [12]. Moreover, each
of these methods has certain disadvantages. For instance,
the activated carbon adsorption method is quite expensive,
with difficult reduction processes. Furthermore, the chemi-
cal coagulation method requires the use of chemicals which
generate large amounts of sludge. The disadvantages of the
ion exchange method results in consumption of chemicals
and taking a large space considering the volume of gener-
ated water. Also, membrane filtration has high capital and
operating costs [13-15].

Since applying advanced oxidation processes (AOPs)
from active radicals has high efficiency in oxidizing organic
matters, so AOPs have received considerable attention in
drinking water treatment for past two decades. By forming
active radicals, especially hydroxyl radicals (oxidation poten-
tial = 2.8 V), AOPs oxidize organic chemical compounds in
aquatic environments. These processes can treat highly toxic
matters or pollutants which cannot be easily decomposed
in biological processes [16]. Hydroxyl radicals are the most
important oxidizers with a high activity, which do not have a
selective property in removing organic matters [17,18].

The Fenton process is a major AOP known as homogeneous
Fenton process, in which H,O, is decomposed in the presence
of Fe* ion. Unfortunately, the Fe*-H,O, process has several
problems, making it hard to use; stoichiometric amounts
of iron must be added to the system, which are usually oxi-
dized to Fe™, thereby requiring complementary treatment for
removal. The optimal pH for the generation of hydroxyl rad-
ical is in the range of 2-3. Therefore, a large amount of acid
is needed, and neutralization must be performed after this
step. In addition, large amounts of sludge are generated due
to the use of ferric salts, which is harmful for the environment
[18-20]. In addition, in most cases, homogeneous catalysts
need external sources such as light, sonication or electrical
energy to accelerate the reaction, thereby increasing the costs
of such method [20]. Based on the noted points, studies have
extensively examined the heterogeneous Fenton-like catalytic
process based on iron (nano- or micro-sized) or other metals to
reduce the limitations mentioned for Fe*-H,0O, [21,22].

Thus, most of the recent studies have been aimed to pro-
duce nanoparticles which could act as a Fenton-like catalytic
process with acceptable efficiency in neutral conditions and
with no need for any external energy source. For example,
effective catalysts can be produced using iron, Fe,O, Mn O,
and other particles [23]. Moreover, to overcome the prob-
lems of homogeneous Fenton process, chelating factors such
as ethylene diamine tetraacetic acid, oxalate, citrate and tar-
trate are used to prevent the sedimentation of dissolved iron.
Recently, heterogeneous Fenton-like catalytic processes using
iron oxides, iron stabilized on zeolite, clay and carbonated
materials have been utilized. Contrary to homogeneous cata-
lysts, heterogeneous catalysts act in a wide range of pH [24].

Zhang et al. [25] showed that covering Fe, O, nanoparti-
cles with a thin layer of carbon as an effective catalyst in the
Fenton-like process acts without any external energy source.

By covering Fe,O, nanoparticles with SiO, and forming
Fe,0,@SiO,, Yang et al. managed to use this nanoparticle in a
Fenton-like catalytic process and removed the methylene blue
dye in neutral conditions. They concluded that the SiO, cover
enhanced the catalytic activity of iron nanoparticles [18]. Liu et
al. [26] utilized the Fe,O,/TiO,/C nanocomposite in a Fenton-
like catalytic process to remove methylene blue dye. Also, the
Fenton-like catalytic process of TiO,-doped Fe,O, was investi-
gated in the removal of dye, with maximum efficiency in neu-
tral pH conditions [27]. Humic acid in drinking water sources
has harmful effects on human health. Moreover, the use of
magnetic nanocomposites in water treatment is an up-to-date
research area and the AOP has high efficiency in removing
organic pollutants. Therefore, in this study, first, FeNi,@SiO,
(FNS MNP,) magnetic nanoparticles were studied and, then
by determining their properties with special technique such
as transmission electron microscopy (TEM), field-emission
scanning electron microscopy (FESEM), Fourier transform
infrared spectroscopy (FTIR) and vibrating sample magne-
tometer (VSM) spectra, their efficiency in removing humic
acid in different conditions was examined.

2. Experimental
2.1. Chemicals

Acid humic was manufactured by Acros (Fisher Scientific).
Iron(Il) chloride (FeCl,-4H,O), nickel chloride (NiCL,-6H,O),
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80% hydrazine hydrate (N,H -H,0), tetraethyl orthosilicate
(TEOS) (SiC,H,O,) and 30% H,O, were purchased from
Merck, Germany. Deionized water was used to prepare the
solutions in all the steps.

2.2. Procedures
2.2.1. Synthesis of FeNi,@SiO, magnetic nanoparticles

Synthesis was performed through the following steps:

¢ To synthesize the FeNi, nanoparticle, 1 g of polyethylene
glycol (1.0 g, MW 6000) was dissolved in 180 mL of deion-
ized water. Then, 0.713 g of NiCL-6H,O and 0.1988 g
of FeCl,.4H,O were separately dissolved in 10 cm’ of
deionized water.

* pH was regulated in the range of 12-13 using NaOH.

¢ Then, 9.1 mL of hydrazine hydrate (N,H,_H,O, 80% con-
centration) was added to the suspension. The reaction
was performed for 24 h in vigorous mixing conditions.
During this period, pH was maintained in the previ-
ous range. After the coprecipitation step, black FeNi,
nanoparticles were separated using an N42 magnet and
washed several times with deionized water so that pH
would reach the neutral range. Afterwards, it was dried
at 80°C in vacuum for 8 h [28].

To core-shell the SiO, and stabilize it on FeNi,, these
steps were followed: 0.5 g of the synthesized FeNi, magnetic
nanoparticle was dispersed in a mixture of 80 mL of ethanol,
20 mL of deionized water and 2 mL of 28% ammonia. Then,
1 mL of TEOS was added to the previous solution dropwise
and stirred at 500 rmp at ambient temperature for 24 h [29].

The resulting FeNi,@SiO, magnetic nanoparticles (Fig. 1)
were washed with water and ethanol several times and, after
separation by an N42 magnet, dried in vacuum at 60°C
[18,28].

2.2.2. Properties of synthesized nanocomposite

The FESEM was used to study the shape, average
diameter and surface details; and to provide structural
analysis (SIGMA VP-500, Zeiss, Germany). The TEM (Zeiss-
EM10C-100 KV, Germany) was also used to study the sam-
ple with high resolution and magnification. The FTIR of the
nanocomposite was conducted using an AVATAR, 370 FT-IR
device. Magnetism was evaluated using a VSM (Model 7400
VSM) and Brunauer-Emmett-Teller (BET) using Belsorp mini IL.

2.2.2.4. Experiments of humic acid removal using the FeNi @
SiO, magnetic nanocomposite alone (adsorption) and in the
presence of H,0, (catalytic degradation)

To prepare the stock solution (1,000 mg/L), pure humic

acid powder was utilized. This solution was kept weekly

Silica shell
~~ PEG 6000 \qﬁTetraclhyoxysilane

Magnetic NP H:%

Fig. 1. Schematic representation of the synthesis of FeNi3@SiO2
magnetic nanoparticles [28].

Magnetic NP

in dark at 4°C. All the experiments were performed on
200 mL samples in a batch system at laboratory temperature
(24°C + 2°C). To regulate pH, hydrochloric acid and NaOH
(I N) were used. The studied variables were pH (3, 5, 7, 9
and 11), amount of magnetic nanocomposite (0.005, 0.01,
0.02, 0.03, 0.04, 0.05 and 0.1 g/L), initial concentration of
humic acid (2, 5, 10 and 15 mg/L), contact time (5, 10, 15, 30,
60, 90 and 200 min) and concentration of hydrogen peroxide
(50, 100, 150 and 200 mg/L).

The samples were removed on predetermined intervals,
and the remaining concentration of humic acid was evaluated
using a spectrophotometer (UV/Visible T80") at 254 nm. In
the samples including hydrogen peroxide, the 0.2 N Na_S,0,
solution was used immediately after removing the sample
in order to minimize the confounding effect of H,O, on the
results. Eq. (1) was employed to calculate the efficiency of
the adsorption process:

Y% =[(HA,—HA,)/HA, |x100 1)

where HA  and HA,, respectively, denote the initial and final
concentrations of humic acid (mg/L). To examine the catalytic
processes for water treatment, it is essential to use reaction
rate kinetics. The rate of heterogeneous catalytic reactions is
usually described using the pseudo-first-order (PFO) kinetic
model and can be explained in the conditions of Langmuir—
Hinshelwood (L-H) kinetic model [30-32].

r=k 0=-9C_p[KC )
dt 1+KC

Here, r is the initial reaction rate (mg/L min), k" is the reac-
tion rate constant, C denotes pollutant concentration (mg/L), K
shows adsorption coefficient and 0 indicates reactant site for
the nanocomposite surface covered by HA. For very-low-
concentration solutions (e.g., medications in water) with KC <<1,
the L-H equation (Eq. (1)) is simplified to a PFO kinetic rule:

dc

—=k C 3
dt obs ( )
C
In| = |=—k ¢ 4
[Coj obs
Here, k_ is the observed PFO reaction rate constant

obs
(min™), ¢t denotes reaction time (min), C is the remaining

concentration after a specified time and C, is the pollutant’s
initial concentration (mg/L).

3. Results and discussion
3.1. Properties of the synthesized nanocomposite

To examine the properties of the synthesized nanocom-
posite, TEM, FESEM, FTIR and VSM spectra were employed.
The following figures illustrate the results.

Fig. 2(a) shows the FTIR spectrum for the FeNi,@SiO,
sample. The peak at 479 cm™ was related to the vibrations
of Fe-Ni and another peaks at 669, 804, 972 cm™ assigned to
Ni-Fe-Ni or Fe-Ni-Ni bond.

The vibrations at 669.69, 804.54 and 1,124.05 cm™ were
related to the Si-O-Si group and at 972.08 peak assigned to
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Fig. 2. Properties of the FeNi,@SiO, magnetic nanoparticle: (a) FTIR, (b) TEM, (b1 = FeNi,) and (b2 = FeNi,@SiO,), (c) SEM and
(d) magnetic hysteresis loop.
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Si-O-H stretching vibration. The weak adsorption band at
3,382.27 cm™ belonged to the hydroxyl group (O-H) band
vibration [33].

The structure and morphology of the FeNi, and FeNi,@
SiO, were investigated by TEM images (Fig. 2(bl)) and
(Fig. 2(b2)). As shown, aggregated and spherical nanoparti-
cles were with size about 45 nm. Based on the TEM image,
the SiO, cover was placed successfully on the FeNi, nanopar-
ticle. FESEM image (Fig. 2(c)) illustrates the morphology and
structure of the synthesized magnetic nanoparticles. Based
on the FESEM image, it is indicated that microsphere surface
of FeNi,@SiO, was porous and rough, and therefore, have a
suitable catalytical and magnetical property. Also, FeNi, was
encapsulated in the core of SiO, [34].

The magnetic property of the FeNi,@SiO, nanocompos-
ite was studied using VSM at 300 K. Based on Fig. 2(d), the
FeNi,@SiO, nanoparticle had super paramagnetic properties.
Its saturation magnetization equalled 69.69 (electrostatic
unit/g). Therefore, it can be easily separated in the presence
of an external magnetic field.

3.2. Humic acid adsorption and degradation

This phase was done in two separate steps (adsorption
removal and Fenton-like degradation of humic acid).

3.2.1. Humic acid adsorption test (FeNi,@S5iO,)

In order to determine the equilibrium time of the FeNi @
SiO, process, batch adsorption experiments were performed
in the pH range of 3, 5, 7, 9 and 11; nanoparticle dose
(0.005-0.1 g/L); humic acid initial concentration of 2-15 mg/L
and contact time of 5-180 min. Results showed that the high-
est humic acid adsorption percentage was 99.8 at the concen-
tration of 10 mg/L, pH = 3, nanoparticle dosage of 0.1 g/L and
time of 180 min.

By increasing pH from 3 to 11, the removal percentage
was decreased from 34% to 19% at 0.02 g/L of FeNi,@SiO,
adsorbent, time of 60 min and concentration of 10 mg/L.
Similar results were obtained by Asgari et al. [9,35,36]. This
study demonstrated that by increasing pH from 2 to 10,
humic acid removal percentage was decreased [37]. The
decrease in adsorption rate may be related to the anionic
structure of humic acid and pH,,. of the adsorbent. At the
pH equal to pH,,., the electrical charge of the adsorbent sur-
face is in equilibrium with the environment. However, at the
pH higher or less than pH,,,, the electrical charge of this sur-
face is negative and positive, respectively. In this study, the
pH,,. of the nanoparticle equalled 7.5. At higher pH levels,
the dominant charge on the adsorbent surface was negative
due to the aggregation of OH anions. Since humic acid has an
anionic nature, its adsorption rate is reduced in alkaline con-
ditions. The aggregation of negative charges on adsorbent
surface causes a repulsion force between the pollutant and
the adsorbent, thereby reducing adsorption rate. Moreover,
in alkaline environments, proton is released and the com-
plete ionization of humic acid to anions is increased, thereby
highly decreasing adsorption rate [9,35,36,38,39]. Removal
efficiency is affected by these conditions which are related to
the anionic or cationic status of the pollutant [40,41]. At the
pH levels lower than 3, the concentration of hydroxonium

ions is increased in the solution, preventing the adsorption of
the pollutant by active sites on the adsorbent surface. Similar
results were obtained in this study, and pH = 3 was selected
for adsorption experiments.

Based on Fig. 3, by increasing the dosage of FeNi,@SiO,
from 0.005 to 0.1 g/L during the initial 10 mg/L concentra-
tion, the remaining concentration of humic acid was reduced
from 82% to 38%, with small changes in the remaining con-
centration after this time. These phenomena could be due to
the improvement exchange sites on the adsorbent surface,
equilibrium time equalled 60 min in the adsorption pro-
cess. In addition to increasing the initial concentration of
humic acid (from 2 to 15 mg/L), adsorption percentage was
decreased (from 97.71% to 64.21%) at 60 min, which is due
to FeNi,@SiO, adsorbent has a limited active site that at high
humic acid concentration, these sites could saturate faster.
According to BET results, FeNi,@SiO, synthesized has a
surface area of 481.58 m?/g and its total pore volume was of
0.2 cm’/g.

3.2.2. Fenton-like catalytic process for humic acid degradation
(FeNi,@SiO,/H,0,)

3.2.2.1. Effect of pH

Fig. 4 indicates the results of examining the effect of pH
by FeNi,@SiO, magnetic nanoparticles separately and with
hydrogen peroxide (FeNi,@SiO,/H,O,) Fenton-like catalytic
system). Results showed that pH had a significant effect on
the removal efficiency of humic acid in both processes and
these results are shown in Fig. 5. According to this figure, the
efficiency of humic acid removal was 58.5% by the FeNi,@
SiO,/H,0, Fenton-like system at pH = 7 as the optimal pH
and 34% by FeNi,@SiO, magnetic nanoparticles alone at
pH =3 as the optimal adsorption pH. Contrary to the normal
Fenton process (Fe*-H,0,) which is increased at acidic pH
levels (2-3), the Fenton-like catalytic process using FeNi,@
SiO, magnetic nanoparticles had a lower efficiency in this
condition. At alkaline pH levels, H,O, was decomposed into
H,O and O,, and the production of active-free radicals was
decreased compared with acidic and neutral conditions [23].

1.9: 5 —4=—0.005(gr/!) —=-0.01(gr/!)
—ie—0.02(gr/1) —(0.03{gr/1)
i =t 0.04{gr/1) =—8=—0.05(gr/l)
—+—0.1{gr/1)
0.8 1
S 06
w
0.4 4
0.2
0 T T T T T 1

0 10 20 40 50 60

Timg ?min)
Fig. 3. Effect of FeNi,@SiO, magnetic nanocomposite dosage
on the adsorption of humic acid (pH = 3 and humic acid initial
concentration = 10 mg/L).
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Fig. 5. Comparing humic acid removal using various processes at
their optimum pH (FeNi,@SiO, pH = 3, FeNi,@SiO,/H,O, pH =7,
H,O, pH=11).

In alkaline pH conditions, the humic acid removal per-
centage in FeNi,@SiO, and FeNi,@SiO,/H,0, was respectively
11% and 33.4% at pH = 11, and 34% and 40.76% at pH = 3.
Thus, it is clear that the FeNi,@SiO,/H,O, heterogeneous
Fenton-like catalytic process had higher efficiency at neu-
tral pH levels, which is an advantage since it requires no
pH regulation or external energy source. This may be due
to the changes in the catalyst’s structural mechanism. A sim-
ilar phenomenon has been reported in other studies [18,23].
Nevertheless, the mechanism of these changes needs further
research. The optimal neutral pH can be related to the SiO,
cover on the FeNi, nanoparticle [18,42].

The pH,,,. of the FeNi,@SiO, magnetic nanoparticle was
about7.5. At higher pH levels, the hydroxyl groups in the SiO,
were deprotonated, generated “OH, and their surface charge
was negative. Moreover, the reduction in pH produced -OH;,

making the surface charge positive. Thus, at lower pH levels,
the “OH; repulsed humic acid from the nanoparticle surface
because of the electrostatic repulsion force. At high pH levels,
the lack of proton stopped the Fenton-like reaction. At the
optimal pH, close to the pH,,. of FeNi,@SiO,, OH hydroxyl
groups could create chelation and promote the efficiency of
the process.

Results of this study were in line with those by Huang
et al. [23] on the removal of bisphenol by Fe,O, magnetic
nanoparticles in the heterogeneous Fenton-like catalytic
process; Yang et al. [18,27] on Fe,O,@SiO, nanoparticles in
a Fenton-like system and Liu et al. [26] on the removal of
dye discoloration by Fe,O,/TiO,/C magnetic nanoparticles
in a Fenton-like catalytic system. Wang et al. [16] examined
the use of Fe,O,@SiO,@C nanocomposite for the removal of
methylene blue, showing that the optimal conditions for this
nanocomposite together with H,O, (catalytic Fenton-like)
were neutral conditions. Ghaneian et al. [43] reported simi-
lar results in investigating the catalytic oxidation process of
humic acid.

3.2.2.2. Effect of the amount of magnetic nanocomposite and
contact time

To examine the effect of magnetic nanocomposite dos-
age, the experiments were evaluated at the dosage of 0.005-
0.1 g/L, pH =7, H,O, concentration of 150 mg/L and humic
acid concentration of 10 mg/L. Fig. 6 shows the diagram of
humic acid destruction in the presence of FeNi,@SiO,/H,O,
using various doses of the FeNi,@SiO, nanocatalyst. Based on
this figure, the pollutant removal percentage was enhanced
by increasing the dose in the FeNi,@SiO,/H,O, Fenton-like
catalytic process. Removal efficiency equalled 54.18% and
100% at the doses of 0.005 and 0.1 g/L, respectively. Using
H,O, alone, the maximum removal percentage of 38.71
was obtained at its highest concentration (200 mg/L). Fig. 5
clearly shows the effect of simultaneously using the magnetic
nanoparticle and H,O,, as the SiO, cover enhanced the cata-
lytic activity of FeNi,. Thus, this nanoparticle acts as a per-
oxidase-like catalyst to accelerate the decomposition of H,0O,

=——0.005(gr/1) =-0.01(gr/I)
=== (0.03(gr/1)

—0—0.05(gr/I)

=—te=0.02(gr/I)
—t=0.04(gr/I)

——0.1(gr/l)
0 + T T T T T T T T T 1

0 20 40 60 80 100 120 140 160
Time (min)

180 200

Fig. 6. Effect of the concentration of FeNi3@SiOz/H202 nano-
composite on the removal of humic acid (pH = 7, humic acid
concentration of 10 mg/L and H,O, concentration of 150 mg/L).
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and turn it into OH radicals [16]. Although the magnetic core
of FeNi, alone has a similar specific surface area to FeNi,@
SiO,, it has no catalytic activity alone in decomposing H,O,
at nearly neutral pH levels, but SiO, cover could promote its
catalytic activity in Fenton-like catalytic process.

When the dose of FeNi,/SiO, was increased from 0.005 to
0.1 mg/L, the destruction rate constant (K , ) was significantly
increased from 0.0044 to 0.026 min™ (Fig. 7). Yang et al. stud-
ied the Fe,0,@SiO, catalytic nanoparticle for the removal of
methylene blue and reported similar results [16]. This com-
parison clearly showed that the SiO, cover was essential for
promoting the catalytic process. SiO, can improve this pro-
cess by several methods. First, amorphous SiO, can lead to
the adsorption of humic acid around the surface of FeNi,.
Therefore, when free radicals are created, they attack the
humic acid molecule before automatic destruction. Second,
SiO, may prove useful in electron exchange. Third, the
hydroxyl groups in SiO, may chelate Fe*/Fe* on the surface
of FeNi,. Numerous studies have shown that chelating pro-
motes the catalytic process of FeNi, [16,18]. SiO, has many
hydroxyl groups on its surface. These groups can chelate Fe?*
and Fe* ions.

3.2.2.3. Effect of contact time and humic acid initial
concentration

In the removal of humic acid, the examined initial con-
centration was in the range of 2-15 mg/L at pH =7 with the
catalyst dose of 0.02 g/L. and H,O, concentration of 150 mg/L.
Fig. 8 shows that by increasing the initial concentration of
humic acid, removal percentage decreased. At the initial con-
centrations of 2 and 15 mg/L, removal concentration equalled
100% and 89.46%, respectively, at the time of 60 min, after
which the removal percentage had no significant increase.
The reduction in removal percentage caused by the increase
in humic acid initial concentration can be justified as follows:
since the amount of FeNi,@SiO, catalyst, contact time, pH
and H,O, concentration were equal at all concentrations, the
amount of generated radical was the same at all the four con-
centrations. Therefore, humic acid removal would be higher
in the samples with lower concentrations [44,45].
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Fig. 7. Kinetics of the effect of FeNi,@5iO, magnetic nanocom-

posite dose on the removal of humic acid (initial concentration of
10 mg/L, pH="7 and H,O, concentration of 150 mg/L).
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Fig. 8. Effect of humic acid initial concentration in the Fenton-like
catalytic process (FeNi,@SiO, magnetic nanocomposite dose of
0.1 g/L, pH =7 and H,O, concentration of 150 mg/L).

According to Fig. 9, by increasing the initial concentration
of humic acid, the reaction rate constant was reduced from
0.077 to 0.022 min!, which could be due to the transforma-
tion from the regime of the kinetic control at low concentra-
tions to mass transfer restriction at high concentrations [45].
Furthermore, at high concentrations, more humic acid mole-
cules were absorbed on the surface of the nanocatalyst. The
increased amount of humic acid adsorption had an inhibitory
effect in its reaction with hydroxyl radicals due to the reduc-
tion in the direct time between them [45]. In all the cases, the
correlation coefficient (R?) was higher than 0.90, indicating
that the results of the experiments were compatible with the
PFO kinetic model. Results of this study were consistent with
those of previous works [30,45,46].

3.2.2.4. Effect of H,O, concentration

Adding hydrogen peroxide to the heterogeneous Fenton-
like catalytic process (FeNi,@SiO,/H,O,) results in an increase
in the catalytic oxidation rate in most cases. To maintain the
efficiency of the added H,O,, it is necessary to select the H,O,
concentration based on the type and concentration of the pol-
lutant [46]. To study the effect of H,O, in the Fenton-like sys-
tem, the dose of FeNi,@SiO, was 0.1 g/L at pH =7, humic acid
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Fig. 9. Kinetics of humic acid removal at different concentrations.
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initial concentration of 10mg/L and H,0O, concentrations of 50,
100, 150 and 200 mg/L. According to Fig. 10, the best dose of
H,O, was 200 mg/L. By increasing the concentration of H,0,,
removal efficiency increased. These results were in line with
those by Yazdanbakhsh et al. [37] on the removal of humic
acid in a peroxi-electrocoagulation process. Accordingly, by
increasing the H,O, concentration from 50 to 200 mg/L, the
destruction of humic acid was increased to 100%. In all the
experimental conditions, the kinetic of humic acid reduction
followed a PFO model. By increasing the H,O, concentration,
the reaction rate constant (K, ) was significantly increased
from 0.013 to 0.0281 min™. Similar results have been reported
by Huang et al. [23] on the catalytic destruction of bisphenol.
Moreover, Lou et al. [12] found similar results in the process
of removing humic acid using UV/H,O,.

The removal percentage of humic acid at the time of
60 min and initial concentration of 10 mg/L was 29.4% using
H,O, alone, 73.64% in the FeNi,@SiO, nanoparticle process
and 96.02% in the FeNi,@SiO,/H,O, Fenton-like catalytic sys-
tem, indicating the increased catalytic activity of the mag-
netic nanoparticle in the presence of H,O,. H,O, through
production-free radicals, such as *OH, could attack organic
compounds relatively nonselectively and oxidizes these com-
pounds by abstraction of hydrogen atom or by addition to
double bonds. One of the major reasons for this increase is
the production of more free radicals at higher oxidant con-
centrations. The suggested mechanism for the heterogeneous
Fenton-like system in iron-containing catalysts is in the form
of the following reactions [24].

=Fe"+H,0, > =Fe"HO, ®)
=Fe+HO, »=Fe"+ "HO,+ H" (6)
=Fe'+*HO, »=Fe"+0O,+H" @)
=Fe'+ H,O, » =Fe™ + "OH + OH" ®)

It must be noted that it is necessary to determine the
optimal amount of hydrogen peroxide in the heterogeneous
Fenton-like catalytic process (FeNi,@SiO,/H,0,) because (1)
by increasing the concentration of hydrogen peroxide, costs
will increase; (2) by increasing the H,O, concentration, the
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Fig. 10. Effect of H,0, concentration in the catalytic process of
humic acid removal.

production of hydroxyl radical is somewhat reduced (H,O,
acts as a hydroxyl scavenger according to Egs. (9) and (10)
and (3) it increases the chemical oxygen demand in the sam-
ple because of the presence of the remaining H,O, [18,46].

H,0, + OH* - H,0 + OOH" )

OOH* +OH* - H O +0, (10)

While the degradation pathway has not been investi-
gated in this study, but it has been reported in another study
that small carboxylic acids such as oxalic, maleic, formic and
acetic acids are common oxidation products of larger humic
acid molecules after degradation and fragmentation. Oxalic
acid is easily degraded with hydroxyl radicals, but carbox-
ylic acids that remained, especially acetic acids, react weakly
with OH radicals [47,48].

4. Conclusion

In brief, the synthesized FeNi,@S5iO, magnetic nanocom-
posite had high efficiency in the Fenton-like catalytic process.
This treatment method did not have the disadvantages of
the heterogeneous Fenton system and could be used as an
effective process for the quick removal of humic acid in dif-
ferent environments, especially the neutral ones, with high
efficiency. Some interesting properties of the FeNi,@SiO,
Fenton-like catalyst were as follows:

(1) use in the environments with neutral pH; (2) resis-
tance against radical scavengers; (3) quick kinetics; (4) simple
separation using magnetic field and (5) reusability.

The best conditions for removing humic acid in this
system included: pH = 7, nanoparticle dose of 0.1 g/L, H,O,
concentration of +200 mg/L and time of 60 min. The kinetic
removal followed the PFO kinetic equation. The results
revealed that this system had a good potential for destroying
humic acid. Also, this nanocomposite could be used together
with H O, as an economical and efficient method.
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