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ABSTRACT

In this study, hydrogel-coated Fe3O4 magnetite composite was used for the photocatalytic
degradation of pollutant parameters [polyphenols, chemical oxygen demand (COD)
components, total aromatic amines (TAAs) ] from the olive mill effluent wastewater at
different pH (4.0–7.0–9.0) conditions, at temperatures (21, 30, and 40˚C), at different H2O2

concentrations (50, 100, 200, and 1,000 mg/l), at different retention times (15, 30, 45, and 60
min), and increasing hydrogel-coated Fe3O4 magnetite composite concentrations under
100 W ultraviolet (UV) and 29 W sunlights. The maximum CODtotal, polyphenols, and TAAs
yields were 96%, at between 88 and 94%, and at between 83 and 94%, respectively, at 3 g/l
of hydrogel-coated Fe3O4 magnetite nano composite concentration, at 100 W UV light irradi-
ation, at pH 4.0, after 60 min retention time, respectively. At the lowest molar ratio of 1/5
in the iron(II) chloride tetrahydrate and iron(III) chloride hexahydrate to hydrogel the
highest photodegradation obtained at 30˚C. When the molar ratio of the iron(II) chloride
tetrahydrate and iron(III) chloride hexahydrate to hydrogel was 1/3 to the maximum
photodegradation reached at 40˚C. At the higher molar ratio of 1/2, the best photodegrada-
tion yields were obtained at 40˚C. The maximum CODtotal, polyphenols, and TAAs yields
were obtained at acidic pH, and at 50 mg/l H2O2 concentration. The Fe3O4 nanoparticles
exhibited high catalytic recyclability under magnetic conditions resulting in significant
decrease in treatment costs.

Keywords: Total aromatic amines; Hydrogel-coated Fe3O4 magnetite composite; H2O2;
Magnetic separation process; Olive mill effluent wastewater; Photocatalytic
degradation; Polyphenols; Sunlight; Ultraviolet

1. Introduction

Hydrogels are three-dimensional hydrophilic poly-
mers capable of absorbing and retaining water (H2O)

without disintegrating [1,2]. In recent years, polymer
hydrogels have also generated great interests in the
application of different areas such as pollutant
removal, biosensors, artificial muscles, and drug deliv-
ery devices, due to their versatility and stimulus-
responsive properties [3–5]. Hydrogel are widely used*Corresponding author.
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in the purification of wastewater: Various hydrogels
were synthesized and their adsorption behavior for
heavy metals was investigated. Kesenci et al. was pre-
pared poly(ethyleneglycol dimethacrylate-coacry-
lamide) hydrogel beads for the adsorptions of Pb(III),
Cd(II), and Hg(II) [6]; Essawy and Ibrahim prepared
poly(vinylpyrrolidone-co-methylacrylate) hydrogel for
removals of Cu(II), Ni(II), and Cd(II) via adsorption
[7]; while Barakat and Sahiner, prepared poly(3-acry-
lamidopropyl)trimethyl ammonium chloride hydrogels
for As(V) removal [8]. The removal is basically gov-
erned by the H2O diffusion into the hydrogel, carrying
the heavy metals inside, especially in the absence of
strongly binding sites [8,9]. However, the use of
hydrogels in several applications is limited since most
of them are brittle, soft, and typically exhibit low
mechanical strength and poor stability [10]. To solve
this problem, intense efforts are devoted to synthesiz-
ing hydrogels with improved mechanical properties.
As a pioneering example, clay nanocomposite
hydrogel shows ultrahigh tensile strength and elonga-
tion due to the multiple non-covalent effects between
mono-dispersed clay nanosheets and polyacrylamide
chains [11–14]. Wang et al. has developed the
supramolecular hydrogel by mixing sodium polyacry-
late dispersed clay nanosheets with dendritic poly-
mers via multiple salt bridges [15]. Nevertheless, no
much information is available on the functionalization
of high strength hydrogel for practical applications.
Recently, the fabrication and magnetic characterization
of iron-oxide (γ-Fe3O4) nanoparticles precipitated
inside the hydrogel beads have been reported. Hydro-
gels are promising materials used for biomedical
applications due to their bio-similarity, aqueous envi-
ronment, porous structure, and facility of conjugation
with various biological macromolecules [16]. The algi-
nate hydrogel beads could protect the basic-sensitive
pollutants from the wastewaters [16]. The alginate-
hydrogel composite containing γ-Fe3O4 was prepared
as a pH depending treatment process to protect
environment from the pollutants. Hydrogel-metal
nanocomposites offer an interesting environment for
many applications including catalysis for the treat-
ment of refractory wastewaters [16]. This attention is
warranted because these hydrogels are stable at differ-
ent wide pH intervals (pH 3.0–11.0) [17,18]. The high
surface to volume ratio of magnetite (Fe3O4) nanopar-
ticles, however, results with aggregation of them. For
exploitation of their intrinsic magnetic properties, the
surface of these nanoparticles is usually modified
using polymers co-polymers and hydrogel to improve
their stability and dispersibility as catalyst. The photo-
catalytic performance of Fe3O4 nanoparticles was
related to the pH-responsive swelling of polymer

hydrogel [16]. The polymeric structure prevented the
aggregation of Fe3O4, thus providing larger surface
area of the hydrogel-coated Fe3O4 magnetite compos-
ites. The hydrophilic structure of hydrogel facilitated
contact between the pollutants and the catalyst which
could improve the diffusion of reactants [16]. In addi-
tion to the hydrogel polymer, it can effectively reduce
the overall cost of adsorbent because of its high
adsorption capacity, good separation selectivity and
excellent reusing ability [16].

Olive mill effluent wastewater (OMW) arising
from olive processing is one of the strongest industrial
effluents, with chemical oxygen demand (COD) values
of up to 220 g/l and corresponding biochemical
oxygen demand 5 d (BOD5) values of up to 100 g/l
[19–21]. The wastewater arising from the milling
process amounts to 0.5–1.5 m3 per 1,000 kg of olives
depending on the process. The characteristics of
OMW are variable, depending on many factors such
as method of extraction, type, and maturity of olives,
region of origin, climatic conditions, and associated
cultivation/processing methods. Besides its strong
organic content [BOD5 = 35–110 g/l, COD = 45–170 g/
l, total suspended solids (TSS) = 1–9 g/l, respectively].
OMW contains high concentrations of recalcitrant
compounds such as lignins and tannins which give it
a characteristic dark color (52,270–180,000 mg/l Pt-Co
units), but, most importantly, it contains phenolic
compounds and long-chain fatty acids which are toxic
to micro-organisms and plants [21]. The phenolic com-
pounds can be either simple phenols and flavonoids,
or polyphenols which result from polymerization of
the simple phenols. The concentration of phenolic
compounds in OMW varies greatly from 0.5 to 24 g/l
[20,22]. The high recalcitrant organic load and the
associated toxicity make the treatment of OMW
imperative.

In this study, the effects of increasing concentra-
tions of hydrogel-coated Fe3O4 magnetite composites
(1, 3, 5 and 7 g/l) on the pollutant parameters of
OMW [polyphenols (2-phenyl-phenol, 3-phenyl-phe-
nol, catechol, 4-methyl catechol), COD components
(CODtotal, CODdissolved, CODinert), total aromatic ami-
nes (TAAs) metabolites (2,4,6 trimetylaniline, aniline,
o-toluidine, o-anisidine, dimethylaniline, ethylben-
zene)] were studied at the different pH levels (4.0–7.0–
9.0), at different H2O2 concentrations (50, 100, 200, and
1,000 mg/l), at different retention times (15, 30, 45,
and 60 min), at different temperatures (21, 30, and
40˚C) under ultraviolet (UV) (100 W) and sun (29 W)
light irradiations. Furthermore, the effects of decreas-
ing molar ratio of the iron(II) chloride tetrahydrate
and iron(III) chloride hexahydrate to hydrogel in the
hydrogel-coated Fe3O4 magnetite composites to
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the photodegradation of pollutants in the OMW at
increasing temperatures.

2. Materials and methods

2.1. Used chemicals

Hydrogel, iron(II) chloride tetrahydrate (cas no:
13478-10-9), iron(III) chloride hexahydrate (cas no:
10025-77-1) and ammonium persulfate (cas no: 7727-
54-0), sodium hydroxide (≥98%) (cas no: 1310-73-2),
sulfuric acid (H2SO4) (95–98%) (cas no: 7664-93-9),
ethanol (cas no: 64-17-5), and butanol (cas no: 71-36-3)
were purchased from Merck, (Germany) while reagent
grade N,N1-methylenebisacrylamide (≥99%) (cas no:
110-26-9) was obtained from Fluka, (Germany). N2

(99.98%) was purchased from Linde, (Germany). Cate-
chol (99%) (cas no: 120-80-9), tyrosol (99%) (cas no:
501-94-0), quercetin (99%) (cas no: 6151-25-3), caffeic
acid (99%) (cas no: 331-39-5), 4-methyl catechol (99%)
(cas no: 62-32-8), 2-phenyl-phenol (2-PHE) (99%) (cas
no: 287389-48-4), 3-phenyl-phenol (3-PHE) (99%) (cas
no: 768-25-1), 2,4,6 trimetylaniline (99%) (cas no:
88-05-1), aniline (99%) (cas no: 62-53-3), o-toluidine
(99%) (cas no: 95-53-4), o-anisidine (99%) (cas no:
90-04-0), dimethylaniline (99%) (cas no: 87-62-7), and
ethylbenzene (99%) (cas no: 100-41-4) were purchased
from Aldrich, (Germany).

2.2. Configuration of kuvars glass reactors used in the
photocatalytic studies

A 3-l kuvars glass reactor was used for the experi-
mentation. An UV lump with a power of 100 W was
placed inside reactor with a separated volume of in
the center of the reactor. In the studies with sun light
the kuvars glass reactors containing 2-l OMW was
under sunlight; at the maximum sunlight obtained
between 11.00 and 15.00 h during a day. The tempera-
ture increase from 21˚C up to 30 and 40˚C with a peri-
staltic pump pumping the hot water around the glass
reactor with an automatic heat exchanger.

2.3. Preparation of hydrogel-coated Fe3O4 magnetite
composite in laboratory conditions

Hydrogel was synthesized from acrylamide. Fig. 1
shows three-dimensional network formation of
cationic hydrogel [8]. Ammonium persulfate, N,N1-
methylenebisacrylamide and N2(g) were used to pre-
pare the hydrogel. The hydrogel was reacted with iron
(II) chloride tetrahydrate, iron(III) chloride hexahydrate
in the presence of ammonium hydroxide to prepare

hydrogel-coated Fe3O4 magnetite composites. Different
iron(II) chloride tetrahydrate and iron(III) chloride hex-
ahydrate (molar ratio of 1/2, 1/3, 1/4, 1/5) with
respect to the hydrogel were prepared.

2.4. Operational conditions

The COD components, polyphenols and TAAs
metabolites yields in the OMW were determined at
increasing hydrogel-coated Fe3O4 magnetite composite
concentrations (1, 3, 5, and 7 g/l), at increasing pH levels
(4.0–7.0–9.0) and increasing H2O2 concentrations (50,
100, 200, and 1,000 mg/l) at different retention times (15,
30, 45, and 60 min) under photocatalytic conditions
(100 W UV and 29 W sunlights). The pH of the OMW
was adjusted using 0.2 N NaOH and 0.2 N H2SO4.

2.5. Analytical methods

pH, T(˚C), ORP, DO, BOD5, CODtotal, CODdissolved,
TSS, Total-N, NH3-N, NO3-N, NO2-N, Total-P, and
PO4-P measurements were monitored following the
Standard Methods 2,310, 2,320, 2,550, 2,580, 4,500-O,
5,210 B, 5,220 D, 2,540 D, 4,500-N, 4,500-NH3, 4,500-
NO3, 4,500-NO2, and 4,500-P [23]. Inert COD was mea-
sured according to glucose comparison method [24].
Trimethlyaniline, aniline, o-toluidine, o-anisidine,
dimethylaniline, and ethylbenzene were identified as
TAAs were identified with a high-pressure liquid
chromatography (HPLC) (Agilent-1,100) with a C-18
reverse phase HPLC column, (25 cm × 4.6 mm × 5 μm,
(Ace5C-18). o-anisidine was measured in a HPLC
(Agilent-1100) with a UV detector at a mobile phase of
35% acetonitrile/65% H2O at a flow rate of 1.2 ml/
min. Total phenol, 2-PHE, 3-PHE, catechol, and 4-
methyl catechol (HPLC, Agilent-1100) with a Spectra
system model SN4000 pump and Asahipak ODP-506D
column (150 cm × 6 mm × 5 μm). A scanning electron
microscopy (SEM) (Hitachi S-4800 N), a Fourier trans-
form infrared spectroscopy (FTIR) (Nicolet 5700,
America) and an X-ray diffraction (XRD) diffractome-
ter (Bruker AXS, Germany) is were used to detect the
structural changes of hydrogel-coated Fe3O4 mag-
netite composites after photocatalytic degradation with
UV and sun light irradiations.

All experiments were carried out three times and
the results given as the means of triplicate samplings.

3. Results and discussion

3.1. Characterization of raw OMW

The characterization of raw OMW taken from the
influent of an olive mill effluent in İzmir, Turkey is
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given in Table 1. This plant is operated with a
three-phase olive oil extraction process.

3.2. SEM, FTIR, and XRD analysis results of the hydrogel
and hydrogel-coated Fe3O4 magnetite composite produced in
laboratory conditions

3.2.1. FTIR analysis results

The FTIR analysis results for hydrogel, Fe3O4

nanoparticles and hydrogel-coated Fe3O4 magnetite
composites were shown in Fig. 2(a), (b), and (c), respec-
tively. Common peaks were observed at 2,500, 2090,
and 1,060 1/cm due to the presence of amide and car-
bonyl groups in the gel structure. An addition peak at
610 1/cm was observed in the case of Fe3O4 nanoparti-
cles (Fig. 2(b)). This is a common stretching peak
observed for Fe–O vibrations of Fe3O4 nanoparticles.

3.2.2. XRD analysis results

Fig. 3 showed the XRD analysis results for hydrogel
(a), Fe3O4 nanoparticles (b) and hydrogel-coated Fe3O4

magnetite composites (c), respectively. To study the
crystallographic nature of Fe3O4 nanoparticles and the
hydrogel-coated Fe3O4 magnetite composites XRD
analysis was performed. Hydrogel (Fig. 3(a)) and Fe3O4

nanoparticles (Fig. 3(b)) have not exhibited any sharp
peak in XRD. The hydrogels shows a broad peak at 2θ
(Fig. 3(a)) due to the polymer network. In the case of
hydrogel-coated Fe3O4 magnetite composites (Fig. 3(c)),
sharp peaks are observed at 2θ = 29.9˚, 35.03˚, 42.6˚,
51.2˚, 56.8˚, and 65.3˚. The XRD patterns indicate that
the formation of highly crystalline Fe3O4 nanoparticles
and the prepared nanoparticles are pure Fe3O4 with an
inverse cubic spinel structure, which is identical to the
standard XRD patterns of Fe3O4 nanoparticles.

3.2.3. SEM analysis results

Fig. 4(a) shows the SEM analysis results for
hydrogel-coated Fe3O4 magnetite composites in OMW
without photocatalytic treatment and after photocat-
alytic treatment (Fig. 4(a) and (b), respectively). The
hydrogel-coated Fe3O4 magnetite composite covered
with COD, TAAs, and plyphenol pollutants in the
OMW during photocatalytic treatment (Fig. 4(b)).

3.3. Effects of molar ratios of iron(II) chloride tetrahydrate
and iron(III) chloride hexahydrate (1/2, 1/3, 1/4, and 1/5) to
hydrogel in the surface and pore properties in the hydrogel-
coated Fe3O4 magnetite composite

The surface area of the hydrogel-coated Fe3O4

magnetite composite was found to be 19.78 m2/g and
the pore volume in the hydrogel-coated Fe3O4 mag-
netite composite was found to be 0.1194 cm3/g for the
molar ratio of 1/3 in the iron(II) chloride tetrahydrate
and iron(III) chloride hexahydrate to hydrogel (data
not shown). In the molar ratios of 1/2, 1/4 and 1/5
for iron(II) chloride tetrahydrate and iron(III) chloride
hexahydrate to hydrogel the surface areas and the
pore volumes were found smaller than the molar ratio
of 1/3 (data not shown). With very low- and high-
Fe3O4 dopant amount, the photodegradation rate des-
cended gradually because very low and excess doping
reduces the mobility of the charge carriers which
increases the surface recombination rate resulting in a
shortened life span of the hydroxyl radicals. Hydro-
gel-coated Fe3O4 magnetite composite with a molar
ratio of 1/3 has a great influence on the photocatalytic
activity. At the molar ratio of 1/3, the catalyst may
have the fastest transfer of the photo-induced carriers
and lowest recombination of electron–holes pairs. Fur-
thermore, the pores present in the hydrogel-coated

Fig. 1. Three-dimensional network formation of cationic hydrogel [8].
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Table 1
Characterization values of OMW (n = 3, mean values ± SD)

Parameters
Values

Minimum Medium Maximum

pH0 4 ± 0.14 4.4 ± 0.154 4.8 ± 0.168
DO0 (mg/l) 0.01 ± 0.0004 0.06 ± 0.0021 0.11 ± 0.004
ORP (mV) 122 ± 4.27 128.5 ± 4.98 135 ± 4.725
TSS (mg/l) 55.1 ± 1.93 57.65 ± 2.02 60.2 ± 2.11
CODtotal (mg/l) 99,130 ± 3,469.6 112,270 ± 3,930 125,410 ± 4,389.4
CODdis (mg/l) 87,200 ± 3,052 102,275 ± 3,579.63 117,350 ± 4,107.3
CODinert (mg/l) 32,460 ± 1,136.1 57,230 ± 2,003.1 82,000 ± 2,870
BOD5 (mg/l) 64,500 ± 2,257.5 82,030 ± 2,871.1 99,560 ± 3,484.6
BOD5/CODdis 0.3 ± 0.011 0.6 ± 0.021 0.9 ± 0.032
Total N (mg/l) 198 ± 6.93 259 ± 9.07 320 ± 11.2
NH4-N (mg/l) 25.2 ± 0.882 32.2 ± 1.13 39.1 ± 1.37
NO3-N (mg/l) 42 ± 1.5 55 ± 1.93 68 ± 2.4
NO2-N (mg/l) 19.3 ± 0.7 24.2 ± 0.9 29.1 ± 1.02
Total P (mg/l) 496 ± 17.4 638.7 ± 22.4 781.4 ± 27.4
PO4-P (mg/l) 352 ± 12.32 456.1 ± 15.96 560.1 ± 19.61

Phenol metabolites (mg/l)
Catechol 3 ± 0.11 16 ± 0.56 29 ± 1.02
4-methyl catechol 7 ± 0.3 19 ± 0.67 31 ± 1.09
2-PHE 2 ± 0.07 5 ± 0.2 8 ± 0.3
3-PHE 2 ± 0.07 9 ± 0.32 16 ± 0.6
TAAs (mg/l) 1,240 ± 43.4 1,905 ± 67 2,570 ± 90

Individual TAAs (mg/l)
2,4,6 trimetylalanin 49 ± 1.72 120 ± 4.2 190 ± 6.7
Aniline 42 ± 1.5 108 ± 3.8 174 ± 6.1
o-toluidine 27 ± 0.95 94 ± 3.3 161 ± 5.64
o-anisidine 48 ± 1.7 92 ± 3.22 135 ± 4.73
Dimethylalanine 11 ± 0.4 51 ± 1.8 90 ± 3.2
Ethylbenzene 20 ± 0.7 71 ± 2.5 122 ± 4.3

Notes: SD: standard deviation; n: the repeat number of experiments in this study.

Fig. 2. FTIR analysis results for hydrogel (a), Fe3O4

nanoparticles (b), and hydrogel-coated Fe3O4 magnetite
composites (c).

Fig. 3. XRD analysis results for hydrogel (a), Fe3O4

nanoparticles (b), and hydrogel-coated Fe3O4 magnetite
composites (c).
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Fe3O4 magnetite composite at this ratio may allow
rapid diffusion of the pollutant molecules during
photocatalytic reaction and enhance the adsorption of
pollutants (polyphenols, TAAs metabolites, COD
components) in the OMW and its intermediates on the
catalyst surface. Therefore, all studies were conducted
at molar ratio of 1/3 in the iron(II) chloride tetrahy-
drate and iron(III) chloride hexahydrate to hydrogel in
the hydrogel-coated Fe3O4 nanocomposite with the
exception of temperature run.

3.4. Effect of different hydrogel-coated Fe3O4 magnetite
composite concentrations on the yields of OMW

The rate of photocatalytic reaction and the
removals of pollutants in the OMW are strongly influ-
enced by the amount of the photocatalyst. Generally,
in any given photocatalytic application, the optimum
catalyst concentration must be determined in order to

avoid excess usage of catalyst and to ensure the total
absorption of efficient photons. Among the retention
times used (10, 20, 30, 60, 75, 120, and 180 min), it
was found that the maximum removal efficiencies was
observed at 60 min retention time during experimental
studies (data not shown). Low contact times cannot be
enough for OH radical production throughout
photo-oxidation process while high contact times
could have decomposed the structure and the pores of
hydrogel-coated Fe3O4. Therefore, the experimental
retention time was selected as 60 min for all experi-
mental conditions. Four different hydrogel-coated
Fe3O4 magnetite composites concentrations (1, 3, 5,
and 7 g/l) were used to determine the maximum
yields in the OMW under photocatalytic degradation
at 100 W UV irradiation (Table 2). The maximum
photodegradation yields were obtained at 3-g/l
hydrogel-coated Fe3O4 magnetite composites concen-
tration at 100 W UV irradiation after 60 min retention
time, at pH 4.0, which is the original pH level of raw
OMW (Table 2). The maximum CODtotal, polyphenols,
and TAAs metabolites yields in the OMW were 96%,
were between 88 and 94%, and between 83 and 94%,
respectively, at 3-g/l of hydrogel-coated Fe3O4

magnetite composites, at 100 W UV light irradiation,
at pH 4.0, after 60 min retention time, respectively
(Table 2).

The effect of varying amount of hydrogel-coated
Fe3O4 magnetite composite on the pollutants degrada-
tion in the OMW shows the variation of percentage
photodegradation of CODtotal, polyphenol, and TAAs
metabolites as a function of catalyst concentration. At
lower hydrogel-coated Fe3O4 magnetite composite
levels such as 1-g/l, photonic adsorption controls the
extent of reaction due to the limited availability of the
hydrogel-coated Fe3O4 magnetite composite surface
area and catalytic sites. Degradation increases with an
increase in the catalyst nanocomposite concentration
up to an optimum concentration. The photodegrada-
tion reaches up to a maximum of 96% for CODtotal

and a mean of 91% for polyphenols in the initial cata-
lyst loading of 3 g/l. Further increase in the hydrogel-
coated Fe3O4 magnetite composite concentration
showed a negative effect. The decrease in the removal
rate beyond the hydrogel-coated Fe3O4 magnetite com-
posite concentration of 5.0–7.0 g/l may be attributed
to an increase in the turbidity of the suspension since
there is a decrease in the UV light penetration as a
result of increased scattering effect and hence the pho-
toactivated volume of suspension decreases as
reported by Liu et al. [25].

The effect of pollutant concentrations in the OMW
was studied both in the presence of UV light and solar
light. The maximum CODtotal, polyphenols, and TAAs

Fig. 4. SEM analysis results for hydrogel-coated Fe3O4

magnetite composites (a) without photocatalytic treatment
and (b) after photocatalytic treatment of OMW.
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metabolites yields in the OMW under 29 W sunlight
irradiation were 85%, between 79 and 90%, between
78 and 92%, respectively, at 3 g/l hydrogel-coated
Fe3O4 magnetite composite, at pH 4.0, after 60 min
retention time, respectively (Table 2). The photocat-
alytic yields in the OMW parameters at different
hydrogel-coated Fe3O4 magnetite composite concentra-
tions, at 100 W UV light irradiation were higher than
the yields of the OMW at different hydrogel-coated
Fe3O4 magnetite composite concentrations, at 29 W
sunlight irradiation (Table 2). In the presence of UV
light, for 125,410 mg/l CODtotal, 781.4 mg/l total
polyphenols, and 2,570 mg/l TAAs, 96, 88, and 94%
phtodegradation efficiencies, respectively, occurred
within 60 min. However, for the same initial concen-
tration, the degradation reaction was completed
within 60 min with the decrease in CODtotal, polyphe-
nols, and TAAs by 11, 5% and by 2%, respectively, at
sunlight irradiation. UV light can produce more elec-
tron–hole pairs than visible light; therefore, the effi-
ciency of degradation under UV light irradiation was

expected to be better than that under visible light
irradiation.

3.5. Effect of different pH values on the yields of OMW

The pH of the wastewater is one of the most
important parameter involved in the degradation of
aqueous OMW. The effect of pH on the photodegrada-
tion of OMW pollutants in the presence of hydrogel-
coated Fe3O4 magnetite composite particles was inves-
tigated over a pH range of 4.0–10.0.The influence of
initial pH generally depends on the type of compound
that has to be degraded and the zero point charge
(ZPC) of the photocatalyst used in the oxidation pro-
cess [26]. The pH of the OMW influences the surface
charge properties of the photocatalyst and increases
the electrostatic interaction between the nanocatalyst
surface and the organic pollutant molecules. Table 2
illustrates the effect of pH on the initial rate of photo-
catalytic degradation of COD, TAAs, and polyphenols
in the presence of the hydrogel-coated Fe3O4

Table 2
Effect of increasing hydrogel-coated Fe3O4 magnetite composite concentrations on OMW at 100 W UV and under 29 W
sunlight irradiations for 60 min, at pH 4.0 at 21˚C

Parameters (mg/l)

Removal efficiencies (%)

UV light irradiation Sunlight irradiation
Hydrogel-coated Fe3O4 magnetite
composite conc. (g/l)

Hydrogel-coated Fe3O4 magnetite
composite conc. (g/l)

1 g/l 3 g/l 5 g/l 7 g/l 1 g/l 3 g/l 5 g/l 7 g/l

CODtotal 56 96 52 45 51 85 50 42
CODdis 59 95 62 40 53 80 55 38
CODinert 23 67 34 26 20 62 31 24
Total phenol 60 88 60 34 56 83 57 32

Polyphenols
2-PHE 58 89 56 32 54 85 51 30
3-PHE 60 94 58 36 55 90 54 34
Catechol 60 88 55 32 56 79 50 29
4-methyl catechol 54 90 45 37 50 84 42 33
TAAs 82 94 70 63 80 92 62 60

TAAs metabolites

Trimethlyaniline 57 87 62 40 54 82 60 35
Aniline 56 85 60 45 52 80 57 42
o-toluidine 60 83 58 48 57 78 53 44
o-anisidine 58 92 45 44 52 87 41 40
Dimethylaniline 58 93 43 56 53 88 40 37
Ethylbenzene 60 92 50 58 56 84 47 38

Notes: CODtotal: total chemical oxygen demand (mg/l); CODdis: dissolved chemical oxygen demand (mg/l); CODinert: inert chemical

oxygen demand (mg/l); 2-PHE: 2-phenyl-phenol (mg/l); 3-PHE: 3-phenyl-phenol (mg/l); TAAs: total aromatic amines (mg/l).
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magnetite composite under 100 W UV and 29 W sun-
light irradiations. The maximum biodegradation yields
for all parameters in the OMW under photocatalytic
degradation at UV and sun light irradiations were
found at pH 4.0 which this is the original pH level of
raw OMW (Table 3). Lower pH may facilitate protona-
tion of amino groups, phenolic and carboxyl groups in
which could enhance the adsorption of pollutants by
photocatalytic interaction. The pollutants had to
compete with the proton for photocatalysis and the
protonated functional groups hindered the interaction
between the photocatalys and pollutants. This
improves the photocatalytic degradation.

In the presence of the aforementioned nanocom-
posite, the initial percentage degradation of COD,
polyphenols and TAAs were found to decrease with
the increase in pH from 4.0 up to 7.0 and 10.0. Under
alkaline and neutral pHs, the percentage degradation
was found to be almost the same (55–65%). At acidic
pH values, COD, polyphenols and TAAs exist as posi-
tively charged species. The 2-PHE, catechol, 4-methyl
catechol metabolite yields were between 86 and 93%,
while for o-toluidine, o-anisidine, dimethylalanine

TAAs metabolite the yields were between 87 and 93%
yields, respectively, in the OMW, under UV light irra-
diation, at pH 4.0, respectively. Therefore, the pho-
todegradation of carboxcyl groups, of polyphenols
and TAAs on the hydrogel-coated Fe3O4 magnetite
composite surface increase at pH 4.0. However, at pH
10.0, a decrease in the degradation rate is observed
which may be due to the higher concentration of the
hydroxyl ions (OH−). Low-degradation rate at higher
pH is attributed to the fact that when the concentra-
tion of OH− ion is higher in the solution, it prevents
the penetration of UV light to reach the catalyst sur-
face. High pH favors the formation of carbonate ions,
which are effective scavengers of OH− ions, and
reduce the pollutant removal rates. Furthermore, at
pH 10, the phenolic −OH and aromatic amine −OH
and carboxyl groups do not dissociate their protons
and hence pollutants attains even higher positive
charges cause decreasing photooxidation (Liu et al.
[25]). Therefore, COD, polyphenols and TAAs degra-
dations are more favorable in acidic pH than the alka-
line and neutral pH on the surface of hydrogel-coated
Fe3O4 magnetite composite.

Table 3
Effect of increasing pH levels on the yields of the pollutants in the OMW at 3 g/l hydrogel-coated Fe3O4 magnetite
composite at 100 W UV and under 29 W sun light irradiations after 60 min, at pH 4.0 at 21˚C

Parameters (mg/l)

Removal efficiencies (%)

UV light irradiation Sunlight irradiation
pH values pH values

pH 4.0 pH 7.0 pH 9.0 pH 4.0 pH 7.0 pH 9.0

CODtotal 96 70 59 84 68 54
CODdis 97 67 60 90 63 58
CODinert 67 66 56 63 62 53
Total phenol 90 73 64 88 70 60

Polyphenols
2-PHE 86 67 56 83 62 51
3-PHE 84 74 58 81 71 53
Catechol 89 73 55 85 69 50
4-methyl catechol 93 73 45 91 72 42
TAAs 91 68 42 89 64 40

TAAs metabolites
Trimethlyaniline 85 69 62 82 66 61
Aniline 85 77 65 81 72 63
o-toluidine 93 70 62 90 67 60
o-anisidine 89 65 45 83 61 43
Dimethylaniline 92 69 48 90 65 45
Ethylbenzene 82 66 54 80 62 52
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The maximum CODtotal, polyphenols, and TAAs
metabolite yields in the OMW were 93%, between 84
and 93%, between 82 and 93%, respectively, at pH 4.0,
under 100 W UV light irradiation, after 60 min reten-
tion time, respectively (Table 3). The CODtotal,
polyphenols and TAAs metabolites yields in the
OMW under 29 W sunlight irradiation were 84%,
between 81 and 91%, between 80 and 90%, respec-
tively, at pH 4.0, after 60 min retention time, respec-
tively (Table 3).

3.6. Effect of reaction temperature on the effectiveness of
photodegradation of OMW pollutants with hydrogel-coated
Fe3O4 magnetite composite under UV irradiation

When the hydrogel-coated Fe3O4 magnetite com-
posite concentration was 3 g/l the reactor temperature
was changed between 21˚C (room temperature), 30
and 40˚C. Furthermore, the effects of the molar ratio
of 1/2, 1/3, 1/4, and 1/5 in the iron(II) chloride
tetrahydrate and iron(III) chloride hexahydrate to
hydrogel on the pollutant removals in the OMW were
investigated at increasing temperatures.

Increase in the reaction temperature improves the
photodegradation efficiency. Although collision fre-
quency is greater at higher temperatures, this alone
contributes only a very small proportion to the
increase in rate of reaction. Much more important is
the fact that the proportion of reactant molecules with
sufficient energy to react is significantly higher. How-
ever, in this study the pollutant photodegradation
removals in the OMW increased slightly with temper-
ature increase (Table 4). The best temperature was
found to be 40˚C, at this temperature the maximum
COD, polyphenols and TAAs efficiencies at the opti-
mum retention time of 60 min were 98, 97, and 97%,
respectively, at the molar ratio of 1/3 in the iron(II)
chloride tetrahydrate and iron(III) chloride hexahy-
drate to hydrogel. As shown in Table 4, the maximum
photodegradation yield is not always obtained at the
maximum temperature; it depends on the molar ratio
of the iron(II) chloride tetrahydrate and iron(III) chlo-
ride hexahydrate to hydrogel. At the lowest molar
ratio of 1/5 in the iron(II) chloride tetrahydrate and
iron(III) chloride hexahydrate to hydrogel, the highest
photodegradation obtained at 30˚C. Increasing the
molar ratio of the iron(II) chloride tetrahydrate and
iron(III) chloride hexahydrate to hydrogel (1/3)
content shifts the maximum photodegradation yields
to be at 40˚C. Here, existed an optimal magnetite
content (molar ratio) and temperature to achieve the
highest photocatalytic activity. If the concentration of
magnetite is too low, the promotional effect is not

significant, while for high magnetite content, the
active sites of hydrogel-coated Fe3O4 magnetite com-
posite may be blocked and lower catalytic activity
would be obtained.

As aforementioned, besides enhancing the activa-
tion energy, increase the temperature to 40˚C leads to
increase slightly the kinetic energy of the pollutants in
the OMW which modifies the collisions of the hydro-
gel-coated Fe3O4 magnetite composite surface as
reported by Bakarat et al. [27]. If the catalyst surface is
very active so numerous free radicals will be present
in the surrounding of the catalyst nanoparticles, so
fast cracking reactions of the pollutant molecules will
take place. The surface is not active relatively at low
temperature (21˚C). Increase in the temperature leads
to escape the molecules (See Table 4).

3.7. Effect of increasing H2O2 concentrations on the yields
of the pollutants in the OMW throughout photocatalysis

Table 5 shows the change in degradation percent-
age on the yields of OMW by varying the amount of
H2O2 concentration at pH 4.0 at optimum hydrogel-
coated Fe3O4 magnetite composite loading of 3 g/l
with 100 W UV and 29 W sun light irradiations. Four
different H2O2 concentrations (50, 100, 200, and
1,000 mg/l) was examined for the photodegradation
of the OMW under photocatalytic degradation at opti-
mum retention time of 60 min, at pH 4.0. The maxi-
mum CODtotal, polyphenols, and TAAs metabolites
yields in the OMW were 94%, between 86 and 94%,
between 85 and 96%, respectively, at H2O2 = 50 mg/l
at 3 g/l hydrogel-coated Fe3O4 magnetite composite
under 100 W UV light irradiation, at pH 4.0, after 60
retention time (Table 4). In this study, the optimum
H2O2 concentration for the degradation of COD,
polyphenols, and TAAs was found to be 50 mg/l in
the OMW. CODtotal, polyphenols, and TAAs metabo-
lites yields in the OMW under 29 W sunlight irradia-
tion were 92%, between 82 and 91%, between 83 and
94%, respectively, at H2O2 = 50 mg/l concentration, at
29 W sunlight irradiation, at pH 4.0, after 60 retention
time, respectively (Table 5).

The role of added H2O2 is different depending on
its concentration as reported by Kaur and Singh [28].
At a low concentration of H2O2, it increases the forma-
tion rate of OH� radical by acting as an electron donor,
by reduction of H2O2 at the conduction band (CB) and
via self decomposition by illumination. However, at a
high concentration, H2O2 adsorbed on the hydrogel-
coated Fe3O4 magnetite composite surface could effec-
tively scavenge not only the hydrogel-coated Fe3O4

nanocomposite surface-formed OH� radicals but also
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the photogenerated hole, which can inhibit the major
pathway for generation of OH� radicals.

The addition of H2O2 into the photocatalytic
system was expected to promote the degradation of
pollutants in the OMW. But, exceeding the optimum
dosage (>50 mg/l H2O2) would trap the OH� to form
weaker oxidant hydroperoxyl radicals (O2H

�). Accord-
ingly, the capture of OH� was occurred through Eqs.
(1) and (2), as follows:

H2O2 þOH�� ! H2OþO2H
� (1)

O2H
� þOH�� ! H2OþO2 (2)

The decline in the OH� concentration, trigged by the
higher H2O2 dosage, decreased the degradation of
pollutants in the OMW. At optimum H2O2 concentra-
tion the photochemical reduction of Fe(III)-complex

coupled to the H2O2 reaction. The production of
oxidative species, such as superoxide (O��

2 ), O2H
� and

OH� radicals, the utilization of iron oxides, and hydro-
gel to produce OH� without addition of external
amounts of H2O2 and Fe.

3.8. Photocatalysis mechanism of pollutants in the OMW
with hydrogel-coated Fe3O4 magnetite composites

The mechanism of photodegradation of polyphe-
nols, COD, and TAAs on hydrogel-coated Fe3O4

magnetite composite surface were as follows: the exci-
tation of hydrogel-coated Fe3O4 magnetite composite
by solar energy leads to the formation of an electron–
hole pair. The hole combines with water (H2O) to
form hydroxyl radicals (OH�), while electron converts
oxygen (O2) to superoxide radical (O��

2 ), a strong
oxidizing species as shown below (Eqs. (3)–(7)):

Table 4
Effects of temperature increasing on the photodegradation of OMW pollutants according to molar ratio of the iron(II)
chloride tetrahydrate and iron(III) chloride hexahydrate to hydrogel in the 3 g/l hydrogel-coated Fe3O4 magnetite
composite concentration after 60 min retention time under UV light irradiation

Parameters

Removal efficiencies (%)

100 W UV light irradiation
Hydrogel-coated Fe3O4 magnetite composite conc. (3 g/l)

Molar ratio of the iron(II) chloride tetrahydrate and iron(III)
chloride hexahydrate to hydrogel

Molar ratio of the iron(II)
chloride tetrahydrate and
iron(III) chloride hexahydrate
to hydrogel

Molar ratios
1:2 1:3 1:4 1:5

1:2 1:3 1:4 1:5
Temperature (˚C) 21 30 21 30 21 30 21 30 40 40 40 40

CODtotal 56 63 96 97 62 63 45 94 99 98 50 42
CODdis 59 63 95 96 56 57 40 93 99 98 55 38
CODinert 23 45 67 68 34 36 26 71 74 73 31 24

Total phenol 60 65 88 89 60 63 34 95 93 92 57 32
Polyphenols
2-PHE 58 60 89 90 56 58 32 92 93 92 51 30
3-PHE 60 62 94 95 58 60 36 92 98 97 54 34
Catechol 60 62 88 89 55 58 32 92 93 92 50 29
4-methyl catechol 54 56 90 91 45 50 37 90 94 92 42 33

TAAs 82 83 94 95 70 73 63 89 98 97 62 60
TAAs metabolites
Trimethlyaniline 57 60 87 88 62 63 40 88 90 90 60 35
Aniline 56 60 85 87 60 62 45 89 90 88 57 42
o-toluidine 60 64 83 85 58 63 48 86 90 88 53 44
o-anisidine 58 62 92 93 45 51 44 88 96 94 41 40
Dimethylaniline 58 61 93 94 43 47 56 90 96 95 40 37
Ethylbenzene 60 63 92 93 50 54 58 90 97 96 47 38
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hydrogel-coated Fe3O4 magnetite composite
þ hv� hydrogel-coated Fe3O4 magnetite composite
þ hþVB þ e�CB

(3)

hydrogel-coated Fe3O4 magnetite composite jOH� þ hþVB
! hydrogel-coated Fe3O4 magnetite composite jOH�

(4)

hydrogel-coatedFe3O4magnetite composite OH2 þ hþVB
�
�

! hydrogel-coatedFe3O4magnetite composite jOH�

þHþ

(5)

hydrogel-coated Fe3O4 magnetite compositejOH�

þ Redorg

! Oxorg ! photo� degradation of OMW pollutants

(6)

hþVB þ Redorg ! Oxorg
! photo� degration of OMW pollutants

(7)

COD, polyphenols and TAAs are degraded via
photooxidation process by reacting with both OH�

radicals and hþVB according to Eqs. (3)–(5). The
OH� shows electrophilic character and prefers to
attack electron rich ortho or para carbon atoms of
COD, polyphenols and TAAs. This results in the
formation of polyphenol metabolites (catechol, tyro-
sol, quercetin, caffeic acid, 4-methyl catechol, 2-PHE,
3-PHE) from total phenol and TAAs metabolites
{2,4,6-trimetylalanin, aniline, o-toluidine, o-anisidine,
dimethylalanine, ethylbenzene, durene [3,6-bis
(dimethylamino)]} from TAAs are formed with
photodegradation process in the OMW under UV
and sun light irradiation, respectively.

When hydrogel-coated Fe3O4 magnetite compos-
ites irradiated with light energy equal to or higher
than its band gap, an electron (e–) can be excited
from the valence band (VB) to the CB and leaving a
hole (h+) in the VB [17]. If charge separation is
maintained, the paired e− – h+ may migrate to the
surface of the photocatalyst. In aqueous phase, the
photo induced h+ is apparently able to oxidize
surface OH groups or surface-bond H2O to produce
highly reactive and nonselective OH�. The OH� are
considered to be the dominant oxidizing species con-
tributing to the photocatalytic degradation of organic
substrates [13].

The reaction of Fe3O4 during photocatalysis is as
follows (Eqs. (8)–(10)):

Table 5
Effect of increasing H2O2 concentrations on the yields of the pollutants in the OMW, at 100 W UV and under 29 W sun-
light irradiations after 60 min, at pH 4.0 at 21˚C

Parameters (mg/l)

Removal efficiencies (%)
UV light irradiation Sunlight irradiation
H2O2 concentrations (mg/l) H2O2 concentrations (mg/l)

50 mg/l 100 mg/l 200 mg/l 1,000 mg/l 50 mg/l 100 mg/l 200 mg/l 1,000 mg/l

CODtotal 98 90 78 57 92 88 75 54
CODdis 97 85 74 45 90 82 71 43
CODinert 72 62 51 33 67 60 50 31

Total phenol 97 86 77 54 91 82 73 52
Polyphenols
2-PHE 94 70 57 39 85 68 54 37
3-PHE 95 68 55 37 82 64 51 35
Catechol 92 84 68 55 89 81 63 51
4-methyl catechol 94 86 71 62 91 83 67 60

TAAs 94 85 70 61 90 82 69 59
TAAs metabolites
Trimethlyaniline 94 80 64 56 84 79 62 55
Aniline 94 79 63 54 85 77 60 52
o-toluidine 96 84 72 65 94 81 70 62
o-anisidine 93 79 66 58 88 76 64 55
Dimethylaniline 95 82 71 64 92 79 68 61
Ethylbenzene 95 67 56 41 83 62 52 39
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Fe3þ þO��
2 ! Fe2þ� þO2 (8)

O��
2 þ nHþ þ Fe2þ ! Fe3þ þH2O2 (9)

Fe2þ þH2O2 ! Fe3þ þOH� þOH� (10)

According to this mechanism, photolysis of Fe(III)—
hydrogel complexes forms H2O2, Fe

+3 can result in the
radical chain mechanism. Higher photocatalytic activity
of hydrogel-coated Fe3O4 magnetite composite
nanoparticles in the degradation of organics has been

reported [29]. The fact can be related to the vectorial
transfer of electrons and holes, which takes place in dif-
ferent redox energy levels, for their corresponding CB
and VB. When the hydrogel-coated Fe3O4 magnetite
composite nanoparticles are agitated by photons with
energy higher than the band gap energy (Eg), large
number of electrons get promoted from VB to the CB of
hydrogel-coated Fe3O4 magnetite composites, leading
to the generation of electron/hole (e−/h+) pairs [26]. The
electrons transfer from the CB of hydrogel-coated Fe3O4

magnetite composites to the VB of hydrogel-coated
Fe3O4 magnetite composites decreasing the pairs’
recombination rate as reported by Rao et al. [30].

3.9. Recovery of hydrogel-coated Fe3O4

magnetite composites

Magnetic separation provides a very convenient
approach for removing and recycling magnetic
composites by applying an added magnetic field. The
separation of Fe3O4 from the hydrogel-coated Fe3O4

magnetite composite in the OMW becomes very easy
owing to the superparamagnetic nature of Fe3O4

nanoparticles at room temperature. In the magnetic
separation technique, the hydrogel-coated Fe3O4 mag-
netite composite became adsorbed onto the magnetic
stirring bar when the stirring was stopped. In our
experiments, the stability and reusability of the photo-
catalyst were examined by repetitive use of the cata-
lyst (data not shown). After the pollutants in the
OMW were photodegraded in the hydrogel-coated
Fe3O4 magnetite composite was washed with H2O and
were cleaned with 34% ethanol and 45% butanol for
30 min. It is separated using a simple bar magnet and
dried at 200˚C for 2 h and then was added again into
the same concentration was almost as yield as in the
first run (94% for CODtotal, 86% for polyphenols and
92% for TAAs) (data not shown). Repeatedly, the four
runs of the degradation of CODtotal, polyphenols, and
TAAs showed no significant loss of photoactivity of
the hydrogel-coated Fe3O4 magnetite composite, which
indicated the considerable stability of the hydrogel-
coated Fe3O4 magnetite composite under the present
conditions.

Fig. 5(a) illustrated the recovery of hydrogel-coated
Fe3O4 magnetite composites with magnetic separation
process after photodegradation of pollutants in the
OMW under photocatalytic degradation (UV and sun
light irradiation) before magnetic separation process,
and after magnetic separation process in Fig. 5(b). The
hysteresis loops tests and the saturation magnetization
of the magnetic hydrogel-coated Fe3O4 magnetite
composites was not measured.

Fig. 5. Recovery of hydrogel-coated Fe3O4 magnetite com-
posites with magnetic separation process after biodegrada-
tion of the OMW under photocatalytic degradation (UV
and sunlight irradiation) (a) before magnetic separation
process and (b) after magnetic separation process.
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4. Conclusions

The maximum COD components, polyphenol, and
TAAs yields in the OMW were obtained at 3 g/l of
hydrogel-coated Fe3O4 magnetite composites, at acidic
pH, after 60 min İrradiation time at 50 mg/l H2O2 con-
centration and at the lowest molar ratio of 1/5 in the
iron(II) chloride tetrahydrate and iron(III) chloride
hexahydrate to hydrogel at 30˚C and at a molar ratio
of 1/2 in the iron(II) chloride tetrahydrate and iron
(III) chloride hexahydrate to hydrogel at 40˚C under
UV and solar light irradiatons. The pollutant yields
obtained under 100 W UV irradiation is higher than
the yields obtained under 29 W solar irradiation.
Fe3O4 exhibited high catalytic recyclability from the
hydrogel-coated Fe3O4 magnetite composites. This
decrease the cost spent for the treatment of OMW
which is a highly pollutant wastewater and could not
be treated effectively with the conventional and other
advanced treatment technologies.

In conclusion, the fast and sustainable removable
of pollutants (polyphenols, COD components, TAAs)
from the OMW is possible with hydrogel-coated Fe3O4

magnetite composites under photodegradation process
under UV and sunlight irradiations. The yields of all
experimental parameters under 100 W UV light irradi-
ation in the OMW during photocatalytic degradation
process were higher than the yields of all experimental
parameters under 29 W sunlight irradiation.
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