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Abstract The use of magnetic materials as hetero-

geneous catalysts has attracted increasing attention in

the last years since they proved to be promising

candidates for water treatment. In the present study,

two types of surface-modified magnetite (Fe3O4)

nanoparticles, coated with non-hazardous naturally

occurring agents—either tannic acid (TA) or dissolved

natural organic matter—were evaluated as magnetic

heterogeneous catalysts. Chemical synthesis (co-pre-

cipitation) was chosen to yield the nanocatalysts due to

its well-established simplicity and efficiency. Subse-

quently, the properties of the final products were fully

assessed by various characterization techniques. The

catalytic activity in heterogeneous oxidation of aque-

ous solutions containing a model pollutant, Bisphenol

A (BPA), was comparatively studied. The effect of

operational parameters (catalyst loading, H2O2

dosage, and UV light irradiation) on the degradation

performance of the oxidation process was investi-

gated. The optimum experimental parameters were

found to be 1.0 g/L of catalysts and 10 mM H2O2,

under UV irradiation. The highest mineralization rates

were observed for Fe3O4-TA catalyst. More than 80 %

of BPA was removed after 30 min of reaction time

under the specified experimental conditions. The

obtained results showed that the two catalysts studied

here are suitable candidates for the removal of

pollutants in wastewaters by means of heterogeneous

reaction using a green sustainable treatment method.

Keywords Nanocatalysts � Characterization �
Photo-Fenton oxidation � Wastewater � Bisphenol A
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Introduction

Over the last years, the increasing concentration of

micropollutants in waters and soil, originating from

human activity, became a major threat to environ-

mental ecosystems. Since clean water sources are

rapidly diminishing, while environment pollution

already is an issue of great concern, novel greener
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alternatives for water decontamination are continu-

ously sought for better management of water treatment

(Nowack 2008; Chong et al. 2010; Qu et al. 2013). To

date, most water treatment technologies used for

pollutants’ removal are either time consuming or

requiring high operating costs; advanced oxidation

processes (AOP), such as photo-Fenton oxidation,

have proved to be better approaches for degradation of

contaminants in waters due to the increased oxidation

efficiency using a simple technology under mild

reaction conditions (Gilmour 2012).

The use of magnetic nanoparticles as heteroge-

neous catalysts in water decontamination for efficient

mineralization of persistent micropollutants has

attracted increasing attention in the last years (Ren

et al. 2013; Shahwan et al. 2011; Sun and Lemley

2011; Munoz et al. 2015; Nadejde et al. 2015; Hanif

and Shahzad 2014; Song et al. 2013). Magnetite

(Fe3O4) nanoparticles represent promising candidates

as catalysts during AOP due to their benign nature,

low-cost, simple, and large-scale manufacturing

(Munoz 2015; Nadejde et al. 2015; Wang et al.

2012; Zhang et al. 2008, 2009; Atacan and Özacar

2015); furthermore, their properties can be tailored

according to their purpose; the nanostructures’ surface

can be functionalized with a wide variety of non-toxic

materials containing (photo)active groups that act both

as nanoparticle stabilizers and also as catalysts.

Moreover, their activity and selectivity are strongly

dependent on the catalyst physico-chemical proper-

ties. The magnetic properties of such nanoscale

systems allow their facile re-collection from water

(by applying an external magnetic field) and possible

re-use in the next cycle of water treatment (Wang and

Astruc 2014). All these advantages significantly

contribute to reducing costs and increasing availability

for large-scale applications.

Naturally occurring polymers, such as tannic acid

(TA) and dissolved natural organic matter (NOM), are

high-molecular weight polyphenolic compounds,

widely spread, safe, and inexpensive natural materials,

with high content of hydroxyl groups in their structure,

well known for their strong interaction with iron.

Thus, in the present study, TA and NOM were the

coating agents of choice for stabilizing magnetic iron

oxide nanoparticles (fabricated by co-precipitation

method), in order to yield active Fenton-like nanocat-

alysts for the removal of persistent contaminants from

waters.

Although other studies reported the use of similar

type of nanomaterials in the degradation of dye

pigments or adsorption of heavy metals from water

(Genuino et al. 2013; Peng et al. 2012; Liu et al. 2008;

Shahwan et al. 2011), the knowledge on their perfor-

mance in the removal of non-biodegradable organic

micropollutants such as endocrine disruptors (i.e.,

Bisphenol A) is limited. Due to its chemical structure,

BPA was considered a synthetic estrogen-like com-

pound for decades. Nowadays, BPA, used as a raw

material for polycarbonate and epoxy resins, is known

to accumulate in nature without decomposition and

has been classified as an endocrine disruptive chem-

ical (Neamtu et al. 2014). Significant amounts of BPA

are continuously released in environment from various

sources, the harmful effects on living organisms’

health being well established (Virkutyte et al.

2010).

Therefore, the objective of this study is to inves-

tigate the properties and catalytic activity of the

above-mentioned nanomaterials in heterogeneous

oxidation of aqueous solutions containing BPA; the

effects of reaction conditions—catalyst loading, H2O2

dosage, and UV irradiation—on the degradation

efficiency of the oxidation process are further

discussed.

Experimental

Materials

The catalyst synthesis procedures were performed

using high-purity reagents (Sigma-Aldrich), while the

dissolved NOM was isolated from surface water

(Fuchskuhlelake, Brandenburg, Germany), up-con-

centrated by reverse osmosis, and later freeze-dried.

Deionized water (18.2 MX/cm), obtained with Barn-

stead EASYpureTM II Ultrapure Water System, was

used throughout the experiments.

Catalyst synthesis

The magnetic nanocatalysts were fabricated by

employing a facile cost-effective synthesis procedure

(chemical co-precipitation method). Briefly, the iron

oxide (Fe3O4) magnetic nanoparticles were obtained

by thoroughly mixing together ferric and ferrous salt

precursors (2:1 stoichiometric ratio) in the presence of
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a strong alkaline precipitation agent (1.7 M NaOH);

the method was performed at a relatively high

temperature (80 �C) with continuous stirring, under

normal atmospheric conditions. The as-obtained mag-

netic black precipitate was subsequently purified by

repeated rinsing with water and absolute ethanol, then

coated with either TA or NOM, taking into consider-

ation a molar ratio of 0.05 between the magnetic core

and stabilizing shell. After 2 h of mechanical vigorous

stirring at 40 �C, the samples were separated from

suspension, repeatedly washed with water and abso-

lute ethanol (in order to remove impurities and excess

coating material), and then dried in a vacuum oven at

*40 �C. The choice of the capping agents was

motivated by the fact that both tannic acid and NOM

are non-toxic and inexpensive polymers, widely and

naturally occurring in the environment, which have the

ability not only to form strong complexes with iron but

also to prevent particle oxidation and aggregation

while ensuring excellent stability in time of such

structures.

Catalyst characterization

The nanocatalysts were fully characterized by X-ray

diffraction (XRD, Shimadzu LabX XRD-6000 X-ray

diffractometer with Cu Ka radiation (k = 1.5418 Å)),

nitrogen adsorption–desorption isotherms and the

Brunauer–Emmett–Teller (BET) tests (Micromeritics

ASAP 2020TM Physisorption system-Norcross, USA

at 77 K), energy-dispersive X-ray spectroscopy (EDX,

Bruker XFlash� 5030 SDD X-ray spectrometer with

silicon drift detector-Berlin, Germany), high-resolu-

tion scanning electron microscopy (SEM, Supra 40

Carl Zeiss-Oberkochen, Germany) and high-resolu-

tion transmission electron microscopy (HRTEM) with

selected area electron diffraction (SAED) (Zeiss Libra

200MCTEM/STEM electronmicroscope operating at

200 kV), Fourier transform infrared spectroscopy

(FTIR, Jasco 660 Plus spectrometer, KBr disk,

4 cm-1 resolution), and vibrating sample magnetom-

etry (VSM, MicroMag Model 2900/3900 magnetome-

ter, at room temperature).

Kinetic experiments

For the kinetic tests, the BPA aqueous solutions were

prepared by adding an appropriate volume of stock

solution to ultrapure water in order to reach the studied

concentrations. The oxidation experiments (without

UVA irradiation) were performed on a rotator SB3

(VWR International, Germany); the photo-oxidation

tests were conducted using an orbital shaker Heidolph

Titramax 100 with continuousmixing. The initial pH of

the BPA solution was 6.6 without further adjusting. No

BPA removal by adsorption on the catalystswas noticed

during the heterogeneous (photo-)oxidation experi-

ments. Two H2O2 concentrations (10 and 20 mM),

prepared from a 30 %H2O2 initial solution, were tested

during the Fenton-like oxidation experiments.

The photochemical experiments were carried out

using UVA type xenon lamps (ATLAS Material

Testing Solution, Germany) with an UV intensity of

40 W m-2 in the 290 B k B 400 nm range and a

1.4 cm irradiation path length; the photon flow

(2.13 9 10-7 Einstein s-1) of the solar UV simulator

was measured by polychromatic actinometry with

phenylglyoxylic acid in AcN:H2O = 3:1 (v/v) (De-

foin et al. 1986). In all experiments, the diameter of the

irradiated surface area was 9.62 cm2 for a total

reaction volume of 8 mL.

Samples were withdrawn from the reactionmedium

regularly followed by immediate filtering through a

0.22 lm Teflon membrane filter for HPLC analysis.

The sample analysis was carried out by HPLC–MS/

MS (1100 HPLC workstation Agilent Technologies,

Waldbronn, Germany, coupled to an API 4500 TSQ

triple-stage quadrupole mass spectrometer ABSciex,

Darmstadt, Germany); the procedure is presented in

detail in our previous study (Nadejde et al. 2015).

Results and discussion

High-resolution SEM (Fig. 1a, b) and TEM (Fig. 1c,

d) were employed in order to assess the morphology of

the samples, surface, and the size of the primary

particles.

The SEMmicrographs show, as expected, nanopar-

ticle chains of quasi-spherical shape having sizes

between 10 and 25 nm; the results are in agreement

with the ones obtained by HRTEM.

The high-magnification TEM images evidence the

thin surrounding layer of the coating material (Fig. 1c,

d). The SAED patterns (Fig. 1e, f) confirm that the

magnetite cores are polycrystalline surrounded by the

amorphous structure of the coating agents, which is

revealed by the presence of the small spots on the
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diffraction rings; the higher frequency of the small

spots in the SAED rings in the Fe3O4-TA sample

indicates an increased thickness of the coating layer

(TA) bound on the magnetite nanoparticles compared

to the Fe3O4-NOM sample (as is further confirmed by

the FTIR analyses).

The EDX investigation at 20 kV (Fig. 2a) and 5 kV

(Fig. 2b) provided more surface sensitive analysis, as

well as the elemental composition of both catalysts,

indicating the predominance of iron, oxygen, and

carbon in the studied samples; two locations were

measured for each sample, the EDX spectra being

Fig. 1 SEMmicrographs (left), HRTEM images (middle) together with the corresponding SAED patterns (right) of the Fe3O4-TA (up)

and Fe3O4-NOM (down) catalysts

(a) (b)

Fig. 2 EDX spectra—20 kV (a) and 5 kV (b), measured at two locations on each sample, Fe3O4-NOM (black) and Fe3O4-TA (red);

the EDX spectra were normalized on the O K line intensity. (Color figure online)
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summed up in order to get a more accurate information

regarding the sample composition.

The EDX spectra were normalized to the intensity

of the O K peak at 0.5 keV, in order to evaluate the

differences between the two catalysts. The results at

20 kV (Fig. 2 a) were validated by EDX measure-

ments at 5 kV (Fig. 2b) acceleration voltage. As it can

be seen from Fig. 2, the Fe3O4-TA sample contains

significantly more C and Fe (relative to O) than the

Fe3O4-NOM sample.

FTIR measurements were carried out in order to

assess the binding of the active material onto the iron

oxide surface. Figure 3 a, b shows the FTIR spectra of

Fe3O4-TA and Fe3O4-NOM respectively, compared to

those of pure TA and NOM, and also compared to the

uncoated magnetite spectral data. The FTIR bands of

coated and uncoated Fe3O4 at wavenumbers lower

than 600 cm-1 are ascribed to the Fe–O vibrations of

iron oxide. In the Fe3O4-TA spectrum (Fig. 3a), the

phenolic groups of TA are seen in the region

*1000–1343 cm-1, while the absorption bands

between 1400 and 1650 cm-1 are related to aromatic

–C=C– bonds (Atacan and Özacar 2015). In the case

of pure NOM spectrum (Fig. 3b), the peaks at 1616

and 1712 cm-1 correspond to the stretching vibration

of C=O bond in carboxylic salt and free carboxylic

acid, respectively (Peng et al. 2012); these are also

present in the Fe3O4-NOM catalyst spectrum at

*1628 cm-1 suggesting the interaction of carboxy-

late group with the FeO surfaces. The FTIR measure-

ments also reveal that TA formed stronger interactions

with Fe3O4, compared to NOM.

Both samples exhibit good crystallinity as con-

firmed by XRD analysis. Figure 4 shows the XRD

patterns of TA- and, respectively, NOM-coated iron

oxide nanoparticles, which were found to be typical

for cubic Fe3O4 phase with spinel structure, the peak

positions being consistent with those from the standard

data for magnetite.

The nitrogen adsorption–desorption isotherms cor-

responding to the studied catalysts are represented in

Fig. 5. The pore size distributions (insets of Fig. 5a,

b), determined by the BJH method, show the presence

of a dominant peak in the mesoporous range

(2–50 nm); the mesopores on spheres can be assigned

to the interspaces of constituent particles. The pore

diameter and volume for both catalysts were also

determined (see Table 1).

BET measurements revealed similar values of the

surface area of both sensitized nanomaterials

(Table 1) consistent with those reported in the liter-

ature. Overall, the Fe3O4-TA catalyst is characterized

by a larger surface area with larger pores than those of

Fe3O4-NOM sample.

The above findings can also explain the higher

saturation magnetization (Ms = 68.0 emu/g) of

Fe3O4-NOM than that of Fe3O4-TA (Ms = 58.2 emu/g),

as depicted in Fig. 6 (as a thinner shell will allow the

core to exhibit enhanced magnetic properties of the

nanoparticles). The obtained results are in agree-

ment with those reported in literature for the magne-

tization curves of coated Fe3O4 recorded at room

temperature (Atacan and Özacar 2015; Peng et al.

2012).

Fig. 3 FTIR spectra of uncoated Fe3O4, Fe3O4-TA, and TA (a); FTIR spectra of uncoated Fe3O4, Fe3O4-NOM, and NOM (b)

J Nanopart Res (2015) 17:476 Page 5 of 10 476

123



Following catalysts’ characterization, their cat-

alytic activity of the two resulted nanocatalysts in

heterogeneous oxidation of aqueous solutions con-

taining BPAwas comparatively studied. The effects of

catalyst loading, H2O2 dosage, and UV light on the

degradation performance of the oxidation process

were investigated. All catalytic experiments were

carried out at laboratory scale at room temperature.

All kinetic measurements were carried out for BPA

pollutant initial concentration of 0.5 lM. The (photo-)

degradation experiments were performed after adsorp-

tion/desorption equilibrium between the catalysts and

BPA had been reached, and monitored regularly for

various reaction times (up to 120 min). Although both

catalysts showed negligible adsorption of BPA onto

their surface, the catalytic oxidation process revealed

high removal rate of BPA as depicted in Fig. 7.

Two catalyst concentrations (1.0 and 1.5 g/L) were

first tested in the aqueous BPA samples (Fig. 7a);

1.0 g/L catalyst dosage was selected for the subse-

quent degradation tests, since no significant increase in

Fig. 4 The XRD patterns of Fe3O4-TA and Fe3O4-NOM

samples. (Color figure online)

Fig. 5 The nitrogen adsorption–desorption isotherm and pore size distribution curve (inset) of Fe3O4-TA (a) and Fe3O4-NOM

(b) catalysts

Fig. 6 Magnetization curves of the two nanocatalysts. (Color

figure online)

Table 1 Surface properties of the studied nanocatalysts

Catalyst

type

BET surface

area (m2/g)

BJH pore

size (nm)

Pore volume

(cm3/g)

Fe3O4-TA 52.971 24.373 0.3023

Fe3O4-NOM 49.250 20.297 0.2499
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BPA removal was noticed by further increasing the

catalyst dosage above 1.0 g/L.

Finding the optimum H2O2 concentration was also

important regarding the overall efficiency of the

treatment method for BPA removal from solution

and minimizing operating costs in the Fenton-like

oxidation using the manufactured magnetic catalysts.

In solution, persistent pollutants undergo fast miner-

alization in the presence of low concentration of H2O2,

in a process (heterogeneous Fenton-like oxidation) in

which the generated hydroxyl radicals are oxidizing

the organic contaminants by breaking them down into

non-toxic products. The mechanism of reaction on the

surface of iron oxide has been earlier reported by other

authors (Voinov et al. 2011; Gorski et al. 2012;

Pecher et al. 2002; Ai et al. 2013). It was stated that

the ferrimagnetic catalysts could activate molecular

oxygen via single-electron reduction pathway to

produce reactive oxygen species (ROSs), including

hydrogen peroxide (H2O2), superoxide radical (�O2-),

singlet oxygen (1O2), and hydroxyl radical (�OH),
which are capable of oxidizing contaminants that

cannot be removed. As it can be observed from

Fig. 7b, by increasing the addition of hydrogen

Fig. 7 The effect of

catalyst loading (a), H2O2

dosage (b), and UV light

(c) on BPA removal over the

two catalysts. Initial

conditions: 0.5 lM of

pollutant, 1.0 g/L catalyst,

and pH 6.6. (Color figure

online)
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peroxide in solution from 10 mM to 20 mM, the BPA

is more rapidly decomposed (while keeping the other

above-specified parameters involved in reaction the

same). However, for the subsequent degradation tests,

the 10 mM H2O2 concentration was chosen as the

cost-effective condition to achieve high degradation of

BPA in solution. The complete conversion of BPA

was achieved in less than 60 min in the presence of

Fe3O4-TA, while only 67 % BPA was removed from

solution in 120 min when using the Fe3O4-NOM

catalyst.

In addition, the removal efficiency of BPA was also

monitored under simulated solar light (UVA irradia-

tion) (Fig. 7c), since, by photo-oxidation, enhanced

pollutant degradation is achieved faster; we also

showed that in the absence of H2O2, UVA irradiation

of the studied samples is hardly effective in the BPA

removal process (Fig. 7b, c). By hydrogen peroxide

addition in solution exposed to UVA, the catalytic

oxidation is rapidly triggered and BPA decomposition

is significantly accelerated in the presence of the

reactive radical species generation in solution. The

optimum experimental parameters were found to be

1.0 g/L of catalyst and 10 mM H2O2, under UV

irradiation. As expected, more than 80 % of BPAwere

removed by each catalyst after 30 min of reaction time

under the experimental conditions given above

(Fig. 7c). The intermediates generated during the

attack of the hydroxyl radicals have been identified

in our earlier studies (Neamtu and Frimmel 2006) and

by other authors (Katsumata et al. 2004). The first step

involves the hydrogen abstraction. Generally, it is

considered that BPA is degraded to BPA quinone,

probably via catechol followed by the formation of

semiquinone (Sajiki and Yonekubo 2003). Based on

the results obtained by other researchers, 4-isopropy-

lphenol, p-hydroquinone, 4-(1-hydroxy-1-methyl-

ethyl)-phenol, and phenol are formed by attack of

hydroxyl radicals. Furthermore, an oxidative ring-

opening reaction leads to the formation of aliphatic

compounds and finally to CO2.

One important advantage of magnetic catalysts is

that they can be easily recovered from the reaction

medium, recycled, and further used in subsequent

catalytic oxidation cycles. The reusability tests for

both catalysts were examined under the same optimal

conditions. The catalysts were easily recovered from

solution using a permanent magnet and rinsed several

times with deionized water, being further used to

evaluate their stability and catalytic efficiency in a

second cycle of BPA mineralization. As shown in

Fig. 8, after the second run, the catalysts are recy-

clable and maintain their stability; nearly 70 % of

BPA was degraded in the case of Fe3O4-TA and,

respectively, 64 % for Fe3O4-NOM catalyst, suggest-

ing that both reused catalysts maintain good activity.

The above results clearly showed the best overall

performance of the Fe3O4-TA material, while Fe3O4-

NOM exhibited a significantly lower reactivity com-

pared to Fe3O4-TA. Since the surface properties of the

catalysts were found to be roughly similar, we could

assume that their differences in reactivity could be due

to the properties and thickness of the coating shell

surrounding the magnetic iron oxide core.

Conclusion

The synthesis, characterization, and performance of

two environmentally friendly magnetic catalysts were

investigated at the laboratory scale in the present

study. Tannic acid and dissolved NOM were the

reactive materials of choice grafted on the surface of

magnetite cores. We have demonstrated the Fenton-

like oxidation capability of the two manufactured

magnetic catalysts for complete degradation of BPA in

solution under UV irradiation for 1.0 g/L of catalyst

and 10 mM H2O2, as optimum operational parameters

involved in the catalytic photo-oxidation under mild

reaction conditions. The present study revealed the

superior reactivity of Fe3O4-TA as compared to the

Fe3O4-NOM nanocatalyst. The obtained results

Fig. 8 Stability and reusability tests of the two catalysts. Initial

conditions: 0.5 lM of pollutant, 1.0 g/L catalyst, 10 mM H2O2,

pH 6.6, and reaction time 2 h. (Color figure online)
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showed the suitability of both catalysts for the efficient

degradation of persistent pollutants in waters.

Although future studies are needed in order to

demonstrate the applicability and feasibility of such

water treatment method at large scale, the catalytic

photo-oxidation of non-biodegradable hazardous

micropollutants based on magnetic nanocatalysts

represents an attractive sustainable option in the

management of water pollution.
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