Accepted Manuscript

The effect of surfactants on the photocatalytic properties of the heterogeneous Separatl Un

magnetic zinc oxides nanoparticles . o .
EPurification

Xiaohui Feng, Xia Lou

. Technology

PIL: S1383-5866(15)00269-5

DOI: http://dx.doi.org/10.1016/j.seppur.2015.04.036
Reference: SEPPUR 12318

To appear in: Separation and Purification Technology
Received Date: 23 February 2015

Revised Date: 17 April 2015

Accepted Date: 23 April 2015

Please cite this article as: X. Feng, X. Lou, The effect of surfactants on the photocatalytic properties of the
heterogeneous magnetic zinc oxides nanoparticles, Separation and Purification Technology (2015), doi: http://
dx.doi.org/10.1016/j.seppur.2015.04.036

This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers
we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and
review of the resulting proof before it is published in its final form. Please note that during the production process
errors may be discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.


http://dx.doi.org/10.1016/j.seppur.2015.04.036
http://dx.doi.org/http://dx.doi.org/10.1016/j.seppur.2015.04.036
http://dx.doi.org/http://dx.doi.org/10.1016/j.seppur.2015.04.036

The effect of surfactants on the photocatalytic properties of the

heterogeneous magnetic zinc oxides nanoparticles

Xiaohui Feng, Xia Lou

Department of Chemical Engineering, Curtin University, Kent Street, Bentley, WA 6102,

Australia

“Corresponding author: Email: x.lou@curtin.edu.au; Tel.: +61 8 9266 1682; Fax: +618 9266
2681.



Abstract

The article reports the synthesis and characterization of two new magnetite (Fe;O4)-supported
zinc oxide (ZnO) photocatalysts, produced in the presence of Fe;O4 nanotemplates that were
bound with tetramethylammonium (TMAH) and citric acid (CA) respectively. The
TMAH-bound hybrid nanoparticles, Fe;O4(TMAH)-ZnO, have demonstrated ~a high
recoverability (86%) and phenol degradation rate constant of 0.0170 min™, which is much
greater than that of the CA-bound photocatalyst (0.0085 min™) and the pure form of ZnO
(0.0039 min™"). Further investigation demonstrates that the presence of various surfactants on
the surface of the magnetite nano-templates significantly affects the sizes and surface
properties of the produced hybrid nanophotocatalysts, and subsequently their photocatalytic
activities. The pH values of the photocatalysis environment also show strong influences to the
photocatalytic properties and the dissolution of the nanoparticles. An optimal operation
condition for the Fe;O4(TMAH)-ZnO is when the photocatalysis is carried out at a pH =
4~5.6, and the concentrations of the photocatalyst and phenol are 325 and 20 mg L,

respectively.

Keywords: magnetic photocatalysts; zinc oxide; photocatalysis; phenol degradation;

surfactants bound iron oxide.



1. Introduction

There has always been a demand for cost effective, high performance,
reusable/recoverable photocatalysts. Magnetic nanoparticles have been used to produce such
catalysts, in which the catalytically active molecules are fabricated with a solid support of
magnetic nanoparticles, and the resulted catalysts are classified as heterogeneous [1].-While
the magnetic properties are used for effective separation and recovery of the catalysts, the
large surface areas of the nanoparticles ensure high catalytic activities of the catalytically
active molecules. Among various magnetic nanoparticles, magnetite (Fe3Os) nanoparticles
have been the most widely used magnetic supporting materials for the fabrication of such
heterogeneous catalysts, owing to their low cost, simple preparation method, low toxicity and
biocompatibility [2, 3]. Immobilisation of catalytic fragments, such as metal oxides, has been
proven to be very effective. A great deal of research work has been reported on the titanium
dioxide-based magnetically separable photocatalyst (Fe;O04/Ti0,) which has shown great
reusability [4]. Enhanced photocatalytic activity has been seen in various forms of magnetic
composites, including nanoparticles [5, 6], nanorods and nanosheets [7, 8], when TiO; or zinc
oxide (ZnO) are immobilised on the surface of Fe;O4, reportedly due to the decelerated
electron—hole recombination in the presence of iron ions. A recent study by our group has
shown that zinc oxide deposited. on the surface of the Fe;Os nanoparticles enhances the
photocatalytic activities of the pure ZnO nanoparticles, and the improved photocatalytic

properties were well maintained after three cycles of usage [9].

In many of the reported works, a critical problem has been the aggregation of Fe;Oq4
nanoparticles caused by their smaller size with a larger surface area-to-volume ratio, high
surface energy and inherent magnetic dipolar force [10]. Coating Fe;O4 nanoparticles, prior to
the - immobilisation of other components, with various surfactants such as
tetramethylammonium (TMAH) or citric acid (CA) has been reported for the improvement of
dispersion [11]. The surfactants can be either absorbed or chemically attached to the surfaces
of nanoparticles to generate a double-layer protection [12], through the ensuing steric forces
between nanoparticles that are able to balance the magnetic dipolar forces and electrostatic
forces [13, 14]. However, little is known how these surfactants would affect the ultimate

performance of the nanocatalysts that are generated from the surfactants-bound magnetite.

This paper reports the successful fabrication of Fe;O4-supported ZnO nanophotocatalysts,
in the presence of THMA- and CA-bound Fe;O4nano-templates, and the investigation results

of the photocatalytic activities of the resultant heterogeneous photocatalysts, in relation to the
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type of surfactants used, the catalyst dosage, the initial concentration of a model
photodegradation compound (phenol), and the pH value of the reaction mixture. The
TMAH-bound hybrid nanoparticles, Fe;04(TMAH)-ZnO, have shown excellent rate constants
of 0.0082 min™ and 0.0170 min" towards phenol degradation at pH levels of 5.6 and 4,
respectively, which are highly comparable to/greater than the values of 0.0020 min” and
0.0152 min" when equal amounts of the commercially available titanium dioxide (TiO,), P25,
were used under the same experimental conditions. A high recoverability (86%) of the
magnetite-supported nanophotocatalyst was found for Fe;O4(TMAH)-ZnO. The effect of the
size and varying surface properties, attributable to the presence of the surfactants, upon the

performance of the hybrid nanoparticles will be discussed.

2 Experimental

2.1 Materials

Ferrous chloride tetrahydrate (FeCl,*4H,0, 99.99%), ferric chloride hexahydrate
(FeCl3+6H,0, 99.99%), hydrochloric acid concentrate (HCI, 0.1 mol L™), sodium hydroxide
(NaOH, >97.0%), zinc acetate dehydrate (Zn(Ac),.2H,O, Ac=CH3;COO, >98%), diethylene
glycol (DEG, 99%), sodium chloride (NaCl, >99.5%), phenol (C¢HsOH, >96.0%), phosphate
buffered saline (PBS), vcitricc acid (C¢HsO7;, 2>98%), sodium citrate dihydrate
(CeHs0O7Na3*2H,0, >99.0%), sodium carbonate (Na,COj3;, >99.5%) and sodium bicarbonate
(NaHCO3, 99%) were purchased from Sigma-Aldrich. Tetramethylammonium hydroxide
(TMAH, 25%) was supplied by Fluka. Degussa P25 (TiO, nanoparticulate material consisting

of 75% anatase and 25% rutile) was purchased from Degussa.

2.2 Synthesis of Fe3O4(TMAH) and Fe;O4(CA) nanoparticles

To 20 ml deionised water (DW), FeCl;*6H,0 (3.24 g, 0.012 mol) and FeCl,*4H,O (1.19 g,
0.006 mol) were added and constantly stirred under nitrogen protection. The obtained iron salt
solution was then gradually added to NaOH solution (100 ml, 0.5 M) under mechanical
stirring. After stirring for 1 h, the black precipitate was collected by applying an external
magnetic field and then washed five times with DW (5x10 ml).

To produce the TMAH-suspended iron oxide (Fe;Os(TMAH)), the obtained Fe;O4
nanoparticles (0.4 g, 1.73 mmol) were suspended in TMAH solution (0.5 ml) and then further
diluted using DW to a total volume of 4.0 ml. For the CA-suspended nanoparticles

(Fes04(CA)), the same amount of magnetite nanoparticles was dispersed into an aqueous
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citric acid solution (5 ml, 0.1 M) followed by ultrasonic vibration for 30 min. Both

suspensions were maintained at 4 °C for further investigation.

2.3 Preparation of Fes04-ZnO hybrid nanoparticles

Fe;04-ZnO hybrid nanoparticles were fabricated using a previously reported method [9].
Fe;04(TMAH) and Fe;O4(CA) were utilised as seeds to produce Fe;O4(TMAH)<ZnO and
Fe;04(CA)-ZnO, respectively. In brief, Fe;04(TMAH) nanoparticles (0.2 g, 8.6 mmol) were
suspended in 30 ml DEG, using ultrasonic vibration for 30 min, to form a homogeneous
suspension. Zn(Ac),*2H,0 (2.19 g, 0.01 mol) was added into DEG (100 ml) and the reaction
mixture was heated to 150 °C with constant stirring under nitrogen protection. Then, the
Fe;04(TMAH) suspension was added, dropwise, followed by heating to 160 °C. After 2 h of
reaction time, the reaction mixture was air cooled to room temperature. The resultant hybrid
nanoparticles were collected by applying an external magnetic field. The obtained sample was
washed five times with DW (5%15 ml) then three times with ethanol (3x15 ml) and dried
under vacuum. A similar experiment was carried out using Fe;O4(CA) nanoparticles as seeds.
The obtained hybrid nanoparticles were denoted as Fe;O4(TMAH)-ZnO and Fe;O4(CA)-ZnO.
The reaction yields for Fe;O4(TMAH)-ZnO and Fe;O4(CA)-ZnO were 59.4% and 40.6%,

respectively.

2.4 Size and size distribution of the obtained nanoparticles

A transmission electron microscope (TEM, JEOL JSM 2011) equipped with a Gatan
Digital Camera was used to examine the morphology of all produced nanoparticles. Prior to
the TEM examination, the sample was suspended in DEG by ultrasonication for 10 min,
resulting in a final concentration of around 0.02 mg L. Then one drop of the suspension was
placed onto a copper grid (with a carbon film substrate) and the grid was dried in an oven at
100 °C, overnight. The TEM images were recorded at an accelerating voltage of 200 kV. The
sizes of the nanoparticles were measured using the in-built JEOL operational software,

DigtalMicrograph [15].

The particle sizes in both the aqueous solution and the DEG suspension were further
estimated by dynamic light scattering (DLS) using a Malvern Zetasizer Nano-ZS. Prior to
DLS analysis, samples were suspended in DW and DEG, respectively, using ultrasonic
vibration. The suspensions were equilibrated to 20 °C. Each sample was measured in triplicate

and the results were presented as mean + standard deviation. The zeta potential also was



measured using the same equipment. Sodium chloride aqueous solution (10 ml, 0.01 mol L™)
was used as a conductive regulator. The pH of the NaCl solution was adjusted to 4, 7, 8 and
10 by using an aqueous solution of NaOH (0.01 mol L™) and HCI (0.01 mol L™"). The sample
(1 mg) was suspended in each of the resulting solutions (10 ml) and allowed 20 min ultrasonic

vibration prior to measurement. Three measurements were taken for each sample.

2.5 FTIR, UV-Vis and photoluminescence spectroscopic analysis

Fourier transform-infrared (FTIR) analysis was carried out using a Thermo Scientific
Nicolet iS50 equipped with an Automated Beamsplitter Exchanger (ABX) having a resolution
of 4 cm™. All the spectra were recorded from 200 to 4000 cm™. UV-visible diffuse reflectance
spectra (UV-vis DRS) were collected on a Jasco V670 spectrophotometer with a @60 mm
integrating sphere, using BaSOy as the reference material. UV-Vis DRS was monitored over a
wavelength range of 300 nm to 700 nm, with a band width of 2 nm. The photoluminescence
(PL) spectra of the samples were obtained using a Cary Eclipse (MY 13060002) Fluorescence
Spectrometer with an excitation wavelength of 390 nm. The emission spectra were recorded
in the region of 370-410 nm and both excitation and emission slit widths were 5 nm. For
sample preparation, the samples (around 10 mg) were suspended in deionised water and

further diluted to 2 ug ml™.

2.6 ICP-AES and BET analysis

An inductively coupled plasma-atomic emission spectroscopy (ICP-AES) analysis was
carried out to determine the ratio of iron and zinc elements in the hybrid nanoparticles, using a
Vista Axial CCD Simultaneous ICP-AES Instrument. Brunauer-Emmett-Teller (BET)
analysis was performed to evaluate the surface area, pore volume and pore size distribution of
the hybrid nanoparticles, using nitrogen sorption at -196 °C on a Micromeritics Tristar 3000
apparatus. Prior to BET examination, samples were preheated to 200 °C under vacuum,

overnight.



Table 1. Chemical and physical properties of the synthesized nanoparticles.

Sample ID Fe;04:Zn0O Particle size (nm) Iron concentration*  Poresize  Pore Volume  SurfaceArea
Dry in DW in DEG (mg L™ (nm) (cm’g”) (m°g”)
Fe;0,4 1:0 106 £1.4 2332+12 573+1.7 <dl - - -
Fe;04(CA) 1:0 71+23 1388+12 175+0.2 28.4 - - -
Fe;O TMAH) 1:0 105+2 823+57 83404 <dl - - -
Fe;04TMAH)-ZnO 1:4.2 345+6.2 - - - 5.8 0.19 95.6
Fe;04(CA)-ZnO 1:1.6 293 £ 32 - - - 2 0.16 73.8
Ti0O, - 24 +1 - - - 2.1 0.21 68.9

* The iron concentrations were determined by ICP-AES for which the detection limit (dl) was 0.002 mg L. DW was used as the
sample matrix for the reported data.



2.7 Photoreactivity study

The photocatalytic performance of the magnetic ZnO hybrid nanoparticles was evaluated
based on the phenol degradation rate constant under the irradiation induced by an MSR 575/2
metal halide lamp (575 W, Philips) with a wavelength ranging from 315 nm to 1050 nm,
using a 1L double-jacketed reactor that was kept at 25+1 °C. During the experiment, a certain
amount of the hybrid nanoparticles was suspended in aqueous phenol solution (200 ml) and
was stirred at 600 rpm for 30 min, prior to exposure to the light. During the irradiation period,
10 ml of the suspension was withdrawn at each of the prescribed time intervals and filtered
using a 0.45 pum Millipore filter to remove the residual hybrid nanoparticles. Each fraction of
the liquid was analysed using an HPLC (Varian) to determine the phenol degradation rate.
ICP-AES analysis was carried out on some of the samples to determine the iron and zinc

elemental content in the solution. The full experimental details can be found in our previous

work [16].

Various concentrations of the nanocatalysts and the initial phenol, as well as various pH
values, were investigated using the above experimental procedure. Details are summarised in
Table 2. Commercial TiO, (Degussa P25) also was investigated as a reference material. The
buffer solutions of citric acid-sodium citrate, PBS and sodium carbonate-sodium bicarbonate
were used to adjust the pH values of the phenol degradation mixtures, prior to the

photocatalysis experiments.



Table 2. Kinetic parameters, phenol removal, and the dissolved content of iron and zinc, obtained using various reaction parameters.

Concentration Phenol Rate constant Iron Concentration*
Sample 1D (mg L™ pH  removal (%) (k, min™) R? (mg L)
Catalysts ZnO or TiO,  Phenol
ZnO 325 325 20 5.6 51.8 0.0039 0.997 n.a.
100 81 20 5.6 62.7 0.0062 0.989 <dl
325 262 10 5.6 78.0 0.0099 0.994 <dl
325 262 80 5.6 25.9 0.0022 0.938 <dl
500 404 20 5.6 63.6 0.0067 0.991 <dl
Fe;04TMAH)-ZnO 1000 808 20 5.6 57.5 0.0061 0.979 0.04
2.5 51.9 0.0050 0.951 24
4 100.0 0.0170 0.913 22
325 262 20 5.6 71.3 0.0082 0.999 0.13
8 30.8 0.0030 0.848 <dl
10 14.5 0.0013 0.972 <dl
2.5 34.7 0.0041 0.988 28
4 64.3 0.0085 0.987 26
Fe;04(CA)-ZnO 325 200 20 56 54.7 0.0045 0.971 0.06
8 23.2 0.0023 0.999 0.05
10 13.9 0.0013 0.981 0.03
325 325 20 4 16.3 0.0020 0.907 n.a.
TiO, 260 250 20 5.6 100 0.0152 0.960 n.a.
325 325 20 5.6 100 0.0242 0.973 n.a.
325 325 20 10 25.2 0.0025 0.960 n.a.

* The ion concentrations were determined by ICP-AES, for which the detection limit (dl) was 0.01 mg L. Phenol solution was
used as the sample matrix for the reported data.



3 Results and Discussion

3.1 Characterisation of Fe;O4, Fe3O4(TMAH) and Fe;O4(CA)

Fe;04 nanoparticles obtained from this work were spherical-like, with an average size of
10.6£1.4 nm, and they tended to aggregate (Fig. 1a). The nanoparticles suspended in TMAH
and CA, Fe;04(CA) and Fe;O4(TMAH), appeared similar in geometry, but were apparently
more uniform and spread further apart from each other (Fig. 1b-c). The average sizes of the
nanoparticles were 7.1+2.3 nm and 10.5+2 nm for Fe;O4(CA) and Fe;O4(TMAH),
respectively. The decreased particle size of Fe;O4(CA) is likely to be due to the formation of
an iron complex with the citric acid that is leachable from the surfaces of solid particles to the
aqueous acid solution [17]. The ICP-AES analysis demonstrated that there was 28.4 mg L of
elemental iron in the liquid obtained from the Fe;O4(CA) suspension, indicating 0.48% loss of
the Fe;Oy4 into the citric acid solution. However, the Fe;O4 nanoparticles stored in deionised
water and aqueous TMAH solution were stable, showing that iron ions in the tested solutions
were below the detection limit of 0.002 mg L™ (Table 1). The chemical dissolution of iron

ions can be illustrated by the chemical reaction Eq. (1).
3Fe,0, + 8R(COOH), = 3Fe’" + 6Fe’* + 8R(COO), + 12H,0 (1)

The particle sizes and size distribution measured by the DLS are displayed in Fig. 1. Pure
Fe;04 nanoparticles suspended in deionised water showed an average hydrodynamic diameter
of 233.2+1.2 nm, with a polydispersity index (PDI) of 0.262. This size was reduced to
138.8£1.2 nm for Fe;O04(CA) and 82.3+£5.7 nm for Fe;O4(TMAH) after stabilising with the
surfactants CA and TMAH, respectively. The significant decreases in the hydrodynamic
diameters of Fe;O04(CA) and Fe;O4(TMAH) are an indication of the improved dispersity by
the surfactants. In the presence of these surfactant molecules, the magnetic attraction force
between the Fe;O4 nanoparticles is compensated by the electrostatic interparticle repulsion
force [18]. Interestingly, when DEG was used as the suspension medium, the hydrodynamic
diameters of the particles were further reduced to 57.3+1.7 nm, 17.5+0.2 nm and 8.3+0.4 nm
for Fe;04, Fes04(CA) and Fe;O4(TMAH), respectively, indicating that DEG also served as a
good surfactant. DEG was used as a solvent for the fabrication of the designed heterogeneous
photocatalysts, Fe;04-ZnO, in this study. It should be noted that the hydrodynamic size of the
nanoparticles is much larger than that obtained from TEM images, which is not uncommon.
Particle aggregation and hydrodynamic influence are the main causes of this difference.
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Fig. 1. TEM images and the corresponding DLS spectra of (a) pure Fe;Oy4, (b) Fe;04(CA) and
(c) Fes04(TMAH).

The measured zeta potentials of Fe;Os, Fe;04(CA) and Fe;O4(TMAH) at various pH
values-are shown in Fig. 2. A decrease in the magnitude of zeta potential was demonstrated
for all nanoparticles as the pH value increased from 4 to 10. For Fe;O4TMAH), a drastic
decrease from +52.5 mV to -55.4 mV was observed, showing an isoelectric point of pI=7.8.
The high and positive value of the zeta potential of Fe;O4(TMAH) at pH<7.8 suggests that the
N(CHs;)," ions from TMAH had accumulated on the surface of the nanoparticles, forming a
positively charged shell. For pure Fe;O4, the zeta potential was negative over the investigated
pH range, indicating the accumulation of —OH groups on the surface of the nanoparticles. For
Fe;04(CA), the change of zeta potential, as the pH value was changed, was similar to that of

pure Fe;Oj, being negative over the investigated pH range. The slightly more negative charge

11



of the shell in the former is probably due to the presence of citrate ions (Cs¢HsO->). Under
acidic conditions (pH<7), the zeta potential value increases with decreasing pH for
Fe;O4(TMAH). However, it decreases with reduced pH values for both pure Fe;Os and
Fe;04(CA). This would result in greater tendency for aggregation of Fe;O4 and Fe;O4(CA)
under acidic conditions. Indeed, in both deionised water and DEG suspensions (pH~5-6), the

sizes of these particles show a similar pattern of Fe;O4 > Fe;04(CA) > Fe;04(TMAH) (Fig.
1).

60~

—8—Fe 0, (CA)
——Fe,0,
—8—Fe 0 (TMAH)

Zeta Potential (mV)

-60 -

Fig. 2. Zeta potential value of various nanoparticles versus pH values.

The binding of N(CH3)4+ ,.Or (C6H5O7)3', or —OH on the surfaces of the Fe;Oq4
nanoparticles was further demonstrated by FTIR spectroscopy, as shown in Fig. 3. For pure
Fe;04 nanoparticles, the characteristic peak of the Fe-O bond in Fe;O4 nanoparticles appears
at 530 cm™. Thereis a weak peak at 1640 cm™ assignable to the bending vibration of —OH
groups [19]. After citric acid was added, a new absorption peak appeared at 1560 cm™, which
can be attributed to the symmetric stretching vibration of C=0 from carboxylate (citrate ions).
For pure citric acid, the absorption peak for C=0 stretching vibration is at 1710 cm™ [11]. The
shift of the absorption peak to a lower wavenumber was a result of the formation of
iron-citrate ion complex [20]. The absorption peak at 1380 cm™ is due to the bond formed
between iron and the carboxyl groups, and the weak band at 830 cm™ was caused by the
hydrogen bond between the carboxyl groups [21]. The overall results, through the
chemisorption of the carboxylate groups by the Fe;O4, have yielded a negatively charged
surface of the nanoparticles, as discussed in the previous section [22]. For Fe;O4(TMAH), the
presence of tetramethylammonium cations was confirmed through the strong absorption peaks
at 1490 cm™ and 950 cm™', which are attributable to the asymmetric bending vibrations of

—CHj3; groups and the asymmetric stretching vibrations of C-N groups, respectively. The
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results further demonstrated that, in the TMAH-binded Fe;O4, N(CH3)4Jr ions were dissociated
from the TMAH molecules and coupled with negatively charged Fe-OH bonds, forming a
more stable, positively charged shell around the magnetite nanoparticles [23]. The
electrochemical interreactions between Fe;Os and the surfactants that were used are

schematically displayed in Fig. 4.

Fe,0, 1640
530
Fe_‘()‘
(CA) 830
V_ 1380
Fe0, 1560
(TMAH
1490
T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm”)

Fig. 3. FTIR spectra of Fe;04, Fe304(CA) and Fe;O4(TMAH).
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Fig. 4. Illustration of the electrochemical interreactions between Fe;O4 and the surfactants [23,
24].

3.2 Characterisation of Fe3sO4(TMAH)-ZnO and Fe;04(CA)-ZnO hybrid nanoparticles
The binding of the two different surfactants not only resulted in various surface and
morphological properties of the Fe;O4 seeds, but also significantly affected the further
formation of the heterogeneous hybrid nanophotocatalysts. TEM images, displayed in Fig. 5,
show that the average size of Fe;O4(TMAH)-ZnO is 34.5+6.2 nm, while the Fe;04(CA)-ZnO

nanoparticles are 293+32 nm. The morphology also varies between the two; the former is
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much denser while the latter appears to be looser. It should be noted that the condensation of
Zn(Ac), releases acetic acid (HAc), which is acidic. In this condition, Fe;O4(TMAH)
nanoparticles are positively charged, as indicated by their zeta potential values. The positively
charged Fe;04(TMAH) nanoparticles are attractive to the negatively charged [Zn(OH)4J*
species, leading to the deposition of ZnO on the surface of Fe;O4 nanoparticles, thereby
forming a relatively dense morphology, as shown in Fig. 5a. The high zeta-potential value of
Fe;04(TMAH) has apparently resulted in a stronger attraction force between the two, leading
to the formation of smaller sizes of the hybrid nanoparticles. On the other hand, the
condensation of Zn(Ac), on the surfaces of Fe;04(CA) nanoparticles could be eliminated, due
to the negatively charged CA, resulting in the loosely-formed structure of the ZnO layer, as
demonstrated in Fig. 5b. The pure form of ZnO nanoparticles, produced using the same
procedure, shows a similar size but a denser morphology to that of Fe;O4(CA)ZnO (Fig. 5b
insert), further confirming that the repulsive effect of the like-charged CA and AC has
prevented the deposition of Zn(Ac), on the surface of the CA-bound Fe;O4. Formation of
white coloured ZnO nanoparticles was observed 'in the reaction mixtures of both hybrid
nanoparticles. These particles were separated from the products using an external magnet. The
obtained reaction yields were 59.6% for Fe;O4(TMAH)-ZnO and 40.6% for Fe;04(CA)-ZnO.
The computed mass ratios of FesO4 to ZnO, based on the ICP-AES analysis result, were 1:4.2
for Fe;04(TMAH)-ZnO and 1:1.6 for Fe;04(CA)-ZnO (Table 1).

Fig. 5. TEM images of (a) Fes04(TMAH)-ZnO, (b) Fe3;04(CA)-ZnO and (insert) ZnO.

In the FTIR spectra (Fig. 6), the absorption peaks for both Fe-O (530 cm™)and Zn-O (375
cm™) stretching vibrations are clearly presented in the produced hybrid nanoparticles. In
Fig. 6(a-c), there are two absorption peaks at 1406 cm™ and 1586 cm™, corresponding to the

stretching vibrations of C-O and C=0 from acetate groups. These suggest the presence of the
14



the metal complexes Zn(OH ™)y (Ac),., as intermediates during the seed-mediated process. The
relative intensities of the two absorption peaks at 540 cm™ and 375 cm™ vary in the FTIR
spectra of the Fe3;O4(TMAH)-ZnO and Fe;O4(CA)-ZnO hybrid nanoparticles, further

confirming that the ratio of Fe304/ZnO in these two compounds is different.

Fig. 6. FTIR spectra of (a) ZnO, (b) Fe;04(TMAH)-ZnO, (c) Fe3;04(CA)-ZnO and (d) Fe;O,.

The optical properties of the produced nanoparticles were probed by UV-Vis DRS. As
presented in Fig. 7, Fe;O4 shows a broad absorption peak ranging from 300 nm to 750 nm due
to the octahedral ferric ions [25]. An absorption threshold at 391 nm was observed for the
ZnO nanoparticles from which the band gap energy was estimated to be 3.2 eV. For TiO;, the
absorption threshold was estimated to be 410 nm and the band gap energy was 3.0 eV. After
forming hybrid nanoparticles, a strong absorption was observed below 400 nm. The estimated
absorption threshold was 380 nm for Fe;O4(TMAH)-ZnO, and 430 nm for Fe;O4(CA)-ZnO,
indicating a band gap energy of 3.3 eV for the former and 2.9 eV for the latter. Visible light
absorption. was more dominant in Fe3;O4(CA)-ZnO, due to the higher Fe;O4 content, as

previously discussed.
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Fig. 7. UV-Vis spectra of (a) ZnO, (b) TiO,, (c) Fe304(TMAH)-ZnO, (d) Fe;04(CA)-ZnO and
(e) Fe;0a.

BET examination showed that both Fe;O4(TMAH)-ZnO and Fe;O4(CA)-ZnO exhibited
type IV isotherms with a type H3 hysteresis loop (Fig. 8a), indicating the mesoporous
structure of the hybrid nanoparticles. The calculated pore volumes of Fe;04(TMAH)-ZnO and
Fe;04(CA)-ZnO were 0.19 and 0.16 cm’® g, respectively. Using the Barrett-Joyner-Halenda
(BJH) model, the estimated pore size of Fe;04(TMAH)-ZnO was approximately 5.8 nm while
that of Fe;04(CA)-ZnO was centred at 2 nm. The corresponding surface areas were calculated
to be 95.6 m* g for Fe;04(TMAH)-ZnO and 73.8 m”> g for Fe;04(CA)-ZnO. The 29.5%
increase in surface area in the Fe;O4(TMAH)-ZnO is likely to be due to the smaller particle
size. The same examination was carried out on P25. A mean diameter of 24+1 nm was
observed, with a measured surface area of 68.9 m’ g'l, and the pore size was centred at 2.1 nm.
The relative pore volume was 0.21 cm® g”', which is slightly greater than that of
Fe;04(TMAH)-ZnO (0.19 cm® g') and much greater than that of Fe;04(CA)-ZnO
(0.16 cm® g™).

16



0.025

7l (b)

—=— Fe O (TMAH)-ZnO Adsorption
—_— I-'c=0|('1'MAH )-ZnO Desorption
20 —e— I-‘e:(')l(C'f\)»lel) Adsorption
—o— Fe 0 (CA)-ZnO Desorption

- —*— TiO, Adsorption

(a) 140

—8—Fe,0,(TMAH)-ZnO
0.0204 —8—Fe,0,(CA}Zn0O
—A—TiO,

=]
S

=
S

—&—TiO, Desorption 0.0154

0.0104

Volume Adsoprbed (cm-‘ g“ )

o =
= 0.0054

z T T L ! r 0.000
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 0

Relative Pressure (i’r'l’") - Pore Diameter (nm)

Fig. 8. (a) Nitrogen adsorption-desorption isotherms and (b) BJH pore-size distribution curves

for TiO,, Fe;04(TMAH)-ZnO and Fe;04(CA)-ZnO hybrid nanoparticles.

3.3 Photocatalytic properties of FesO4-ZnO hybrid nanoparticles

The photodegradation of phenol in the presence of various nanophotocatalysts is displayed
in Fig. 9a, in which the initial concentration of phenol was 20 mg L™ and the nanoparticle
concentration was 0.325 g L. No phenol degradation was observed during the measured time
period when Fe;O4 was used. After 150 min of irradiation, the percentages of phenol
degradation were 71.3% and 54.7% for Fe;O4TMAH)-ZnO and Fe;04(CA)-ZnO,
respectively. When ZnO and TiOs; were used, phenol degradation was 51.8% and 100%,
respectively. Based on the data presented in Fig. 9a, the apparent rate constants of these
samples were calculated using the previously reported method [13]. The calculated rate
constants for TiO;, Fe3O4(TMAH)-ZnO, Fe;04(CA)-ZnO and ZnO were 0.0242, 0.0082,
0.0045 and 0.0039 min"', respectively (Table 2). An apparent increase in the rate constant was
observed for the produced hybrid nanoparticles, in particular for Fe;O4(TMAH)-ZnO, when
compared with ZnO. This is due to the reduced rate of recombination of photoinduced charge
carriers that is well reflected in the photoluminescence (PL) spectra [26] illustrated in Fig. 9b,
in which the photoemission intensity of Fe;O4(TMAH)-ZnO is much lower than that of ZnO.
As discussed in a previous study [9, 27], the photoinduced electrons in the hybrid
nanoparticles of Fe304-ZnO can be transferred from the conduction band of ZnO to the
dissolved Fe’* ions, forming Fe*" ions. The formed Fe*" ions then can be oxidized by oxygen
in the reaction solution to produce Fe** jons and release the superoxide radicals. Through such
a pathway, the recombination of the photoinduced charge carriers from ZnO is retarded. The
presence of elemental iron in the photocatalytic reaction mixture, measured by the ICP-AES,

was 0.13 mg L (Table 2). This further confirms the hypothesis.
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In addition, the Fe;O4(TMAH)-ZnO hybrid nanoparticles exhibited better photocatalytic
activity than the Fe;O4(CA)-ZnO hybrid nanoparticles. As discussed in the previous section,
the major differences between these two types of hybrid particle include the particle size, the
ZnO content, the structure/morphology and the iron ion concentration in the phenol
degradation solution. Firstly, the average size of Fe;O4(CA)-ZnO nanoparticles (293432 nm)
is almost nine times bigger than that of Fe;04TMAH)-ZnO nanoparticles (34.5+£6.2 nm), as
displayed in Fig. 5. This has resulted in a 29.5% increase in the total surface area of
Fe;04(TMAH)-ZnO, as demonstrated by the BET analysis (Fig. 8), resulting in the increased
photocatalytic activities. Secondly, the measured mass ratio of Fe;O4 and ZnO in the hydrate
nanoparticles is 1:4.2 for Fe;O4(TMAH)-ZnO and 1:1.6 for Fe;04(CA)-ZnO. The much
higher ZnO content in the former would have provided many more catalytic sites for phenol
degradation. Thirdly, the larger sized Fe;O4(CA)-ZnO and the strong interaction between the
Fe;O4 and CA might have prevented iron ions being leached out from the hybrid
nanoparticles, therefore reducing the electron-hole  capture capacity of the hybrid
nanoparticles. Indeed, the elemental iron concentration in the Fe;O4(CA)-ZnO-containing
reaction mixture was 0.06 mg L7, which is half the amount in the
Fe;04(THMA)-ZnO-containing reaction mixture (Table 2). A higher photoemission intensity
of Fe304(CA)-ZnO is also well-evidenced (Fig. 9b).
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Fig. 9. (a) Phenol concentration changes with time and (b) PL emission spectra of all samples.

In comparison with Fe;O4(TMAH)-ZnO, a three times higher phenol degradation rate
(0.0242 min") was observed when P25 was used, although the photoemission intensities of
the two were similar (Fig. 9b). It is worth mentioning that the content of ZnO in
Fe;04(TMAH)-ZnO was only 81%, representing a weight concentration of 0.26 g L™ for the
active catalyst. When equal amounts of TiO, were used, the computed reaction constant
became 0.0152 min™', less than two times that of the rate constant of Fe;04(TMAH)-ZnO.
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Considering that, on average, 86% of Fe;O4(TMAH)-ZnO nanoparticles can be readily
recovered after each photocatalytic reaction, it still is a cost-effective product for

photocatalysis.

3.3.1 Optimisation of reaction parameters for Fe;04(TMAH)-ZnO

Reaction parameters, such as catalyst dosage, initial phenol concentration and pH values,
exert great influences on the photocatalytic reaction. In this study, when the concentration of
Fe;04(TMAH)-ZnO nanoparticles was increased from 0.1 to 0.325 g L™, increases in both the
percentage degradation and the kinetic rate constant were observed due to the increased
number of catalyst sites on the catalyst surfaces. However, when the catalyst concentration
was further increased, a reduction in the kinetic reaction constant was observed (Table 2 and
Fig. 10a). This could be due to the increased particle aggregation at a higher concentration
that decreased the surface area and, subsequently, the total number of catalytic sites on the
catalyst surfaces. The effect of shielding from the light by the high concentration of catalysts
also has been reported [28, 29].

Using Fe;04(TMAH)-ZnO at its optimal concentration of 0.325 g L™, the effect of initial
phenol concentration on the percentage degradation also was investigated. The results are
presented in Fig. 10b. A relatively high percentage degradation (78.0%) was observed at
10 mg L. There was no significant change when the phenol concentration was increased to
20 mg L. However, - when the concentration was at 80 mg L, the percentage phenol
degradation was only 25.9%, indicating that insufficient catalytic sites were present on the
surfaces of the hybrid nanoparticles. The excess reaction intermediates formed during the
photochemical reaction may also have occupied the active sites, leading to a decrease in
degradation rate [30]. The phenol concentration was fixed at 20 mg L™ for other

investigations.

A significant effect of pH value, on both phenol degradation percentage and the reaction
rate constant, was observed (Fig. 10c). For the photocatalysis of 20 mg L™ phenol using
0.325 g L Fe;04(TMAH)-ZnO, when pH was at 2.5, 4, 5.6, 8 and 10, the percentage phenol
degradation was 51.9%, 100%, 71.3%, 30.8% and 14.5%, echoing a degradation rate constant
0f 0.0050, 0.0170, 0.0082, 0.0030 and 0.0013 min™', respectively. A thirteen-fold increase was
evident when pH value was reduced from 10 to 4. The ICP-AES analysis of the photocatalytic
reaction mixtures indicated that the iron content was below the detection limit of 0.01 mg L™

at pH 10, but was 22 mg L™ at pH 4. This further demonstrates that the presence of iron ions
19



can improve the photocatalytic activity by decelerating the fast recombination of
photogenerated electron-hole pairs. However, when the pH value was reduced to 2.5, the
degradation rate constant was drastically reduced to 0.0050 min™', although similar amounts
of iron ions were detected in the reaction mixture (Table 2). The ICP-AES analysis found a
high zinc ion concentration, 220 mg L™, in the reaction mixture, indicating a high dissolution
of the catalytic zinc oxide. When the pH value of the reaction mixture was increased to 8 and
10, the phenol degradation rate became much slower (Table 2 and Fig. 10c). This can be
attributed to the low concentration of iron ions present in the phenol solution, which was
undetectable by ICP-AES (Table 2). In addition, the basic solution could lower the oxidation
potential of hydroxyl radicals, leading to a decrease in oxidation efficiency of the phenol in

solution [31, 32].

Similar investigations also were performed on Fe;O4(CA)-ZnO. The reaction parameters,
the percentages of phenol removal and the rate constants are summarised in Table 2.
Although the effects of these parameters on the phenol degradation are similar to those of the
Fe;04(TMAH)-ZnO, the photoreactivity of Fe3O4(CA)-ZnO is generally poorer than that of
Fe;04(TMAH)-ZnO in all cases.

(a) "0 oy (c)o x

Fig. 10. Phenol degradation by Fe;O4(TMAH)-ZnO at various (a) catalyst concentrations, (b)

phenol concentrations and (c) pH values.

3.4 Comparison of photocatalytic properties of different nanoparticles

The photocatalytic properties of Fe;O4(TMAH)-ZnO, Fe;O4(CA)-ZnO and P25 are
summarised and presented in Fig. 11. For Fe;O4(TMAH)-ZnO, an optimal degradation rate
constant of 0.0170 min™ was achieved at pH=4, at which pH value the degradation constant is
0.0085 min™ for Fe;04(CA)-ZnO and 0.0020 min™' for P25. In contrast to these observations,
P25 performed its best at pH=5.6, presenting a rate constant of 0.0242 min™', in comparison
with 0.0082 min™' and 0.0045 min™ for Fe;04(TMAH)-ZnO and Fe;04(CA)-ZnO, respectively.

However, when the amount of TiO, was reduced to 0.26 g L', which is equivalent to the
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active ingredient of ZnO, the rate constant of TiO, reduced to 0.0154 min™', which is slightly
lower than that of Fe;O4(TMAH)-ZnO at pH=4. At pH=10, the three types of nanoparticles

showed similar catalytic reactivities towards phenol degradation.
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Fig.11. Percentage phenol degradation under various pH conditions. The catalyst
concentration was 0.325 g L. The initial phenol concentration was 20 mg L™.

4 Conclusion

In summary, magnetite (Fe;O4) nanoparticles were bound with a cationic surfactant
(TMAH) and an anionic surfactant (CA), and then used as seeding templates to produce
Fe;04-ZnO hybrid nanophotocatalysts. Both surfactants have shown the ability to stabilise the
Fe;O0s mnanoparticles, which is believed to be due to the presence of charged
tetramethylammonium ions and carboxyl ions on the nanoparticles. However, the hybrid
nanoparticles produced from different stabilisation methods exhibited very different
photocatalytic properties towards phenol degradation. The TMAH-bound nanoparticles,
Fe;04(TMAH)-ZnO, have shown an excellent rate constant (0.0170, pH=4) for phenol
degradation and a high recoverability for reuse (86%). They outperformed P25 under acidic
conditions and were comparable to TiO, under less acidic or more alkaline conditions
(Fig.11). The stronger photocatalytic performance, the smaller particle size and the denser,
more uniform structure of Fe;O4(TMAH)-ZnO, in comparison with those qualities of the

CA-bound hybrid nanoparticles (Fe;O4(CA)-ZnO), demonstrated that the TMAH is more
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favourable than CA as the surfactant when Fe;O4 is used to produce magnetite-supported
heterogeneous catalysts, especially when the deposited catalytic species are negatively
charged. The results also indicated that the overall performance of the hybrid
nanophotocatalyst is dependent upon the reaction conditions. For the investigated phenol
degradation, 10-20 mg L™ phenol, 0.325 g L' photocatalyst and an acidic environment of
pH=4 to pH=5.6 are optimal. Dissolution of both Fe;O4 and ZnO was observed during the
photocatalysis. While the dissolution of zinc may have led to the reduced photocatalytic
activities, the presence of the dissolved iron ions was found to be beneficial to the phenol
degradation, which supports the speculation that the iron ions acted as photoexcited
electron-trappers to prevent the fast recombination of the charge carriers. We trust that the
produced Fe;O4(TMAH)-ZnO hybrid nanoparticles are of great potential for the cost-effective
removal of phenol and other organic contaminants. We-also are investigating the potential

applications of the hybrid nanoparticles in effective photodynamic cancer therapies [15, 16].
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Highlights

e Highly reactive and recoverable Fe;04-ZnO-based photocatalysts are synthesized

e Binding TMAH onto the surface of Fe;O,4 dramatically improves the catalytic
property

¢ Binding CA onto the surface of Fe;O4 reduces the effective deposition of active ZnO

e Altering pH values significantly changes the photocatalytic activities of Fe;04-ZnO
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