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ABSTRACT: A modular synthesis technique was developed for producing graphene-supported titanium dioxide photocatalysts.
The modular synthesis allowed for simple tuning of the ratio of particle loading on the graphene oxide (GO) surface as well as
good photocatalytic activity of the composite and quick, efficient magnetic separability. GO flakes were used as a support for
titanium dioxide nanoparticles and SiO, insulated nano-sized magnetite aggregates. Different composition ratios were tested,
resulting in a catalyst formulation with photocatalytic activity exceeding that of a commercial photocatalyst by a factor of 1.2 as
well as excellent recyclability, with the capability to degrade 3 mg/L methylene blue in aqueous solution over 10 consecutive
trials with minimal loss in photocatalytic efficiency. Recovery of the catalyst was achieved by simply exposing the nanocomposite
to a magnetic field for ~1 minute. Furthermore, it was found that the catalyst could be regenerated to its initial efficiency through
simple UV treatment to provide additional re-use. To highlight the importance of the nanocomposite to the current water
treatment industry, we showed rapid degradation of pharmaceutical compounds caffeine and carbamazepine within 60 min. The
nanocomposite shows activity exceeding that of commercial photocatalyst P25 with the added benefit of being fully recoverable,
reusable, and easy to produce. Overall, a simple technique for producing and tuning an effective magnetically recyclable
nanocomposite was developed which should allow easy scalability and industrial production, a factor critical for the

implementation of nano-based water treatment techniques.
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1. INTRODUCTION

With the emergence of complex organic contaminants resilient
to conventional water purification methods, alternative
advanced treatment techniques, such as membrane filtration,
adsorption, and photocatalysis have come under heavy
research.'™* Notably, titanium dioxide, a wide band-gap
semiconductor with the capability of producing reactive oxygen
species in water under UV radiation has proved effective for
degradinzg organic materials, producing benign CO, as an end
product.” This ability to remove contaminants completely and
efficiently combined with low cost, low toxicity, and high
abundance make it an ideal treatment platform for dealing with
organic pollutants.s’6 However, despite the existence of
commercial TiO, formulations with excellent photocatalytic
efficiency, they have found minimal use in industrial or
commercial water treatment. One of the principal reasons for
this is the difficulty associated with recovering nano-scale
dispersions of the catalyst for re-use, diminishing the potential
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efficiency of the catalyst and posing an environmental threat
due to the release of the catalyst to natural bodies of water.”®
Various techniques have been investigated in an attempt to
address this issue including immobilization of TiO, nanoma-
terials on various substrates such as sand, glass or polymer
beads, membranes, or magnetic nanoparticles.” > While these
techniques solve the problems associated with TiO, separation
after treatment, they simultaneously introduce other problems
related to photocatalytic efficiency, such as limiting dispersion
of the catalyst throughout the solution thereby limiting
interaction with contaminants.”'®> This can be solved by
investigating nanostructured support materials, such as
magnetic nanoparticles or graphene oxide (GO) and reduced
graphene oxide (rGO), which have been the subject of recent
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research and retain the ability to effectively disperse in
solution.”'*">* GO is a robust support structure that is
resilient to the oxidative effects of TiO, photocatalysis and
provides a platform for attaching particles with a high surface
area, transparency, and conductivity.”' >* The electronic
properties of GO and rGO have been reported to provide
enhancement of TiO, photocatalysis by reducing carrier
recombination and increasing light absorption range, giving
significant advantages to using GO/rGO as support struc-
tures.”*** Recyclability of such TiO, nanocomposites has also
been enhanced by depositing magnetic nanoparticles on the
same platform. Recently, Tang et al. have produced a
magnetically separable nanocomposite consisting of silica
insulated Fe;O, particles coated in TiO, anchored to a reduced
GO sheet.”® This formulation imparted both magnetic
separation capability and superior light harvesting to the
photocatalyst. In a similar study, Lin et al. deposited Fe;O,
nanoparticles and TiO, nanoparticles on rGO to achieve
improved separability and light capture over native TiO,.*°
Additionally, Lin et al. postulated that the rGO support helped
mitigate photodissolution that would otherwise occur between
TiO, and Fe;O, by actin§ as an electron sink, preventing
oxidation of the iron oxide.”® Both examples demonstrated the
capability of the nanocomposite to be recovered and re-used in
subsequent trials.***°

Various methods have been reported on the deposition of
TiO, onto a GO substrate including sol—gel deposition
techniques, electrostatic attraction, and thermal or hydro-
thermal reduction.'®?” Typically, these deposition techniques
involve reaction of precursors to form TiO, and magnetic iron
oxide particles directly on the surface of the GO support.”®*’
These methods typically require TiO, and magnetic particles to
be deposited sequentially via a two-step procedure. It is difficult
to precisely control the coverage of the GO support by TiO, or
iron oxide, as well as the reaction parameters for tuning the
particle size, rate of reaction, and particle morphology. In this
work, we seek to simplify and enhance the production of a
magnetically separable TiO,/GO nanocomposite by using a
modular synthesis method in which the ratio of TiO, to
magnetic particles can be easily tuned. Modular synthesis, in
this context, refers to the deliberate arrangement of inorganic
components in various combinations to produce materials with
selective functionality.>® This method is anticipated to allow
rational optimization of catalysts, particularly inorganic
catalysts, for practical applications as illustrated in recent
works by Ortel and Milliron***" In our composites, the
magnetic and photocatalytic components can be produced
simultaneously and combined in a final step, allowing easy
control of composite coverage. The design of this nano-
composite herein employs the use of silica coated controlled
aggregates of Fe;O, nanoparticles (SiO,/CSAs) developed in a
previous work. Preventing electronic contact between iron
oxide and TiO, is essential for preserving photocatalytic
efficiency, reusability, and magnetic separability,32 thus CSAs
are coated with Si0,*>** Compared to using magnetic
nanoparticles, the use of CSA particles ensures that sufficient
magnetic force for separation is available to each flake of the
nanocomposite, allowing quick, efficient recovery. In addition,
large magnetic particles will attach to the GO support over a
small area compared to individual nanoparticles, leaving many
sites open for TiO, attachment. The concentration of magnetic
particles in the composite can significantly affect its recyclability
and separation kinetics, and can be tuned by using a modular
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synthesis method. By amine functionalizing both these
magnetic particles and P25 separately, both particle species
can easily be combined in solution with GO at different ratios
in a modular fashion to produce tunable nanocomposites. This
process allows tuning of both photocatalytic efliciency and
magnetic separability simultaneously.

To be impactful on the water treatment industry, the
nanocomposite must be efficient in removing contaminants of
relevance. Recently, attention has been directed toward the
development of novel technologies for removing pharmaceut-
ical compounds from drinking water and wastewater. After
digestion and subsequent excretion, pharmaceuticals are
released to wastewater as non-metabolized parent compounds
or metabolites. These compounds enter surface water as a
result of incomplete removal in municipal wastewater treatment
plants (WWTPs) and land-based wastewater disposal systems
such as septic-systems.>>*® Pharmaceutical compounds such as
caffeine and carbamazepine have become widely distributed in
surface water, ground water, and drinking water.>6740
Alternative treatment methods are required to remove
pharmaceutical compounds from both wastewater and drinking
water streams.

This study focused on the treatment of caffeine and
carbamazepine, two compounds frequently observed in the
environment. Caffeine, a popular psychoactive substance, is
ingested in beverages, food, and pharmaceutical and personal
care products. Although caffeine is biodegradable, it is widely
distributed in surface waters and groundwater.*'~* Carbama-
zepine, a pharmaceutical compound used to treat epilepsy,
bipolar disorder, and trigeminal neuralgia, has been proposed as
the tracer of domestic water in the aquatic environment.** In
contrast to caffeine, carbamazepine is refractory to microbial
degradation, and has been reported to be persistent and
recalcitrant in the environment as a result of its low
biodegradabﬂity.“’“’“ Limited removal of carbamazepine is
observed during ozonation treatment, managed aquifer
recharge process, granular activated carbon adsorption, and
natural photolysis.”’~>' Conkle et al. reported that 51% of
input carbamazepine was removed in a lagoon wetland.>

Overall, we show that the synthesized nanocomposite can be
optimized to give efficient magnetic separation and photo-
catalytic activity exceeding that of P25, a commercial
photocatalyst, by a factor of 1.2. The optimized CSA/TiO,/
rGO also showed capability of being efficiently recovered and
reused over 10 water treatment trials and efficacy in degrading
the pharmaceutical compounds caffeine and carbamazepine,
demonstrating its relevance and usefulness to the current water
treatment industry.

2. EXPERIMENTAL SECTION

2.1. Materials. Iron(II) chloride (99%, Sigma) and tetraethyl
orthosilicate (TEOS) (99%, Sigma) were purchased as precursors for
silica coated CSA synthesis and used without further purification.
Sodium citrate dihydrate (99%, Sigma), polyacrylamide (5—6 000 000
MW, Acros), urea (>99%, Fisher), ammonium hydroxide (28%
solution, Sigma), ethanol (EtOH) (99%, ACS), methylene blue (Met-
B) (>96%, Sigma), P25 (ACS), (3-aminopropyl)-trimethoxysilane
(APTMS) (>95%, Sigma), and graphene oxide (GO) (flakes, Sigma)
were purchased and used without further purification.

2.2. Magnetic CSA Synthesis. Controlled aggregates of Fe;O,
particles were synthesized according to a method developed previously
and modified from Cheng et al>**° Sodium citrate dihydrate (100
mmol/L), urea (105 mmol/L), polyacrylamide (7.5 g/L) and iron(III)
chloride (50 mmol/L) were added to 82.5 mL Millipore water. This
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solution was stirred to ensure the dissolution of the polyacrylamide.
After it was stirred, the solution was transferred to a 125 mL Teflon
lined stainless steel autoclave and hydrothermally treated at 200°C for
12 h. The product was washed by magnetic decantation three times
with Millipore deionized water followed by three times with EtOH.
The product was then dried under flowing nitrogen before being used
in the next step.

2.3. Silica Coating of CSAs. Magnetic cores as previously
synthesized were coated with a silicon dioxide shell via a Stber sol-gel
reaction. Magnetic cores were added to a solution of EtOH, Millipore
deionized water (12 mol/L) and ammonium hydroxide (0.15 mol/L)
at a concentration of 1.5 mg/mL such that the final volume was 180
mL. This solution was probe sonicated at 40W for 10 min to ensure
good dispersion of particles. The solution was then transferred to an
RB flask and stirred mechanically. 1 mol/L TEOS solution in EtOH
was added over 1 h so that the final concentration of TEOS in the
reaction vessel was 50 mmol/L. The solution was allowed to mix for
18 h overnight before being washed three times with EtOH by
magnetic decantation the following day and finally dried under flowing
nitrogen before further use (yielding SiO,/CSAs).

2.4. Amine Functionalization. Amine functionalization was
performed on P25 and SiO,/CSAs separately using a simple
APTMS silane coupling reaction. Briefly, particles were dispersed in
EtOH at a concentration of 2 mg/mL and probe sonicated at 40 W for
10 min to ensure good dispersion. APTMS was then added so that its
concentration in solution was 1% v/v. The solution was then stirred
mechanically at 80 °C under reflux for 4 h. After the reaction, the
particle solution was washed 3X with EtOH through either magnetic
decantation or centrifugation at 4000 rpm.

2.5. Graphene Oxide Addition and Hydrothermal Treat-
ment. Graphene oxide (GO) addition to form the nanocomposite was
performed by mixing varying concentrations of amine functionalized
particles with GO. GO suspension prepared by sonication of GO
flakes at 60 W for 2 h in EtOH, P2S suspension, and SiO,/CSA
suspension were added to EtOH to achieve desired concentrations and
a final volume of 100 mL. Particle input masses for tunability studies
can be found in Table 1 (section 3.2). After probe sonication at 40 W

Table 1. Synthesis Conditions for Tuning Experiment
Nanocomposite Variations

mass Of mass Of GO mass
particle weight ratio TiO, Si0,/CSAs  mass Of ratio
(Ti0,:Si0,/CSAs) (mg) (mg) GO (mg) (GO:TiO,)
1:1 18.75 18.75 1.5 1:12.5
1:4 18.75 75 1.5 1:12.5
1:8 18.75 150 1.5 1:12.5
4:1 75 18.75 1.5 1:50
4:4 75 75 1.5 1:50
4:8 75 150 1.5 1:50
8:1 150 18.75 1.5 1:100
8:4 150 75 1.5 1:100
8:8 150 150 1.5 1:100

for 10 min and mechanical mixing for 30 minutes, the solution was
magnetically washed three times with DI water, and the solvent
replaced by 10 mL of EtOH and 5 mL of Millipore DI water on the
final wash. This solution was transferred to a 23 mL PTFE-lined
stainless steel reaction vessel and placed in an oven to heat to 180 °C
over 1.5 h. The temperature was maintained at 180 °C for 13 h before
the final product was recovered and magnetically washed with EtOH
3X before drying under flowing N,.

2.6. Photocatalytic Removal of Methylene Blue. Photo-
catalytic reactions for tunability assessment were performed in 50
mL Pyrex beakers. Each beaker contained 40 mL of reaction slurry (5
mg/L methylene blue, 0.1 mg/mL catalyst). The solution was mixed,
and then placed under a UV light source (UVP, CL-1000) with
maximum output at a wavelength of 254 nm and an intensity of 0.8
W/cm?. Absorbance of the solution was taken by withdrawing 1 mL
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aliquots at predetermined time intervals, centrifuging them at 15 000
rpm for 10 min to ensure the absence of nanocomposite, and analysing
them using a spectrophotometer (BioTek Epoch Take 3, U.S.A.).
Spectrometric measurements were taken at 668 nm as this was found
to be the peak absorption wavelength of methylene blue.

For the recyclability study, the reaction slurry was made up using 3
mg/L methylene blue and 0.1 (Met-B) mg/mL catalyst particles. The
solution was exposed to UV light, and spectrometric readings were
taken as described above after each 30 minute period. At these times,
the photocatalyst was magnetically separated from solution and the
supernatant was replaced with fresh 3 mg/L Met-B solution and
stirred to resuspend settled particles. After 10 consecutive catalysis
trials, the nanocomposite were suspended in Millipore water and
exposed to a 100 W UV-A light source (UVP Blak-Ray B-100)
overnight (16 h exposure). After overnight exposure, the water was
replaced with 3 mg/L Met-B solution as described above and catalysis
trials resumed. Additionally, recyclability studies were performed using
1 mg/L and S mg/L Met-B, and the results of these experiments can
be found in the Supporting Information.

2.7. Separation Analysis. Measurement of separation times was
performed using 1 mg/mL suspensions of nanocomposite in 20 mL
glass vials. Vials were placed in a magnet (LAB 1 X 25 mL, Sepmag)
and 1 mL aliquots of the supernatant were drawn every 15 s. After the
total 75 s separation time, the aliquots were shaken to ensure good
particle dispersion and analyzed by a UV-—vis spectrophotometer
(BioTek Epoch Take 3, U.S.A.) at 700 nm. The absorbance of the
suspension at different times corresponds to the concentration of
nanocomposite present at that time.

2.8. Characterization. The size and surface morphology of the
particles were analysed with a Philips CM-10 Transmission Electron
Microscope (TEM). Samples were prepared by placing S uL of
aqueous solution containing the photocatalyst on formvar-carbon
coated 100 mesh copper TEM grids (Canemco) and allowed to dry
overnight in a covered petri dish. XRD data was obtained using a
Bruker D8 Advance diffractometer with a Cuy, radiation source (4 =
1.5405 A) and a Vantec-1 detector. Input voltage and current for XRD
measurement were set at 32 kV and 30 mA, respectively. Raman
spectroscopy was performed using a Bruker Senterra microscope
-spectrometer and data acquisition was done using a wavelength of 532
nm and a power of 0.2 mW. FTIR spectroscopy was done using a
Bruker Tensor 27 Fourier Transform Infrared Spectrometer.

2.9. Analytical Procedures for Caffeine and Carbamazepine.
Caffeine and carbamazepine were extracted from aqueous solutions
using solid-phase extraction (SPE) cartridges, and analyzed using high-
performance liquid chromatography (HPLC)-electrospray mass
spectrometry. Prior to solid phase extraction, 10 mL samples were
spiked with an internal standard mixture containing isotope-labelled
caffeine and carbamazepine (Sigma-Aldrich, U.S.A.). Solid-phase
extraction was performed using Oasis HLB 3 mL glass cartridges.
The cartridges were conditioned with 2 X 1 mL of HPLC grade
methanol and then equilibrated with 2 X 1 mL Nanopure water. After
loading with 10 mL samples, the cartridges were washed using 2 X 1
mL S vol. % methanol, and then eluted with 2 X 1 mL methanol. The
eluate was collected in an amber glass vial and stored at 4 °C until
analysis. The analytes were separated with an Agilent 1100 HPLC
(Agilent Technologies, Mississauga, Canada) and analyzed by
electrospray tandem mass spectrometry (MS/MS; 4000 Q TRAP,
Applied Biosystems, Foster City, U.S.A.), in positive ESI mode.
Analytical procedures were modified slightly from published
methods.’**” The mobile phase consisted of 0.1% formic acid in
nanopure water (phase A) and 100% MeOH with 0.1% formic acid
(phase B). The chromatographic separation used a gradient elution
which started at 10 % B for 3 min, increased to 90% B over 10 min,
and then held at 90% B for 10 min. The separation was achieved in 25
min at a flow rate of 1000 4L min~". The injection volume was 15 uL.
Instrument detection limits for caffeine and carbamazepine were 5.5
and 3.2 ng L', whereas method detection limits for caffeine and
carbamazepine were 109 and 17 ng L™".
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Scheme 1. Nanocomposite Synthesis Outline”
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“Silica-coated CSAs and P2S are amine functionalized to have a positive surface charge in aqueous solution. The amine functionalized particles are
then mixed with GO and electrostatically attracted to the surface of the sheets. The composite then undergoes hydrothermal treatment to reduce the

GO and bind the silica coated CSAs and P25 to the rGO.

3. RESULTS AND DISCUSSION

The synthesis of rGO/TiO,/CSA nanocomposites was
designed to provide modular, simple, and tunable control
over deposition of the magnetic and TiO, particles on the GO
sheets. We hypothesized that the GO surface coverage,
photocatalytic efficiency and magnetic separability could be
tuned by varying the SiO,/CSA, P25, and GO input, through
the synthesis described in Scheme 1.

The first step of synthesis involves the production of silica-
coated controlled aggregates of superparamagnetic iron oxide
nanoparticles (silica-coated CSA). The synthesis of this core
has been detailed in our previous work and is known to retain a
superparamagnetic property while providing a high magnetic
force per particle. This provides two significant benefits. First,
in the absence of an external magnetic field the magnetic
particles exhibit no ma§netic behavior, preventing aggregation
of the nanocomposite. 859 Second, after a magnetic field is
applied to the particles, they separate quickly because of the
large magnetic force imparted by the CSAs. According to the
obtained TEM images, the mean diameter of the CSAs is ~354
+10.7 nm. This diameter increases to 477 +14.5 nm after silica
coating, indicating a silica shell thickness of ~62 nm. Sample
TEM images can be found in the Supporting Information. The
importance of the silica shell surrounding the magnetic CSA
core is related to preserving both photocatalytic efficiency of
the nanocomposite and magnetic susceptibility. If TiO, and
Fe;0, are in direct electronic contact, photodissolution of the
Fe;0, can easily occur whereby photogenerated charge carriers
produced by TiO, could move into Fe;O,, diverting them from
degrading contaminants and instead dissolving the iron oxide.**
Use of a silica coating surrounding the Controlled SPION
(Superparamagnetic Iron Oxide Nanoparticle) Aggregates
(CSA) serves as a barrier to both prevent electronic contact
between the Fe;O, and TiO,,** while also shielding the Fe;0,
from the highly reactive photocatalytic milieu.

P25 was selected as the TiO, source for this nanocomposite
for a number of reasons. It is a well known benchmark for
photocatalytic activity and also offers an advantage derived
from its crystal phase composition, which is approximately 75%
anatase and 25% rutile.* The resulting heterojunction between
the photocatalytically active phases improves separation of
photogenerated carriers, improving photocatalytic efficiency.®"
Furthermore, TiO, is known to exhibit crystal phase-dependent
selectivity in degrading organic compounds, and the efficacy of
a TiO, photocatalyst toward a specific organic contaminant can
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be improved by using a nanocomposite of anatase and rutile
phases of Ti0,*"%>%

To enable association of the TiO, and magnetic particles
with the graphene oxide, the surface of CSAs and TiO, particles
were functionalized with amine groups. This is done through a
simple condensation of the silane group of 3-aminopropyl-
trimethoxysilane (APTMS) with a surface hydroxyl group of
silica or titanium dioxide. This process has been well explored
and is known to be compatible with the hydroxylated surface of
TiO,.** After both the TiO, and SiO,/CSA particles are amine
functionalized, they are mixed with GO in solution at varying
ratios. The positively charged amine functionalized surface
allows electrostatic interaction of the particles with the
negatively charged GO surface.'® After it is mixed, the
nanocomposite is washed to remove weakly-bound particulates,
then placed in a hydrothermal vessel. The hydrothermal
treatment serves two purposes, the first of which is to link the
TiO, and SiO,/CSAs to the GO surface through a
condensation reaction. The second function of the hydro-
thermal treatment is to convert the GO support to reduced
graphene oxide (rGO). This improves the electronic properties
of the nanocomposite by delocalizing electron density across
the support.®>® The rGO support structure acts as an electron
sink; electrons previously localized in negatively charged
functional groups on the GO sheet are distributed and
photogenerated electrons can more easily move into the
delocalized GO n-bonded network, diminishing carrier
recombination within TiO,, and thereby increasing overall
carrier lifetime.”>**% The final nanocomposite consists of
TiO, particles and insulated magnetic particles randomly
distributed across and covalently bonded to the reduced GO
surface.

3.1. Surface Characterization of Nanocomposite. The
identity of the nanocomposite throughout synthesis was
confirmed using FTIR, XRD, and Raman spectroscopy in
order to demonstrate the success of amine functionalization,
show the crystalline identity of TiO, and Fe;0O, particles on the
nanocomposite, and demonstrate the conversion of the GO
support structure to rGO, respectively. Data illustrating the
surface properties of the nanocomposite can be seen in Figure
1.

Figure 1A shows FTIR characterization of P25 particles
before and after amine functionalization. The peaks appearing
at ~2950 cm™ after amine functionalization can be attributed
to C—H groups present in the APTMS moiety linked to the
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Figure 1. (A) FTIR of P25 particles before (lower) and after (upper)
amine functionalization. (B) XRD of nanocomposite before (lower)
and after (upper) hydrothermal treatment. Anatase peaks are indicated
by an “A” and magnetite peaks by an “M”. (C) Raman spectroscopy of
nanocomposite before (lower) and after (upper) hydrothermal
treatment.

particle surface. The new peaks appearing at ~1440 and ~1380
cm™" are caused by free —OH on unreacted silane groups
attached to the APTMS on the surface. Additionally, a low
intensity peak visible on the shoulder of the Ti—O—Ti peak at
~1130 cm™" is due to C—N stretching vibrations. This confirms
the modification of the surface of the P25 particles by APTMS
functionalization.

Figure 1B demonstrates the crystalline phase morphology of
the nanocomposite before and after hydrothermal treatment.
Hydrothermal processing of TiO, is known to affect the crystal
structure and is frequently used as a method for crystallizing
TiO, nanoparticles to anatase. XRD provides confirmation that
the crystalline phase of TiO, is unaffected by the hydrothermal
treatment and is the correct phase composition to provide the
nanocomposite with the desired photocatalytic properties. The
data in Figure 1B shows that the crystal structure of both
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magnetite and anatase TiO, are preserved through the
hydrothermal treatment of the nanocomposite, indicating that
both the photocatalytic activity and magnetic separability of the
composite should be uncompromised. The peaks labeled “A”
are indicative of the anatase TiO, crystal phase (JCPDS card #
21-1272), while the ‘R’ peaks are attributed to the presence of
the rutile TiO, crystal phase (JCPDS card # 21-1276). Peaks on
the lower spectrum labeled “M” are caused by magnetite Fe;O,
(JCPDS card # 19-629). All peaks can be observed in both
samples, indicating the preservation of crystalline properties
throughout hydrothermal treatment.

Finally, Raman spectroscopy confirms the reduction of GO
to rGO, and the results can be seen in Figure 1C. Comparing
the before and after hydrothermal treatment spectra, there is a
significant change in the peak ratio between the D and G bands
seen at 1350 cm™" and 1600 cm™’, respectively. This change in
intensity ratio is characteristic of a thermal reduction of
graphene oxide. As the functional groups leave the GO surface
during thermal treatment, the disorder associated with them
become more extended and the intensity of the D band with
respect to the G band is increased.®® The sharp peak observable
at ~144 cm™" corresponds to a Raman frequency for anatase
TiO,, supporting the crystalline morphology of the TiO,
present in the sample.” The data from Figure 1 supports the
synthesis method of the nanocomposite and confirms the
identity of the final product in terms of crystalline morphology.
The distribution of SiO,/CSAs and P25 over the nano-
composite can be confirmed via TEM imaging, as seen in
Figure 2.

The TEM composite image seen in Figure 2 confirms the
structure of the nanocomposite as a random distribution of
TiO, and SiO,/CSA particles bound to an rGO sheet. Figure

Figure 2. Transmission electron microscopy (TEM) images of the
GO/TiO,/CSA nanocomposite at various particle loadings. All ratios
are given as weight ratios. (A) GO loaded with P25 particles (1:100
GO/Ti0,). (B) GO loaded with P25 and silica/CSAs (1:4 P25/CSA,
1:25 GO/Ti0,). (C) GO loaded with P25 and silica/CSAs (1:1 P25/
CSA, 1:25 GO/Ti0,). (D) GO loaded with P25 and silica/CSAs (1:1
P25/CSA ratio, 1:12.5 GO/TiO,.).

dx.doi.org/10.1021/am4039272 | ACS Appl. Mater. Interfaces 2014, 6, 4658—4668



ACS Applied Materials & Interfaces

Research Article

2A—D shows the results of various particle ratios during the
GO/P25/CSA mixing step of synthesis. Figure 2A shows TiO,
loaded onto GO such that the GO is 1% wt. of the TiO, mass
in the synthesis reaction. Such a high loading concentration
gave severe aggregation of the TiO, particles and uneven
dispersion across the GO surface. Figure 2B demonstrates the
effect of reducing the TiO, loading by 4 times and introducing
SiO,/CSA patticles. By decreasing TiO, loading, the TiO,
particles are much more evenly distributed across the GO flake
with decreased aggregation. At a high SiO,/CSA loading, the
same issues as seen with high TiO, loading are apparent. An
excessive amount of SiO,/CSA particles are aggregated and
poorly distributed across the nanocomposite. Figure 2C shows
that SiO,/CSA distribution can also be improved by reducing
synthesis loading concentrations. By decreasing the SiO,/CSA
input by a factor of 4, reduced aggregation and improved
particle distribution is achieved. Finally, the effect of GO
concentration was also examined. The data from Figure 2 D)
shows that by increasing the GO concentration by a factor of 2,
both TiO, and SiO,/CSA distribution and aggregation could be
improved. Furthermore, the TEM images demonstrate that
both TiO, and SiO,/CSA particles are only present in the
composite when associated with a GO sheet, evident by the
slightly darker background in areas occupied by a GO sheet.
This is more evident when a lower magnification image is
viewed. The data shown in Figure 2 demonstrates how
coverage of the composite can be easily tuned using the
modular synthesis technique presented here. Additional TEM
micrographs can be found in the Supporting Information.

3.2. Tuning of Photocatalytic Activity and Magnetic
Separation. The nanocomposite as shown in Figure 2D was
used as a starting point for tuning experimentation. The
amount of amine functionalized P2S and SiO,/CSA particles
mixed with GO during synthesis was varied while GO
concentration was kept constant. The experiment variations
are given in Table 1 and labelled by the ratio of P25 and SiO,/
CSAs relative to the lowest concentrations used.

After synthesis of the different nanocomposites, tests were
performed to assess the photocatalytic capabilities of the
particles as well as their ability to be quickly magnetically
separated. The photocatalytic capability of the particles was
measured through a dye degradation assay. The results of these
experiments can be seen in Figure 3, in which two trends are
examined. The effect of increasing magnetic particle loading
while maintaining a constant TiO, loading is shown in Figure
3A, and the effect of increasing TiO, loading while maintaining
a constant SiO,/CSA loading is demonstrated in Figure 3B. In
each case, the amount of TiO, added to the photocatalytic test
is held constant by varying the amount of nanocomposite
added to solution.

Figure 3 shows that at optimal synthesis conditions, the
nanocomposite has photocatalytic activity exceeding that of
native P25 by a factor of 1.2 when comparing the pseudo-first
order rate constants of an exponential fit. This improvement
can be attributed to electrostatic interactions between rGO and
TiO, lengthening the carrier lifetime and favorable adsorption
of methylene blue to the rGO surface through z—x stacking
interactions as reported in previous works. Additionally, two
trends are seen in Figure 3 that support the ability to tune
photocatalytic activity of the nanocomposites through adjust-
ment of synthesis concentrations: as both the amounts of CSA/
SiO, and TiO, particles in the composite are increased, the
photocatalytic activity of the composite is decreased. As the
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Figure 3. Photocatalytic activity of nanocomposite particle loading
variations. Negative time points reflect dark exposure to methylene

blue to allow adsorption equilibrium to be reached. (A) Effect of
varying CSA loading. (B) Effect of varying P2S loading.

amount of SiO,/CSA particles in the composite is increased,
much of the composite’s surface becomes masked by large
clusters of this non-photocatalytic particle species as seen in
Figure 2B. The diminished activity can be explained by: TiO,
interaction with the rGO support, contaminant interaction with
TiO,, and light absorption activities on the TiO, surface. A
number of works have reported synergistic behaviour between
TiO, and rGO producing longer carrier lifetimes and a wider
light absorbance range.”*** By saturating surface sites with
SiO,/CSA species instead, this synergistic behaviour is lost and
photocatalytic activity is decreased. It is also well established
that a critical requirement for efficient photocatalysis is good
transfer of the contaminant to the TiO, surface.”” Contaminant
species should be held close to active sites to allow short range
diffusion of reactive oxygen species.”' By creating large areas of
the composite where TiO, is unavailable for reaction, the
effective surface area of the material is reduced, affecting
activity. Light flux on the TiO, surface is also critical to efficient
photocatalysis. It has been reported that even too high TiO,
concentrations in a slurry reactor leads to diminished
photoactivity due to reduced radiant flux on the TiO, surface.”>
A similar process is occurring here whereby incident light is
blocked from reaching TiO, by excessive amounts of SiO,/CSA
particles.

The effect of increasing TiO, particle loading on the
nanocomposite surface was also investigated in Figure 3B and
of the loading conditions tested, it was found that a lower TiO,
particle concentration yielded the best photocatalytic response.
This observation matches results seen in recent studies of TiO,
loading onto graphene oxide where a higher graphene weight
percentage elicited superior photocatalytic performance as long
as the graphene loading is not excessive enough to interfere
with TiO, light absorbance.”® The cause of this trend is likely
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due to reasons similar to those discussed in the effect of SiO,/
CSA loading variation: reduced electrical contact between rGO
and TiO,, reduced contaminant interaction with the catalyst,
and decreased light harvesting by the active material. Similar to
the CSA loading variations, the amount of TiO, in each test
was kept at a constant concentration of 0.1 mg/mL. Increasing
TiO, loading deposits aggregates of TiO, particles, as seen in
Figure 2A. This limits contact between TiO, and rGO and the
synergistic effect of these two materials reported previously is
less prevalent, reducing activity. Also, by depositing clusters of
TiO,, the contaminant is more likely to interact with the
particles on the surface of the cluster, leaving much of the TiO,
unused during photocatalysis. Furthermore, the TiO, accessible
to the contaminants would not be in direct contact with rGO,
worsening its photocatalytic capability. Finally, any contami-
nants interacting with TiO, within the aggregates would
experience further decreased activity due to poor radiant flux on
the TiO, surface, an important factor in TiO, photocatalysis;
less light would be accessible to TiO, on the inside of aggregate
clusters.”* An additional reason for improved performance at
lower TiO, loading is access of the contaminant to the rGO
surface. The sp® hybridized structure of rGO allows preferential
adsorption of aromatic or polyaromatic compounds such as
Methylene Blue through non-covalent z—n stacking inter-
actions.”®”* The adsorption of the dye molecule to the rGO
support structure can allow it to be closer to TiO,, reducing
diffusion length for reactive oxygen species and improving
photocatalytic efficiency of the nanocomposite.'®'*?*** The
enhanced adsorption of the dye to rGO can also explain the
increased dark adsorption seen in Figure 3 comparative to
native P25. Figure 3 indicates that lower TiO, and SiO,/CSA
loading produces better efficiency per mass of TiO, and that a
desirable coverage of both particle species is easily achievable
by through modular synthesis.

The effect of magnetic particle loading on separation
efficiency of the nanocomposite was also explored as part of
the tuning experiments. The magnetic separation efficiency of
the particles was assessed by recording the UV—vis absorption
of a nanoparticle solution after various separation times. Figure
4 demonstrates the separation times of nanocomposite
variations using the maximum TiO, loading tested and different

loadings of SiO,/CSA particles.
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Figure 4. Graph A shows separability of nanocomposite as a function
of SiO,/CSA particle loading. Inset B shows a nanocomposite solution
prior to magnetic exposure. Inset C shows the same nanocomposite
solution after 1 minute magnetic exposure.

It was found that increasing the loading of SiO,/CSAs onto
the nanocomposite did not have a significant effect on the
separation time of the nanocomposite. As seen in Figure 4, after
a 75 s separation time, all samples were maximally separated
from solution, despite all having the highest TiO, loading
tested. The nanocomposite solution after only 1 min separation
time can be seen in Figure 4 inset B, indicating quick and
effective removal of the nanocomposite from aqueous solution.
This short separation time is characteristic of CSA particle
structure as seen in the literature and our previous
works. %3859 It js likely that the amount of magnetic
particles loaded onto the composite, even at the lowest tested
synthesis concentrations, provides sufficient magnetic force for
separation in a short period of time. Some additional tests were
performed using further decreased SiO,/CSA particle loadings
and this data is available in the Supporting Information. At 15:1
and 30:1 P25:Si0,/CSA synthesis ratios, it was found that the
magnetic separability of the nanocomposite was compromised.
At such low magnetic particle loadings, the abundance of CSAs
is so low that not all GO sheets have an associated magnetic
particle and magnetic separation of the nanocomposite is no
longer possible. Thus, as long as magnetic particles are suitably
abundant, good magnetic separation efficiency and photo-
catalytic activity for the nanocomposite can be achieved by
using a low TiO, and magnetic particle loading. This
demonstrates the importance of using CSAs as opposed to
individual iron oxide nanoparticles as it allows efficient
separation to be achieved with minimal surface coverage.

3.3. Magnetic Recyclability of Nanocomposite. The
capability of the nanocomposite to be recovered and reused was
assessed by performing consecutive photocatalytic degradation
reactions using methylene blue as a model contaminant. The
most effective nanocomposite sample from previous photo-
catalytic tests was selected as the candidate for the recyclability
study (1:1 P25:CSA). The results of the recyclability study can
be seen in Figure S.

The data shown in Figure S conclusively demonstrates the
ability of the nanocomposite to be recovered magnetically and
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Figure S. Recyclability study using the 1:1 P25:CSA nanocomposite.
Each point at an absorbance of 1 represents replacement of the
methylene blue solution. The points represented by the (M) symbol
show the consecutive degradation of methylene blue samples over a 5
h period. The points represented by the (@) symbol show the
consecutive degradation of methylene blue samples over a 2.5 h period
using the same nanocomposite sample after a 16 h treatment by UV-A
radiation.
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Figure 6. Degradation of caffeine (A) and carbamazepine (B) by P25 and the nanocomposite developed in this work. UV-only treatment shows
negligible degradation while the composite matches or exceeds the removal efficiency of P2S.

reused in multiple treatments of contaminant solution. Over
the first S trials, the composite performed without any loss in
activity, however in the subsequent 5 trials, the ability of the
composite to degrade the model contaminant appeared
significantly reduced. It should be noted that the nano-
composite undergoes no washing procedure between degrada-
tion trials and is simply stirred with a glass rod to achieve
resuspension of the catalyst. This reduction in activity has been
seen in previous work and it was found that by suspending the
particles in water overnight (16 h) and exposing them to UV-A
radition, the activity of the TiO, catalyst could be
regenerated.>> The reason for this regeneration effect is due
to cleansing active sites on the catalyst surface from unreacted
methylene blue or degradation by-products. By exposing the
catalyst to UV radiation in water for an extended period of
time, any build up of organic contaminant on the surface of the
particles is removed by photo-oxidation to smaller compounds
and CO,. This idea that catalytic sites are being occluded by
degradation by-products is further supported by results
showing that higher concentrations of model contaminant
decrease the number of trials at which maximum efficacy is
seen. In the Supporting Information, graphs showing the
recyclability study using 1 and 5 mg/L methylene blue
solutions are available showing a reduced number of trials
before activity loss for the higher concentration, and no loss in
activity for the lower concentration. The regeneration effect is
still evident when testing with a 5 mg/L solution of Methylene
Blue indicating that the loss in activity is not due to poor
particle recovery. The nanocomposite presented here shows a
similar recoverability and reusability to other recent magneti-
cally recoverable TiO,/rGO composites, but also incorporates a
modular synthesis and demonstrates extensive use through
regeneration of photocatalytic activity under UV light.20’26

3.4. Application to Emerging Contaminants. To
highlight the importance and applicability of this nano-
composite to the current water treatment industry, its effect
in removing caffeine and carbamazepine from aqueous solution
was investigated. Caffeine was selected because of its ubiquity
in water and carbamazepine was selected because of its highly
recalcitrant nature.*"**® The results of the studies are
presented in Figure 6.

The results of photocatalytic treatment of caffeine and
carbamazepine showed that <10% of input caffeine and
carbamazepine in the control samples were lost during the 60
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min treatment test. Caffeine nor carbamazepine was not
removed under UV irradiation alone. This resistance of caffeine
and carbamazepine to UV photolysis is consistent with other
studies.”*”* Up to 99% of input caffeine and carbamazepine was
removed within 60 min UV irradiation with P25 and with
graphene TiO, (Figure 6).

Langmuir—Hinshelwood (L—H) kinetics model can be used
to describe the heterogeneous photocatalysis by TiO, particles.
The concentrations of caffeine and carbamazepine in this study
were low at micrograms per liter; therefore, a pseudo-first-order
kinetic equation can be used to simplify the L—H equation.”®
The photocatalytic removal of caffeine and carbamazepine
followed a pseudo first order kinetic equation as follows: ¢, = ¢,
¢ where k is the pseudo-first-order rate constant (min~').
The first-order rate constants (k) for caffeine and carbamaze-
pine removal during photocatalytic treatment were calculated
using SigmaPlot (SPSS Inc.) based on least squares regression
(R* >0.992).

The concentrations of caffeine decreased from the average
input ~1250 ng L™ to less than the method detection limit
(109 ng L") during the photocatalytic treatment using both
P2S and graphene TiO, (Figure 6A). The removal rate for
caffeine during photocatalytic treatment using P25 was
8.9X107> min~', which is lower than the published pseudo
first order kinetic rate constant of 12.3%1072 min~";”” however,
caffeine was removed much more rapidly during photocatalytic
treatment using graphene oxide TiO,, with a removal rate of
13.9x107> min~". The removal rates for caffeine observed
during the photocatalytic treatment using P25 and graphene
oxide TiO, were at least one order of magnitude more rapid
than the rates observed under solar light with TiO,.”®”*

The concentrations of carbamazepine decreased from 1180
to 60 ng L™' during the photocatalytic treatment using P2S
with a total removal of 95%. More complete carbamazepine
removal (97%) was observed during the photocatalytic
treatment using graphene oxide TiO, (Figure 6 B). The rate
of carbamazepine removal was 5.4 X 107> min~'during the
photocatalytic treatment using P25, and 5.5X10™> min™" using
graphene oxide TiO,. These carbamazepine removal rates are
more rapid than observed in previous studies,”*®%%! but less
rapid than observed in other studies.®

The laboratory synthesized graphene oxide TiO, exhibited
catalytic ability comparable or greater than commercial P25 in
inducing removal of caffeine and carbamazepine. The enhanced
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catalytic ability of graphene TiO, may be attributed to the
electronic interactions between rGO and TiO, described
previously which serve to increase carrier lifetimes through
the use of rGO as an electron sink and also a possible widening
of the light absorption band.**** Improved removal of caffeine
and carbamazepine may also have been affected by improved
adsorption of the contaminants to the rGO through 7—7n
stacking interactions, which has shown to increase photo-
catalytic performance in other works.”*”> Using the nano-
composite developed in this work addresses the issue of
relevant emerging contaminants by providing a readily
separable and reusable TiO, material and makes it even more
applicable to industry through the use of a modular synthesis
technique.

4. CONCLUSIONS

A modular synthesis method allowing for fine tuning of particle
coverage and photocatalytic activity of a magnetically recyclable
nanocomposite was developed and explored. This method
allows for easily scalable production of the material, a factor
critical to the implementation of nano-based water treatment
techniques. It was found that minimum loading of SiO,/CSAs
and low surface coverage of TiO, produced the best activity per
mass of TiO,. At the lowest composite synthesis concentrations
tested, the photocatalytic activity of the nanocomposite
exceeded that of native P25 by a factor of 1.2 when comparing
the pseudo-first order rate constants of an exponential fit. It was
also found that at the magnetic particle loadings tested,
separation efficiency of the nanocomposite remained relatively
unaffected. The ability of the nanocomposite to act as a
recyclable catalyst for water purification was assessed through a
number of consecutive degradation trials, and the nano-
composite proved capable of successfully treating multiple
batches of contaminated water with minimal reduction in
photocatalytic efficacy. Furthermore, the activity of the catalyst
could be regenerated after multiple trials by simply exposing the
nanocomposite to UV radiation for 16 h to clear the surface of
adsorbed organic contaminants. Finally, the application of the
nanocomposite to real-world water treatment problems was
highlighted through the composite’s ability to degrade caffeine
and carbamazepine, contaminants relevant to industry over 60
min, exceeding the activity of native P25 while also providing
easy recovery and reuse. Efficacy on relevant contaminants
combined with simple separation after treatment and an
efficient, easily controllable modular synthesis technique give
the nanocomposite exceptional potential for industrial
application of advanced water treatment.

B ASSOCIATED CONTENT

© Supporting Information
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