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Abstract

This study explored mild and cost-effective conditions for the valorization of lignocellulosic biomass. Herein, reduced
graphene oxide (rGO) supported magnetic core double-shell nanomaterials were successfully synthesized by an innovative
four-step approach. Fe;O, nanoparticles were first produced to act as cores without using any surfactants. The magnetite/
silica core—shell structure was then prepared by hydrolysis of tetraethoxysilane in the presence of core particles under
alkaline conditions. The outermost shell, the a-Fe,05/TiO, layer, was grown over a magnetic core of Fe;0,@SiO, using a
co-precipitation and calcination approach. Furthermore, nanohybrids were fabricated by loading Fe;O,@SiO, @a-Fe, 0,/
TiO, nanoparticles on rGO using a hydrothermal method. Nanomaterial characterization by vibrating-sample magnetometry
(VSM), X-ray photoelectron spectroscopy (XPS), and X-ray diffraction (XRD) showed both nanomaterials with and without
rGO support are soft ferromagnetic and the presence of Fe;0,4, TiO,, Fe,05 and SiO, in both nanomaterials. The nanohybrids
exhibited increasing photocurrent as a function of illumination by cool white fluorescent light, and their magnetic property
enabled the particles to be magnetically separated for recycling and reuse. The efficient photoactivity of the Fe;0,@SiO,@a-
Fe,05/TiO,-rGO nanohybrids was confirmed for conversion of two lignocellulose model compounds: 83.9% for conversion
of D-xylose, and production of 0.49 mol lactic acid for conversion of 1 kg of sodium lignosulfonate; these results represent
an improvement compared to the core double-shell nanoparticle without rGO support. Increased productivities were also
obtained for four other products in conversion of sodium lignosulfonate using the rGO-supported nanomaterials compared
to the ones without rGO support. These findings indicate that the rGO support improved the properties of Fe;0,@SiO,@a-
Fe,0,/Ti0,, possibly by acting as an electron acceptor—thereby avoiding high recombination of electron—hole pairs and
increasing the generation of hydroxyl radicals. Our primary results suggest that the approach exemplified by the produced
photocatalysts may potentially lead to cost-effective and environment-friendly strategies for reducing lignocellulosic biomass
and generating value-added chemicals in large scales.
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1 Introduction

Lignocellulose is the most abundant non-edible biomass
feedstock; it generally originates from forestry waste, agri-
cultural residues, municipal paper waste, and certain food
waste residues [1]. Lignocellulose valorization has been
studied extensively in the past twenty years [2]. However,
lignocellulose is rather recalcitrant due to its highly cross-
linked and complex structure, which comprises three major
units: cellulose, hemicellulose, and lignin. The recalcitrant
structure of lignocellulose makes the first step of depo-
lymerization difficult and normally several processes and
technologies are involved, such as gasification, pyrolytic
processes assisted by strong acids or bases, hydrothermal
liquefaction, and enzymatic hydrolysis [3]. However, the
costs of these pretreatment processes are high, and the
efficiencies are low in most cases—especially for lignin
(<10-20 wt%). In addition, the products generated under
the necessarily harsh conditions may not be energetically
or chemically valuable. Thus, exploring milder and cost-
effective conditions is urgently needed for the valorization
of lignocellulosic biomass.

Solar energy is free, abundant, and renewable. Photo-
catalytic processes are clean, energy-saving, and the reac-
tions can often be performed at lower, milder temperatures
by using photons instead of thermal energy. Compared to
photocatalytic conversion of CO, into fuels and conversion
of biomass into hydrogen [4, 5], photocatalytic conversion
of biomass to other value-added chemicals (e.g., hydro-
carbon fuels) is relatively new with comparatively fewer
efforts, but a growing number of publications have begun
to emerge in recent years [6] and thus interest is grow-
ing. The use of precious metal nanomaterials as catalysts
(e.g., Pd, Pt, Au, Ag) for biomass photocatalytic hydrogen
evolution has been studied at length [7, 8]. However, the
employment of photocatalysts that do not contain precious
metals and instead use earth-abundant materials is nec-
essary for reducing the cost and making the technology
easily accessible and truly sustainable. Various biomass-
reforming materials have been developed with this regard,
such as TiO,-based (e.g., Ni-S/TiO,, TiO,/NiO), and non-
TiO,-based (e.g., ZnS-, graphitic carbon nitride (g-C;N,)-,
and carbon-based) materials [9].

Among various semiconducting metal-oxides, TiO, is
the most studied material as it has low or no acute toxicity,
is abundant, chemically inert, and stable under UV and
sunlight irradiation. Importantly, TiO, has already been
applied to depolymerize lignin, a byproduct in the pulp
and paper industry [10]. TiO, photocatalysis of tropical
grass and rice husks can produce a wide array of soluble
organic products [10]. However, TiO, has a large band gap
of 3.2 eV and thus is only able to absorb UV light, which

@ Springer

represents only a small fraction of solar radiation reach-
ing the Earth’s surface (i.e., ~4%). Therefore, conventional
TiO,-based photocatalysis is only cost-effective to produce
high-value fine chemicals. For commodity products (with
a price of a few dollars per kilogram), it is necessary to use
the visible solar spectrum to make the process economi-
cal. Moreover, for photocatalytic applications, isolation of
titanium oxide particles from aqueous media is essential,
but it requires complex and costly processes that can lead
to incomplete TiO, separation and cause secondary con-
tamination [11].

One possible solution for overcoming these problems is
the use of core—shell nanocomposites [12]. In a core—shell
structure, the chemical composition on the surface is nor-
mally different from the core and has improved photocata-
lytic performance compared to each individual component,
such as encapsulation of magnetic materials for magnetic
separations and recycling, and activation of unique light-
absorption properties [13, 14]. Magnetic core—shell struc-
ture composites have particularly gained much attention
in different application fields [15]. Magnetic particles can
be used as cores, and coatings of silicon oxide or titanium
dioxide (or both) on these particles can be blended as shells
(e.g., for catalytic properties) [16, 17]. Due to their appeal-
ing characteristics such as low toxicity, high chemical sta-
bility, high magnetic properties, and low cost, iron (II, IIT)
oxide nanoparticles (i.e., Fe;0,, magnetite) are among the
most promising magnetic materials [18]. Using a SiO, layer
between Fe;0, and TiO, helps to keep the efficiency of the
core—shell photocatalyst [19]. Furthermore, coupling TiO,
with other semiconductors can expand its response to the
visible region of the electromagnetic spectrum and lower the
excitons' recombination rate [11]. Hematite (a-Fe,0;) is a
thermodynamically stable iron oxide that is non-toxic, bio-
degradable, and has a narrow band gap among semiconduc-
tors (i.e., 2.2 eV)[20]; moreover, its corrosion resistance and
positive valence band edge position make it a potential co-
material for the parent material’s overall improvement [21].
The formation of a-Fe,03/TiO, heterojunctions can boost
the performance of TiO, photocatalysts due to the shifts of
the absorption range to the visible region, faster electron
transfer, and lower rate of exciton recombination [22, 23].

Supporting materials such as graphene and chemically
modified graphene (e.g., graphene oxide, GO) have been
hybridized with metal oxides, e.g., TiO,, to enhance the effi-
ciency of photocatalysis [24, 25]. Graphene, a monolayer
comprised of a two-dimensional carbon atomic sheet, pos-
sesses high mobility of charge carriers, optical transpar-
ency, a huge surface area, and chemical stability [26].
Graphene can slow recombination of the photo-generated
electron—hole pairs due to its excellent electron trapping and
electrical conductivity properties [27]. And like a-Fe,0O;
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mentioned above, graphene can also provide a superior
photo response by extending the excitation wavelength from
UV into the visible region compared to bare TiO, [28].

In this study, a novel core double-shell structured multi-
functional nanomaterial was synthesized using an improved
and cost-effective method. This nanomaterial was tuned
to also absorb visible light (apart from UV light), which
occupies the majority of the solar emission reaching the
earth’s surface. The nanomaterial was also produced to
have magnetic properties (specifically, superparamagnet-
ism) for easy magnetic separation from residues after pho-
tocatalysis for reuse. The bare nanoparticle was further con-
nected to supporting material rGO to increase photocatalytic
efficiency by slowing the recombination of electron—hole
pairs. The properties of the newly developed nanomateri-
als were characterized via various means, including scan-
ning electron microscopy (SEM) with energy-dispersive
X-ray spectroscopy (EDX), transmission electron micros-
copy (TEM), X-ray photoelectron spectroscopy (XPS),
Brunauer—-Emmett—Teller (BET) analysis, vibrating-sample
magnetometry (VSM), X-ray diffraction (XRD), dynamic
light scattering (DLS), UV-Vis spectroscopy, and chrono-
amperometry. The carbon—metal nanohybrids were utilized
for the first time to transform two model lignocellulose
compounds (D-xylose and sodium lignosulfonate) and the
efficiencies of these processes were compared to the cor-
responding values obtained with bare core double-shell
nanoparticles without rGO support. Considering the large
quantity of photocatalysts needed in the biomass transfor-
mation process, the price of the nanomaterials is low given
that these materials are abundant on earth. Moreover, their
magnetic properties allow these materials to be recycled for
reuse, further increasing their potential for positive envi-
ronmental impact. Additionally, the experiment was con-
ducted without the presence of oxygen since ~50% of the
photogenerated charge carriers can be lost by reacting with
oxygen [29, 30].

2 Experimental details
2.1 Synthesis of Fe;0, nanoparticles

Fe;0, nanoparticles were prepared according to a reported
method from ferrous and ferric salts in aqueous solution
without any surfactant [31]. In brief, to prepare Fe;O,
nanoparticles, homogeneous in size and composition, it is
important to perform the reaction in an aqueous solution
with a molar ratio of Fe(Il)/Fe(III) of 0.5 and a pH of 11-12.
Volumes of 0.85 mL of 12.1 N HClI and 25 mL of deionized
and deoxygenated water (resistance of 17.8 MQ, by bub-
bling nitrogen gas for 30 min) were mixed, then 8.65 g of
FeCl;-6H,0 and 3.17 g of FeCl,-4H,0 were successively

dissolved in the solution under vigorous stirring under nitro-
gen environment. The resulting solution was added dropwise
under nitrogen environment into 250 mL of 2.5 N NH,OH
solution under vigorous stirring. The last step generated an
instant black precipitate. The paramagnetism was checked
in situ by placing a magnet near the black precipitate. After-
wards, the precipitate was isolated by the magnetic field and
the supernatant was decanted. Deionized and deoxygenated
water was added to the precipitate and the solution was
decanted after centrifugation at 4000 rpm (radius 110 mm).
After repeating the last step for three times, 500 mL of
0.01 M HCI solution was added to the precipitate with stir-
ring to neutralize the anionic charges on the nanoparticles
and form the cationic colloidal nanoparticles. The pH of the
suspension was adjusted to 7.0 using HCl and NaOH. The
suspension was freeze dried to isolate the nanoparticles.

2.2 Synthesis of Fe;0,@Si0, core-shell
nanoparticles

Inner shell SiO, was prepared by a sol—gel process using the
most prevalent alkoxide of silicon as the precursor. At first,
a mixture of 120 mL deoxygenated water, 250 mL ethanol,
and 6 mL ammonia solution (25%) was prepared. Magnetite
Fe;0, nanoparticle of 0.88 g was dispersed into this solu-
tion and sonicated. Then the mixture was kept at 45 °C in
water bath. A solution of 50 mL ethanol containing 4 mL of
tetraethyl orthosilicate (TEOS) was separately prepared and
added slowly to the magnetite mixture at 45 °C. The result-
ing mixture was mechanically stirred at 45 °C for 8 h with a
stirring speed of 120 rpm (radius 6.5 mm) for hydrolysis and
condensation reactions of TEOS in ethanol. Condensation
was not limited and continued indefinitely until there was
precipitation of SiO, on Fe;O,. Finally, the product was sep-
arated in a magnetic field and rinsed repeatedly with ethanol.
The samples were dried under nitrogen flow. The core shell
structured nanoparticle Fe;0,@SiO, was thus obtained.

2.3 Synthesis of Fe;0,@Si0,@a-Fe,0,/TiO, core
double-shell nanoparticles

A suspension of 0.3 g of Fe;O,@Si0O, with 100 mL deoxy-
genated water was made and sonicated for 20 min. Then,
1.0 g of FeCl;-6H,0 and 0.83 g of FeCl,-4H,0 were succes-
sively dissolved in the core—shell dispersion. The solution
was kept in the dark and stirred for about 5 min. Then 470
uL of TiCl; solution (~20% w/v in 2 N hydrochloric acid)
was added into this solution. The mixture was stirred vigor-
ously and NH,OH solution (25%) was added dropwise into
the solution using a syringe pump. The pH of the solution
was measured continuously after adding the NH,OH solu-
tion and the addition was immediately stopped as soon as
the pH reached 9.0. The mixture was then diluted to 200 mL
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using deionized water and placed in a strong magnetic field
to separate the particles from the solution. The particles
were washed with deionized water for 3 to 5 times and then
dried at 50 °C for 12 h. After crushing, calcination of the
dried particles under nitrogen atmosphere at 400 °C was
performed for 1 h. Crystallized anatase was obtained in this
way. These powders were then calcined under oxygen atmos-
phere at 450 °C for 2 h and the final obtained core-double
shell products were stored in a desiccator.

2.4 Synthesis of reduced GO (rGO) supported
core-double shell nanoparticles

rGO-loaded core-double shell nanoparticles (Fe;O,@
Si0,@a-Fe,0,/TiO,-rGO) were prepared using a hydrother-
mal method. GO (99.3%) was purchased from US Research
Nanomaterials, Inc. First, the GO (0.157 g) was suspended
in a liquid made by 50 mL of deionized water and 50 mL of
ethanol, and sonicated for 15 min. After that, the core-dou-
ble shell nanoparticles (0.2355 g) were added into this GO
suspension. The ratio of GO and Fe;0,@SiO,@a-Fe,05/
TiO, was controlled to be 2:3 (w/w). This ratio was deter-
mined by referring to the information from literature on the
ratio of Fe;0, to GO when preparing Fe;0,~GO nanohybrid
[32, 33], and preliminary tests in the lab, to ensure the nano-
hybrids have proper magnetic and photocatalytic properties.
The reduction of GO and the loading of the nanoparticles on
the reduced GO sheets were achieved simultaneously after
stirring the mixture for 2 h and transferring the solution to
a 200 mL Teflon-lined stainless-steel autoclave for 3 h at
120 °C. The resulting composite was recovered by centrifu-
gation at 4,000 rpm (radius 110 mm) for 15 min, rinsed
with ultrapure water with the help of its magnetic property,
and fully dried at 60 °C overnight. Finally, the material was
grinded in a mortar with a pestle and black powder was
formed which was the rGO supported core-double shell
nanoparticles.

2.5 Nanomaterial characterization

The produced nanoparticles were characterized by scan-
ning electron microscopy (SEM, FEI Quanta FEG 450)
with an EDX detector, and transmission electron micros-
copy (Hitachi H 7650), for their morphology and structural
characteristics. The nanoparticles were sonicated for at least
15 min in acetone, then a suspension of 10 pL. was dispersed
onto a piece of carbon tape, dried, and Au-sputter coated to
enhance SEM image quality. TEM imaging was operated
at 60 kV acceleration voltages, with direct magnification
of 40,000 x . Prior to TEM analysis, the nanoparticles were
dispersed in ethanol using an ultrasonic bath. Subsequently,
a drop of the dispersion was applied to a holey carbon film
and dried in an oven at 60 °C for 10 to 15 min for TEM
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observation. Size distribution of the nanoparticles was ana-
lyzed by dynamic light scattering according to our previ-
ous method (DLS, DynaPro NanoStar, Wyatt Technology,
Santa Barbara, CA, USA) [34-36]. Absorption spectra of the
nanoparticles were obtained by using a UV-Vis spectropho-
tometer (ThermoFisher Scientific BioMate™ 3S) scanned
in the range of 190-800 nm. Tauc plots were made from the
absorption spectra to determine the optical bandgaps of the
nanomaterials. Specific surface area of the nanomaterials
was determined by using a Quantachrome Autosorb-iQ3-
MP/Kr BET Surface Analyzer. The nanomaterials were also
characterized using a Kratos Axis Supra x-ray photoelectron
spectrometer (XPS). The XPS can obtain information on the
chemical and electronic state of a sample's elemental com-
ponents to a penetration depth of ~ 10 nm. Hysteresis loop
was measured by a Quantum Design MPMS3 SQUID Mag-
netometer. Scanning for the core double-shell nanomaterials
with and without rGO support was performed in an ethanol
solution. In addition, the nanomaterials were analyzed with
a Rigaku Ultima IV X-ray diffractometer (XRD) using Cu
K, radiation at a 0.02° 20 step from 5-90° 26.

2.6 Photocurrent measurement
of the nanomaterials

A Gamry Reference 3000 Potentiostat was used to measure
the photocurrent responses of all the nanoparticles with and
without fluorescent light illumination provided by a photo-
reactor (Luzchem Research Inc., LZC-4 V, Canada). The
fluorescent light used is ideal for emulation of office light.
It has a majority of 92% visible light energy, with the rest
being 3% UVA, < 1% UVB,< 1% UVC, and 5% NIR. The
responses were recorded by chronoamperometry scans for
different nanomaterials. Before the experiment, the surface
of graphite rods was coated with nanomaterials with or with-
out rGO support (0.15 g) using 5 mL of Nafion solution (5%
w/w in water and 1-propanol). Photocurrent collection from
the nanomaterial coated graphite rod as counter electrode
was performed in a three-electrode cell with a platinum (Pt)
rod working electrode and an Ag/AgCl reference electrode.
The nanomaterial coated graphite rods were illuminated
under N, gas saturation, using methyl viologen (1 mM),
KNO; (5 mM), and CH;0H (10% v/v) as electron shuttle,
electrolyte, and hole scavenger, respectively. A bias voltage
of 150 mV was set during the scan.

2.7 Photocatalytic conversion of model compounds
and HPLC analysis

Nitrogen dried nanoparticles of 25 mg were added to
20 mL deionized water and sonicated for 20 min to prop-
erly disperse the nanoparticles in an aqueous suspension.
D-xylose was used as a model compound of hemicellulose
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after its decomposition [37]. Sodium lignosulfonate
(CyoHp4Na,0,,S,) was used as a lignin model compound
[38]. In each of the sample vials with air-tight caps, 8 mL
of deionized water was added under N, environment, and
D-xylose or sodium lignosulfonate was also added to
make a 17 g/L solution under N, environment, and photo-
catalyzed under fluorescent light using core-double shell
nanoparticles with and without rGO support. Different
nanoparticle suspensions of 2 mL were added into each
vial making the final concentration of the nanoparticles
equal to 250 mg/L. After that, the vials were wrapped up,
the rubber caps were sealed to the vials using aluminum
seals, and the vials were shaken well. To create an envi-
ronment without presence of oxygen, one needle injecting
nitrogen and another needle releasing air from the vial
were placed into the rubber cap to purge the samples off
oxygen before the photoreaction. The small holes were
then sealed using silicone and the samples were placed
in a photoreactor (Luzchem, LZC-4X) equipped with 14
LZC-VIS light bulbs. A visible light intensity of 4.62 mW/
cm? was provided. During a reaction time of 4 h, sam-
ples were taken at certain time intervals and prepared for
HPLC analysis. Each sample was first passed through a
0.22 um polytetrafluoroethylene (PTFE) membrane filter
(GE Healthcare Whatman™) and then run through the
HPLC equipped with a refractive index detector and an
Aminex HPX-87 column (5 pm, 30 cm x 4.6 mm, Bio-
Rad, CA, USA). The temperature of the column was set at
35 °C. Sulfuric acid of a concentration of 5 mmol/L was
used as the mobile phase with a flow rate of 0.6 mL/min.
After 4 h of reaction, the nanomaterials in each vial were
collected by an external magnetic field (using a 24" tube
neodymium magnet with holding force of 6.1 lbs, Bunt-
ing Magnetics Co.), centrifuged at 4000 g, and air dried at
40 °C for EDX analysis.

2.8 Determination of the concentrations
of hydroxyl radicals

Terephthalic acid (TPA, 0.5 mM in 2 mM NaOH solu-
tion) was employed as the probe molecule to determine
the amount of hydroxyl radicals ‘OH generated in the bio-
mass conversion process. The detailed method for -OH
detection was reported in our previous studies [39, 40]. In
breif, 1 mL of TPA stock solution was added to the vial
filled with 250 mg/L of nanomaterials with or without the
rGO support. The vial was exposed to fluorescent light. At
different time intervals, samples were filtered by 0.22 um
syringe filter, and measured using a Shimadzu Prominence
UPLC system (Shimadzu Co. Ltd, Japan) connected to a
fluorescence detector RF-10A XL (Shimadzu, Japan).

3 Results and discussion
3.1 Nanoparticle characterization

The TEM images of Fe;O, nanoparticles prepared with
NH,OH as a precipitating agent showed that the sizes of
individual particles were comparable and in the range of
10-15 nm (Fig. 1a). Some aggregations of the Fe;O, nano-
particles were likely due to the magnetostatic interactions
of these particles (Fig. 1a). At first, NaOH was used as the
precipitant as described in the literature [31, 41]. However,
NaOH is a strong base that gives rise to a high concentra-
tion of hydroxide ions quickly, which is favorable for nano-
particle growth. Consequently, the growth of the nanopar-
ticles was faster than the nucleation step and the particle
size increased rapidly. Therefore, the Fe;O, nanoparticles
used in this work were instead created using a weak base
(NH,OH) as the precipitating agent, which resulted in a
significant reduction in the size of the fabricated particles.

The TEM images of Fe;0,@SiO, (core—shell nano-
particles) and Fe;0,@Si10,@a-Fe,05/TiO, (bare core
double-shell nanoparticles) indicated the size of the par-
ticles increased gradually with each layer of the coat-
ing (Fig. 1b,c). The core—shell structure of Fe;0,@Si0O,
can be seen in the image (Fig. 1b). These particles were
aggregated partly due to their magnetic properties. The
core—shell structure of Fe;0,@Si0,@a-Fe,0,/TiO, can
also be seen in Fig. 1c,d; however, the double-shell struc-
ture was not clearly manifested in the images, likely due to
the relatively low resolutions of the images and the aggre-
gation of the particles. In this designed core double-shell
structure of Fe;0,@8Si0,@a-Fe,05/Ti0,, the SiO, middle
layer is crucial for retention of both the superparamagnetic
properties of the inner Fe;O, component and the photocat-
alytic properties of the external a-Fe,05/TiO, layer. The
wide bandgap of the SiO, (7.52—9.60 eV [42]) electronic
barrier prevents direct contact and electron injection from
a-Fe,05/TiO, to Fe;O,4, avoiding charge recombination at
the interface. Moreover, a SiO, middle layer is an excellent
adsorbent for organic molecules, increasing their enrich-
ment around the titania-iron oxide photoactive layer and
thus enhancing the photocatalytic performance. Wrinkled
regions and scrolled edges of the graphene sheets can be
observed in the TEM images of rGO-loaded core double-
shell nanoparticles (Fig. 1d). The core double-shell nano-
particles were distributed but partially agglomerated on
the surface of the rGO sheets, reflecting the sequence of
loading rGO as the support material to the core double-
shell nanoparticles in the last step (Fig. 1d).

The images of Fe;O, core, Fe;0,@Si0, core shell,
Fe;0,@Si0,@a-Fe,0,/TiO, core double-shell, and rGO
loaded core-double shell nanoparticles were shown in
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Fig.1 TEM images of (a) Fe;0,, (b) Fe;0,@Si0,, (¢) Fe;0,@Si0,@a-Fe,0,/TiO, core double-shell nanoparticles, and (d) rGO loaded core-

double shell nanoparticles

Fig. S1. The DLS result of Fe;0,@Si0,@a-Fe,0,/TiO,
core double-shell nanoparticles showed that 33.92% of the
nanoparticles were within 100 nm in size (Fig. S2a). This
was likely due to the fact that the magnetite nanoparticles
were unstable in water and were prone to agglomerate owing
to their high specific surface area and magnetization. For
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rGO-supported core double-shell nanoparticles, 16.32% of
the nanoparticles were within 100 nm of their hydrodynamic
diameter (Fig. S2b). These results revealed that supporting
the zero-dimensional core double-shell nanoparticles by the
two-dimensional material placed some effect to increase the
overall size of the nanoparticles.
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Fig.2 EDX pattern of Fe;0,@8Si0,@a-Fe,0,/TiO, core double-shell nanoparticles fabricated in this study

The elemental composition of Fe;0,@SiO,@a-Fe,05/
TiO, was determined by energy dispersive X-ray (EDX)
analysis. The EDX analysis confirmed the presence of tita-
nium, silicon, and iron elements in the core double-shell
nanoparticles (Fig. 2). From the EDX analysis, the atomic
percentages of constituent elements Ti, Si, and Fe are 5.26%,
14.37%, and 80.37%, respectively, in the nanoparticles. The
weight percentages of the constituent elements Ti, Si, and
Fe are 7.85%, 4.90%, and 87.25%, respectively. This result
was slightly different from the weight percentages of the Ti,
Si, and Fe elements used in the fabrication of the nanoparti-
cles that composed all three layers of the core double-shell
nanoparticles, i.e., 11.86%, 4.03%, and 84.11%, respectively.
Thus, successful synthesis of the nanomaterial composed of
the three elements was demonstrated, although it was likely
that a low percentage of the Fe;0,@Si0O, core—shell was not
properly coated by the next layer of the material, since the
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lower in the fabricated nanoparticles compared to that used
in the synthesis of the nanoparticles.

The UV-visible absorption spectrum and the Tauc plot
of the bare core double-shell nanoparticles are shown in
Fig. 3a. It can be seen that the nanoparticles exhibit wide
absorption from ~250 nm to ~ 700 nm, and the absorption
value in the visible-light range was particularly high. The
region showing a steep, linear increase of light absorp-
tion with increasing photon energy is characteristic of
semiconductor materials [43]. The x-axis intersection
point of the linear fit of the Tauc plot gives an estimate of
the band gap energy [43]. Therefore, the direct band gap
energy calculated for the core double-shell nanoparticles
was found to be 2.814 eV (Fig. 3a). Similarly, the absorp-
tion spectrum and Tauc plot were drawn using the data
from a UV-Vis spectrophotometer for rGO-supported core
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Fig.3 Absorption spectra and Tauc plots for (a) bare core double-shell nanoparticles, and (b) rGO supported core double-shell nanoparticles.

Concentration of the nanoparticles is 250 mg/L
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double-shell nanoparticles (Fig. 3b). It was found that the
rGO supported nanoparticles had wider and higher absorp-
tion from 200 to 700 nm compared to bare core double-
shell nanoparticles, with a slightly lower band gap energy
of 2.793 eV (Fig. 3b). These band gap values revealed
responses of these two types of nanoparticles under vis-
ible light. The shift of the peak for rGO-supported nano-
materials compared to the bare nanomaterials reflected

fabrication of rGO (having a peak at ~260 nm [44]) to the
nanohybrids.

The specific surface area determined by BET analysis
is 148.692 m%/g for Fe;0,@Si0,@a-Fe,04/Ti0,, which
is comparable to the specific surface area of 146.574 m*/g
for Fe;0,@8Si0,@a-Fe,0;/TiO0,-rGO. XPS results of the
synthesized nanomaterials are shown in Fig. 4 and Table 1.
From the results, Fe,O5 and TiO, were identified in both
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Table 1 XPS quantification for (a) Fe;0,@SiO,@a-Fe,0,/TiO, and
(b) Fe;0,@8Si0,@a-Fe,04/TiO,-rGO nanomaterials

(a) Name Atomic conc. [%] Error [%]
In 3d In,O4 0.11 0.02
Si2p 102.4 4.86 0.31
Si2p 103.6 243 0.33
Ti 2p 2.58 0.02
Ols 54.75 0.30
Fe 2p 27.78 0.16
Cls 7.49 0.22

(b) Name Atomic conc. [%] Error [%]
In 3d In 0.32 0.03
In 3d In,04 0.11 0.02
Si2p 2.96 0.12
Ti2p 1.22 0.02
Ols 39.99 0.14
Fe 2p 11.81 0.07
Cls 43.61 0.16

nanomaterials with and without rGO support (Fig. 4c-f).
The presence of SiO, can also be detected in both types
of nanomaterials (Fig. 4g-h). The ratio of Fe:Ti:Si in the
nanomaterials without rGO support is 10.8:1:2.8, which
is comparable to the ratio of Fe:Ti:Si in the nanomateri-
als with rGO support of 9.7:1:2.4. With rGO support, the
ratio of C:Fe is significantly increased in the nanomaterials
compared to those without rGO support (Table 1). It is wor-
thy to note that because of the surface sensitivity of XPS,
carbon can be detected in materials (e.g., once exposed to
the atmosphere, typically with a layer thickness of 1-2 nm)
even when no carbon was added in preparing the materials.
XRD results revealed the presence of magnetite (Fe;0,) in
both nanomaterials with and without rGO support, however,
the SiO, and a-Fe,05/TiO, double shells constructed the
nanomaterials were likely very thin (Fig. S3), which is in
accordance with the TEM observations.

The hysteresis loop of the mass normalized magnetization
versus the magnetic field is plotted in Fig. 5. Overall, the two
nanomaterials with and without rGO support both show the
behavior of a soft ferromagnet with no measurable coer-
cive field (that is as expected for a liquid suspension). The
saturated moment for the core double-shell nanomaterials
without rGO support is significantly larger than that of the
core double-shell nanomaterials with rGO support (Fig. 5).

3.2 Photocurrent responses of the nanoparticles

The photocurrent response of the core double-shell nano-
particles coated as a thin layer on graphite rod electrodes
under alternating light-on / light-off conditions showed that
the photocurrent increased every time on the electrode that
was illuminated (Fig. S4a); correspondingly, when the light
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Fig.5 Magnetic hysteresis loops of Fe;0,@SiO,@a-Fe,0,/TiO, and
Fe;0,@8Si0,@a-Fe,05/TiO,-rGO nanomaterials

was turned off, the current decreased (Fig. S4a). A similar
result was obtained when the photocurrent response of the
rGO-supported core double-shell nanoparticles was tested
using chronoamperometry scan under alternating light-on /
light-off conditions (Fig. S4b). Since photocurrent is deter-
mined as the difference between current under light and
dark conditions, the measured results indicated photocurrent
was successfully generated using both types of fabricated
nanomaterials.

3.3 Conversion of biomass model compounds
by the fabricated nanomaterials under light

The nanomaterials produced in this study were successfully
tested for their photocatalytic efficiencies under cool white
fluorescent light for the conversion of a hemicellulose model
compound and a lignin model compound. The conversion
efficiencies of D-xylose were 62.2% and 80.0% using the
bare nanoparticles after 2 and 4 h, respectively (Fig. 6). The
efficiencies were further enhanced to 63.5% and 83.9% using
the rGO-supported nanoparticles after 2 and 4 h, respec-
tively (Fig. 6). No transformation product from D-xylose was
detected in this study using the analytic method in HPLC. In
the literature, selective oxidation of D-xylose into D-xylonic
acid was reported using an N-doped defect-rich carbon as
a metal-free catalyst in alkaline aqueous solution at 100 °C
[45]; in comparison, photocatalytic reduction of D-xylose to
xylitol over Cu-doped ZnO was reported under UVA light
illumination [46]. Our study reached higher conversion effi-
ciency in a shorter time compared to the 33.7% conversion
achieved after 7 h using the Cu-doped ZnO nanoparticle
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Fig.6 Conversion efficiency of D-xylose in absence of oxygen under
fluorescent light using core double-shell nanoparticles with and with-
out rGO support. D-xylose=17 g/L, nanoparticle=250 mg/L, light
intensity =4.62 mW/cm?®. Fe/Si/Ti is an abbreviation of Fe,0,@
Si0,@a-Fe,04/TiO,; Fe/Si/Ti/C is an abbreviation of Fe;O0,@
Si0,@a-Fe,04/TiO,-1GO

photocatalysts; thus, the catalysts developed in this study
possess enhanced photocatalytic properties.

Both nanomaterials with and without rGO support were
recycled by taking advantage of their magnetic properties
after conversion of D-xylose and characterized using EDX.
The results showed that the atomic percentages of carbon
were significantly increased for the nanomaterials with
rGO support (Table 2). Furthermore, the atomic percent-
ages of carbon were significantly increased after the reac-
tion for both nanomaterials with and without rGO support
(Table 2), which indicated likely adsorption of D-xylose
and molecules formed in the transformation process to the

Table 2 Atomic percentages of elements determined by EDX analysis
in (a) Fe;0,@Si0,@a-Fe,0,/TiO, and (b) Fe;0,@8Si0,@a-Fe,0,/
TiO,-rGO nanomaterials before and after conversion of D-xylose
under fluorescent light

(a) Element Before reaction After reaction

Atomic % S.D Atomic % S.D
C 10.67 2.03 22.61 0.68
¢} 56.99 1.90 55.98 2.77
Si 2.41 0.13 1.58 0.10
Ti 2.03 0.26 1.42 0.09
Fe 27.90 3.61 18.42 2.13
(b) Element Before reaction After reaction

Atomic % S.D Atomic % S.D
C 41.94 10.96 58.84 5.13
(¢} 44.15 7.53 37.83 3.94
Si 1.15 0.59 0.33 0.11
Ti 0.93 0.24 0.22 0.14
Fe 11.84 2.66 2.78 1.42

nanomaterials. It is worthy to note that when using EDX, the
detected percentage of carbon in a nanomaterial is higher
than the real percentage, this is because carbon tape is used
for sample preparation for EDX analysis. More information
on EDX mapping analysis of Fe;0,@Si0O,@a-Fe,05/TiO,
and Fe;0,@Si0,@a-Fe,05/TiO,-rGO nanomaterials before
and after conversion of D-xylose under fluorescent light was
reported in the Supporting Information (Fig. S5&S6).

Figure 7 shows the photocatalytic conversion of sodium
lignosulfonate using core double-shell nanoparticles and
rGO-supported core double-shell nanoparticles to valuable
products. Different products including lactic acid, acetic
acid, formic acid, xylose, and arabinose were obtained in
the absence of oxygen under sample illumination. Lactic
acid, acetic acid, and formic acid are building blocks that
can be converted to useful derivatives or secondary chemi-
cals for various products and applications [47]. Moreover,
xylose and arabinose can be transformed to produce such
building blocks using available commercial processes that
have very few technical barriers [47]. As another building
block, xylitol can be obtained by the reduction of xylose
[48], whereas xylonic acid can be obtained by the oxidation
of xylose [49]; similarly, arabinitol can be formed by the
reduction of arabinose [50]. Considering the low cost of the
raw materials, the mild reaction conditions under cool white
fluorescent light, and the recyclability of the photocatalysts
(Fig. S7), the method developed herein can potentially over-
come the economic hurdles of large capital investments—
and thus can potentially allow the facile creation of molecu-
lar building blocks in ways that compete with approaches
wherein similar compounds are created with existing (but
perhaps less-green) methods with low market price.

In the literature, oxidative treatment of lignin (e.g., via
ozone at ambient conditions, or using other oxidizers (e.g.,
air, pure oxygen, or hydrogen peroxide) under high tem-
peratures (150-250 °C) and pressures (10-20 bar)) converts
it to carboxylic acids, carbon dioxide, and water [51]. In a
biochemical system, lignin valorization is achieved through
depolymerization and funneling various lignin-derived aro-
matics into protocatechuate and catechol. The central inter-
mediates are then converted to value-added compounds via
aromatic ring cleavage and the TCA cycle. The TCA cycle
uses the molecules (e.g., succinate, acetyl-CoA, and pyru-
vate) produced from aromatic ring cleavage that enter the
cycle for cell growth and product synthesis [52]. Further-
more, cleavage of the aromatic carbon skeleton and rear-
rangement of benzene by a trinuclear titanium polyhydride
complex was reported [53]. In our study, the destruction
of aromatic components of sodium lignosulfonate was
achieved using the core double-shell nanoparticles both
with and without rGO under light, likely due to complex
processes involving reactive oxygen species and/or reactive
photoelectrons [54] (Fig. 8). In photocatalytic oxidation of
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Fig.7 Yield of main products obtained from sodium lignosulfonate
(NaSL) in the absence of oxygen under fluorescent light using
core double-shell nanoparticles with and without rGO support.

lignin, lignin depolymerization can be achieved using the
photogenerated hydroxyl radicals -OH [55]. In photocata-
Iytic reduction of lignin, photoelectrons generated from the
heterogeneous photocatalysts can promote C—O/C—-C bond
cleavage [54].

In addition to the detected compounds, an unidentified
product (with retention time of 11.209 min) was detected
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NaSL =17 g/L, nanoparticle=250 mg/L, light intensity =4.62 mW/
cm?. Fe/Si/Ti is an abbreviation of Fe;0,@Si0,@a-Fe,04/TiO,; Fe/
Si/Ti/C is an abbreviation of Fe;0,@Si0O,@a-Fe,0;/TiO,-rGO

when using rGO-loaded nanomaterials, the area of the prod-
uct increased with time over 3 h of the reaction. It is likely
for this undetected compound to be a sugar or acid given
the range of the retention time. Their area percentages in
comparison to those of other products in the chromatograms
were very low, which indicated low concentrations; thus, this
undetected compound was comparatively insignificant. As
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Fig.8 Proposed transformation of sodium lignosulfonate using
Fe;0,@8i0,@a-Fe,04/TiO,-rGO under fluorescent light. The pro-
posed aromatic intermediates include benzene, toluene, xylene, phe-
nol, and complex aromatics

seen in Fig. 7, most of the concentrations of these products
were only slightly increased using a given type of nanoma-
terial when the photoreaction time was increased from 1 to
2 h, which may be too short to see significant increases in
the product concentrations. For each product, higher con-
centrations were obtained when using rGO-loaded nanopar-
ticles as compared to the bare nanoparticles (Fig. 7). For
example, production of 0.49 mol-lactic acid/kg-sodium
lignosulfonate was achieved using rGO-supported nanopar-
ticles, an improvement compared to the bare nanoparticle
(which yielded production of 0.46 mol-lactic acid/kg-sodium
lignosulfonate, Fig. 7). The yield of some compounds (e.g.,
xylose) was low, perhaps because the product was con-
verted to carbon dioxide and water soon after its generation.
Indeed, high concentrations of carbonates were detected by
HPLC using both types of nanomaterials studied here. In
the literature, a value-added product, vanillin, was obtained
from photocatalytic conversion of sodium lignosulfonate
using mesoporous TiO, (derived from facile calcination of
MIL-125) under illumination by xenon lamp; however, the
yield was low, 0.014 mol-vanillin/kg-sodium lignosulfonate
[53]. In another study, phenol was obtained from conversion
of sodium lignosulfonate using nitrogen-doped iron titan-
ate films under both simulated solar and visible light, with
the phenol yields of 0.96 pg/mL and 1.20 pg/mL, respec-
tively [56]. During lignin processing, low-molecular weight
products (C1-C3, etc.) can also be produced along with aro-
matics. These light products may include formic or acetic
acids as well as aliphatics and olefins [57]. Thus, although
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Fig.9 Concentrations of photogenerated hydroxyl radicals -OH using
core double-shell nanoparticles with and without rGO support under
fluorescent light. Fe/Si/Ti is an abbreviation of Fe;0,@SiO,@a-
Fe,0,/Ti0,; Fe/Si/Ti/C is an abbreviation of Fe;0,@SiO,@a-Fe,0/
TiO,-rGO

aromatic chemicals were not detected by the method used,
the confirmed products in this study showed lignin conver-
sion to value-added products. Additionally, our previous
study showed recovery and recycling of the core double-
shell nanomaterials with an external magnet after two com-
plete cycles (Fig. S7) that was used in the third cycle for
biomass conversion, without significant loss of the photo-
catalytic ability in the third cycle compared to that in the first
cycle (data to be presented elsewhere).

Under the same concentration of the two types of the
nanomaterials, a higher molar absorptivity over a broad
range (e.g., 200 — 700 nm) for rGO loaded nanomateri-
als compared to the bare nanomaterials indicates that the
nanohybrids absorb light better at both UV and visible light
ranges, a feature that would provide the nanohybrids with
more efficient utilization of light than the bare nanoparti-
cles. Furthermore, the rGO sheets can act as an electron-
trap and facilitate transport of photogenerated electrons.
This electron conduction throughout the Fe;0,@SiO,@a-
Fe,0,/TiO,-rGO photocatalyst can slow the charge-carrier
recombination during photocatalysis; thus, this feature can
further increase the generation of reactive oxygen species
(e.g., hydroxyl radicals) that in turn will enhance the oxi-
dative conversion of lignocellulose under fluorescent light.
In our study, photogenerated hydroxyl radicals -OH were
detected using both nanomaterials with and without rGO
support under fluorescent light irradiation (Fig. 9). Further,
significant higher concentrations of -OH were produced by
rGO-supported nanomaterials compared to the nanomateri-
als without rGO support during four hours under fluores-
cent light (Fig. 9). In addition, due to the surfactant nature
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of sodium lignosulfonate, supporting Fe;0,@Si0,@a-
Fe,0,/TiO, with a carbonaceous material can further
enhance adsorption of sodium lignosulfonate by inducing
concomitant metal-sulfonate complexation and carbon-tail
interactions. Thus, multipoint and cooperative adsorption
of sodium lignosulfonate was enabled on rGO-supported
nanomaterials to potentially increase the adsorption of lig-
nocellulose for its conversion (Fig. 8).

4 Conclusion

A hierarchical Fe;0,@Si0,@a-Fe,05/TiO, composite pho-
tocatalyst was successfully produced in this study with a
superparamagnetic Fe;O, nanosphere as the inner center,
an inactive SiO, layer as the middle layer, and a photoac-
tive a-Fe,0,/TiO, exterior layer that is responsible for the
material’s photocatalytic properties under visible light. The
core double-shell nanomaterials were further supported
with rGO and characterized for their physical and photo-
current properties. VSM, XPS and XRD characterization
showed both materials with and without rGO support are
soft ferromagnetic and the presence of Fe;O,4, TiO,, Fe,04
and SiO, in both nanomaterials. The efficient photoactiv-
ity of the Fe;0,@Si0,@a-Fe,05/TiO,-rGO nanohybrids
was confirmed for conversion of two lignocellulose model
compounds (D-xylose and sodium lignosulfonate to valu-
able products) under cool white fluorescent light. Moreo-
ver, improved transformations were achieved using rGO-
supported nanoparticles compared to the bare nanoparticles.
It is likely that the rGO support enhanced the efficiency of
photogenerated electron capture by the core double-shell
nanoparticles, thus reducing the electron/hole pair recom-
bination and increasing the generation of -OH to promote the
conversion of the starting materials to the desired products.
As a result of this research, a new method for integrating
multifunctional composite photocatalysts with enhanced
photocatalytic activity was developed. The method devel-
oped herein can also be applied to synthesize other multi-
functional nanomaterials. The photocatalytic nanomaterials
developed in this study were used to convert a lignocellu-
losic biomass—Brewer's Spent Grain (BSG) with relatively
high conversion efficiency. It is expected that the composite
photocatalysts developed in this study will ultimately enable
large-scale, energy-efficient, economically and environmen-
tally sustainable operations for heterogeneous photocatalytic
transformation of wasted lignocellulosic biomass under vis-
ible light to value-added chemicals.
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