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ABSTRACT: Precious-metal recovery from industrial wastewater
has received considerable attention because of rapidly increasing
amounts of electronic waste. Existing technologies have yet to be
widely applied due to their high cost and low selectivity toward
precious-metal ions. Herein, we report a direct Z-scheme tannin−
TiO2 heterostructure for selective gold adsorption from electronic
waste under solar irradiation. The tannin-coated TiO2 nanoparticles
were prepared by a simple dipping method, and under light
illumination, both tannin and TiO2 can serve as photosensitive
components for the reduction of metal ions, with metal-to-ligand
charge transfer from TiO2 to tannin extending the lifetime of the
excited electrons. Moreover, no additional electron donors are
required because the tannin layer scavenges the reactive oxygen species generated by the holes from the light-activated TiO2 surface.
The heterostructure allows for the highly efficient photocatalytic recovery of gold ions, with 11 times higher adsorption capacity in
the light compared to the dark. High selectivity toward gold ions was also demonstrated using a metal ion mixture including nine
different metal ions that are commonly found in electronic waste. Our findings suggest that the Z-scheme heterostructure of
polyphenol and semiconductor provides a promising photochemical pathway for efficient and selective metal ion recovery from
electronic waste.
KEYWORDS: Titanium dioxide, Tannin, Gold nanoparticles, Electronic waste, Metal recovery

■ INTRODUCTION

Metal recovery from industrial wastewater has recently
received much attention, particularly regarding the recycling
of precious metals and the prevention of hazardous heavy-
metals emission.1 For example, precious-metal recovery from
electronic waste (E-waste) has been termed “urban mining”
and aims to recover precious metals that have accumulated in
industrial wastes. It is more efficient than natural mining,
especially when considering the rapid increase in E-waste.2

Among the precious metals found in E-waste, gold attracts
significant attention due to its wide range of practical uses and
high economic value.3 Current industrial processes heavily
depend on pyrometallurgy, which involves the thermal
treatment of E-waste for recovery of valuable metals.4

However, this method is highly energy intensive because it
relies on fossil fuel, thus resulting in high operation costs and
additional environmental problems, such as discharge of
organic chemicals. Hydrometallurgy, involving chemical
reduction and electrowinning, is a good alternative to
pyrometallurgy for metal recovery because it is cost-effective
and has a low environmental impact. However, it is limited by
the excessive loss of organic solvents and chemical reagents
used during the separation processes. For sustainable metal
recovery, adsorption exhibits energy efficiency and high

selectivity toward the target metal, and its long-term
application causes low levels of environmental pollution.
Therefore, adsorption is currently considered as an ecofriendly
and inexpensive method for selective metal recovery, because it
can be conducted without the use of additional reagents.5

Although numerous adsorbents have been investigated,
including biological adsorbents, activated carbon, and sur-
face-functionalized porous substrates,6−10 their performance
has been evaluated only using dilute gold solutions. Gold
adsorption capacity and selectivity toward gold ions have not
been widely investigated for industrial applications.
For the development of sustainable and ecofriendly systems,

bioinspired adhesive materials have been investigated as
multifunctional coatings for a variety of substrates.11−13 They
can also attract metal ions from aqueous solutions efficiently
and easily produce metal−organic hybrid structures.14−18 For
example, polyphenols can act as metal ion reducing agents
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(e.g., gold, silver, and palladium), with the phenolic groups
being oxidized to quinones while electrons are transferred to
the metal precursors, allowing for the generation of metal
nanostructures. The common polyphenol groups, galloyl and
catechol, have redox potentials of 0.897 and 0.530 V,
respectively, which are slightly lower than the reduction
potential of AuCl4

−(AuCl4
− + 3e− = Au0 + 4Cl−, E0 = 1.002

V).19,20 Under light irradiation, catechol becomes quinone
while releasing a proton−electron pair, and the released proton
can be transferred to a neighboring substance.21,22 When
excited under light illumination, tetrachloroaurate ions
(AuCl4

−) can become unstable via ligand-to-metal charge
transfer (LMCT) and dissociate into auric trichloride
(AuCl3

−) and a radical chlorine, which quickly recombine to
re-form AuCl4

−.23 However, in the presence of tannin (TA) as
a proton donor, the radical chloride is reduced to a chloride
ion and AuCl3

− is subsequently reduced to metallic gold.
Moreover, once gold nanoparticles (AuNPs) are formed on the
TA surface, localized surface plasmon resonance (LSPR)
causes them to extend light absorption from UV light to visible
or near-infrared (NIR) light.24 LSPR excitation can generate
hot carriers, which can serve as a driving force for chemical
reactions and the formation of nanocrystals.25,26

Our recent work demonstrated that the photochemical
activation of TA-coated polymer microspheres can facilitate
the adsorption of metal ions.27 However, the photochemical
activity of TA was measured on an inert polymer substrate.
This single-component photochemical reaction has limitations,
such as undesirable backward reactions and reduction of light
absorption by redox mediators. By changing the substrate to a
photosensitive alternative, TA can be photochemically
activated further to avoid the limitations of the single-
component reaction. Therefore, heterogeneous semiconduc-
tors can be considered as substrates for TA, instead of polymer
microspheres, to control charge transfer and broaden the light
absorption spectrum, which should facilitate the adsorption of
metal ions.28,29

There have been extensive studies of photocatalytic
reactions on semiconductor surfaces, particularly using
titanium dioxide (TiO2) due to its low cost, nontoxicity, and
high photochemical stability.30,31 Photocatalytic activities and
reaction mechanisms rely on the transfer of photoinduced
charges to the surface. Therefore, various methods have been
applied to improve the photocatalytic activities of TiO2, such
as metal deposition,24 anion complexation,32 and polymer
coatings;33 for example, polyphenolic compounds are known
to form ligand-to-metal charge transfer (LMCT) complexes on
TiO2.

22,32 This allows direct Z-scheme heterojunctions to be
constructed as an effective means of overcoming the drawbacks
of single-component photochemical reaction.34 TA-coated
TiO2 nanoparticles (denoted as “TA−TiO2 NPs”) were
studied for sunblock applications because of the increased
UV light absorption through LMCT and the reactive oxygen
species (ROS) scavenging activity of TA.31 However, no study
has been reported for gold ion recovery using TA−TiO2 NPs
through the direct Z-scheme mechanism.
In this work, we introduce a direct Z-scheme heterojunction

based on TA−TiO2 NPs to selectively enhance the gold
adsorption on TA layers under light illumination (Figure 1).
TiO2 NPs were used as a stable and photosensitive substrate,
as previously reported.30,31 The surfaces of the TiO2 NPs were
coated with TA using a simple dipping method. Interestingly,
the synergistic effect of TA and the TiO2 NPs was driven by a
direct Z-scheme mechanism, and so the maximum amount of
gold ions adsorbed under 1-sun irradiation was effectively
increased. The photoenhanced adsorption of gold ions was
investigated using adsorption kinetics and isotherm models.
The metal selectivity of the TA−TiO2 NPs was also
investigated using nine different metal chlorides.

■ RESULTS AND DISCUSSION

Preparation and Characteristics of Tannin-Coated
TiO2 Nanoparticles. TA−TiO2 NPs were prepared by a

Figure 1. Schematic procedures of gold adsorption using tannin-coated TiO2 nanoparticles under light irradiation.
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simple dipping method. In brief, a TA solution (10 mg mL−1)
was added to a TiO2 dispersion (100 mg mL−1), and the
mixture was stirred magnetically at 300 rpm and 25 °C for 1 h.
After being washed several times, the TA−TiO2 NPs were

dried under vacuum at 25 °C. Scanning electron microscopy
(SEM) images of pristine TiO2 nanoparticles (TiO2 NPs) and
TA−TiO2 NPs show similar morphologies with nanoscale
dimensions, because TA is a large polyphenolic compound that

Figure 2. Characteristics of TiO2 NPs and TA-coated TiO2 NPs. SEM images (scale bar: 40 nm) (a), UV−vis absorption spectra (b), and TGA
diagram (c) of TiO2 and TA−TiO2 NPs.

Figure 3. Gold adsorption kinetics (a), pseudo-second-order kinetics plots (b), the number of adsorbed gold ions on adsorbent at equilibrium and
the kinetic constant (c), Langmuir isotherm curves (d), Lineweaver−Burk plots (e), and the maximum amounts of adsorbed gold ions on
adsorbents and the Langmuir constant (f) for gold ion adsorption on TiO2 and TA−TiO2 NPs. Symbols represent the mean and standard deviation
(n = 5).
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cannot be polymerized under the experimental conditions used
in this study(Figure 2a). The average diameters of TiO2 and
TA−TiO2 NPs were 25.4 ± 4.89 and 25.1 ± 4.91 nm,
respectively [Figure S1, Supporting Information (SI)]. The
specific surface areas of TiO2 and TA−TiO2 NPs were
determined by Brunauer−Emmett−Teller (BET) analysis.35

The specific surface area of the TA−TiO2 NPs (58.2 m2 g−1)
was significantly higher than that of the TiO2 NPs (45.3 m2

g−1) because of the formation of the porous TA aggregates on
the surface of the TiO2.

15,19 UV−vis spectra show that TA−
TiO2 NPs absorb in the visible region because of LMCT from
TA to TiO2, indicating that excited electrons can be transferred
across the interface of the TA−TiO2 NPs (Figure 2b).
According to thermogravimetric analysis (TGA), the residual
mass percentages of the TiO2 and TA−TiO2 NPs were 97.93%
and 92.38%, respectively, which indicates the presence of TA
on the TiO2 surface (Figure 2c). X-ray photoelectron
spectroscopy (XPS) and Fourier-transform infrared spectros-
copy (FT-IR) analysis (Figure S2) confirmed that the TA layer
was well-deposited on the TiO2 surface. All of these results
suggest that the formation of a TA layer on the TiO2 NPs was
successful.
Adsorption Behaviors of Gold Ions onto TA−TiO2

NPs. To analyze gold adsorption kinetics onto TA−TiO2 NPs,
we measured the gold ion adsorption rates using TiO2 and
TA−TiO2 NPs in the dark and under AM1.5G solar irradiation
at 1-sun intensity [denoted as “(1-sun)”] (Figure 3a). To
investigate the gold ion adsorption kinetic profiles on TiO2 and
TA−TiO2 NPs, we used pseudo-first-order and pseudo-
second-order kinetic models,36,37 where the models assume a
linear driving force with one-site and two-site adsorptions,
respectively, at the solid/solution interface of an adsorbent. To
validate each kinetic model, we determined the correlation
coefficient (R2) values and kinetic parameters by plotting the
integral equations [Figure 3c, and Figure S3 and Table
S1(SI)]. The results indicate that TiO2 and TA−TiO2 NPs
followed different kinetics for gold adsorption. For TiO2 NPs
in the dark, most of the gold ions adsorbed onto the TiO2 NPs
within the first hour, with adsorption rates decreasing after 6 h.
This result indicates that TiO2 NPs cannot adsorb and reduce
gold ions in the dark. For TiO2 (1-sun), however, gold
adsorption rates increased after 6 h, but they did not fit the
pseudo-second-order kinetic model (R2 = 0.7341) and were
much better fitted to the pseudo-first-order kinetic model (R2

= 0.9911). On the other hand, for TA−TiO2 NPs, the R2

values of the pseudo-second-order model (R2 = 0.9906−
0.9952) were much higher than those of the pseudo-first-order
model (R2 = 0.3261−0.9424). This result was supported by
fitting theoretical plots of both kinetic models to the
experimental results [Figures 3b and S3c (SI)]. The model
fitting analysis shows that the TA layer has two adsorption sites
that could interact with gold ions, while TiO2 NPs have just
one adsorption site for each gold ion.
The number of metal ions adsorbed onto the adsorbent at

equilibrium (qe, mmol g−1) and the kinetic constant (k2, g
mol−1 min−1) were determined using the kinetic parameters of
the pseudo-second-order model, and the show the photo-
enhancement effects of gold adsorption on the TA−TiO2 NPs
(Figure 3c). When compared with the qe value of TiO2 (dark)
(0.256 mmol g−1), the qe values for TA−TiO2 NPs in the dark
and TA−TiO2 NPs (1-sun) were increased by factors of 2.16
(0.522 mmol g−1) and 4.59 (1.175 mmol g−1), respectively.
This result demonstrates that the hydroxyl groups in TA are

efficient at attracting and adsorbing the gold ions, as
demonstrated in our previous work.24,27 On the other hand,
the k2 values, which indicate the amount of adsorbent required
to adsorb 1 mol of metal ions/min, decreased by a factor of 7.0
for TA−TiO2 (1-sun) (0.08 g mmol−1 min−1) in comparison
with TA−TiO2 (dark) (0.56 g mmol−1 min−1). This result
suggests that light leads to improved adsorption rates of gold
ions, probably by reducing the gold ions, which is discussed in
the following section.
To further investigate the photoenhancement of gold

adsorption, we measured adsorption isotherm curves by
incubating 0.5 mg mL−1 of TiO2 and TA−TiO2 NPs with
0.25, 0.33, 0.5, 1, 1.5, and 2 mM HAuCl4 in the dark and under
light irradiation for 3 h at 25 °C (Figure 3d). The number of
gold ions adsorbed in the dark by TA−TiO2 NPs was higher
than that adsorbed in the dark by TiO2 NPs, implying that the
presence of TA can increase the adsorption ability of the gold.
Moreover, the capacity for gold adsorption increased
considerably under light irradiation. To investigate the
behavior of gold ion adsorption, we used the Langmuir and
Freundlich isotherm models. The Langmuir and Freundlich
models describe adsorption at homogeneous and heteroge-
neous surfaces, indicating the equal and nonequal affinities for
adsorbates, respectively.38 Linearized equations for the
Langmuir and Freundlich isotherms are shown in Figures 3e
and S4 (SI), respectively. To validate these models, we
calculated the R2 values and isotherm parameters for each
isotherm, as summarized in Tables S2 and S3 (SI). For TiO2
(dark), gold ions were not adsorbed at any concentration;
hence, the isotherm models were not fitted for that sample.
The experimental adsorption results for TiO2 (1-sun) and
TA−TiO2 NPs were fitted better to the Langmuir isotherm (R2

= 0.9578−0.9961) than the Freundlich isotherm (R2 =
0.8494−0.9775), suggesting that gold ion adsorption at
homogeneous sites on the TA layer of TA−TiO2 NPs can
be more properly evaluated using the Langmuir isotherm.
We therefore performed a more thorough evaluation of the

adsorption of gold under different illumination conditions
using the Langmuir isotherm model. Figure 3f shows the
maximum number of gold ions adsorbed on the adsorbents
(qmax, mmol g−1), as calculated from the inverse of the y-
intercept from the Lineweaver−Burk plot. For TiO2 (dark), K
was −34.8640 L mmol−1 and qmax was 0.0968 mmol g−1. On
the other hand, TA−TiO2 (dark) exhibited K = 5.7382 L
mmol−1 and qmax = 0.7909 mmol g−1, which correspond to
about −0.16 and 8.2 times the values obtained for TiO2 (dark),
respectively. These results indicate that the TA coating
effectively improved gold ion adsorption onto the surface,
most definitely by Au ion−galloyl complexation.39 Moreover,
the light illumination improved this adsorption significantly.
The adsorption isotherm of gold ions on TiO2 (1-sun) also
showed Langmuir-type adsorption with K = 0.4542 L mmol−1

and qmax = 2.4755 mmol g−1, which correspond to about −0.01
and 25 times the values obtained for these using TiO2 (dark),
respectively. These results indicate that the illumination of
TiO2 NPs with light can increase the adsorption of gold ions.
The isotherm for gold adsorption on TA−TiO2 (1 sun) also
exhibited Langmuir-type adsorption, with K = 0.2416 L
mmol−1 and qmax = 8.8365 mmol g−1, corresponding to
approximately 0.04 and 11.17 times the values obtained for
TA−TiO2 (dark), respectively. The K value was much smaller
than that of TA−TiO2 (dark), and the qmax value was
significantly increased, which can be the result of prolonged
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electron lifetime due to direct Z-scheme behavior from the
combination of TA and TiO2, as well as surface plasmon
resonance by the AuNPs formed from the reduced gold ions.
The qmax and photoenhanced factor of TA−TiO2 NPs were 5.3
and 1.9 times higher, respectively, than those of the TA-coated
polymer microspheres (1.635 mmol g−1 and 5.9 times).27

Table 1 indicates that the TA−TiO2 NPs with 1-sun

irradiation exhibit the highest maximum gold ion adsorption
capacity among the absorbents reported in the literature. The
result suggests that the photochemical enhancement using the
direct Z-scheme heterostructure with polyphenol chemistry
has considerable potential for gold ion recovery from E-waste
and industrial wastewater. Moreover, the result indicates that
the direct Z-scheme heterojunction is an effective means of
overcoming the drawbacks of a single-component photo-
chemical reaction.
Images from transmission electron microscopy (TEM)

(Figure 4) and scanning electron microscopy with a back-
scattered electron detector (BSE-SEM) (Figure S7, SI) show
that the number of AuNPs adsorbed on TA−TiO2 NPs (1-
sun) was much higher than that on TA−TiO2 NPs (dark). For
TiO2 NPs (1-sun), AuNPs were much larger than TiO2NPs,

indicating that AuNPs were not adsorbed on the TiO2 surface.
X-ray diffraction (XRD) analysis of TiO2 and TA−TiO2 before
and after gold adsorption was used to confirm the reduction of
gold ions (Figure 5a). Before gold adsorption, the XRD spectra
of TiO2 and TA−TiO2 exhibited same peaks for the anatase
(2θ = 25.31°, 37.85°, 48.05°, 55.08°, 62.74°, and 75.11°) and
rutile phases (2θ = 27.45°, 36.09°, 41.23°, 54.32°, 69.01°, and
69.79°). After gold adsorption, the XRD spectra of Au−TiO2
and Au−TA−TiO2 exhibited four additional peaks at 2θ =
38.19°, 44.38°, 64.49°, and 77.47°, which correspond to the
(111), (200), (220), and (311) planes of the face-centered
cubic lattice of gold, respectively. The intensity of the gold
peaks was related to the gold adsorption rates. To better
understand the photochemical activity of TA−TiO2 NPs, we
obtained light absorption spectra for TiO2, TA−TiO2, and
Au−TA−TiO2 NPs (Figure 5b). UV−vis spectra showed that
absorbance in the visible region (400−600 nm) was
significantly increased by the TA coating. TA−TiO2 showed
broad absorption in the UV- and visible-light ranges due to
metal-to-ligand charge transfer (MLCT) between TA and
TiO2 as well as electronic transitions within TA (e.g., π−π
conjugation and hydrogen bonding), while this was not seen
for the untreated TiO2 NPs. Au−TA−TiO2 NPs showed a
broad absorption peak around 400−800 nm because of LSPR
generated by the AuNPs, which adsorbed on the TA layer.
This result indicates that the gold ions were reduced to
metallic gold by the TA layer. The surface properties of TiO2
NPs and TA−TiO2 NPs after gold adsorption were also
investigated by XPS (Figure 5c). For both nanoparticles,
significant Au0 4f peaks were observed at 87.7 and 84.0 eV,
with small Au1+ and Au3+ peaks due to Au ion−catechol
complexes.27,39 However, the percentage of Au3+ 4f peaks in
TA−TiO2 (1-sun) was much lower than seen for TA−TiO2
(dark) (Figure 5d). For TA−TiO2 NPs, the atomic percentage
of metallic gold (Au0) increased under light illumination.
These results indicate that most gold ions were reduced to
metallic gold on the TA layer, particularly under light
illumination.

Light-Induced Enhancement of Gold Adsorption by
TA−TiO2. We propose a direct Z-scheme mechanism for
photochemically increased gold ion adsorption when irradiat-
ing TA−TiO2 NPs, as illustrated in Figure 6. The energy level
and band gap of TiO2 and TA−TiO2 NPs were determined
using ultraviolet photoelectron spectroscopy (UPS) and
reflection electron energy loss spectroscopy (REELS),
respectively. (Figure S5, SI). In the dark, by two successive
proton-coupled electron transfers (PCET), the phenolic group
is oxidized to quinone,27,43−45 whereas gold ions are reduced
due to the different redox potentials of TA and gold ions. TiO2
has no ability to reduce gold ions in the dark; however, under
light irradiation, a synergetic photocatalytic effect takes place
via a direct Z-scheme from TiO2 to TA. TA has a highest
occupied molecular orbital (HOMO) level and a lowest
unoccupied molecular orbital (LUMO) level, while TiO2 has a
valence band (VB) and a conduction band (CB). Both TA and
TiO2 are excited under light illumination, leading to excitation
of electrons from the HOMO of TA and the VB of TiO2 to the
LUMO of TA and the CB of TiO2, respectively, leaving holes
in the HOMO of TA and the VB of TiO2. Notably, the
difference between the energy bands of TiO2 and TA allows
the recombination of the electrons in the CB of TiO2 and the
holes in the HOMO of TA. These characteristics allow the
interface to serve as an internal electric field for the pathway of

Table 1. Comparison of Gold Adsorption Capacities of TA−
TiO2 NPs and Conventional Adsorbents Reported in the
Literature

maximum gold
adsorption capacity

adsorbents mmol/g mg/g ref

TA-coated TiO2 NPs with 1-sun irradiation 8.84 1741.1 this
work

TA-coated microspheres with 1-sun
irradiation

1.64 323.0 27

thiol- and amine-functionalized rice straw 2.28 449.1 10
functionalized activated carbon 0.16 32.3 40
activated carbon modified with 2,6-
diaminopyridine

1.03 202.7 41

oxidized multiwalled carbon nanotubes 0.32 62.3 42
amidoxime-functionalized polymer
microspheres

2.32 456.7 7

amine-functionalized mesoporous silica 1.4 275 8

Figure 4. TEM images of TiO2, Au−TiO2, TA−TiO2, and Au−TA−
TiO2 (scale bar: 20 nm).
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electron transfer. Therefore, photoexcited electrons in the CB
of TiO2 transfer through the interface to the HOMO of TA
and then recombine with the electron−hole pairs, thereby
extending the lifetime of photoexcited electrons in the LUMO
of TA. Then, the electrons in the LUMO of TA participate in
the gold adsorption cycle. On the other hand, the photo-
generated holes on the surface of TiO2 must be consumed due
to the retarded electron−hole pair recombination in TiO2,
which occurs due to continuous electron transfer by the direct
Z-scheme mechanism. The holes can move quickly and are
consumed by the oxidation of water molecules, and the
generated hydroxyl radicals are scavenged by TA. This
mechanism can facilitate the process of charge separation

and thus improve the photocatalytic activity, leading to
exceptionally high gold adsorption efficiencies.
To verify the proposed mechanism, we measured the

lifetimes of the excited electrons using a fluorescence lifetime
spectrometer (FLS), as shown in Figure 7a. The lifetime in
TA−TiO2 (362.1 ns) was about 2.2 times longer than in TiO2
(163.4 ns). The prolonged carrier lifetime in TA−TiO2 NPs
represents efficient charge transfer between TA and TiO2,
followed by direct Z-scheme heterojunction behavior, which
can retard recombination of electron−hole pairs in TA.46,47

The behavior of charge transfer was also investigated using
photocurrent measurements (Figure 7b) in a three-electrode
system, where TiO2/indium−tin oxide (ITO) electrodes

Figure 5. (a) XRD patterns of TiO2 NPs and TA−TiO2 NPs before and after gold adsorption. (b) UV−vis absorption spectra of TiO2 NPs (black),
TA−TiO2 NPs (red), Au−TA−TiO2 NPs, dark (green), and Au−TA−TiO2 NPs (1-sun) (blue). (c) XP spectra for Au 4f of TiO2 and TA−TiO2
NPs after gold adsorption using 2 mM HAuCl4 in the dark and under light irradiation. (d) Atomic percentage of Au species obtained through the
Au species peak region from the XP spectra.

Figure 6. Schematic diagram of the photochemical mechanism of gold adsorption using TA−TiO2 NPs.
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coated with TA were used as photoanodes. The cathodic bias
used for the photocurrent measurements represents electron
transfer from the TiO2 to TA. In accordance with the increase
in gold adsorption activity, the photocurrents obtained using
TA−TiO2 electrodes were higher than those using TiO2
electrodes. This result indicates that TA can efficiently absorb
light and that excited electrons can be transferred through the
interface of the TA−TiO2 NPs.
On the other hand, the holes generated in the VB of TiO2

should be consumed, to prevent undesirable backward
reactions and the recombination of electron−hole pairs in
TiO2 and to allow electron transfer via the direct Z-scheme
pathway. Holes generated in TiO2 are known water oxidants;30

therefore, the amount of holes generated on the surface of
TiO2 can be estimated by the number of hydroxyl radicals in
the solution. Therefore, we measured the concentration of
hydroxyl radicals generated by TiO2 and TA−TiO2 NPs after
UV illumination for 5 min (Figure 7c) and found that hydroxyl
radicals were suppressed due to the presence of TA. This result
shows that the holes in the VB of TiO2 can be consumed by
TA.32

To verify the pathway of the excited electrons, we examined
the gold adsorption behavior under visible-light illumination
(Figure 7d). The gold ion adsorption rate of TA−TiO2 NPs
was similar in the dark and under visible-light irradiation,
regardless of the concentration of gold ions. Since visible-light
illumination had no significant effect, it can be inferred that
excited electrons generated via LMCT cannot affect the gold
adsorption efficiency, meaning that only electrons in the
LUMO level of TA can be involved in the reduction of gold
ions. To verify the conversion of catechol to quinone due to
the adsorption of gold ions, we obtained XP spectra for O 1s of
TA−TiO2, Au−TA−TiO2 (dark), and Au−TA−TiO2 (1-sun)
(Figure S6, SI). The atomic percentage of O species (Figure

S6b, SI) shows that catechol in TA converted to quinone after
the gold ions were adsorbed. The amount of adsorbed gold
ions and quinone in Au−TA−TiO2 (1-sun) was considerably
higher than that in Au−TA−TiO2 (dark), supporting that the
adsorption of gold ions induced the conversion of catechol to
quinone. All of the above results suggest that the enhanced
gold ion adsorption activity of TA−TiO2 NPs under 1-sun
irradiation can be explained by the direct Z-scheme
mechanism. We expect that other adhesive polyphenolic
compounds can be applied for gold ion recovery through the
same mechanism proposed in this work.

Metal Selectivity of TA−TiO2 under Light Irradiation.
High selectivity toward the target metal ions is essential
because industrial wastewater contains various precious metals
(e.g., gold, palladium, and platinum) and base metals (e.g.,
iron, nickel, copper, cobalt, zinc, and aluminum).48 To
demonstrate the selectivity of TA−TiO2 NPs toward gold
ions, we performed adsorption experiments using a mixture of
various metal chlorides, gold, platinum, copper, cobalt, nickel,
zinc, iron, palladium, and aluminum, which are known to be
the main components of electronic waste.48,49 TiO2 and TA−
TiO2 NPs were immersed in 1 mM metal ion mixtures for 3 h,
and the adsorption rates of the metal species on the TA−TiO2
NPs were calculated by the concentration of metal ions in the
supernatant, measured by ICP-OES (Figure 8). TiO2 NPs in
the dark showed no adsorption ability toward gold ions, while
iron ions exhibited significant adsorption (∼40%). TiO2 (1-
sun) and TA−TiO2 in the dark exhibited gold adsorption
capability, but iron ions were also adsorbed on the samples.
Iron ions are known ionic dopants for TiO2 due to their similar
ionic radii (Fe3+, 0.69 Å; Ti4+, 0.75 Å). Under 1-sun simulated
light, however, the TA−TiO2 NPs exhibited high adsorption
capability (>99%) and high selectivity toward gold ions, while
no other metal ions showed significant adsorption, indicating

Figure 7. (a) Fluorescence lifetime measurements of TA, TiO2 NPs, and TA−TiO2 NPs. (b) Photocurrents of TiO2 and TA−TiO2 NPs at an
applied potential of 0.4 V vs the normal hydrogen electrode (NHE) under 1-sun illumination. (c) Concentrations of hydroxyl radicals generated by
TiO2 and TA−TiO2 NPs under 1-sun illumination for 5 min. (d) Gold adsorption rates at different gold ion concentrations.
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that only the excited electrons of TA can participate in the
adsorption process.
Au3+ has a higher reduction potential than other precious

metals and base metals (E0 = 1.002 V for AuCl4
−, E0 = 0.76 V

for PtCl4
2−, E0 = 0.68 V for PtCl6

2−, and E0 < 0.6 V for base
metals).50,51 This higher redox potential contributes to the
selective adsorption of gold from the solution. It is known that
platinum chloride is relatively inert when compared to gold
chloride, resulting in a low binding efficiency to TA−TiO2

NPs, despite the high redox potential of platinum.52 TA and
polyphenolic groups chelate base metal ions (e.g., iron, copper,
nickel, and zinc); however, they form reversible complexes
with polyphenolic compounds under acidic conditions, which
are not suitable for the selective adsorption of base metal
ions.44,53,54 By contrast, gold ions were not detected in the
supernatant after the treatment, indicating stable adsorption to
TA.
The results suggest that the TA layer has an extremely high

selectivity for gold ions, especially under light irradiation, with
other metal species hardly affecting the gold ion adsorption.
The different reduction energies originate from their inherent
redox potentials; for instance, zinc and aluminum have very
low redox potentials, while iron has a moderate redox
potential. Therefore, we believe that this approach can be
extended for the selective recovery of other metal ions by
tuning the redox potential of TA or using other polyphenolic
materials.

Gold Desorption from Au-Adsorbed TA−TiO2 NPs.
Next, we investigated the recovery of metallic gold from Au−
TA−TiO2 NPs through desorption by acid treatment using a
mixture of hydrochloric acid and nitric acid. TiO2 NPs were
stable during the acid treatment using dilute aqua regia;
however, gold nanoparticles were desorbed and dissolved after
the desorption process. Although Au NPs were observed in the
BSE-SEM image of Au−TA−TiO2 before the desorption
process (represented as white spots in Figure 9a), most Au
NPs were removed by treatment with an acidic solution at 25
°C for 3 h (Figure 9b). To further investigate the desorption of
gold from nanoparticles, we performed XPS and XRD analyses
of Au−TA−TiO2. In the XP spectra, Au 4f peaks for Au0, Au1+,
and Au3+ were found before desorption, whereas no Au 4f
peaks existed after desorption (Figure 9c). Before the

Figure 8. Adsorption selectivity toward gold ions among 1 mM of
nine different metal chloride ions (Au, Fe, Pt, Pd, Zn, Co, Cu, Ni, and
Al) using TiO2 NPs in the dark (black), TiO2 NPs under 1-sun
illumination (red), TA−TiO2 NPs in the dark (green), and TA−TiO2
NPs under 1-sun illumination (blue).

Figure 9. BSE-SEM images of Au−TA−TiO2 NPs before (a) and after (b) desorption. (c) XP spectra for Au 4f of Au−TA−TiO2 NPs before and
after desorption and (d) XRD patterns of Au−TA−TiO2 NPs before and after desorption.
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desorption process, four peaks were observed in the XRD
analysis at 2θ = 38.14°, 44.28°, 64.5°, and 77.52°,
corresponding to the (111), (200), (220), and (311) planes
of metallic gold, respectively. However, these peaks dis-
appeared after desorption (Figure 9d). Moreover, the amounts
of gold on the Au−TA−TiO2 NPs before and after the
desorption process were measured by ICP-OES. The amount
of gold ions in Au−TA−TiO2 NPs before and after desorption
was 23 545 and 131.4 mg kg−1, respectively, corresponding to
99.4% recovery, while that of gold ions collected using TiO2
(dark), TiO2 (1-sun), and TA−TiO2 (dark) was 85.3, 10 795,
and 6842 mg kg−1, respectively. These results indicate that
TA−TiO2 NPs under light illumination possess significantly
higher gold ion recovery compared to others. These results
indicate that acid treatment can efficiently dissociate adsorbed
gold from the TA layer. Although the TA layer decomposed
after desorption, TiO2 NPs can be reused by additional TA
coatings for gold ion recovery. After readsorption on TA−
TiO2 NPs, the amount of gold ions in Au−TA−TiO2 NPs was
23 337 mg kg−1, indicating that the reused particles can
successfully facilitate gold ion recovery.

■ CONCLUSIONS
This study demonstrated that polyphenol-coated semiconduc-
tor materials can significantly increase the adsorption efficiency
for gold ions under light illumination through a direct Z-
scheme mechanism. The TA−TiO2 NPs were prepared by a
dipping method. Under simulated 1-sun light illumination,
both TA and TiO2 generated excited electrons and holes.
MLCT from TA and TiO2 extended the lifetime of the excited
electron on TA, resulting in the recombination of the electrons
of TiO2 and the holes of TA. The excited electrons with
prolonged lifetimes on the TA layer then allowed for the
efficient gold ion adsorption from the solution. Additionally,
the presence of TA significantly scavenges the ROS created by
the holes generated within the TiO2 surface, indicating that
there is no need for hole scavengers in the photochemical
reaction. These combined effects led to enhanced gold
adsorption capacity, and this was seen in that the maximum
amount of adsorbed gold ions was increased by a factor of 11
under 1 sun of simulated light compared to in the dark. The
adsorbed gold on the TA−TiO2 NPs could be simply removed
using acidic solutions. High selectivity toward gold ions from
mixtures of metal ion was also demonstrated, indicating that
the TA−TiO2 heterostructures can adsorb and reduce gold
ions with high capacity and selectivity. We expect that
mimicking the natural photosynthetic Z-scheme system using
bioinspired polyphenol chemistry and semiconductor materials
can provide low-cost, ecofriendly adsorbents for metal ion
recovery with high capacity and selectivity.

■ EXPERIMENTAL METHODS
Materials. Titanium dioxide (TiO2) nanoparticles (Degussa P25),

tannic acid (TA), gold(III) chloride trihydrate (HAuCl4·3H2O,
99.9%), platinum(IV) chloride hexahydrate (H2PtCl6·6H2O, 99.9%),
copper(II) chloride dihydrate (CuCl2·2H2O, 99%), cobalt(II)
chloride hexahydrate (CoCl2·6H2O, 98%), nickel(II) chloride
hexahydrate (NiCl2·6H2O, 99.9%), zinc chloride (ZnCl2, 98%),
iron(III) chloride hexahydrate (FeCl3·6H2O, 98%), aluminum
chloride hexahydrate (AlCl3·6H2O, 99%), palladium(II) chloride
(PdCl2, 99%), and terephthalic acid (TAc) were purchased from
Sigma-Aldrich (St. Louis, MO). Sodium hydroxide was obtained from
Junsei Chemical (Tokyo, Japan). Ethanol (94.5%) was purchased
from Daejung Chemicals (Siheung, Republic of Korea). Milli-Q water

was used as deionized water in all experiments. Hydroxyterephthalic
acid (2-HTAc) was obtained from Tokyo Chemical Industry (Tokyo,
Japan).

Synthesis of TA−TiO2 NPs. TiO2 NPs (300 mg) were dispersed
in 27 mL of deionized water, and 3 mL of TA solution (10 mg mL−1)
was added into the TiO2 dispersion. The mixture was magnetically
stirred at 300 rpm and 25 °C for 1 h. The TA−TiO2 NPs were
collected by centrifugation at 7000g for 5 min and rinsed two times
with 35 mL of a 2:1 (v/v) mixture of ethanol and Milli-Q water. The
treated TA−TiO2 NPs were dried in a vacuum oven for 1 h before
further investigation. The structural morphologies and characteristics
of the nanoparticles were analyzed by TGA, FT-IR, SEM, and BET
methods.

Light-Induced Gold Adsorption Kinetics. Gold ion precursors
were prepared by dissolving HAuCl4 in Milli-Q water at a
concentration of 1 mM. The TiO2 NPs and TA−TiO2 NPs were
added to 5 mL of 1 mM HAuCl4 solution at a concentration of 0.5 mg
mL−1 and then exposed to light (AM1.5G solar illumination at 1-sun
intensity) at room temperature. After adsorption times of 5, 15, 30,
and 60 min, 1 mL of the supernatant was extracted. The nanoparticles
were collected by centrifugation at 7000g for 5 min, and the
supernatants were diluted with deionized water to measure the
remaining concentration of gold ions using ICP-OES. As a control
experiment, adsorption was also performed in the dark using the same
procedure. The number of adsorbed gold ions at time t (qt, mmol g−1)

was calculated using the following equation: = ×−q Vt
C C

W
ti , where

Ci and Ct (mM) = the concentrations of gold ions at the initial time
and time t, respectively, W (g) = the weight of the adsorbent, and V
(L) = the volume of the solution. The adsorption kinetics was

analyzed using a pseudo-first-order kinetics model, = −k q q( )
q

t t

d

d 1 e
t ,

and a pseudo-second-order kinetics model, = −k q q( )
q

t t

d

d 2 e
2t , where

qe and qt = the number of adsorbed gold ions at equilibrium time and
time t, respectively, k1 = the pseudo-first-order rate constant, and k2 =
the pseudo-second-order rate constant.36,37

Light-Induced Adsorption of Gold Ion Precursors. Gold ion
precursors were prepared by dissolving HAuCl4 in Milli-Q water at
concentrations of 0.25−2 mM. The TiO2 NPs and TA−TiO2 NPs
were added to 3 mL of HAuCl4 solution at a concentration of 0.5 mg
mL−1 and were then exposed to light at 25 °C either in the dark or
under light illumination. The nanoparticles were collected by
centrifugation at 7000g for 5 min, and the supernatants were
collected to measure the remaining concentration of gold ions by
ICP-OES. The adsorption isotherm was analyzed using the Line-
weaver−Burk equation for the Langmuir isotherm curves, q−1 = qmax

−1

+ (qmaxKC)
−1, and the linearized Freundlich isotherm curves,

= +q K Clog log log
nF
1 , where q = the number of gold ions

adsorbed on the adsorbents, qmax = the maximum amount of gold ions
adsorbed on the adsorbents, K = the Langmuir equilibrium constant,
KF = the Freundlich isotherm constant, n = the constant for
adsorption intensity, and C = the bulk concentration of gold ions.

Photoelectrochemical Analysis of TA−TiO2 NPs. To measure
the photocurrents of the TiO2 and TA−TiO2 nanoparticles, TiO2
films on 1.5 × 1 cm ITO glass slides were prepared in accordance with
previous reports.33 In brief, TiO2 NPs were ground with a pestle in a
mortar with deionized water (1 mL) containing acetylacetone (100
μL). Additional deionized water (1.7 mL) was slowly added to the
paste with continuous grinding. One drop of Triton-X100 was added
to the paste and grinding continued until a homogeneous TiO2 paste
was obtained. Approximately 2 mm of the edge of an ITO glass slide
was covered with Scotch tape (thickness ∼62.5 μm). The TiO2 paste
(100 μL) was place on the substrate and spread using a razor blade.
The TiO2 paste spread on the glass slide was then dried at 70 °C for
10 min, followed by incubation in a furnace at 400 °C for 45 min. The
TiO2 films were then immersed in TA solution (10 mg mL−1) for 1 h
at room temperature. The pristine and TA-coated TiO2 films were
used for photoelectrochemical analysis.
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Hydroxyl Radical Analysis. TAc was used to ascertain the
concentration of hydroxyl radicals that are formed by the oxidation of
water by TiO2. TAc solution was prepared by dissolving TAc in 4 mM
NaOH at a concentration of 1 mM. The TiO2 NPs and TA−TiO2
NPs were added to 1 mL of 0.5 mM TAc solution at a concentration
of 0.05 mg mL−1 and then exposed to light (1-sun) at 25 °C for 5
min. After exposure, the mixtures were centrifuged at 7000g for 5 min
to extract the supernatant, and the concentrations of residual hydroxyl
radicals in each sample were then determined by fluorescence
spectroscopy. Pure 2-HTAc was used to generate a calibration curve
for the hydroxyl radicals.
Gold Desorption from Au-Adsorbed TiO2 Nanoparticles.

Desorption experiments were performed on Au-adsorbed nano-
particles using acidic solutions. Au−TA−TiO2 NPs were prepared
using the procedures described above, with 2 mM solutions of
HAuCl4 under AM1.5G solar illumination at 1-sun intensity. Acidic
solutions were prepared by mixing 0.7 M HCl and 0.3 M HNO3
solutions. The Au−TA−TiO2 NPs were added to 10 mL of the acidic
solution and then magnetically stirred for 3 h at 300 rpm and 25 °C.
The nanoparticles were centrifuged and washed at 7000g for 5 min.
The amounts of gold on the nanoparticles and in the supernatant
were analyzed by BSE-SEM, XPS, XRD, and ICP-OES to calculate the
percentage of gold desorbed from the prepared nanoparticles.
Metal Selectivity of the TA−TiO2 NPs. A mixed metal chloride

solution was used to investigate the metal selectivity of the TA−TiO2
NPs. Nine metal chloride ions (Au, Pt, Cu, Co, Ni, Zn, Fe, Pd, and
Al) at a concentration of 1 mM were used, representing the primary
components of electronic waste.49,55 The TiO2 NPs and TA−TiO2
NPs were immersed in 3 mL of this solution at a concentration of 0.5
mg mL−1 and then exposed to light for 3 h at 25 °C. The
nanoparticles were then collected by centrifugation at 7000g for 5
min. The supernatants were used to measure the remaining
concentrations of the metal ions using ICP-OES.
Characterization. The morphologies of the nanoparticles were

examined using SEM (Hitachi SU5000, Hitachi, Ltd., Tokyo, Japan)
at an acceleration voltage of 10 kV. The elemental compositions were
analyzed using XPS (Thermo Scientific Sigma Probe, Thermo Fisher
Scientific, Inc., Waltham, MA). XRD patterns of the TiO2 NPs and
Au-adsorbed TiO2 NPs were obtained using a powder X-ray
diffractometer (Rigaku D/MAX-2500, Rigaku, Tokyo, Japan). The
functional groups of the nanoparticles were analyzed using FT-IR
(JASCO, Easton, MD). A xenon lamp (HAL-320 Solar Simulator,
Asahi Spectra Co., Ltd., Tokyo, Japan) was used as the light source.
The amounts of metal ions were quantitatively analyzed using ICP-
OES (Agilent ICP-OES 5110, Agilent, Santa Clara, CA). The surface
areas of the nanoparticles were determined by BET analysis (3-Flex,
Micromeritics, Norcross, GA). The energy levels and band gap of
TiO2 and TA−TiO2 NPs were determined using UPS (Sigma Probe,
Thermo VG Scientific, Waltham, MA) and REELS (Axis-Supra,
Kratos, Duisburg, Germany), respectively. Electron decay times of
TA, TiO2, and TA−TiO2 NPs were measured using FLS (FL920,
Edinburgh Instruments, Livingston, Scotland). Photocurrent and CV
measurements were carried out using a conventional three-electrode
system connected to a computer-controlled potentiostat (Ivium,
Eindhoven, Netherlands). The photoelectrochemical (PEC) cell
contained a photoanode, a coiled Pt wire, and Ag/AgCl (saturated
KCl) electrode as the working, counter, and reference electrodes,
respectively. The concentrations of residual hydroxyl radicals were
analyzed using a microplate reader (CLARIO star, BMG Labtech,
Ortenberg, Germany) at an excitation wavelength of 320 nm and
emission wavelengths of 350−600 nm.
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