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a b s t r a c t :

In this study, a series of BUC-21/titanate nanotube (BT-X) composites were facilely fabricated via ball-
milling of 2-dimensional (2D) metal-organic framework (MOF) BUC-21 and titanate nanotubes (TNTs).
The BT-X composites were characterized by powder X-ray diffraction (PXRD), Fourier transform infrared
spectroscopy (FTIR), transmission electron microscopy (TEM), UVevisible diffuse-reflectance spectros-
copy (UVevis DRS), X-ray photoelectron spectrometer (XPS) and high resolution transmission electron
microscopy (HRTEM). Both the photocatalytic reduction from Cr(VI) to Cr(III) and adsorptive removal of
formed Cr(III) of BT-X composites were systematically investigated under different conditions including
pH values and co-existing inorganic ions. It was found that BUC-21 (100mg)/TNTs (100mg) (BT-1)
composites demonstrate remarkable ability of photocatalytic Cr(VI) reduction and adsorptive Cr(III)
removal, as well as good reusability and stability. It is believed that the introduction of TNTs could
capture the formed Cr(III) from the surface of BUC-21, which provided more active sites exposed to
enhance the Cr(VI) reduction.

© 2019 Elsevier Ltd. All rights reserved.
1. Introduction

Heavy metal contamination in water has been of great concern
along with the development of rapid industrialization (Du et al.,
2019a; Luo et al., 2019; Luo et al., 2015; Song et al., 2018; Zhao
et al., 2009). For example, chromium (VI) ions, produced from
leather tanning, electroplating, cement, mining, photography,
smelting, etc., are highly toxic and pose great threat on the health of
mankind by dermatitis, bronchitis, liver damage, ulcer formation
and carcinogenic effects (Gu et al., 2013; Ren et al., 2014; Wang
et al., 2016; Wang et al., 2015b; Xia et al., 2018). Unlike lead or
cadmium, chromium exists primarily as both low-toxic form of
Cr(III) and high toxic Cr(VI) in aqueous environment (Wang et al.,
2019; Ye et al., 2018; Zhang et al., 2014). Therefore, before waste
water are discharged to the environment, the concentration of
chromium (VI) must be reduced (Qiu et al., 2014). Among all the
.-C. Wang).
elimination technologies like precipitation, electro-reduction,
chemical reduction, coagulation, ion exchange, reverse osmosis
and electro-dialysis, the photocatalytic Cr(VI) reduction into Cr(III)
is well-acknowledged as an effective Cr(VI) removal method (Kang
et al., 2017; Lu et al., 2017; Qiu et al., 2018b; Wang et al., 2015a; Wu
et al., 2017; Xia et al., 2018; Yuan et al., 2018; Zhang et al., 2018a;
Zhang et al., 2018b; Zou et al., 2019). Photocatalysis, as a green and
sustainable technology, displays some advantages in wastewater
treatment: (i) mild work environment; (ii) possibly complete
mineralization and (iii) low working cost (Nie et al., 2018; Wang
et al., 2018; Wu et al., 2018a; Wu et al., 2018b; Wu et al., 2018c;
Zou et al., 2016). Generally, the formed Cr(III) was further removed
through precipitation to form Cr(OH)3 by adding lime or NaOH, and
the additional procedure always need complex equipment with
increased cost. Therefore, it is highly desirable to develop a new
strategy to simultaneously reduce Cr(VI) and remove Cr(III) with
the aid of multi-functional materials.

Metal-organic frameworks (MOFs), a class of porous crystalline
solidswith infinite network structures built fromorganic linkers and
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inorganicmetal ions (Li et al., 2019; Qiu et al., 2018a; Xu et al., 2018a),
have been recognized to be promising functional materials for
diverse systems, including drug delivery (Wang et al., 2014; Xu et al.,
2018b), catalysis (Wanget al., 2010;Wanget al., 2011), photocatalysis
(Duet al., 2019a;Duet al., 2019b;Wanget al., 2016;Wanget al., 2017;
Yi et al., 2019; Yi et al., 2018), gas storage (Yi et al., 2019; Zhao et al.,
2016b), gas separation (Fu et al., 2018; Pi et al., 2017), adsorbents (Du
et al., 2017a; Du et al., 2017b; Du et al., 2019b; Li et al., 2017; Liu et al.,
2018; Li et al., 2017; Song et al., 2018; Ye et al., 2018). BUC-21 was a
chemically stable 2D MOF constructed from cis-1,3-dibenzyl-2-oxo-
4,5-imidazolidinedicarboxylic acid as linker and Zn2þ as template,
which exhibited superior photocatalytic performance toward Cr(VI)
reduction under UV light irradiation (Wang et al., 2017).
Fig. 1. (a) PXRD patterns of the BUC-21, TNTs and series BT-X composite

Fig. 2. TEM images of (a) pure BUC-21, (b) pure T
Subsequently, the metal-free g-C3N4 was introduced to fabricate the
g-C3N4/BUC-21 composite photocatalyst, which exhibited the
enhanced photocatalytic activities toward Cr(VI) under the simu-
lated sunlight (Yi et al., 2019). Titanate nanotubes (TNTs) synthesized
through hydrothermal methods is getting increased attentions due
to the lower fabrication cost, large specific surface area, and large
pore volumes from their nanotubular structure. Titanate nanotubes
can be described asmulti-walled spiral nanoscrolls formed by rolling
of two-dimensional (2D) TiO6 octahedral nanolayers, resulting in
tubular structures with almost uniform inner diameters of ~5 nm
and outer diameters of ~10 nm, while the length of TNTs can be
several hundreds of nanometers (Bavykin and Walsh, 2009;
Kukovecz et al., 2016). These structural features and the mobile
s. (b) FTIR spectra of the BUC-21, TNTs and series BT-X composites.

NTs, (c) BT-1, and (d) HRTEM images of BT-1.
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cations on the surface aswell as between the titanate layersmake the
TNTs excellent ion-exchangemedia,whichmaybedirectly applied in
e.g. the removal of hazard heavy metal ions in natural waters and
promising candidate materials for dye-sensitized solar cells, photo-
catalysis, supercapacitors, and rechargeable lithium batteries (Gao
et al., 2009; Liu et al., 2014; Liu et al., 2013a; Liu et al., 2016; Wang
et al., 2013a; Zhao et al., 2016a). In this study, a series MOF/TNTs
were facilely fabricated ball-milling of 2-dimensional (2D) metal-
organic framework (MOF) BUC-21 (Wang et al., 2017) and titanate
nanotubes (TNTs). The comprehensive investigations underdifferent
conditions including pH values and co-existing inorganic ions indi-
cate that the introduction of TNTs could capture the formed Cr(III)
Fig. 3. (a) The XPS survey spectrum. (b) Ti 2p spectrum; (c) O 1s spectrum; (d) Zn 2p spectru
reflectance spectrum of BUC-21, TNTs and BT-X composites.
accumulated on the surface of BUC-21, which providedmore surface
active sites to enhance the Cr(VI) reduction. Therefore, the BUC-21/
TNTs composites display remarkable ability for both photocatalytic
Cr(VI) reduction and adsorptive Cr(III) removal.

2. Experimental

2.1. Materials and instruments

All chemicals are commercially available with reagent grade and
were used directly without further purification. Powder X-ray
diffraction (PXRD) patterns were recorded in the range of 2q¼ 5� e
m of BT-1 composite; (e) UVevis spectra and (inset) Kubelka-Munk-transformed diffuse
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50� on a DX-2700B X-ray diffractometer with Cu Ka radiation.
Fourier transform infrared (FTIR) spectra were recorded from
4000 cm�1 to 400 cm�1 on a Nicolet 6700 infrared spectropho-
tometer with KBr pellets. UVeVis diffuse reflectance spectra
(UVeVis DRS) were measured between 200 nm and 800 nm on a
PerkinElmer Lambda 650S spectrophotometer using BaSO4 as the
reference with 100% reflectance. The morphologies of the samples
were studied on Tecnai G2 F20 S-TWIN (HRTEM) and JEM 1200EX
transmission electron microscopy (TEM). X-ray photoelectron
spectra (XPS)measurements were carried out on a Thermo ESCALAB
250XI. The zeta potentials of sample under different pH values were
determined by a JS94H zeta potential analyzer at room temperature.
2.2. Preparation of BUC-21/TNTs composites

BUC-21 was hydrothermally synthesized according to the pre-
vious report (Wang et al., 2017). Briefly, a mixture of 0.3mmol
ZnCl2, 0.3mmol 4,4-bipyridine and 0.3mmol cis-1,3-dibenzyl-2-
oxo-4,5-imidazolidinedicarboxylic acid were sealed in a 25mL
Teflon-lined stainless steel Parr bomb containing 18mL deionized
H2O, and heated at 160 �C for 72 h.

Titanate nanotubes (TNTs) were prepared by a hydrothermal
method using commercial P25 TiO2 as precursor (Liu et al., 2014).
Briefly, the suspension of 0.3 g TiO2 in 16.5mL 10M NaOH solution
were autoclaved at 130 �C in a 25mL Teflon-lined stainless steel
Parr bomb for 72 h. The TNTs were separated via filtration and
washed with deionized water until the leachate to neutral.

The BUC-21/TNTs composites were prepared via ball-milling of
the mixture of as-prepared BUC-21 and TNTs at 30 Hz for 40min. A
Fig. 4. (a) Photocatalytic Cr(VI) reduction efficiencies and (b) the corresponding reaction rate
The total Cr removal efficiencies of control experiments and in the presence of different phot
different photocatalysts. Reaction conditions: 250mL, Cr(VI) 10mg L�1, pH¼ 5, photocataly
series of BUC-21/TNTs composites were prepared with different
mass content of BUC-21 and TNTs, which were donated as BT-0.5
(100mg BUC-21, 50mg TNTs), BT-1 (100mg BUC-21, 100mg TNTs)
and BT-2 (100mg BUC-21, 200mg TNTs), respectively.

2.3. Photocatalysis and adsorption activity

Both photocatalysis and adsorption experimentswere conducted
in a 300mL quartz reactor containing 250mL K2Cr2O7 aqueous so-
lution (10mg L�1) and 40.0mg BT-X composite. After stirring for
60min to reach adsorption - desorption equilibrium, the suspen-
sions were irradiated by a 500-W Hg lamp (Beijing Aulight Co., Ltd).
The spectrum of the Hg lamp was shown in Fig. S1. During the
photocatalytic experiments, 2.5mL suspension was extracted by a
0.22 mm filter at 10min intervals for further analysis. The concen-
tration of Cr(VI) was determined by a dinitrodiphenyl carbazide
spectrophotometric method at 540 nm on a Laspec Alpha-1860
spectrometer (Athanasekou et al., 2016). The total Cr concentra-
tionwas measured by Flame Atomic Absorption Spectrometry (AAS,
PinAAcle 900T, Perkin-Elmer, USA). The Cr(III) concentration was
calculated as the difference between the concentration of total Cr
and Cr(VI). The solution pH values were adjusted from 2.0 to 9.0 by
using diluted H2SO4 and NaOH solutions, respectively.

3. Results and discussion

3.1. Characterizations

The powder X-ray diffraction patterns of the different materials
constants (k) of control experiments and in the presence of different photocatalysts. (c)
ocatalysts. (d) Cr (Ⅲ) removal efficiencies of control experiments and in the presence of
st dosage 0.16 g L�1.
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are illustrated in Fig. 1a, in which the peaks at 10.2�, 13.6�, 14.8�,
15.9�, 20.5�, 24.5� and 25.5� of all BT-X composites can be assigned
to the characteristics peaks of pure BUC-21 (Wang et al., 2017; Yi
et al., 2019). In addition, the peaks at 10�, 24�, 28� and 48� are
contributed to the characteristics peaks of the pure TNTs, and the
intense peak at 10� was ascribed to interlayer space of TNTs (Xiong
et al., 2010). For comparison, both pristine BUC-21 and TNTs were
characterized by PXRD before and after ball milling. No significant
change of the main characteristic PXRD peaks of BUC-21 and TNTs
was observed after ball milling (Fig. S2). In addition, no PXRD peaks
of anatase or rutile were observed in TNTs after ball milling, indi-
cating no phase change of the TNTs during the ball milling (Zhao
et al., 2016a). The successful fabrication of BT-X composites can
be further confirmed by their FTIR spectra as displayed in Fig. 1b (Yi
et al., 2018). The strong and broad bands at 1645 and 1417 cm�1

were ascribed to the asymmetric and symmetric vibrations of
carboxyl groups, respectively, and the bands at 1220 and 1141 cm�1

were assigned to the v (CeN) vibrations of the phenyl rings in BUC-
21. For the pristine TNTs (Fig. 8a), the peaks at 1633 cm�1 and
466 cm�1 were contributed to the HeOeH (bond water molecule)
(Wang et al., 2013c) and the TieO vibration in [TieO6] octahedrons
(Xiong et al., 2011).

The pristine BUC-21 exhibited agglomerated particle with
relatively smooth surface (Fig. S3a), and the pure TNTs presented as
long and hollow tubular structure (Fig. S3b). However, it was
difficult to clearly identify the interaction between BUC-21 and
TNTs in BT-1 composite from SEM image (Figs. S3c and S3d).
Therefore, the successful fabrication of BT-X composites was
further verified by TEM (Fig. 2a, b, 2c and Fig. S4), high-resolution
TEM (Fig. 2d). As shown in Fig. 2a, the original BUC-21 presented
Fig. 5. (a) Reduction of Cr(VI) under UV light irradiation at different pH. (b) Removal of to
irradiation at different pH. (d) Zeta potentials of BUC-21, TNTs and BT-1 at different pH. Re
as the aggregated particles with particle size ranging from 50 nm to
100 nm. The hollow, open-ended nanotubular structure of TNTs can
be observed in Fig. 2b. The BT-1 composites show irregular block of
BUC-21 and nanotubular structure of TNTs (Fig. 2c), in which the
TNTs with the outer diameter of ca. 9 nm and tube length ranging
from 50 to 300 nm were distributed with random orientation on
the surface of BUC-21. The interactions between TNTs and BUC-21
could be further affirmed by TEM profile image and HRTEM
observation. It could be observed from the TEM section image
(Fig. S4) that TNTs are uniformly distributed on the surface of BUC-
21. As well, the HRTEM image (Fig. 2d) revealed that the mea-
surement of the d spacing along the tube axis gives a value of 3.3 Å,
corresponding to the d spacing of the (010) planes in TNTs, and the
d spacing along the direction perpendicular to the tube axis is about
2.9 Å, close to the value of the (003) planes in TNTs (Fei et al., 2017;
Thorne et al., 2005). Finally, he N2 adsorption experiments
demonstrated that BET surface area increased from 1.10m2 g�1 for
BUC-21 to 7.85m2 g�1 for BT-1 (Table S1), which further confirmed
the successfully combination between the BUC-21 and TNTs. The
increase of specific surface area was beneficial to expose more
active sites to promote the reduction of Cr (Ⅵ) and adsorption of Cr
(Ⅲ) on composites.

The characteristic signals of C, N,O, Zn and Ti elements were
presented in the XPS survey spectrum of BT-1 composite (Fig. 3a),
further confirming the successful combination of BUC-21 and TNTs.
The peaks at 458.5 and 464.4 eV (Fig. 3b) can be assigned to Ti 2p3/
2 and Ti 2p1/2, respectively (Barrocas et al., 2017; Wu et al., 2015).
The peaks at 529.9 eV, 531.4 eV and 531.9 eV of O 1s (Fig. 3c) in BT-1
could be contributed to OeTi, OeZn and OeH, respectively (Sallem
et al., 2017). The peaks at 1022.6 eV and 1045.7 eV (Fig. 3d)
tal Cr under UV light irradiation at different pH. (c) Removal of Cr(III) under UV light
action conditions: 250mL, Cr(VI) 10mg L�1, pH¼ 5, BT-1 dosage 0.16 g L�1.
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corresponded to Zn 2p3/2 and Zn 2p1/2 (Abidli et al., 2015; Zhang
et al., 2013), demonstrating the presence of Zn in the BT-1
composite.

The UVeVis absorption measurements indicate that the BT-X
composites have a slightly blue-shifted absorption compared with
that of the pristine BUC-21 and TNTs (Fig. 3e). The band gap (Eg) of
the samples were estimated using the Kubelka - Munk function, F¼
(1�R)2/2R, where R is the reflectance of an infinitely thick layer at a
givenwavelength (Barrocas et al., 2016). The Eg values of BT-1, BT-2
and BT-0.5 are 3.73 eV, 3.62 eV and 3.73 eV, respectively, indicating
that the BT-X composites might exhibit photocatalytic perfor-
mances under the UV light irradiation.
3.2. Photocatalytic Cr(VI) reduction and adsorptive removal of
Cr(III)

The photocatalytic activities of the prepared BT-X for Cr(VI)
reduction and the adsorptive removal efficiencies for Cr(III) were
evaluated under UV light irradiation. The experiment results, as
depicted in Fig. 4a, revealed that the absence of light or catalysts led
to nearly no Cr(VI) concentration decrease, while the presence of
both light and catalysts like BUC-21 and BT-X led to significant
decrease in Cr(VI) concentration, indicating the photocatalytic
reduction process for the Cr(VI) ions. The photocatalytic perfor-
mance of BT-X composites with difference mass content of BUC-21
and TNTs were also investigated. It was found that both BT-0.5 and
BT-1 displayed similarly efficient Cr(VI) reduction (100% removal
Fig. 6. (a) Reduction of Cr(VI), (b) removal of total Cr, (c) removal of Cr(III) over BT-1 under U
(26.7mg L�1), Ca2þ (85.6mg L�1), Mg2þ (32.2mg L�1), Cl� (58.6mg L�1), NO3

� (9.5 mg L�

1¼0.16 g L�1.
within 20min), which were superior to BUC-21 (66.6% within
20min, 100% within 40min) and BT-2 (60.1% within 20min, 100%
within 50min). For the total Cr removal, BT-1 exhibited the highest
performance (89.6% at 20min, and 97.6% within 90min), followed
by BT-2 (92.3% at 50min, and 95.0% within 90min), BT-0.5 (80.7% at
20min, and 84.5% within 90min) and BUC-21 (86.0% at 60min, and
92.9% within 90min), as illustrated in Fig. 4b. It seems that pristine
BUC-21 in the composites could achieve good photocatalytic Cr(VI)
reduction. However, if the formed Cr(III) ions failed to be transferred
into TNTs, the accumulated Cr(III) would be precipitated into
Cr(OH)3 (Ksp¼ 6.3� 10�31) under pH 5.0. The formed Cr(OH)3
would cover the active sites of BUC-21 photocatalyst, which resulted
into the low removal performance (Fig. 4c). On the other hand, large
proportion of TNTs in the composite like BT-2 would decrease its
photocatalytic activity, which also led to decreased total Cr removal.
The enhanced Cr(VI) reduction and total Cr removal of BT-1 can be
contributed to synergetic effect of BUC-21's photocatalytic Cr(VI)
reduction and outstanding adsorption activity of TNTs. Therefore,
the formed Cr(III) ions were transferred from the surface of BUC-21
into TNTs, which reduced the local Cr(III) concentration and avoided
the formation of Cr(OH)3 precipitates to accomplish quick and effi-
cient Cr removal. It should be noted that the removal efficiency of
total Cr and Cr(VI) by pristine BUC-21 and TNTs after ball milling
displayed noticeable decrease (Fig. S5). However, the photocatalytic
performances of BT-X composites are greatly improved compared to
that of BUC-21 and TNTs, implying that the introduction of TNTs can
enhance the Cr(VI) removal efficiency.
V light irradiation. The concentration of common ions in tap water: Kþ (3.6mg L�1), Naþ
1), SO4

2� (76.3mg L�1). Reaction conditions: 250mL, 10mg L�1 Cr(VI), pH¼ 5, BT-
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3.2.1. The influence of solution pH
The pH value of the reaction solution played significant role in

both photocatalytic Cr(VI) reduction and Cr(III) adsorption (Liu
et al., 2014). The acid conditions (pH¼ 2, 3 and 5) could promote
the photocatalytic Cr(VI) reduction of BT-1, with reduction effi-
ciency of nearly 100% in 20min (Fig. 5a). Under the acidic condi-
tions, the photocatalytic Cr(VI) reduction reaction occurred
following the reaction as listed in Equations (1) and (2) (Zhao et al.,
2014), in which the abundant Hþ could facilitate the photocatalytic
process (as affirmed by the reaction rate constants in inset of
Fig. 5a). With the increase of pH (7 and 9), the Cr(VI) reduction rates
declined obviously, in which the 100% Cr(VI) reduction was ach-
ieved up to 40min. In alkaline medium, CrO4

2� was generally the
main species of Cr(VI), and the reaction proceeded as Equations (2)
and (3) (Wang et al., 2015a).

14Hþ þ Cr2O7
2� þ 6e� /2Cr3þ þ 7H2O (1)

2H2O þ 2hþ /H2O2 þ 2Hþ (2)

CrO2�
4 þ 4H2O þ 3e� / CrðOHÞ3ðsÞ þ 5OH� (3)

The total Cr removal efficiency with different pH values (Fig. 5b)
revealed that pH 5.0 was an optimal condition, due to inhibiting
photocatalytic Cr(VI) reduction under higher pH conditions (Fig. 5a)
and lower pH (2.0) decreased the adsorption activities of TNTs to-
ward Cr(III) (Fig. 5c). In detail, the adsorption of Cr(III) on BT-1 was
minor at lower pH due to low point of zero charge (pHPZC¼ 2.23)
Fig. 7. (a) The reusability of BT-1 for the removal of Cr(VI) and Cr (Ⅲ). (b) PXRD patterns of BT
1 before and after photocatalysis-adsorption process. (d) A proposed possible reaction mech
10mg L�1, pH¼ 5, BT-1 dosage 0.16 g L�1.
(Fig. 5d). As pH increased, more Cr(III) could be adsorbed onto the
negatively charged surface of BT-1with the aid of electrostatic force
and ion exchange with Hþ/Naþ in TNTs. When pH increased to
optimal 5, the maximal removal efficiency of total Cr could reach
90.0% within 20min. While, as solution pH further increased, Cr(III)
could be precipitated as Cr(OH)3.
3.2.2. The influence of co-existing inorganic ions
Our previous research results revealed that the co-existing

inorganic ions exerted minor influences on the photocatalytic
Cr(VI) reduction performances of BUC-21 (Wang et al., 2017; Yi
et al., 2019). In order to explore the practical application, the
Cr(VI) aqueous solutions prepared with tap water were photo-
catalytically treated with BT-1 as photocatalyst under UV light
irradiation. The co-existing inorganic ions including Kþ, Naþ, Ca2þ,
Mg2þ, Cl�, NO3

� and SO4
2� exhibited minor impact on the photo-

catalytic activity of BT-1, which was confirmed by the Cr(VI)
reduction efficiencies of 100% and 96% at 20min of pure water
solution and tap water solution, respectively. If the reaction time
extended to 90min, the photocatalytic Cr(VI) reduction efficiencies
were identical for pure water solution and tap water solution
(Fig. 6a). While, the co-existing inorganic ions might affect the
adsorption process of TNTs (Liu et al., 2014; Liu et al., 2013b; Wang
et al., 2013b). It was reported that the inhibition of inorganic ions
on the adsorption activity of TNTs followed the order of Naþz Kþ

≪Mg2þ< Ca2þ (Liu et al., 2013b). From Fig. 6c, it was found that the
inorganic ions in the tap water exerted significant impact on the
Cr(III) adsorption behavior onto TNTs, which subsequently
-1 before and after three recycles for Cr removal. (c) The XPS survey scan spectra for BT-
anism of photocatalysis and adsorption with BT-1. Reaction conditions: 250mL, Cr(VI)
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inhibited the total Cr removal (Fig. 6b). Although the noticeable
negative impact of co-existing inorganic ionswas found on the total
Cr removal, it was feasible to utilize BT-1 to perform photocatalysis-
adsorption treatment of Cr(VI) with 72.0% removal efficiency in
short reaction time (20min).

3.2.3. Reusability and stability of BT-1
The reusability and stability of BT-1 photocatalyst is essential for

its potential practical applications. It was found that the photo-
catalytic Cr(VI) reduction and Cr(III) removal efficiencies of BT-1
displayed no obvious decrease after three successive runs without
any post-treatment (Fig. 7a), indicating that BT-1 was highly stable
and could be used repeatedly for Cr pollution treatment. Further-
more, no phase changewas observed from the PXRD patterns of BT-
1 before and after photocatalysis/adsorption reaction (Fig. 7b),
demonstrating the good structure and phrase stability of BT-1
composite.

3.2.4. Photocatalysis and adsorption mechanism of BT-1
In our previous work (Wang et al., 2017), it was found that

electrons are moved from the highest occupied molecular orbital
(HOMO) of BUC-21 to its lowest unoccupied molecular orbital
(LUMO), and the holes (hþ) are accumulated in HOMO under UV
light irradiation. The photo-induced electrons in the LUMO are
usually easily lost to reduce Cr(VI) to Cr(III) (Dias and Petit, 2015;
Gao et al., 2017) and H2O accepted holes in absence of reducing
agents (Liu et al., 2014). As shown in Fig. 7 (d), the formed Cr(III) can
be accumulated around BUC-21 via their electrostatic interactions,
which can inhibit further Cr(VI) reduction due to the high local
concentration of Cr(III) and even the formation of Cr(OH)3 pre-
cipitates on the surface of BUC-21. The introduction of TNTs in BT-1
composite led to an efficient Cr(III) adsorption owing to both ion-
exchange with Hþ/Naþ (Fig. 7c) and electrostatic attractions (Liu
et al., 2014). The ion-exchange with Hþ/Naþ was further
confirmed by XPS determination (Fig. 7c) and EDS mapping
(Fig. S3e and Fig. S3f), in which the Na content decreased signifi-
cantly. The transfer of Cr(III) from the surface of BUC-21 to TNTs
resulted in continuous release of more photocatalytic sites of BUC-
21 and the decrease of local Cr(III) concentration, which enhanced
photocatalytic Cr(VI) reduction (Liu et al., 2014).

Consequently, the synergistic effect between BUC-21 and TNTs
can facilitate the total Cr removal resulted from the enhanced
photocatalytic Cr(VI) reduction and adsorption toward Cr(VI).

4. Conclusions

The MOF photocatalyst/TNTs adsorbent composites (BUC-21/
TNTs, BT-X) were facilely prepared via ball milling, which can
achieve simultaneous Cr(VI) reduction and removal of Cr(III). The
presence of TNTs can capture the formed Cr(III) on the BUC-21
photocatalyst surface, reduce local Cr(III) concentration, eliminate
possible Cr(OH)3 precipitate, and therefore promotes the photo-
catalytic Cr(VI) reduction. The BT-1 composite can be potentially
used to treat Cr-containing wastewater due to: (1) its outstanding
total Cr removal efficiency under weak acid condition (pH¼ 5.0);
(2) the co-existing inorganic ions from real tap water exerting
negligible influence on BT-1's activity; (3) BT-1 possess good sta-
bility and reusability after several runs. This work provides a flex-
ible strategy to develop low-cost and highly effective MOF
photocatalyst/adsorbent composite aiming to accomplish photo-
catalytic Cr(VI) reduction and further adsorptive removal of Cr(III).
Further work is undergoing to combine visible light responsive
MOFs like MIL-100(Fe), UiO-66-NH2, MIL-125-NH2 with TNTs, to
achieve Cr(VI) removal under visible light or even sunlight.
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