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A B S T R A C T

Series sulfur-doped TiO2/amine-functionalized zirconium metal organic frameworks (S-TiO2/UiO-66-NH2)
composites (U1Tx) were facilely fabricated from the as-prepared S-TiO2 and UiO-66-NH2 via ball-milling
method. The photocatalytic activities of U1Tx toward Cr(VI) reduction and bisphenol A (BPA) degradation were
tested under low-power LED visible light. The results demonstrated that U1T3 exhibited better photocatalytic
performances than the pristine S-TiO2 and UiO-66-NH2 due to the improved separation and migration of elec-
trons and holes. Furthermore, the influence factors like pH values and foreign ions on the photocatalytic per-
formances of U1Tx were also investigated. The Box-Behnken design methodology was utilized to further clarify
that the inorganic foreign anions and dissolved organic matters could exert significant effects on photocatalytic
Cr(VI) reduction performance. As well, the possible pathway of BPA degradation was depicted. After four runs of
Cr(VI) removal, it was found that U1T3 exhibited preferable reusability and water stability. The probable re-
action mechanism was proposed and verified by active species capture experiments, electron spin resonance
determination and electrochemical analyses.
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1. Introduction

Various pollutants like heavy metals as well as organic pollutants
are typically found in wastewater, which were toxic and could not be
treated directly via biological process (Wang et al., 2016a, 2014).
Among them, the widespread hexavalent chromium (Cr(VI)) and 4′-
isopropylidenediphenol (bisphenol A, BPA) were harmful to both hu-
mans environment, leading to increasing concerns (Xu et al., 2009;
Ellis, 2006). Cr(VI) often emerges in industries like electroplating,
textile, and leather, which is presented with a wide range from
0.5–270.0 mg L−1 in surface water and wastewater (Testa et al., 2004;
Li et al., 2019a). The existence of Cr(VI) in the environment poses a
potential risk for liver, kidney and skin cancers in humans (Hu et al.,
2005). The continuous introduction of organic pollutants like PPCPs
into the environment could lead to adverse effects on aquatic and ter-
restrial organisms (Barceló and Petrovic, 2007). Bisphenol A (BPA), as a
typical PPCPs, is universally found in packaging materials, electrical
equipment, and eyeglass lenses (Canale et al., 2010). BPA is chemically
stable and recalcitrant, which could be widely detected in urban was-
tewaters and treated effluents (Wang et al., 2016b; Subagio et al.,
2010). Therefore, it is essential to develop new technologies for re-
moving multiple pollutants from water.

Up to now, photocatalysis has been widely investigated for water
purification. The photocatalytic reduction of Cr(VI) to Cr(III) is re-
garded as one of the most effective methods to remove Cr(VI), due to
that Cr(III) is less toxic and can be easily removed by forming Cr(OH)3
precipitate (Du et al., 2019a; Zhou et al., 2019). Some strategies like
adsorption, biological treatment and thermal decomposition were
adopted to remove BPA. However, these methods usually suffered from
the disadvantages of incomplete destruction, time consuming and en-
ergy input (Subagio et al., 2010). In all, photocatalytic Cr(VI) reduction
and BPA oxidation reactions are considered to be cost-effective and
environmentally-sustainable procedures (Tsai et al., 2009; Chiang et al.,
2004), which could combine heavy metal reduction with organic pol-
lutants oxidation to achieve effective utilization of photo-generated
electrons and holes (Zhang et al., 2018a; Liu et al., 2007).

In recent decades, MOFs (metal-organic frameworks) have arose
extensive interests in photocatalysis, due to that the organic ligands or
metal ions/clusters can capture light to generate photo-induced elec-
trons and holes (Aguila et al., 2018). MOFs as effective photocatalysts
have been used for CO2 reduction (Chen et al., 2016), hydrogen gen-
eration via water splitting (Karthik et al., 2018; Song et al., 2017),
organic pollutants degradation (Zhang and Wang, 2017) and Cr(VI)
reduction (Du et al., 2019a, b; Wang et al., 2019a). To further promote
the photocatalytic performances of MOFs, many attempts have been
taken to combine MOFs with some semiconductor photocatalysts to
promote the separation of photo-induced charge carriers and the water
stability (nulla). For example, Wang and coworkers fabricated series
MOFs/semiconductors composites (like BUC-21/Bi24O31Br10, BUC-21/
g-C3N4, g-C3N4/UiO-66, UiO-66-NH2/Ag2CO3) along with MOFs/con-
ductive organic polymers (like PANI/MIL-100(Fe) heterojunctions) to
achieve enhanced photocatalytic Cr(VI) reduction, photocatalytic oxi-
dation of organic pollutants, and photo-Fenton degradation toward
organic pollutants (Du et al., 2019a; Zhou et al., 2019; Zhao et al.,
2019; Yi et al., 2019a; Chen et al., 2020).

As a most widely explored semiconductor photocatalyst, TiO2 dis-
plays good photocatalytic performances (Ohko et al., 2001; Lee and
Park, 2013). Also, TiO2 is deemed to be non-toxic, chemically and
biologically stable, along with relatively inexpensive (Subagio et al.,
2010; Zhao et al., 2019). However, some disadvantages like large
bandgap energy, rapid recombination of photo-generated electrons and
holes, and lower solar light utilization efficiency limited TiO2’s appli-
cation in water treatment (Ohno et al., 2004). Some strategies like
doping TiO2 with metallic elements (Pt, Co, Cu) (Iwasaki et al., 2000;
Irie et al., 2009; Kim et al., 2005), non-metallic elements (S, N, C, F)
(Ohno et al., 2004; Xing et al., 2009; Li et al., 2005) or inorganic

semiconductor (CdS, BiOI, WOx) (Gao et al., 2012; Li et al., 2001; Zhang
et al., 2009) were adopted to overcome the disadvantages of TiO2. As
well, various methods have been used to inhibit the reintegration of
electron-hole pairs or expand the absorbable light region (Li et al.,
2001; Seh et al., 2012; Luo et al., 2019). Among them, sulfur-doped
TiO2 (S-TiO2) displayed outstanding photocatalytic decomposition
performances toward methylene blue, 4-chlorophenol and tetracycline
under visible light (Ohno et al., 2004; Wang et al., 2011; Ho et al.,
2006).

In this study, S-TiO2/UiO-66-NH2 composites were facilely con-
structed from S-TiO2 and UiO-66-NH2 via ball-milling, which were
further used as photocatalysts to achieve efficient Cr(VI) reduction and
BPA oxidation under low-power visible light provided by LED.
Furthermore, the cycle experiments were carried out to confirm the
stability and reusability of S-TiO2/UiO-66-NH2 composites. The prob-
able reaction mechanism for the improved photocatalytic activities was
also proposed and confirmed.

2. Experimental

2.1. Materials and characterization

The used chemicals, the characterization instruments and electro-
chemical tests were put into the supplementary information.

2.2. Synthesis of S-TiO2

37.0 mL anhydrous ethanol and 1.0 mL nitric acid were mixed and
stirred for 10 min. Then, 2.0 mL tetrabutyl titanate was dropped into
the solution and stirred for another 20 min. After that, thioacetamide
was added with the S/Ti ratio of 1:10. After stirring for 15 min, the
suspension was sealed in the Teflon-lined autoclave for solvothermal
treatment at 190 ℃ for 12 h. Finally, the S-TiO2 was obtained after
filtration, washing and drying under vacuum at 100 ℃ for 4 h (Wang
et al., 2008).

2.3. Preparation of S-TiO2/UiO-66-NH2

The UiO-66-NH2 was synthesized following the previous reported
procedure (Xu et al., 2018). The S-TiO2/UiO-66-NH2 composites were
synthesized by ball grinding (30 Hz, 20 min). A series of composites,
referred as U1Tx (the letters “U” represents “UiO-66-NH2”, “T” re-
presents “S-TiO2”, and “x” represents mass ratio), were obtained by
adding S-TiO2 and UiO-66-NH2 with different mass ratios into the ball
mill tank (Scheme 1).

2.4. Photocatalytic activity test

Photocatalytic reduction of Cr(VI) was conducted in Cr(VI) (as the
form of K2Cr2O7) aqueous solution with initial volume of 50.0 mL and
initial concentration of 5.0 mg L−1, in which the dosage of photo-
catalyst was 10.0 mg and the pH values were adjusted to 2.0–8.0 by
H2SO4 or NaOH solutions with suitable concentrations. All the experi-
ments were carried out at room temperature (25 ℃). After reaching
adsorption-desorption equilibrium after adsorption in dark for 60 min,
the suspensions under magnetic stirring (180 r/min) were irradiated
under visible light provided by an LED with optical power of 50 mW
(Beijing perfectlight technology Co. Ltd), and the spectra of visible light
was depicted in Fig. S1. The 1.5 mL aliquots were extracted at designed
time intervals and filtered with 0.22 μm PTFE membrane. Finally, the
residual Cr(VI) concentration was measured by the diphenylcarbazide
colorimetric method (Scheme. S1).

The photocatalytic BPA degradation performances of U1Tx photo-
catalysts was also studied. The photocatalytic BPA degradation ex-
periment was similar to that of Cr(VI) reduction, except that the Cr(VI)
solution was replaced with BPA aqueous solution. The rudimental
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content of BPA was measured by high performance liquid chromato-
graph (HPLC) (LC-20AT, SHIMADZU Co. Ltd), in which UV detectors is
equipped and the target analytes are separated by C18 column (5 μm,
2.1 mm × 250 mm) (Cariot et al., 2012).

The apparent quantum efficiency (AQE) experiments were carried
out under light of different wavelengths using 300 W Xe lamp with the
aid of different filters, and the results were obtained according to the
removal amount of pollutants. The AQE for Cr(VI) reduction followed
Eq. (1), and the calculation of incident photons followed the Eq. (2) (Li
et al., 2019a; Velegraki et al., 2018).

=
×AQE(Cr) 3 [number of reduced Cr(VI)]
number of incident photons (1)

=N Ptλ
hc

¯
P
i

(2)

Where, P is the optical power, t is the irradiation time, λ is wavelength
of light, and h and c are Planck constant (h = 6.62607015 × 10−34 J·s)
and lightspeed (299,792,458 m s-1), respectively.

3. Results and discussion

3.1. Material characterizations

The PXRD patterns of the as-prepared UiO-66-NH2 matched well
with that reported in the literature and simulated one (Fig. S7), de-
monstrating that pure UiO-66-NH2 was synthesized successfully (Xu
et al., 2018). As Fig. 1a, the characteristic peaks at 25.2°, 37.8°, 47.9°,
53.8°, 55.0°, 62.5°, 70.2° and 74.8° were attributed to S-TiO2 (anatase)
(PDF#99−000-0105), in which the typical peaks at 2θ = 25.2°, 37.8°,
47.9°, 55.0°, 62.5° could be indexed to (101), (004), (200), (211) and
(204) lattice planes of S-TiO2 anatase (Wang et al., 2009; Arconada
et al., 2009). The PXRD peaks of U1Tx composites matched well with
the typical peaks of UiO-66-NH2 and S-TiO2. The typical peaks at 7.5°
and 8.7° of UiO-66-NH2 maintained well with decreasing intensity as
increasing mass content of S-TiO2. In FTIR spectra (Fig. 1b), the char-
acteristic peaks at 600 - 800 cm−1 were ascribed to Zr-O2 cluster (Yang
et al., 2015), which became weaker with the decrease of UiO-66-NH2

content in U1Tx composites. It was observed that the peaks at 1432 cm-

1 and 1387 cm-1 corresponded to the carboxylic groups stretching in
NH2-BDC ligands (Xu et al., 2018). The peak at 1632 cm-1 of S-TiO2

spectrum could be the OeH bond bending vibrations of adsorbed water
molecules (Coronado et al., 2003; Su et al., 2012).

In order to further confirm the successful fabrication, the chemical
compositions and states on the surface of S-TiO2, UiO-66-NH2 and U1T3
were investigated with XPS determination (Fig. 1c). The XPS survey
scan spectra of S-TiO2 displayed the S 2p and Ti 2p characteristic peaks,
indicating that sulfur was successfully doped in S-TiO2. The S 2p peaks
at 168.7 eV and 169.9 eV were attributed to 2p3/2 and 2p1/2,

demonstrating that S6+ existed as chemisorbed SO4
2− species in the

lattice (Wang et al., 2018). Therefore, Ti4+ ions were substituted by
S6+ cations to form Ti − Oe S bond, leading to the promoted visible
light absorption (Ma et al., 2014; Huo et al., 2016). The successful
doping of S element into TiO2 was confirmed by the determination of
the sulfur content in S-TiO2 and U1Tx composites (like U1T3), which
revealed the sulfur content percentages in S-TiO2 and U1T3 were 1.27
wt.% and 1.04 wt.%, respectively (Table S2). The observed Zr 3d peaks
of UiO-66-NH2 at 182.9 eV and 185.3 eV corresponded to Zr 3d5/2 and
Zr 3d3/2, confirming the presence of Zr-O clusters (Xu et al., 2018). The
XPS results exhibited the obvious Ti 2p and Zr 3d peaks of composites
(like U1T3) that were originated from S-TiO2 and UiO-66-NH2, re-
spectively. It could be noted that the binding energies of Ti 2p were
shifted from a higher binding energy at 464.5 eV and 458.8 eV to lower
binding energy at 464.3 eV and 458.6 eV (Fig. 1d), implying that a
higher electron density was on the surface of Ti and electron transfer
from UiO-66-NH2 to S-TiO2 due to their successfully combination (Yi
et al., 2019a; Bai et al., 2015).

The TGA results illustrated that the weight loss of the U1Tx de-
creased with the increase of S-TiO2, in which the weight losses were
consistent with the organic ligand (BDC-NH2 ligands) loss of UiO-66-
NH2 in different mass proportions of the U1Tx composites (Fig. S8).
Thus, it can be further affirmed the formation of S-TiO2/UiO-66-NH2

(U1Tx) composites.
The SEM and TEM images were depicted in Fig. 2, in which the

pristine UiO-66-NH2 exhibited smooth regular octahedron with particle
size ranging from 600 nm to 2000 nm and the S-TiO2 nanoparticles
sizes were ca. 20 nm. It can be clearly seen that the surface of UiO-66-
NH2 were wrapped by S-TiO2 nanoparticles after the ball-milling pro-
cess (like U1T3). The SEM-EDS (Fig. 3) revealed the uniform distribu-
tion of N and Zr (the specific element of UiO-66-NH2), S and Ti (the
representative element of S-TiO2) elements, which further verified the
fabrication of UiO-66-NH2 and S-TiO2 into composites. The selected
area electron diffractograms (SAED) pattern for U1T3 was illustrated in
Fig. 4b (inset). The diffraction rings (from the center) demonstrated the
lattice fringes of 3.53 Å, 2.38 Å, 1.90 Å and1.67 Å, corresponding to the
(101), (004), (200) and (211) lattice plane of TiO2 (PDF#99−000-0105
standard card) (Subramanian et al., 2006). HRTEM results also dis-
played the lattice structure and outline of the U1T3 composite (Fig. 4),
in which the calculated lattice fringe was 0.352 nm, corresponding to
the (101) lattice plane of anatase TiO2 (Gao et al., 2012).

The UV–vis DRS spectra (Fig. 5a and b) demonstrated the optical
absorption property of the UiO-66-NH2, S-TiO2 and their composites.
The band gap (Eg) values of U1T1, U1T2, U1T3 and U1T4 were esti-
mated as 2.79 eV, 2.78 eV, 2.75 eV and 2.75 eV by using Eq. (3) (Du
et al., 2019a; Yi et al., 2019a), indicating that the series U1Tx com-
posites could be excited by visible light. As well, it can be found that the
light absorption behaviors of U1Tx were similar to that of S-TiO2.

Scheme 1. Synthetic illustration for the preparation of S-TiO2/UiO-66-NH2 composites.
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αhυ= A(hυ- Eg) n/2 (3)

Where, α is the diffuse absorption coefficient, ν is the incident photon
frequency, h is the light constant, and n is decided by type of the
semiconductor (indirect (n = 4)).

The Mott–Schottky measurements of S-TiO2 and UiO-66-NH2 were
also conducted to determine the conduction band (CB) values (Fig. 5c
and d). The slope of C2 value versus potential was positive, proving that
the UiO-66-NH2 and S-TiO2 were both the n‐type semiconductors (Yi
et al., 2019a; Rammelt et al., 2001). It was observed that the CB of UiO-
66-NH2 and S-TiO2 were ca.−0.80 eV and -0.55 eV versus the Ag/AgCl
electrode at pH = 7.0, respectively, matching well with the previous
reports (Du et al., 2019b; Zhao et al., 2016). The valence band (VB)
potential values were calculated as 2.30 eV and 2.84 eV vs. NHE (ECB =
EVB - Eg) (Zou et al., 2016) based on the estimated band gaps.

3.2. Photocatalytic activity

3.2.1. Photocatalytic Cr(VI) reduction activities of U1Tx
The photocatalytic reduction experiments of the prepared materials

were carried out under LED visible light (Fig. 6a). After the adsorption
in dark, all U1Tx composites exhibited higher photocatalytic effi-
ciencies than the individual UiO-66-NH2 and S-TiO2. In detail, U1T3
showed the highest removal efficiency (94.9 % at 45 min, 100.0 %
within 75 min), and followed by U1T2 (93.4 % at 45 min, 100.0 %
within 75 min), U1T4 (94.2 % at 45 min, 100.0 % within 75 min) and
U1T1 (81.7 % at 45 min, 97.8 % within 75 min). In addition, photo-
catalytic Cr(VI) reduction conformed to the pseudo‐first order model (ln
(C/C0) = kt), in which k represented the apparent rate constant
(min−1). The Cr(VI) reduction activities of series composites exhibited
saddle-shaped curve, and the k values followed the order of U1T3>
U1T2>U1T4>U1T1>S-TiO2>UiO-66-NH2 (Fig. 6b). The Cr(VI)
removal efficiency over U1T3 was 30.0 % within 150 min without the
presence of light, demonstrating that the efficient Cr(VI) removal was
assigned to the photocatalytic process with the presence of both U1T3
as photocatalyst and visible light rather than catalytic reaction over
U1T3.

The apparent quantum efficiency (AQE) is a critical index to eval-
uate photocatalytic activities (Li et al., 2019b). As demonstrated in
Fig. 6c, The AQEs of U1T3 achieved 0.56 %, 0.48 %, 0.33 %, 0.05 %
and 0.04 % at 315 nm, 330 nm, 365 nm, 380 nm, 400 nm and 420 nm,
respectively. The AQEs at different wavelengths were well corre-
sponded to the curve trend of UV–vis DRS spectra, confirming that the
Cr(VI) removal over U1T3 was a photo-induced photocatalysis process
(Bai et al., 2017; Zhang and Park, 2019).

The BET specific surface area results were in Table S3 and Fig. S10.
It was worthy to note that the increasing introduction of S-TiO2 led to
the decreasing surface areas of composites from 341.14 m2 g−1 to
154.26 m2 g−1. Generally, the larger specific surface areas could lead to
more exposure of active sites, which can facilitate the photocatalytic
activities by promoting charge transfer and effective utilization of
visible light (Yi et al., 2019a; Chen et al., 2007). However, the excessive
introduction of S-TiO2 might be detrimental to the formation of an ef-
fective heterogeneous interface, resulting in the declined efficiency of
charge transfer (Liu et al., 2016). U1T3 was selected for the subsequent
investigation of influences resulted from pH and co-existing ions, con-
sidering its highest photocatalytic efficiency (Du et al., 2019a).

Previous studies have shown that the pH values have significant
effect on the Cr(VI) reduction rate (Wang et al., 2016a). Generally, the
lower pH values could contribute to photocatalytic Cr(VI) reduction
(Shi et al., 2011; Yoon et al., 2009). However, when pH values were 2.0
and 3.0, the photocatalytic Cr(VI) reduction efficiencies were lower
than that at pH = 4.0 (Fig. 7a). It has been reported that the pH values
of solutions could influence the surface potential of the photocatalyst
(Grover et al., 2013). As shown in Fig. 7b, the zeta potentials were
positive at pH = 2.0 and 3.0, which facilitated the adsorption of Cr(VI)
primarily in forms of HCrO4

− or Cr2O7
2- under acid conditions (Guo

et al., 2019). Nevertheless, the excessive Cr(VI) adsorption might block
the photoactive sites to inhibit the further Cr(VI) reduction. When
3.0<pH<7.0, the photocatalytic reaction process follows the Eq.s (4)
and (5), and lower pH value (pH= 4.0) favored Cr(VI) reduction due to
the abundant H+ (Du et al., 2019a; Yi et al., 2019b). Under alkaline
environment, the dominating Cr(VI) specie is CrO4

2− (Wang et al.,

Fig. 1. PXRD patterns (a), FTIR spectra (b) and XPS spectra of S-TiO2, UiO-66-NH2 and U1T3: survey scan (c), Ti 2p (d). (PDF#99-000-0105: PDF standard card of
anatase TiO2, Stars (*) represent the characteristic peaks of UiO-66-NH2).
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2016a), leading to a reaction as expressed in Eq.s (5) and (6). The ef-
ficiency of Cr(VI) removal decreased obviously at pH = 8.0, and it
could be attributed to poor Cr(VI) adsorption resulting from weak
electrostatic attraction between the chromate anion and the negatively
charged surface of U1T3 as well as the formed Cr(OH)3 precipitates
which might cover the active sites of U1T3 (Li et al., 2019a).

14H+ + Cr2O7
2− + 6e- → 2Cr3+ + 7H2O (4)

2H2O + 2h+ → H2O2 + 2H+ (5)

CrO4
2− + 4H2O + 3e− → Cr(OH)3(s)+ 5OH− (6)

Under the light irradiation, the photoinduced electron and hole
could be produced. It was found that ethanol could capture photo-in-
duced holes (Liu et al., 2011), and Cr(VI) reduction efficiency can be
also photochemically promoted in absence of catalysts (Machado et al.,
2014), which could enhance the photocatalytic Cr(VI) reduction. The
influence of different ethanol dosage on Cr(VI) reduction were in-
vestigated (Fig. 7c). With the increase of ethanol, U1T3 obtained the
higher efficiencies of photocatalytic Cr(VI) reduction, and k value in-
creased from 0.067 min−1 (0.05 mL ethanol) to 0.1674 min−1 (0.5 mL
ethanol) (Fig. 7d).

According to the previous reports (Li et al., 2019a; Wang et al.,

Fig. 2. The SEM and TEM images of UiO-66-NH2 (a, e), S-TiO2 (b, f) and U1T3 (c, d, g, h).
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2000), the coexisting ions like inorganic ions and organic matters could
have an effect on photocatalytic performances. The Cr(VI) aqueous
solution was prepared from real lake water and tap water (Table S4) to
confirm the effect of foreign ions (Fig. 9a). It was demonstrated that the
Cr(VI) removal efficiencies in lake water and tap water were 86.8 %,
87.1 %, respectively. The photocatalytic rate k values of lake water
(0.0287 min−1) and tap water (0.0259 min−1) were demonstrated in
Fig. 9b. Similar to the reported literatures (Li et al., 2019a; Yi et al.,

2019b), the decrease of Cr(VI) reduction efficiency was ascribed to the
negative effect of inorganic ions in the water. It could be observed that
the photocatalytic efficiencies in lake water was higher than that in tap
water, which resulted from the positive impact of organic matters that
consumed the photo-induced holes (Yin et al., 2018; Li et al., 2010) as
well as achieved photochemical Cr(VI) reduction (Machado et al.,
2014).

The influences of the coexisting matters on photocatalytic process

Fig. 3. The EDS mapping images of U1T3 composite.

Fig. 4. The HRTEM and SAED images of U1T3 composite.
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was further verified by the Box-Behnken experimental design metho-
dology. Generally speaking, some inorganic cations like Na+, K+, Ca2+

and Mg2+ cannot exert significant impacts on the photocatalytic pro-
cess (Yi et al., 2019a; Wang et al., 2012), because the photo-generated
electrons or holes were hardly utilized by them due to the stability and
high oxidation state. Therefore, only the inorganic anions like Cl− (A),
NO3- (B) and SO4

2- (C) along with DOM (D) were selected as experi-
mental variables to explore photocatalytic efficiencies of Cr(VI)

reduction under LED visible light. The series designed experiments (29
runs) were shown in Table. S5. The results indicated that the response
(photocatalytic efficiency %) and variables conformed to the quadratic
polynomial model (Eq. (7))

= − − − + −

− + − − +

− − − +

A B C D AB

AC AD BC BD CD
A B C D

Efficiency % 88.34 2.97 0.60 0.46 6.60 2.81

0.52 2.36 2.63 1.42 1.10
3.94 1.89 4.39 0.0312 2 2 2 (7)

Fig. 5. The UV–vis DRS (a) and Eg plots (b) of the UiO-66-NH2, S-TiO2 and U1Tx. Mott-Schottky curves of S-TiO2 (c) and UiO-66-NH2 (d).

Fig. 6. Photocatalytic Cr(VI) degradation (a) and comparison of rate constant k (b) over UiO-66-NH2, S-TiO2 and U1Tx (x = 1, 2, 3, 4) hybrids. AQE results of Cr(VI)
reduction under different monochromatic light (c). Conditions: 10.0 mg (200 mg L−1) of U1T3, Cr(VI) =5.0 mg L−1, 50 mL, pH = 4.0.
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According to the ANOVA results of photocatalytic efficiencies, the R2

and adjusted R2 were calculated as 0.9807 and 0.9615, respectively,
indicating that the model possessed a high significance. Besides, the F
values were 416.26, 165.64, 33.64, 1.39 for SO4

2−, DOM, Cl- and NO3-,
respectively, demonstrating that SO4

2− and DOM can exert obvious
impact on photocatalytic Cr(VI) reduction, followed by Cl- and NO3-. As
shown in the three-dimensional surface plots (Fig. 8), the inorganic
anions especially SO4

2− could heavily inhibit Cr(VI) reduction, as

SO4
2− ions can be adsorbed onto U1T3 resulting from the electronic

interactions (Yi et al., 2019a). With the increase of DOM concentra-
tions, the Cr(VI) removal efficiencies were enhanced, indicating that
DOM posed a positive impact on Cr(VI) reduction. Therefore, it could
be concluded that inorganic ions had a negative effect on photocatalytic
Cr(VI) reduction, while DOM could promote the reduction efficiencies
of U1T3 photocatalyst.

Considering that S-TiO2 and UiO-66-NH2 (U1T3) could achieve

Fig. 7. (a) Influence of pH values over U1T3 on Cr(VI) reduction. (b) The zeta potential of U1T3. Effect of different ethanol concentrations over U1T3 on Cr(VI)
reduction (c) and rate constant k (d), pH = 4.0.

Fig. 8. Response surface diagram of the effect of foreign ions on photocatalytic reduction efficiency of Cr(VI) over U1T3.
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good photocatalytic performances under low-power visible light, it
might possess preferable photocatalytic activities under real sunlight
irradiation. In this study, the experiments were conducted under real
sunlight at Daxing campus of BUCEA (39°44′ N, 116°17′E) on December
11th (15 °C), 12th (15 °C) and 13th (13 °C). The average optical powers
were 63 mW, 55 mW and 40 mW, respectively. As shown in 9c, the
photocatalytic efficiencies decreased as the optical power reduced and
the k values were determined to be 0.1001 min−1, 0.0597 min−1 and
0.0468 min−1 (Fig. 9 d). It was worth noting that the correlation be-
tween the actual sunshine intensity and k value was positive, indicating
that the optical power was one of the influence factors of photocatalytic
Cr(VI) reduction. Additionally, comparing with the photocatalytic
performances under LED visible light, U1T3 exhibited higher effi-
ciencies under real sunlight when the optical power was 63 mW.

3.2.2. Photocatalytic bisphenol A degradation
Besides Cr(VI) reduction, the photocatalytic oxidative degradation

toward BPA over U1T3 was also studied. As described in Fig. 10a, the
BPA degradation efficiency was only 4.0 % under the LED visible light
irradiation without any photocatalyst. In the presence of pristine S-TiO2

and UiO-66-NH2, BPA was degraded with removal efficiencies of 89.1
% and 16.2 % within 120 min under LED visible light. In comparison,
BPA degradation efficiency over U1T3 achieved up to 97.4 %, which
was higher than that with P25 as photocatalyst. The influences of dif-
ferent pH values ranging from 3.0–10.0 were also investigated. It was
found in Fig. 10b that U1T3 exhibited good performances toward BPA
degradation and there was only 5.0 % difference between pH= 3.0 and
pH = 10.0. In particular, BPA degradation efficiency achieved 97.5 %
with highest degradation rate (0.0298 min−1) at pH = 6.0 (Fig. S15),
indicating that photocatalytic BPA degradation preferred to be carried
out under neutral conditions.

In order to further explore the potential photocatalytic perfor-
mances of simultaneous reduction and oxidation, experiment was
conducted to investigate U1T3′s photocatalytic activity in the Cr(VI)/
BPA matrix. As illustrated in Fig. 10c, photocatalytic Cr(VI) reduction
and BPA oxidation efficiencies achieved 100.0 % and 97.4 % over U1T3

under LED visible light within 120 min in the mono-component system,
respectively. In the mixture of Cr(VI) and BPA solution, the Cr(VI) re-
moval efficiency was sustained as 100.0 % with decreasing photo-
catalytic reduction rate from 0.0704 min−1 (Cr(VI) solution) to 0.0220
min-1 (Cr(VI)/BPA matrix) (Fig. 10d), and the photocatalytic effi-
ciencies of BPA degradation declined slightly to 90.8 %. The results
revealed that U1T3 maintained good performances for Cr(VI) reduction
and BPA degradation when Cr(VI) and organic pollutant existed si-
multaneously.

The generated intermediate products in the process of photo-
catalytic BPA degradation within 120 min were detected by LC–MS
(Table. S9). Several intermediate compounds like 4-isopropylphenol
(m/z = 135), hydroquinone (m/z = 109), p-benzoquinone (m/z =
108), 4-isopropylenecatechol (m/z = 149), 4-isopropenylphenol (m/z
= 133), and phenol (m/z = 93) were identified and confirmed by both
MS determination and the previous reports (Subagio et al., 2010;
Molkenthin et al., 2013; Li et al., 2019c). According to the present
experimental data and the literatures (Chiang et al., 2004; Lu et al.,
2013; Sharma et al., 2015), the possible pathway of photocatalytic BPA
degradation under visible light was proposed as Fig. 11. The electron-
rich C4 of BPA was firstly attacked, followed by the formation of 4-
isopropylphenol and phenol (Li et al., 2019c). As the reaction con-
tinues, series intermediates were formed. When the reaction time was
prolonged, it was believed that the BPA could be completely miner-
alized into CO2 and H2O. It can be concluded that U1T3 exhibited
preferable photocatalytic performances toward Cr(VI) reduction and
BPA oxidation under LED visible light, which can exceed most coun-
terparts as listed in Table 1.

3.2.3. Reusability and stability of U1T3
It is of great importance to investigate the reusability and stability of

U1T3 for practical application. As depicted in Fig. 12a, U1T3 showed
preferable photocatalytic performance for Cr(VI) reduction. The per-
formances of photocatalyst only have a slight decrease after two runs.
In the 4th cycle, the Cr(VI) removal efficiency decreased to 85.0 % due
to the adsorption of Cr(III) or Cr(VI) ions on the surface of catalyst. The

Fig. 9. Effect of foreign ions on Cr(VI) reduction (a) and rate constant k (b). Performances of Cr(VI) removal under real sunlight (d) and rate constant k (d).
Conditions: 10 mg of U1T3, Cr(VI) =5 mg L−1, 50 mL, pH = 4.0.
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survey XPS spectra (Fig. 12b) after photocatalysis confirmed the pre-
sence of Cr element. As shown in Fig. 12c, the XPS spectrum of Cr 2p
could be curve fitted with three peaks at 577.2, 580.2 and 586.8 eV.
The peaks at 577.2 and 580.2 eV were attributed to Cr 2p3/2 while that
at 586.8 eV was attributed to Cr 2p1/2. It was worth noting that the
observed peaks at 580.2 eV and 586.8 eV were assigned to Cr(VI) and
the peak at 577.2 eV was regarded the signals of Cr(III) (Zhao et al.,
2014).

For comparison, the cycle experiments of S-TiO2 and UiO-66-NH2

were also conducted. It was demonstrated that both UiO-66-NH2 and S-
TiO2 exhibited inferior photocatalytic efficiencies. Cr(VI) removal ac-
tivities over S-TiO2 and UiO-66-NH2 accomplished 81.5 % and 76.1 %
for the first cycle. In the last cycle, only 23.7 % and 34.8 % of Cr(VI)
was removed with S-TiO2 and UiO-66-NH2 as catalyst, respectively. All
above-stated experiment illustrated that U1T3 could be reusable. After
photocatalytic reactions, the PXRD patterns of used U1T3 corresponded
well to those of the original one (Fig. 12d). In addition, the SEM and
TEM results (Fig. S16) demonstrated no noticeable changes of the
morphology of U1T3 were observed, indicating that U1T3

Fig. 10. Photocatalytic BPA degradation performances of different photocatalysts (a) and influences of pH values on BPA degradation (b). Effect of organic pollutant
BPA on Cr(VI) reduction (c) and rate constant k (d). Conditions: 10.0 mg of U1T3, BPA =5.0 mg L−1, 50 mL.

Fig. 11. Possible photocatalytic degradation pathways of BPA degradation.

Table 1
Comparison of photocatalytic properties of various photocatalysts.

Catalyst/dosage (mg L−1) Pollutants/mg L−1 Irradiation Hole scavenger Efficiency
(%) k (min-1) Ref

TiO2@NH2-MIL-88B(Fe)/500 Cr(VI)/10.4 500 W Xe lamp (NH4)2C2O4 98.6% 35 min
0.0878 (Yuan et al., 2019)

MIL-100(Fe)/TiO2/50 K2Cr2O7/10 450 W Xe arc lamp methanol 50.0% 60 min
0.0339 (He et al., 2019)

WO3/TiO2 Cr(VI)/20 Xe lamp citric acid 100.0% 130 min - (Yang et al., 2010)
SnS2/TiO2/1000 K2Cr2O7/50 Visible light / 100.0% 120 min (Zhang et al., 2012)
Ag/TiO2 /200 Cr(VI)/10 300 W xenon lamp / 99.8% 240 min - (Lei et al., 2014)
S-TiO2/UiO-66-NH2/200 Cr(VI)/5 LED visible light (50 mW) / 100.0% 75 min

0.0704 This work
TiO2@MIL-101(Cr)/500 BPA/50 125 W mercury lamp / 92.0% 240 min 0.0024

(Tang et al., 2019)
N-doped TiO2/500 BPA/5 LED visible light (15 W) / 90.0% 120 min 0.0224 (Subagio

et al., 2010)
S-TiO2/UiO-66-NH2/200 BPA/5 LED visible light (50 mW) / 97.4% 120 min 0.0298

This work
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demonstrated good stability. It was worth noting that little amount of
titanium and zirconium (<10 μg L−1) were detected by inductively
coupled plasma-optical emission spectrometry (ICP-5000, Focused
Photonics Inc.) after four cycles. Overall, the reusable and stable U1T3
is environmentally friendly and efficient as photocatalyst.

3.2.4. Photocatalytic mechanism
The electrochemical impedance spectroscopy (EIS) measurements

were conducted to elucidate the photo-generated carrier separation
performance of the photocatalyst. It was generally believed that the
smaller the arc radius in the Nyquist diagram represented the lower
charge transfer resistance (Rct) (Yi et al., 2019a; Yuan et al., 2019). As
depicted in Fig. 13a, the diameter of arc radius followed the order of S-
TiO2>UiO-66-NH2>U1T3, demonstrating that U1T3 possessed
better charge separation or migration ability than the pristine S-TiO2

and UiO-66-NH2. Additionally, the photocurrent spectroscopy was also
introduced to evaluate the photocatalytic performances. The photo-
current densities followed the order of U1T3>S-TiO2>UiO-66-NH2

(Fig. S17). Therefore, U1T3 exhibited higher photogenerated electron-
hole separation ability (Chen et al., 2018).

The trapping experiments were used to confirm the photo-produced
active species and explore the possible mechanism. The different active
species capture agents like K2S2O8 (Sharma and Dutta, 2015), benzo-
quinone (BQ) (Ju et al., 2017), isopropyl alcohol (IPA) (Hwang et al.,
2010) and EDTA-2Na (Liu et al., 2013) with identical concentration of
0.2 mmol L−1 were recommended to capture e-, ·O2-, ·OH and h+, re-
spectively. As demonstrated in Fig. 13b, the Cr(VI) removal efficiencies
declined to 97.5 % within 90 min after the addition of K2S2O8. When
IPA was added into the solution, photocatalytic removal rate decreased,
which was attributed to the following chemical equation (Eq.s (8),(9)
and (10)) (Yi et al., 2019a). In the presence of EDTA-2Na, photo-
catalytic Cr(VI) reduction efficiency was promoted obviously, in-
dicating that the consumed holes facilitated the separation of electrons
and holes. It was reported that ·O2- can also take part in the reduction of
Cr(VI) (Li et al., 2019a; Zhang et al., 2018b; Wang et al., 2016c). Under

the N2 atmosphere, a slight decrease of Cr(VI) reduction rate was ob-
served, implying that ·O2- took part in Cr(VI) reduction but exerted
minor effect. The main active species of photocatalytic BPA degradation
were also investigated. As shown in Fig. 13c, the BPA degradation ef-
ficiencies decreased conspicuously with the addition of EDTA-2Na and
BQ. Therefore, it can be noted that h+ and ·O2- were the predominated
active species for photocatalytic BPA oxidation.

O2 + e− →·O2
− (8)

2·O2 + 2H+ → H2O2+ O2 (9)

H2O2 + Cr(III) +H+ → Cr(VI) + H2O + ·OH (10)

Based on the obtained results, the II-scheme mechanism of photo-
catalytic system illustrated in Fig. 14 was proposed over S-TiO2/UiO-
66-NH2 composites. Both S-TiO2 and UiO-66-NH2 could produce elec-
trons and holes when they were exposed to the visible light. The photo-
generated electrons were transferred from LOMO of UiO-66-NH2 to CB
of S-TiO2, due to the potential difference between UiO-66-NH2’s LOMO
at -0.6 eV and S-TiO2’s CB at -0.35 eV. ·O2

− could be produced over
both LUMO/CB of UiO-66-NH2 and S-TiO2, due to that their potentials
were higher than that of O2/·O2

− (-0.33 eV vs. NHE) (Deng et al.,
2017). The ESR measurement also verified the existence of ·O2

−. As
shown in Fig. 13d, the DMPO-·O2

− signals of U1T3 were detected under
visible light for 5 min and 10 min, and no signals were observed in
dark, confirming that ·O2- radicals were generated in the process of
photocatalysis.

4. Conclusions

In summary, series S-TiO2/UiO-66-NH2 composites were con-
structed by facile ball-milling method, which exhibited superior pho-
tocatalytic efficiencies of Cr(VI) reduction and BPA oxidation than
pristine UiO-66-NH2 and S-TiO2 under LED visible light. S-TiO2 was
uniformly coated on the surface of UiO-66-NH2, making a strong che-
mical interface and enhanced separation of electron-hole pairs between

Fig. 12. The cyclic performance of Cr(VI) removal over U1T3, S-TiO2 and UiO-66-NH2 (a). XPS survey spectra of U1T3 (b) and Cr 2p spectrum of U1T3 after the
photocatalytic activities (c). PXRD patterns of U1T3 (d).

Y.-X. Li, et al. Journal of Hazardous Materials 399 (2020) 123085

11



the two components. The influence factors like pH values and co-ex-
isting foreign matters on the photocatalytic removal efficiencies were
explored. Therein, the influence of inorganic ions and DOM on Cr(VI)
reduction processes was also confirmed by the Box-Behnken design
methodology. The possible pathway of photocatalytic BPA degradation
was proposed and confirmed by LC–MS analysis. It is worth noting that
U1T3 showed good photocatalytic performances under real sunlight.
The proposed photocatalysis mechanism was verified by active material
capture experiments and Mott-Schottky curves, and further confirmed
by ESR determination. Furthermore, the cycling experiments indicated
that S-TiO2/UiO-66-NH2 composite (U1T3) possessed good reusability
and stability. This work provides a promising strategy for construction

of doped TiO2 and MOFs composites to achieve good photocatalytic
oxidation and reduction efficiencies in water treatment.
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