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A B S T R A C T   

MIL-101(Fe)–NH2 was hydrothermally immobilized on porous alumina substrate to fabricate MIL-101(Fe)– 
NH2@Al2O3 (MA) photocatalyst via a reactive seeding (RS) method. The as-prepared MA photocatalyst can 
accomplish 100% Cr(VI) reduction efficiency up to 20 cycles with the synergistic effect of oxalic acid upon the 
irradiation of white light. The influences of co-existing inorganic ions in simulated tanning wastewater on Cr(VI) 
reduction were evaluated via a Box-Behnken design of response surface methodology. The as-prepared MA 
photocatalyst can overcome the difficulty and challenge concerning the recovery and recyclability of traditional 
powder MOFs photocatalysts. Furthermore, a continuous fixed-bed device based on MA photocatalyst was 
designed, which can achieve a rapid and efficient Cr(VI) reduction under white light in lab experiment and under 
the real solar light in field experiment. This work provides the possibility for the continuous photocatalytic Cr 
(VI) reduction operation in the fixed-bed reactor.   

1. Introduction 

Hexavalent chromium (Cr(VI)), usually as the form of Cr2O7
2-, is a 

widespread contaminant in wastewaters discharged from various in-
dustrial processes like electroplating, pigment production, and leather 
tanning [1,2]. Due to its high toxicity, strong carcinogenicity, and high 
solubility, the World Health Organization (WHO) set a stricter threshold 
of 50 μg/L for Cr(VI) (in drinking water) [3]. A variety of strategies have 
been adopted for the treatment of Cr(VI) containing wastewater, 
including ion exchange [4], adsorption [5], chemical or electrochemical 
reduction [6], membrane filtration [7]. Among these elimination tech-
nologies, the photocatalytic Cr(VI) reduction into Cr(III) is well- 
acknowledged as an effective Cr(VI) removal method. Many re-
searchers have reported the photocatalytic Cr(VI) reduction over 
different photocatalysts including TiO2 [8], CdS [9], SnS2 [10], and 
Ag2S [11]. Compared with the traditional photocatalysts, the advantage 
of the MOFs as photocatalysts for Cr(VI) reduction results from their 
desirable topology and high surface and interface area, which can 
facilitate fast mass transport [12,13]. During the photocatalytic Cr(VI) 
reduction process, dissolved organic acids were often selected as hole 
scavenger to boost the separation efficiency of the photo-induced elec-
trons and holes [14-17], considering that acids present widely in natural 

environments. 
In general, powder photocatalysts including MOFs (metal–organic 

frameworks) particles are difficult to recover and recycle. In addition, 
powder MOFs suffer from the poor water stability. Recently, MOF-based 
free-standing membranes and thin films has been extensively studied for 
applications in optics [18], microelectronics [19], sensing [20], as well 
as energy conversion & storage [21,22]. Our group previously reported 
that the UiO-66-NH2(Zr/Hf) membranes exhibited both outstanding 
reusability and water stability, which can achieve 94% Cr(VI) reduction 
efficiency after 20 cycles within 2400 min [12]. 

Inspired by our previous work, α-Al2O3 sheet prepared via solid- 
phase reaction [23] was adopted as the substrate to immobilize MIL- 
101(Fe)–NH2 due to the excellent surface properties, electrical insu-
lation and good strength. MIL-101(Fe)–NH2 was selected to be immo-
bilized onto α-Al2O3 substrate (MIL-101(Fe)–NH2@Al2O3, MA) via 
reactive seeding method for photocatalytic Cr(VI) reduction in batch 
scale and continuous operation modes under white light. Oxalic acid was 
introduced as a hole trapping agent to further improve the photo-
catalytic Cr(VI) reduction performance of MA photocatalyst. The pho-
tocatalytic Cr(VI) removal over the MA photocatalyst is featured with 
the following advantages. Firstly, MA photocatalyst enables to overcome 
the aggregation and difficult recycling of powder MIL-101(Fe)–NH2 
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photocatalysts. Secondly, MA photocatalyst exhibits satisfied photo-
catalysis performance and reusability to reduce Cr(VI) upon the irradi-
ation of white light with the aid of oxalic acid. Finally, the continuous Cr 
(VI) reduction operation was accomplished over MA photocatalyst in the 
home-made fixed bed reactor. This work provides a possibility of 
applying MOFs as photocatalyst for purification of wastewater con-
taining Cr(VI) pollutant. 

2. Experimental 

2.1. Materials and characterization 

All used chemicals, characterization instruments and methods are 
provided in the Supplementary Information (SI). 

2.2. Preparation of MA photocatalyst 

The alumina support was produced according to our previous report 
[12]. The MA photocatalyst was fabricated via secondary seeding 
growth method [24]. The synthesis procedure includes two steps. (i) 
Seed growth: The homogeneous matrix of 2-aminoterephthalic acid 
(NH2-BDC, 1.98 mM, 0.3586 g), 25.0 mL deionized water and  α-Al2O3 
was sealed into a Teflon-lined bomb (100.0 mL) to react hydrothermally 
at 453 K for 12 h. Afterward, the seeded  α-Al2O3 support was washed 
with water, followed by being dried at 333 K for 6 h. (ii) Secondary 
growth: a synthetic solution was prepared by mixing the FeCl3⋅6H2O 
(1.98 mM, 0.5350 g), 2-aminoterephthalic acid (NH2-BDC, 1.98 mM, 
0.3586 g), N,N-dimethylformamide (DMF, 45.0 mL) and acetic acid (1.8 
mL). The mixture and the seeded α-Al2O3 support were sealed into a 
100.0 mL Teflon-lined bomb to be heated at 383 K for 24 h. Finally, the 
MA photocatalyst was cleaned with DMF to remove the unreacted re-
actants and then dried at 333 K for 6 h. 

2.3. The batch test of photocatalytic Cr(VI) reduction over MA 
photocatalyst 

The batch-scale tests of the photocatalytic Cr(VI) reduction into Cr 
(III) over the MA photocatalyst were performed at room temperature in 
a quartz reactor as illustrated in Fig. S1, in which the 50.0 mL Cr(VI) 
aqueous solution with initial concentration of 5.0 mg/L was irradiated 
using a 300 W Xe lamp (Beijing Aulight Co., Ltd, and the white light 
spectrum was depicted in Fig. S2). It has been reported that the addition 
of organics as hole trapping agents can significantly accelerate the 
photocatalytic Cr(VI) reduction reaction, which can be ascribed to the 
boosted separation of photo-generated electron-hole pairs [25]. There-
fore, 2.0 mL oxalic acid (0.8 mM) was added to the reaction solution. 
During the light irradiation, 1.5 mL solutions were extracted by syringe 
filter with 0.22 μm PTFE membrane at pre-set time intervals. The 
diphenylcarbazide colorimetric method over the Auto Analyzer 3 (169 
+ B205-01) was selected to test the concentration of the residual Cr(VI) 
[26]. 

The apparent quantum efficiency (AQE) of the MA as photocatalyst 
was calculated according to Eq. (1) on the basis of the amount of the 
reduced Cr(VI) at a given monochromatic irradiation provided by a 300 
W Xe lamp with the different filters [27]. 

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

number of incident photons
(1)  

2.4. The continuous operation of photocatalytic Cr(VI) reduction over 
MA photocatalyst 

A home-made fixed bed reactor system (Scheme 1) was adopted to 
achieve continuous operation for photocatalytic Cr(VI) reduction over 
MA photocatalyst. Some related information concerning the size of 
reactor, area of alumina sheet was listed in Table S1. As illustrated in 
Scheme 1, the model hexavalent chromium solution (5.0 mg/L) was 
delivered by a peristaltic pump (Peek 6000LDI-P) at the flow rates of 
0.100 L/h, in which the oxalic acid (20 mM) with the injection speed of 
0.066 mL/min injected by a high precision injection pump. At the same 

Scheme 1. Schematic overview of fixed bed reactor system for the continuous photocatalytic Cr(VI) reduction operation.  
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time, 300 W Xe lamp (Beijing Aulight Co., Ltd) was selected as the light 
source matching with the fixed bed reactor. 

The continuous operations for photocatalytic Cr(VI) removal over 
the MA photocatalyst were accomplished under the real solar light from 
7:00 AM to 7:00 PM in Daxing campus of Beijing University of Civil 
Engineering and Architecture to study the performance in possible 
practical applications. 

3. Results and discussion 

3.1. The characterizations of the as-prepared MA photocatalyst 

The fabrication procedure of the MIL-101(Fe)–NH2 on the α-Al2O3 
support via the secondary seeding growth method was illustrated in 
Fig. 1a. After the first seed growth step, the surface of α-Al2O3 support 
changed from white to gray, then to deep brown after the secondary 
growth step. Compared with the blank α-Al2O3, the morphology of the 
seeded layer over α-Al2O3 support was denser than that of the pristine 
α-Al2O3 sheet (Fig. S3), implying NH2-BDC was adhered onto the 
α-Al2O3 support. 

Due to the small content, the as-prepared MIL-101(Fe)–NH2 on the 
support can’t be directly characterized by SEM and XRD. However, the 
SEM-EDS results revealed that Fe and N elements, two characteristics 
elements in MIL-101(Fe)–NH2 (Fig. 1d). 

Transmission electron microscopy (TEM) (Fig. 2a and 2b) and high- 
resolution transmission electron microscopy (HRTEM) images (Fig. 2c) 

indicate that the average particles sizes of uniform MIL-101(Fe)–NH2 
immobilized on α-Al2O3 substrate ranged from 100 to 200 nm, which 
were smaller than the sizes of the irregular MIL-101(Fe)–NH2 particles 
(200 – 1000 nm) deposited on the bottom of the reactor (Fig. S3c). 
Especially, MIL-101(Fe)–NH2 nanoparticles were observed to be wrap-
ped by the α-Al2O3 sheet (Fig. 2c), which was consistent with the pre-
vious report [28]. The TEM-EDS elemental mappings (Fig. 2d) further 
confirmed that the characteristic elements like Fe, N, Al, and O were 
evenly distributed over the as-prepared sample. Taken together, the 
SEM, TEM and HRTEM analysis confirmed that the successful loading of 
the MIL-101(Fe)–NH2 on the α-Al2O3 support. 

The surface morphologies of the pristine α-Al2O3 support and MA 
photocatalyst was observed by atomic force microscope (AFM), which 
provided more evidence for the successful decoration of MIL-101(Fe)– 
NH2 onto α-Al2O3 support. The 2D AFM images and corresponding 3D 
AFM images were showed in Fig. 3. The roughness parameters of the MA 
photocatalyst were estimated with the AFM scanning area of 4 μm × 4 
μm and 5 μm × 5 μm. It could be observed that the Rq (Rms roughness) 
value of MA photocatalyst was ca. 186 nm, which was obviously higher 
than that of the pure α-Al2O3 support. 

The XPS characterization was performed to further detect the surface 
compositions of a membrane [29]. It can be observed (Fig. 4a) that the 
two peaks at 711.3 eV and 724.30 eV were ascribed to Fe 2p3/2 and Fe 
2p1/2 of Fe (III) in MIL-101(Fe)–NH2, respectively [30], which can be 
further affirmed by the presence of the satellite peak at 716.4 eV [31] 
and 728.7 eV [32]. However, the interior chemical compositions of the 

Fig. 1. (a) MA photocatalyst preparation procedure. SEM images of the (b) Bottle bottom sediment- MIL-101(Fe)–NH2. The EDS elemental mappings of (c) α-Al2O3 
support and (d) MA photocatalyst. 
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MIL-101(Fe)–NH2@Al2O3 (MA) can’t be directly detected by XPS, due to 
that the maximum effective determination depth of XPS was<10 nm 
[33]. In this study, XPS combined with argon beam etching technique 
was adopted to investigate the elemental distribution at different depths 
of MIL-101(Fe)–NH2@Al2O3 (MA). The thickness of formed MIL-101 

(Fe)–NH2 was determined using an etching rate of 0.25 nm/s. After 4 
runs’ etching, in which each etching period was 20 s, the thickness of the 
MIL-101(Fe)–NH2 loaded on the alumina substrate can be calculated as 
ca. 20 nm. After each etching, the distribution of elements of Fe, C, Al in 
each layer was nearly identical, indicating that a uniform MIL-101(Fe)– 

Fig. 2. TEM images of (a) MIL-101(Fe)–NH2 from MA powder, (b) MIL-101(Fe)–NH2 and α-Al2O3 powder scraped off the as-prepared MA, (c) HRTEM image of MIL- 
101(Fe)–NH2 immobilized on α-Al2O3, (d) HRTEM-EDS elemental mappings of MA photocatalyst. 

Fig. 3. 2D AFM images and corresponding 3D AFM images of the (a) and (c) α-Al2O3 support, (b) and (d) MA photocatalyst surface.  
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NH2 was immobilized onto the α-Al2O3 substrate. As shown in Fig. 4b, 
from the surface to the fourth layer of etching, there was a minor in-
crease of iron content, in which the presence of surface pollution from 
deposited carbon may lead to the decreasing iron content [34]. 

The optical absorption activity of the MA photocatalyst was inves-
tigated by UV–vis diffuse reflection spectra (UV–vis DRS). As illustrated 
in Fig. S4, both MIL-101(Fe)–NH2 powder and MA photocatalyst 

displayed the superior light absorption in the range of 200 – 800 nm, 
which resulted from both the Fe-O clusters and –NH2 group of BDC 
linker in MIL-101(Fe)–NH2 [35,36]. The apparent quantum efficiency 
(AQE) at different wavelengths was deemed as a key index of evaluating 
photocatalytic activity under different light [37]. As illustrated in 
Fig. 4c, the Cr(VI) reduction AQEs over MIL-101(Fe)–NH2@Al2O3 (MA) 
were 10.35%, 3.73%, 1.10%, 0.10%, 0.09% and 0.07% at the light 

Fig. 4. (a) XPS spectra of MIL-101(Fe)–NH2@Al2O3 (MA). (b) Elements (Al, C, Fe) contents in different etching layers of the as-prepared MIL-101(Fe)–NH2@Al2O3 
(MA). (c) AQE of Cr(VI) reduction upon the irradiation of white light. Reaction conditions: the actual MIL-101(Fe)–NH2 was ca. 15.0 mg per sheet, 50 mL of 5 mg/L 
Cr(VI), oxalic acid = 0.8 mM, initial solution pH = 3.4. 

Fig. 5. (a) The photocatalytic Cr(VI) reduction and (b) the rates (k values) over the samples over white light irradiation under different systems. Reaction conditions: 
the actual MIL-101(Fe)–NH2 was ca. 15.0 mg per sheet, 50 mL of 5 mg/L Cr(VI), oxalic acid = 0.8 mM, initial solution pH = 3.4. 
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wavelength of 330 nm, 365 nm, 380 nm 400 nm 420 nm and 520 nm, 
respectively, which fitted perfectly with the plot of UV–vis DRS spectra 
of the MIL-101(Fe)–NH2@Al2O3. These AQEs results further affirmed 
that Cr(VI) reduction was a photo-induced reaction [37,38]. 

3.2. Photocatalytic Cr(VI) reduction performance of MA photocatalyst 

The photocatalytic Cr(VI) reduction performance of MA photo-
catalyst was evaluated with oxalic acid as both reductant and hole 
capture agent. Under the irradiation of white light, only ca. 14.0% Cr 
(VI) can be removed in the presence of MA photocatalyst (Fig. 5a), 
indicating that effective Cr(VI) reduction can’t be achieved via photo-
catalysis process over MA photocatalyst without the aid of oxalic acid. 
Only oxalic acid under white light irradiation can achieve nearly 35.2% 
Cr(VI) removal with the absence MA photocatalyst as catalyst within 
8.0 min, indicating that Cr(VI) can be photo-reduced by oxalic acid as 
reductant [39,40]. However, with the presence of both white light and 
oxalic acid, the 100% Cr(VI) with initial concentration of 5 mg/L can be 
removed by MA photocatalyst within 8.0 min. The photocatalytic 
reduction of Cr(VI) approximately follows pseudo-first-order kinetics, 
the corresponding reduction rate constant Kobs over MA photocatalyst as 
photocatalyst with the presence of oxalic acid was 1.068 min− 1, which 
was ca. 84.88, 24.54 and 970.74, 17.17, 92.05 times faster than those of 
the MA/Oxa, α-Al2O3/Oxa/light, α-Al2O3/light, Oxa/light, MA/light 
system. Therefore, the effective Cr(VI) removal was contributed the 
synergic effect of photocatalytic reduction and light-induced oxalic acid 
reduction over MA photocatalyst, in which oxalic acid can act as not 
only reductant to directly reduce Cr(VI) but also hole capture agent to 
promote the separation and migration of electron-holes. 

Generally, the pH of the treated water sample can affect the 
adsorption and photocatalysis processes, since it could influence on both 
the species of Cr(VI) ions and the surface charge of the photocatalyst 
[41]. As shown in Fig. 6a and 6b, the photocatalytic Cr(VI) reduction 
performances, such as efficiencies and rates (k values) of the MA pho-
tocatalyst, varied obviously with pH. Specifically, the Cr(VI) photore-
duction efficiencies increased rapidly with the decreasing pH values 
(97.8%, 97.7%, 97.6%, 96.4%, 51.6% at pH = 2, 4, 6, 8 and 10, 
respectively). Under acidic environments, the Cr(VI) photoreduction 
over MA photocatalyst was achieved following Eq. (2), (3) and (4) 
[8,13]. With 2 < pH < 6, the dominate Cr(VI) species were Cr2O7

2- or 
HCrO4

-. In addition, the Cr(VI) was easily reduced by oxalic acid in 
acidic medium following Eq. (5). Under alkaline environment, CrO4

2−

was the main existence form and the corresponding Cr(VI) reduction 
was accomplished following Eq. (6) [42]. Obviously, acidic medium 
favored the Cr(VI) photoreduction due to the amount of substantial H+. 

MA photocatalyst + hν → MA photocatalyst (h+ + e-) (2) 
Cr2O7

2- + 14H+ + 6e- → 2Cr3+ + 7H2O (3) 
HCrO4

- + 7H+ + 3e- → Cr3+ + 4H2O (4) 
Cr2O7

2- + 3HC2O4
- + 11H+ → 2Cr3+ + 6CO2 + 7H2O (5) 

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

When pH greater than 6, increasing Cr(OH)3 precipitates can be 
deposited on the surface of photocatalyst to mask its active sites, which 
led to the decreased photocatalytic Cr(VI) reduction performance [43]. 
However, after adding oxalic acid as both reductant and the hole trap-
ping agent, the alkaline solution was adjusted to an acidic solution, 
which can explain why the MA has a good performance in reducing Cr 
(VI) in a wide initial pH range. 

The isoelectric point of MIL-101(Fe)–NH2 was measured to be 

Fig. 6. (a) Influence of pHs on Cr(VI) reduction efficiencies. Reaction conditions: the actual MIL-101(Fe)–NH2 was ca. 15.0 mg per sheet, 50 mL of 5 mg/L Cr(VI), 
oxalic acid = 0.8 mM (b) The k values over the different pHs. (c) The surface zeta potential versus pH of MIL-101(Fe)–NH2. 
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ca.3.26, indicating that the zeta potential of the MIL-101(Fe)–NH2 was 
positive when the pH < 3.26. Hence, the positive surface of MIL-101 
(Fe)–NH2 under acid conditions was inclined to adsorb anionic Cr(VI) 
due to the electrostatic attraction, which can favor the capture of photo- 
generated electrons to accomplish superior Cr(VI) photoreduction effi-
ciency [2]. Considering the stability of the MIL-101(Fe)–NH2 in an 
acidic environment [44], we chose the initial pH (3–5) of the Cr(VI) 
solution as an optimal condition. 

Besides solution pH, the dosage of oxalic acid also played an 
important role in the Cr(VI) reduction [40]. Therefore, a new series 
photoreduction experiments were performed, in which different Cr(VI) 
(5 mg/L): oxalic acid molar ratios (2:1, 4:1, 6:1, 8:1 and 10:1) were 
selected to explore the influence of oxalic acid concentrations. As shown 
in Fig. S5a, Cr(VI) reduction efficiencies increased with the increase of 
oxalic acid dosage. Obviously, the Cr(VI) reduction efficiency did not 
improved significantly when the n(Oxa)/n(Cr) molar ratios increased 
from 4:1 to 10: 1. In order to achieve a better treatment of industrial 
wastewater, we chose the n(Oxa)/n(Cr) = 8.4:1 (0.8 mM oxalic acid) as 
an optimal condition in further experiments. The effect of Cr(VI) con-
centration on the reduction efficiency of Cr(VI) was investigated by 
various initial concentration from 5 to 30 mg/L (Fig. S5b). The reduc-
tion efficiency of Cr(VI) decreased with the increasing of Cr(VI) con-
centration, which may be caused by excessive chromate occupying the 
active sites of MA photocatalyst, which was similar to the previous 
literature [45,46]. 

Both the co-existing inorganic ions and the dissolved organic matters 
(DOM) might impact the Cr(VI) photoreduction efficiencies, which were 
investigated by the Box-Behnken statistical experimental design 
approach. Generally, many inorganic cations like Na+, K+ and Ca2+ with 
stable and highest oxidation states demonstrated insignificant effect on 
the Cr(VI) reduction process, due to that they were inert to the photo- 
induced electrons or holes [47]. As listed in Table S2, a total of 17 ex-
periments taking the account of three factors like oxalic acid (A), SO4

2- 

(B) and Cl− (C) were designed to determine the optimum Cr(VI) 
reduction conditions under white light. The designed experiments (17 
runs) were depicted in Table S3, in which the response (photocatalytic 
efficiency %) and variables can be expressed as Eq. (7). 

Efficiency % =34.44 + 3.90A – 6.95B – 3.80C + 1.87AB + 5.93AC – 
1.17BC + 34.14A2 + 28.05B2 + 23.99C2 (7) 

As shown in Table S4, the analysis of variance ANOVA was applied 
to test the availability of Box-Behnken design for Cr(VI) removal. It can 
be observed from the ANOVA results of photocatalytic Cr(VI) effi-
ciencies that the determination coefficient displayed a high value (R2 =

0.98), indicating that 98.0 % of the variability in the response could be 
predicted by the model. The P-values were used to check the significance 
of each coefficient and to verify the interaction strength of each 
parameter. Values of Prob F were < 0.0001, implying that the model was 
statistically significant. In addition, it can be concluded from the F value 
(Table S4) of the variable that the influence order of the three variables 

on the reduction of Cr(VI) was B (SO4
2-) > A (oxalic acid) > C (Cl− ). It 

can be seen that as the concentration of inorganic anions increases 
constantly, the Cr(VI) photoreduction efficiencies decreases initially, 
followed by an obvious increase (Fig. 7). It was found that SO4

2− ions 
exerted negative impact on the photocatalytic Cr(VI) reduction, because 
SO4

2− ions can be competitively adsorbed onto MA photocatalyst 
resulting from the electronic interactions [13]. The highest Cr(VI) 
reduction efficiency can be accomplished under the optimal concen-
trations of oxalic acid, SO4

2− and Cl− being 162.05, 10757, and 31103 
mg/L, respectively. 

3.3. Reusability of MA photocatalyst 

As in Fig. 8a, the Cr(VI) reduction efficiencies over MA photocatalyst 
upon the irradiation of white light can be maintained at 100.0% for at 
least 20 runs (totally 400 min). By calculating the peak area of N 1 s of 
MA before and after Cr(VI) reduction (Fig. S6), it was found that MA still 
maintained its composition after 20 runs’ operations of Cr(VI) reduction 
experiments, indicating its good stability and reusability. The XPS 
spectra (Fig. 8d) of used MA matched well with fresh samples, which 
could further confirm its stability. Furthermore, the concentrations of 
leached Fe in the acidic condition were determined by ICP-OES as 0.75 
mg/L, which met the requirement of the environmental standards (2 
mg/L) set by the European Union. It can be concluded that MA with the 
assistance of oxalic acid exhibited outstanding photocatalytic perfor-
mances and reusability, which can exceed most counterparts (Table S5). 

3.4. The continuous operation of photocatalytic Cr(VI) reduction over 
MA photocatalyst in a fixed-bed reactor 

To utilize the high reusability of the MA, a micro fixed bed reactor 
(Scheme 1) was designed and fabricated to accomplish the continuous 
operation of photocatalytic Cr(VI) reduction. The residence time (T) of 
the treated solution was calculated by the approach proposed by Mar-
tínez et al.[48]. For the operating conditions used in this work, the 
hydraulic retention time (HRT) was calculated to be 120 min. For the 
purpose of maintaining the ratio of different solutions in batch experi-
ment and fixed bed reactor, the flow rate of Cr(VI) solution and oxalic 
acid solution was calculated based on the Eq. (8). Therefore, the flow 
rate of Cr(VI) solution and oxalic acid solution was set at 0.100 L/h and 
0.066 mL/min, respectively. 

QCr(VI)/QOx = VCr(VI)/VOx (8) 
Where, QCr(VI) and QOx: the flow rate of Cr(VI) solution (L/h) and 

oxalic acid (mL/min); VCr(VI) and VOx: liquid volume of Cr(VI) solution 
and oxalic acid (mL); V: the effective volume of the fixed bed reactor 
(mL). 

As illustrated in Fig. 8b, nearly 100% Cr(VI) with initial concentra-
tion of 5 mg/L can be photo-catalytically removed up to 30 h. From 30 −
45 h, more than 90% Cr(VI) can be reduced in this continuous operation 

Fig. 7. (a)~(c) Response surface plots of Cr(VI) reduction efficiencies versus the influences of the three variables. Reaction conditions: the actual MIL-101(Fe)–NH2 
was ca. 15.0 mg per sheet, 50 mL simulated wastewater containing Cr(VI) with initial concentration of 10 mg/L, initial solution pH = 3.35. 
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system. Finally, from 45 h to 50 h, the Cr(VI) reduction efficiency 
decreased to ca. 80%. Considering that the average load of MIL-101(Fe)– 
NH2 over a piece of α-Al2O3 was 15 mg and the device’s flow rate as well 
as operation period were 0.100 L/h and 50 h, it can be calculated that 
one kilogram of MIL-101(Fe)–NH2 can treat as much as 33.3 T waste-
water containing 5 mg/L Cr(VI). 

3.5. The mechanism of photocatalytic Cr(VI) reduction 

The trapping experiments were performed to explore the Cr(VI) 
reduction mechanism over MA photocatalyst, in which benzoquinone 
(BQ) [49], isopropyl alcohol (IPA) [13] and KBrO3 with concentrations 
of 0.2 mM were selected to capture •O2

–, •OH and e-, respectively 
(Fig. 9a). According to previous reports, •O2

– was generated from the 
reaction between the dissolved oxygen and the photo-generated elec-
trons over the photocatalysts under light illumination, which can also 
react with Cr(VI) to generate Cr(V) and Cr(III) during photoreaction 
process [50,51]. It was reported that •OH formed from the oxidation of 
H2O or OH– by holes could favor the separation of electrons and holes to 
accomplish the boosted Cr(VI) reduction activity [51]. However, in this 
study, a minor decrease of Cr(VI) reduction efficiency can be found after 
the addition of BQ and IPA, implying that •O2

- and •OH exerted slight 
effect to the Cr(VI) reduction. About 54.9% suppression can be observed 
(Fig. 9a) as the photo-induced electrons were captured by the adding 
KBrO3, indicating that the photo-generated electrons played the domi-
nating role of for Cr(VI) reduction. The trapping experiment results 
indicated that the photo-induced electrons rather than •O2

– was the 
primary active specie to reduce Cr(VI), which was quite different with 
our previous observation [13]. 

ESR analyses were applied to verify the existence radicals to further 

explore the effect of oxalic acid on the Cr(VI) photoreduction. As shown 
in Fig. 9b, no noticeable ESR peaks were observed in blank experiment. 
When the MA photocatalyst was added without light, only the DMPO- 
•OH adducts were detected as a four-line (1:2:2:1) ESR signals with g =
2.0055 [52]. Once upon the irradiation of white light, the signals of 
DMPO-•OH spin disappeared completely; while the six-line ESR signals 
with g = 2.0036 corresponding to the DMPO-CO2

•- adducts were 
detected [53], indicating that the formed CO2

•- radicals can be respon-
sible to the Cr(VI) reduction. It was proposed that there were two ways 
to boost the Cr(VI) reduction. (1) Upon the irradiation of white light, the 
MA photocatalyst was excited to yield holes and electrons (Eq. 9), in 
which the oxalic acid adsorbed on the surface of photocatalyst would be 
oxidized by the holes to form CO2

•- radicals (Eq. 10) [54] for promoting 
the Cr(VI) reduction (Eq. 11). At the same time, the effective separation 
of holes and electrons can further enhance the Cr(VI) reduction via the 
consumption of electrons (Eq. 12). (2) The oxalic acid itself could pro-
duce CO2

•- radicals under white irradiation to reduce Cr(VI) into Cr(III) 
[55]. 

MA photocatalyst → e− + h+ (9) 
h+ + HC2O4

- → CO2
•- + CO2 + H+ (10) 

CO2
•- + Cr(VI) + H+ ⟶ Cr(III) + CO2 + H2O (11) 

e− + Cr(VI) ⟶ Cr(III) (12) 
Generally, hydroxyl radical (•OH) can be detected by the fluores-

cence method using terephthalic acid as a probe molecule [56]. It can be 
observed from Fig. 9c that the fluorescence intensity at 425 nm 
decreased significantly after the addition of oxalic acid, indicating that 
the oxalic acid might restrain the formation of •OH radicals by directly 
oxidizing the photo-induced holes. This observation matched well with 
the above-mentioned ESR determination, in which the •OH radicals 
were inclined to interact with oxalic acid rather than the DMPO upon 

Fig. 8. (a) Batch-scale reusability test of Cr(VI) reduction over MA under white light irradiation. (b) Continuous operation Cr(VI) reduction performance of MA in 
fixed bed reactor. (c) XPS survey scan and (d) Fe 2p spectra of MA after Cr(VI) reduction. Reaction conditions: the actual MIL-101(Fe)–NH2 was ca. 15.0 mg per sheet, 
Cr(VI) = 5 mg/L, oxalic acid = 0.8 mM, 300 W white light irradiation, initial solution pH = 3.4. 
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light irradiation [57]. 
Based on the above experimental results, the possible Cr(VI) reduc-

tion mechanism were proposed as illustrated in Fig. 10. Under white 
light irradiation, in addition to the direct light absorption of the Fe − O 
cluster, the NH2 group in the organic linker can both absorb visible light 
and transfer the electrons from the organic linkers to the Fe3-µ3-oxo 
clusters to participate the Cr(VI) reduction. The –NH2 group in the MIL- 
101(Fe)–NH2 can boost the electron transfer and electron–hole pairs 
separation, resulting in the enhanced photocatalytic Cr(VI) reduction 
performance [36]. Meanwhile, the oxalic acid plays two important roles 

in the reduction of Cr(VI): (1) to react with h+ to generate CO2
•- radicals 

for Cr(VI) reduction [58] and (2) to yielded CO2
•- radicals under white 

irradiation to reduce Cr(VI), in which the CO2
•- radicals effectively 

reacted with Cr(VI) to yield Cr(III) [59]. 

3.6. Photocatalytic Cr(VI) reduction over MA photocatalyst upon the 
irradiation of real solar light 

3.6.1. Batch experiment 
In this study, the photocatalytic Cr(VI) reduction over MA photo-

catalyst upon the irradiation of real solar light were conducted at Daxing 
campus of BUCEA (39◦44′ N, 116◦17′E) on December 11th (15 ◦C), 
2020. The average optical power of real solar light was 55 mW. As 
shown in Fig. 11a, ca. 98.2% Cr(VI) was reduced into Cr(III) with the 
presence of oxalic acid within 20 min, implying that MA photocatalyst 
can achieve efficient photocatalysis activity under the real sunlight. 

3.6.2. Continuous operation 
The continuous operation of photocatalytic Cr(VI) reduction over 

MA photocatalyst in a fixed-bed reactor were conducted under real 
sunlight at Daxing campus of BUCEA (39◦44′ N, 116◦17′E) on April 
28th, 2021. It can be found that MA photocatalyst can accomplish 
effective Cr(VI) reduction with the help of the oxalic acid under the real 
solar light, in which the Cr(VI) reduction activity over the photocatalyst 
was influenced by the solar power and the temperature from 8:00 to 
18:00. As shown in Fig. 11b, the Cr(VI) removal efficiencies increased 
with the increasing solar power and temperature. It was worth noting 
that the enhancement of photocatalytic reduction of Cr(VI) was in 
proportion to actual sunlight intensity, indicating that the illumination 
intensity was one of the important factors to influence the Cr(VI) 
photoreduction. Additionally, MA photocatalyst exhibited highest effi-
ciencies (100%) under real solar light as the optical power reached 
280.3 mW at 12:00. It can be believed that the as-prepared MA 

Fig. 9. (a) Reactive species trapping experiments with MA photocatalyst under white light irradiation (b) ESR spectra of the DMPO-•OH and CO2
•- radicals for MA 

photocatalyst after 5 min of white light irradiation. (c) The alterations of the fluorescence intensity with and without oxalic acid. 

Fig. 10. Schematic illustration of the photocatalytic Cr(VI) reduction over MA 
photocatalyst in the presence of oxalic acid. 
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photocatalyst can be potentially adopted to accomplish large-scale Cr 
(VI) reduction with the aid of oxalic acid. 

4. Conclusion 

In this work, a continuous operation system based on MA photo-
catalyst was developed for the rapid reduction of Cr(VI). The MA pho-
tocatalyst was successfully fabricated on α-Al2O3 substrates by a facile 
reactive seeding method. The MA photocatalysts can be used in fixed- 
bed reactor because of their easy recovery and recyclable characteris-
tics. It was found that one kilogram of MIL-101(Fe)–NH2 can treat as 
much as 33.3 T wastewater containing 5 mg/L Cr(VI) with the syner-
gistic effect of oxalic acid upon the white light. The Box-Behnken 
experiment was used to further indicate that co-existing ions and dis-
solved organic matter (DOM) could lead to significant impact on Cr(VI) 
reduction performance, which was promising for the application of Cr 
(VI) removal in tanning wastewater. The boosted photocatalytic per-
formance of MA photocatalysts was attributed to e− and CO2

•-. These 
findings provided a promising approach for designing the continuous 
membrane reaction bed based on MOFs membranes with outstanding 
photocatalytic Cr(VI) reduction and removal activity. 
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M. Sillanpää, K. Sivula, S. Wang, MIL-101(Fe)/g-C3N4 for enhanced visible-light- 
driven photocatalysis toward simultaneous reduction of Cr(VI) and oxidation of 
bisphenol A in aqueous media, Appl. Catal. B 272 (2020), 119033. 

[55] L. Zhang, F. Cao, J. Sun, Y. Sun, The synergistic effect of attapulgite in the highly 
enhanced photoreduction of Cr(VI) by oxalic acid in aqueous solution, Environ Res 
197 (2021) 111070, https://doi.org/10.1016/j.envres.2021.111070. 

[56] V.K. Sharma, M. Feng, Water depollution using metal-organic frameworks- 
catalyzed advanced oxidation processes: A review, J. Hazard. Mater. 372 (2019) 
3–16. 

[57] Y. AlSalka, O. Al-Madanat, M. Curti, A. Hakki, D.W. Bahnemann, Photocatalytic H2 
Evolution from Oxalic Acid: Effect of Co-catalysts and Carbon Dioxide Radical 
Anion on the Surface Charge Transfer Mechanisms, ACS Appl. Energy Mater. 3 (7) 
(2020) 6678–6691, https://doi.org/10.1021/acsaem.0c00826. 

[58] L. Zhang, J. Sun, W. Niu, F. Cao, The synergetic role of rice straw in enhancing the 
process of Cr(VI) photoreduction by oxalic acid, Environ. Pollut. 265 (2020), 
115013. 

[59] X. Liu, G. Liu, S. You, Effective in-situ reduction of Cr(VI) from leather wastewater 
by advanced reduction process based on /CO2

•-/ with visible-light photocatalyst, 
Chemosphere 263 (2021), 127898. 

Q. Zhao et al.                                                                                                                                                                                                                                    

http://refhub.elsevier.com/S1385-8947(21)04075-4/h0050
http://refhub.elsevier.com/S1385-8947(21)04075-4/h0050
http://refhub.elsevier.com/S1385-8947(21)04075-4/h0050
http://refhub.elsevier.com/S1385-8947(21)04075-4/h0055
http://refhub.elsevier.com/S1385-8947(21)04075-4/h0055
http://refhub.elsevier.com/S1385-8947(21)04075-4/h0055
http://refhub.elsevier.com/S1385-8947(21)04075-4/h0060
http://refhub.elsevier.com/S1385-8947(21)04075-4/h0060
http://refhub.elsevier.com/S1385-8947(21)04075-4/h0060
http://refhub.elsevier.com/S1385-8947(21)04075-4/h0065
http://refhub.elsevier.com/S1385-8947(21)04075-4/h0065
http://refhub.elsevier.com/S1385-8947(21)04075-4/h0065
http://refhub.elsevier.com/S1385-8947(21)04075-4/h0065
http://refhub.elsevier.com/S1385-8947(21)04075-4/h0070
http://refhub.elsevier.com/S1385-8947(21)04075-4/h0070
http://refhub.elsevier.com/S1385-8947(21)04075-4/h0075
http://refhub.elsevier.com/S1385-8947(21)04075-4/h0075
http://refhub.elsevier.com/S1385-8947(21)04075-4/h0075
http://refhub.elsevier.com/S1385-8947(21)04075-4/h0075
http://refhub.elsevier.com/S1385-8947(21)04075-4/h0080
http://refhub.elsevier.com/S1385-8947(21)04075-4/h0080
http://refhub.elsevier.com/S1385-8947(21)04075-4/h0085
http://refhub.elsevier.com/S1385-8947(21)04075-4/h0085
http://refhub.elsevier.com/S1385-8947(21)04075-4/h0085
http://refhub.elsevier.com/S1385-8947(21)04075-4/h0090
http://refhub.elsevier.com/S1385-8947(21)04075-4/h0090
http://refhub.elsevier.com/S1385-8947(21)04075-4/h0090
http://refhub.elsevier.com/S1385-8947(21)04075-4/h0095
http://refhub.elsevier.com/S1385-8947(21)04075-4/h0095
http://refhub.elsevier.com/S1385-8947(21)04075-4/h0095
http://refhub.elsevier.com/S1385-8947(21)04075-4/h0100
http://refhub.elsevier.com/S1385-8947(21)04075-4/h0100
http://refhub.elsevier.com/S1385-8947(21)04075-4/h0105
http://refhub.elsevier.com/S1385-8947(21)04075-4/h0105
http://refhub.elsevier.com/S1385-8947(21)04075-4/h0110
http://refhub.elsevier.com/S1385-8947(21)04075-4/h0110
http://refhub.elsevier.com/S1385-8947(21)04075-4/h0110
http://refhub.elsevier.com/S1385-8947(21)04075-4/h0110
https://doi.org/10.1111/j.1551-2916.2006.01037.x
http://refhub.elsevier.com/S1385-8947(21)04075-4/h0120
http://refhub.elsevier.com/S1385-8947(21)04075-4/h0120
http://refhub.elsevier.com/S1385-8947(21)04075-4/h0125
http://refhub.elsevier.com/S1385-8947(21)04075-4/h0125
http://refhub.elsevier.com/S1385-8947(21)04075-4/h0125
http://refhub.elsevier.com/S1385-8947(21)04075-4/h0130
http://refhub.elsevier.com/S1385-8947(21)04075-4/h0130
http://refhub.elsevier.com/S1385-8947(21)04075-4/h0130
http://refhub.elsevier.com/S1385-8947(21)04075-4/h0130
http://refhub.elsevier.com/S1385-8947(21)04075-4/h0135
http://refhub.elsevier.com/S1385-8947(21)04075-4/h0135
http://refhub.elsevier.com/S1385-8947(21)04075-4/h0135
http://refhub.elsevier.com/S1385-8947(21)04075-4/h0140
http://refhub.elsevier.com/S1385-8947(21)04075-4/h0140
http://refhub.elsevier.com/S1385-8947(21)04075-4/h0140
http://refhub.elsevier.com/S1385-8947(21)04075-4/h0145
http://refhub.elsevier.com/S1385-8947(21)04075-4/h0145
http://refhub.elsevier.com/S1385-8947(21)04075-4/h0145
http://refhub.elsevier.com/S1385-8947(21)04075-4/h0145
http://refhub.elsevier.com/S1385-8947(21)04075-4/h0150
http://refhub.elsevier.com/S1385-8947(21)04075-4/h0150
http://refhub.elsevier.com/S1385-8947(21)04075-4/h0150
http://refhub.elsevier.com/S1385-8947(21)04075-4/h0155
http://refhub.elsevier.com/S1385-8947(21)04075-4/h0155
http://refhub.elsevier.com/S1385-8947(21)04075-4/h0155
http://refhub.elsevier.com/S1385-8947(21)04075-4/h0160
http://refhub.elsevier.com/S1385-8947(21)04075-4/h0160
http://refhub.elsevier.com/S1385-8947(21)04075-4/h0160
http://refhub.elsevier.com/S1385-8947(21)04075-4/h0160
http://refhub.elsevier.com/S1385-8947(21)04075-4/h0165
http://refhub.elsevier.com/S1385-8947(21)04075-4/h0165
http://refhub.elsevier.com/S1385-8947(21)04075-4/h0170
http://refhub.elsevier.com/S1385-8947(21)04075-4/h0170
http://refhub.elsevier.com/S1385-8947(21)04075-4/h0170
http://refhub.elsevier.com/S1385-8947(21)04075-4/h0175
http://refhub.elsevier.com/S1385-8947(21)04075-4/h0175
http://refhub.elsevier.com/S1385-8947(21)04075-4/h0175
http://refhub.elsevier.com/S1385-8947(21)04075-4/h0175
https://doi.org/10.1002/advs.201500006
https://doi.org/10.1002/advs.201500006
http://refhub.elsevier.com/S1385-8947(21)04075-4/h0185
http://refhub.elsevier.com/S1385-8947(21)04075-4/h0185
http://refhub.elsevier.com/S1385-8947(21)04075-4/h0185
http://refhub.elsevier.com/S1385-8947(21)04075-4/h0185
https://doi.org/10.1021/ja110691t
https://doi.org/10.1021/ja110691t
https://doi.org/10.1016/j.apcatb.2010.01.019
https://doi.org/10.1016/j.apcatb.2010.01.019
https://doi.org/10.1038/s41598-020-74928-7
https://doi.org/10.1038/s41598-020-74928-7
http://refhub.elsevier.com/S1385-8947(21)04075-4/h0205
http://refhub.elsevier.com/S1385-8947(21)04075-4/h0205
http://refhub.elsevier.com/S1385-8947(21)04075-4/h0205
http://refhub.elsevier.com/S1385-8947(21)04075-4/h0210
http://refhub.elsevier.com/S1385-8947(21)04075-4/h0210
http://refhub.elsevier.com/S1385-8947(21)04075-4/h0210
http://refhub.elsevier.com/S1385-8947(21)04075-4/h0210
http://refhub.elsevier.com/S1385-8947(21)04075-4/h0215
http://refhub.elsevier.com/S1385-8947(21)04075-4/h0215
http://refhub.elsevier.com/S1385-8947(21)04075-4/h0215
http://refhub.elsevier.com/S1385-8947(21)04075-4/h0215
https://doi.org/10.1002/anie.v57.1710.1002/anie.201801122
http://refhub.elsevier.com/S1385-8947(21)04075-4/h0225
http://refhub.elsevier.com/S1385-8947(21)04075-4/h0225
http://refhub.elsevier.com/S1385-8947(21)04075-4/h0230
http://refhub.elsevier.com/S1385-8947(21)04075-4/h0230
http://refhub.elsevier.com/S1385-8947(21)04075-4/h0230
http://refhub.elsevier.com/S1385-8947(21)04075-4/h0235
http://refhub.elsevier.com/S1385-8947(21)04075-4/h0235
http://refhub.elsevier.com/S1385-8947(21)04075-4/h0235
http://refhub.elsevier.com/S1385-8947(21)04075-4/h0240
http://refhub.elsevier.com/S1385-8947(21)04075-4/h0240
http://refhub.elsevier.com/S1385-8947(21)04075-4/h0240
http://refhub.elsevier.com/S1385-8947(21)04075-4/h0240
http://refhub.elsevier.com/S1385-8947(21)04075-4/h0245
http://refhub.elsevier.com/S1385-8947(21)04075-4/h0245
http://refhub.elsevier.com/S1385-8947(21)04075-4/h0245
http://refhub.elsevier.com/S1385-8947(21)04075-4/h0245
http://refhub.elsevier.com/S1385-8947(21)04075-4/h0250
http://refhub.elsevier.com/S1385-8947(21)04075-4/h0250
http://refhub.elsevier.com/S1385-8947(21)04075-4/h0250
http://refhub.elsevier.com/S1385-8947(21)04075-4/h0255
http://refhub.elsevier.com/S1385-8947(21)04075-4/h0255
http://refhub.elsevier.com/S1385-8947(21)04075-4/h0255
http://refhub.elsevier.com/S1385-8947(21)04075-4/h0255
http://refhub.elsevier.com/S1385-8947(21)04075-4/h0265
http://refhub.elsevier.com/S1385-8947(21)04075-4/h0265
http://refhub.elsevier.com/S1385-8947(21)04075-4/h0265
http://refhub.elsevier.com/S1385-8947(21)04075-4/h0270
http://refhub.elsevier.com/S1385-8947(21)04075-4/h0270
http://refhub.elsevier.com/S1385-8947(21)04075-4/h0270
http://refhub.elsevier.com/S1385-8947(21)04075-4/h0270
https://doi.org/10.1016/j.envres.2021.111070
http://refhub.elsevier.com/S1385-8947(21)04075-4/h0280
http://refhub.elsevier.com/S1385-8947(21)04075-4/h0280
http://refhub.elsevier.com/S1385-8947(21)04075-4/h0280
https://doi.org/10.1021/acsaem.0c00826
http://refhub.elsevier.com/S1385-8947(21)04075-4/h0290
http://refhub.elsevier.com/S1385-8947(21)04075-4/h0290
http://refhub.elsevier.com/S1385-8947(21)04075-4/h0290
http://refhub.elsevier.com/S1385-8947(21)04075-4/h0295
http://refhub.elsevier.com/S1385-8947(21)04075-4/h0295
http://refhub.elsevier.com/S1385-8947(21)04075-4/h0295

	Photocatalytic Cr(VI) reduction over MIL-101(Fe)–NH2 immobilized on alumina substrate: From batch test to continuous operation
	1 Introduction
	2 Experimental
	2.1 Materials and characterization
	2.2 Preparation of MA photocatalyst
	2.3 The batch test of photocatalytic Cr(VI) reduction over MA photocatalyst
	2.4 The continuous operation of photocatalytic Cr(VI) reduction over MA photocatalyst

	3 Results and discussion
	3.1 The characterizations of the as-prepared MA photocatalyst
	3.2 Photocatalytic Cr(VI) reduction performance of MA photocatalyst
	3.3 Reusability of MA photocatalyst
	3.4 The continuous operation of photocatalytic Cr(VI) reduction over MA photocatalyst in a fixed-bed reactor
	3.5 The mechanism of photocatalytic Cr(VI) reduction
	3.6 Photocatalytic Cr(VI) reduction over MA photocatalyst upon the irradiation of real solar light
	3.6.1 Batch experiment
	3.6.2 Continuous operation


	4 Conclusion
	Declaration of Competing Interest
	Acknowledgements
	Appendix A Supplementary data
	References


