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MIL-88A(Fe)@sponge (MS) was synthesized by a dip-coating method, which displayed efficient photocat-
alytic Cr(VI) reduction efficiency under both low power LED UV light and real solar light irradiation. It
was observed that MS (0.2 g/L) could remove 100% Cr(VI) (10 mg/L) by adding 0.4 mmol/L tartaric acid
(TA) without adjusting pH (pH 5.05) within 6.0 min and 3.0 min under UV light and real solar light irra-
diation, respectively. Besides, the photo-induced e~ and radicals (O,"~ and CO,"~) were found to play the
momentous roles in the MS/TA/UVL/Cr(VI) system by the scavenger experiments and electron spin reso-
nance (ESR) tests. MS was also filled into a fixed-bed reactor to test the possibility of long-term Cr(VI)
reduction operation in TA/UVL system. As expected, the results revealed that MS could still maintain
100% activity up to 60 h. These results demonstrated that MIL-88A(Fe) might be the potentially efficient

Tartaric acid
Continuous operation

catalyst for large-scale wastewater treatment in the near future.
© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Water pollution, as one of the most urgent problems in the
world, has caused irreparable damage to the environment and hu-
man health [1]. Generally, wastewater contains various kinds of
pollutants, such as oils, organic pollutants, and heavy metal ions
[2-4]. Chromium is a typical heavy metal element in the environ-
ment, which has caused extensive concern because of its toxicity,
non-biodegradability and durability [5]. Cr(VI) as the most toxic
form of Chromium, might lead to carcinogenicity and mutagenic-
ity to organisms [5,6]. Compared with Cr(VI), Cr(Ill) is an essential
nutrient and easy to precipitate [5,6].

The advanced reduction process (ARP) has attracted more and
more attention due to its ability to remove oxidative pollutants
from wastewater [7]. Carboxyl anionic radicals (CO,~) are com-
mon reducing intermediates in wastewater treatment [8]. Although
the reducibility is relatively weak compared with electrons (e™)
[9], it is easier to generate CO, "~ through the electron transfer be-
tween small molecular carboxylic acids (SMCAs) (such as malic,
malonic, formic, oxalic, tartaric, citric acid) and catalysts in the
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photocatalysis [10]. In addition, these SMCAs are nontoxic and eas-
ily mineralized, and they can inhibit the recombination of photo-
generated e~-h™ pairs and thus induce the photocatalytic reduc-
tion of Cr(VI) when they are used for eliminating the holes [10].
Therefore, it is very important to develop functional materials to
remove Cr(VI) from water through the ARP.

Metal-organic frameworks (MOFs) have been extensively uti-
lized in the field of water pollution remediation owing to its
adjustable structure, large porosity and specific surface area and
so on [11]. Nevertheless, the application of MOF powders in
large-scale water pollution remediation has been greatly limited,
such as its easy agglomeration, difficult separation and recovery
[12]. In our previous studies, the UiO-66-NH,(Zr/Hf) and MIL-
101(Fe)-NH, were fabricated on the «-Al,03 substrate to reduce
Cr(VI) to Cr(Ill) under white light irradiation [13,14], in which
MIL-101(Fe)-NH,@x-Al,03 was used for continuous treatment of
wastewater due to its characteristics of easy recovery and recy-
cling. Here, a facile, cheap and easy-to-use method was adopted
to immobilize MIL-88A(Fe) onto three-dimensional macroporous
polyurethane sponge to obtain MIL-88A(Fe)@sponge (MS) with the
aid of polyvinyl butyral (PVB) as adhesive agent.

Analytical grade reagents and chemicals were utilized in the
studies with no additional purification. And the detailed informa-
tion of the chemicals and characterization methods was shown in
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Fig. 1. (a) The preparation procedure of MS. (b, c) SEM images of MS (Inset: the
photograph of MS).

Supporting information (Texts S1 and S2 in Supporting informa-
tion).

According to the previous report, the rod-like MIL-88A(Fe) was
synthesized by hydrothermal method (Text S3 in Supporting in-
formation) [15]. And the synthesis process of MS is schematically
illustrated in Fig. 1a (The detailed preparation procedure can be
seen in Text S3 in Supporting information). Fig. S2 (Supporting
information) shows that the surface and skeleton of the initial
polyurethane sponge with plenty of porous in different sizes was
clean and smooth. After the immobilization of MIL-88A(Fe), the
surface of the skeleton became rough and covered by rod-like MIL-
88A(Fe) film with the particle size of 2-6 pm (Figs. 1b and c). Be-
sides, the uniform distribution of the target elements (Fe, C and O)
of MIL-88A(Fe) was observed in the EDS-mapping analysis (Fig. S3
in Supporting information).

The photocatalytic Cr(VI) reduction over MS under LED UV light
(UVL) in the presence of oxalic acid (OA), citric acid (CA) and tar-
taric acid (TA) were carried out to evaluate the catalytic perfor-
mance of different small molecular acid. As presented in Fig. 2a,
the Cr(VI) reduction efficiencies decreased in the presence of TA
(100%) > CA (86.4%) > OA (67.9%) > blank (7.9%), which can be
contributed to the decreasing number of «-hydroxyl groups [16].
TA was used to enhance the photocatalytic Cr(VI) reduction in the
following experiments. The Cr(VI) elimination efficiencies within
20.0 min were negligible in the S/dark (0.5%), MS/dark (2.8%),
TA/dark (0.2%), S/TA/dark (2.0%), MS/TA/dark (6.0%), S/UVL (3.1%),
MS/UVL (6.7%) and TA/UVL (7.9%) systems (Fig. 2b), suggesting that
the above mentioned processes are unreactive toward Cr(VI). Un-
der LED UV light irradiation, only 21.3% Cr(VI) was reduced over
bare sponge in the presence of TA for 20.0 min. In contrast, in
MS/TA/UVL system, 100% Cr(VI) was reduced after being irradiated
for 20.0 min, suggesting that the introduction of MIL-88A(Fe) en-
hanced the photocatalytic Cr(VI) reduction.

Further, the apparent quantum efficiencies (AQEs) of Cr(VI) re-
duction over MS within 1.5 min under different light absorption
spectra were also calculated, which is an important metric for eval-
uating the operational efficiency of the photocatalytic system. As
depicted in Fig. 2c, the AQEs over MS were 4.84%, 4.61%, 2.07%,
0.52%, 0.37% and 0.35% at A=330 nm, 365 nm, 380 nm, 400 nm,
420 nm and 520 nm, respectively. The results of the one-to-one
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Fig. 2. The Cr(VI) removal efficiencies over MS under LED UV light ir-
radiation. (a) Effects of different small molecular acids. Reaction con-
ditions: MIL-88A(Fe)=10.0 mg, volume=50.0 mL, [Cr(VI)[(=10.0 mg/L,
[TA]o =[CA]p =[0OA]p =0.2 mmol/L, pH 2.00. (b) Comparison of different experi-
mental conditions. Reaction conditions: MIL-88A(Fe)=10.0 mg, volume =50.0 mL,
[Cr(VD)]p =10.0 mg/L, [TA]=0.2 mmol/L, pH 2.00. (c) AQEs of Cr(VI) reduction
over MS in the presence of TA. (d) Reusability test of MS. Reaction conditions:
MIL-88A(Fe) = 10.0 mg, volume =50.0 mL, [Cr(VI)]o =10.0 mg/L, [TA]=0.4 mmol/L,
unadjusted pH 5.05.

mapping between the AQE and the light adsorption spectrum sug-
gested that the reaction proceeds through photoinduced process
[8].

It can be observed that the Cr(VI) reduction efficiency accel-
erated with the increasing concentrations of TA (Fig. S7a in Sup-
porting information). The elimination efficiency of Cr(VI) increased
dramatically from 33.2% to 100% as the starting concentration of
TA was increased from 0.1 mmol/L to 0.8 mmol/L within 5.0 min,
and the k value was increased 11.8-fold (Fig. S7b in Supporting in-
formation). The increasing TA concentration could induce to yield
more active species for promoting the Cr(VI) reduction efficiency
[10]. Zhu et al. also discovered that higher SMCAs concentration
caused faster Cr(VI) reduction [10]. The optimal TA concentration
was selected as 0.4 mmol/L in the MS/TA/UVL/Cr(VI) system con-
sidering both the operation cost and the efficiency.

As illustrated in Fig. S7c (Supporting information), it was worth
to noting that the pH alteration exerted ignorable impact on the
Cr(VI) reduction degree, because the introduced TA can be ion-
ized to release H* for retaining low pH [17]. Specifically, the pH
of the solution dropped from 2.04, 3.04, 4.02, 5.05, 5.98, 7.99, 9.95
to 2.00, 3.00, 3.39, 3.45, 3.55, 3.73 and 3.85, respectively (Fig. S7c
inset). However, the solution pH increased to 2.04, 3.23, 4.12, 4.32,
4,52, 4.64 and 4.98 with the end of the reaction, due to that TA
and H* could be consumed during the reaction [17].

Furthermore, the photoreduction capacity of MS has also been
investigated in the presence of a variety of interfering inorganic
anions in order to better understand its practical applications. As
depicted in Fig. S7d (Supporting information), no significant ef-
fect of HCO;~ was observed, and the inorganic anions such as Cl~,
NO;~, SO42-, H,PO,~ exhibited a minimal decrease in the reduc-
tion efficiency of MS. It might be attributed to the adsorption com-
petition between above-mentioned anions and Cr(VI), which led to
the declined capture of Cr(VI) and significant decrease of photocat-
alytic efficiency [18]. To study the practical application of the MS,
the real tap water and lake water were also selected to prepare
Cr(VI) solutions for photocatalytic reactions [16]. As it can be ob-
served in Fig. S7e (Supporting information), the reduction efficien-
cies of Cr(VI) in the simulated aqueous solutions from lake water



X.-H. Yi, Y. Gao, C.-C. Wang et al.

(€)) b) .

100 /BlankKBrO, N, " 1PA_ M DMPO-CO,"
100 7 - - - - - ¥ ot
S 18.9%| ~ TA/UVL)
g8 Z
g e TA/dark
'é 60 £
3 40 g UVL
= =
2
£ 20 dark
L
a 0

Radical scavenger 3460 3480 3500 3520 3540 3560

(C (d) Magnetic field (G)

DMPO-O, AUV (Tr({,l)g(ll‘l?foz'_ (fr((\'l)
AWWJ\/AWW : ;\;@—j/ﬂ‘(‘frm) @->cran
N i A ;u & Elfe(lll)_'rUMO/\c -
3 TA/dark| | \@FLUMO : o™
N it pe b N e NP N NP\ A/ = A ~ H
= .(tr(\gife 4 N\ TA__HOMO
Z - Goien 12 or(vay, [iv] i
s UVL] fera Fﬂ)v-ﬁfﬁ g\ g'(l[,) =Fe(II1)-TA complex :
£ N )/faoMongz-'ﬁ

dark Fe-O cluster | . \}“{.A }3‘_{,:%02'7"&(“)5
” YT ‘L N
... MIL-88A(Fe)@sponge T cram.

3460 3480 3500 3520 3540 3560
Magnetic field (G)

Fig. 3. (a) Effect of KBrOs, N, IPA and MV on Cr(VI) reduction over MS. Reac-
tion conditions: MIL-88A(Fe)=10.0 mg, volume=50.0 mL, [Cr(VI)]o=10.0 mg/L,
[TA]o = 0.4 mmol/L, [KBrOs o = [IPA]o = [MV]p = 20 mmol/L, unadjusted pH 5.05. The
ESR spectra of (b) DMPO-CO, -~ and (c) DMPO-0,"~ over MS. (d) The possible mech-
anism of Cr(VI) reduction over MS with the aid of TA under LED-UV light irradia-
tion.

(78.6%) and tap water (72.1%) were lower than that in the pure wa-
ter simulated solution. Fortunately, the 100% Cr(VI) reduction effi-
ciencies could be accomplished if the reaction time was extended
to 25.0 min. It can also be found that MS can remove Cr(VI) ef-
fectively with the aid of the TA under real solar light, indicating
that MS has the potential to use actual solar energy directly (Fig.
S7f in Supporting information). Table S1 (Supporting information)
summarized an overview of publications published on typical cat-
alysts for the Cr(VI) reduction with the aid of SMCAs, in which MS
exhibited greater activity than those of its counterpart catalysts.

The exploration of stability and reusability of photocatalysts is
very important to judge whether they can be used in practical ap-
plications. As depicted in Fig. 2d, there was no significant decrease
of photocatalytic efficiency even after 10 runs, indicating that the
MS had excellent reusability. Moreover, the reusability test of the
MIL-88A(Fe) powder (M/TA/UVL) shown in Fig. S8 (Supporting in-
formation) exhibited that the MIL-88A(Fe) powder is unstable,
since the catalytic performance exhibited a significant decrease in
the 2" cycle. The leaching Fe contents from MS/TA/UVL/Cr(VI) and
M/TA/UVL/Cr(VI) system had been determined as 0.92 mg/L and
3.59 mg/L using an ICP-OES, respectively. Obviously, immobilizing
MIL-88A(Fe) onto three-dimensional macroporous polyurethane
sponge through the adhesion of PVB can significantly reduce Fe
leaching and enhance its water stability. And, it was found that
the structure and morphology of MS (Fig. S9 in Supporting infor-
mation) were not significantly changed after 10 cycles, revealing
the stability of MS.

The photo-induced e~ could directly reduce Cr(VI), as well
as other reactive oxygen species could participate in the photo-
catalytic reaction process [8,14]. Herein, KBrOs, isopropyl alcohol
(IPA), methyl violet (MV) was used to capture e, “OH and CO,'~.
Meanwhile, the introduction of N, was to eliminate dissolved oxy-
gen in the solution to determine the role of the O,°~. As depicted
in Fig. 3a, about 46.4%, 26.2% and 18.9% suppression could be ob-
served when KBrOs, N, and MV were added to the MS/TA/UVL sys-
tem, respectively, indicating that e~ played a leading role in the
Cr(VI) photoreduction. In addition, O,"~ and CO,"~ were also re-
lated to the Cr(VI) reduction. Moreover, ‘OH is not responsible for
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the Cr(VI) reduction, because MS can still reduce 100% of Cr(VI)
after IPA was added to the MS/TA/UVL system.

ESR investigations were also conducted to investigate the role
played by radical species in the MS/TA/UVL system. Obviously, the
significant signals of DMPO-CO,*~ [8] and DMPO-0,"~ [19] can
be observed in MS/TAJ/UVL system in Figs. 3b and ¢, confirm-
ing that CO,"~ and O,"~ played vital roles in the reduction of
Cr(VI). In addition, Fig. 3b demonstrates that CO,*~ radicals exist
in the MS/UVL system, indicating that the UV light could excite the
slightly dissolved fumaric acid from MIL-88A(Fe) to produce CO,"~
[20]. As well, the signals of DMPO-0,"~ were detected when the
MS was excited by UV light (Fig. 3c), further affirming that O,"~
was really produced during photocatalysis reaction.

In addition, the transfer and separation performance of photo-
generated carriers were further confirmed by photocurrent and
EIS measurements (Fig. S10 in Supporting information). Obviously,
the MIL-88A(Fe)/TA/UVL system displayed an improvement in pho-
tocurrent response and a smaller Nyquist arc radius compared with
other systems, indicating that the addition of TA might accelerate
the charge transfer [21].

As mentioned above, the possible Cr(VI) reduction mechanism
over the MS/TA/UVL system can be assumed in Fig. 3d. When be-
ing irradiated with UV light, MS generates e~ and h™ [12]. Subse-
quently, the Cr(VI) was reduced to Cr(Ill) by e~ [14,16]. Otherwise,
0,°~ were produced via the reaction between e~ and O, [16] to
reduce Cr(VI) [8]. Furthermore, e~ facilitates the in situ redox reac-
tion between Fe(Il) and Fe(Ill) in Fe-O cluster of MIL-88A(Fe) (Fig.
S11 in Supporting information), thus accelerating the reduction of
Cr(VI) [22]. Here, the addition of TA can significantly accelerate the
performance of MS in reducing Cr(VI). Therefore, we summarized
the following three aspects about the role of TA in reducing Cr(VI)
in MS/TA/UVL/Cr(VI) system. Firstly, the electron transfer between
MS and Cr(VI) could be greatly accelerated by the addition of TA
because the TA can capture the h*™ generated by MS and gener-
ated the CO,"*~ to reduce Cr(VI) [17]. Secondly, TA might coordinate
with the transition metals in both surface-bound/dissolved species
to form both surface and aqueous Fe(Ill)-TA complexes [20]. And
the high Eygmo of TA could create a significant energy gap be-
tween the HOMO of TA and the LUMO of the Fe(Ill) ions, which
could act as a stronger driving force for the e~ transfer between
the TA ligand and the Fe(IIl) ions. The surface-bound and dissolved
Fe(Ill)-TA complexes had been excited by UV light to accelerate the
charge transfer from the TA to the Fe(Ill) ions, thus accelerating
the electron reduction of Cr(VI) to Cr(Ill) [20]. As well, the forma-
tion of CO,~ was enhanced by the photoinduced electron transfer
mechanism of the TA ligand and the Fe(lll) ions [19]. Thirdly, UV
light could excite the TA to produce CO,*~, which could decrease
the Cr(VI) to Cr(Ill) [20]. TA performed both the roles of electron
donors and mediators in MS/TA/UVL system [20].

Due to the superior Cr(VI) reduction performance and cyclic
stability of MS, we constructed a fixed-bed reactor to achieve con-
tinuous flow operation to purify the simulated wastewater contain-
ing Cr(VI) (Fig. 4 inset and Fig. S12 in Supporting information). As
shown in Fig. 4, the individual UVL cannot reduce Cr(VI). The ef-
ficiency of the TA/UVL system for reducing Cr(VI) reached 52.9%
at 3 h. Then, with the extension of time, its reduction efficiency
decreased to 35.9%. The reduction efficiency of the S/TA/UVL sys-
tem reached 80.1% at 3 h, and then it decreased continuously. In
contrast, the reduction efficiency of the MS/TA/UVL system reached
100% up to 60 h, and the removal efficiency still reached more than
90% after 84 h. It was calculated that 1.0 kg MS can completely pu-
rify 93.1 t of wastewater with the Cr(VI) concentration of 10 mg/L
within 60 h, in which the production cost of MIL-88A(Fe) is cal-
culated as 2.788 CNY/g (Tables S2-S4 in Supporting information)
based on the chemical and power input. The declining Cr(VI) re-
duction performance (Fig. 4) in the long-term operation can be as-
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Fig. 4. Cr(VI) reduction efficiencies of different system under UV light irra-
diation during the long-term experiment (Inset: schematic diagram of self-
assembled continuous operation reactor). Reaction conditions: MIL-88A(Fe)=0.58 g,
[Cr(VI)]o = 10.0 mg/L, 0.9 L/h, [TA]o =0.9 mmol L-! h-!, HRT =15.0 min, unadjusted
pH 5.05.

cribed to the slow dissolution of the as-prepared MS, implying that
more attempts should be performed to immobilize MIL-88A(Fe) for
longer-term run.

In conclusion, the as-obtained 3D MIL-88A(Fe)@sponge dis-
played excellent catalytic performance in the reduction of toxic
Cr(VI) with the help of tartaric acid under LED UV light irradiation.
The e~ and radicals like O,*~ and CO,"~ played the major roles in
the MS/TA/UVL/Cr(VI) system. More importantly, a fixed bed reac-
tor was constructed to achieve continuous treatment of wastew-
ater. This work further confirmed that MIL-88A(Fe)@sponge as an
efficient and environmentally friendly catalyst possessed great po-
tential in the continuous and long-term removal of pollutants in
wastewater.
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