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d Cr(VI) adsorption–
photoreduction system using MOF@polymer
composite beads†
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Mounir D. Mensi, Kyriakos Stylianou, Berend Smit and Wendy L. Queen *

Herein, a novel integrated adsorption–photoreduction system, which captures highly mobile and toxic

hexavalent chromium (Cr(VI)) from real-world water samples and reduces it to less mobile and benign

Cr(III) species, was designed. To do this, a known Zr-MOF, UiO-66, was functionalized with double amino

groups. This modification permits the new material, Zr-BDC-(NH2)2, to play a dual-purpose as both

adsorbent and photocatalyst. Next, Zr-BDC-(NH2)2 was incorporated into MOF@polymer beads (M@PB)

using polyethersulfone (PES) that was chemically modified with carboxylic acid groups to improve

hydrophilicity. The modification enhances the Cr(VI) extraction rate of the beads by a factor of �3 when

compared to the unmodified counterpart. In addition, Zr-BDC-(NH2)2@PB offers one of the highest Cr(VI)

uptake capacities reported to date, rapid extraction rates, high selectivity for Cr(VI) in real-world water

samples, and full recyclability. The adsorption and subsequent regeneration cycles are carried out in

a glass column equipped with a visible light source, demonstrating that the Cr(VI) concentration is

brought below drinkable levels, and the Cr(VI) subsequently photoreduced to Cr(III) species using light

irradiation during adsorbent regeneration. To the best of our knowledge, this is the first demonstration of

MOF-based adsorption–photoreduction of Cr(VI) in a single process.
1. Introduction

Providing access to clean water is seen as one of the main
challenges of our generation.1 In this context, the development
of energy efficient processes able to rapidly remove water
contaminants plays an important role in both the water-energy
nexus and our effort to globally improve human health and
environmental well-being.2 Given this, the title work is focused
on reducing chromium contamination, which is particularly
problematic in many regions throughout the world.3 Chromium
is commonly found in two oxidation states, trivalent, Cr(III), and
hexavalent, Cr(VI), and the toxicity of chromium depends on the
oxidation state; Cr(VI) anions, including CrO4

2� and Cr2O7
2�,

are known carcinogens. Because these Cr(VI) anions are highly
mobile in water, the contaminants, which are oen released
from leather, textile, cement, dye, glass and steel manufacturing
industries, can readily end-up in surface and ground water.4

Cr(III), however, is far less mobile and only toxic at high
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concentrations. In fact, it has been suggested that trace
amounts of Cr(III) are essential to both humans and the meta-
bolic system of many plants.5 Due to the serious toxicity of Cr(VI)
and the difficulty in differentiation between the two oxidation
states using standard methods for water analysis, the total Cr
concentration in drinking water is strictly limited to 100 ppb by
the U.S. Environmental Protection Agency (EPA) and 50 ppb by
the World Health Organization (WHO).6–8

To date, the main methods for Cr(VI) removal from water are
chemical precipitation or chemical/photoreduction.9 Both
methods are less effective at low concentrations, and chemical
precipitation, although simple and inexpensive, produces large
amounts of sludge and solid waste.10,11 Chemical- or photore-
duction oen results in high concentration of Cr(III) in water
streams, and, as such, demands a secondary treatment method
to reduce concentrations below what is deemed acceptable by
the EPA or WHO.12 Therefore, an active area of research is to
replace these conventional technologies by solid adsorption, in
which the aim is to identify selective materials that are highly
effective at low concentrations.13

Some adsorbent-based technologies have already been
developed for Cr removal. Most of these technologies use low-
cost bio-waste adsorbents and ion-exchange resins. The solid
waste from several agricultural or industrial processes, such as
chitosan and coconut shells, can be used for Cr capture.14

Although cost-effective, they are sensitive to operating
J. Mater. Chem. A, 2020, 8, 9629–9637 | 9629
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conditions, such as pH, and typically offer low adsorption
capacity and selectivity.15 Commercially available resins, such
as layered double hydroxides and amino-containing organic
resins, are relatively expensive and suffer from poor recyclability
and thermal and chemical stability.13 These limitations, drive
scientic efforts aimed at the design of new adsorbent tech-
nologies. One highly active area of research is in the eld of
metal–organic frameworks (MOFs), a class of materials which
offer permanent porosity, a large number of highly diverse
structure types, and unmatched chemical tunability.16,17 Several
recent reports demonstrate that MOFs can have superior
capacity and selectivity for Cr(VI) in aqueous solutions than the
aforementioned adsorbents.18–20 However, the state of the art
MOF-based adsorption systems oen create highly toxic Cr(VI)
waste that is still complicated to treat and dispose.

It is thought that an ideal process involves a combination of
adsorption and reduction. The adsorption is required to reduce
Cr concentration in the effluent below drinkable limits and the
reduction enables the conversion of Cr(VI) into Cr(III), resulting
in much less toxic waste aer adsorbent regeneration. Although
there are some polyaniline-based composite adsorbents that
can chemically reduce Cr(VI),21,22 in this work, we develop
a process that is based on a MOF that simultaneously and
selectively adsorbs chromium ions and photo-reduces the toxic
Cr(VI) into the less harmful Cr(III). We show that this MOF can be
incorporated into MOF@polymer composite beads, which has
one of the highest capacities for Cr(VI) reported to date. In
addition, using an adsorption–photoreduction column, we
show that our system not only reduces Cr(VI) to below drinkable
concentrations, but also reduces it to the less toxic and less
mobile Cr(III). As such, there is no need for any treatment upon
adsorbent regeneration and chromium release.
2. Process design

The reported process was developed in three steps. First, a MOF
that can selectively adsorb and photoreduce Cr(VI) was
designed. Next, the MOF powder was incorporated into
MOF@polymer composite beads, and nally, the beads were
placed in a column equipped with a light source to demonstrate
the extraction/photoreduction of Cr(VI) from distilled and river
water.
2.1. MOF design

Our aim is to design a MOF that can selectively adsorb and
photoreduce Cr(VI) to Cr(III). Interestingly, several MOFs have
been reported for selective Cr adsorption23,24 and several MOFs
have also been studied in catalytic amounts for the photore-
duction of Cr(VI).12,25 Despite this, to the best of our knowledge,
no MOFs are reported that combine both functionalities in
a single process. Among these, amine (NH2)-functionalized
MOFs are known to be efficient photocatalysts due to their
absorption band in the visible region.26–29 In addition, NH2-
functionalized MOFs can also promote the ion-exchange of
Cr(VI); in such studies, the NH2 group reportedly plays a vital
role in the adsorption of chromium ions, aer protonation of
9630 | J. Mater. Chem. A, 2020, 8, 9629–9637
the amine with HCl.19,30 Since the extraction is carried out in
aqueous solutions, it is essential to have a water-stable MOF.
Among these NH2-functionalized MOFs, UiO-66 was selected for
this study as it reportedly has excellent water stability.31 The
UiO-66 structure type consists of [Zr6(m3-O)4(m3-OH)4]

12� nodes
that are interlinked by 1,4-benzenedicarboxylate (BDC2�)
ligands. Here, we show that this structure type can be synthe-
sized with double-NH2 functionality on the BDC2� ligands,32

which enhances both the chromium extraction as well as the
photocatalytic activity.

The details of the synthesis and characterization of UiO-66
containing ligands functionalized with two amine groups
(hereaer referred to as Zr-BDC-(NH2)2) are described in the
ESI.† While Zr-BDC-(NH2)2 has the same cubic crystal structure
as UiO-66 (space group Fm�3m, a-axis 20.8112(3)�A, Fig. S1†), the
additional NH2 functionality increases the Cr(VI) adsorption
capacity by approximately 10% compared to its mono-aminated
counterpart (see Table 1). It is thought that this additional
functionality increases the number of adsorption sites but
decreases the available pore volume from 0.65–0.7 to 0.2 cm2

g�1 for UiO-66 (ref. 33 and 34) and Zr-BDC-(NH2)2, respectively;
the net result is only a slight increase of capacity. A more
signicant effect is observed for the light adsorption. The UV-vis
absorbance spectrum of Zr-BDC-(NH2)2 demonstrates a signi-
cant red shi compared to the mono-aminated UiO-66 and
a much broader absorption over the visible range (Fig. S2†).
2.2. MOF@polymer composite

Aer the synthesis of Zr-BDC-(NH2)2, which offers an enhance-
ment in both the adsorption capacity for chromium and light-
harvesting properties, we aimed to implement this material in
an adsorption column. However, applying nano/micro-scaleMOF
powder directly into columns is oen challenging due to issues
regarding clogging, pressure drop, and material loss. To address
these issues, the MOFs were embedded into a polymer matrix to
form MOF@polymer composite beads (M@PB).35 However,
careful selection of the polymer is required, as this component
can enhance or diminish performance. Given that the desired
application is based on separations from water, one would like to
ensure that the polymer is sufficiently hydrophilic. As such,
polyethersulfone (PES) was selected and subsequently modied
with carboxylic groups, which can enhance hydrophilicity. A
comparison between un-modied and modied PES indicates
a signicant decrease in the water contact angle from 89� to 25�,
respectively (Fig. S4†).

Zr-BDC-(NH2)2@PBs were synthesized with 80 wt% loading
of Zr-BDC-(NH2)2 and modied PES blend. The powder X-ray
diffraction (PXRD) patterns show that Zr-BDC-(NH2)2 crystals
remain intact (Fig. S1†). Moreover, energy-dispersive X-ray
spectroscopy (EDX) shows a homogeneous loading of the
MOF in the polymer matrix (Fig. 3). From a practical point of
view, it is important that the polymer matrix does not prevent
the adsorption of guest molecules by blocking the pore entrance
and/or lling the pores. The BET surface areas, which were
calculated fromN2 isotherms at 77 K, are 402 and 372m2 g�1 for
Zr-BDC-(NH2)2 and Zr-BDC-(NH2)2@PB, respectively (Fig. S3†).
This journal is © The Royal Society of Chemistry 2020
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Table 1 Sorption capacities for chromium species by MOF-based sorbents in the literature

Sorbent

Capacity (mg g�1 adsorbent)
Equilibrium
time

Recyclability
(% in # cycles) Ref.Cr(VI) CrO4

2� Cr2O7
2�

UiO-66-NH2@silica 133.4 — 277.4 30 min 8 cycles 24
UiO-66-NH2@algenic acid (MOR-1-HA) 135a — 280 9 min 5 cycles 19
UiO-66-NH2 (MOR-1) 119a 247 >10 min — 30
UiO-66 62a 129 — — 30
Zn0.5Co0.5-SLUG-35 30.7a 68.5 — 4 h — 37
BUT-39 104a — 215 1 min 90% in 3 cycles 23
JLU-MOF60 72a — 149 10 min 4 cycles 25
SLUG-21 26.9a 60.1 — 48 h — 38
1-ClO4 28.2 62.9 — 6 h — 39
FIR-53 35.7a — 74.2 4 h 87% in 5 cycles 40
FIR-54 49.6a — 103 — 63% in 5 cycles 40
ABT$2ClO4 103a — — 24 h NA 41
MONT-1 102a — 211.8 24 h 73% in 5 cycles 42
2D-Ag-3 80a — — 24 h NA 43
ZJU-101 118a — 245 — NA 18
1-SO4 80a — 166 72 h — 44
Zr-BDC-(NH2)2 146 — 303 16 min 5 cycles This work
Zr-BDC-(NH2)2@PB 208 — 432 35 min 5 cycles This work

a Calculated from reported value.
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A typical value of the BET for the neat polymer beads is 12 m2

g�1, hence if we assume no polymer–MOF interference we
would expect a BET of 402 � 0.8 + 12 � 0.2 ¼ 324 m2 g�1. The
fact that the composite beads have a higher BET surface area
indicates that there is some synergy between the MOF and the
polymer at the interface. For more detail on the synthesis and
characterization see the ESI.†
3. Adsorption thermodynamics and
kinetics

As the next step, the extraction capacity of Cr(VI) was measured
by soaking Zr-BDC-(NH2)2 and Zr-BDC-(NH2)2@PB in aqueous
solutions containing various concentrations of Cr2O7

2�. The
amount of adsorbed Cr(VI) was calculated by subtracting the
nal chromium concentration from the initial one. An
enhancement in the Cr(VI) capacity, by �42%, is observed
(Fig. 1(a)) when going from the MOF to M@PB. It is hypothe-
sized that there are synergistic effects between the MOF and
polymer, which might promote the formation of molecular
pockets in the polymer matrix at the MOF–polymer interface;
the latter could introduce new adsorption sites within the
polymer matrix.35,36 Despite this, the MOF and M@PB exhibit
similar capacities at low concentrations indicating that the
amines are likely responsible for the materials performance in
this concentration regime. It is also noted that the neat PES
polymer beads have negligible Cr(VI) uptake (Fig. 1(b)); this
indicates that the capacity of Zr-BDC-(NH2)2@PB is indeed
attributed to the Zr-BDC-(NH2)2 crystals and the aforemen-
tioned synergy created between the MOF and polymer at the
interface of the two dissimilar components. Last, EDX analysis
of Zr-BDC-(NH2)2@PB saturated with Cr(VI) showed less than
This journal is © The Royal Society of Chemistry 2020
2 wt% of un-exchanged Cl�; this indicates that there are few
remaining adsorption sites (Fig. S7†).

It is interesting to compare the Cr(VI) extraction capacity of
Zr-BDC-(NH2)2@PB to state of the art materials reported in the
literature. It should be noted that since the Cr(VI) capacity is
determined using different anions in aqueous solution, in Table
1 we converted all reported data into mg Cr(VI) per g of sorbent.
To the best of our knowledge, our materials have the highest
Cr(VI) sorption capacities among MOF-based ion exchangers
and adsorbents reported to date. However, some non-MOF-
based technologies have been reported with higher capacities
(see Table S2†).

For water treatment, the Cr(VI) capture at low ppm levels is
crucial. Firstly, simple batch experiments were performed to
determine the differences in efficiency in capturing Cr2O7

2� at low
concentrations. In these experiments, 50 mg of adsorbent was
added to 5 mL of contaminated water at a concentration of 5 ppm
Cr(VI) and a pH � 3, which is typical of industrial wastewater
streams.45 As expected, Fig. 1(b) shows that the Zr-BDC-(NH2)2@PB
composite again has enhanced Cr(VI) removal when compared to
Zr-BDC-(NH2)2 despite having 20% lessMOF inside the composite.
Considering that the neat polymer has negligible contribution to
the Cr(VI) removal, this again indicates that there is some synergy
between the MOF and polymer that lends to enhanced extraction
even at low concentrations. Next, it was necessary to see if the
material is capable of getting solutions below the EPA and WHO
standard limit of 100 and 50 ppb, respectively (Fig. 1(c)). For this,
Zr-BDC-(NH2)2@PB was placed in 500, and 200 ppb Cr(VI) solu-
tions. Aer 24 hours, the composite was removed and analysis of
the resulting solution indicated that chromium is indeed below
the desired concentration. While the pH of the aforementioned
solutions did not deviate from the starting pH� 3 upon treatment,
a similar adsorption test was also performed in water, at pH ¼ 7,
J. Mater. Chem. A, 2020, 8, 9629–9637 | 9631
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Fig. 1 (a) Equilibrium Cr(VI) sorption data for Zr-BDC-(NH2)2 powder and Zr-BDC-(NH2)2@PB. The solid lines represent the fitting of the data with
the Langmuir model. (b) Cr(VI) removal ability of Zr-BDC-(NH2)2@PB vs. Zr-BDC-(NH2)2 powder and neat PES polymer beads at low concen-
tration solutions (c) Zr-BDC-(NH2)2@PB removal ability to concentrations lower than standard limits (d) selectivity of Cr(VI) over ions present in
Rhone river water.

Fig. 2 (a) Kinetics of Cr(VI) adsorption for Zr-BDC-(NH2)2@PB, where
the PES polymer is chemically modified with carboxylic acid groups
(circle) and the unmodified PES (triangle) beads (b) Cr(VI) removal
performance of Zr-BDC-(NH2)2@PB in five consecutive cycles.
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containing 1 ppm Cr(VI). Expectedly, there is a slight decrease in
the pH of the puried water aer chromium removal, pH ¼ 6 �
0.1, a direct result of the acidic ion-exchange sites on the internal
MOF surface.

Oen waste water from various industries can run off into
natural water streams, resulting in highly complex mixtures that
contain a variety of competing organic and inorganic interferents
which can affect the performance of the adsorbent. Hence, efforts
were made to test Cr(VI) selectivity in surface water samples. For
this, Zr-BDC-(NH2)2@PB was placed in the Rhone river (Sion,
Switzerland) water sample that was spiked with 5 ppm Cr(VI). The
resulting data, Fig. 1(d), shows no more than 7% change in the
performance of Zr-BDC-(NH2)2@PB in the presence of various
anions and cations found in river water. While this indicates that
thematerial is an effective adsorbent, even in a complex real water
media, there is also an indication that the material is adsorbing
a noticeable amount of SO4

2�, which could likely be responsible
for the slight performance reduction.

Another crucial criterion for adsorbents is the rate of
extraction, which determines the time required for each
adsorption cycle. The kinetic experiment (Fig. 2(a)) shows that
in less than 5 minutes, �50% of the Cr(VI) is extracted, and in
35 min equilibrium was reached with more than 85% Cr(VI)
removed. This is among the faster Cr(VI) extractions reported
9632 | J. Mater. Chem. A, 2020, 8, 9629–9637
thus far in the literature (Table 1). Further, it is observed that
the PES bead, modied with carboxylates, is faster to equilib-
rium (by a factor of �3) and has a slightly higher extraction
efficiency, when compared to the unmodied PES bead. This
demonstrates that hydrophilic carboxylic acid groups, which
allow for better water contact and diffusion into the Zr-BDC-
(NH2)2@PB (Fig. S4†), is a method to improve material perfor-
mance. This can also be conrmed by EDX mapping data
showing the homogenous distribution of Cr in the Zr-BDC-
(NH2)2@PB (Fig. 3). From a practical point of view, the rapid
This journal is © The Royal Society of Chemistry 2020
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Fig. 3 EDX mapping of the cross section of a cut Zr-BDC-(NH2)2@PB after Cr capture.
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capture of Cr(VI) will promote an adsorption system with high
ow rates, where the liquid can have shorter contact time with
the adsorbent.
Fig. 4 Cr 2p3/2 XPS analysis of Zr-BDC-(NH2)2@PB upon Cr(VI) capture
and regeneration.
4. Photoregeneration

To regenerate the Cr(VI) loaded Zr-BDC-(NH2)2@PB, we use
a combination of photoreduction and ion exchange. To
demonstrate regeneration, the beads were placed in an HCl
solution that was illuminated with visible light via a Xe lamp;
the former was meant to promote ion exchange, and the latter
was meant to promote the reduction of Cr(VI) to Cr(III). This
process was optimized by changing the pH and exposure time
(see the ESI† for details). Once the procedure was optimized, Zr-
BDC-(NH2)2@PB underwent extraction/regeneration cycles in
batch experiments, carried out in an aqueous solution con-
taining 5 ppm concentration of Cr(VI). Fig. 2(b) shows ve
consecutive sorption/regeneration cycles indicating complete
recyclability of the Zr-BDC-(NH2)2@PB. Further, within error of
our experiments, we see no signs of reduction in the compos-
ite's performance at the end of 5 cycles, indicating that the
material has a potentially impressive lifetime.

From a practical point of view, it is not only important that
we can regenerate our material; it is also important to ensure
that there is no Cr(VI) in the solution aer regeneration. As such,
XPS analysis was used to monitor the oxidation state of chro-
mium inside the fully loaded Zr-BDC-(NH2)2@PB before and
aer exposure to light. Before exposure, Fig. 4 shows two peaks
at 577.3 and 579.6 eV, which corresponds to Cr(III) and Cr(VI),
respectively.46 It is evident that, aer exposure, the peak for
Cr(VI) goes away indicating complete reduction. In addition, we
analyzed the solution aer regeneration for Cr(VI) content via
a precipitation of the Cr(III) species using NaOH. Aer analysis
of the remaining supernatant, only a small amount of Cr(VI)
This journal is © The Royal Society of Chemistry 2020
remains in the regeneration solution (Fig. S8(c)†). Further, the
stability of the Zr-BDC-(NH2)2 crystals upon Cr(VI) capture and
regeneration was conrmed by PXRD (Fig. S5†) and SEM
(Fig. S6†). Given the propensity of Zr-MOFs to have defects, the
number of missing linkers in this material were also quantied
via CHN analysis and ICP-OES. On average, �2 of every 6 BDC-
NH2 linkers are missing, which is likely attributed to the etching
effect of the acid47,48 (Table S4†). It should be noted that aer
long exposure to the HCl solution, �24 hours, the crystallinity
of Zr-BDC-(NH2)2 is eventually diminished; despite this
apparent amorphization, the structure is still intact as proven
by FTIR and TGA analyses (Fig. S5†) and the performance
remains stable (Fig. S8(a)†). Last, we also performed experi-
ments without light to conrm its impact. The results showed
that the adsorption performance remains the same; however,
during regeneration, which is carried out in HCl solution and in
the dark, only �55% of the captured Cr is released (Fig. S8†).
J. Mater. Chem. A, 2020, 8, 9629–9637 | 9633
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Given this, it is thought that the reduced Cr(III) species,
produced during light regeneration, is more readily released
from the sample in acidic media than Cr(VI).
5. Capture and photoreduction
mechanism

In Scheme 1, the proposed capture and photoreduction mech-
anism is summarized. Through an ion exchange mechanism,
the Cr2O7

2� anions are exchanged with the two Cl� ions asso-
ciated with the protonated NH3

+ functionalities of the ligand of
the MOF. This is conrmed by XPS analysis (Fig. S5(d)†). In the
regeneration step, the composite is exposed to visible light in
a HCl solution. The BDC-(NH2)2 ligand acts as an antenna to
absorb the light and generated photoelectrons can be trans-
ferred to the adsorbed Cr2O7

2�, reducing it to Cr(III):

Cr2O
2�
7 + 14H+ + 6e� / 2Cr3+ + 7H2O (1)

The Cr(III) is released into the solution and the Cl� ions in
the acidic environment reactivate the NH3

+Cl� adsorption sites
for the next cycle. In the absence of a sacricial reagent, water
accepts the holes and the following photocatalytic redox cycle
takes place:

h+ + H2O # OHc + H+ (2)

The good recyclability of the Zr-BDC-(NH2)2@PB in combi-
nation with their high capacity, fast extraction rate and ability to
completely photoreduce Cr(VI) to less toxic Cr(III) makes this
composite an outstanding candidate for Cr(VI) extraction–
photoreduction.
Scheme 1 Schematic representation of capture and photoreduction
of Cr(VI).

9634 | J. Mater. Chem. A, 2020, 8, 9629–9637
6. Integrated adsorption–
photoreduction process

Last, a separation process was developed to demonstrate the
viability of the proposed adsorption–photoreduction process. A
schematic diagram of the process is shown in Fig. 5, which
involves a simple design, that consists of two columns in series.
The columns can either be in an extraction or photo-
regeneration mode by switching the feed from the contami-
nated water to HCl solution and switching on the light. A N2

ow is bubbled through the column to move the beads and
ensure mixing.

It is interesting to compare the design demonstrated here
with other technologies reported in the literature. For
instance, ltration columns containing MOF powder were
previously reported for Cr(VI) capture; however, in these
studies sand ltration columns containing only 1–2 wt% of
adsorbent were employed.19,24,30 This is due to the nano/
micro-scale MOF particles, which causes difficulties such as
clogging, pressure drop, and material loss in liquid-phase
adsorption columns. While the sand ller, which offers
a larger grain size, helps to avoid these problems, it is
thought that this type of technology will lend to large capital
costs due to a low volumetric efficiency resulting from large
ller to adsorbent ratio. For comparison, Zr-BDC-(NH2)2 was
instead structured into milimeter sized Zr-BDC-(NH2)2@PB,
which can be employed directly in a column without the need
for any ller or support. This allows us to take full advantage
of the entire column volume. Further, the pressure drop in
the system is drastically reduced in comparison to sand
lters due to the larger particle size and more efficient
packing. While there are several alternative methods to
structure MOFs into particles of different shapes and size,
these methods oen use high pressures, and the resulting
MOF particles have diminished properties when compared to
their unstructured counterparts.49,50 The present shaping
method leads to minimal loss in MOF surface area, preserves
and even enhances the intrinsic properties of the MOF crys-
tals, and provides good mechanical stability to the resulting
beads allowing their application in the proposed advanced
liquid-phase adsorption system.

For the regeneration process, it is important that the
light reaches all the particles in the bed which we achieved
by optimizing the N2 ow inside of a transparent glass
column (Fig. 5, inset). The column was fed with Cr(VI)
solution with a continuous ow of contaminated water
having a concentration of 5 ppm Cr(VI). The Cr(VI) concen-
tration was measured at the outlet of each column (Fig. 5).
While a single column can successfully remove more than
90% of Cr(VI) over a large operational window, a second
column was employed to achieve the EPA drinkable
concentration, below 100 ppb. Aer �6 hours of adsorption,
the Cr(VI) concentration goes above the EPA limit. Next, the
columns is regenerated by draining the water and lling the
column with HCl solution while irradiating the columns
with visible light. To test that all Cr(VI) was converted to
This journal is © The Royal Society of Chemistry 2020
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Fig. 5 (Top) The process flow diagram of the gas-sparged adsorption/photoreduction system (inset) column regeneration with HCl solution
under irradiation (bottom) Cr(VI) concentration at the outlet of adsorption–photoreduction system (square) column 1 (circle) column 2 for three
consecutive cycles.
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Cr(III), the Cr(III) species were precipitated from the HCl
solution via the addition of NaOH and analysis of the
supernatant conrms only small amounts of Cr(VI)
(Fig. S9†). This regeneration takes �4 h which is sufficiently
shorter than the adsorption window. Hence, a semi-
continuous process can be developed by doubling the size
of the proposed setup such that one part is in adsorption
and the other in the regeneration mode. Three complete
cycles were carried out to demonstrate the performance and
recyclability of the integrated system. The operation window
of 6 h remains effective during three cycles with the nal
Cr(VI) concentration well below the targeted 100 ppb at the
outlet tank.

As a last step, we conrmed the mechanical stability of
the composite beads while under continuous ow for
This journal is © The Royal Society of Chemistry 2020
extended periods of time. For this, we performed a single
column run with gas sparging for the duration of 80 h. Aer
this period, the beads were tested subsequently for Cr(VI)
adsorption (Fig. S11†). Despite the bead plasticity, no
deformation was observed during the entire process and the
adsorption performance remained the same, demonstrating
good mechanical stability of the composite beads during
process conditions. In addition, the outlet water stream was
analyzed for the presence of Zr. Indeed, only trace amounts
of the metal, up to 1.72 ppb, was found in the accumulated
ltrate solution. This result supports the idea that there are
sufficient interactions between the MOF and polymer, which
inhibit the loss of Zr-BDC-(NH2)2 from the bead during the
continuous ow process.
J. Mater. Chem. A, 2020, 8, 9629–9637 | 9635
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7. Conclusion

In this work, an integrated adsorption–photoreduction system
was developed to capture Cr(VI) in contaminated aqueous
solutions and reduce it to Cr(III). To do this, a double amino-
functionalized UiO-66 was synthesized and then loaded into
chemically modied, hydrophilic polymeric beads, denoted as
Zr-BDC-(NH2)2@PB. The resulting composite simultaneously
serves as an adsorbent and photocatalyst and demonstrates one
of the highest Cr(VI) uptake capacities reported to date. Addi-
tional tests carried out in Rhone river water proves that the
composite beads have a high selectivity for Cr(VI) species, even
when in the presence of large quantities of other competing
cations and anions that are commonly found in surface and
ground water. Last, we designed a separation process that has
a simple design consisting of two glass columnsmeant to house
the composite beads and an external light source meant to
excite the photoactive MOF for the reduction of Cr(VI) to Cr(III).
We demonstrate that the system can (i) capture Cr(VI) reducing
concentrations to drinkable EPA levels, (ii) reduce the Cr(VI) to
the signicantly less toxic Cr(III) and (iii) release the Cr(III) for
subsequent extraction/regeneration cycles. Because this new
method is able to produce only Cr(III) species, it eliminates the
need for any post-capture treatment, which is required for the
implementation of most adsorbent technologies. To the best of
our knowledge, this is the rst demonstration of an integrated
adsorption–photoreduction system that employs a MOF
adsorbent/photocatalyst to capture and reduce Cr(VI) in a single
system.
Conflicts of interest

There are no conicts to declare.
Acknowledgements

The authors thank Dr Christopher Patrick Ireland, Dr Natalia
Gasilova and Dr Pascal Schouwink for helpful discussions
during the preparation of this work and Prof. Mohammad
Khaja Nazeeruddin for providing access to his group's infra-
structure. B.V. acknowledges the National Center of Compe-
tence in Research (NCCR), Materials' Revolution:
Computational Design and Discovery of Novel Materials
(MARVEL), of the Swiss National Science Foundation (SNSF) for
funding (DD4.1 and DD4.5). D.S. acknowledges support of the
Swiss National Science Foundation under grant
PYAPP2_160581.
References

1 National Academy of Engineering and National Academies of
Sciences, Engineering, Medicine, Environmental Engineering
for the 21st Century: Addressing Grand Challenges, The
National Academies Press, Washington, DC, 2019.
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