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ABSTRACT: Water pollutants existing in their oxyanion forms have
high solubility and environmental mobility. To capture these anionic
pollutants, cost-effective inorganic materials with cationic frameworks and
outstanding removal performance are ideal adsorbents. Herein, we report
that two-dimensional (2D) cationic aluminoborate BAC(10) sets a new
paradigm for highly selective and efficient capture of Cr(VI) and other
oxyanions from aqueous solution. The structure of Cr(VI)-exchanged
BAC(10) sample (Cr(VI)@BAC(10), H0.22·Al2BO4.3·(HCrO4)0.22·
2.64H2O) has been successfully solved by continuous rotation electron
diffraction. The crystallographic data show that the 2D cationic layer of
BAC(10) is built by AlO6 octahedra, BO4 tetrahedra, and BO3 triangles.
Partial chromate ions exchanged with Cl− ions are located within the
interlayer region, which are chemically bonded to the aluminoborate
layer. BAC(10) shows faster adsorption kinetics compared to the commercial anion exchange resin (AER) and layered double
hydroxides (LDHs), a higher maximum adsorption capacity of 139.1 mg/g than that of AER (62.77 mg/g), LDHs (81.43 mg/g),
and a vast majority of cationic MOFs, and a much broader working pH range (2−10.5) than LDHs. Moreover, BAC(10) also shows
excellent Cr(VI) oxyanion removal performance for a solution with a low concentration (1−10 mg/L), and the residual
concentration can be reduced to below 0.05 mg/L of the WHO drinking water criterion. These superior properties indicate that
BAC(10) is a promising material for remediation of Cr(VI) and other harmful oxyanions from wastewater.
KEYWORDS: aluminoborate, cationic frameworks, anion exchange, metal oxyanions, selective capture

■ INTRODUCTION
Water scarcity and quality degradation due to the contami-
nation of harmful ions have become a worldwide crisis in the
21st century, and thus there is an urgent demand to remove
trace contaminants of harmful ions from polluted water. A
large number of water-soluble ionic contaminants inherently
exist in their oxyanion forms, such as CrO4

2−, TcO4
−, SeO4

2−,
MoO4

2−, VO4
3−, PO4

3−, and AsO4
3−.1,2 Compared to the

cationic pollutants that can be easily removed by adsorption or
precipitation,3 oxyanions have higher solubility and mobility
and transfer easily in the environment because the surface of
soil or mineral is usually negatively charged due to its low
isoelectric point, which makes the oxyanions often poorly
sorbed.4

Among the harmful oxyanions, Cr(VI) has been identified as
one of the 17 chemicals posing the greatest threat to humans
and has also been included in the group A of human
carcinogens due to its carcinogenicity, mutagenicity, and
mobility.5 According to the regulations of the World Health
Organization (WHO), the highest level of total Cr allowed in
drinking water is 0.05 mg/L, which has been adopted by
European Union and China.6−8 To meet such a strict criterion,

methods for the efficient removal of Cr(VI) from aqueous
environmental systems are highly needed.
So far, several methods for removal of Cr(VI) and other

oxyanion pollutants from aqueous solution have been reported,
including chemical precipitation,9 adsorption,10 photocatalytic
reduction,11 and membrane filtration.12 However, most of
these methods have the disadvantages of high costs,
complicated operating processes, or low removal efficiencies,
especially at low concentrations of Cr(VI). Compared to these
methods, anion exchange is considered as a cost-effective,
simple, and highly efficient method for removal of oxyanion
pollutants at low levels and point-of-use applications.13−15

Significant efforts have been made in the past two decades to
prepare anion exchangers for removal of oxyanion pollu-
tants.16−19 Anion exchange resins (AERs) with amino-
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functional groups are the most commonly used anion
exchangers and show good performance for oxyanion
removal.20−22 However, they still face many challenges in
practical application because of the high cost and limited
thermal and chemical stability originating from their organic
nature. Recently, cationic metal−organic frameworks (MOFs)
have been extensively investigated and outstanding results have
been obtained in the fields of oxyanion pollutant removal and
catalysis.23−28 Nevertheless, the commercialization of MOFs is
still hampered by their high cost and limited stability in
aqueous solution.
To address these shortcomings, a series of cationic inorganic

frameworks exhibiting enhanced thermal and hydrolytic
stability has been prepared.29,30 Notably, layered double
hydroxides (LDHs) consisting of cationic brucite-type layers
charge balanced by interlayer anions have received extensive
attention as the next generation of inorganic anion ex-
changers.31,32 LDHs have shown excellent removal efficiency
for a variety of harmful oxyanions including chromate,33

phosphate,34 arsenate,35 and selenate.36 However, high-
temperature calcination (usually at or above 450 °C) is usually
required before their usage, which is a heavy energy
consumption process.37 In addition, other disadvantages for
LDHs include the slow adsorption kinetics and poor
selectivity, especially in the presence of bicarbonate and
carbonate.38

In the past decade, a series of hydroxides and fluorides of
heavy p-block metals that possess 2D cationic inorganic layers
has also been reported.39−42 The interlayer anions can be
exchanged, thus allowing for the removal of oxyanion
pollutants from a solution. Nevertheless, the heavy metal
nature of such layered materials limits their practical
application. Meanwhile, a series of layered rare-earth
hydroxides with a 2D cationic inorganic layer has also been
synthesized in which Y2(OH)5Cl·1.5H2O has been used for
removing SeO4

2− and SeO3
2− from aqueous solution.43,44

However, the use of lanthanides in large doses restricts their
practical use. Notre Dame thorium borate-1 (NDTB-1), the
first three-dimensional (3D) inorganic cationic extended
framework, could selectively remove 99TcO4

− from radioactive
waste in the presence of a large excess of competing
anions.45−47 However, the radioactive nature of thorium in
the cationic framework of NDTB-1 would seriously limit its
further application. Thus, it is highly desirable to seek stable
and cost-effective materials with pure inorganic cationic
frameworks, high capacities, fast kinetics, and good selectivity
toward toxic oxyanions.
Recently, we reported a new type of layered cationic

aluminum oxyhydroxide, JU-111, which was hydrothermally
synthesized with low-cost raw materials.48 Such a 2D material
exhibits extraordinary performance for Cr(VI) removal even in
the presence of a large excess of CO3

2− and has a broad
working pH range, which is promising for toxic metal oxyanion
remediation.
In our earlier study, we synthesized aluminoborate with a

pure inorganic cationic framework, namely BAC(10)
([H0.4Al2BO4.5]Cl0.4·3H2O).49 The cationic framework of
BAC(10) is built up from triangular BO3, tetrahedral BO4,
and octahedra AlO6 whose positive charges are balanced by
Cl− anions. The water adsorption of 20 wt % BAC(10) is
comparable to that of zeolites, indicating the open-framework
nature of BAC(10). Thermogravimetric analysis−mass spec-
trometry (TGA−MS) and titration analyses confirmed the

existence of freely movable Cl− in the cationic framework of
BAC(10), which can be exchanged by Br−. This indicates that
BAC(10) is a promising candidate for Cr(VI) removal.
Unfortunately, the structure of BAC(10) is difficult to be
solved due to the ultrathin sheet-like morphology of the
material.
In this context, we made further investigations on the

structure of BAC(10) and its capture ability for Cr(VI) from
aqueous solution. The structure of the Cr(VI)@BAC(10)
sample could be successfully solved by continuous rotation
electron diffraction (cRED), a data collection protocol of 3D
electron diffraction including crystal tracking. The adsorption
kinetics, isotherm, selectivity, removal efficiency at low
concentrations, and reusability of Cr(VI) on BAC(10) were
systematically studied using a batch method. In addition, the
removal efficiency of other oxyanion pollutants such as ReO4

−,
MoO4

2−, SeO4
2−, H2PO4

−, and VO4
3− was also investigated.

The Cr(VI) oxyanion removal ability of BAC(10) was
compared with that of other types of commercial cationic
sorbents such as LDHs and AER, which clearly demonstrated
its advantages in terms of adsorption capacity and adsorption
kinetics. To the best of our knowledge, the 2D cationic
framework aluminoborate creates a new paradigm in the
removal of harmful oxyanions from water, which may open up
new possibilities for its application in many other aspects.

■ RESULTS AND DISCUSSION

Synthesis and Characterization of BAC(10)
Highly crystalline aluminoborate BAC(10) was hydrothermally
synthesized from a mixture of boric acid, anhydrous aluminum
trichloride, and ammonium hydroxide at 150 °C for 18 h. The
detailed information on synthesis is provided in the Supporting
Information.
Figure 1 shows the powder X-ray diffraction (PXRD)

patterns of as-synthesized and calcined BAC(10) at 150, 200,

250, and 300 °C for 2 h. As can be seen, the intensity of the
characteristic diffraction peaks of BAC(10) decreases with the
increase of heating temperature. When the heating temperature
reaches 300 °C, the strongest diffraction peak at 10.36° (i.e.,
(020) according to the later structure solution) almost
disappears, indicating that the long-range ordering of

Figure 1. Experimental PXRD patterns of as-synthesized, calcined
BAC(10) at 150, 200, 250, and 300 °C for 2 h and the regenerated
BAC(10) (immersing calcined BAC(10) in DI water, 0.01 M NaCl,
or 0.01 M HCl solution for 24 h).
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BAC(10) has been almost destroyed at 300 °C. As observed in
Figure 1, the positions of most characteristic diffraction peaks
of BAC(10) shift to a higher angle during the heating process,
suggesting that the aluminoborate structure gradually shrinks
during heating. Interestingly, the structure of BAC(10) can be
regenerated by immersing the 300 °C calcined BAC(10) in
deionized (DI) water, 0.01 M NaCl, or 0.01 M HCl solution,
as shown by the PXRD patterns in Figure 1. The recovery
process can be described as a “structural memory effect,” which
has been often observed in LDHs.26 HCl solution gives the
best recovery followed by NaCl solution and DI water.
Structure recovery in DI water indicates that the adsorbed
H2O molecules refill the void space after the removal of guest
species in BAC(10) by calcination; a better structure recovery
in NaCl solution implies that the resorption of Cl− strengthens
the filling effect; the best structure recovery in HCl solution
suggests that the acidic environment will further facilitate the
repair of the damage in the long-range ordering of BAC(10)
due to dehydration at high temperatures.
Scanning electron microscopy (SEM, Figure 2a,b) and low-

magnification transmission electron microscopy (TEM, Figure

2c,d) images of the as-synthesized BAC(10) show that the
product consists of aggregates of nanosheet-like hexagon-
shaped crystals with a length of 3−5 μm and a width of 0.5−1
μm, implying that BAC(10) might have a layered structure or
the growth along the direction perpendicular to the sheet is
significantly restrained. The corresponding atomic force
microscopy (AFM) image (Figure 2e) shows that the average
thickness of the nanosheet is about 4.5 nm. The energy-
dispersive X-ray spectroscopy (EDS) mapping profile clearly
reveals that the as-synthesized BAC(10) contains homoge-
neously distributed Al, B, O, and Cl elements (Figure 2f−i).

Physicochemical Properties and Structural Analysis of
Cr(VI)@BAC(10)

Anion exchange experiments were conducted at 25 °C using a
batch sorption method, and the detailed information is
provided in the Supporting Information. Figure 3a shows the
PXRD patterns of BAC(10) before and after adsorption of
Cr(VI), which is denoted as Cr(VI)@BAC(10). PXRD data
reveal that the main structure of BAC(10) is retained after the
adsorption of Cr(VI). However, the crystallinity is obviously
decreased. A TEM analysis on Cr(VI)@BAC(10) (Figure S1)
reveals that the lamellar morphology of BAC(10) is maintained
after Cr(VI) adsorption. The EDS mapping profiles of
BAC(10) and Cr(VI)@BAC(10) also confirm that the
adsorption of Cr(VI) from aqueous solution follows an
anion exchange process of Cl− existing in the framework of
BAC(10) (Figure S2). The Fourier transform infrared (FTIR)
spectrum of Cr(VI)@BAC(10) shows an adsorption peak at
921 cm−1 that is not present in the spectrum of BAC(10)
(Figure 3b). This peak can be assigned to the antisymmetric
CrVIO3 stretching vibration, confirming the incorporation of
Cr(VI) anions inside the structure of BAC(10).50 Figure 3c
shows the X-ray photoelectron spectroscopy (XPS) spectra of
BAC(10) and Cr(VI)@BAC(10). In Figure 3c, the peak from
element Cl (198.5 eV, Cl 2p) is clearly observed in the
spectrum of BAC(10). After Cr(VI) adsorption, the Cl 2p peak
at 198.5 eV completely disappears and a new Cr 2p peak at
about 580 eV appears simultaneously. Figure 3d shows the
high-resolution XPS spectra of the Cr 2p region. Compared to
K2CrO4, the Cr 2p peaks of Cr(VI)@BAC(10) are slightly
blueshifted. The spectra of Cr(VI)@BAC(10) have two main
peaks, that is, Cr 2p1/2 (589.5 eV) and Cr 2p3/2 (579.7 eV),
which correspond to Cr(VI). The minor signals with binding
energies of 586.5 and 576.9 eV are attributed to the trace
amount of Cr(III) formed from the known reduction effects
under X-ray irradiation.51 The TGA results show that the total
weight loss of BAC(10) and Cr(VI)@BAC(10) between 100
and 800 °C is 33.3 and 26.1%, respectively (Figure 3e). The
TGA−MS analysis on BAC(10) and Cr(VI)@BAC(10)
(Figure 3f) shows that HCl is released from BAC(10) at
above 250 °C, and no detectable HCl is released from Cr(VI)
@BAC(10) at the entire temperature range. The nitrogen
adsorption analysis gives a BET surface area of 35.6 m2/g for
Cr(VI)@BAC(10), which is smaller than that of 59.3 m2/g for
as-synthesized BAC(10) (Figure S3), which is consistent with
the decrease in crystallinity after the adsorption of Cr(VI)
(Figure 3a). Combining the above characterization results, it
can be concluded that: (1) the Cl− ions in the structure of
BAC(10) are exchangeable; (2) Cr(VI) anions are incorpo-
rated inside the framework of BAC(10) via anion exchange;
and (3) all Cl− ions can be exchanged by Cr(VI) anions under
such conditions.
For inspection of the Cr(VI)@BAC(10) crystalline

structure, cRED data were collected using a TEM (Figure
S4). The 3D reciprocal lattice reconstructed from the cRED
data using the software RED52 shows that Cr(VI)@BAC(10)
is monoclinic with the unit cell parameters a = 16.020(3) Å, b
= 16.910(3) Å, c = 16.390(3) Å, and β = 112.69(3)° (Figure
4). Because the nanosheets, which are perpendicular to the b-
axis, have only a few unit cells, weak diffuse streaks along the
b*-axis were observed for most reflections (Figure S5). Despite
this, the intensities of reflections could be extracted from the
cRED data. The aluminoborate structure Cr(VI)@BAC(10)
was solved by direct methods using the space group P21/n

Figure 2. SEM (a,b), TEM (c,d), and AFM (e) images of the as-
synthesized BAC(10); EDS mapping profiles of BAC(10) for Al (f), B
(g), O (h), and Cl (i).

JACS Au pubs.acs.org/jacsau Article

https://doi.org/10.1021/jacsau.2c00237
JACS Au 2022, 2, 1669−1678

1671

https://pubs.acs.org/doi/suppl/10.1021/jacsau.2c00237/suppl_file/au2c00237_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.2c00237/suppl_file/au2c00237_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.2c00237/suppl_file/au2c00237_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.2c00237/suppl_file/au2c00237_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.2c00237/suppl_file/au2c00237_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.2c00237/suppl_file/au2c00237_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.2c00237/suppl_file/au2c00237_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacsau.2c00237?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.2c00237?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.2c00237?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.2c00237?fig=fig2&ref=pdf
pubs.acs.org/jacsau?ref=pdf
https://doi.org/10.1021/jacsau.2c00237?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(No. 14), which is very complex with 62 (12 aluminum, 6
boron, and 44 oxygen) atoms in the asymmetric unit. Three
chromate ions were located from the difference Fourier maps,
which were subsequently refined to an occupancy of 0.77
(CrA), 0.32 (CrB), and 0.24 (CrC). The refinement against
the cRED data converged to R1 = 0.2769 for 2771 reflections

with I > 2I(σ) and R1 = 0.2983 for all 3541 reflections
[CCDC-2127099]. More details of structure determination are
described in the Supporting Information (Section 7, Table S1,
and Figures S6,S7).
The framework of Cr(VI)@BAC(10) (H0.22·Al2BO4.3·

(HCrO4)0.22·2.64H2O) has a cationic layered structure, built
by AlO6 octahedra, BO4 tetrahedra, and BO3 triangles. The
AlO6 octahedra are linked by edge- or corner-sharing to form a
layer with exclusively six rings (Figure 5a). The six rings are
decorated by either BO3 or BO4. Three-coordinated boron
atoms are found in the six rings with only one or two corner-
sharing AlO6 octahedra; each boron is coordinated to three
edge-sharing oxygen atoms. Tetrahedrally coordinated boron
atoms are located in the six rings with three corner-sharing

Figure 3. PXRD (a), FTIR (b), and XPS (c) results of BAC(10) and Cr(VI)@BAC(10); (d) high-resolution Cr 2p1/2 and Cr 2p3/2 core-level XPS
spectra of Cr(VI)@BAC(10) and K2CrO4; TGA (e) and TGA−MS (f) of BAC(10) and Cr(VI)@BAC(10).

Figure 4. (a,b) 3D reciprocal lattice of Cr(VI)@BAC(10) viewed
along b*- and c*-axes, respectively. Only strong reflections are shown.
(c,d) 2D slices of h0l and hk0 of the 3D reciprocal lattice in panel (b),
respectively. The systematic absence could be deduced as hkl, 0kl,
hk0: none, h0l: h + l = 2n, and that along 0k0 could not be determined
due to the preferred orientation around the b*-axis. The possible
space groups are then Pn (No. 7), P2/n (No. 13), and P21/n (No.
14).

Figure 5. Structure of Cr(VI)@BAC(10) viewed along (a) [010] and
(b) [100] directions. Only one layer is shown in panel (a). A total of
four CrO4

− binding sites are shown, of which two are partially
occupied (77 and 32%, respectively). The empty sites are marked by
bare oxygen atoms. (c) Connections of two chromates CrA and CrB
to the aluminoborate layer. The third chromate (CrC) is not shown
for clarity.
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AlO6 octahedral pairs; each BO4 is connected to one edge-
sharing and two terminal oxygens in the AlO6 octahedral layer,
with one terminal oxygen pointing away from the layer (Figure
5a). There are two layers in each unit cell, and the layers are
sinusoidal along the c-axis (Figure 5b). Adjacent layers are held
together by hydrogen bonding and form one-dimensional
channels along the a-axis. The BO4 tetrahedra extend toward
the channel to serve as one of the chromate chemisorption
sites. Within the channels are found three chromate ions,
which are chemically bonded to the aluminoborate layer. One
chromate ion (CrA, 77% occupancy) is connected to an AlO6
octahedron (Figure 5c), one (CrB, 32%) to both an AlO6
octahedron and a BO4 tetrahedron, and the third chromate ion
(CrC, 24%) is connected to two AlO6 octahedra, which are
unusually formed during the ion-exchange process. The
chromate ions are further stabilized via hydrogen bonding to
the framework. There are in total 5.25 chromate ions per unit
cell, which gives a formula of H0.22·Al2BO4.3·(HCrO4)0.22·
2.64H2O. The chromate ions CrB and CrC are too close to
each other and cannot exist simultaneously. If these sites are
fully occupied, they could accommodate eight chromate ions.
There are other sites with similar local environments as the
binding sites, CrA, CrB, and CrC, that may absorb additional
chromate ions (Figure 5a). With the current cRED data, only
three partially occupied chromate ion sites are found.
Effect of pH on Cr(VI) Adsorption

Hydrolytic stability is important for the long-term usage of ion
exchangers in aqueous solution. Figure S8 shows the PXRD
patterns of BAC(10) immersed in solutions with various pH
values for 24 h under stirring, which indicates that BAC(10)
has excellent hydrolytic stability in solutions with the pH range
from 2 to 10.5. When the pH reaches 12, obvious dissolution
of BAC(10) and formation of crystalline Al(OH)3 (JCPDE
card no. 20-0011) are observed. A further slight increase in pH
(pH = 12.5) leads to the complete dissolution of BAC(10) and
formation of highly crystalline Al(OH)3. These results indicate
that BAC(10) has excellent stability in acidic, neutral, and
mildly basic solutions.
Figure 6 shows the influence of the initial pH of the solution

on the removal efficiency of Cr(VI) and on the equilibrium
pH. When the initial pH is increased from 2 to 10.5, the
removal efficiency orderly decreases from 94.9 to 81.5% (initial
concentration of Cr(VI): 50 mg/L and solid/liquid ratio: 2 g/

L). Notably, the equilibrium pH maintains in the range of 3.77
to 5.02 even though the initial pH ranges from 2 to 10.5,
demonstrating the excellent acidic/basic buffer ability of
BAC(10). This might be due to the exchange-in of OH−

and exchange-out of Cl−. When the initial pH rises to 12, a
sharp decline in Cr(VI) removal efficiency to 17.2% and a
dramatic increase in the equilibrium pH to 10.95 are observed.
The optimal removal efficiency for Cr(VI) is 95.2% when the
initial solution pH is 3.
In the solution containing Cr(VI), the predominant species

of Cr(VI) is HCrO4
− when the pH is less than 6.5 and CrO4

2−

when the pH is greater than 6.5 (Figure S9).53,54 For capturing
one HCrO4

− anion, BAC(10) needs to release one Cl−, while
two Cl− anions will be needed to capture one CrO4

2−.
Therefore, more CrO4

2− content in solution will lead to a
lower removal efficiency. In this study, when the initial pH is in
the range of 2 to 10.5, the equilibrium pH is in the range of
3.77 to 5.02, at which the Cr(VI) species mainly exists in the
form of HCrO4

− (Figure S9). With the increase of pH, the
removal efficiency of Cr(VI) slightly decreases (Figure 6),
which is due to the competitive adsorption of more OH− on
BAC(10). Further increasing the initial pH from 10.5 to 12
results in the dramatic increase of the equilibrium pH from
about 5.02 to 10.95 (Figure 6) at which Cr(VI) exists mainly
in the form of CrO4

2− (Figure S9). In addition, the crystallinity
of BAC(10) decreases significantly and Al(OH)3 starts to be
formed at such pH (Figure S8). Thus, a sudden drop in
Cr(VI) removal efficiency is expected when the initial pH
reaches 12. It has been reported that cationic framework
materials, such as metal oxides,55 cationic MOFs,56 LDHs,4

and AERs,20 have shown strong dependence on the pH of
solution for Cr(VI) removal and the optimal pH for Cr(VI)
adsorption of these materials is usually 3 to 5. Unlike these
materials, BAC(10) exhibits a wide working pH range from 2
to 10.5 and such a superior feature makes it promising in
practical applications for Cr(VI) capture.
Adsorption Kinetics and Adsorption Isotherms of Cr(VI) on
BAC(10)

The adsorption kinetics of Cr(VI) on BAC(10) is presented in
Figure 7a (initial concentration of Cr(VI): 20 mg/L; solid/
liquid ratio: 2 g/L; and initial pH: 3). Meanwhile, we selected
the commercial AER (IRN78) and a calcined layered double
hydroxide (CLDH) for comparison. As shown in Figure 7a, at
the contact time of 10 min, the removal efficiency of BAC(10),
IRN78, and CLDH is 66.9, 52.8, and 29.9%, respectively.
When the contact time is extended to 60 min, the
corresponding removal efficiency is increased to 97.4, 97.9,
and 69.5%, respectively. On further extending the contact time,
the removal efficiency of BAC(10) and IRN78 becomes almost
constant, indicating that the adsorption equilibrium has been
achieved at the contact time of 60 min. However, the
adsorption equilibrium of CLDH can only be reached at the
contact time of 150 min. The UV−vis spectra were acquired to
monitor the concentration of Cr(VI) in solution as a function
of the contact time of 0, 10, 20, 40, 60, and 90 min. As shown
in Figure 7b, the intensity of the adsorption peak of Cr2O7

2− at
352 nm in the UV−vis spectra of Cr(VI) in aqueous solution
at various adsorption times quickly decreases within only 10
min and does not show further decrease after 60 min,
suggesting that the anion-exchange process is completed. The
inset photographs of Figure 7b also show that the solution
changes to colorless within 60 min, indicating that BAC(10)

Figure 6. Influence of the initial pH on the removal efficiency (red
line, left axis) and the corresponding equilibrium pH (blue line, right
axis). The initial concentration of Cr(VI) is 50 mg/L and the solid/
liquid ratio is 2 g/L.
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has a fast adsorption rate for Cr(VI), which is consistent with
the adsorption kinetics results and UV−vis analysis. Compared
to the cationic MOFs, BAC(10) also exhibits an advance in the
removal rate. For example, more than 24 h are needed for
ABT·2ClO4

23 and 1-SO4,
24 two MOFs with the fastest

adsorption kinetics of Cr(VI), to reach the adsorption
equilibrium. The fast adsorption kinetics of BAC(10) makes
it highly suitable for practical applications.
The adsorption kinetics of BAC(10) is fitted by the linear

pseudo-first-order equation and linear pseudo-second-order
equation (eqs S1 and S2), respectively. The kinetic parameters
and the correlation coefficients (R2) are calculated on the basis
of line regression (Figure 7c,d) and are listed in Table S2. The
fitting plot with the pseudo-second-order model shows a better
linearity (R2 = 0.999) compared to the pseudo-first-order
model (R2 = 0.978), which confirms that the adsorption
kinetics of BAC(10) follows the pseudo-second-order model,
that is, a chemical adsorption process. The fitting plots in
Figures S10, S11 and the data in Table S2 show that the
adsorption kinetics of IRN78 (R2 = 0.999) and CLDH (R2 =
0.997) also follows the pseudo-second-order model, which is
consistent with the results previously reported.4,21

The adsorption isotherms of Cr(VI) on BAC(10), CLDH,
and IRN78 are illustrated in Figure 8a and the corresponding
equilibrium pH values are plotted in Figure 8b (initial
concentration of Cr(VI): 50−800 mg/L; solid/liquid ratio: 2
g/L; initial pH: 3; and contact time: 12 h under stirring). Both
Langmuir and Freundlich models (eqs S3 and S4) are used to
fit the experimental data and the results are presented in Figure
8c,d, respectively. The adsorption parameters and the
correlation coefficients (R2) on the basis of line regression
(Figure 8c,d) are listed in Table S3. The fitting plots in Figure
8c,d and the data in Table S3 clearly show that the Langmuir
model provides a better description of the adsorption behavior
of Cr(VI) than the Freundlich model does, indicating a
monolayer coverage of Cr(VI) anions on the internal surface of
BAC(10), CLDH, and IRN-78. According to the Langmuir
fitting, the maximum adsorption capacity (qm) for Cr(VI) on
BAC(10) is 139.1 mg/g, which is much higher than those on

CLDH (81.43 mg/g) and IRN78 (62.77 mg/g), consistent
with the previously reported values for CLDH and IRN78.48,57

Table S4 summarizes the maximum adsorption capacities for
Cr(VI) adsorption on typical anion exchangers such as cationic
MOFs, LDHs, and AERs. Obviously, the maximum adsorption
capacity of Cr(VI) on BAC(10) has outperformed most of
them and is just less than that of MOFs of MOR-2.58 The
results in Figure 8b show that the equilibrium solutions
containing BAC(10) are acidic (pH = 4−4.5), while those
containing CLDH or IRN78 are basic (pH = 9.5−11.6) even
though they have the same initial pH of 3.0. As discussed
above, the distribution of Cr(VI) species is strongly affected by
the solution pH. The Cr(VI) species mainly exists in the form
of CrO4

2− in the basic medium (pH > 6.5) and thus the
adsorption capacity of the anion exchanger will be seriously
inhibited. This is an important reason why BAC(10) has
higher adsorption capacity for Cr(VI) than IRN78 and CLDH.
Adsorption Selectivity, Removal Efficiency, and
Recyclability of BAC(10)
In addition to Cr(VI), polluted water usually contains other
types of anions such as Cl−, NO3

−, HCO3
−, and CO3

2−. The
existence of such anions apparently has a negative influence on
the removal of Cr(VI) due to competitive adsorption. Hence,
efficient removal of Cr(VI) from waste water is still a great
challenge in the presence of large excess of competing anions.
Here, we investigated the removal efficiency of BAC(10) on
Cr(VI) in the presence of competitive anions of NO3

−, Br−,
Cl−, HCO3

−, F−, or CO3
2− at various concentrations and the

results are shown in Figure 9a. The initial concentration of
Cr(VI) is 20.8 mg/L (0.4 mM), and the concentration of
competitive anions is 0, 0.4, 2, 4, or 8 mM. The solid/liquid
ratio is 2 g/L. To exclude the interference of pH, all the initial
pH values are adjusted to 7. The results in Figure 9a show that
the monovalent anions of NO3

−, Br−, Cl−, and HCO3
− have

negligible influence on the removal efficiency of BAC(10) for
Cr(VI) even under 20 times (8 mM) excess dose. The removal
efficiency only decreases by 12.5% at the maximum even in the
presence of 20 times excess of F− (8 mM). Unlike monovalent
anions, a large amount of CO3

2− can adversely affect the
adsorption of Cr(VI) and the removal efficiency decreased by

Figure 7. (a) Adsorption kinetics of Cr(VI) on BAC(10), IRN78, and
CLDH. (b) UV−vis spectra of Cr(VI) in aqueous solution at various
adsorption times by BAC(10). The inset shows the corresponding
photographs. (c) Linear fitting with a pseudo-first-order kinetic model
for BAC(10). (d) Linear fitting with a pseudo-second-order kinetic
model for BAC(10).

Figure 8. (a) Adsorption isotherms of Cr(VI) on BAC(10), IRN78,
and CLDH; (b) the corresponding equilibrium pH; and (c) Langmuir
linear plots and (d) Freundlich linear plots for adsorption isotherms
of Cr(VI) on BAC(10), IRN78, and CLDH.
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20.8% in the presence of 8 mM CO3
2− (20 times excess).

Although the presence of large excess of CO3
2− has a relative

obviously negative influence on the removal efficiency of
BAC(10) for Cr(VI), it is still obviously superior to many
other anion exchangers, such as Ni/Mg/Al-LDHs59 and UiO-
66-NH2@silica.60 This may be ascribed to the excellent acidic/
basic buffer ability of BAC(10) as described above. These
results indicate that BAC(10) can selectively capture Cr(VI)
even in the presence of large excess of competitive anions.
Although many adsorbents have excellent adsorption

capacity for Cr(VI), it is difficult to reduce moderate and
trace levels of Cr(VI) below the maximum allowable discharge
standard defined by the WHO (0.05 mg/L).6 Figure 9b
presents the residual Cr(VI) concentration of the solution
treated by BAC(10) with a solid/liquid ratio of 2 g/L. The
initial concentration varied from 2.5 to 20 mg/L. The results
show that the residual Cr(VI) concentration of the solution is
lower than 0.05 mg/L after the treatment of BAC(10) if the
initial concentration of Cr(VI) does not exceed 10 mg/L,
which is below the allowed safe levels of WHO for drinking
water as well as China and European Union. These results
demonstrate that BAC(10) has excellent removal efficiency for
low Cr(VI) concentration solutions, which makes it a
promising material in practical applications for deep treatment
of Cr(VI)-contaminated water. Combining the outstanding
selectivity and depth removal performance of BAC(10) for
Cr(VI) and the physicochemical and structural properties of
Cr(VI)@BAC(10), we can conclude that the adsorption
mechanism is based on the following: (i) ion exchange as
the main mechanism of BAC(10) for Cr(VI) removal; (ii)
formation of chemical bonds between the partial chromate

ions and the inorganic sheet; and (iii) electrostatic interactions
between the Cr(VI) anions and positively charged framework
of BAC(10).
Furthermore, the recyclability of BAC(10) was investigated.

The Cr(VI)@BAC(10) samples could be regenerated by a
facile ion-exchange process method in a NaCl solution
(detailed information is provided in the Supporting Informa-
tion). Figure 9c shows the removal efficiency of BAC(10) for
Cr(VI) in five cycles of adsorption−desorption process. After
the first cycle, the removal efficiency decreases from 95.2 to
90.3%. Even at the fifth adsorption−desorption process, the
removal efficiency of 70.3% can still be reached. The PXRD
patterns of regenerated BAC(10) samples show that the
structure is retained after multiple cycles (Figure S12). The
decrease in removal efficiency with the increase in the number
of cycles might be due to the strong affinity and the formation
of chemical bonding between partial Cr(VI) and the
framework of BAC(10), which leads to the incomplete
replacement of Cr(VI) anions with Cl− in the regeneration
process. The EDS spectra and photographs of the regenerated
BAC(10) samples further demonstrate the existence of
undesorbed Cr(VI) in the regenerated BAC(10) (Figures
S13, S14).
In addition to Cr(VI), many pollutants inherently exist in

their oxyanion forms, such as ReO4
−, MoO4

2−, SeO4
2−,

H2PO4
−, and VO4

3−. Among these oxyanions, ReO4
− is

employed as the surrogate of TcO4
− (99Tc), which is a highly

problematic radioactive waste;61 H2PO4
− is one of the main

causes for water eutrophication; MoO4
2−, SeO4

2−, and VO4
3−

are also harmful oxyanions to human health.62−64 The removal
efficiency of BAC(10) for ReO4

−, MoO4
2−, SeO4

2−, H2PO4
−,

Figure 9. (a) Influence of competitive anions of NO3
−, Br−, Cl−, HCO3

−, F−, and CO3
2− on Cr(VI) removal by BAC(10); (b) removal efficiency of

BAC(10) for Cr(VI) from aqueous solution prepared from DI water and tap water at low concentrations; (c) five cycles of adsorption−desorption
of Cr(VI) on BAC(10); and (d) removal efficiency of ReO4

−, MoO4
2−, SeO4

2−, H2PO4
−, and VO4

3− by BAC(10).
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and VO4
3− is shown in Figure 9d. The initial concentrations of

Re, Mo, Se, P, and V were 20 mg/L. The results show that the
removal efficiency of BAC(10) for MoO4

2−, SeO4
2−, H2PO4

−,
and VO4

3− is over 99%, while for ReO4
−, it is relatively low

(29.1%). The results clearly show that BAC(10) also has
excellent removal ability for MoO4

2−, SeO4
2−, H2PO4

−, and
VO4

3−.

■ CONCLUSIONS
Highly crystalline aluminoborate BAC(10) with a pure
inorganic 2D cationic framework is hydrothermally synthesized
with cost-effective source materials, and the structure of
chromate ion-exchanged BAC(10) has been solved by cRED.
The anion exchange property of BAC(10) for Cr(VI) from
aqueous solution is superior to the commercial anion resin and
LDHs with the maximum adsorption capacity and adsorption
kinetics of Cr(VI). Owing to the acidic/basic buffer ability,
BAC(10) exhibits a broad working pH range of 2−10.5 and
excellent selectivity for Cr(VI) even in the presence of large
amounts of excessive competitive anions. In addition,
BAC(10) exhibits outstanding selectivity and depth removal
performance for Cr(VI). The investigation on structural
analysis and adsorption mechanism confirms that the removal
of Cr(VI) from aqueous solution is achieved via the anion
exchange of HCrO4

− with freely mobile Cl− inside the
structure of BAC(10) and formation of chemical bonds
between the partial chromate ions and the inorganic sheet,
which results in excellent selectivity for Cr(VI). The excellent
performance and low cost make BAC(10) a promising material
in wastewater treatment for Cr(VI) removal. BAC(10) also
exhibits excellent removal efficiency for other harmful
oxyanions such as MoO4

2−, SeO4
2−, H2PO4

−, and VO4
3−

from aqueous solution. To further investigate the possibility
of use of BAC(10) in practical applications, we will conduct
large-scale synthesis of BAC(10) and manufacture it into
macroscopic structures such as granules, pellets, cylinders, or
membranes to meet the requirement for practical applications.
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