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[13_TD$DIFF]A B S T R A C T

A new paradigm to remove toxic chromate anions from aqueous solution by crystallization of chromate-
water clusters with imine-linked guanidinium cationic ligands is introduced. The guanidium-based
cationic ligand was easily prepared through the imine condensation of an aldehyde and aminoguanidine
hydrochloride. The cationic imine-linked guanidinium ligand (BBIG-Cl) showed a high removal capacity
(292.5mg/g) in the solutions. Rapid decontamination of chromate anions from the wastewater by this
cationic ligand was resulted from an instantaneous crystallization. The produced guanidium chromate
salts have an extremely low solubility (Ksp,BBIG = 8.19�10�9

[14_TD$DIFF]). Such superior removal performance of
these materials was attributed to the charge-assisted hydrogen bonding between the cationic ligand and
chromate-water hydrate anions, which was revealed by the single-crystal X-ray diffraction analysis and
density functional theory (DFT) calculations. In addition, the successful recovery of the guanidium-based
ligand makes it more attractive for real-world applications.
© 2019 Chinese Chemical Society and Institute of MateriaMedica, Chinese Academy ofMedical Sciences.

Published by Elsevier B.V. All rights reserved.
Chromium is widely used in electroplating, metal finishing,
leather tanning, and other chemical industries [1,2]. It is a toxic and
mobile elementmainly existed in the oxidation states of Cr(III) and
Cr(VI) [3,4]. The hexavalent chromium species, chromate (CrO4

2�,
HCrO4

�) and dichromate (Cr2O7
2�), may cause severe problems

towards environments and human beings due to its toxicity,
carcinogenicity, and fast mobility in soil and aquatic environments
[5]. Thus, the sequestration of Cr(VI) from industrial wastewater is
highly desirable.

Various methods, such as adsorption, membrane filtration, ion
exchange, reduction, and electrochemical treatment have been
reported to remedy Cr(VI) [ [15_TD$DIFF]6–14]. For example, Li et al. proposed an
emerging class of porous material entitled cationic metal-organic
frameworks (MOFs) to efficiently remove Cr(VI) from aqueous
solution [15–19]. Luo and his co-workers introduced a powerful
MOF+ technique to obtain an extremely high removal capacity
(796mg/g) for chromate [20]. Although these methods showed
some promises for Cr(VI) removal, there are still many inherent
drawbacks such as low removal efficiency, poor selectivity, slow
kinetics, and high cost. More importantly, most of the reported
itute of Materia Medica, Chinese
methods focused on the cases with low concentrations of Cr(VI),
whereas dealing with the wastewater containing high concen-
trations of Cr(VI) is still a clear challenge [17,21]. Therefore,
developing a new facile technique for the fast, efficient, and
selective removal of Cr(VI) from the industrial wastewater remains
to be a research target.

In this study, a new approach for the efficient removal of Cr(VI)
anions fromaqueous solutionswas designed based on the selective
crystallization of chromate-water clusters using the cationic
imine-linked guanidinium ligands. The crystallization method
was usedmainly because the crystal lattice can exert the structural
constraints leading to rejection of the mismatched ions and
therefore, obtain exceptional separation selectivity towards Cr(VI)
anions. In addition, when tackling the wastewater containing high
concentrations of Cr(VI), the reactive crystallizationmethod shows
a clear advantage over the state of art techniques. Guanidinium-
based compounds with abundant hydrogen donors are found in
many biological systems and have been extensively investigated as
molecular receptors for various anions [22–25]. In this work, we
report the first case for decontamination of chromate by selective
crystallization using imine-linked guanidinium ligands.

Condensation of aminoguanidine hydrochloride with bidentate
ligands in ethanol yields the cationic 1,4-benzene-bis(iminogua-
nidinium) as shown in Fig. S1 (Supporting information). In the
Academy of Medical Sciences. Published by Elsevier B.V. All rights reserved.
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preliminary experiments, it is found that if this ligand reacts with
chromate anions, a crystalline precipitate forms in the solution,
which inspires us to consider this strategy to treat the chromate-
contaminated wastewaters. The obtained results indicate that the
BBIG-Cl is able to remove Cr(VI) anions from aqueous solutions in
the form of precipitate with a removal efficiency up to 98.70%. The
resulting guanidium chromate salts BBIG-CrO4 is extremely
insoluble in water (Ksp,BBIG-CrO4 = 8.19�10�9

[14_TD$DIFF]). The excellent Cr(VI)
removal performance of thismethod can be explained based on the
ionic donor-donor�acceptor-acceptor (DD�AA) hydrogen-bonded
complex and the favorable stacking of the planar guanidium
cations in the crystal structure [23].

The single-crystal X-ray diffraction analysis performed on the
BBIG-CrO4 reveals its crystalline structure which confirms our
initial hypothesis. In the structure of BBIG-CrO4 (Fig. 1a), a planar
bis(iminoguanidinium) cation crystallizes with a chromate anion
in term of 1:1 complex and two water molecules generated from
the hydration. The chemical component of a BBIG-CrO4 unit cell is
4 (BBIG(CrO4)(H2O)2). Here two types of BBIG cations can be
detected; one is perfectly planar while the other type is slightly
bent. These BBIG cations are stacked in an antiparallel fashion in an
ABAB pattern in the crystal, with a mean interplanar distance of
3.44 Å (Fig. 1b). Interestingly, the CrO4

2� anions always appear in
pairs in the BBIG-CrO4 crystal. Each CrO4

2� pair is bridged by 8 OH
(water)���O(CrO4

2�
[10_TD$DIFF]) hydrogen bonds (HBs) assisted by 4 water

molecules, forming a unique (CrO4
2�)2(H2O)4 cluster, as shown in

Fig. 1c. We performed Density Functional Theory (DFT) calcu-
lations [26–34] to investigate the stability of an isolated
(CrO4

2�)2(H2O)4 cluster. If the four water molecules were removed
from the cluster, the calculated interaction energy between the
two CrO4

2� anions (EintCr-Cr) is 228.00 kcal/mol, showing strong
repulsion. The calculated total binding energy (Ebcluster) of the
whole cluster is 88.70 kcal/mol. That indicates that the OH
(water)���O(CrO4

2�) hydrogen bonding interactions and the elec-
trostatic shielding effects of water molecules can greatly weaken
the anion-anion repulsion, but not be enough to stabilize an
isolated cluster. Hence, it can be concluded that the cationic BBIG
ligands play a crucial role in stabilizing (CrO4

2�
[10_TD$DIFF])2(H2O)4 clusters in

BBIG-CrO4 crystal. Single-crystal X-ray diffraction (XRD) analysis
combining with DFT geometry optimization show that, in the
[(Fig._1)TD$FIG]

Fig. 1. (a) The crystal lattice of BBIG-CrO4 determined by single-crystal X-ray diffrac
calculations. (b) The stacking patterns of BBIG cations. (c) The structure of the (CrO4

2�
[10_TD$DIFF])2

(CrO4
2�

[10_TD$DIFF])2(H2O)4 cluster and its surrounding twelve guanidine groups. Electrostatic poten
of BBIG (e) and CrO4

2�
[9_TD$DIFF] (f).
BBIG-CrO4 crystal, each (CrO4
2�

[10_TD$DIFF])2(H2O)4 cluster is actually
encapsulated into a 20-fold NH���O HBs network, including 14
NH���O(CrO4

2�
[10_TD$DIFF]) and 6 NH���O(H2O) which provided by the

surrounding twelve guanidine groups, as shown in Fig. 1d (The
details of the hydrogen bonding in the BBIG-CrO4 crystal can be
found in Table S3 in Supporting information). For each
(CrO4

2�)2(H2O)4 cluster, such a super-dense HBs network yields
a binding energy (EbL-C) of�153.93 kcal/mol. This binding energy is
obviously larger than 20 conventional HBs (about 2-5 kcal/mol per
one conventional HB), mainly because of the strong electrostatic
attractions between the cationic BBIG2+ ligands and the anionic
CrO4

2�. DFT calculations show that the whole electron density
surface of the BBIG molecule possesses positive electrostatic
potential (ESP), since it has two positive charges formally (Fig. 1e).
Moreover, the positive ESPs are mainly distributed around the two
guanidine groups and three positive ESP maxima can be found
around each guanidine group. Therefore, all the five –NH terminals
can be served as HBs donors. On the contrary, the CrO4

2� molecule
has large negative ESPs on its electron density surface (Fig. 1f).
Hence, the dense charge-assisted HBs network greatly stabilizes
the (CrO4

2�)2(H2O)4 clusters in the crystal [35,36]. Note that
CrO4

2� anions are extremely hydrophilic in water with a high
solvation energy (�958 kJ/mol), and therefore, it is difficult to
transfer them to another phase by desolvation [37]. However,
owing to the positive charge of the BBIG ligands and tight hydrogen
bonds in the BBIG-CrO4 crystal, CrO4

2� anions are inclined to
transfer from aqueous solutions to solid phase by charge-assisted
hydrogen bonding interaction.

Considering the strong interaction between the CrO4
2� anions

and guanidinium ligands that generates the low soluble BBIG-CrO4

(9.05�10�5
[16_TD$DIFF] mol/L) crystals, the removal performance of Cr(VI)

from aqueous solutions by the ligand was thoroughly investigated.
As illustrated in Fig. 2a, the removal efficiency of chromate anions
by the BBIG-Cl increases by increasing the equivalent ratio of the
BBIG-Cl and chromate anions. The Cr(VI) removal values are
40.80%, 80.51%, and 98.73% when n = 0.5, 1, and 5 (n is the molar
ratio of the ligand and CrO4

2�
[9_TD$DIFF] anion).

The maximum removal capacity of Cr(VI) by the BBIG-Cl is
292.50mg/g. This value is obviously higher than the determined
chromate removal capacities by many other materials (Table S2 in
tion, the hydrogen positions were optimized by density functional theory (DFT)
(H2O)4 cluster. (d) Schematic diagram of the hydrogen bonds network between one
tial mapping on the electron density van derWaals surfaces (isodensity = 0.001 a.u.)
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Fig. 2. (a) Removal percentage of CrO4
2� using the BBIG-Cl ligand with different equivalent ratios of cationic ligands and CrO4

2�. (b) Effect of pH on the removal of CrO4
2� by

the BBIG-Cl ligand. (c) Removal kinetics of CrO4
2� by the BBIG-Cl ligand as a function of contact time. (d) Van’t Hoff plot for dissolution of BBIG-CrO4 in the range of 25-45 �C.
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Supporting information). The BBIG-Cl ligand also show a great
efficiency in removal of Cr(VI) from aqueous solution over a wide
range of pH values from 2 to 11. However, a slight decrease in the
removal efficiency of Cr(VI) by these ligands is observed at low pH
values (Fig. 2b). The observed behaviors of the synthesized ligands
in removal of the Cr(VI) anions from strong acidic to high alkaline
solutions are closely relevantwith the distribution of Cr(VI) species
in the solution at each pH level [38]. HCrO4

� is the predominant
form of Cr(VI) at a low pH value, and has a relatively weaker
tendency to attach onto the cationic guanidinium ligands. Fig. 2c
shows that within only 30 s, the removal kinetics of CrO4

2� by the
[(Scheme_1)TD$FIG]

Scheme 1. Full separation cycle for CrO4
2� removal by crystallization using BBIG-Cl ligan

crystals. (III) BBIG ligand recovery by neutralization of the BBIG-CrO4 with a NaOH solutio
ligand is regenerated by dissolving neutral BBIG ligand with a diluted HCl solution.
two ligands can reach to the equilibrium. This is the fastest kinetics
of the removal of Cr(VI) from aqueous solutions that has been ever
reported (Table S2).

In order to evaluate the selectivity of the introduced
crystallization technique, the CrO4

2� removal experiments using
the BBIG-Cl ligand was conducted in presence of different
concentrations of NO3

� and Cl� anions. In Fig. S5 (Supporting
information), the removal percentage of CrO4

2�
[9_TD$DIFF] in reaction with

the BBIG-Cl ligand is 76.74% when m= 1 (m is the NO3
�/CrO4

2�

molar ratio). In solutions with the NO3
�/CrO4

2� molar ratio of 10
(m = 10), the Cr(VI) removal efficiency drops by half. When the
d. (I) CrO4
2�

[9_TD$DIFF] removal by crystallizationwith BBIG-Cl. (II) Isolation of the BBIG-CrO4

n; CrO4
2�

[9_TD$DIFF] anions are released as an aqueous Na2CrO4 solution. (IV) Cationic BBIG-Cl
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value of m reaches up to 100, the BBIG-Cl ligand can only remove
28.50% of the chromate anions from the solution. The removal
percentage of chromate by BBIG-Cl is 85.3% when n = 1 (n is the
Cl�/CrO4

2� molar ratio). There is little change in the values of
removal percentage when n = 10. BBIG-Cl can still remove 56.86%
of chromates from aqueous solutionwhen Cl� anions are 100 times
the amount of CrO4

2� anions. Variable-temperature dissolution
measurements of the BBIG-CrO4 revealed that the solubility of
these crystals increases with an increase in temperature (Table S1
in Supporting information). The enthalpy of the dissolution
obtained from the slope of the Van’t Hoff plot (Fig. 2d) is
77.49 kJ/mol for BBIG-CrO4. Thus, the crystallization process of the
BBIG-CrO4 is exothermal and entropy driven.

In order to demonstrate the practical application of this new
paradigm of chromate separation, a full cycle of chromate removal
from an aqueous solution by the BBIG ligand was performed. As
illustrated in Scheme 1, CrO4

2� anions initially get encapsulated by
the BBIG ligands and form a solid crystal (Crystal A). In the next
step, the BBIG ligand in the isolated crystals can be easily recovered
by deprotonation with a 10% NaOH solution. This deprotonation
process yields a neutral crystalline BBIG ligand (Crystal B) in �90%
yield. In themeantime, about 95% of the CrO4

2� anions are released
into the aqueous solution (Fig. S7 in Supporting information). The
formed neutral ligand can then be recycled by their conversion to
the cationic form using a dilutedHCl solution to be used in the next
separation cycle. The overall chromate removal cycle was further
confirmed by the PXRD and 1H NMR characterization techniques
(Fig. S8 in Supporting information).

In summary, we report the first case of imine-linked
guanidinium cationic ligands, namely BBIG2+, for efficiently
removing toxic Cr(VI) oxoanions from aqueous solutions with
instantaneous selective crystallization. This work provides a new
paradigm for chromate decontamination, wherein the chromate
anion is encapsulated as a chromate-water cluster in the solid
crystals, which was strongly confirmed by single-crystal X-ray
diffraction technique and DFT calculations.
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