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a b s t r a c t
More discrete and active Ag nanoparticles (Ag NPs) were fabricated by decorating them on the surface of
magnetic nanoparticles encapsulated in carbonized polydopamine nanospheres (M/C-PDA/Ag) via in-situ
solid-state decomposition process. The morphology, structure, surface compositions and textural properties of the M/C-PDA and M/C-PDA/Ag catalyst were characterized. The results revealed a dispersion of Ag
NPs with average particle size of less than 50 nm on C-PDA nanospheres uniformly embedded with Fe3C
NPs of only 3–5 nm in size. With the synergistic effect of Ag NPs, nitrogen doping, and hierarchical mesopores, M/C-PDA/Ag displayed a superior catalytic capability for catalytic reduction of toxic Cr(VI) to lesstoxic Cr(III) by formic acid as a reductant. Moreover, M/C-PDA/Ag maintained good physicochemical
structure and stable activity even after several cycles of reactions. According to the results, the simple
synthetic strategy, good stability, highly catalytic activity, and easy magnetic separation property of
M/C-PDA/Ag hybrid make it serve as a promising environmentally friendly catalyst for the elimination
of Cr(VI).
Ó 2018 Elsevier Inc. All rights reserved.
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Cr(VI) is very highly toxic and has a significant threat to living
organisms like humans and animals because of its potential toxicity, mutagenicity, and carcinogenicity [1–4]. As such, the world
health organization has put a strain on Cr(VI) level to limit a maximal allowable concentration of 0.05 mgL1 in drinking water [5].
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Many channels have so far been implemented to capture Cr(VI)
from water including adsorption, ion exchange, and membrane
separation etc [6–8]. Notably, Cr(III), unlike the toxic hexavalent
counterpart, is much less soluble in water and less-toxic to human
[9]. Thereby, reducing Cr(VI) to less-toxic and immobile Cr(III) is
considered as one of the most efficient approach to eliminate the
Cr(VI)-containing contamination, and has been extensively
explored recently. Formic acid (FA), a green chemical produced
from renewable biomass resource, is a most promising reductant
for the transformation of Cr(VI) into Cr(III) due to the strong reducing ability and without the production of any toxic intermediates
[10,11]. To date, various catalysts including AuPd@Pd [12],
Pd@ZIF-67 [9], 3D Ni@N-C [13], etc. have been employed to reduce
Cr(VI) to Cr(III) in the presence of FA. However, these catalysts
either suffer from expensive manufacturing cost or may have complicated fabrication processes, which hinder their large-scaled
preparation. Hence, developing novel environmentally benign
functional materials with relatively simple fabrication process for
efficient reduction of Cr(VI) with FA is still underway.
More recently, noble metal nanoparticles are frequently used
for catalytic Cr(VI) reduction [14–16]. Especially the Ag, owing to
its lower price as compared with Pd, Pt, Au, has received more
and more attention. Since Ag NPs are prone to aggregate and hard
to recover, immobilizing them on magnetic materials as supports
is regarded as one of the most facile and efficient approaches
[17–19]. One of the most important natures of magnetic supports
is their separation properties. Due to the supermagnetic character
of the supports, it assures trouble-free separation of the noble
metal from the reaction mixture using an external magnet and
eliminates the necessity of filtration or centrifugation [20]. Nevertheless, magnetic NPs are unstable in acidic medium and are prone
to the formation of large aggregates, so the synthesis of magnetic
composite supports with a protective coat has been developed to
prevent magnetic NPs from being eroded in acidic and base media
or aggregation [21]. Among these techniques, the design and synthesis of the ‘‘glue layer” is an important issue for incorporating Ag
NPs onto magnetic supports to realize the multifunctional
catalysts.
Dopamine (DA), a nontoxic and hydrophilic biomolecule
that contains catechol and amine functional groups, can selfpolymerize in alkaline solution at room temperature to form
polydopamine (PDA). It is also an outstanding carbon source that
can yield thin carbon coatings [22]. Carbonized PDA can provide
better chemical stability for use as recyclable catalyst supports,
facilitating the overall performance for the noble metal NPs [23].
More importantly, DA can interact with metal ions (i.e. Fe, Ni, Co)
via immobilization of a ligand and subsequent metal coordination
to form metal/PDA complexes as desirable precursors of magnetic
NPs embedded in C-PDA coatings [24,25]. Therefore, C-PDA appears
to meet all the relevant criteria to be the ideal ‘‘glue layer” for the
multifunctional catalysts. However, to the best of our knowledge,
there were no previous reports combined the two strategies of DA
to form a novel functional nanocomposite and utilized in the field
of catalysis.
Inspired by this proposal, we report a novel self-template strategy for the synthesis of the distributed magnetic NPs encapsulated
in carbonized polydopamine nanospheres decorated with Ag NPs
(M/C-PDA/Ag) through in-situ solid-state decomposition method,
using Fe/PDA complex nanospheres as the precursor of C-PDA
embedded with magnetic NPs and the support of Ag NPs, wherein
the initially formed Fe/PDA coordination polymer acts as the buildin template during the subsequent annealing process [26]. To illustrate this concept, Scheme 1 shows the synthetic procedure for the
multifunctional M/C-PDA/Ag composite. We firstly synthesized Fe/
PDA complex nanospheres via one-pot Fe3+-mediated polymerization of DA. Subsequently, the Fe/PDA complexes were employed to
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Scheme 1. Synthetic procedure of the Ag nanoparticles decoration on magnetic CPDA nanospheres used as catalyst for the Cr(VI) reduction.

capture Ag NPs, where the PDA serves as a reductant to convert Ag+
into metallic Ag and anchor the Ag NPs [27]. Upon heat treatment,
the Fe/PDA complex nanospheres can be easily converted to C-PDA
nanospheres with evenly distributed magnetic NPs of only 3–5 nm
in size [23], and the annealing process facilitated to improve the
crystallinity of the Ag NPs without destroying the connection
[28]. Based on to the current report, M/C-PDA was often fabricated
by three steps like the formation of magnetic NPs, the selfpolymerization of DA and in-situ thermolysis of M/PDA [29–32].
Hence, the synthetic procedure of the M/C-PDA in this investigation is facile and practical. The as-synthesized M/C-PDA/Ag was
used to reduce Cr(VI) with FA, which could transform Cr(VI) into
Cr(III), and its stability was also assessed. More importantly, the
M/C-PDA/Ag could be readily recovered under an external magnetic field. In addition, the possible catalytic mechanism for the
excellent performance of the M/C-PDA/Ag catalyst was also
elucidated.
2. Experimental section
2.1. Chemicals
All common chemicals were purchased from Sigma-Aldrich and
used without further purification. 106 mgL1 of Cr(VI) stock solution was prepared by dissolving an appropriate amount of K2Cr2O7
in deionized water.
2.2. Preparation of the M/C-PDA/Ag
Fe/PDA nanospheres were synthesized on the basis of the
previous reports [23]. First, 1.0 g of DA was added into 1000 mL
of deionized water. Then, 1.32 mmol of FeCl36H2O was added.
After 30 min, 10 mmol of Tris was added to adjust the pH and
the reaction mixture was constantly stirred for 30 h. The obtained
Fe(III)/PDA complexes were separated by centrifugation, washed
with deionized water, and then freeze-dried for one day. The Ag
NPs were deposited onto Fe/PDA nanospheres via a simple dip/
redox process [33]. In a typical experiment, the 0.3 g Fe/PDA was
dispersed into 40 mL of deionized water, then added 10 mL of
AgNO3 solution into above suspensions and kept still for another
6 h. After freeze-dried under a vacuum condition for 24 h, the
obtained sample was annealed at 650 °C for 2 h under the argon
atmosphere. Following the above steps, AgNO3 solutions with the
different concentrations of 0.1, 0.01 and 0.001 mol/L were
employed to deposit various quantities of Ag NPs. The composites
were represented as M/C-PDA/0.1Ag, M/C-PDA/0.01Ag and
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M/C-PDA/0.001Ag, corresponding to the 0.1, 0.01 and 0.001 mol/L
AgNO3 solution, respectively.
2.3. Catalytic evaluation
For the catalytic reduction of Cr(VI), K2Cr2O7 was the source of
Cr(VI) and FA was the electron donor under an acidic solution. Typically, a mixture containing 100 mL of K2Cr2O7 solution (106 mg/L),
6 mL of FA (88%) and M/C-PDA/0.1Ag (0.1 g) was placed in a stirred
batch-fed beaker at 50 °C, the pH of mixture was measured at 0.35,
a certain volume of the solution was sampled at given time intervals, and then filtered (0.22 µm, PTFE) to remove the catalyst
solids. The Cr(VI) content in the reaction solution was monitored
by measuring UV–vis absorbance of K2Cr2O7 at 353 nm [34]. As a
comparison, the control experiments were implemented in a similar way using diverse catalysts.
2.4. Characterization
Scanning electron microscopy (JSM-6700F, JEOL) was applied to
examine the surface morphology of the materials, along with
transmission electron microscopy (JEM-2100F, JEOL). X-ray photoelectron spectroscopy (XPS, AXIS ULTRA DLD, Shimadzu) was used
to analyze the surface elements of the materials. X-ray diffraction
(XRD) was analyzed with a Rigaku/Max-3A X-ray diffractometer
(Cu Ka radiation, k = 1.5418 Å) with an operation voltage of 40
kV and current of 200 mA, and N2 adsorption-desorption isotherm
data were studied by using the Brunauer-Emmett-Teller method.
Raman spectra were collected on a J-Y T64000 Raman
spectrometer with 514.5 nm wavelength incident laser light.
Thermogravimetric analysis (TGA) was conducted using thermoanalytical equipment (SDTQ600, USA) from 25 to 800 °C in air.
Magnetic measurements were performed on powder samples by
a MPMS-XL SQUID magnetometer. The chemical state and
surface composition of the composites were analyzed by X-ray
photoelectron spectroscopy (XPS) using an ESCALAB250 instrument (Thermo-VG Scientific, UK).
3. Results and discussion
3.1. Structure and composition characterization of the M/C-PDA/Ag
Fig. 1 confirmed the formation of mC-PDA/Ag after annealing
the Fe/PDA/Ag at 650 °C. For Fe-PDA/Ag, three insignificant Ag
(1 1 1), (2 0 0) and (2 2 0) diffraction peaks is found, indicating that
the Ag+ on the Fe-PDA nanospheres was well reduced to Ag species
[14]. And after fast pyrolysis, these peaks was also detected in the
M/C-PDA/Ag as well as increased with increasing Ag contents. In
addition, the M/C-PDA/Ag samples showed a broad C(0 0 2) diffraction peak, demonstrating the decomposition of the PDA structure
during the heat treatment process, while new diffraction peaks
are observed in the XRD pattern of the M/C-PDA/Ag, attributing
to the Fe3C crystal planes (JCPDS 85-1317) [24]. On the contrary,
the characteristic peaks intensity of Fe3C decreased as the Ag contents increased. Both characteristic peaks from Ag and Fe3C were
detected in M/C-PDA/Ag composites, indicating the successful synthesis of M/C-PDA/Ag with high purity. Notably, the diffraction
peaks in the XRD pattern of the Fe/N-C-650 correspond to the
Fe3O4 crystal planes (JCPDS 79-0419), indicating that Ag nanoparticles decoration on Fe/PDA improved the graphitization degree of
M/C-PDA.
The morphology and structural evolution from Fe/PDA to M/CPDA/Ag were well manifested by SEM. After polymerization for 30
h, Fe/PDA complex obtained from the respective suspension exhibit spherical morphology as disclosed by SEM studies (Fig. 2A),

Fig. 1. XRD patterns of as-prepared Fe/PDA/Ag, M/C-PDA, M/C-PDA/Ag samples and
JCPDS card #85-1317, #87-0597, #79-0419 for the corresponding Fe3C, Ag, and
Fe3O4, respectively.

and the size of the complex spheres is approximately 200 nm
(Fig. S1A). After heat treatment, the Fe/PDA nanospheres are
in situ converted into M/C-PDA (Fig. 2B). Of interest is that the
spherical profile can be maintained in M/C-PDA, and there is
apparent change in the particle size (Fig. S1B). As we can see from
the Fig. 2C, Ag NPs, the majority of which are less than 50 nm in
size, are hard deposited to the surface of M/C-PDA (Fig. S2A). The
loading amount of Ag NPs is restricted by the AgNO3 concentration
reducing from 0.1 to 0.001 M, while holding the reduction time.
The size distribution of the Ag NPs in different M/C-PDA/Ag affirms
the small size (<50 nm) and reveals that the Ag NPs size is in an
enhancive tendency with the incremental AgNO3 concentration
(Fig. S2). The nanoparticle loading amount increases obviously
with the rise of AgNO3 concentration, from a limited number of
nanoparticles (M/C-PDA/0.001Ag) to large area coverage (M/CPDA/0.1Ag). The TEM image displays a similar result to the SEM
image, except that many of the small sized Ag NPs decorated on
the C-PDA layer were identified and observed (Fig. 2D and E), smaller sized Fe3C NPs uniformly embedded in the C-PDA matrix with
size of only approximately 3–5 nm are also observed. The inset
in Fig. 2E shows the high-resolution TEM image focusing on Ag
NPs and Fe3C NPs, Ag NPs are a single crystal with lattice spacing
of 0.23 nm for plane (1 1 1) as well as Fe3C NPs are the perfectly
crystallized nanoparticles with lattice spacing of 0.24 nm for plane
(2 1 0). As the results from the EDS analysis of the M/C-PDA/0.1Ag
shown in Fig. 2F exhibits C, Fe, Ag and N were detected. From the
above results, we can conclude that M/C-PDA/Ag hybrids were successfully fabricated.
Raman spectra of M/C-PDA and M/C-PDA/0.1Ag were shown in
Fig. 3A. Typically, the D band at 1350 cm1 corresponds to defect
sites or disordered sp2-hybridized carbon atoms of graphite, the G
band at 1580 cm1 corresponds to the phonon mode in-plane
vibration of sp2-bonded carbon atoms. The intensity ratio of D
band to G band (ID/IG) is universally applied to estimate the degree
of crystallization or defect density of carbon materials [35]. The
ID/IG values of M/C-PDA and M/C-PDA/0.1Ag are 0.86 and 0.87,
respectively. The increased ID/IG values of M/C-PDA/0.1Ag are
aroused from the formation of pores and increased structural
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Fig. 2. SEM images of Fe/PDA, M/C-PDA and M/C-PDA/0.1Ag; TEM images of M/C-PDA/0.1Ag: (D) low-magnification and (E) high-magnification; the corresponding EDS
spectra of M/C-PDA/0.1Ag.
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corresponding to the micropores and mesopores, respectively
[40]. Meanwhile, the BJH desorption pore volumes of M/C-PDA
and mC-PDA/0.1Ag are 0.05 and 0.16 cm3g1, respectively. The
increased surface area and pore volume of the as-synthesized
M/C-PDA/0.1Ag are beneficial to the exposure of active sites
and rapid transportation of Cr(VI) species for reduction.
The magnetization curve of the as-synthesized M/C-PDA/0.1Ag
is presented in Fig. 3D. The saturation magnetization value was
measured to be 45.53 emug1, the inset digital picture suggested
the easy separation of the catalyst from the solution with a
magnet.
The elemental valences of the as-synthesized M/C-PDA/0.1Ag
were studied by XPS (Fig. 4). The survey spectrum clearly detected
the existence of Fe, Ag, O, N and C elements (Fig. 4A), while Fig. 4B
to F collected the high resolved XPS spectra of Ag 3d, N 1s and C 1s,
respectively. The high resolution Ag 3d spectrum displays two doublet high intensity peaks, including Ag 3d3/2 (374.7 eV) and Ag
3d5/2 (368.7 eV), which can be due to the zero valent Ag species
[41]. The high-resolution N 1s XPS spectra can be deconvoluted
into three different peaks at 398.64, 400.64, and 404.00 eV,
attributing to pyridinic N, graphitic N, and oxidized N, respectively
[42]. Among those, the pyridinic N and graphitic N dominate the
majority. As reported in previous literatures, pyridinic N and graphitic N were conducive to enhanced catalytic performance in oxygen reduction reaction because they could reduce the energy
barrier and accelerate the electron transfer [10]. The deconvolution
of the C 1s spectrum displays three types of C species: 76.19% C@C,
8.61% C@N & CAO, 6.14% CAOAC & CAN, and 9.06% AOAC@O,
indicating the existence of carbon atoms connected to N and O
heteroatoms.

disorder in the carbonization process [36]. It’s noteworthy that
there are the obvious peak series between 200 and 600 cm1 in
M/C-PDA/0.1Ag, which is commonly indexed to the phases of
Fe3C [37]. Consequently, both the XRD and Raman results suggest
that Fe3C species were formed during the pyrolysis process.
The content of Ag in the M/C-PDA/0.1Ag was evaluated by TGA
analysis (Fig. 3B). After the combustion in air, the N-doped carbon
became CO2 and NO2 gas, the Fe3O4/Fe3C and Ag were oxidized into
Fe2O3 and Ag2O, respectively [37–39]. The results demonstrated
that the content of Fe2O3 was 19.46 wt% in M/C-PDA as well as
the content of Fe2O3 and Ag2O was 41.54 wt% in M/C-PDA/0.1Ag.
Thus, the Ag content was calculated to be 24.32 wt% in M/CPDA/0.1Ag.
The specific surface area and porosity of M/C-PDA and M/CPDA/0.1Ag were investigated by measuring the N2 adsorptiondesorption isotherm. As shown in Fig. 3C, there is a quick
increase at low relative pressure (P/P0 < 0.1) finding in the nitrogen adsorption isotherms, which could be assigned to the fast
filling of the micropores of the composite with N2. Notably,
the increase of gas adsorption quantity gets smooth with the rise
of relative pressure from 0.20 to 0.80, suggesting that all of the
pores are filled. While a sudden rise in gas adsorption is
observed at relative pressures more than 0.80, which is attributed to the interparticle condensation of N2. Moreover, an
extraordinary phenomenon is saw in the isotherms therein the
adsorption and desorption branches didn’t close perfectly in
the low relative pressure region. The specific surface area of
M/C-PDA/0.1Ag is 101.24 m2g1, which is larger than that of
M/C-PDA (74.91 m2g1). Notably, the pore diameter distribution
of the M/C-PDA/0.1Ag is mainly located at 1.75 and 3.31 nm,
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activity for Cr(VI) reduction. As a comparison, the Cr(VI) concentrations in two control experiments which used only M/C-PDA/0.1Ag
or FA (Fig. 5C) suggest that the Cr(VI) reduction process cannot
proceed without a catalyst or FA. When the pristine M/C-PDA without Ag NPs was employed as a catalyst (Fig. 5C), the Cr(VI) concentration only slightly reduced within 16 min, manifesting that the
activity of the M/C-PDA/0.1Ag in the Cr(VI) reduction was primarily involved in the superb catalytic properties of the Ag NPs.
The FA-induced Cr(VI) reduction was also studied by M/CPDA/0.1Ag, M/C-PDA/0.01Ag and M/C-PDA/0.001Ag under similar
experimental conditions and the results were summarized in
Fig. 5C. Specifically, the catalytic performance of the M/C-PDA/Ag
could be observed to increase first and then decrease thereafter
with the reduction of Ag NPs. And when the content of AgNO3
was up to 0.1 M, the composite gave the highest the catalytic activity. Such phenomenon revealed the existence of the synergistic
effect between Ag NPs and C-PDA. C-PDA, a special sp2
C-cominant N-doped carbon sub-micrometer spheres with a
tunable size, not only effectively prevented the aggregation of Ag
NPs, conduced to their uniform distribution, increase the reaction
surface area, but also decline the mass transfer resistance, which
jointly promoted catalytic reaction of the composite [44]. In addition, C-PDA with high electrical conductivity was also conducive to
electron transfer and then improved the catalytic activity of the
composite [44]. Last but not least, due to the electrostatic interaction between C-PDA and Cr(VI), Cr(VI) could adsorb on the surface
of C-PDA, leading to the collision probability between reactants
increasing, which was also beneficial to the catalytic reaction.
Therefore, an optimal ratio of Ag NPs and C-PDA existed for
catalyzing Cr(VI) reduction.

3.2. Catalytic activity for Cr(VI) reduction
The catalytic activity of the M/C-PDA/0.1Ag was investigated by
the catalytic reduction of Cr(VI) with FA, which was monitored by
UV–vis spectroscopy. The system temperature was fixed at 50 °C,
the high temperature reduces the energetics of the Cr(VI) reduction
reaction and enhances the activity of catalyst. As displayed in
Fig. 5A, the intensity of the Cr(VI) characteristic absorption peak
of at 353 nm reduces markedly with the rise of reaction time and
vanished within reaction time of 16 min, suggesting that Cr(VI)
can be powerfully transformed by FA with the catalysis of M/CPDA/0.1Ag. Meanwhile, the color of the reaction solution rapidly
changed from yellow to colorless in this reaction process, visually
confirming the thorough reduction of Cr(VI) into Cr(III) (Fig. 5A
inset) [43]. After Cr(VI) reduction reaction, typical Cr XPS peaks
were clearly observed on the used M/C-PDA/0.1Ag catalyst
(Fig. 5B). After XPS-peak-differentiating analysis the Cr 2p spectrum was resolved into four peaks, which corresponded to Cr(VI)
and Cr(III) species, implying that Cr(VI) and Cr(III) coexisted on
the N-doped carbon surface. The percentages of Cr(VI) and Cr(III)
to total Cr species were computed at 41.2% and 58.8%, respectively.
Moreover, the pseudo-first-order kinetic Eq. (1) was applied to fit
the reduction of Cr(VI) into Cr(III) in the condition of excess FA.

lnðC t =C 0 Þ ¼ kt

ð1Þ

Where C0 is the initial concentration of Cr2O2
7 , Ct is the
concentrations of Cr2O2
7 at reaction time t and k is the apparent
rate constant. The value of k was evaluated from the slope to be
0.474 min1 for the M/C-PDA/0.1Ag composite (Fig. S4), which
demonstrated the composite is endowed with remarkable catalytic
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Furthermore, the stability of M/C-PDA/0.1Ag catalyst was studied. Briefly, the M/C-PDA/0.1Ag composite was magnetically separated on the bottom of flasks after each experiment, and washed
with water, then dried before the next catalytic cycle. The recycled
catalyst displays favorable activity for the another cycles of catalytic experiments (Fig. 5D), with initial Cr(VI) reduction efficiencies being about 95.8%. Nevertheless, it should be noted, when
the M/C-PDA/0.1Ag was recycled for the fourth time, the reduction
efficiencies decreased to 78.9%, revealing that the catalytic activity
of the M/C-PDA/0.1Ag may reduce after several catalytic recycling
runs. The slight decrease was primarily due to the catalyst loss in
recycling use, which is inevitable and frequently found in many
research investigations [45]. Table S1 shows the comparison of
M/C-PDA/0.1Ag catalyst for the Cr(VI) removal with the other
materials using different treatment methods. Obviously, the Cr
(VI) removal performance of the M/C-PDA/0.1Ag catalyst is much
higher than those of 1-NO3 (ion exchange) [46], PET/PAN/GO/
Fe3O4 (membrane separation) [47], PVA/chitosan/A-Fe3O4 nanofibers (membrane separation) [48], Fe3O4@NiO (adsorption) [49],
Ni/Mg/Al-LDHs (adsorption) [50], and Ag@biochar (catalysis/FA)
[14]. Since the preparation of the PET/PAN/GO/Fe3O4 and PVA/
chitosan/A-Fe3O4 nanofibers membrane needed the complex
assembly process, meanwhile, the Ni/Mg/Al-LDHs and Fe3O4@NiO
adsorbent displayed the poor recycle use, and the obtained M/CPDA/0.1Ag catalyst is a promising candidate with the low-cost
and high reuse for the Cr(VI) removal in wastewater cleanup.
The reaction mechanism invoked for catalytic reduction of Cr
(VI) in the presence of FA over the M/C-PDA/0.1Ag catalyst is
demonstrated based on the earlier reports [14]. First, FA was
decomposed into H2O and CO with the catalysis of Ag NPs, as the
following:
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4. Conclusions
In short, we have successfully synthesized the Ag NPs decorated
on magnetic NPs encapsulated in carbonized polydopamine nanospheres hybrid material (M/C-PDA/Ag) by fast thermolysis of the
Ag+ loaded Fe/PDA and investigated its catalytic Cr(VI) reduction
with FA. The M/C-PDA/0.1Ag proved to have an excellent catalytic
activity for this reaction, which can commendably catalytically
reduce Cr(VI) to Cr(III) in water within 20 min. The particle size
of Ag NPs decoration on the M/C-PDA was demonstrated to be
dependent on Ag+ concentration and played a vital part in the Cr
(VI) reduction. The catalyst can be very easily separated from the
solution by using a common magnet without exterior energy. This
investigation showed that the as-prepared highly active M/CPDA/0.1Ag catalyst provided very attractive prospects and could
be extended for practical applications in Cr(VI) contaminated
wastewater cleanup.
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