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a  b  s  t  r  a  c  t

An  environment  friendly  bioinspired  strategy  for synthesizing  hierarchically  micro/nano-structured  CuI
tetrahedron  has  been  developed  by combining  the  stabilization  and  the  reduction  performances  of
l-tryptophan  together.  A possible  growth  mechanism  of  such hierarchical  tetrahedron  is  tentatively  pro-
posed.  Remarkably,  such  CuI  tetrahedron  is  found  to possess  high  removal  capacity  for  poisonous  Cd(II)
ions, 136.3  mg/g,  and  ideal  reusability.  This  is  ascribed  to  the  hierarchical  micro/nano-structure  and  chem-
ical adsorption  mechanism,  which  shows  great  advantages  over  the  traditional  nano-scaled  adsorbents.
eywords:
dsorbent
d(II) ions
uI
reen chemistry
ierarchical micro/nano-structure

These  interesting  results  stand  out  the  promising  applications  of  such  hierarchically  micro/nano-
structured  materials  in  environment.  It is  also  a good  example  for the  organic  combination  of  green
chemistry  and  nanotechnologies  for the  treatment  of  contaminated  water.

© 2012 Elsevier B.V. All rights reserved.
. Introduction

Rapid industrialization comes as a negative consequence of
nvironmental pollution which in turn affects human health [1–3].
eavy metals discharged from industrial processes (such as metal
lating, electroplating, metal finishing, mining, battery, pigment,
yestuff, paint, etc.) and into natural water can differently affect
he biological behavior of aquatic organisms and physiological phe-
omena of human beings according to the type of the element and
he chemical form of dissolved species [4,5]. As it is widely known,
d(II) is very toxic [6],  prolonged exposure to which causes kid-
ey failure, anemia, cardiovascular diseases, growth impairment,
nd loss of taste and smell [7].  For these reasons, environmental
egulations define severe limitations on the maximum Cd con-
entration in natural water bodies as well as on the maximum
llowed concentration for wastewater discharge [8].  To assure
he compliance with these limits, appropriate depuration tech-
ologies are consistently required so that various techniques have
een employed such as membrane filtration, ion-exchange, solvent
xtraction, chemical precipitation, reverse osmosis, cementation,

lectrodialysis, electrocoagulation, adsorption, etc. [8–20] to alle-
iate the problem of water pollution by Cd(II) in the environment.
mong the available remedial technologies, adsorption is popular

∗ Corresponding author. Tel.: +86 373 3326335; fax: +86 373 3326544.
E-mail address: shuyangao@htu.cn (S. Gao).

304-3894/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2012.01.016
because of its low cost and simplicity [21–27].  Recently, nano-
materials are receiving more and more attention as adsorbents
for the removal of heavy metals from water [8],  and therefore, it
seems reasonable to search for nanomaterials as adsorbents. How-
ever, in general, nanomaterials tend to be less stable and prone
to aggregation to minimize their surface area due to their higher
surface energy, resulting in a remarkable reduction in their adsorp-
tion activities. An available way to prevent the nanoparticles from
aggregation and maintain the high efficiency is to organize these
nanometer-scaled materials into a hierarchical structure [28]. So
it is interesting and significant to develop adsorbents with hier-
archical structures for improved removal capacity for poisonous
Cd(II) ions.

It is widely realized in all of biology, chemistry, and materials
science that biomolecules’ special structures and strong assem-
bling functions can be utilized to fabricate complicated functional
nanocrystals with desired shape from a single functional struc-
ture [29–31].  Tryptophan is one of the 20 standard amino acids, as
well as an essential amino acid in the human diet. Inspired by the
biomolecules-directed inorganic material synthesis [32–35],  we
hypothesize that tryptophan can provide the scaffolds necessary to
interact with and sequester the inorganic ions. Herein, we  take CuI
as an example to demonstrate biomolecule-assisted green method

for synthesizing hierarchically micro/nano-structured CuI tetrahe-
dron assembling from nanosheets simply by using l-tryptophan
as mild reductant and excellent morphology-directing agent. In
comparison with the reported protocols, our method is a green,

dx.doi.org/10.1016/j.jhazmat.2012.01.016
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:shuyangao@htu.cn
dx.doi.org/10.1016/j.jhazmat.2012.01.016
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Fig. 1. Typical XRD pattern of the sample. The vertical lines represent the data of
JCPDS card no. 06-0246.
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nvironment-friendly, time-saving, and direct one-step process.
ompared to nano-sized materials, the hierarchical micro/nano-
tructure can effectively maintain the structure and mechanical
tability, thus avoiding the aggregation and deconstruction, and,
oreover, guaranteeing the recycle performance. As a demon-

tration, the synthesized hierarchically micro/nano-structured CuI
s tested for removing Cd(II) from water and shows high and
ecyclable removal capacity. This preliminary investigation empha-
izes the advantage of hierarchically micro/nano-structure over
he bulk and nano-sized counterparts, which places solid founda-
ion for the feasible and promising application of such materials
n adsorption. What is worth mentioning is that the chemical
dsorption mechanism as well as hierarchical micro/nano-
tructure plays a vital role in the excellent Cd(II) removal
erformance.

. Experimental

.1. Synthesis of tetrahedral CuI

All chemical reagents were of analytical grade and used without
urther purification. The water used in this investigation was deion-
zed by a nanopure filtration system to a resistivity of 18 M� cm.
he preparation of l-tryptophan-assisted hierarchically tetrahedral
uI micro/nano-structures is quite straightforward. Twenty-one
illiliter of 0.15 M CuSO4 aqueous solution, 35 mL  of 0.005 M

-tryptophan aqueous solution, and 21 mL  of 0.15 M KI aque-
us solution were added under constant stirring, respectively, to
33 mL  of ultrapure water. The mixture was stirred for 10 min
t room temperature to prepare the CuI sample. When the reac-
ion was completed, gray precipitate and colorless supernatant
ere obtained. The resulting precipitate was filtered and washed
ith distilled water and finally dried in air naturally. The yield

s ∼72%.

.2. Sample characterizations

X-ray diffraction (XRD) measurement was recorded in the 2�
ange of 20–80◦ on a Rigaku-D/Max 2500V/PC X-ray diffractome-
er using Cu K�1 radiation (� = 1.54056 Å) at 40 kV and 200 mA.
ield emission scanning electron microscopy (FESEM) images were
btained on an XL30 ESEM FEG scanning electron microscopy
perating at 20 kV. Transmission electron microscopy (TEM)
nd high-resolution transmission electron microscopy (HRTEM)
mages were taken on a JEOL 2010 transmission electron micro-
cope. Elemental composition was analyzed by an ESCALab MKII
-ray photoelectron spectrometer, equipped with a monochrom-
tized Mg  K� X-ray as excitation source. Cd(II) concentration in
etal ion adsorption test was detected using atomic absorption

pectrophotometer.

.3. Metal ion adsorption test

The as-obtained CuI sample was tested for Cd(II) removal using
atch technique. Solutions of various Cd(II) concentrations were
btained by diluting a Cd(II) standard solution of 1000 mg/L. All
dsorption experiments were carried out using Erlenmeyer flasks
50 mL). Control experiments showed that no sorption occurred on
he container wall. In the adsorption experiment, 0.015 g of CuI
as thoroughly mixed with 10 mL  of each of Cd(II) solutions. After

he mixture was agitated for 3 h and then placed for 1 h to estab-
ish equilibrium at room temperature, the CuI powder was  then

eparated from the mixture by centrifugation. The supernatant
as analyzed for Cd(II) concentration using atomic absorption

pectroscopy (AAS). The isotherm studies were carried out at dif-
erent initial Cd(II) concentrations between 100 and 900 mg/L. The

Fig. 2. High-resolution XPS spectra taken for the Cu and I region of the CuI sample:
(A) Cu 2p, (B) I 3d5.
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mount of Cd(II) adsorbed per unit mass of CuI (Qe) was calculated
y the difference between the initial and the final readings using
he following Eq. (1):

e = (Ci − Ce)V
M

(1)

ere, Ci is initial concentration of metal ion in solution (mg/L), Ce

s equilibrium concentration of cadmium ion (mmol/L or mg/L),
 is volume, M is mass of the adsorbent (g), and Qe is amount
dsorbed per unit mass of adsorbent (mmol/g or mg/g), respectively
36]. Adsorption/desorption cycles were performed to examine
he reusability and metal recovery efficiency of the adsorbent

uI. Each cycle consisted of loading with an aqueous Cd(II) solu-
ion (C0 = 100 mg/L) and elution of the bound Cd(II) with 10 mL  of
.001 M EDTA (abbr. Y) solution for 3 h. The desorbed Cd(II) was
ollected and estimated using AAS. The desorption ratio (Dr) was

ig. 3. FESEM images of the sample: (A) low-magnification image, (B) a single tetrahedro
aterials 211– 212 (2012) 55– 61 57

calculated using the following Eq. (2):

Dr = amount of metal desorbed to the elution medium
amount of metal absorbed on the adsorbent

× 100%

(2)

The regenerated adsorbent CuI was  again tested for further
adsorption of Cd(II). Adsorption and desorption experiments were
repeated for 3 cycles.

3. Results and discussion
3.1. Structural analysis of CuI sample

The XRD pattern of the as-prepared sample (Fig. 1) is in good
agreement with the standard data of single cubic phase CuI with

n, (C) and (D) crashed CuI nanostructure, (E) TEM image, and (F) HRTEM image.
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 Marshite, syn structure (JCPDS 06-0246). The fact that no other
haracteristic diffraction peaks arising from metallic Cu or Cu
xides appear in the XRD pattern indicates a well-crystallized
igh-purity product was prepared via the bioinspired synthesis
rocess. The extremely strong reflection peaks of (2 2 0), (1 1 1)
lanes and the seriously suppressed reflection peaks of (2 0 0) and
4 0 0) planes can be easily observed. To obtain chemical states of
he elements within the sample, we performed detailed analysis of
-ray photoelectron spectroscopy (XPS) spectra. The binding ener-
ies were corrected for specimen charging by calibrating the C 1s
eak to 284.6 eV. Fig. 2A shows that the positions of the peaks of
u 2p1/2 and 2p3/2 of the sample CuI are 952.1 and 932.1 eV with
o shakeup, which would imply a feature of Cu+ [37]. As shown in
ig. 2B, the binding energies of I 3d5/2 is 619.0 eV, which indicates
hat I is present in the form of I− assigned to CuI [17]. And there
s no the existence of I2, because the binding energies of I 3d5/2 in
he form of I2 is above 620 eV [38,39]. In addition, corresponding to
PS analysis, the atomic ratio of copper and iodine was  1:1 approx-

mately. Therefore, the XPS results further prove that the sample is
omposed of CuI.

In order to obtain detailed information about the microstructure
nd morphology of the as-synthesized sample, FESEM observations
re carried out and shown in Fig. 3A–D. The low-magnification
mage (Fig. 3A) indicates that the panoramic morphology of the as-
repared sample is mainly composed of uniform tetrahedra ranging
rom 0.8 to 1.2 �m in edge. The clear view of Fig. 3B displays that the
urface of the tetrahedral architectures is not smooth. The exami-
ation of a crashed tetrahedron (Fig. 3C and D) vividly reveals that
he structure of these tetrahedral architectures is assembled from
anosheets with average thickness of ca. 15 nm.  The microstructure
f the as-grown sample is further analyzed using TEM and HRTEM.
EM image of a single crystal (Fig. 3E) reveals clearly the tetra-
edral morphology. The length of the side is around 0.9 �m.  The
RTEM image in Fig. 3F can give further insight into the details of
he structure. The lattice fringes can be clearly distinguished, which
ndicates its single-crystalline nature and the d spacing of 3.47 Å
orrespond to the {1 1 1} plane. This result is consistent with the
RD pattern.

cheme 1. Schematic illustration of the proposed formation mechanism for the as-obtain
f  the formation of tetrahedron, (B) the formation of CuI crystal seeds, (C) the formatio
anosheet-based tetrahedron.
aterials 211– 212 (2012) 55– 61

3.2. Growth mechanism

What is the underlying growth mechanism for such hierarchi-
cally micro/nano-structured tetrahedron? Generally, the selective
adsorption of surfactants, ions, ligands, or polymers on a given
crystal plane can inhibit the crystalline growth along one spe-
cific direction, leading to a preferential growth along another
direction [40–42].  Therefore, the introduction of an additive with
a selective adsorption function is widely used for the synthesis
of anisotropic nanocrystals in a solution phase. In our system,
how does l-tryptophan help the formation of such hierarchically
micro/nano-structured tetrahedron? What is the driving force? Let
us tentatively explain it (Scheme 1). The formation mechanism
should be considered from three aspects. First, it is believed that
the growth of tetrahedron should be completed by two  steps, i.e.
the formation of nanosheets and their subsequent self-assembly
process, respectively. In our biomolecule-assisted route, the l-
tryptophan plays a crucial role in the shape control of nanocrystals.
There are functional groups NH2 and COOH on the l-tryptophan
molecules. Because the pI of l-tryptophan is 5.89 and the pH of the
reaction solution is 6.3, there is electrostatic attraction between the
positively charged Cu2± ion and the negatively charged carboxylic
groups of l-tryptophan when Cu2± ions enter into aqueous solution,
thus forming complex Cu2±-tryptophan. Upon the introduction of
I−, the redox reaction between Cu2+-tryptophan and I− results in
the formation of CuI crystal seeds (Scheme 1B). Under the reac-
tion condition, l-tryptophan would preferentially adsorb on the
{1 1 1} facets and consequently suppress the growth in the {1 1 1}
direction. Thus, triangular-shaped seeds were formed [43]. Once
a wrapping layer is established on the triangular-shaped seeds, it
directs the growth of another layer, forming steps and corrugated
edges in the process. During the reaction process, the reaction rate
is expected to decrease because of reactant depletion, the deposi-
tion of CuI then follow the most energetically favorable path, the

steps be leveled, and the edges be smoothened (Scheme 1C) [44].
Second, according to the theory developed by Israelachvili [45],
when the concentration of surfactant or additive is above a cer-
tain “critical” value, the assembly will happen and the morphology

ed hierarchically micro/nano-structured CuI tetrahedron. (A) Simple representation
n of triangular nanosheets, (D) the self-assembly of nanosheet, (E) formation of
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Fig. 4. FESEM image of the products: (A) the volume ratio of CuSO4 to l-tryptophan is 1:
acid  for l-tryptophan; and (D) substituting sodium citrate for l-tryptophan.
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Fig. 5. (A) The effect of contact time on the adsorption amount of Cd(II) ions.
(B)  Adsorption isotherm of Cd(II) on the as-prepared hierarchically micro/nano-
structured CuI tetrahedron at 25 ◦C.
1; (B) the volume ratio of CuSO4 to l-tryptophan is 1:1.6; (C) substituting ascorbic

depends on the well-known packing parameter P = V/lca0, where V
and lc are the volume and chain length of the hydrophobic group,
respectively, and a0 is the cross-sectional area of the headgroup dic-
tated by the electrostatic repulsion between adjacent headgroups
in the associates. Reducing the electrostatic repulsion between
adjacent headgroups can increase the packing factor P, and facil-
itate assembly (Scheme 1D). This speculation is supported by the
control experiments by varying the volume ratio of l-tryptophan to
CuSO4. As shown in Fig. 4, with the decrease of the volume ratio of
l-tryptophan to CuSO4 from 1.7 to 1, the dimension of the product’s
morphology degrades from 3D tetrahedron (Fig. 3) to 2D hexagonal
nanosheets (Fig. 3A). By increasing the molar ratio of l-tryptophan
to CuSO4 from 1 to 1.6, the dimension of the product’s morphology
evolved from 2D (Fig. 4A) to 3D (Fig. 4B). This may  be ascribed to
that the larger volume ratio of l-tryptophan to CuSO4, the higher
possibility that the headgroups of l-tryptophan is compressed, the
larger value of P, and the higher possibility the assembly [46]. Third,
it is generally accepted that for a face-centred-cubic (fcc) single
crystal, surface energies associated with different crystallographic
planes are usually different, and a general sequence may  hold �
(1 1 1) < � (1 0 0) < � (1 1 0). In our case, l-tryptophan molecules tend
to preferentially adsorb on the {1 1 1} planes during the reaction,
consequently the ratio R increases. On the other hand, according
to Gibbs–Curie–Wulff theorem, tetrahedron is associated with the
maximal stability among the polygonal structures [47]. All these
factors are combined together in our system and thus hierarchi-
cally micro/nano-structured tetrahedron is constructed with the
assistance of a biomolecule such as l-tryptophan.

As it is well known, when Cu2+ and I− are mixed in water
solution at room temperature, a redox reaction occurs immedi-
ately and irregular CuI microparticles and brown iodine solution
form. In the presence of l-tryptophan, however, a colorless
solution is produced, which proves that l-tryptophan itself is
responsible for this reduction reaction. Besides, the failure to pro-

duce tetrahedral CuI when substituting ascorbic acid (Fig. 4C)
and sodium citrate (Fig. 4D) for l-tryptophan further confirms
the morphology-directing role of l-tryptophan in the formation
of such unique tetrahedral CuI. All these observations give a
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excellent recycle performance on adsorption, as demonstrated
here for applications as recyclable adsorbents for Cd(II) with high
removal capacity. Surely, the chemical adsorption mechanism, in
Fig. 6. (A) The FESEM images of the CuO microspheres. (B)

rm proof for the application of biomolecules in nanomaterial
ynthesis.

.3. Cd(II) removal

The as-formed hierarchically micro/nano-structured CuI tetra-
edron is expected to possess high specific surface area, therefore
nhancing accessibility of adsorbates to the reactive sites, as
emonstrated here as adsorbent for heavy metal Cd(II) ions. In
ig. 5A, adsorption of Cd(II) by CuI indicated rapid binding of Cd(II)
nitially, however with the passage of time adsorption rate slowed
own. Equilibrium reached at 4 h, no change in the uptake capacity
as observed up to 8 h. Thus, a total of 4 h is selected to attain

quilibrium. Then the heavy metal ions adsorption by CuI sam-
le was given as a function of initial concentration of Cd(II) ions
ithin the aqueous phase in Fig. 5B. The Cd(II) removal capacity
as determined to be 136.3 mg/g based on Langmuir simulation

36]. Compared with the Cd(II) removal capacities of amidoxi-
ated polyacrylonitrile/organobentonite composite (52.61 mg/g)

48], porous poly(methyl methacrylate) beads (24.2 mg/g) [49], and
ettle ash (142.8 mg/g) [18], the as-prepared CuI sample shows
romising potential for industrial application as adsorbent for
d(II). Although it is lower than the maximum sorption capacity
f �-cyclodextrin/chitosan composites, 833.33 mg/g [19], the facile
nd cost-effective synthesis of the adsorbent may  to some extent
ompensate for it in our case.

The regeneration of the adsorbent is believed to be a key factor
n improving process economics. Desorption studies were carried
ut using Y solution. Almost 98% of the adsorbed Cd(II) was  recov-
red after the first cycle. The desorption efficiencies were 96% and
5%, respectively, for the next two cycles. The significant desorp-
ion can be attributed to the adsorption mechanism. There are two
ell-established adsorption mechanisms. One is a physical one,

nd the other is a chemical one. Most of the adsorbents for Cd2+

re mainly based on physical mechanisms. In our case, I− ions
ehave as active adsorption sites. The high affinity of Cd(II) to I− is
xpected to result in the formation of stable CdI42−, induce the great
ecrease of Cd2± in the solution, and therefore the as-prepared CuI
ample showed high removal capacity for Cd(II). The adsorption
hould be ascribed to a chemical one, quite different from physical
dsorption for removing Cd(II) [50,51]. In order to release the active
dsorption sites, other ligands with higher affinity to Cd(II) should
e utilized to decomplex the stable CdI42−. It is well-known that

he formation constant between Cd(II) and Y of CdY2−, 4.0 × 1016,
s significantly larger than that of CdI42−, 2.6 × 105 [52]. So the
ntroduction of Y to the adsorption system is expected to produce
dY2−, release I− ions, and reactivate reactive adsorption sites. The
ption isotherm of Cd(II) on the CuO microspheres at 25 ◦C.

overall chemical adsorption/desorption process can be formulated
based on chemical adsorption mechanism, shown as in Eqs. (3)–(6).
The better mechanical and structure stability of the hierarchically
micro/nano-structured materials than that of nano-sized materials
greatly help the recycle performance.

In order to confirm this chemical-adsorption-based mech-
anism, we  carried out the adsorption test by substituting
micro/nano-structured CuI tetrahedron by CuO microspheres pre-
pared according to our previous work [53]. Fig. 6A showed that
the CuO microspheres feature hierarchical micro/nanostructure.
Fig. 6B shows a typical adsorption isotherm of Cd(II) on the CuO
microspheres at 25 ◦C measured with different initial Cd(II) concen-
trations. The Cd(II) removal capacity is analyzed to be 6.67 mg/g. In
contrast, the as-prepared CuI sample shows performance as adsor-
bent for Cd(II). The difference between CuI and CuO lies in I− and
O2−, so the assumption that the adsorption should be ascribed to a
chemical one in the case of CuI is reasonable and acceptable.

CuI ⇔ Cu+ + I− (3)

Cd2+ + 4I− ⇔ CdI4
2− (4)

CdI4
2− + Y4− ⇔ CdY2− + 4I− (5)

Cu+ + I− ⇔ CuI (6)

4. Conclusion

In summary, we have succeeded in synthesizing hierarchically
micro/nano-structured CuI tetrahedron via biomolecule-assisted
assembly from nanosheets at room temperature in short time. Here,
a biomolecule such as l-tryptophan biomolecule, l-tryptophan
plays dual roles, namely as reducing and morphology-directing
agents, in the formation of the product. The procedure that we
describe here is a green, environment-friendly, efficient, and direct
one-step process for the preparation of hierarchically micro/nano-
structured tetrahedron. Compared with the nano-sized materials,
the as-formed hierarchically tetrahedral micro/nano-structure has
improved mechanical and structural stability. It guarantees its
addition to hierarchical micro/nano-structure, plays a vital role in
the excellent Cd(II) removal performance. Parallelly, this report is
also a good example for the organic combination of bioinspired
synthesis and functional materials.
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