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Nanostructured TiO, dandelions and spherical flowers with an anatase structure were synthesized by a solvothermal method, and
characterized by means of XRD, SEM, TEM, BET, FT-IR, XPS and TG. The specific surface areas of the dandelions and spherical
flowers were determined by BET to be 226 and 172 m? g”', respectively. The maximum monolayer adsorption capacities of Cd(II) for the
dandelions and spherical flowers were found to be 396 and 282 mg g, respectively, and both nanostructured TiO, particles could be
repeatedly used without any remarkable loss in the adsorption capacity. The FT-IR, XPS and TG-MS analyses indicated that the Cd(II)
adsorption was mainly ascribed to the hydroxyl groups on the TiO, surfaces. Both nanostructured particles exhibited great potential for

the removal of Cd(IT) from wastewater in engineering practices.

11,12,13 15,16

including  spheres, nanofibers,'*  nanowires and
Introduction ss nanotubes.'™™®  The  synthetic methods include anodic
oxidation,'** CVD,*' sol-gel,”>* etc. Mainly three strategies can
be applied to obtain complex nanostructures:***' template-based
synthesis, in which soft or hard templates are used as structure-
directing agents;***® oriented attachment, by which the kirkendall
so effect can lead to the formation of many new
nanostructures,>>** and induced anisotropic growth by using
specific capping agents.”® Hydrothermal method, as a wet
chemical method, has attracted particular attention in recent years
due to its advantages, e.g. the simplicity of operation, low energy
ss consumption and  potential large-scale industrialization.**
However, particles are obtained by the hydrothermal method
usually have smooth surfaces and lack of sharp edges and
corners, resulting in less sites for reaction on the surfaces.
Therefore, there is of great importance to modify the
6 hydrothermal method to obtain ideal particles with specific
function. For example, Lou and coworkers reported a novel
sandwich-structured ~ TiO,—Pt-graphene  ternary = hybrid
electrocatalysts with high efficiency and stability by a modified
hydrothermal methods.**~*¢
65 In this work, we successfully synthesized nanostructured
anatase TiO, with unusual morphologies, namely dandelion and
spherical flower. The synthesis of the nanostructured TiO,
particles with two different morphologies were achieved through
controlling the alcoholysis rate of TiF,, the aggregation of
morphology control agent, pressure, and pH value of the reaction
solution. We found that the surface of anatase TiO,, especially
the dandelions, have a large number of OH groups, which can
provide efficient chelating sites to coordinate with heavy metal
ions. The Cd(II) adsorption experiment demonstrated that both
75 particles showed good performances in the waste water treatment.
The dandelions exhibited enhanced surface area compared with
that of spherical flowers, and an excellent efficiency for the

Heavy metal pollution is a common environmental problem,
and anthropogenic wastewater containing heavy metals is the
main source of water pollution in developing countries.'
Particularly, cadmium is a toxin of environmental concern. The
impact for non-cancer concerns includes kidney, liver, and lung
damage.> Many technologies have been developed to remove the
heavy metal ions in soil and water. Physical absorption is a
convenient technique, which is the most cost-effective for the
heavy metal removal due to many advantages, such as easy
operation, low secondary pollution, etc. Many adsorbents such as
mesoporous silica’® and metal oxides* have been used for the
removal of heavy metal ions. Recent research works on the toxic
heavy metal removal from water has focused on the preparation
of materials with increased capacities for the targeted metal ions.
Different types of substrates, including polymers,*” amorphous
silica® and clays’ have been used to prepare functionalized
materials with heavy metal complexing groups. Nevertheless,
some of these materials suffer from inherent problems, e.g, low
removal capacity, long equilibrium time, mechanical and thermal
instability, etc.

The advent of nanotechnology has given immense
opportunities for the fabrication of desired nanostructures with
large surface-to-volume ratios (and hence excellent chemical
reactivities) and unique functionalities to treat pollutants.
Therefore, the synthesis of inorganic nanomaterials with
controllable size and shape has attracted more and more attention
due to their specific structures and potential applications.
Nanostructures TiO, is chemical inert and nontoxic,'® and has
been demonstrated to have unique ability in the removal of a
variety of inorganic/organic contaminants in waste water and air.
A variety of nanostructured TiO, materials have been prepared,
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Cd(IT) adsorption in the water treatment.

2. Experimental
2.1. Preparation of nanostructured TiO, particles
2.1.1. Dandelions

In a typical dandelion synthesis procedure, 0.50 g of TiF,
(Alfa Aesar, 98%) was added to 30 ml absolute ethanol (Alfa
Aesar, AR) solution during strong stirring for 20 minutes (bottle
A), and 0.7 g LiBr (Alfa Aesar, AR) and 0.8 g CO(NH,), (Alfa
Aesar, AR) were poured into 15 ml distilled water during
vigorous stirring for 60 minutes to form a mixed solution (bottle
B). Then bottle B was added into bottle A and again stirred for
another 15 minutes, the resulting solution was then transferred
into a 50 ml Teflon-lined stainless steel autoclave and treated
solvothermally at 180 °C for 30 h, and afterwards cooled down to
room temperature. The final products were centrifuged, and
rinsed with distilled water and ethanol several times to remove
any fluoride and bromide remains, and finally dried in oven at 60
°C overnight.

2.1.2. Spherical flowers

The spherical flower nanostructures were prepared by an
one-pot solvothermal reaction method. 0.3 g TiF, was added to 65
ml absolute ethanol solution during strong stirring for 60 minutes
(bottle A) and 0.5 g NaF and 2 g CO(NH,), were poured into 10
ml distilled water, then allowed to homogeneous mixing (bottle
B) under stirring for 30 minutes. Bottle B was then added into
bottle A, and again stirred for 3 h to form a mixed solution. The
resulting solution was transferred into a 100 ml autoclave and
treated solvothermally at 180 °C for 48 h, and finally cooled
down to room temperature. The further procedures were the same
as those of the dandelions.

2.2. Characterization of nanostructured TiO, particles

Power X-ray diffraction (XRD) spectra were measured by
means of a Philips diffractometer (PW 3050) operated at 40 kV
and 40 mA with Cu-Ka monochromatic radiation, at the Bragg’s
angle range from 20 to 80°. The nanostructures of the spherical
flowers and dandelions were observed by scanning electron
microscopy (SEM, Nova NanoSEM450). Transmission electron
microscopy (TEM) investigations were carried out using a JEOL
2100F microscopy. Nitrogen adsorption and desorption isotherms
were determined by nitrogen physisorption at -196 °C with a
Micrometritics ASAP 2020 analyzer. The pore size distribution
(PSD) was calculated via a non-local density functional theory
(NLDFT) method by using nitrogen adsorption data and
assuming a slit pore model.*’*® The chemical characteristics of
the adsorbents were analyzed by a Bruker VERTEX 70 Fourier
transform infrared spectrometer (FT-IR). X-ray Photoelectron
Spectroscopy (XPS) measurements were performed on a VG
MultiLab 2000 system with a monochromatic Al Ka X-ray source
(ThermoVG Scientific). The binding energy values were
calibrated with the C 1s signal at 284.5 eV. The thermal stability
of the adsorbents was investigated using a thermogravimetric
analysis (TG) with a NETZSCH Instruments’ high resolution
STA 449F3 thermogravimetric analyzer, which was purged with
nitrogen at a flow rate of S0ml/min from 50 to 800 °C. And a
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quadrupole mass spectrometer, model QMS 403, was linked to
the thermogravimetric apparatus to measure the evolved water
vapour in this work.

2.3. Batch adsorption

A batch-wise process was employed to study the adsorption
of Cd(Il) from aqueous solutions on the dandelions and spherical
flowers. All the adsorption batch experiments were performed at
25 °C. In the adsorption isotherm studies, batch experiments were
carried out at pH 5.0 with various initial Cd(II) concentrations
(40, 60, 80, 100, 140, 180 and 200 mg L'l). The mixtures were
centrifuged at 18000 rev/min. for 30 minutes, and the residual
concentration of Cd(II) was determined by atomic adsorption
spectrometer (AAS, Varian Spectra AA 55). An aliquot of this
solution (1 ml) was diluted to a final volume of 50 ml with
distilled water, and the unbound Cd(II) ions present in this
solution were exposed to AAS analysis. All the adsorption
experiments were performed in triplicate and the mean values
were used in the data analysis. Consecutive adsorption-desorption
cycles were performed. The adsorbed Cd(II) were eluted with
different concentrations of HCI (0.05, 0.1, 0.5, 1.0, 2.0 mol-L'l).
The eluted adsorbents (dandelions and spherical flowers) were
washed thoroughly with distilled water to remove any residual
desorption reagents and then placed into the Cd(II) solution for
the subsequent adsorption-desorption cycles.

3. Results and Discussion

3.1. Characterization of dandelions and spherical flowers

All nanostructured particles are crystallized and have an
anatase structure, as evidenced from the XRD patterns (Figure 1).

101

04

Spherical flower

Intensity (arb. unit)

o, I I Dandelion

30 40 50 60 70
20 (degree)

Fig. 1 XRD patterns of TiO, dandelions and spherical flowers.

20 80

According to Figures 2A to C, the dandelions are ~5 pm in
diameter, and consisted of numerous uniform nanorods with a
typical diameter of 70 nm, and a length of 200-250 nm. The
distance of about 0.35 nm between adjacent lattice fringes (Figure
2D) can be well assigned to the d spacing value of (101) planes in
the anatase structure. The dandelions were plausibly formed by a
three-step process.*® Firstly, TiO, nano-particles were quickly
built in the solution and spontaneously aggregated to form large
microspheres to minimize the surface area. Afterwards, the
crystal growth process transferred to a kinetically controlled
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process and then crystal growth was initiated preferentially from

the active nano-particles on the surfaces of the microspheres. In

the presence of Br  as morphology-controlling agent, these

clusters served as seeds of the subsequent growth along the ¢
s axis, by which the dandelion nanostructure was thus formed.

100nm 5P
—

Indicated cation: 2068

Fig. 2 (A) SEM image of TiO, dandelion, (B) magnified view of the surface,
(C) TEM image of nanorods and (D) high resolution TEM image of
dandelions.

10 As shown in Figures 3A to C, the spherical flowers are
consisted of multi-layer nanosheets. The nanosheets are single
crystalline, and the lattice fringes can also be assigned to the d
spacing value of (101) planes in the anatase structure. The
spherical flowers were also plausibly formed in three steps.”’ At

15 the beginning of the reaction, TiO, nano-particles were produced
in the solution. Then these nano-particles were quickly
aggregated into nanosheets. Afterwards the TiO, nanosheets
spontaneously generated a dissolution-recrystallization process
by the Ostwald ripening. As the reaction time continues, in the

20 present of F™ as etching agent, the spherical flower structure was
formed with a bunch of nanosheets standing on the surfaces.

Apm

v 3
Indicated magnification: 3Kx

Fig. 3 (A, B) SEM images, (C) TEM image of spherical flowers, and (D) high

resolution TEM image of nanosheet.

The BET curves of the dandelions and spherical flowers are
depicted in Figure 4, which describes nitrogen adsorption-
desorption isotherms and their corresponding pore
distributions. Both dandelions and spherical flowers show type II
isotherms and the BET surface area were found to be 226 and 172

size

o m? g, respectively, and their average pore sizes are 4.1 and 4.5

nm, respectively. The narrow pore size distribution for the
dandelions is consistent with their uniform morphology.
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Fig. 4 (A) Nitrogen adsorption-desorption isotherms,
35 corresponding pore size distributions of the dandelions and spherical

flowers.
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Fig. 5 FT-IR spectra of (a) dandelions annealed at 70°C, (b) spherical
flowers annealed at 70°C, (c) dandelions annealed at 180°C and (b)
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spherical flowers annealed at 180°C.

The FT-IR spectra of the dandelions and spherical flowers
are shown in Figure 5. The FT-IR spectra are almost the same for
the dandelions and spherical flowers. The broad peaks observed

s at 3434.8 cm™ correspond to the stretching vibration of surface
hydroxyls and adsorbed water,*' the peaks at 1635.9 cm™ are due
to the bending vibration of Ti-OH, the bands at about 1401.9 cm™
are related to the bending vibration of Ti-O-Ti, and the bands at
below 800 cm™ are due to the Ti-O stretching vibration. These

10 results are consistent with the those reported by Shabalin.**** The
broad peaks observed at 3434.8 cm™ disappeared after annealing
at 180 °C, demonstrating that the adsorbed water in the surface of
dandelions and spherical flowers was removed by heating, but the
peaks at 1635.9 cm™ corresponding to the bending vibration of

15 Ti-OH still existed, which benefits the adsorption of Cd(II).

investigated by XPS, and the spectra of the dandelions are given
in Figure 6. Figure 6A shows the survey wide-scan spectrum, the
O 1s and Ti 2p peaks were obtained at binding energies of 529
and 459 eV, respectively, and the Ti LMM and O KLL Auger
25 peaks were also obtained at binding energies of 1106 and 975 eV,
respectively. Figure 6B shows the Ti 2p core level spectrum,
which consists of two distinct Ti 2p;, and Ti 2p;, photopeaks
with the binding energies of 464.5 and 458.7 eV, respectively.
The peaks are not very broad and no shoulder peaks were
30 observed, being consistent with the observations by
Siemensmeyer and Schultze.*’ The binding energy at 458.7 eV
indicates the presence of Ti*". The XPS spectrum of O 1s is also
composed of two peaks (Figure 6C), the first strong peak at a low
binding energy of 529.7 eV corresponds to bulk oxygen bonded
35 with titanium (Ti-O), whereas the second shoulder peak at 531.5
eV corresponds to the hydroxyl group (Ti-OH). The XPS results

600000 are consistent with those of FT-IR.
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Fig. 7 Evolution curves of H,0 during pyrolysis of (A) dandelions and (B)
35000 40 spherical flowers.
7 30000 i i
# 25000 The dandelions or spherical flowers were further
= 20000 investigated by TG-MS. The measured gas in this work was
8 water vapour. Figure 7A shows the evolution curves of H,O
15000 (m/z=18) during pyrolysis of the TiO, dandelions. The peak at
10000 ssbelow 95.1 °C reflects the moisture of the samples. At
5000 temperature above 200 °C, the signal was attributed to the
P g
g e e dehydration reaction of the Ti-OH groups.*® Figure 7B shows the

il i n " n " 1 "
538 536 534 532 530 528 526 524 522 520
Binding energy (ev)
Fig. 6 XPS spectra of TiO, dandelions: (A) wide-survey spectrum, (B) Ti 2p
core level and (C) O 1s core level.

To obtain an in depth understanding of the composition and
2 chemical state of the TiO, particles, the samples were

evolution curves of H,O (m/z=18) during pyrolysis of the
spherical flowers. The peak at below 90.3 °C reflects the moisture
so of the samples. At temperature above 200 °C, only a faint signal,
a wider peak was detected, indicating the weaker dehydration
reaction of the Ti-OH groups in the spherical flowers, as
compared with that of the dandelions. The FT-IR, XPS and TG-

4 | Journal Name, [year], [vol], 00—00
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MS results are consistent with each other, they all demonstrate
the existence of the Ti-OH groups.

3.2. Adsorption studies

Removal efficiency R (%) and the amount of Cd(Il) g,(mg g’

s') at any time 7, and the amount of Cd(Il) ¢. (mg g') at

equilibrium, taken up by the dandelions and spherical flowers

from aqueous solution at 25 °C was determined using the
equations:

r=5"C% 100, (1)
G
10 :(CO_C')V, )
! m
PG ®
m

where C is the initial concentration of Cd(I) (mg L), C; the

Cd(II) solution concentration at any time ¢ (mg L), C, the Cd(II)

solution concentration at equilibrium (mg L), ¥ the solution
15 volume (L) and m the adsorbent mass (g).
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Fig. 8 Effect of contact time on adsorption of Cd(ll) by (A) dandelions and
(B) spherical flowers (initial Cd(Il) concentration = 100 mg L™, initial pH =
5, temperature = 25 °C, contact time = 80 min for dandelions and 150
20 min for spherical flowers).
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3.2.1. Effect of contact time
The effect of contact time on the adsorption of Cd(II) by the

25
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93
3

60

70

dandelions and spherical flowers was investigated to determine
the time taken for the adsorption equilibrium. The results are
illustrated in Figure 8. It is evident that the adsorption capacity of
Cd(II) by the dandelions (Figure 8A) increased sharply within the
first 30 minutes for the initial concentration of 100 mg L™'. With
the further increase of contact time, the adsorption of Cd(II) made
a slow approach towards equilibrium until 80 minutes. After 80
min, almost 80% Cd(II) was removed. Therefore, 80 minutes of
contact time is considered to be appropriate for the equilibrium
adsorption of Cd(II) by the dandelions.

The uptake of Cd(II) by the spherical flowers (Figure 8B)
was slightly slower than that of the dandelions. As can be seen
from Figure 8B, 150 minutes of contact time is appropriate for
the equilibrium adsorption of Cd(II). However, only about 50%
Cd(II) was removed by the spherical flowers after 150 min. The
difference in Cd(II) adsorption between the dandelions and
spherical flowers was probably attributed to the different numbers
of available active adsorption sites. As the contact time increased,
the adsorption sites gradually became exhausted, and later the
uptake rate decreased on account of the slow pore diffusion of
Cd(II) into the bulk of the dandelions and spherical flowers.

3.2.2. Effect of initial pH

The external pH influences the activity of functional groups.
The surface charges of adsorbents can be modified by changing
pH of the solution. The effect of initial pH (1.0-6.0) on the
adsorption of Cd(II) by the dandelions and spherical flowers is
shown in Figure 9. It can be clearly observed that at any pH, the
uptake of Cd(II) by the dandelions is much greater than that of
the spherical flowers. The adsorption of Cd(II) by both
dandelions and spherical flowers experienced similarly rapid rise
at initial pH of 1.0-3.0, followed by a slow increase at pH 3.0—
5.0 to an approximately constant at pH 5.0-6.0. The optimum
adsorption capacities of Cd(Il) were found in the pH range of
5.0-6.0. With an increase of pH from 1.0 to 6.0, the uptake of
Cd(II) by the dandelions increased from 95.4 to 392.0 mg g”', and
from 62.6 to 278 mg g by the spherical flowers at an initial
concentration of 100 mg L.

400 |

350 -

300 F
r Dandelion
250 L

200

q, (mgg"

150 |
100

50 |-

Fig. 9 Effect of initial pH value on adsorption of Cd(Il) by dandelions and
spherical flowers (initial Cd(Il) concentration = 100 mg L™, temperature =
25 °C, contact time = 80 min for dandelions and 150 min for spherical
flowers).

In the acidic solution, the possible sites on the dandelions
and spherical flowers for specific adsorption stem from the H"
jons in hydroxy groups.*” When the adsorption occurs, divalent
Cd(II) displaces one proton from hydroxy groups to form
Cd(OH)" species adsorbed. With the increase of pH value, the
adsorbed Cd(OH)" species continue to displace one proton to

This journal is © The Royal Society of Chemistry [year]
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form soluble Cd(OH),. The decrease in the adsorption capacities
of Cd(II) at the pH value smaller than 6.0 can be attributed to
protonation of the hydroxy groups on the dandelions and
spherical flowers. At higher pH values (>6.0), the concentration
of soluble product of Cd(OH), is exceeded, therefore, Cd(II) is
removed from the solution by adsorption as well as by
precipitation. Thus to correlate Cd(II) removal with adsorption
(ion exchange), an optimum initial pH of 5.0 was chosen to
perform all subsequent adsorption experiments. At this pH, the
ion exchange and complex formation process are the major
mechanism for the removal of metal ions from solution.” The
removal capacities of Cd(II) by two kinds of adsorbents increased
in the order of dandelion > spherical flower.

400 - r * —

3sol Dandelion
P I
'tn 300 |
" s
=, 250 Spherical flower
=)

200 7

150 |

¢
100 2 | I al PR Y | I al " | - | -
20 40 60 80 100 120 140 160 180 200 220

C,(mgL")

Fig. 10 Effect of initial Cd(ll) concentration on adsorption of Cd(ll) by
dandelions and spherical flowers (initial pH = 5, temperature = 25 °C,
contact time = 80 min for dandelions and 150 min for spherical flowers).

3.2.3. Effect of initial Cd(II) concentration

The effect of initial Cd(I) concentration on the adsorption
capacities by the dandelions and spherical flowers are depicted in
Figure 10. It can be seen that the adsorption capacity by the
dandelions at equilibrium increased sharply as the initial Cd(II)
concentration increased from 40 to 100 mg L', and became
nearly constant as the Cd(II) concentration further increased. The
isotherm profile is similar for the spherical flowers, but the
profile for the dandelions is much steeper. When the initial Cd(II)
concentration increased from 40 to 200 mg L', the adsorption
capacity of the dandelions increased from 187 to 396 mg g”', and
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from 134 to 282 mg g for the spherical flowers. The maximum
adsorption capacity of the dandelions for Cd(II) was found to be
396 mg g, compared with 282 mg g for the spherical flowers.
At low Cd(IT) concentrations << 100 mg L™, the adsorption sites
were unsaturated, resulting in unsaturated Cd(II) adsorption.
However, at higher Cd(II) concentrations (100-200 mg L), the
adsorption sites would be insufficient for the adsorption reaction.
The surfaces of TiO, particles can provide copious numbers of
active adsorption sites, and facilitate Cd(II) transportation in the
adsorption process. The different morphologies of the dandelions
and spherical flowers and their different specific surface areas
(226 and 172 m* g, respectively), contribute to the different
numbers of active adsorption sites.

3.3. Adsorption mechanism and kinetics

Figure 11 is the schematic diagram for the adsorption of
Cd(Il) by the dandelions and spherical flowers; the bonding of
Cd(Il) by the OH groups plays a key role. The BET specific
surface areas and the pore volumes of the dandelions are 226 cm?
g ' and 0.236 cm® g ', respectively, which are higher than those
of the spherical flowers by a factor of 1.31 and 1.58, respectively.
The obvious increase in surface areas and porosity of the
dandelions could be ascribed to the unique morphology. The
uniform channels on the surface of the TiO, particles can provide
copious adsorption sites, and facilitate Cd(II)
transportation in the adsorption process.

To understand the adsorption mechanisms, the uptake rate of
Cd(II) at an initial concentration of 40, 60, 80, 100, 140, 180 and
200 mg L' were analyzed by two kinetic models, i.e., pseudo-
first-order and pseudo-second-order kinetic, respectively. The
pseudo-first-order kinetic model is expressed in the following
linearized form*®

active

—logq, -, @

log(q.-q,) 3303

where ¢, and ¢, (mg g') are the amount of Cd(Il) adsorbed at
equilibrium and an elapsed time ¢, respectively, ¢ (min) contact
time, and k; (min™") pseudo-first-order rate constant. k; and g, can
be computed from the slope and intercept of the plot of log(g.-¢;)
Versus f.

Fig. 11 Schematic diagram of the adsorption of Cd(ll) by nanostructured TiO, particles.
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The pseudo-second-order kinetic model is described by the
following equation*®

AN 5)

qg k 2 qe qe

where &, (g mg”' min™") is pseudo-second-order rate constant. The
values of &, and ¢, can be calculated from the slope and intercept
of the plot of /g, versus t.

The parameters of two kinetic models are calculated and
listed in Table 1. The pseudo-first-order model shows poor fitting
to the experimental data with low correlation coefficients (r* =
0.885 and 0.866 for the dandelions and spherical flowers,
respectively). In contrast, the pseudo-second-order model
provides excellent correlation coefficients (r* > 0.99). Hence it
can be concluded that the adsorption of Cd(II) onto the
dandelions and spherical flowers is more suited for the pseudo-
second-order kinetic model, indicating that the rate controlling
step might be chemisorptions.* The reasonably fast kinetics
reflects good accessibility of the binding sites of the dandelions
and spherical flowers to Cd(II). The enhanced adsorption rates
have significant advantage in terms of time and space over the
conventional techniques.

The difference in Cd(II) adsorption between the dandelions
and spherical flowers can be attributed to the different numbers of
available active adsorption sites. Because the dandelions possess
a larger surface areas, they may expectedly provide abundant
active sites that can coordinate with Cd(II). In addition, high pore
volumes allows for the fast diffusion of Cd(Il) into the pores of
the dandelions. All these characteristics synergistically harvest
the improvement of adsorption capacities of the dandelions for
CddD.

3.4. Adsorption isotherms

The adsorption isotherms of Cd(Il) are correlated either by
the Langmuir or Freundlich models. The Langmuir model
assumes that the monolayer surface adsorption occurs on specific
homogeneous sites and no interaction exists between the
35 adsorbed pollutants. The equation for this model can be written as

Table 1 Kinetic parameters of Cd(Il) adsorption (25 °C, pH = 5.0)

=3

w
b

follows:
.1 . 1¢, 6)
qg KLQ Q

where C, (mg L) is the equilibrium metal ion concentration, g,
(mg g") the amount of metal ion adsorbed at equilibrium, Q (mg
g") the maximum adsorption capacity of the adsorbent, and K; (L
mg"') the Langmuir constant related to the free energy of
adsorption.

The Freundlich isotherm®® as an empirical equation
describing heterogeneous surface adsorption is usually expressed
as:

logg, =logK, +llog C,, @)
n

where Ky (mg g') is the Freundlich constant related to the
adsorption capacity of the adsorbent, and # is the heterogeneity
factor indicating the adsorption intensity of the adsorbent.

Table 2 lists the constants and correlation coefficients
involved in the two isotherm models. It is found that the
Langmuir model exhibits good fit to the adsorption data for
Cd(IT) with high correlation coefficients (r*= 0.999 and 0.921 for
the dandelions and spherical flowers, respectively). However, the
Freundlich model represents a poor fit to the data for both
adsorbents. The Langmuir adsorption behaviour for both
adsorbents implies the existence of homogeneous active sites in
the dandelions and spherical flowers and the monolayer
adsorption of Cd(Il) on the adsorbents. Moreover, the monolayer
maximum adsorption capacities were calculated from the
Langmuir isotherm to be 404.8 and 137.7 mg g' for the
dandelions and spherical flowers, respectively. Compared with
other adsorbents in the previous works (listed in table 3), it is
apparent that the dandelions in this work have much higher
adsorption capacities for Cd(Il); therefore, the dandelions are
very promising for the effective removal of Cd(Il) in
environmental remediation.

Pseudo-first-order

Pseudo-second-order

Sample qe (exp)

K, (min™) e (cal) r k, (g mg ' min™) qe(cal) r
Dandelion 396 7.53x107 623.7 0.885 8.45x107 512.8 0.996
Spherical flower 282 3.16x10™ 312.6 0.866 6.88x107 359.7 0.998

70 Table 2 Fitting parameters of Langmuir and Freundlich adsorption isotherms for Cd(II) adsorption (25 °C, pH=5.0)
Langmuir Freundlich
Samples

Gm(mg - g")  Ki(L-mg? r 1/n Kr =
Dandelion 404.8 0.3890 0.999 0.406 185.5 0.806
Spherical flower 137.7 0.006035 0.921 0.329 80.7 0.759

This journal is © The Royal Society of Chemistry [year]
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Table 3 Maximum Cd(II) adsorption capacities by various adsorbents
Adsorbents Maximum capacities (mg g™) Reference
chinese loess 9.37 [1]
Multiwalled carbon nanotubes 10.86 [50]
Oxidized corncob 55.20 [51]
Titanate nanotubes 238.61 [49]
Titanate dandelions 404.8 This work
3.5. Desorption and regeneration studies
- : -1
For an effective recycling process, adsorbed metal ions 450 .-Im.tl.al Concentration: 100 l.ng L (4)
should be easily desorbed under suitable conditions without 400 -II:}(E‘?X]XPH: 5.0 Dandelion
s destroying the adsorbent material.>> In this work, desorption 350 [ &
experiments were carried out using HCI as the desorption agent. - L .
The data in Figure 12 show the elution rate of Cd(Il) as a function 'Tw 300 [ RS
of HCI concentration; it is apparent that 0.5 mol L' HCl gives the o0 250 F
. E |
best desorption result. =3 200
T 150
100 - i g z |
| T T 100 s
oop . 50 H
< ——Dandelion o %
§ 80l —e— Spherical flower 0 1 2 3
5 Number of cycles
g 70 350 -
=  Initial Concentration: 100 mg L B)
= 60 300 rInitial pH: 5.0~ Spherical flower
= L
O s,
50 250}
: : : : o TR
0.0 0.5 1.0 1.5 2.0 %ﬁ 200
Cy (mol L) SR
10 HC1 @ 150 |
Fig. 12 Effect of HCl concentration (as the eluent) on the recovery of =) | RS
Cd(Il) desorbed from dandelions and spherical flowers. 100
KRRARXXK
To demonstrate the reusability of the adsorbents, [
consecutive adsorption-desorption cycles were performed; the S0 S
15 results are shown in Figure 13. After three adsorption—desorption i [ R
cycles, the adsorption capacities of the dandelions and spherical 0 1 2 3

flowers became 368 (Figure 13A) and 260 mg L™ (Figure 13B),
respectively, indicating that the removal and recovery capacities
of the dandelions and spherical flowers did not degrade

20 noticeably. Therefore, the nanostructured TiO, particles could be
repeatedly used without any remarkable loss in the adsorption
capacity.

Number of cycles

Fig. 13 Cd(ll) adsorption-desorption cycles with 0.5 mol L HCl as
25 desorption agent.

4. Conclusions

Nanostructured TiO, dandelions and spherical flowers with
specific surface areas of 226 and 172 m® g, respectively, were
prepared by a solvothermal method. The maximum amount of the

30 Cd(II) adsorption was achieved in the pH range of 5.0-6.0, and
the maximum monolayer adsorption capacity of Cd(Il) by the
dandelions was determined to be 396 mg g”'. The adsorption
kinetics was pretty fast, which could be completed within 80
minutes. More importantly, after three adsorption—desorption

35 cycles, the adsorption capacity of the dandelions did not show
any obvious degradation. The hydroxyl groups on the surfaces of
the dandelions were responsible for Cd(II) adsorption. Hence, the
nanostructured TiO, dandelions exhibit great potential for the
removal of Cd(II) from contaminated water in engineering

40 practices.

8 | Journal Name, [year], [vol], 00—-00
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Schematic diagram of Cd(II) adsorption by nanostructured TiO, particles.



