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This work reports the fabrication of polydopamine-functionalized mesoporous silica (mSiO,/PDA)
nanospheres for removing U(VI) from aqueous solution. The maximum adsorption capacity of mSiO,/PDA
is 332.3mg/g at 318.15K and pH=5.5. In comparison to the pristine mSiO;, the adsorption capac-
ity of mSiO,/PDA has been remarkably enhanced, which can be ascribed to the large amounts of
functional groups existed on the surface of mSiO,/PDA. The adsorption process fits well with the pseudo-
second-order kinetics model. The adsorption isotherm follows the Langmuir isotherm model, revealing
a monolayer adsorption of U(VI) onto mSiO, /PDA. Thermodynamic analysis indicates a spontaneous and
endothermic adsorption process. Additionally, this adsorption process is pH-dependent, while the effect
of ionic strength is negligible.

© 2017 Published by Elsevier B.V.

1. Introduction

Currently, nuclear power is wildly developed in the world
because it is an economical and reliable energy without the
emission of greenhouse gases [1,2]. Whereas, large amounts of
radioactive waste water has been released into environment from
the fuels cycles including mining, processing and spent fuels repro-
cessing activities [3,4]. Uranium (U), as a primary raw material for
the nuclear reactor, can cause a serious environmental pollution
and threaten to human health due to its radioactivity and high tox-
icity [5]. U usually exists in the environment in the hexavalent form
(U(VI)), such as radioactive UO,2* ions [6], and it is difficult to be
degraded in water [7]. Therefore, much attention should be paid to
develop high efficient and selective technologies to remove U(VI)
from aqueous solutions. Several approaches, including adsorption,
ion exchange, chemical precipitation, membrane filtration, electro-
dialysis and biological processes have been developed to exclude
U(VI) from waste water [6,8-13]. Among them, the adsorption tech-
nology is one of the most favorite choices because of its unique
merits, such as easy operation, economical feasibility, low cost, etc.
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[14-18]. Various adsorbents, such as carbon materials [19,20], func-
tionalized clay [21], zeolites [22,23], etc. have been applied for the
removal of U(VI). However, low adsorption capacities, restricted
adsorption conditions and inconvenient separation limited their
practical applications. As a result, it is necessary to synthesize new
adsorbents with high adsorption capacity for widespread applica-
tions in radionuclides treatment.

Recently, mesoporous materials have drawn a great deal of
attention for radionuclide removal owing to its excellent identities
such as high surface areas, favorable porous structures, remark-
able mechanical/thermal stability, and high adsorption capacities
[7,24-28]. The mesoporous SiO; (mSiO;) is a hopeful candidate for
adsorption with superior chemical/mechanical/thermal stability,
easy fabrication and modification, low toxicity and good biocom-
patibility. Due to the large pore size in mSiO,, a high capacity for
UO0,2* entrapment was achieved compared to homologous microp-
orous materials [29]. Nevertheless, owing to the lack of active sites
on the adsorbent’s surface, the adsorption selectivity and capacity
of pure mSiO, were still confined. To solve this problem, Zhao et al.
[30] functionalized mSiO, with amidoxime for the removal of U(VI),
because of the high ability of amidoxime forming complexes with
U(VI) ions. Similarly, the carboxymethylated polyethyleneimine
(CMPEI) was also grafted on to the surface of ordered mSiO, (MSU-
H) substrate and the CMPEI/MSU-H presented a high adsorption
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Fig. 1. The mechanism and illustration of the synthesis of mSiO,/PDA nanospheres and the mechanism of U(VI) adsorption on mSiO, /PDA surfaces.

capacity (153 mg/g) and a significantly high U loading stability [31].
More recently, Yuan et al. [32] grafted the phosphonate on mSiO,
for U(VI) adsorption. Owing to the strong complexation between
the phosphoryl group and U(VI), a high performance on solid-phase
extraction and enrichment of U(VI) was obtained. Therefore, it is
quite meaningful to develop a simple, mild and eco-friendly sur-
face modification method for improving the adsorption capacity
and efficiency of mSiO,.

Dopamine, as an adhesive protein excreted by marine mussels,
has attracted increasing attention because it exhibits remarkable
performance in adhesion onto the surface of both organic and inor-
ganic substrates by self-polymerizing to PDA under alkalescent
condition [33-37]. Most importantly, the PDA owns abundant cat-
echol and amine groups which could exhibit an extraordinarily
admirable ability to bind metal ions via hydrogen bonding, chelat-
ing, or bridged bidentate bonding interaction [38,39]. However,
the PDA is very easy to form aggregation during the prepara-
tion of the micro or nanometer particles. The decrease of PDA
dispersibility reduces the surface areas and limits its practical
application in adsorption. Therefore, many researchers have been
focused on coating PDA on the nanomaterials so as to reduce its
aggregation and increase its specific surface area [40,41]. Due to
their unique structure characteristics, the final nanocomposites
have been widely applied in adsorption, drug delivery, catalysis,
and biomimetics [34,38,40-43]. In consideration of the large sur-
face area, the functionalizing of mSiO, with high reactive PDA
will be an eco-friendly and effective way in treating radioac-
tive toxic pollutants. It was reported that the coating of PDA on
the surface of mSiO, could improve the drug loading and releas-
ing capacity. The mSiO,/PDA core/shell nanopsheres also have
been proven to be effective for treating cadmium and methylene
blue pollution [44-47]. However, the development of high per-
formance mSiO,/PDA nanospheres toward U(VI) removal has not
been reported. Moreover, the detailed investigation of its removing
mechanism is very important for not only fundamental study but
also practical applications.

In this work, a facile approach is developed to synthesize PDA
functionalized mSiO, nanopsheres. Due to its excellent adsorption
capacity and adsorption efficiency, mSiO,/PDA exhibits poten-
tial applications in U(VI) removal. The adsorption performance of
mSiO, /PDA for U(VI) is evaluated by passel adsorption techniques
under a variety of conditions such as contact time, temperature,
pH value and ionic strength. The adsorption kinetic and isother-
mal studies are utilized to understand the possible adsorption
mechanism. Furthermore, the mSiO,/PDA possesses much higher
adsorption capacity and adsorption efficiency than mSiO, and other
adsorbents, which shows great potential for U(VI) removal in prac-
tical applications.

2. Experimental section
2.1. Materials

Hexadecyl  trimethyl ammonium  Bromide (CTAB),
tetraethoxysilane (TEOS), ammonia hydroxide (NH40H, 25-28%),
ethanol (EtOH), trihydroxymethyl aminomethane (Tris), and
hydrochloric acid (HCl) were purchased from Sinopharm Chem-
ical Reagent Co. Ltd(SCRC). 3-hydroxytyramine hydrochloride
(DA-HCI) was purchased from Aladdin. The U0,2* stock solution
(1.0 mmol/L) was obtained from its nitrate (99.9%, Sigma-Aldrich)
after dissolution and dilution with 0.01 mol/L HNOs3 solution.
They were all reagent-grade chemicals and used without further
purification. Deionized water was utilized for experiment.

2.2. Synthesis of PDA-modified mesoporous Silica (mSiO,/PDA)

Firstly, the mesoporous silica nanospheres were prepared on the
basis of ordinary method [48]. Typically, 688 mg of CTAB, 17.2 mL
of water, 2.28 mL of ethanol and 35 p.L of ammonia hydroxide were
mixed and stirred in oil bath at 348.15K for 30 min. Afterwards,
1.6 mL of TEOS was injected into the mixture slowly and stirred for
further 2 h. The as-synthesized milk-white suspension was cooled
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Fig. 2. SEM images of the mSiO, (a) and mSiO,/PDA (b) nanospheres. Inset: photographs of the mSiO; (a) and mSiO,/PDA (b) nanospheres. TEM images of the mSiO; (c, e)
and mSiO;/PDA (d, f) nanospheres. Inset: size distribution of the mSiO, (c) and mSiO,/PDA (d) nanospheres.

to room temperature and isolated by centrifugation in ethanol. The
templates were removed through ultrasonication in ethanol and
hydrochloric acid mixture solution for 30 min. Then, in order to pre-
pare PDA modified mSiO,, 20 mg as-prepared mSiO, nanospheres
were dispersed in a mixture of 20 mL Tris-HCI (PH=8.5) and 40 mL
ethanol. 20 mL DA-HCl aqueous solution (4 mg/mL) was added into
the reaction mixture and continuously stirred for 24h at room
temperature. Finally, the resultant mSiO,/PDA nanospheres were
separated by centrifugation and washed three times with ethanol,
and dried in vacuum oven at 323.15K.

2.3. Characterization

The size and morphology were investigated by the field emission
transmission electronic microscopy (FETEM, JEM-2100F) with an
accelerating voltage of 200 kV, and the field emission scanning elec-
tron microscope (FESEM, JEM-500, 20 kV). The Nitrogen adsorption
isotherms were measured with N, adsorption-desorption mea-
surements (Tristar II 3020 M). X-ray photoelectron spectra (XPS)
were conducted on an ESCALAB 250. Thermogravimetric (TG) anal-
ysis was performed on a DTG-60H thermogravimetric instrument
under the atmosphere of air from room temperature to 973.15K
at the rate of 10K/min. Infrared (IR) spectra were recorded with
a TENSOR Model 27 Fourier transform infrared (FT-IR) spectrome-
ter in the wave number range 4000-400 cm~! using a KBr wafer.
The Raman spectra of the samples were acquired by confocal laser
micro Raman spectrometer. Zeta potential was tested by Zeatsizer
Nano ZS (Malvern, England).

2.4. Adsorption experiment

The batch experiments of U(VI) adsorption on mSiO, and
mSiO, /PDA were investigated in polyethylene test tubes (10 mL).
The U(VI) stock solution (60 mg/L), NaNOj3 solution (1 mol/L), adsor-

bent stock solution (1g/L) and Milli-Q water were mixed in test
tubes with desired concentrations of different components. The
effects of ionic strength are studied in the presence of NaNO;
solution with concentrations of 0.001, 0.01, 0.1 mol/L. The solu-
tion pH was adjusted by adding negligible amount of 0.1 mol/L
NaOH or 0.1 mol/L HNO3 solution. Then the tubes were put in
an oscillator and kept shaking for a desired time. The adsorbent
was separated by centrifugation at 8000 r/min for 15 min, and
the concentration of U(VI) in supernatants was measured by the
Dichlor-ophosphonoazo III Spectrophotometer (V-1600 Mapada
Shanghai) method at the wavelength of 669 nm. The adsorption
capacities (ge) of U(VI) on mSiO, and mSiO,/PDA were calculated
from the different initial concentration (C,) and the equilibrium
concentration (Ce), and the mass balance equation as follow is used
to express adsorption properties.

_(Cu-Ce)xV

Qe m

Where V (L) is the total volume of the suspension, and m (g) is the
mass of adsorbent. All the experimental data were the average of
duplicate determinations and the relative errors were within 5%.
In this experiment, the contact time, temperature, solution pH and
ionic strength were used to investigate the adsorption performance
of mSiO; and mSiO,/PDA.

3. Results and discussion
3.1. Synthesis and characterization of mSiO,/PDA nanospheres

Fig. 1 illustrated the synthesis process of the mSiO, /PDA. Firstly,
monodispersed mSiO, nanospheres with average particle size
~55nm were synthesized by a modified St6ber reaction. After the
CATB templates were removed through ultrasonication in ethanol
and hydrochloric acid mixture solution, mSiO, nanospheres with
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Fig. 4. Broad-range XPS spectra of mSiO, and mSiO,/PDA nanospheres.

favorable porous structures were obtained. Then, as-prepared
mSiO, nanospheres were dispersed in Tris-HCl (pH=28.5) solu-
tion and the dopamine was added into the reaction mixture to
functionalize the surface of the mSiO, nanospheres. During the
polymerization, the dopamine favored to attach on the solid sub-
strate, in which the H-bonds played an important role in formation
of mSiO,/PDA [49]. After the final products (mSiO,/PDA) were
obtained, they were used to absorb U(VI) from aqueous solution.
Fig. 2a and b show the SEM images of mSiO, and mSiO,/PDA
nanospheres, respectively. It was obvious that nanospheres
presented a spherical morphology while a small fraction of
nanospheres exhibited irregular morphology. Additionally, all the
nanospheres were well dispersed without any large-scale conglom-
eration. In comparison to mSiO, nanospheres, mSiO,/PDA had a
rougher surface, suggested the presence of a thin layer coating on
the surface of the mSiO,. The monodispersity and morphology of
the prepared samples can also be clearly observed from the TEM
images. As shown in Fig. 2c, mSiO, nanospheres were uniform
and the diameter was 55+ 10 nm. The TEM images of mSiO,/PDA
nanospheres were presented in Fig. 2d with the diameter of

70 1
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Fig. 5. TG curves of the as prepared mSiO, and mSiO,/PDA nanospheres.

454+ 10nm and the size distribution of the mSiO, and mSiO,/PDA
nanospheres were shown in the insets of Fig. 2c and d, respectively.
The average diameter of mSiO,/PDA nanospheres were slightly
smaller than mSiO,, which because the reaction were conducted
in the Tris-HCl (pH =8.5) buffer solution. During the reaction, the
mSiO, particles were slightly dissolved in the alkaline medium,
while the additional PDA shell was very thin. Therefore, the aver-
age diameter of mSiO,/PDA nanospheres was slightly smaller than
mSiO,. The inner nanostructure can be clearly observed by high
magnification TEM images. As shown in Fig. 2e, there were obvi-
ous porous structures inside the mSiO, nanospheres. In the TEM
images of mSiO,/PDA (Fig. 2f), the pores were significant reduced
due to the coating of PDA on the mSiO, surface, which agreed well
with the SEM analysis. Due to the low contrast, it is very difficult
to distinguish the PDA layer from the mSiO,. However, the color
of mSiO, changed from white to dark brown after the dopamine
coating (the insets of Fig. 2a and b), which also demonstrated that
the mSiO, nanospheres were successfully functionalized by the
PDA layer. Here, it is estimated that the PDA not only forms a thin
layer on the periphery of the mSiO, nanospheres but also attached
onto the inner surface of the nanopores. Moreover, since the amor-
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phous nature of the mSiO,, only a broad peak was found in the XRD
pattern (Fig. S2). After the modification with PDA, no other distinc-
tive peak was determined in mSiO,/PDA, which revealed the low
crystallization of the final mSiO,/PDA nanospheres.

Brunauer-Emmett-Teller (BET) measurements were conducted
to investigate the differences between mSiO, and mSiO, /PDA. Fig. 3
shows the nitrogen adsorption-desorption isotherm curves and
the pore size distribution curves of the synthesized mSiO, and
mSiO, /PDA nanospheres. It can be distinctly observed that mSiO,
showed typical IV-type isotherm and H1-type hysteresis loops. The
isotherm changed clearly after mSiO, modification with PDA. From
Fig. S1, it is found that the isotherm had a small hysteresis loop.
The reason for this may be attributed to the pores with diameters
smaller than 4nm [50]. The similar result can be observed from
the inset in Fig. 3. The pore size distribution curve of mSiO,/PDA
has an obvious peak in mesopore region, indicating the presence of
mesoporous structure in mSiO,/PDA. Therefore, the isotherm for
mSiO, /PDA can be assigned to type IV according to the IUPAC clas-
sification. Obviously, the nitrogen adsorption capacity decreased
after being decorated with PDA. As can be seen from Table S1,
the mean pore size of mSiO,/PDA (4.0 nm) was smaller than pris-
tine mSiO, (5.3 nm). Furthermore, the decrease in the BET surface
area (from 506.1 to 135.4 m?/g) and the pore volume (from 0.67 to
0.14m3/g) of mSiO,/PDA are due to the decoration of PDA inside
the channels but not totally blocked with PDA.

X-ray photoelectron spectroscopy (XPS) was employed to ana-
lyze the surface state of the final product. As shown in Fig. 4, strong
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Fig. 7. The effect of contact time on the adsorption of U(VI) onto mSiO, and
mSiO,/PDA, T=298.15K, pH=>5.5 £0.1, Cy(viyoriginary = 33 mg/L,m/V=1g/L.

O1s and Si2p characteristic peaks appear in the mSiO, spectrum.
The tiny Cls peak in the spectrum is attributed to the residual
ethanol or —OCH,CH3 groups on the surface of the mSiO,. For
the mSiO,/PDA, a characteristic nitrogen signal can be easily seen
and there is about 9.0% (molar ratio) of nitrogen (N1s, 401 eV) on
the surface of the mSiO,/PDA. Furthermore, compared with mSiO,,
the signal of Si still exists and the intensity of Si peak reduces in
mSiO,/PDA, indicating that PDA is successfully covered on mSiO,
surface and the thickness of the polymer coating is thinner than
the detective depth of the XPS (10 nm). These results prove the
successful coating of PDA onto mSiO, because the PDA contains
huge amounts of aromatic rings and amide and catechol functional
groups, which leads to the enhancement of N1s and C1s signals in
the XPS spectra.

The thermogravimetric curves of the as-prepared samples are
shown in Fig. 5. The weight loss process was tested between 298.15
and 973.15K. The curves of Fig. 5 present the weight loss pro-
cess of mSiO, and the trifling weight loss from 298.15 to 373.15K
is due to adsorbed water. With the temperature increasing, the
observed inconspicuous weight loss can be responded for the resid-
ual organic groups in the mSiO, nanospheres, which is consistent
with the XPS analysis. Furthermore, siloxane bridges were formed
with expulsion of water molecules between 473.25 K and 873.15K.
For mSiO,/PDA, the weight decreases remarkably when the tem-
perature rising to more than 473.15K, which can be ascribed to
the decomposition of PDA. The final weight loss of mSiO, and
mSiO;,/PDA are 12.1% and 65.0%, respectively. Therefore, the weight
loss of mSiO,/PDA is higher than mSiO, which indicates that PDA
modified the mSiO; successfully.

The FTIR and Raman spectra of the samples synthesized in
each step were investigated (Fig. 6). The distinctive adsorption
peaks of mSiO, are found at 800cm~!, 1090cm~!, 469cm™1!,
which are attributed to the asymmetric stretching vibration vg
(Si—0—Si), the asymmetric stretching vibration v,s (Si—O—Si)
and the Si—O—Si bending mode. Moreover, the 3440cm~! and
957cm~! are the typical peaks for Si-OH stretching vibration.
The characteristic absorption peaks of PDA are approximately
located at 3440 cm~! (phenolic O—H and N—H stretching vibration),
1620cm~! (N—H bending vibration and aromatic ring stretching
vibration), 1510cm~! (N—H shearing vibration), and 1090 cm™!
(C—0 vibration). All of the above absorption peaks can be found
in the spectrum of mSiO,/PDA, which indicates that the mSiO, is
successfully modified with the polymerized dopamine. In Raman
spectra (Fig. 6b), the obvious peaks at 1584cm~! and 1409 cm™!
are attributed to the stretching and deformation of aromatic rings,
which are originated from the PDA.
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Table 1
Parameters for different kinetic models.
Model mSiO, mSiO,/PDA
Pseudo-first-order ki (min —1) qe (mg/g) R? ky (min -1) ge (Mg/g) R?
0.077 84 0.7818 0.1817 192 0.5737
Pseudo-second-order K> (g/mgmin) qe (Mg/g) R? K> (g/mg min) qe (Mg/g) R?
4.38E-04 94 0.9994 3.99E-04 212 0.9997

3.2. Adsorption kinetics

The effect of time on the adsorption of U(VI) onto mSiO,
and mSiO,/PDA was performed with adsorbent concentration of
1g/L at 298.15K (Fig. 7). The adsorption of U(VI) is fast in the
first 30 min, and then reaches equilibrium slowly with extend-
ing contact time. This adsorption characteristic is mainly due to
the higher concentration of U(VI) in the solution and abundance
of active sites on the surface of adsorbent at the beginning of
adsorption. Besides, it is obvious that the maximum adsorption
capacity of mSiO,/PDA nanospheres (209.8 mg/g) is much higher
than mSiO, (92.6 mg/g), which benefits from the modification of
PDA on the mSiO, surface. The relatively fast adsorption rate and
high adsorption capacity indicate that mSiO,/PDA has outstanding
potential for practical application in removing U(VI) from wastew-
ater. According to the experimental results, it is more efficient to
reach adsorption equilibrium within 4 h when compared with other
adsorbents [29,49-53]. Therefore, the adsorption time of 4 h is set
in subsequent experiments.

To further investigate the adsorption behavior of U(VI) on
mSiO, and mSiO, /PDA surface, the experimental data are analyzed
with four kinetic models including the pseudo-first-order, pseudo-

second-order, intra-particle diffusion, Boyd kinetic models. Eq. (1)
shows the pseudo-first-order kinetic model [54]:
Qe = qe(1 —e7M%) (1)
Where k; (min~1) is the pseudo-first-order kinetic rate constant,
and g, (mg/g) and q; (mg/g) represent the amount of U(VI) adsorbed
on adsorbents at equilibrium and at time ¢, respectively. The values
of ky and g, are calculated from Fig. 8a and the results are presented
in Table 1. The values of correlation coefficient (R?) for mSiO, and
mSiO,/PDA are 0.7818 and 0.5737, respectively. The relatively low
values of R? indicate that the pseudo-first-order kinetic model is
not fit for analyzing the adsorption process.

The pseudo-second-order kinetic model also used to charac-
terize the adsorption behavior, which is based on the assumption
that the adsorption rate is controlled by the chemical adsorption
mechanism. In this model, the rate of U(VI) removal with time is
proportional to the square of the driving force. The linear form of
the equation is exhibited as follows [55]:

t 1 1

— = _ 4 2
e I(quz Qe ( )
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Table 2
The U(VI) adsorbability of mSiO,/PDA compared with other sorbents.

Material

Qm (mg/g)

Experiment conditions Reference

PGO 251.7
polyacrylamide coated-Fe; 04 2209
CMPEI/MSU-H 153
phosphonate-functionalized mesoporous silica 303
dihydroimidazole —functionalized SBA-15 268
mSiO,/PDA 3323

pH=5.5+0.1 8
pH=5.0 61
pH=9.5 31
pH=6.94+0.2 32
pH=5.04+0.1 62
pH=5.5+0.1 this work

Where k; (g/mg min)is the pseudo-second-order rate constant. The
values of kinetic parameters g and k, are acquired by plotting t/qt
versus t (Fig. 8b and Table 1). The R? for the pseudo-second-order
kinetic model of mSiO, and mSiO,/PDA reaches up to 0.9994 and
0.9997, respectively, which means that the pseudo-second-order
kinetic model can explain this adsorption process well and the
adsorption processes on mSiO, and mSiO, /PDA surfaces are similar.
These results indicate that the pseudo-second-order is the domi-
nant mechanism and U(VI) adsorption on adsorbent surface is the
chemisorption process. It is also suggested that the rate-controlling
step may be chemical adsorption and chemisorption might involve
the valency forces through sharing electrons between adsorbents
and U(VI) ions [52].

In consideration of the intra-particle diffusion in adsorption pro-
cess, the intra-particle diffusion model is applied to simulate the
adsorption behavior. This kinetic model is usually used to analyze
the controlling steps of reaction, which assumes that the diffu-
sion rate of U(VI) is the controlling step of adsorption process and
the intra-particle diffusivity is invariable [56,57]. The intra-particle
diffusion rate equation is depicted as follow [58]:

qe = kit'? 4+ C (3)

Where k; is the intra-particle diffusion rate constant and C repre-
sents the influence of boundary layer. The plot of q; versus t'/2 is
shown in Fig. 8c. If the plot is a straight line and passes through
the origin, the intra-particle diffusion is the single rate determin-
ing step in adsorption process [59]. From Fig. 8c, the experimental
curves consists of three different straight lines suggesting that there
are over one controlling stages in adsorption process. The original
straight line is corresponding to the external surface adsorption, of
which the U(VI) in solution diffuses to the external surface of adsor-
bent. A gradual adsorption in the second linear portion is related to
intra-particle diffusion of U(VI) ions through the pores of adsorbent.
The last line is the final equilibrium stage and the intra-particle dif-
fusion starts to slow down because of the low concentration of U(VI)
remaining in the solution phase and the reduction of active sites.
Moreover, the three straight lines in the plot all cannot pass through
the origin, indicating that the intra-particle diffusion has signifi-
cant influence on the rate determination in adsorption process but
not the only rate determining factor. Thus, it can be concluded
that film diffusion and intra-particle diffusion are the rate deter-
mining step of the adsorption process simultaneously. In addition,
mSiO,/PDA with higher density of organic groups, smaller sur-
face area and fewer mesoporous structures are expected to exhibit
slower adsorption rate due to stronger steric constraints. How-
ever, as shown in Fig. 8c, the whole adsorption rate of U(VI) onto
the mSiO, /PDA is faster than that onto mSiO,, indicating that not
only pore structure but also the number of active sites affect the
adsorption kinetics. Since there are abundant amide and catechol
functional groups on the surface and inner pores of mSiO;/PDA
which can combine with U(VI), the mSiO,/PDA shows much faster
adsorption rate and higher adsorption capability.

Further, the Boyd kinetics model is a sole-resistance model
which is applied to analyze the actual rate determining step in
adsorption process and assumes that the major adsorption resis-
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Fig. 9. Adsorption isotherms of U(VI) onto mSiO, and mSiO,/PDA. T=298.15K,
pH=55+0.1,m/V=1g/L.

tance is concentrated on the adsorbent particle boundary layer. The
equation is expressed as follows [7,60]:

In(1 — F) = —k¢t (4)

Where ki is the film diffusion rate constant and F is the fractional
attainment of equilibrium at different time ¢, and the equation is
given as:

At

F de )

The Fig. 8d shows the line by plotting -In(1-F) against t,and intro-
duce to differentiate between the film diffusion and intra-particle
diffusion. If the plot is a straight line and passes through the ori-
gin, the adsorption rate is controlled by intra-particle diffusion, if
not, the film diffusion or chemical reaction limits the adsorption
rate. The line in Fig. 8d also cannot pass through the origin, indi-
cating that the film diffusion is the primary rate controlling step
for removing U(VI), which is consistent with the consequence from
intra-particle diffusion model well.

3.3. Adsorption isotherms

Fig. 9 shows the adsorption isotherms of U(VI) on the mSiO,
and mSiO,/PDA at various U(VI) concentrations, which clearly
demonstrates the effect of the initial concentration of U(VI) on
the adsorption capacity of adsorbent. The adsorption isotherms of
mSiO, and mSiO,/PDA are acquired under the equal conditions to
compare their adsorption capacity. As presented in Fig. 9, with the
increasing of U(VI) concentrations, the adsorption capacity of U(VI)
increases when the equilibrium state of the adsorption process is
attained. Furthermore, it is obvious that the adsorption capacity
of mSiO,/PDA to U(VI) is much larger than mSiO, under the same
conditions. The maximum adsorption capacities of mSiO, /PDA and
mSiO, are 286.5mg/g and 150.8 mg/g at 298.15K, respectively.
The experimental results indicate that the mSiO,/PDA exhibits
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Fig. 10. Linear plots of Langmuir model (a), Freundlich model (b) for U(VI) adsorption by mSiO,/PDA at different temperatures.

enhanced adsorption performance compared with the undeco-
rated mSiO,, which can be ascribed to large amounts of functional
groups on the surface of mSiO,/PDA. It is worthy to mention that
mSiO,/PDA exhibits much higher ability of U(VI) removal com-
pared with other sorbents. Table 2 shows the maximum adsorption
capacity (Qm) of U(VI) on mSiO,/PDA and other previous reported
adsorbents, which was calculated from Langmuir isotherm model.
In conclusion, the mSiO,/PDA has excellent adsorption capacity for
U(VI) and the maximum capacity (Qm) is 332.3 mg/g at 318.15K.

For the purpose of exploring the adsorption behavior of
mSiO, /PDA, the Langmuir and Freundlich adsorption models are
applied to analyze the experimental data. The Langmuir model,
based on the assumption of monolayer adsorption process and all
binding sites having same adsorption affinity, is widely used to
simulate the adsorption process in previous literatures. The lin-
early form equation of the Langmuir model is expressed as follows
[54,63]:
Ce 1 1
Ge~ Quki T Qm
Where C, is the final concentration of U(VI) in aqueous solution
(mg/L), qe is the amount of U(VI) adsorbed on the adsorbent (mg/g),
Qn is the maximum adsorption capacity (mg/g) and K; is the Lang-
muir constant (L/mg) relating to adsorption intensity. As presented
in Fig. 104, the straight lines are acquired by plotting C./qe against
Ce and the values of Q;; and K can be calculated from the intercept
and slope of the line.

The Freundlich isotherm model emphasized heterogeneity of
adsorption surface, non-ideal and multilayer adsorption process.
The formula of Freundlich model is expressed as follows [54,64]:

(7)

Where Kr (mg!~"L"/g) and n are Freundlich model contants related
to the adsorption capacity and adsorption intensity, respectively.
The values of Kr (mg!~" L"/g) and n are obtained from the intercept
and slope of the straight line that plot logqg. versus logC, (Fig. 10b).
The parameters of two models are all listed in Table 3. The cor-
relation coefficient (R?) of Langmuir and Freundlich models clearly
indicates that the experiment data can be described properly by the
Langmuir model. The consequence indicates that adsorbed U(VI)
ions form a monolayer coverage on the surface of mSiO,/PDA and
chemisorption is the dominating adsorption mechanism in this
adsorption process, which is in keeping with the adsorption kinetics
analysis. The main reasons may be the homogeneous distribution of
active sites on the surface of mSiO,/PDA and there is no interaction
and competition with each other among the adsorbed U(VI) ions.
The values of Qn; obtained from Langmuir model are 287.5, 303.0
and 332.3 mg/g at 298.15, 308.15 and 318.15 K, respectively, which

(6)

logqe = logKg + nlogCe.

Table 3
Parameters for Langmuir and Freundlich adsorption models.
Models Parameters
T(K) Qn (mg/g) K (L/mg) R
Langmuir 298.15 287.5 0.687 0.9995
308.15 303.0 1.122 0.9994
318.15 3323 0.953 0.9992
Kr (mg'-"L"/g) n R?
Freundlich 298.15 171.0 0.157 0.9391
308.15 199.8 0.140 0.8333
318.15 198.6 0.178 0.9088

indicate that the higher temperatures is beneficial to enhance the
adsorption capacities of mSiO,/PDA, confirming an endothermic
adsorption process.

In general, larger surface area is beneficial to improve the
adsorption capacity of the adsorbents for U(VI) removal. How-
ever, compared with mSiO,, mSiO,/PDA exhibits much higher
adsorption capacity with lower surface area, demonstrating that
the functional groups on the adsorbents surface have significant
effect on the adsorption capacity for U(VI) enrichment. The XPS
spectra of mSiO, /PDA before and after U(VI) adsorption (expressed
as mSiO,/PDA-U(VI)) are presented in Fig. S3. The U(VI) peak pre-
sented in the XPS spectrum of the mSiO,/PDA-U(VI) indicates the
adsorption of U(VI) on the surface of mSiO,/PDA. To verify the
function of active sites, the N1s and O1s peaks of the mSiO,/PDA
before and after the adsorption are compared. As shown in Fig. S3b,
the intensity of O1s peak decreases distinctly and the peak shifts
to higher energy (0.2 eV) after U(VI) adsorption, suggesting that
the mSiO,/PDA nanospheres and U(VI) were combined by chem-
ical bonds. Similarly, the intensity and position of N1s (0.25eV)
have a same change after adsorption, revealing that the nitrogen-
containing functional groups are significant in the interaction with
uranium U(VI) [40]. According to the analysis of XPS and FTIR data,
there are large amounts of amide and catechol functional groups
on the surfaces of mSiO,/PDA. Based on the previous study, U(VI)
ions are linear bonded with two axial oxygen atoms and coordinate
with other ligands in the equatorial plane possibly [62]. Therefore,
as illustrated in Fig. 1, the mechanisms of mSiO,/PDA interaction
with U(VI) ions might be that the amide and catechol functional
groups bound to the U center by chemical bond.

3.4. Adsorption thermodynamics

The adsorption thermodynamic studies are used to evaluate the
effect of the operating temperature on U(VI) adsorption. The ther-
modynamic parameters including AGY (KJ/mol), AH? (KJ/mol) and
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Table 4
Thermodynamic data for the adsorption of U(VI) on mSiO,/PDA.

T(K) AGO (KJ/mol) AHP (KJ/mol) AS° (J/mol/K)
298.15 ~10.81

308.15 -11.73 16.6 92.1

318.15 ~12.65

AS? (J/mol/K) could be calculated from the temperature-dependent
adsorption isotherms at different test temperatures with the assis-
tance of following formulas [65,66]:

e

Kq = . (8)
0 0

InK® — ATS _ A}T? 9)

AG? = AHC-TA s° (10)

Where R (8.314]/(mol-K)) is the universal gas constant and T (K) is
the temperature in Kelvin. K° is the adsorption equilibrium con-
stant which obtained by plotting InK; versus C. (Fig. 11a) and
extrapolating C, to zero.

The change in entropy (AS%) and enthalpy (AHO) are calcu-
lated from the intercept and slope of the linear plots of InK° versus
1/T (Fig. 11b). The change in Gibbs free energy (AGP) for spe-
cific adsorption can be obtained from the thermodynamic Eq. (10).
The values of thermodynamic parameters are listed in Table 4. To
understand the mechanism of U(VI) removal by mSiO,/PDA well,
it is necessary to analyze the thermodynamic parameters. Visi-
bly, the values of AG® shown in Table 3 are negative, indicating
a spontaneous process. And higher temperature is more beneficial
to enhance adsorption efficiency due to decreasing values of AGO?
with increasing temperature.

Positive AH? value reveals an endothermic adsorption process,
which could be ascribed to the endothermic and recombination
process. After adsorption the U(VI) became less aqueous and the
process of dehydration is an endothermic process, whereas the
recombination of dehydrated U(VI) on mSiO,/PDA is an exothermic
process. Higher dehydration process exceeds the recombination
process could account for the endothermic adsorption process. In
addition, positive AS? calculated in this adsorption process demon-
strates an increased degree of freedom of solute molecules. Overall,
the results of thermodynamic parameters indicate that the adsorp-
tion process of U(VI) on mSiO, /PDA composite is a spontaneous and
endothermic process.
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Fig. 12. Effect of pH and ionic strengthon U(VI) adsorption on mSiO,/PDA surface
T=298.15K, CU(VI)(ori,ginaI) =33 mg/L, m/V= 1 g/L

3.5. Effect of pH and ionic strength

The pH of the solution has a remarkable influence on the
adsorption of metal ions since the species of U(VI), the surface
charge and the active sites of the adsorbents varies at different pH
values. The pH effect on removal U(VI) by mSiO,/PDA are inves-
tigated with a different initial pH range of 2.0-13.0 at 298.15K.
Fig. 12 presents that the solution pH have impacts on the adsorp-
tion of U(VI) on mSiO,/PDA surface. The adsorption capacities of
mSiO,/PDA increases dramatically at pH 2.0-6.0, then arrives to the
maximum adsorption efficiency when the pH is about 6, neverthe-
less decreases removal efficiency is observed at pH > 6. Maximum
adsorption efficiency is reached at pH 7.0 when the concentration
of NaNOs is 0.1 mol/L, which is different with the other experiment
results. Similar adsorption behaviors can be found in some other
adsorbents according to previous studies [15,67-69].

The species distributions of U(VI) and the surface prop-
erties of mSiO,/PDA vary with pH value, which affects the
interactions between U(VI) and mSiO,/PDA, thus the adsorption
behavior is pH-dependent. As shown in Fig. 13, at differ-
ent pH values, U(VI) exists different species including UO,2",
UO3(OH)*, UO2(0OH);,, (UO2)3(0OH)s5™, (U032 )4(OH);*, (U032 )3(OH); ~,
UO,(OH)3~ and UO,(OH)42~. U(VI) primarily exists as the species
of UO,2* when pH < 5. At pH 5-8, the mixed species of UO,(OH)*,
(U0,)3(0OH)s* and (UO;)4(OH);* presents in the solution. Further-
more, the negatively charged species of (UO;)3(OH);~, UO2(OH)3~
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and UO,(OH)42~ become the dominating species when the value
of pH persistently increases [61].

To further investigate the influence of pH value on the U(VI)
removal, the zeta potentials of mSiO, and mSiO,/PDA surfaces are
characterized. Fig. 14 shows the zeta potential of the mSiO,/PDA
surface is lower than the surface of mSiO,. This result is due to
the existence of catechol functional groups in PDA layer coated
on mSiO,, which also confirms that PDA is successfully coated on
the mSiO, surface. Furthermore, the pHp,c (point of zero charge)
of mSiO;/PDA calculated from Fig. 14 is 2.6. This means that the
mSiO,/PDA surfaces will be negatively charged when solution
pH is above 2.6, which can be benefit for binding the positively
charged U(VI) cations with negative mSiO,/PDA surfaces. When
pH increases, the binding sites of negatively charged surfaces on
mSiO,/PDA arise which enhances the electrostatic interactions
with U(VI) cations, making for incre ased U(VI) removal efficiency
[70]. The effects of ionic strength on removal U(VI) by mSiO,/PDA
are investigated in the presence of NaNO3 solution with concen-
trations of 0.001, 0.01, 0.1 mol/L, respectively. It is clear that the
ionic strength exhibits weak influence on the U(VI) adsorption at
all pH values tests, which indicates the adsorption mechanism is
inner-sphere surface complexation rather than anion exchange [8].

3.6. The cyclability of the mSiO,/PDA in the adsorption of U(VI)

In order to evaluate the practical application of mSiO,/PDA in
the adsorption of U(VI), the regeneration and cycle use experiments
were tested. As shown in Fig. 12, the adsorption amount of U(VI)
reduced with decreasing pH values, which implied that acid pick-
ing is an appropriate method for regeneration. Thus, the 0.01 mol/L
HNOs is used as desorbing solution to regenerate the adsorbent and
adsorption experiments are conducted at 298.15K, pH=5.5 0.1,
Cy(vry (original)=33 mg/L and m/V=1g/L. As presented in Fig. 54,
the adsorption capacity of mSiO,/PDA has a decreasing tendency
with addition of cycle number. As we know, the desorption of U(VI)
from mSiO,/PDA should be conducted in very complicated pro-
cess in high acid medium. Moreover, mSiO, /PDA nanospheres are
mesoporous material with small size and exhibit good water solu-
bility in adsorption experiments. Therefore, the reduced adsorption
is mainly attributed to the incomplete desorption of U(VI) from
mSiO,/PDA and the loss of adsorbent in cycle process. Most impor-
tantly, the adsorption capacity of mSiO,/PDA is also larger than
the naked mSiO, even at more than 4 adsorption-desorption
cycles, demonstrating the high performance of mSiO;/PDA. Fur-
thermore, the TEM and SEM were used to determine the changes of
structure and the loss of porosity (mSiO, /PDA) after the adsorption-
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Fig. 14. The zeta potential of mSiO, and mSiO,/PDA. T=298.15K, m/V=1g/L.

desorption process (Fig. S5). No obvious change is found for the
physical structure of mSiO,/PDA after the first cycle, indicating the
well stability of the composite structure.

4. Conclusions

In summary, we successfully synthesized the mSiO,/PDA
nanospheres with excellent adsorption performance for U(VI)
removal via modifying mSiO, with PDA. The adsorption process
could be well described by the pseudo-second-order kinetics model
with the equilibrium time within 4h. The adsorption isotherms
of U(VI) on mSiO,/PDA surface were fitted well by the Langmuir
model, and the maximum adsorption capacity was 332.3 mg/g
at 318.15K and pH=5.5. The data of thermodynamic parame-
ters indicated a spontaneous and endothermic adsorption process.
In addition, this adsorption process was pH-dependent, while
the ionic strength had a slight influence. In conclusion, the as-
synthesized mSiO, /PDA could be used as an efficient adsorbent for
separation of U(VI) from contaminated water.
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