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Abstract Three different modified SBA-15 have been

synthesized by a post-grafting method using 3,4-dihydroxy

benzaldehyde (OHBA), 2,4-dihydroxy benzaldehyde

(MHBA), 2,4-dihydroxy acetophenone (RATP). These

materials were characterized by NMR, TEM, FT-IR and

elemental analysis. Batch experiments have been conducted

to study the effects of pH, temperature, adsorbent dosage,

ionic strength, shaking time, initial concentration of metal

ion, and coexisting ions on uranium(VI) sorption behaviors

of pure and functional SBA-15. In addition, the adsorption

of U(VI) could be well-described by the Langmuir, Fre-

undlich isotherms and pseudo-second kinetic models. The

results suggest the sorption capacity and selectivity of SBA-

15 were improved after functionalization.
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Introduction

In recent years, a shift towards renewable energy supplies

is urgently needed in order to sustain global economic

growth and mitigate the climate change caused by burning

fossil fuels [1] so as to decrease the level of the atmo-

spheric carbon dioxide. Nuclear energy is an only mature,

clean and large-scale power to satisfy the growing energy

demand in the future. With rapid development and large

utilization of nuclear power, uranium is one of the main

radionuclides in nuclear industry [2] which starts as a

source and ends up as a radioactive waste component [3].

Owing to its chemical and radio toxicity, uranium is one of

major concern with regard to environmental clean up [4, 5].

Uranium can cause potentially serious health hazards to

humans if it was released into soil and water bodies [6, 7].

The efficient methods for removal of uranium from

wastes are imperative. Until now, a variety of methods

have been developed for uptake of uranium, such as ion

exchange, chemical precipitation, co-precipitation, solvent

extraction, chromatographic extraction, hyperfiltration and

adsorption [8–12]. Among them, sorption is a widely used

method as regard to its easy-operation, rapidity, and high-

efficiency [13, 14].

Because mesoporous silicas with well-ordered pore

channels are currently the focus of a great deal of research

interest [15–18]. Ordered mesoporous silicas have high

porosities, large surface areas, excellent mechanical prop-

erty, and adjustable pore size. They are usually used as

adsorbents for the separation of organics, heavy metal ions,

dyes, radionuclides, light hydrocarbons, and gases [19, 20].

Among them, SBA-15 mesoporous silica material possesses

thicker pore walls, larger pore volume, high surface area and

better hydrothermal stabilities, so it is usually chosen as a

potential sorption material for some heavy metal ion sorp-

tion. At the same time, low chemical activity of the SBA-15

should be taken into account, which could decrease the

sorption ability of SBA-15. In recent years, in order to

improve the sorption ability and selectivity, many people

have functionalized SBA-15 with organic groups. Wang YL

et al. reported that mesoporous silica SBA-15 functionalized

with iminodiacetic acid derivatives have a good sorption

ability and selectivity for UO2
2? from aqueous solution [21].

Mesoporous silica modified with 2-mercaptopyrimidine

showed excellent adsorption capability for Cd(II) [22].
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Mureseanu et al. reported that Mesoporous silica function-

alized with 1-furoyl thiourea urea for Hg(II) adsorption from

aqueous media [23]. Phosphonate derivatives functionalized

SBA-15 material showed not only a good sorption ability

and a desirable selectivity for U(VI) over a range of com-

peting metal ions but also an excellent reusability [24], and

1,2-formylsalicylic acid have a high affinity for lanthanides

(La, Ce, Pr, Nd, Eu, Gd and Lu) from aqueous solution [25].

Dihydroxy bezladely derivatives are known to form

stable metal complexes with different metal ions in the

solid state under proper conditions. Anupama et al. repor-

ted that the silica gel functionalized with bezladely

derivatives resacetophenone: synthesis of a new chelating

matrix and its application as metal ion collector [26]. As

reported from previous work [27], silica gel modified with

formylsalicylic acid has been used for extraction of iro-

n(III) from aqueous solution. The results showed that high

adsorption values are recorded at neutral pH, which may be

due to the strong coordination ability of hydroxy ben-

zaldehyde derivatives to metal ions. However, the relevant

reports about the sorption of uranium on modified silica by

dihydroxy bezladely derivatives were quite scarce.

Driven by the above realization, we modified SBA-15 to

remove uranium by using three dihydroxy bezladely

derivatives which are 3,4-dihydroxy benzaldehyde, 2,4-

dihydroxy benzaldehyde and 2,4-dihydroxyacetophenone

as ligands. The products exhibit high adsorption affinity for

U(VI) ions, resulting from complexation of the U(VI) ions

by surface dihydroxy bezladely derivatives groups. Fur-

thermore, the effects of different operational parameters on

U(VI) adsorption, such as solution adsorbent dosage, pH

value, shaking time, and the temperature have been stud-

ied. In addition, the adsorption kinetics and thermody-

namics have also been investigated. We also compared the

selective sorption ability of pure and functional SBA-15 on

U(VI) sorption behavior. Additionally, the reports focused

on developing SBA-15 modified with dihydroxy bezladely

derivatives for U(VI) sorption are quite rare to date, so we

anticipate that this work could provide a good example for

the removal of U(VI).

Experimental

Reagents and materials

All chemicals used in the experiments are purchased as

analytical purity or highest purity available. All solutions

are prepared with deionized water by means of a Millipore

Milli-Q-system. SBA-15 mesoporous molecular sieve were

purchased from Unicarbonshanghai Co. Ltd. Organic sol-

vents (toluene, diethyl ether and ethanol) were distilled and

dried before use according to conventional literature

methods [22]. 3-aminopropyltriethoxysilane (APTES) and

arsenazo III were obtained from Kermel and used as

received.

Sorbent synthesis

The dihydroxy bezladely derivatives modified SBA-15

were synthesized by post-grafting methods and the proce-

dures are as follows (Fig. 1).

Preparation for SBA-15-NH2

SBA-15-NH2 was synthesized according to the literature

methods [28]. 7 g activated SBA-15 which was treated

12 h at 100 �C under vacuum was dispersed in 100 mL

anhydrous toluene. After that, 10 mL of APTES was added

to the admixture right away at room temperature under N2

atmosphere, and the resulting mixture was brought to a

boiling temperature in a reflux system glass for 9 h with

magnetic sticking. After cooling down, the mixture was

filtered, and the solid product was washed several times

with toluene and ethanol. At last, the solid was dried at

80 �C under vacuum overnight. The product was named

SBA-15-NH2.

Preparation for SBA-15-RATP

SBA-15-RATP was prepared according to a previously

described method [30]: 5 g SBA-15-NH2 was treated with

7.5 g RATP dissolved in 100 mL of dry toluene and the

mixture was refluxed with constant stirring for 12 h under

nitrogen atomosphere. Rest of the procedure was same as

described for SBA-15-NH2. The synthesis of SBA-15-

MHBA and SBA-15-OHBA are conducted in the same way

as SBA-15-RATP (see Fig. 1).

Characterization

SAB-15 and functional SBA-15 were characterized by

X-ray powder diffraction (XRD), Fourier Transform

Infrared Spectrometer FT-IR, nitrogen adsorption and

desorption experiments, transmission electron microscopy

(TEM), and solid-state magic-angle spinning (MAS)

nuclear magnetic resonance (NMR) spectra.

XRD pattern is obtained from a D/Max-2400 X-ray

diffractometer equipped with a monochromator, using Cu

Ka radiation at a wavelength of 0.154 nm, for 2 h from 1�
to 60� with a scan speed of 5� per min. The XRD device is

operated at 40 kV and 100 mA. Infrared spectra were

collected using a Nexus-670 FT-IR spectrometer in the

range of 4000–400 cm-1 with a resolution of 4 cm-1 by
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using spectral quality KBr powder. N2 adsorption–des-

orption isotherm were conducted using a Micromeritics

ASAP 2020 instrument at 77 K. The samples are pretreated

at 373 K for 24 h. The pore size was obtained from the

maximum of the pore size distribution curve calculated by

the Barrett–Joyner–Halenda (BJH) method using the

sorption branch of the isotherm. Transmission electron

microscopy (TEM) measurements were carried out on a

FEI Tecnai F30. Solid-state magic-angle spinning (MAS),

nuclear magnetic resonance (NMR) spectra were obtained

with a Bruker AV400WB NMR spectrometer with the

spinning rate of 10.0 kHz and under magic-angle-spinning

(MAS). C, H, and N contents of all samples were measured

by combustion oxidation method using a Vario cube ele-

mental analysis apparatus.

Uranium sorption experiment

Batch adsorption experiments were performed to obtain the

sorption capacity of U(VI) from aqueous solution of

unmodified and modified SBA-15. A representative

experiment were carried out by contact of appropriate

volume of suspension functionalized SBA-15 sorbent with

0.6 mL UO2(NO3)2 � 6H2O stock solutions, 0.16 mL

NaNO3 solutions (5 mol L-1) and some water (the total

volume is 8.00 mL) in polyethylene centrifuge tubes. Then

adjusting the pH values of the suspension using negligible

volumes of NaOH and HNO3 solution and the samples

were agitated at 25 ± 1 �C for 72 h. After that, the solid

and liquid phases are separated by centrifugation with a

speed of 10,000 rpm for 30 min (H2050R-1, Xiang Yi

Centrifuge Instrument Co. Ltd). Residual U(VI) concen-

tration of the supernatant were analyzed by arsenazo(III)

method as a complexing agent at a wavelength of 652 nm

[28, 29]. In each set, uranium solution without sorbent was

used as a control. Percentage removal and uptake (q) were

defined by using the following expressions:

qð%Þ ¼ c0 � ce

c0

� 100% ð1Þ

qe ¼
c0 � ce

ms

� Vs ð2Þ

where qe (mg U/g sorbent) is the sorption capacity of

U(VI), c0 and ce (mol L-1) are the concentration of the

U(VI) in the solution before and after sorption, respec-

tively. Vs is the volume of the aqueous solution and ms

(g) is the dry weight of the sorbent.
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Fig. 1 Schematic illustration of

the synthesis process of SBA-

15-OHBA, SBA-15-RATP and

SBA-15-MHBA
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Results and discussion

Characterization of the adsorbents

Low-angle X-ray powder diffraction pattern of SBA-15

and grafted SBA-15 were shown in Fig. 2. In the XRD

pattern of SBA-15, there was an intense diffraction peak at

about 0.8 degree and two plane and weak signals at about

1.5� and 1.75� respectively. The presence of (100)

diffraction peaks as well as the weak (110) and (200)

reflections indicate that all samples preserve the meso-

scopic order after functionalization process [30].

Figure 3 shows FTIR spectra of SBA-15 before and

after the modification. The typical peaks at 1080 and 804

and 461 cm-1 appear in the IR spectra of SBA-15, which

are assigned to the Si–O–Si asymmetric stretching vibra-

tion, the Si–O–Si symmetric stretching vibration and Si–

O–Si bending mode vibration respectively. The bands at

3435 and 1630 cm-1 are attributed to the hydrated silane

group and bending vibrations of surface hydroxide [22, 31].

After the modification with amino groups, the FT-IR

spectrum of modified SBA-15 displays a new peak at

2950–2850 cm-1, which belongs to the stretching vibra-

tions of C–H bond in alkyl chains [32]. They also presented

characteristic bands for C–H of benzene ring stretching

vibrations for pendant alkyl chains around

3000–2800 cm-1. The new appeared several peaks at

1650–1430 cm-1 are related to C=C of benzene ring and

C=N which indicated successful grafting of dihydroxy

bezladely derivatives.

FT-IR spectra of adsorbents after adsorbed uranium are

shown in Fig. 4. Compared with the materials before

sorption, for SBA-15-OHBA, we can observe the UO2
2?

symmetric stretching vibrations at 944 cm-1 and the other

two are at 950 and 949 cm-1 respectively. The peak of

stretching vibrations of O=Si=O group at 1384 cm-1 have

become more sharp. However, the rest adsorption bands

remain constant.

The N2 adsorption–desorption isotherm and BJH plot

were exhibited as Fig. 5. In Fig. 5a, we could find that the

isotherms of four kinds of materials have H1 hysteresis

loop characteristic which belong to typical type IV. All

isotherm exhibit a sharp capillary condensation step with

the increasing p/p0. According to the IUPAC classification,

the characteristic of mesoporous materials [33, 34] indicate

that all functionalized SBA-15 materials have reserved

SBA-15 structure successfully. However, the BET, pore

volume and pore size of modified SBA-15 have decreased

gradually compared with pure SBA-15 (Table 1) [35, 36]

because of the grafting reaction. The results indicate the

Fig. 2 XRD pattern of adsorbents

Fig. 3 FT-IR spectra of adsorbents

Fig. 4 FT-IR spectra of adsorbents after adsorbed uranium
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successful grafting of organic groups onto the surfaces of

SBA-15. The BJH plot of the derivatives of the pore vol-

ume per unit weight with respect to the pore diameter (dV/

dD) versus the pore diameter is shown in Fig. 5b. A very

narrow pore size distribution with an average pore diameter

of 16 Å is observed.

Transmission electron microscopy (TEM) images are

shown in Fig. 6. The TEM images suggested that the pure

SBA-15 and functionalized SBA-15 particles have a well-

ordered hexagonal array of mesoporous structure when the

electron beam is paralled to the main axis of the cylindrical

pores. When the electron beam is perpendicular to the main

axis, the parallel nanotubular pores can be seen. It has been

reported which the hexagonal array of SBA-15 materials is

highly ordered and stable and these images also support this

point. The TEM images confirmed that one-dimensional

channels was made up of the hexagonal crystal structure

[37–39]. What’s more, it was demonstrated that the porous

structure was not disrupted after the post-grafting reaction.

The contents of C, H and N for the mesoporous silica

and the amount of functional groups grafted on the SBA-15

surface have been evaluated by element analysis. As can be

observed from Table 1, the concentrations of functional

groups for modified SBA-15 based on N elemental analysis

for SBA-15-OHBA, SBA-15-MHBA and SBA-15-RATP

were 1.539, 2.007 and 1.661 mmol g-1 respectively.

Figure 7 shows the 13C CP-MAS NMR spectra of SBA-

15-MHBA, SBA-15-OHBA and SBA-15-RATP. All the

denoted peaks in the spectra can be assigned to appropriate

C atoms. From the result, it can confirm that the meso-

porous silica SBA-15 was functionalized by dihydroxy

bezladely derivatives successfully [40, 41].

Sorption behavior studies of uranium

The effect of pH value on sorption of uranium

We have studied the parameters which affect the U(VI)

adsorption properties of pure SBA-15 and grafted SBA-15

mesoporous silica. Figure 9 shows the effect of pH on

sorption. From Fig. 9, the sorption ability of uranium by

SBA-15 and composite materials are significantly depen-

dent on the pH value. Because it affects the speciation of

metal ions (Fig. 8), the surface charge and binding sites of

the adsorbent [42].

Fig. 5 a N2 adsorption–desorption isotherms of pure and modified SBA-15 samples b BJH pore size distribution curves (acquired from the

adsorption branch)

Table 1 Physical and chemical

properties of adsorbents
SBA-15 SBA-15-OHBA SBA-15-MHBA SBA-15-RATP

BET (m2 g-1) 789.9 197.0 286.1 296.4

Pore volume (cm3 g-1) 1.153 0.353 0.520 0.571

Pore size (nm) 7.590 6.840 6.915 7.469

C (wt%) \ 23.585 21.495 19.640

N (wt%) \ 2.155 2.810 2.325

H (wt%) \ 2.470 2.548 2.421

Functional groups content

(mmol g-1)

\ 1.539 2.007 1.661
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In our experiment, we choose the pH ranging from 1.5 to

7.0 [43]. The adsorption ability increases slightly with

increasing pH ranging from 1.5 to 3 and then increases

sharply to a maximum value with the rise of pH from 3.0 to

5.0. At last, sorption remain constant with further increase

in pH. The effect of pH on uranium adsorption could be

Fig. 6 TEM images of a SBA-

15, b SBA-15-OHBA, c SBA-

15-MHBA and d SBA-15-

RATP

Fig. 7 Solid state 13C CP-MAS NMR spectra of SBA-15-OHBA, SBA-15-MHBA and SBA-15-RATP
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explained by the surface characteristics of the adsorbents as

well as the degree of ionization and speciation of the

solute. When the pH was low, the U(VI) was present in the

solution mainly in the form of free UO2
2? ions and the

binding sites of materials may become positively charged

because of the protonation reaction resulting in the increase

of electrostatic repulsion between U(VI) ions and materi-

als. This effect decreases the adsorption capacity of U(VI)

ions on the materials. With pH increasing, the surface of

mesoporous silica are progressively deprotonated,

exhibiting the anionic character. The attractive forces

between the anionic surface sites and cationic uranyl ions

easily result in the formation of metal–ligand magnetic

composite complexes. However, when pH value is more

than 5.0, schopite is formed along with other hydroxo

species. On the basis of the above results, the optimum pH

value is found to be 4.00 ± 0.02.

The ascending curves of the modified SBA-15 in Fig. 9

were wider, and the sorption percentage was higher than

SBA-15. The sorption percentage increased with the

increasing pH, which might be attributed to the presence of

hydroxyl in 3, 4-dihydroxy benzaldehyde (OHBA), 2,4-

dihydroxy benzaldehyde (MHBA) and 2,4-dihydroxyace-

tophenone (RATP) is suitable for coordination with U(VI).

Effect of the solid-to-liquid ratio

The effect of the solid-to-liquid ratio on the adsorption of

U(VI) was investigated. Different amounts of solid-to-liquid

ratio (from 0.125 to 3.5 g L-1) were added to U(VI) solution

with all other parameters keeping constant. It can be seen

from Fig. 10 that the adsorption capacity increases rapidly

with solid-to-liquid ratio value increasing at a lower value,

while it increases slightly at a higher solid-to-liquid ratio for

all materials. At last, the sorption rate keep constant with the

solid-to-liquid ratio value increasing. The increase in

adsorption capacity with increasing in the amount of adsor-

bent might be attributed to an increase in the surface area and

the availability of adsorption sites of all materials for U(VI)

[44, 45]. In addition, functionalized SBA-15 have a higher

sorption ability than pure SBA-15 owing to more coordina-

tion sites in organic groups they have. SBA-15-OHBA, SBA-

15-MHBA and SBA-15-RATP exhibit the similar adsorption

efficiency, which could be due to the similar structural

characteristics of functional groups on their surface.

Fig. 8 The relative species distribution of UO2
2? in the presence of

CO2 (by calculation). C0U(VI) = 2.00 9 10-4 mol L-1

Fig. 9 The effect of pH values on sorption of uranium. C0U(VI) =

2.00 9 10-4 mol L-1, m/V(SBA-15) = 0.5 g L-1, m/V(SBA-15-OHBA) =

0.5 g L-1, m/V(SBA-15-MHBA) = 0.5 g L-1, m/V(SBA-15-RATP) = 0.5 g

L-1, CNaNO3
= 0.1 mol L-1, T = 298 ± 1 K, t = 48 h

Fig. 10 The effect of the solid-to-liquid ratio on sorption of uranium.

C0U(VI) = 2.00 9 10-4 mol L-1, CNaNO3
= 0.1 mol L-1, T =

298 ± 1 K, pH = 4.00 ± 0.02, t = 48 h
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Effect of ionic strength

Figure 11 shows the effect of ionic strength on the U(VI)

sorption ability of four kinds of materials. Ionic strength is

also an important parameter on the adsorption of U(VI). In

Fig. 10, the percentage sorption of uranium decreases with

the NaNO3 concentration increasing from 0.01 to 0.10 mol

L-1. Then remains constant when the concentration of

NaNO3 was higher than 0.1 mol L-1. From these phe-

nomena, we could see that the adsorption rate remains

nearly constant indicating negligible effect of ionic

strength on the adsorption process. This suggests that the

sorption process follows inner sphere complex formation

between U(VI) and surface sites on mesoporous silica. The

reason why small decrease in the percentage sorption with

increasing ionic strength (I) up to I = 0.1 M might be the

ionic strength dependence of the binding constant of U(VI)

with silica [46, 47].

Time-dependent sorption

For the economic efficiency, the sorption ability is an

important factor in evaluating the overall performance of

sorbents. As shown in Fig. 12a, the sorption rate of U(VI)

on pure and grafted SBA-15 increases rapidly in the con-

tact time of 180 min and then increases slightly until the

sorption equilibrium is attained. Application of proper

kinetic models to fit the experimental kinetic data can offer

useful information to identify the sorption mechanism type.

Therefore, we have used pseudo first-order and pseudo

second-order models (Fig. 12b) for their validity with the

experimental sorption data for U(VI). The linear forms of

pseudo first-order and pseudo second-order kinetic models

are given as follows [48]:

lnðqe � qtÞ ¼ lnðqeÞ � k1t ðð3ÞÞ
t

qt
¼ 1

k2 � q2
e

þ t

qe

ðð4ÞÞ

where qt (mol g-1) and qe (mol g-1) are the sorption

amounts of U(VI) ions at contact time of t (min) and at

equilibrium time, respectively; k1 (min-1) and k2 (g mol-1

min-1) represent the pseudo first-order and the pseudo

second-order sorption rate constants. The factors of the

kinetic models and the correlation coefficient (R2) are listed

in Table 2. It could be found that the experimental data was

Fig. 11 The effect of ionic strength on the sorption of U(VI). C0U(VI) =

2.00 9 10-4 mol L-1, m/V(SBA-15) = 0.5 g L-1, m/V(SBA-15-OHBA) =

0.5 g L-1, m/V(SBA-15-MHBA) = 0.5 g L-1, m/V(SBA-15-RATP) = 0.5 g

L-1, T = 298 ± 1 K, pH = 4.00 ± 0.02, t = 48 h

Fig. 12 a The effect of contact time on U(VI) adsorption ability to adsorbents. CNaNO3
= 0.1 mol L-1, m/V(SBA-15, SBA-15-OHBA, SBA-15-

MHBA, SBA-15-RATP) = 0.5 g L-1, T = 298 ± 1 K, pH = 4.00 ± 0.02, t = 48 h. b Pseudo second-order sorption kinetics of U(VI) on adsorbents
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fitted very well to the pseudo second-order model from the

R2 values. The results of pseudo second-order kinetics

further imply that the sorption mechanism of adsorbate

(U(VI)) and adsorbent are chemisorption.

Adsorption isotherms

The influence of temperature on sorption of U(VI) was

investigated at different temperatures 298, 318 and 338 K

Table 2 Kinetic sorption parameters obtained using pseudo first-order and pseudo second-order models for U(VI) sorption on adsorbents

Pseudo first-order

qe (mol g-1) Unc. k (min-1) Unc. R2 Unc.

SBA-15 1.07E-4 5.35E-06 4.00E-4 2.00E-05 0.4875 0.0244

SBA-15-OHBA 2.13E-4 1.07E-05 7.00E-4 3.50E-05 0.5726 0.0286

SBA-15-MHBA 3.36E-4 1.68E-05 9.00E-4 4.50E-05 0.8075 0.0404

SBA-15-RATP 1.54E-4 7.70E-06 3.00E-4 1.50E-05 0.4193 0.0210

Pseudo second-order

qe (mol g-1) Unc. k (g mol-1 min-1) Unc. R2 Unc.

SBA-15 1.02E-4 5.10E-06 2.778E?2 13.890 0.9965 0.0498

SBA-15-OHBA 2.11E-4 1.06E-05 1.181E?2 5.905 0.9993 0.0500

SBA-15-MHBA 3.35E-4 1.68E-05 1.034E?2 5.170 0.9997 0.0500

SBA-15-RATP 1.49E-4 7.45E-06 1.072E?3 53.600 0.9996 0.0500

Fig. 13 Sorption isotherms of U(VI) onto a SBA-15, b SBA-15-MHBA, c SBA-15-OHBA, d SBA-15-RATP. CNaNO3
= 0.1 mol L-1, m/V(SBA-15)

= 0.5 g L-1, m/V(SBA-15-OHBA) = 0.5 g L-1, m/V(SBA-15-MHBA) = 0.5 g L-1, T = 298 ± 1 K, pH = 4.00 ± 0.02, t = 48 h
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(Fig. 13). Figure 13 shows that the sorption ability for all

materials increases with the increasing concentration of

U(VI). In addition, the U(VI) sorption ability of SBA-15

decreased with the increasing temperature, demonstrating

that the sorption process is an exothermic process. For

functionalized SBA-15 materials, the sorption ability

decreased with the temperature increasing, indicating that

the sorption was an exothermic process for these materials

too. Adsorption isotherm plays a crucial role in the

physicochemical behavior of metal ions. Adsorption iso-

therm can prove how the adsorbate molecules distribute

between the liquid and the solid phases when the sorption

process reaches an equilibrium state. Therefore, using

Freundlich (Fig. 14a) and Langmuir (Fig. 14a) equations

which are most common mathematical models to describe

the correlation of equilibrium data are important to the

practical design and operation of adsorption systems.

The expression of the Langmuir model is given by

Eq. (5) [49]:

Ce

qe

¼ Ce

qmax

þ 1

KL

ð5Þ

where KL is a adsorption equilibrium constant, Ce is the

equilibrium concentration (mol L-1), qe is the amount

adsorbed at equilibrium (mol g-1), qm is the the maximum

sorption capacity (mol g-1).

The Freundlich model can be represented in the lin-

earized form as Eq. (6):

lg qe ¼ lgKF þ n lgCe ð6Þ

Fig. 14 The isotherms of a Langmuir and b Freundlich models for U(VI) sorption. CNaNO3
= 0.1 mol L-1, m/V = 0.5 g L-1, T = 298 ± 1 K,

pH = 4.00 ± 0.02, t = 48 h

Table 3 Sorption parameters of U(VI) sorption to the adsorbents (T = 298 ± 1 K)

Samples Langmuir constants

qmax (mol g-1) Unc. KL (L g-1) Unc. R2 Unc.

SBA-15 2.1294E-04 1.0647E-05 0.8610 0.0431 0.9678 0.0484

SBA-15-MHBA 4.5939E-04 2.2970E-05 15.9490 0.7975 0.9962 0.0498

SBA-15-OHBA 5.0246E-04 2.5123E-05 5.5741 0.2787 0.9767 0.0488

SBA-15-RATP 3.6142E-04 1.8071E-05 6.9541 0.3477 0.9948 0.0497

Samples Freundlich constants

KF (mol1-n Ln g-1) Unc. n Unc. R2 Unc.

SBA-15 1.08E-02 5.40E-04 0.5652 0.0283 0.9749 0.0487

SBA-15-MHBA 3.75E-03 1.88E-04 0.2800 0.0140 0.8608 0.0430

SBA-15-OHBA 5.03E-03 2.52E-04 0.3323 0.0166 0.9769 0.0488

SBA-15-RATP 3.67E-03 1.84E-04 0.3175 0.0159 0.8390 0.0420
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where KF (mol1-n Ln g-1) represents the sorption capacity

when the adsorbate equilibrium concentration equals 1, and

n is the degree of sorption dependence at equilibrium

concentration [50].

The adsorption constants of the Langmuir and Fre-

undlich equation and their correlation coefficients (R2) at

298, 318, and 338 K are calculated and presented in

Table 3. From the results, we can find that there is a good

improvement in maximum sorption capacity compared

with pure SBA-15 for functionalized SBA-15.

Selectivity studies

In order to evaluate the selectivity of pure and function-

alized SBA-15 materials, selective sorption of U(VI)

studies were carried out in aqueous solution containing

other competitive metal ions. In the research of selectivity,

the tests were performed in aqueous solution containing

UO2
2?, Ca2?, Co2?, K?, Mg2?, Sr2?, Cd2? at pH

4.00 ± 0.02. The amount of residual coexisting metal ions

in supernatants after adsorption were determined by ICP-

AES. The results in Fig. 15 show that SBA-15-MHBA,

SBA-15-OHBA and SBA-15-RATP exhibit a better sorp-

tion efficiency for U(VI) than pure SBA-15. From the

results, it indicates that the presence of Ca2?, K?, Co2?,

Cd2?, Sr2? and Mg2? have no significant effect on

adsorption of U(VI) on modified SBA-15. The results

suggest that all mesoporous materials have higher sorption

ability for U(VI) and lower sorption ability for competing

metal ions. It is worth mentioning that, the selective

sorption ability of SBA-15-MHBA and SBA-15-RATP

may have promising application in U(VI) separation field.

Desorption and reusability experiments

To get a better study of the modified mesoporous silicas,

the tests on desorption and reusability of SBA-15-OHBA,

SBA-15-MHBA and SBA-15-RATP are essential.

Desorption experiments were operated after the adsorption

equilibrium, both of them were adopted under the same

adsorption experimental conditions: C0U(VI) = 4.00 9

10-4 mol L-1, m/V = 2.0 g L-1, CNaNO3
= 0.1 mol L-1,

T = 298 ± 1 K.

The U(VI) desorption rate from modified SBA-15 were

studied as a function of pH value (pH values of the solution

were adjusted using NaOH and HNO3 solutions). From

Fig. 15 Competitive sorption of coexisting ions. C0U(VI) = 1.25 9

10-4 mol L - 1, C0K(I) = 2.58 9 10-3 mol L-1, C0Ca(II) = 3.58 9

10-3 mol L-1, C0Mg(II) = 3.42 9 10-3 mol L-1, C0Cd(II) = 2.50 9

10-3 mol L-1, C0Co(II) = 3.48 9 10-3 mol L-1, C0Sr(II) = 3.65 9

10-3 mol L-1, CNaNO3
= 0.1 mol L-1, m/V = 0.5 g L-1, pH =

4.00 ± 0.02, T = 298 ± 1 K, t = 48 h

Fig. 16 Release efficiencies of U(VI) versus pH on SBA-15-MHBA,

SBA-15-OHBA, SBA-15-RATP in solutions

Fig. 17 Reusability tests of SBA-15-MHBA, SBA-15-OHBA, SBA-

15-RATP
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Fig. 16, it is clear that when the pH value was 1.5, release

percent of U(VI) was the highest. The reusability test of

three materials were conducted in the same operating

conditions of sorption study at first. Then doing desorption

study in HNO3 solutions (pH = 1.5). As seen from Fig. 17,

the capacities of three modified materials reduced with the

increase of repeating times.

Conclusions

In this study, three different dihydroxy bezladely deriva-

tives functionalized mesoporous silica SBA-15 materials

have been successfully synthesized and their sorption for

U(VI) from aqueous solutions were studied by batch

sorption experiment. From the results, it could be seen that

higher adsorption affinity for aqueous U(VI) was achieved

after the modification for pure SBA-15, the sorption ability

for U(VI) relies heavily on pH values before and after the

functionalization. The sorption mechanism of U(VI) might

be inner-sphere complexation from the research of effect of

ionic strength. The adsorption process for all materials

were follow pseudo-second-order type sorption kinetics.

The sorption isotherm for pure SBA-15 has been success-

fully modeled by the Freundlich isotherm which indicated

that different sites with several sorption energies were

involved. However, for three different modified SBA-15

the Langmuir isotherm was better and it revealed a

monolayer chemical sorption of U(VI) on modified SBA-

15. SBA-15-MHBA and SBA-15-RATP showed a good

sorption ability and a desirable selectivity for U(VI) over a

range of competing metal ions.
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