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Abstract
Modification of silica gel by butanedioic anhydride  (SiO2–BDAH) results in efficient adsorbents for removal of U(VI), 
Th(IV), and Eu(III) from aqueous solutions.  SiO2–BDAH was characterized by Fourier Transform infrared spectroscopy, 
elemental analysis,  N2 adsorption–desorption isotherms, thermogravimetic analysis, and potentiometric titration. The effect 
of contact time, pH, and initial concentration of radioactive solutions and temperature on the adsorption capacity of the sorb-
ent was investigated. The sorption equilibrium times of U(VI), Th(IV), and Eu(III) onto  SiO2–BDAH were 1.5, 2, and about 
10 h. The sorption percentages of U(VI), Th(IV), and Eu(III) increased with increased pH from 1 to 5. The sorption process 
of U(VI), Th(IV), and Eu(III) can be described by the Langmuir model, with sorption capacities of 5.10 × 10−5, 5.06 × 10−5, 
and 3.44 × 10−5 mol/L, respectively. The enthalpy and entropy changes were all positive, whereas the free energy changes 
were negative. This study indicated that  SiO2–BDAH can remove U(VI) and Th(IV) at the same time in the presence of 
multiple ions from waste water quickly.
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Introduction

Primordial actinides (Th, U) and their associated mineral 
rare-earth elements have wide-ranging practical appli-
cations [1, 2]. Uranium has extensive applications in the 
nuclear power industry, while 232Th is a potential nuclear 
fuel because of its good fertile characteristic [3]. Rare-earth 
elements and their compounds have a wide range of applica-
tions especially in metallurgy, ceramic industry, and nuclear 
fuel control [4]. However, these elements exhibit serious 
threat to the environment, because most processes and activ-
ities are related to nuclear fuel cycles including mining and 
process and spent nuclear reprocessing [5]. Actinide and 
lanthanide elements are heavy metals with chemical toxicity 
and radioactivity, which causes progressive or irreversible 
renal injury, and their compounds are potential carcinogens 
[3, 5, 6]. Thus, the removal of actinide and lanthanide ions 
from contaminated waters are attractive for the environment. 

A series of approach can be applied to metal ion removal 
from waters, based on precipitation, liquid–liquid extrac-
tion methods, exchange resins, membrane filtration, and 
adsorption [8, 9]. Adsorption separation is an extraction 
and concentration technique that is developed in the recent 
years based on the sorbent, which is the best and effective 
candidate for metal ion removal from aqueous solutions with 
moderate and low concentrations. In sorption process, it is 
important to select the suitable sorption material, some of 
them are often prepared for fixing functional organic com-
pounds on resins, cellulose, fibers, activated carbon, sand, 
clay, zeolites, polymers, metal oxides, and highly dispersed 
silica gel [10, 11].

Silica is a good support because of its high thermal, 
chemical, and mechanical stability. Its surface is modified 
by functional groups, such as amino [12, 13], carboxyl [14], 
amide groups [15–17], Schiff base [18–20], and complex 
groups [21, 22], which have been reported for concentrating 
metals in environmental medium.

Amide extractants are studied in the extraction of acti-
nides and lanthanides for the ease of synthesis, high chemi-
cal, and radiolytic stability [23, 24]. Based on these proper-
ties, amides extractants are grafted on silica gel, nanometer 
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silica, or porous silica to separate actinides and lanthanides 
[17, 25–27]. These solid-phase extraction agents form amido 
podans structure, owning diamide group, ether bond, and 
alkyl at the substrate. Trivalent lanthanides and actinides 
could coordinate with six oxygens from the carbonyl (com-
ing from bisamides) and ether group providing by graft 
group on the surface of silica [17]. Suneesh [14] synthe-
sized  SiO2–DGAH which modified the surface of silica gel 
with diglycolamic acid moieties, and forming single amide 
group and carboxyl at the surface of silica gel.  SiO2–DGAH 
could coordinate with Am(III) and Eu(III) rapidly same as 
bisamide structure sorbents and the adsorption equilibrium 
occurring within 30 min [14].

Butanedioic anhydride (BDAH) was used to modify 
silica gel forming the composite solid-phase extract-
ants  (SiO2–BDAH) in this study, which it is very cheap 
for BDAH and silica gel are all simple industry material. 
 SiO2–BDAH contains single amide group and carboxyl 
groups when BDAH bind with silane coupling agent 3-ami-
nopropyltriethoxysilane (APTS) on the surface of silica. In 
this study,  SiO2–BDAH was synthesized and characterized, 
and  SiO2–DGAH was as an analogue. The effects of vari-
ous parameters such as duration of equilibrations, pH, initial 
metal ion concentration, temperature of U(VI), Th(IV), and 
Eu(III) sorption on  SiO2–BDAH were studied. The objec-
tive of this study was to remove lanthanide and actinide ions 
from radioactive wastewater on silica functionalized with 
carboxylic and amide groups in static system, based on vari-
ous experimental parameters.

Experimental

Materials

All chemicals and reagents used in the study were of ana-
lytical grade, including silica gel (mesh size 100) (Qing-
dao Hailang silica gel desiccant Co., LTD, China), APTS 
(Aladdin). BDAH, DGAH (diglycolamic acid) (Sinopharm 
Chemical Reagent Co., LTD, China). U(VI) and Th(IV) 
stock solutions were prepared from  UO2(NO3)2·6H2O and 
Th(NO3)4·4H2O (China), respectively. The Eu(III) stock 
solution was prepared by dissolving  Eu2O3 (99.99%) in 
hydrochloric acid (HCl). 152+154Eu(III) radiotracer was 
obtained from the China Institute of Atomic Energy.

Synthesis of new sorbent

Silica gel was activated according to Ref. [28] with slight 
modifications, where silica gel (100 mesh, 50 g) was refluxed 
with 50 mL HCl (18%) solution for 24 h, then filtered and 
repeatedly washed with an appropriate amount of deionized 

water until the filtrate was neutral. The activated silica was 
dried in an oven at 60 °C for 48 h.

A sample 15 g activated silica gel was suspended in 
100 mL acetic acid (pH = 3) and added with 15 mL APTS. 
The mixture was refluxed under dry nitrogen atmosphere for 
16 h at 85 °C, and the modified silica gel was filtered off, 
washed thrice with distilled water, twice with isopropanol, 
absolute ethyl alcohol, and dried under vacuum at 60 °C 
[28]. Finally,  SiO2–APTS was prepared (Fig. 1a).

A sample of 8.0 g  SiO2–APTS and 3.0 g BDAH (DGAH) 
were added to 100 mL of menthol. The mixture was reacted 
for 3 h in a reflux system at 60 °C. The solid phase was fil-
tered, washed with ethyl acetate and absolute ethyl alcohol, 
and dried under vacuum at 60 °C for 24 h. It was named as 
 SiO2–BDAH and  SiO2–DGAH (Fig. 1b, c).

Potentiometric titration

A sample of 0.25 g  SiO2–BDAH  (SiO2–DGAH) was dis-
persed in 60 mL  NaNO3 (0.1, 0.01, and 0.001 mol/L). The 
suspension was stirred under argon atmosphere for 12 h. 
Then, standard HCl (0.05 mol/L) was added until pH ~ 3.5 
was reached. The suspension was titrated with NaOH 
(0.05 mol/L) until pH ~ 9.5. Then, titration from pH 9 to 4 
was carried out sequentially by using standard HCl for the 
same suspension. The incremental volume during titration 
was fixed at 50 μL. The pH was recorded when the variation 
of the potential became less than 0.5 mV/min (equivalent to 
about 0.01 pH units per min) or the interval was more than 
10 min. The total duration of titration from pH 4 to 9 (or 
from 9 to 4) was at most 3 h. Blank titrations were carried 
out following the same method except that the incremental 
volume was fixed at 6 μL. The titrations were carried out in 
a glass vessel by using Metrohm Titrando 709 with a com-
bined electrode (Metrohm 6.026.100). The temperature of 
the glass vessel was fixed at 25 °C through water circulation 
[29, 30].

Measurement of graft content

Graft content can be measured by Elemental Analyzer (Ele-
mentar, German), which would show the content of C, N, 
and H. The C/N ratio can obtain the graft content of silica 
gel.

Characterization

The structure of  SiO2–BDAH and  SiO2–DGAH was char-
acterized by FT-IR and BET. FT-IR spectra were obtained 
by using NEXUS 670 (Nicolet, USA) in KBr pellet at 
room temperature.  N2 adsorption–desorption isotherms 
were measured at − 195.8  °C by using TriStar II 3020 
V1.04(Micromeritics Instrument Corporation, USA). 
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Thermogravimetric analysis (TGA) was determined by a 
LINSEIS STAPT 1600 (Linseis Corporation, Selb, Ger-
many) in nitrogen at a heating rate of 10 10 K/min, scanning 
temperature were shown in the range from 25 to 900 °C.

Sorption studies of  SiO2–BDAH and  SiO2–DGAH 
for U(VI), Th(IV), and Eu(III)

Sorption was performed with batch technique in an aqueous 
solution for U(VI), Th(IV), and Eu(III) at 25 ± 2 °C. A sam-
ple of 25.0 mg  SiO2–BDAH  (SiO2–DGAH) was suspended 

in 10.0 mL of aqueous solution containing variable amounts 
of each cation in the sample shaker vessel. For these sorption 
measurements, different amounts of derived silica sorbent 
were suspended 10 mL of aqueous solution containing vari-
able amounts of every cations, whose concentrations vary 
within 10–30 mg/L in an orbital shaker thermostat for 4 h 
(optimum condition, at room temperature, and different pH 
values).

After equilibrium was established, the suspension was fil-
tered, and the amounts of metallic cations remaining in the 
solution were determined by spectrophotometry for U(VI) and 

Fig. 1  Synthesis of  SiO2–APTS 
(a),  SiO2–DGAH (b),  SiO2–
BDAH (c)
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Th(IV) [31, 32] and liquid scintillation analyzer for Eu(III) 
[33]. Multiple metal ions were measured simultaneously by 
ICP-OES (5100, Agilent Technologies). The amount of metal 
ions sorbed by the sorbents was calculated as follows (1):

where R% is the amount of metal ion sorbed onto a unit 
amount of the sorbent (mmol/g), and C0 and C are the con-
centrations of metal ions in the initial and equilibrium con-
centrations of the metal ions in aqueous phase (mmol/L), 
respectively.

Desorption Performance Study of U(VI), Th(IV), 
and Eu(III)

The desorption behavior of U(VI), Th(IV), and Eu(III) on 
 SiO2–BDAH in relation to concentration of desorption reagent 
was carried out after the sorption experiment. From an eco-
nomic point of view, the optimal desorption conditions were 
studied and the desorption percentage of U(VI), Th(IV), and 
Eu(III) on sorbent was calculated using the sorption amount 
of U(VI), Th(IV), and Eu(III) on the sorbent (Cs, mol/g) and 
their concentration in the solution after desorption (Ce, mol/L), 
as follows (2):

(1)R% = (C0 − C)∕C0 × 100

(2)D% = Ce∕Cs × V∕m × 100

where m is amount of the sorbent and V is the volume of 
solution.

Result and discussion

Characterization of  SiO2–BDAH and  SiO2–DGAH

The prepared amide ligands were characterized through 
FT-IR spectroscopic method (Fig. 2). Several peaks were 
observed in the IR spectra of the four curves such as (1) 
a band assigned to Si–OH stretching frequency and flex-
ible frequency coming from the hydrogen bond between the 
adsorbed water at 1634.3 and 3430 cm−1; and (2) the sharp 
peak at 1098.3 cm−1 that is related to Si–O–Si group vibra-
tions [34]. After modification with APTS (curve b), the band 
at 2947.7 and 2864.2 cm−1 were attributed to the stretching 
frequency of C–H for  SiO2–APTS. After modification with 
anhydride (curve c, d), the peak around 1647.1 and 1641.1, 
and 1735.3 cm−1 were attributed to the stretching vibra-
tion mode of the C=O (NH–CO) groups, C=O (COOH) of 
 SiO2–BDAH and  SiO2–DGAH, respectively, and the peak 
at 1418 cm−1 was due to the stretching vibration of C–N 
[35]. The results of IR spectra clearly show that  SiO2–APTS, 
 SiO2–BDAH, and  SiO2–DGAH were immobilized on the 
silica surface [36].

Fig. 2  FT-IR spectra of  SiO2, 
 SiO2–APTS,  SiO2–DGAH, and 
 SiO2–BDAH
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The nitrogen adsorption–desorption isotherms were 
used to characterize the microstructure of  SiO2–BDAH and 
 SiO2–DGAH, and the results are presented in Fig. 3a, b. The 
surface area is 222.92 and 230.00 m2/g and the pore size 
is 10.08 and 10.27 nm for  SiO2–BDAH and  SiO2–DGAH, 
respectively.  SiO2–DGAH has a slightly higher surface area 
and pore size. From Fig. 3a, b, the effective mesoporous 
structure with a small number of micropores can be con-
firmed by the type H3 hysteresis loop on the BET curve 
of  SiO2–BDAH and  SiO2–DGAH according to the IUPAC 
classification [27, 37].

TG curves of  SiO2–BDAH and  SiO2–DGAH are shown in 
Fig. 4. The first weight loss of  SiO2–BDAH and  SiO2–DGAH 
(2.0% and 2.5%, respectively) at about 25–100 °C is related 
to the physisorbed water evaporation which trapped on the 
surface and inside of the sorbents. Then dehydration reaction 
occurs between the two adjacent carboxylic acid groups and 
leads to weight loss of  SiO2–BDAH and  SiO2–DGAH (about 
4.8%) at the temperature range of 100 to 300 °C [14]. The 

decomposition of the organic moieties grafted on the sur-
face of  SiO2–BDAH and  SiO2–DGAH causes to weight loss 
(16.1% and 15.4%, respectively) at the temperature range of 
300 to 900 °C. TG curves of  SiO2–BDAH and  SiO2–DGAH 
has slight difference for the structure of BDAH and DGAH 
has tiny difference.

Elemental analysis and graft content

The percentages of C, H, and N were evaluated by elemental 
analysis and are presented in Table 1. For the functional-
ized silica gels, the percentage of C decreases with increased 
degree of cross-linking. The N content comes from the ter-
minal group of APTS. The C/N value is 36/14 (2.57) and 
60/14 (4.28) when APTS loses two and three ethyoxyl 
groups, respectively. From Table 1, the amount of N and C 
on  SiO2–APTS 1 and  SiO2–APTS 2 was 1.82%, 6.29% and 
1.81%, 6.18%, and C %/N % is about 3.2, deducting the C 
amount in  SiO2. Therefore, the degree of cross-linking of 
 SiO2 and APTS is between 2 and 3.

Potentiometric titration

The proton excess of  SiO2–BDAH or  SiO2–DGAH (∆QH, 
mol/g) was determined by subtracting the titration curve 

Fig. 3  N2 adsorption–desorption isotherms measured at − 195.8 °C for  SiO2–DGAH (a) and  SiO2–BDAH (b)
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Fig. 4  TG pattern obtained for  SiO2–DGAH and  SiO2–BDAH

Table 1  The content of N, C, and H by elemental analysis

N% C% H% C%/N%

SiO2–APTS 1 1.82 6.29 1.48 3.23
SiO2–APTS 2 1.81 6.18 1.52 3.19
SiO2 1 0 0.48 0.72
SiO2 2 0 0.35 0.66
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of the background electrolyte solution (blank) from that of 
 SiO2–BDAH or  SiO2–DGAH suspension [29, 30]

where CA and CB (mol/L) are the concentrations of acid and 
base added, respectively, ∆Qblank (mol/L) represents the con-
sumption or release of  H+ by side-reactions, ∆Qsolid (mol/L) 
and ∆QH(mol/g) represent the proton excess of  SiO2–BDAH 
or  SiO2–DGAH in different units, respectively, V (L) is 
the volume of aqueous solution, and m (g) is the mass of 
 SiO2–BDAH or  SiO2–DGAH.

Figure 5a, b illustrates the titration results of  SiO2–DGAH 
and  SiO2–BDAH at three ionic strengths (0.1, 0.01, and 
0.001 mol/L NaCl). The titration curve of  SiO2–DGAH 
and  SiO2–BDAH shows that surface charges consistently 
decreases with the increases of pH in different ionic strength 
solution and the slope of decline is not consistent. An inter-
section exists when the solution pH varies from low to high 
value at the three ionic strengths. The intersection is named 
as point of zero charge (PZC), and the PZC of  SiO2–BDAH 
and  SiO2–DGAH is about 4.25 as obtained from Fig. 5a, b. 
The surface charge of  SiO2–BDAH and  SiO2–DGAH is neg-
ative when pH is over 4.25 while is positive below 4.25. The 
ionic strength has an effect on the decline slope of surface 
charge. Figure 5a, b shows that the effect of ionic strength to 

(3)(CA − CB)susp = [H+] − [OH−] + ΔQsolid + ΔQblank

(4)(CA − CB)blank = [H+] − [OH−] + ΔQblank

(5)ΔQH = V∕m[(CA − CB)susp − (CA − CB)blank]

 SiO2–BDAH is greater than that of  SiO2–DGAH, indicating 
that ether bond group of  SiO2–DGAH has complicate effect.

Time dependency of the sorption process

The sorption of U(VI), Th(IV), and Eu(III) onto 
 SiO2–BDAH and  SiO2–DGAH was studied as a function 
of contact time to determine the corresponding equilibrium 
time. The effect of contact time on the removal of U(VI), 
Th(IV), and Eu(III) was presented in Fig. 6a–c, and the fit-
ting kinetic parameters of pseudo-second order was listed 
on Table 2. The pseudo-second order rate equation (6) was 
used to simulate the kinetic sorption [32, 33]:

where k (g mg−1 h−1) is the pseudo-second order rate con-
stant for the sorption, qt (mg g−1 of dry, mass) is the amount 
of U(VI), Th(IV), and Eu(III) sorbed on the surface of the 
adsorbent at time t (h), and qe (mg g−1 of dry mass) is the 
equilibrium sorption capacity. The k and qe values can be 
calculated from the slope and intercept. 

The sorption equilibrium time of U(VI), Th(IV), and 
Eu(III) onto  SiO2–DGAH is 3, 2, and 2 h, respectively, 
which takes longer time than that of other references [14, 
25, 26]. The equilibrium time of metal ions is about doz-
ens of minutes when the concentration of metal ions is 
tens of micrograms per liter, which is shorter than that in 
this study. Shusterman [17] found that the contact time is 

(6)
t

qt
=

1

kq2
e

+
t

qe

Fig. 5  Proton excess of  SiO2–
DGAH (a) and  SiO2–BDAH 
(b) as a function of pH at three 
ionic strengths
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about 2 h when the Eu concentration is 8 μmol/L. Hence, 
the equilibrium time of U(VI), Th(IV), and Eu(III) onto 
 SiO2–DGAH in this study is suitable for a concentration 
of about 2 × 10−4 mol/L. From Table 2, the sorption equi-
librium time of U(VI) and Th(IV) onto  SiO2–BDAH is 1.5 
and 2 h, respectively, which is almost same for  SiO2–DGAH. 
Moreover, the sorption equilibrium time of Eu(III) is about 
10 h, which is longer than that for  SiO2–DGAH. However, 
the sorption percent of Eu(III) slightly varies after 5 h from 
Fig. 6c, and perhaps, physical diffusion results to a slow 
sorption process.

The experimental results can be modeled by the pseudo-
second order model and fits the experimental data quite well 
for R2 values of over 0.999. The qe of U(VI), Th(IV), and 
Eu(III) onto  SiO2–BDAH is 4.05 × 10−5, 6.63 × 10−5, and 
2.29 × 10−5 mol/g, respectively, which is slightly lower for 
 SiO2–DGAH.  SiO2–DGAH has ether bond, indicating more 
sorption sites than  SiO2–BDAH. The order of U(VI), Th(IV), 
and Eu(III) sorption amount is Th(IV) > U(VI) > Eu(III), 
which is the same for the two adsorbent.

Effect of pH

The sorption percentage of U(VI), Th(IV), and Eu(III) onto 
 SiO2–BDAH and  SiO2–DGAH as a function of pH are 
shown in Fig. 7a–c. The sorption of U(VI) onto  SiO2–BDAH 
and  SiO2–DGAH dealt a sharp increase in sorption percent-
age from 5 to 90% of the added U(VI) concentration between 
pH 2–4 at m/V = 2.5 g/L from Fig. 7a. The sorption amount 
of U(VI) onto  SiO2–DGAH is slightly higher than that of 
 SiO2–BDAH at pH < 3.5 but is the reverse at pH > 3.5. From 
Fig. 7b, the sorption edge of Th(IV) onto  SiO2–BDAH from 
0 to 98% of the added Th(IV) concentration arises between 
pH 1.5–3 at m/V = 2.5 g/L. However, the sorption curve of 
Th(IV) onto  SiO2–DGAH has a sorption platform at 70% for 
pH 2.5–4. The sorption curve of Eu(III) onto  SiO2–BDAH 
and  SiO2–DGAH are shown on Fig. 7c. The sorption edge of 
Eu(III) onto  SiO2–BDAH from 0 to 98% of the added Eu(III) 
concentration appears between pH 2.5–4.5 at m/V = 5.0 g/L. 
From Fig. 7c, the sorption of Eu(III) onto  SiO2–DGAH has 
a higher increase at low pH with a weaker sorption at high 
pH than that onto  SiO2–BDAH. The sorption percentage 
of U(VI), Th(IV), and Eu(III) onto  SiO2–DGAH is higher 
than that onto  SiO2–BDAH at low pH, but is the reverse at 

Fig. 6  Effect of time on the sorption of U(VI) (a), Th(IV) 
(b), and Eu(III) (c) onto  SiO2–DGAH and  SiO2–BDAH. a 
C(UO2

2+)0 = 1.88 × 10−4  mol/L, m/V = 2.5  g/L, C(Na+) = 0.1  mol/L, 
T = 25 ± 2  °C, pH = 3.1 ± 0.1  (SiO2–DGAH), pH = 3.0 ± 0.1 
 (SiO2–BDAH). b C(Th4+)0 = 2.48 × 10−4  mol/L, m/V = 2.5  g/L, 
C(Na+) = 0.1  mol/L, T = 25 ± 2  °C, pH = 2.5 ± 0.1. c 
C(Eu3+)0 = 2.00 × 10−4  mol/L, m/V = 5  g/L, C(Na+) = 0.1  mol/L, 
T = 25 ± 2 °C, pH = 2.6 ± 0.1  (SiO2–DGAH), pH = 3.6 ± 0.1  (SiO2–BDAH)

Table 2  Kinetic parameters for 
 UO2

2+,  Th4+, and  Eu3+ sorption 
onto modified  SiO2

SiO2–BDAH SiO2–DGAH

U Th Eu U Th Eu

pH 3.0 ± 0.1 2.5 ± 0.1 3.6 ± 0.1 3.1 ± 0.1 2.5 ± 0.1 2.6 ± 0.1
Equilibrium time/h 1.5 2 10 3 2 2
qmax (× 10−5 mol/g) 4.05 6.63 2.29 4.90 7.20 2.34
K (g mg−1 h−1) 4.57 11.22 4.57 3.13 14.58 3.12
R2 0.9997 0.9995 0.9991 0.9999 0.9995 0.9999
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high pH according to Fig. 7a–c. The sorption process of 
U(VI), Th(IV), and Eu(III) is very sensitive to pH for the 
sorbents of  SiO2–BDAH and  SiO2–DGAH contain acidic 
functional moieties (-COOH) on the surface of silica gel 
and cation exchange reaction could take place. However, the 
 SiO2–DGAH surface has an ether bond, which complicates 
to the metal ion sorption. From Fig. 3a, the titration curves 
of  SiO2–DGAH under the three ionic strengths are very intri-
cate. Hence, it is easy to understand complicated sorption 

behavior the U(VI), Th(IV), and Eu(III) onto  SiO2–DGAH. 
In short,  SiO2–BDAH has high sorption amount and simple 
sorption process comparing to  SiO2–DGAH at weak acid 
condition.

Effect of temperature and sorption isotherm 
model‑fitting

The sorption isotherms of U(VI) and Th(IV) at 298, 318, and 
338 K and Eu(III) at 298, 308, and 318 K onto  SiO2–BDAH 
are shown in Fig. 8a–c. The pH values of the suspension has 
little variation when the sorption experiments for U(VI), 
Th(IV), and Eu(III) began and finished. The solution pH 
labelled on Fig.  8 is the value when sorption finished. 
The sorption isotherms of Ce~ qe are linear according to 
Fig. 8a–c. The linear isotherm indicates the partitioning of 
the solutes from the liquid to solid surface. The Freundlich 
model is linear on a log–log graph and is often regarded 
as an empirical relationship describing the sorption of sol-
utes from a liquid to a solid surface (see formulae 7, 8). 
The Langmuir model assumes no interaction between the 
adsorbent molecules and a monolayer sorption process (see 
formula 9). Generally, the Freundlich model is more suitable 
for large sorption percentages than the Langmuir model

where qe is the amount of U(VI), Th(IV), and Eu(III) 
sorbed per mass unit of  SiO2–BDAH (mol/g), n and KF, KL 
are empirical constants, and qmax is the saturated amount 
(mmol/g). The relative parameters of the Freundlich and 
Langmuir model fitting for the U(VI), Th(IV), and Eu(III) 
sorbed onto  SiO2–BDAH are listed in Table 3. The R2 for the 
Langmuir and Freundlich isotherms are over 0.92 for U(VI) 
and Eu(III) onto  SiO2–BDAH but is very low for Th(IV) 
sorption for the Freundlich isotherm. Hence, the sorption 
process of U(VI), Th(IV), and Eu(III) can be described by 
the Langmuir model, which indicates a monolayer sorption 
onto  SiO2–BDAH. The qmax of U(VI), Th(IV), and Eu(III), 
obtained from the Langmuir model (see Table 3) increases 
with increased temperature. The qmax at 298 K is the same 
as the qe obtained from the pseudo-second order model (see 
Table 2). Suneesh [14] obtained the Eu(III) sorption capac-
ity of  SiO2–DGAH of 3.2 × 10−5 mol/L at pH = 2, which is 
consistent with this study. Hence,  SiO2–BDAH has a good 
characteristic to sorb Eu(III) compared with  SiO2–DGAH 
and has a better sorption capacity for U(VI) and Th(IV) than 
Eu(III). Juère [37] found that sorption capacity to Eu(III) 

(7)qe = KFC
1∕n
e

(8)log qe = logKF + 1∕n logCe

(9)
Ce

qe
=

1

qmaxKL

+
Ce

qmax

Fig. 7  Effect of pH on the sorption of U(VI) (a), Th(IV) 
(b), and Eu(III) (c) onto  SiO2–DGAH and  SiO2–BDAH.  a 
C(UO2

2+)0 = 1.88 × 10−4 mol/L, m/V = 2.5  g/L, C(Na+) = 0.1  mol/L, 
T = 25 ± 2  °C, t = 3  h  (SiO2–DGAH), t = 2  h  (SiO2–BDAH).  b 
C(Th4+)0 = 2.48 × 10−4  mol/L, m/V = 2.5  g/L, C(Na+) = 0.1  mol/L, 
T = 25 ± 2  °C, t = 2  h  (SiO2–DGAH), t = 3  h  (SiO2–BDAH).  c 
C(Eu3+)0 = 2.00 × 10−4  mol/L, m/V = 5  g/L, C(Na+) = 0.1  mol/L, 
T = 25 ± 2 °C, t = 3 h  (SiO2–DGAH), t = 48 h  (SiO2–BDAH)
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is about 22, 25, and 26  mg/g for DGA-functionalized 
mesoporous silica SBA15(80), SBA-15(130), and MCM-
41, respectively, which is several times higher than our 
reported values. The reason could be attributed to its small 
pore sizes of MCM-41 and large surface area. The pore size 
of  SiO2–DGAH in this article is 10.1 nm, which is higher 
than that of mesoporous silica. The low adsorption capacity 
is reasonable.

Sorption thermodynamics of U(VI), Th(IV), 
and Eu(III) onto  SiO2–BDAH

The thermodynamic parameters (∆H0, ∆S0, and ∆G0) for 
U(VI), Th(IV), and Eu(III) sorption onto  SiO2–BDAH can be 
determined from the temperature dependence. The free energy 

Fig. 8  Sorption isotherms of U(VI) (a), Th(IV) (b), and Eu(III) 
(c) onto  SiO2–BDAH at different temperatures and Linear fit of 
lnKd versus Ce using the sorption isotherms of U(VI) (d), Th(IV) 
(e), and Eu(III) (f) on  SiO2–BDAH.  a U(VI): m/V = 2.5  g/L, 

C(Na+) = 0.1 mol/L, pH = 2.8 ± 0.1, t = 2 h.   b Th(IV): m/V = 2.5 g/L, 
C(Na+) = 0.1 mol/L, pH = 2.1 ± 0.1, t = 3 h.  c Eu(III): m/V = 5.0 g/L, 
C(Na+) = 0.1 mol/L, pH = 3.9 ± 0.1, t = 48 h

Table 3  Parameters evaluated 
using Freundlich and Langmuir 
isotherms for U(VI), Th(IV), 
and Eu(III) sorption onto  SiO2–
BDAH at different temperatures

Metal ions pH Tempera-
ture (K)

Freundlich isotherm Langmuir isotherm

logKF 
[(mol/g)/
(mol/L)1/n]

n R2 KL (g/L) qmax (mol/g) R2

UO2
2+ 2.8 ± 0.1 298 − 2.46 1.32 0.9712 0.36 5.10 × 10−5 0.9681

318 − 2.26 1.81 0.9869 0.39 7.91 × 10−5 0.879
338 − 1.55 1.89 0.928 0.93 11.10 × 10−5 0.9222

Th4+ 2.1 ± 0.1 298 − 4.24 147.06 0.0067 1.21 5.06 × 10−5 0.9477
318 − 4.04 14.25 0.2993 6.82 5.13 × 10−5 0.979
338 − 3.39 3.78 0.7615 77.52 5.48 × 10−5 0.9926

Eu3+ 3.9 ± 0.1 298 − 2.6 2.01 0.9246 0.99 3.44 × 10−5 0.9869
308 − 2.12 1.71 0.9793 0.98 5.13 × 10−5 0.9315
318 − 1.30 1.42 0.9918 1.96 8.37 × 10−5 0.9802
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changes (∆G0) can be calculated from the following relation-
ship [31, 32]:

where R is the universal gas constant (8.3145 J mol−1 K−1), 
T is the absolute temperature (K), and K0 is the sorption 
equilibrium constant. K0 is obtained by plotting lnKd versus 
Ceq and extrapolating Ceq to zero at different temperatures 
(Fig. 8d–f). Its intercept with the vertical axis gives the value 
of lnK0. The lnK0 obtained from Fig. 8d–f at the three tem-
peratures is listed in Table 4. Standard entropy changes (∆S0) 
are calculated using the following Eq. (11):

The average standard enthalpy change (∆H0) is then calcu-
lated from the following relationship (12):

The thermodynamic data calculated from Eqs. (10)–(12) 
listed in Table  4. The positive enthalpy change (∆H0) 
indicates the sorption of U(VI), Th(IV) and Eu(III) onto 
 SiO2–BDAH is endothermic, and a high temperature is 
good for the sorption process. The ∆H0 of U(VI) and Eu(III) 
sorption increases when the temperature increases but is the 
reverse for Th(IV) sorption. The Th(IV) sorption process 
has probably a different mechanism for its high charge than 
U(VI) and Eu(III). The positive ∆S0 for U(VI), Th(IV) and 
Eu(III) sorption onto  SiO2–BDAH varies with temperature 
change, and a higher temperature results to a higher ∆S0 
except for the Th(IV) sorption. A weak effect of temperature 
to Th(IV) sorption onto  SiO2–BDAH was observed for ∆S0 
and ∆H0 that varied slightly. The negative ∆G0 for U(VI), 
Th(IV) and Eu(III) sorption onto  SiO2–BDAH suggests that 
the sorption is spontaneous. ∆G0 becomes more negative 
with increased temperature, which indicates that more effi-
cient sorption occurs at high temperatures.

(10)ΔG = −RT lnK0

(11)
(

�ΔG0

�T

)

P

= −ΔS0

(12)ΔH0 = ΔG0 + TΔS0

Desorption Performance Study

The effect of eluent concentration on U(VI), Th(IV), and 
Eu(III) desorption from  SiO2–BDAH on was investigated. 
As shown in Fig. 9, diluted  HNO3 is very effective regener-
ate for organic sorbents, on account of carboxyl on the sorb-
ent would be responsible for the sorption of U(VI), Th(IV), 
and Eu(III) while the process is very sensitive to pH. The 
0.02 mol/L  HNO3 shows a better performance in the des-
orption of U(VI), Th(IV), and Eu(III), indicated that ionic 
exchange reaction is easy to happen between hydrogen ion 
and U(VI), Th(IV), and Eu(III) [38]. Desorption is a fast 
process and finished in 2 h.

Table 4  Thermodynamic 
functions for the sorption of 
U(VI), Th(IV), and Eu(III) 
onto  SiO2–BDAH at different 
temperatures

Metal ions Tempera-
ture (K)

lnK0 (mL/g) R2 ∆G (kJ/mol) ∆S (J/mol K) ∆H (kJ/mol)

UO2
2+ 338 6.68 0.924 − 18.78 165.28 37.12

318 5.85 0.8807 − 15.47 109.82 19.47
298 5.81 0.9677 − 14.39 54.36 1.82

Th4+ 338 7.86 0.9724 − 22.08 134.67 23.44
318 7.34 0.9641 − 19.34 145.79 26.97
298 6.56 0.9365 − 16.26 156.91 30.51

Eu3+ 318 7.52 0.9431 − 19.89 255.86 61.47
308 6.77 0.8127 − 17.33 178.04 37.5
298 6.59 0.9657 − 16.33 100.22 13.54
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Fig. 9  Effect of the eluent concentration on the desorption of U(VI), 
Th(IV), and Eu(III) onto  SiO2–BDAH. C(UO2

2+)0 = 2.0 × 10−4 mol/L, 
m/V = 2.5  g/L, C(Na+) = 0.1  mol/L, pH = 5.0 ± 0.1, T = 25 ± 2  °C, 
t = 2  h; C(Th4+)0 = 2.0 × 10−4  mol/L, m/V = 2.5  g/L, 
C(Na+) = 0.1  mol/L, pH = 3.0 ± 0.1, T = 25 ± 2  °C, t = 2  h; 
C(Eu3+)0 = 2.0 × 10−4  mol/L, m/V = 2.5  g/L, C(Na+) = 0.1  mol/L, 
pH = 5.0 ± 0.1, T = 25 ± 2 °C, t = 2 h
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Sorption Selectivity

Based on the presence of a variety of metal ions in radioac-
tive wastewater, it is necessary for sorbents to have high 
selectivity for U(VI), Th(IV), and Eu(III). As shown in 
Fig. 10,  SiO2–BDAH exhibits good adsorption selectivity for 
U(VI), and Th(IV) when shaking time is 1 or 24 h, with the 
presence of multiple ions. Eu(III) experiences weaker sorp-
tion, but still stronger than all the foreign ions. Under 1 h 
contact time,  SiO2–BDAH shows high selectivity except for 
Pb(II). After 24 h, its selectivity weakens through the long-
term contact by making adsorption to Ca(II), Sr(II), Cs(I) 
and Zn(II) but the sorption capacities for U(VI) and Th(IV) 
are still the highest of all. According to Fig. 10,  SiO2–BDAH 

can extract U(VI), and Th(IV) almost completely and Eu(III) 
partially from radioactive wastewater in weak acidic condi-
tion through short-time contact.

The adsorbents from previous work are compared with 
 SiO2–BDAH in Table 5 by their sorption capacities (qmax) 
and their corresponding experimental pH values as a vital 
parameter. It is obvious that  SiO2–BDAH has a larger sorp-
tion capacity for U(VI) and Th(IV) than unmodified  SiO2 at 
lower pH, while a lower sorption capacity for Eu(III) than 
other modified  SiO2 adsorbents. Overall,  SiO2–BDAH is an 
excellent sorbent, which could be used to remove U(VI), 
Th(IV), and Eu(III) together through short-time contact from 
aqueous solutions.

Conclusion

Our work aimed at exploring more sorbent, which is cheap, 
involves simple synthesis, and has good sorption char-
acteristic. From our results,  SiO2–BDAH has the same 
structure and sorption behavior for U(VI), Th(IV), and 
Eu(III) as  SiO2–DGAH. The equilibrium sorption time for 
U(VI) and Th(IV) onto  SiO2–BDAH is 2 and 3 h, respec-
tively and that for Eu(III) is 10 h. The sorption percentage 
of U(VI), Th(IV), and Eu(III) onto  SiO2–BDAH is lower 
for  SiO2–DGAH at low pH but is the reverse at high pH. 
The sorption process of U(VI), Th(IV) and Eu(III) can be 
described by the Langmuir model, and the sorption capacity 
of U(VI), Th(IV) and Eu(III) is 5.10 × 10−5, 5.06 × 10−5, and 
3.44 × 10−5 mol/L at 298 K, respectively. The enthalpy and 
entropy changes are all positive, and the free energy change 
is negative. Hence, the sorption reaction is spontaneous and 
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Fig. 10  Selectivity of U(VI), Th(IV), and Eu(III) onto  SiO2–BDAH. 
[M] = 1 × 10−5 mol/L, m/V = 5 g/L, pH = 3.0 ± 0.1, T = 25 ± 2 °C

Table 5  Comparison of the 
adsorption capacity of U(VI), 
Th(IV), and Eu(III) with other 
adsorbents reported in the 
literatures

Ion Sorbent pH Adsorption capacity 
(mg/g)

Refs.

U(VI) SiO2–BDAH 2.8 ± 0.1 12.14 This work
Sulfonated silica 1.5–2.2 73.8 [39]
Unmodified  SiO2 4.24 1.25 [40]
Modified activated carbon 5.0 20 [41]
Unmodified silica gel 5.5 16.66 [42]

Th(IV) SiO2–BDAH 2.1 ± 0.1 11.84 This work
Modified benzophenone 6.0–6.5 1.1 [43]
Sulfated-b-CD@NAA 2.5 12.77 [44]
Perlite 4.5 36.2 [45]

Eu(III) SiO2–BDAH 3.9 ± 0.1 5.23 This work
DGSR-I 3 M  HNO3 10.4 ± 0.1 [26]
SBA/EnSA 4 15 [46]
Si–DGAH 3 8.2 [14]
Modified silica nanoparticles 5.5 7.69 [7]
DGA-SBA 1 M  HNO3 57.6 [17]
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is advantageous when temperature increase. U(VI), Th(IV), 
and Eu(III) can be desorbed from  SiO2–DGAH easily using 
0.02 mol/L nitric acid.  SiO2–BDAH is an effective sorbent, 
which extracts U(VI), and Th(IV) completely and quickly in 
the presence of multiple ions.
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