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Abstract The raw sodium feldspar (RSF) is activated
with the concentrated sulfuric acid solution and the acid
activated sodium feldspar (AASF) is obtained. The results
obtained from the mercury intrusion method show that the
acidification can increase the porosity and the specific
surface area. The effects of the initial pH, contact time and
ambient temperature on the adsorption of U(VI) ions are
investigated in a batch process. The adsorption efficiency
amounts to the highest at pH 6 and the adsorption equi-
librium is reached in 600 min. The pseudo-second-order
model is found to be more suitable for the adsorption
process than the pseudo-first-order model and intra-particle
model, indicating that the chemical adsorption is the pre-
dominant step for the adsorption process. Langmuir model
is found to describe the adsorption process better than
Freundlich model. This proves that the main form of U(VI)
ions attached to RSF and AASF is the monolayer coverage.
The thermodynamic parameters prove that the adsorption
process is a spontaneous endothermic one. It was also
found that acid activated treatment can help increase the
adsorption rate and capacity. The results show that RSF
and AASF can be used as a novel low cost adsorbent for
removal of U(VI) ions from the low concentration aqueous
solution.
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Introduction

U(VID) ions are the predominant toxic metal ions in the
wastewaters produced by the uranium mining and hydro-
metallurgy. U(VI) ions can transport and accumulate into
human body through the food chain and ultimately lead to
radiation damage and even death [1]. The conventional
techniques have been found to be economically inefficient
and environmentally unfriendly when they are used for
dealing with the wastewaters in low concentration of U(VI)
ions [2, 3]. Therefore, efforts are turning to low-cost and
high efficiency approaches to overcome these challenges.
Breakthroughs have been made on using mineral materials
as adsorbents for the removal of the U(VI) ions from
aqueous solution. Natural sepiolite [4] and thermally acti-
vated bentonite [S] have been reported to have 96 and
66.2 % of the adsorption efficiency. Kaolin [6], diatomite
[7] and attapulgite [8] have also been reported to have 76,
97 and 95 % of the adsorption efficiency. These materials
have been found to have high specific surface areas and
good adsorption properties [9].

However, the feldspar for the adsorption of heavy metals
has not attracted enough attention even though it is a rich
diagenetic mineral [10]. Albite has been found to have only
58 % adsorption efficiency for U(VI) ions [11]. The two
possible binding modes between the feldspar and U(VI)
ions have been proposed [12] and the diffusion of U(VI)
ions on the feldspar surface has been found to be a pref-
erential process [13]. Moreover, the minerals are cheap and
abundant and do not substantially cause new pollution
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when used for the removal of U(VI) ions from aqueous
solution.

Some researchers have found that the acidification
treatment of these minerals can help improve their surface
properties and increase their specific surface areas [14, 15].
Acidified clays have been used to remove U(VI) [6, 16],
lead [17], chromium [18], Ni(IT) [19] and Cu(II) [20] etc.
The researchers believed that the acidification treatment
would make H" easily exchange with some cations in the
crystal structure [17] and can contribute to producing the
negative charge on the surface to enhance the adsorption
capability for cations [21]. Nevertheless, few reports have
focused on the modified sodium feldspar with inorganic
acid and its application in the adsorption of U(VI) ions
from low concentration aqueous solution. In the present
work, the adsorption of U(VI) ions from low concentration
aqueous solution by RSF and AASF was studied.

Experimental
Materials
Adsorbents

Raw sodium feldspar (RSF) powders for this study were
purchased from Yuyuan Mineral Processing Company
(China). The AASF was prepared using the method below.
First, 10 g of the sample powders and 100 mL of the
concentrated sulfuric acid solution were mixed in a
500 mL beaker. Then the beaker was kept being stirred and
heated for 6 h on a magnetic stirring apparatus. Finally, the
mixture was filtered and washed repeatedly with double-
distilled water and then dried in oven for use.

Adsorption studies and calculation

RSF and AASF were used to adsorb U(VI) ions from
aqueous solution in the shaker bath at a speed of 200 rpm.
The initial concentration of the solution was set to
0.5 mg L™ when the effects of the solution pH and contact
time on the adsorption of U(VI) ions were investigated.
The pH of the solutions was adjusted to the required value
from 3 to 8. And 0.1 g adsorbent and 50 mL of uranium
solution were added into a 150 mL Erlenmeyer flask and
the flask was immediately put in the shaker and kept being
shaken at 30 °C for a period of time. When the equilibrium
was investigated, the initial concentration of U(VI) ions
was set to 0.1-1 mg L™". When the thermodynamic studies
were conducted, the temperature for the shaker bath was
set to 15-45°C. After each adsorption experiment
was completed, the solution was centrifuged and the
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concentration of U(VI) ions in the supernatant solution was
determined by WGIJ-III type trace uranium analyzer.

The pseudo-first-order model, pseudo-second-order
model and intra-particle model were given below to estimate
the adsorption kinetics of U(VI) ion onto RSF and AASF:

kit
23,023

log(ge — g1) = log(ge) —

t 1 1

9% kgt qe

gt = ki - 1'/?

where ¢, and ¢, are the adsorption capacities (mg g~ ') of
uranium at equilibrium and time #, respectively; k; (min_l),
ko (g mg_1 min~ ') and k; (g mg_1 min~"?) are the pseudo-
first-order model, pseudo-second-order model and intra-
particle model rate constants, respectively.

The Langmuir and Freundlich adsorption isotherms
were used to model the experimental data.

11 +< 1 ) 1
qe Gmax QmaxKL Ce

1
log g. = log K + —1log Ce
n

where gn.x 1S the maximum amount (mg gfl) of mono-
layer adsorption; K; (L mg™") is the Langmuir equilibrium
constant; Kg (mg gfl) and n are the Freundlich constants
indicating the capacity and intensity of adsorption,
respectively.

The thermodynamic parameters including AH®, AG°
and AS° can be determined by fitting the experimental data
from 288 to 318 K to the following equations:

ASO  AHC 1
InKj=— ———
R R T
AG®° = AH®° — TAS®
e
Ki=2=
d Ce

where AH° Jmol™"), AS° JK™' mol™!) and AG®
(J mol™") are the enthalpy, entropy and Gibbs free energy,
respectively; R (8.314 J mol™' K™') is the ideal gas con-
stant and 7 (K) is the thermodynamic Kelvin temperature;
K is the equilibrium distribution coefficient.

Selective adsorption studies

Taking into account the practical application of the
adsorbent in wastewater, the selective adsorption of U(VI)
ions by RSF and AASF was studied in a mixed solution
comprising a plurality of metal ions (KT, Ca®", Mg",
Cu®" and Pb®"), which they occur generally in most



J Radioanal Nucl Chem (2014) 299:1903-1909

1905

effluents. The initial concentration of these metal ions is
selected to be 5mgL~" and the selective adsorption
experiment was carried out under the optical conditions.
The residual concentration of metal ions in the solution was
detected by WYX-420 atomic absorption spectrophotom-
eter. The following equations are used to calculate the
U(VD) ions distribution coefficient (D) and selectivity
adsorption coefficient (K):

D— (Co—Ce)V
C.W
Dy
K =
U(VI)/M Dut

where Cy and C, are the initial concentration and equilib-
rium concentration, (mg Lfl); V and W are the solution
volume and the adsorbent dosage, respectively; D (L g~ ')
represents the distribution ratio between the mass concen-
tration of metal ion adsorbed onto the adsorbent and the
residual mass concentration in the solution at equilibrium.

Characterization of samples

The PoreMaster-60 mercury porosimentry analyzer with
the pore size distribution range of 950-0.0036 um from
Quantachrome Instruments (America) was used to analyze
the pores of the sample before and after acidification. The
surface tension and the mercury contact angle were set to
480.0 mN m~' and 140.0°, respectively. The surface
morphology was characterized using JSM-6360LV scan-
ning electron microscope (SEM). Infrared absorption
spectra of the samples were measured in the range
4,000-400 cm ™' using IRPrestuge-21 infrared spectrome-
ter made in Japan with resolution of +4 cm™' to get the
information on functional groups.

Results and discussion
Material characterization

The measured parameters for the pore structure of RSF and
AASF are listed in Table 1. The results show that the
acidification can increase the porosity and the specific
surface area. This may be that some cations have been lost
and other organic impurities have been carbonized, which

may help enhance the diffusion and transport of U(VI) ions
from the aqueous solution to the interior of the sample [13].

The Fourier transform infrared (FT-IR) spectrometer
was employed to analyze the groups in the AASF before
and after adsorption. As shown in Fig. 1 the peaks at
3473.80 and 3238.48 cm ™! represent the stretching vibra-
tion of O-H bond from the silanol groups (Si-OH) and
water molecules (H-OH), respectively. And the bending
vibration of O—H at 1639.49 and 1616.35 cm™' provides an
evidence for the existence of water molecules in the crystal
texture. The stretching vibration at 1598.99 cm™' is
assigned to Si—O-Si groups. The two peaks at 775.38 and
727.16 cm™ ' are the characteristic peak spectra of quartz.
The peaks at 644.22 and 428.2 cm™' are related to the
stretching vibration and bending vibration of Al-O-Si
groups, respectively. As shown in Fig. 1, the Si—O-Si and
Al-O-Si groups have shifted from 644.22 to 622.88 cm™ ',
respectively. The O-H stretching vibration bands have
shifted from 3473.80 and 3238.48 to 3469.94 and
3462.22 cm™ !, respectively. It can be seen clearly from
figure that the adsorption strength of hydroxyl groups has
decreased greatly, indicating that the —OH group plays an
important role in the formation of U-bond [22]. Thus, it is
evident that the U(VI) adsorption onto AASF is likely to
form the monodentate complexes or bidentate complexes
as follows:

=Si0O"H" + UO,>" — =Si0 — UO,*" + HT
=Si0O"H' + UO,*" — =(Si0),=U0, + 2H"

The SEM images of RSF (a) and AASF (b) samples are
presented in Fig. 2. The figure shows that acid treatment
makes the surface of the sample becomes loose and inflate.
Many cracks appear on the surface and extend to the
internal.

Effect of initial pH

Figure 3 show the variation of the adsorption efficiency for
U(V]) ions with the initial pH of the solution It can be seen
that, as the pH increases from 3.0 to 6.0, the adsorption
efficiency keeps on rise and that, when the pH increases
from 6.0 to 8.0, the adsorption efficiency keeps on decrease.
The adsorption efficiency of RSF and AASF for U(VI) ions
reach the maximum at pH 6.0, Moreover, it was clearly
found that the adsorption efficiency of AASF is greater than

Table 1 Parameters for RSF and AASF from the mercury intruded method

Specific surface
area (m? g_l)

Throat (pore ratio)

Pore tortuosity

Permeability (m?) Porosity (%)

RSF 1.3755
AASF 2.0517

0.5974
7.0814

1.7444
1.6159

1.14-1.307 x 10718
9.86-12.21 x 107'°

42.97
55.34
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that of RSF at the same pH condition, indicating that the
acid activated treatment is conducive to increasing the
adsorption of U(VI) ions from the aqueous solution. At the

T (%)

1 1 1 L I L 1 I

4000 3600 3200 2800 2400 2000 1600 1200 800 400
-1
Wavenumbers (cm )

Fig. 1 FT-IR spectra of AASF before and after adsorption

H3» BEE < Sweh @688 12 49 BES

Fig. 2 SEM images of RSF (a) and AASF (b)
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low pH value, the molecular repulsion with H;O" ions
having occupied some free sites prevents the UO,>" ions
from approaching the sites. With the increase of pH, UO,*"
ions also begin to hydrolyze [23] and form a variety of
complexes [7, 24], including UO,(OH), (UO,),(OH)*™,
(UO,)3(OH)Y, UO,CO;, and UO,(CO5)i™ etc. These spe-
cies can be adsorbed according to the surface complexation
theory [25, 26]. However, the electrostatic force and ion-
exchange actions between those neutral and negatively
charged species and the two adsorbents will reduce. As a
result, the most suitable initial pH for the solution is 6.0.

Adsorption kinetics

Figure 4 shows the variation of the adsorption capacity
with contact time onto raw sodium feldspar and acid

90

80

70

60

50 -

Adsorption efficiency (%)

30

pH

Fig. 3 Effect of the initial pH value on the adsorption of U(VI) by
RSF and AASF. Adsorbent dosage, 0.1 g; water sample volume,
50 mL; initial U(VI) concentration, 0.5 mg L~!; ambient tempera-
ture, 30 °C; contact time, 10 h
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Fig. 4 U(VI) adsorption kinetics onto RSF and AASF. Adsorbent

dosage, 0.1 g; water sample volume, 50 mL; initial U(VI) concen-
tration, 0.5 mg L pH, 6.0; ambient temperature, 30 °C
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Table 2 Kinetics model constants for U(VI) adsorption onto RSF and AASF at 30 °C

First-order kinetic model

Second-order kinetic model

Intra-particle diffusion model

ky (minfl) R? qe (cal) (mg gfl) ky (g mg71 minfl) R? qe (cal) (mg gfl) k; (mg 5(1 minfO'S) R?
RSF 0.0013 0.816 0.085 0.332 0.998 0.189 0.0025 0.843
AASF 0.0028 0.840 0.052 0.309 0.994 0.223 0.003 0.818

0.25

ge(mgg")

0.10 -

0.05

L 1 L 1 L ! L

00 01 0.2 03 04 05 06
-1
Ce(mgL")

Fig. 5 U(VI) adsorption isotherms onto RSF and AASF. Adsorbent
dosage, 0.1 g; water sample volume, 50 mL; pH, 6.0; ambient
temperature, 30 °C; contact time, 10 h

activated sodium feldspar. A comparison of the two curves
indicates that AASF sample exhibit faster adsorption rate
and larger adsorption capacity than RSF sample, suggest-
ing that acid activation process increase the diffusion
channel and also increase the amount of the active sites.
Whereas the mass transfer resistance is on the rise due to
the increase of repulsion between adsorbate molecules and
the decreases of the concentration gradient [27]. The
related parameters of the pseudo-first-order model, pseudo-
second-order model and intra-particle model are listed in
Table 2. The fitting correlation coefficients show that
pseudo-second-order kinetic model is more suitable for
describing the adsorption process, suggesting that the
chemical adsorption is the predominant step for the
adsorption process [28].

Adsorption isotherm

Figure 5 shows the U(VI) ions adsorption isotherms onto
RSF and AASF from the low concentration aqueous solu-
tion. The correlation coefficients for Langmuir and Fre-
undlich isotherm models are listed in Table 3. The results
demonstrate that Langmuir model can well delineate the
U(VI) adsorption process by RSF and AASF because of the
higher correlation coefficient, and that the adsorption of
U(V]) ions onto RSF and AASF is probably the monolayer

Table 3 Langmuir and Freundlich isotherm constants for U(VI)
adsorption onto RSF and AASF at 30 °C

Langmuir isotherm model Freundlich isotherm model

G KL R? Kg n R?
mggH (@Lmgh (mgg™")
RSF 0314 7.52 0.991 0.104 1.992 0.795
AASF  0.346 11.418 0.972  0.369 2.544 0.784
1.8
1.6
14
1.2
~ 10}
o
=2 o0sh
o
5 o6}
04+
02
0.0
3.10 3.‘15 3.‘20 3.‘25 3.;0 3.;5 3.«"0 3,;5 350

1T x10° (K™

Fig. 6 Effect of temperature on the thermodynamic parameters for
the adsorption of U(VI) onto RSF and AASF

coverage. It also can be seen that the maximum amount of
adsorption of U(VI) ions by AASF is greater than that by
RSF, which indicates that acid treatment is contributed to
enhancing the adsorption capacity of RSF.

Thermodynamic studies

The fitting curve of InKy versus 1/T is plotted in Fig. 6.
AH® and AS° can be calculated from the slope and intercept
of the curve, respectively. The calculated thermodynamic
parameters for RSF and AASF are summarized in Table 4.
It can be seen from the table that AH® is positive, indicating
that the adsorption is endothermic process, that AS® is also
positive, indicating that the adsorption reaction at the
solid-liquid interface is an entropy-driven process and
advantageous, and that AG® is negative, indicating that
theadsorption of U(VI) ions by RSF and AASF process is a
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Table 4 Thermodynamic parameters for the adsorption of U(VI) onto RSF and AASF

AH® (kJ mol™!) AS° (k] K~! mol™h) AG® (kJ mol™!) R?
288 K 298 K 303 K 308 K 318 K
RSF 30.17 0.11 —0.02 —1.06 —1.58 —2.11 —-3.16 0.8799
AASF 40.29 0.14 —0.42 —1.83 —2.54 —3.24 —4.66 0.9471

Table 5 Selective adsorption properties of the RSF and AASF

Cations Distribution ratio Selectivity coefficient

(D, L gil) (Kueviym)

RSF AASF RSF AASF
Uo,** 0.61 1.88 1.0 1.0
K* 0.16 0.07 3.81 26.86
Ca** 0.06 0.17 10.17 11.06
Mg>* 0.02 0.03 30.05 62.67
Cu*t 0.36 0.07 1.69 26.85
Pb>* 0.36 0.08 1.69 23.5

spontaneous one in the natural environment. Moreover, it is
noticed that the value of AG® for AASF is less than that
value for RSF at the same temperature, which indicates that
acid activation favors to increase the degree of spontaneity.

Evaluation of the selective adsorption of U(VI) ions

The obtained results are shown in Table 5. It can be seen
clearly that the distribution ratios of AASF for U(VI) ions
was far greater than that of RSF, which means that acid
activated treatment can help more U(VI) ions load on the
adsorbent from the aqueous solution. Furthermore, the
selectivity coefficient of RSF and AASF for U(VI) ions is
greater than one and it is also found that the selectivity
coefficient of AASF for each individual metal ion is far
greater than that of RSF. Therefore, it is believed that RSF
and AASF have a good selectivity for adsorption of U(VI)
ions from a low concentration aqueous solution and the
acid activated treatment is contributed to enhancing the
selective adsorption of U(VI) ions.

Conclusions

The acidification treatment was found to enlarge the porosity
and the specific surface area. Many groups were found to
involve the adsorption but the —OH group was found to play a
more significant role. The adsorption efficiency was found to
depend on the initial pH of the solution and to reach the
highest at pH = 6. The adsorption kinetics was found to be
slow, taking 600 min to reach the equilibrium, the observed
adsorption kinetics data, to agree with the pseudo-second-
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order model, and the adsorption, to be dominated by chem-
ical adsorption. Langmuir model was found to describe the
adsorption process better than Freundlich model, indicating
that the adsorbed uranium was in the form of monolayer
coverage. The results also proved that AASF has faster
adsorption rate and higher adsorption capacity than that of
RSF. The adsorption was proved to be a spontaneous endo-
thermic process. RSF and AASF performed a good selective
adsorption of U(VI) ions from a low concentration aqueous
solution and the acid activated treatment was found to be
contributed to enhancing the selectivity.
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