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AbstractUranium (VI), as a toxic contaminant, is a potential detriment to human health and environmental safety.
In this experiment, carboxymethyl cellulose/Ca-rectorite composite material (Ca-REC/CMC) was prepared by cross-
linking reaction to remove U(VI) from the liquid. The crystal structure was detected by X-ray diffraction (XRD) and
surface structure and morphology of the materials were investigated by scanning electron microscopy (SEM). The sur-
face functional groups of prepared materials were detected by Fourier transform infrared spectroscopy (FT-IR). The
adsorption capacity of Ca-REC/CMC improved obviously after being modified by CMC. The adsorption capacity of
Ca-REC/CMC was closely related to ionic strength and pH. According to thermodynamic parameter calculation, the
adsorption process was endothermic and spontaneous. Adsorption isotherms could be depicted perfectly by the Lang-
muir model. Ca-REC/CMC maintained stability and regeneration after recycling six times. The adsorption mechanism,
including electrostatic interactions and ionic interaction, was investigated by the X-ray photoelectron spectroscopy
(XPS). Ca-REC/CMC is considered as remarkable potential material for removing U(VI) from the water environment.
Keywords: Ca-REC Hybrid Composites, Carboxymethyl Cellulose (CMC), U(VI), Adsorption Mechanism

INTRODUCTION

Pollution from heavy metals has attracted worldwide attention.
According to an International Energy Agency (IEA) investigation,
more than 40% of the energy will come from the global nuclear
industry by 2030, which will cause a rising demand for consump-
tion of U(VI) with long lifetime (t1/2=4.51×109 years for U-238) [1].
At the same time, nuclear waste will inevitably be released into the
natural environment, bringing about various problems, including
radiation and high toxicity to human health (kidney and liver
damage, and death eventually) and other species (such as in the
Fukushima nuclear leak) [2-4]. Therefore, U(VI) is necessarily to
be separated and recovered from aqueous solutions before getting
into the environment, which is not only beneficial to the nuclear
power development, but also is propitious to human health and
environmental security [5]. Different techniques containing chem-
ical precipitation, membrane filtration, adsorption, and ion exchange
have been used in enriching U(VI) from the water environment
and radioactive wastewater [6-9]. Amongst the techniques, adsorp-
tion is the most extensive and efficient method to remove U(VI)

from aqueous solution. It has high efficiency of adsorption, ease of
operation, wide range of materials sources at low prices, environ-
mental friendliness, and large scale application [10,11].

Clay, as a major environmental media, has been taken into U(VI)
enrichment from radioactive wastewater. However, natural clay
usually does not have excellent adsorption efficiency. For exam-
ples Wang et al. [12] used natural bentonite to adsorb U(VI) from
aqueous (qm=4.15-21.4 mg/g at 298-338 K). In recent years, clay
minerals have been modified by some techniques to improve ad-
sorption efficiency, which has become popular. Liu et al. [13] investi-
gated the performance of bentonite modified by polyaniline for
adsorption of U(VI) with qm=14.1-17.5mg/g at 293-333K. Ca-rec-
torite (Ca-REC), as a rare layered clay mineral, has expansiveness,
large surface area and high cation exchange capacity. Ca-REC as
substrate material could effectively adsorb Cr(VI) from aqueous
solution [14]. Wu et al. [15] reported that the Na-REC was modi-
fied by chitin and chitosan (CS) to get a composite material with
large specific surface area, which was beneficial to adsorbing tar-
get pollutions. CS with large quantity of amino and hydroxyl func-
tional groups is good for interaction with heavy metals.

An ideal adsorbent must possess high selectivity, adsorption
capacity, charming price, strong stability and reusability. In this arti-
cle, Ca-REC/CMC with high enrichment ability for U(VI) was pre-
pared by cross-linking reaction between Ca-REC and CMC. The
crystal form, surface morphology and the surface functional groups
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of Ca-REC/CMC were investigated by the XRD, SEM and FT-IR.
According to the adsorption tests with batch techniques, Ca-REC/
CMC had an exceptional performance for U(VI) adsorption from
simulated aqueous solutions. Furthermore, the adsorption mecha-
nism, including electrostatic interactions and ionic interaction, was
investigated by XPS.

MATERIAL AND METHODS

1. Materials
Ca-REC is native to Zhongxiang, Hubei Province, PR China.

Carboxymethyl cellulose sodium and -Propyl silane (KH-560)
(purity >99%) were obtained from Aladdin. All other chemicals
were reagent grade.
2. Preparation of Ca-REC/CMC

There are two steps to prepare Ca-REC/CMC. Hydroxylation
of Ca-REC: 25 mL H2O2, 5.0 g Ca-REC, and 50 mL deionized water
were added into 250 mL flask, the pH of solution was adjusted to
10 using Na2SiO3. After stirring 500 rpm/min for 7 h at 50 oC, the
suspension was filtrated and washed to neutral by deionized water,
then dried at 80 oC. Thus, hydroxylated Ca-REC was obtained.
Synthesis of Ca-REC/CMC: 0.1 g CMC was dissolved in 4 mL
1 mol/L NaOH solution and stirred 500 rpm/min for 1 h, then
1 mL KH-560 was added. The suspension was further stirred at
the same speed for 4 h and ultra-sounded for 30 min. At the end,
0.4 g hydroxylated Ca-REC was added and the suspension was
stirred at 500 rpm/min for 6 h. The composites were percolated
and washed to neutral by deionized water, then dried at 80 oC.
3. Characterization

To characterize the hydroxylated Ca-REC and synthesized Ca-
REC/CMC, the lattice shapes and surface functional groups of
materials were investigated by X-ray diffraction (XRD) analysis
with Cu K radiation and Fourier transform infrared spectroscopy
(FT-IR) with Mattson 1000, Unicam infrared spectrophotometer
at room temperature, respectively. The morphology of materials
was analyzed by the ZEISS Gemini 500 SEM microscope. The
Brunner-Emmet-Teller (BET) surface area was investigated by TriS-
tar II 3flex equipment using N2 adsorption/desorption isotherm.
The content and interaction of surface functional groups were
detected by X-ray photoelectron spectroscopy (XPS) with the peak
energy corrected with C 1s peak at 284.6 eV. The surface charge

characteristics of materials were obtained by the Malvern Zeta
sizer Nano ZS (England).
4. Batch Experiments

To investigate the property of enrichment of U(VI) by Ca-REC/
CMC, batch experiments were performed with various volumes of
0.5 g/L Ca-REC/CMC and 20 mg/L U(VI), which were mixed in
10 mL centrifuge tubes in the presence of 0.1 M NaCl solution at
T=293 K. Before solution containing U(VI) was added, the bulk
suspensions of Ca-REC/CMC and 0.1 M NaCl were blended for
24 h to achieve pre-equilibrium of salt with solid. The pH of solu-
tion was adjusted to 5 by adding small volume of HCl or NaOH
(0.01 or 0.1 mol/L). The reaction of solution was placed into oscil-
lators to achieve adsorption equilibrium for 24 h at the same con-
trolled temperature as the adsorption experiments. The adsorbents
and solution were separated by centrifugal machine (BECKMAN
COULTER 64R, USA). UV-vis spectrophotometry (UV-2550, Shi-
madzu) was applied to measure the concentration of U(VI) with
Arsenazo-III method. All the experiments were repeated three times.

The calculation formula of adsorption efficiency and adsorption
amounts are listed in the supply information (S1-2).

RESULTS AND DISCUSSION

1. Characterization
The XRD patterns of Ca-REC and Ca-REC/CMC are shown in

Fig. 1(a). The characteristic peaks of Ca-REC were as follows: 2=
4.06o, 8.08o, 11.63o, 17.64o, 20.75o, 24-30o, 35.01o and 62.59o [16,17].
CMC, as an amorphous structure, exhibited a wide diffraction peak
at 2=20.2o [18]. The intensity of two peaks (2=4.06o, 8.08o) was
significantly weakened and the positons of peaks were slightly skewed
after combining with CMC, which could be explained that the
original structure was destroyed by CMC modification. Besides,
the Ca-REC/CMC and pure Ca-REC had the similar peaks, while
no characteristic peak at about 20o of CMC came out in the Ca-
REC/CMC, which indicated that the quantity of CMC was little
and uniformly dispersed in Ca-REC/CMC [19].

FT-IR can be used to analyze surface functional groups of bio-
polymers and determine molecular interactions. The FT-IR spec-
trum of Ca-REC and Ca-REC/CMC is shown in Fig. 1(b). The
peak at 3,645 cm1 was attributed to the hydroxyl stretching of Al-
OH. And the peak at 850 cm1 was caused by anisomerous stretch-

Fig. 1. (a) XRD and (b) pattern of Ca-REC and Ca-REC/CMC.
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ing vibration of Al-O-Al. The vibration intensity of these two bonds
was enhanced due to the reactions of hydroxyl groups between
CMC with Al [20]. The intensity of Si-O stretching vibration at
1,039cm1 was weakened, which might be the interaction of hydroxyl
groups on the surface of Ca-REC with hydroxyl, ether bond and
carbonyl groups in CMC molecule to form associated hydrogen
bonds [21]. The less pronounced broad peak at 3,442 cm1 was as-
signed to -OH stretching and bending in the H-O-H group. And
the peaks at 1,637 cm1 and 1,478 cm1 were caused by stretching
vibration and bending vibration of carboxyl groups [22], which
demonstrated that carboxymethyl cellulose was loaded onto the
substrate of Ca-REC.

The SEM images of the Ca-REC (A), (B) and Ca-REC/CMC
(C), (D) composite are shown in Fig. 2. The Ca-REC possessed a

Fig. 2. The SEM of (A), (B) Ca-REC and (C), (D) Ca-REC/CMC.

Fig. 3. (a) Adsorption kinetics and (b) pseudo-second-order kinetic model of Ca-REC Ca-REC/CMC. pH=5.0±0.1, T=293 K, m/V=0.5 g/L,
C[U(VI)]initial=20 mg/L, I=0.1 mol/L NaCl.

typical layer-by-layer structure, at the edges of Ca-REC, platy and
folded aggregates of compact parallel layers were either continu-
ously stacked or thinly curled. In addition, the surface of Ca-REC
was smooth [22]. After being modified by the CMC, its morphol-
ogy changed obviously, the surface of Ca-REC/CMC had a rough
morphology. A few particles of CMC attached to the surface com-
pared with pure Ca-REC. The N2 adsorption/desorption isotherm
including surface areas of Ca-REC and Ca-REC/CMC is listed in
Fig. S1. The Ca-REC value of specific areas increased from 9.7 m2/
g to 18.3 m2/g after CMC modification. It proved that CMC was
loaded successfully on the surface of Ca-REC.
2. Adsorption Performance
2-1. Adsorption Kinetics

Adsorption kinetics is a significant standard for evaluating the
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performance of adsorbents. The result is shown in Fig. 3(a), which
indicates that the adsorption of U(VI) onto Ca-REC/CMC and
Ca-REC increased at the first 4 h, followed by a slow increase, the
adsorption capacity attained adsorption equilibrium after 6 h. The
results also displayed that the efficiency of removal U(VI) using
Ca-REC/CMC (almost 75%) was much higher than pure Ca-REC
(over 45%). Because the carboxymethyl cellulose in the outer layer
of the adsorbent was a strong hydrophilic polymer, its affinity with
water could make it swell rapidly [23]. Two kinetic models (the
pseudo-first-order and pseudo-second-order kinetic) were applied
to investigate the possible mechanism of the adsorption process
[13]. The kinetic reaction equations are listed in the supply infor-
mation (S3-4).

As shown in Fig. 3(b), the adsorption of U(VI) on Ca-REC/
CMC and Ca-REC could be appropriate for the pseudo-second-
order kinetics (R2>0.999). Adsorption quickly reached equilibrium
of U(VI) onto Ca-REC/CMC and Ca-REC, which could explain
that the process of adsorption was a major ion exchange and chemi-
cal adsorption [24]. At the first stage, the active sites on the sur-
face of material interacted with U(VI). But, at the second stage, the
remaining little active sites could not easily react with U(VI). Be-
cause, the electrostatic repulsion of adsorbent molecules was enlarged
with increasing adsorption time [25].
2-2. Effect of Solid Content

For cutting down the cost in practical application, the influence
of solid content should be taken into account. Fig. 4(a) shows the
influence of adsorbent content on the adsorption of U(VI) onto

Ca-REC/CMC. The equation of Kd is listed in the supply informa-
tion (S5).

In Fig. 4(a), the adsorption ability of Ca-REC/CMC for U(VI)
increased rapidly with the content of adsorbents increasing. The
adsorption ability of U(VI) increased from 33.7% to 66.8% with
adding the quantity of Ca-REC/CMC from 0.2 to 0.8 g/L, which
could be explained that the active sites and functional groups in-
creased for the surface complexation on Ca-REC/CMC. When the
solid/liquid ratio was larger than 0.8, the relative available surface
area of adsorbents was decreased and most energy sites were occu-
pied by a “solid effect”, which could lead to a slight increase of adsorp-
tion capacity [26]. However, the Kd value slightly decreased with
increasing solid content. When the solid content was low, the compe-
tition among the solid particles could be ignored, which was in
agreement with physico-chemical properties of Kd values [27].
2-3. Effect of Water Chemistries

The pH value and ion strength (IS) are significant factors for
removing U(VI) in solution. They can change the surface charge
and influence active sites of adsorbing materials [10]. The adsorp-
tion ability of Ca-REC/CMC in 0.001, 0.01 and 0.1 mol/L NaCl
solution was examined from pH 2 to 10. Fig. 4(b) shows that the
pH values had a great effect of removing U(VI) from the solution.
It can be seen that, for the three concentrations of IS, the adsorp-
tion ability of Ca-REC/CMC for U(VI) increased sharply with
increasing pH from 2 to 7, and then maintained at a high level.
Whereas, an obvious decrease of the adsorption ability of Ca-
REC/CMC was observed at pH>7.0, which clearly suggested that

Fig. 4. (a) Effect of solid content on U(VI) adsorption on Ca-REC/CMC. pH=5.0±0.1, T=293 K, C0=20 mg/L, I=0.1 mol/L NaCl. (b) Effect of
ionic strength on U(VI) adsorption to Ca-REC/CMC. m/V=0.5 g/L, C[U(VI)]initial=20 mg/L, I=0.1, 0.01 and 0.001 mol/L NaCl, and
T=293 K. (c) Relative proportion of 20 mg/L U(VI) species in solution. (d) Surface charge of Ca-REC and Ca-REC/CMC.
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the adsorption was closely related to pH. To further demonstrate
pH dependence of adsorption U(VI), uranyl ions in different forms
in solution were calculated by the hydrolysis constants using the
software of Visual MINTEQ (Fig. 4(c)). It can be seen that pH<4,
UO2

2+ was primary ion in the solution. And between pH 4-8,
(UO2(OH)+, (UO2)3(OH)5

+, (UO2)4(OH)7
+, UO2(OH)2) came out.

AT pH>8, the positive ions were changed into negatively charged
species in solution [28,29]. Moreover, the zeta-potentials of Ca-
REC and Ca-REC/CMC were measured from pH 2 to 10 (Fig.
4(d)). The negative values of zeta potential of the Ca-REC modi-
fied by CMC were apparently larger than those of pure Ca-REC at
the same pH value, especially pH<6. And the values were 26.1
and 35.2 mV, respectively at pH=5. The greater number of nega-
tive surface charges of Ca-REC/CMC could be attributed to the
stronger electrostatic attraction, which might be conducive to higher
adsorption ability. Moreover, at low pH, the adsorbent was posi-
tively charged and the functional groups on the adsorbent surface
were protonated; the excessive H+ reacted with the groups (e.g.,
carboxyl) of Ca-REC/CMC and occupied the adsorption active
sites on the surface of Ca-REC/CMC. At high pH, chemical pre-
cipitation happened. U(VI) was accumulated on the surface of ad-
sorbent, which caused the material properties to change [30]. There-
fore, pH value had an important influence on the adsorption of
U(VI).

The effects of IS on the adsorption of U(VI) onto Ca-REC/
CMC in 0.001, 0.01, and 0.1 mol/L NaCl are shown in Fig. 4(b). It
indicates that the adsorption ability of Ca-REC/CMC gradually
decreased with increasing concentration of IS. Commonly, IS has

a vital influence on the outer-sphere surface complexation, while
the inner-sphere surface complexation exhibited little influence [31].
Therefore, the adsorption mechanism of Ca-REC/CMC was mainly
outer-sphere surface complexation.
3. Adsorption Isotherms

To explore the adsorption performance of U(VI) onto the syn-
thesized Ca-REC/CMC, the adsorption isotherms at 293, 313 and
333 K were studied (Fig. 5(a)). At the three temperatures, the qual-
ity of U(VI) adsorbed on absorbents increased with the content of
U(VI) increasing. Higher initial concentration of U(VI) had higher
driving forces, which were conducive to transfer metal ions from
solution to the surface of materials [32]. In Fig. 5(a), the adsorp-
tion ability increased with increasing the temperature, which indi-
cates that higher temperatures were more propitious to adsorbing
U(VI). To further analyze the adsorption mechanism of U(VI)
onto Ca-REC/CMC, thermodynamic models were applied to sim-
ulate the adsorption isotherms. The Langmuir and Freundlich mod-
els are described in supplementary information (S6-9) [33,34].

As shown in Fig. 5(b) and 5(c), the adsorption isotherms of Ca-
REC/CMC were fitted by Langmuir and Freundlich models; the
fitting parameters are shown in Table 1. According to correlation
analysis, the Langmuir model was appropriate to describe the whole
adsorption process, including monolayer adsorption on the entire
surface and chemical-adsorption [35,36]. To evaluate the property
of adsorption of Ca-REC/CMC, the adsorption ability of Ca-REC/
CMC to U(VI) was compared with that of other reported absor-
bents [37], as listed in Table 2. At the same conditions of pH and
temperature, the Ca-REC/CMC had the highest adsorption capacity

Fig. 5. (a) Adsorption isotherms of U(VI) onto Ca-REC/CMC at different temperatures; (b) the Langmuir isotherm model; (c) the Freun-
dlich isotherm model; (d) linear plots of lnKd versus Ce. pH=5.0±0.1, m/V=0.5 g/L, I=0.1 mol/L NaCl.
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owing to the carboxyl group and anionic polyelectrolyte of CMC.
4. Adsorption Thermodynamics

The thermodynamic parameters of H0, G0, S0 of the ad-
sorption of U(VI) onto Ca-REC/CMC could be obtained from the
different temperature adsorption results. The reaction equations
are listed in the supplementary information (S10-13).
G0, S0, and H0 are shown in Table 3. H0=16.95 kJ mol1

depicted clearly that the adsorption process was endothermic, which
is conducive to adsorbing U(VI) from solution at high tempera-
tures. In solution, some uranyl ions were produced by means of
dehydration sheaths and the process needed to consume energy.
Dehydration sheaths were propitious to adsorbing U(VI) onto the
Ca-REC/CMC. This energy exceeded the heat release of cations
and adhered to the solid surface [38]. The Gibbs free energy (G0)
was negative, which indicated that the reaction was a spontaneous
process. As shown in Table 3, with increasing reaction temperature,
the G0 became more negative, which demonstrated that adsorp-
tion was more efficient at higher temperature. According to all the
adsorption data and models, the process of adsorption U(VI) onto
Ca-REC/CMC surface was a spontaneous and endothermic [39].
5. Stability and Regeneration Studies

To reduce the cost of wastewater treatment, recycling experi-
ments were conducted. After adsorption saturation, the used Ca-
REC/CMC was washed by HCl (pH 1) with stirring for 6 h to
elute U(VI) out, followed by rinsing Ca-REC/CMC with Milli-Q
water. The rinsed neutral Ca-REC/CMC was then dried at 60 oC.
As shown in Fig. 6, compared with the raw Ca-REC/CMC, the
adsorption capacity of reused Ca-REC/CMC to U(VI) decreased
slightly with increasing the reused times. The adsorption efficiency
was less than 5% decreased after six times of recycling, which dis-

played the good reusability and stability of Ca-REC/CMC.
6. Adsorption Mechanisms

To investigate the adsorption mechanism of Ca-REC/CMC and
U(VI), XPS technology was applied into before and after adsorp-
tion experiments. As shown in Fig. 7, the XPS spectra survey shows
C 1s, O 1s, N 1s, and U 4f before and after U(VI) adsorption.
According to the survey spectra (Fig. 7(a)), there were two new
peaks of U 4f (382.31 eV, U 4f7/2 and 393.19 eV, U 4f5/2) appearing
after adsorption, which made it clear that U(VI) was successfully
fixed on the surface of Ca-REC/CMC. As shown in Fig. 7(b), the
C-O peak shifted from 285.72 to 286.02 eV, and the C=O peak
shifted from 287.51 to 288.58 eV at the same peak position, which
was in accordance with the work published by Ding et al. [40].
Fig. 7(c) shows that the peak position of Si-O and Al-O for the
Ca-REC/CMC was 532.03 eV, which was shifted to 532.17 eV [41].
The binding energy of C-O followed the same trend from 523.73
to 523.86 eV. The results make it clear that U(VI) interacted with
oxygenic groups to produce stable complexes. According to Fran-
cis et al. [42], the unpaired spins electrons multiply broke up into
forming double peaks. The peaks of at 382.31 and 393.19 eV were

Table 1. Langmuir model and Freundlich model parameters for the adsorption of U(VI) onto Ca-REC/CMC at 293, 313 and 333 K

T (K)
Langmuir model Freundlich model

Cs, max (mg/g) b (L/mg) R2 LogKF (mg1nLn/g) n R2

293 24.3 054.1 0.992 0.744 0.152 0.913
313 26.8 082.8 0.991 0.559 0.505 0.961
333 28.3 132.9 0.993 0.337 0.833 0.934

Table 2. Comparison of maximum U(VI) adsorption ability of Ca-REC/CMC with other adsorbents
Absorbent pH T (K) Cs, max (mg/g) Ref.
Manganese oxide coated zeolite 4.0 293 15.1 37
Natural clinoptilolite zeolite 6.0 293 2.87 38
PANI/bentonite 5.0 293 14.1 13
Colloidal magnetite 7.0 298 01.4 39
Ca-REC/CMC 5.0 293 24.3 This study

Table 3. Thermodynamic parameters for the adsorption of U(VI)
onto Ca-REC/CMC

T (K) G0 (KJ/mol) H0 (KJ/mol) S0 (J/mol/K)
293 0.825

14.7 53.3313 1.470
333 3.760

Fig. 6. Recycling of Ca-REC/CMC in the removal of U(VI) from
aqueous solutions. T=293±1 K, C[U(VI)]initial=20.0 mg/L, m/
V=0.5 g/L, pH=5.0±0.1, I=0.01 mol/L NaCl.
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in accordance with U 4f7/2 and U 4f5/2, respectively (Fig. 7(d)). As
shown in Fig. 7(b) and 7(c), the positions of C 1s and O 1s offset
higher values, which illustrates that a new bond was generated by
the interaction between U(VI) and Ca-REC/CMC. Based on the
bond energy to analyze the generated functional groups, 532.17
eV was attributed to Al-O-UO2+ and Si-O-UO2+, 532.86 eV was
assigned to C-O-UO2+ (Fig. 7(c)), and 285.96 eV and 287.85 eV
belonged to COO-UO2+ (Fig. 7(b)).

CONCLUSION

Batch experiments were conducted on the adsorption ability of
Ca-REC/CMC for removal U(VI) from solution. By materials char-
acterization, CMC was successfully loaded onto Ca-REC. The ad-
sorption of U(VI) onto Ca-REC/CMC was a spontaneous and endo-
thermic process. And all the adsorption processes could be expressed
by pseudo-second-order kinetics model and the Langmuir model.
Furthermore, the adsorbent process was related to pH value and
ionic strength. XPS revealed the adsorption mechanism; entrap-
ment was achieved through the complexation of U(VI) with oxy-
gen-containing functional groups on the Ca-REC/CMC surface.
Finally, the potential of Ca-REC/CMC is valuable in practical ap-
plications.
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The adsorption percentage (R, %) and adsorption quantity (Qe,
mg/g) of U(VI) of Ca-REC/CMC can be calculated by the equa-
tions (Eqs. (1) and (2)):

(1)

(2)

Where C0 (mg/L) and Ce (mg/L) represents the initial and equilib-
rium concentration of element in solution, respectively. V (L) and
m (g) are the volume of the suspension and the mass of Ca-REC/
CMC, respectively. All results of experiment were the average of
three times. And the average error ranges were less than 5%.

The kinetic reaction equations are expressed (3-4):

(3)

(4)

qe (mg/g) and qt (mg/g) are the adsorbed amounts of U(VI) at
equilibrium and reaction time t, respectively. kf and ks present rate
constants of the pseudo-first kinetic order model and pseudo-sec-
ond order kinetic model, respectively.

The Kd is calculated by the following equation:

(5)

The Langmuir model supposes that the adsorption only arises at a
fixed quantity of localized sites on the surface with all adsorption
sites identically and energetically equivalent, which can be repre-
sented by the following equation [1]:

(6)

then transformed in a linear equation:

(7)

where Ce (mg/L) is the equilibrium concentration of U(VI) in the
liquid phase, Cs (mg/g) is the amount of U(VI) adsorbed on the
solid phase at equilibrium, Cs, max (mg/g) is the maximum amount
of U(VI) adsorbed at complete monolayer coverage, b (L/g) is a
constant related to the enthalpy of adsorption.

The Freundlich expresses an exponential equation with the as-
sumption of a heterogeneous adsorbent surface, which is used to
describe the adsorption on heterogeneous surfaces. The model can
be expressed by the following equation [2]:

(8)

then transformed in a linear equation:

(9)

where KF ((mol1nLng1) is the Freundlich constants representing
the adsorption capability when the metal ion equilibrium concen-
tration equals to 1 and n is the adsorption intensity of dependence

R  
C0   Ce

C0
---------------- *100%

Qe  
C0   Ce  * V

m
-------------------------------

qe  qt     qtln    kf * tln

t
qt
----  

1
ks * qe

2
---------------   

t
qe
----

Kd  
C0    Ce

C0
---------------- * 

V
m
----

CS  
bCS, maxCe

1  bCe
-----------------------

Ce

Cs
-----  

1
bCsmax
---------------  

Ce

Csmax
------------

Cs   KFCe
n

CS   KF   n Celogloglog

Fig. S1. N2 adsorption-desorption isotherms of Ca-REC and Ca-
REC/CMC.
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of adsorption at equilibrium concentration.
The thermodynamic parameters of H0, G0, S0 of the ad-

sorption of U(VI) onto Ca-REC/CMC can be get from the differ-
ent temperature adsorption results [3]. The standard free energy
change (G0) can be calculated from the following relationship:

(10)

where R (8.314 J mol1 K1) is the gas constant and K0 is thermo-
dynamic equilibrium constant, which can be calculated by plotting
lnKd versus Ce (Fig. 5(d)) and extrapolating Ce to zero. The values
of H0 and S0 can be calculated from the following relationship:

(11)

(12)

The slope and intercept of the plot of lnK0 versus 1/T are H0/R
and S0/R, respectively. The average standard enthalpy change
(H0) is then calculated from the equilibrium:

(13)
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