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SI-1. Chemical Materials

The chemicals UO,(NOs),-:6H,0, NaClO4, HCIO4, HNO3, NaOH, and Arsenaze-III
were purchased in analytical purity, and sodium carboxymethyl cellulose (CMC) was
purchased in chemical purity. All chemicals used without any further purification in
the experiments. All the solutions were prepared with Milli-Q water under ambient
conditions.

MWCNT was prepared by using chemical vapor deposition (CVD) of acetylene in
hydrogen flow at 760 °C using Ni-Fe as catalysts." Fe(NO;), and Ni(NOs), were
treated by sol-gel process and calcinations to get FeO and NiO and then deoxidized by
H; to get Fe and Ni nanoparticles. MWCNT was added into 3 mol/L HNO; solution to
remove the hemispherical caps of the nanotubes. The mixture of 2 g MWCNT and 400
mL 3 mol/L nitric acid was ultrasonically stirred for 24 h. The suspension was filtrated
and then rinsed with deionized water until the pH of the suspension reached about 6
and then was dried at 80 °C. Thus prepared MWCNT was calcined at 450 °C for 24
hours to remove the amorphous carbon. The catalysts Ni and Fe in the treated
MWCNT were measured by ICP-MS and the results show that Ni and Fe are less than

0.01% and 0.03 wt. %, respectively.

SI-2. Preparation of CMC solution
3.0 g CMC was added into 150 mL Milli-Q water in a 250 mL Pyrex beaker step by
step under continuum stirring at 70 °C (controlled by thermocouple). The CMC

solution was natural cooled to room temperature after CMC was dissolved in Milli-Q
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water thoroughly. The cooled CMC solution and Milli-Q water rinsings were
transferred into a 200 mL Pyrex volumetric flask, and then proper volume Milli-Q
water was added into the Pyrex volumetric flask to the calibration line. The CMC
solution in the Pyrex volumetric flask was shaken up well, and thus 1.50 g/LL CMC

solution was obtained.

SI-3. FT-IR spectra, Raman spectra, XRD, TGA-DTA, and SEM
characterization

The Fourier transform infrared spectroscopy (FT-IR) measurements of raw MWCNT,
MWCNT-g-CMC and CMC samples were mounted by using Perkin-Elmer 100
spectrometer in KBr pellet at room temperature.

The Raman spectra of raw MWCNT and MWCNT-g-CMC samples were mounted by
using a LabRam HR Raman spectrometry, excitation at 514.5 nm by Ar" laser.

The raw MWCNT and MWCNT-g-CMC samples were characterized by using X-ray
diffraction (XRD) (Rigaku D/max) with Cu Ka radiation at room temperature.
TGA-DTA measurements of raw MWCNT and MWCNT-g-CMC were examined by
using a Shimadzu TGA-50 thermogravimetric analyzer from 25 to 800 °C at the
heating rate of 10 °C/min with an air flow rate of 50 mL/min.

The scanning electron microscopy (SEM) images of raw MWCNT and
MWCNT-g-CMC were obtained at 5.0 kV on a field emission scanning electron

microscope (FEI Sirion 200 FEG SEM).
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SI-4. N>-BET measurement of raw MWCNT and MWCNT-g-CMC
According to N»-BET measurements (Figure SI-1), the specific surface areas were

93.59 m*/g for raw MWCNT and 70.76 m*/g for MWCNT-g-CMC, respectively.
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Figure SI-1. Adsorption-desorption isotherms of nitrogen gas on raw MWCNT and

MWCNT-g-CMC

SI-5. Proposed grafting mechanism of MWCNT grafted with CMC
According FT-IR spectra, the -NH, vibration in MWOCNT-treat and in
MWCNT-g-CMC; and the hemiacetal vibration in MWCNT-g-CMC are found. The
C2-C3 bond in the cellulose chain can be cleaved and forms hemiacetal.” It is well
known, C-O-C band is weaker than C-C bond, the C-O-C band in cellulose can also
be cleaved. The mechanism of MWCNT grafted with CMC induced by N, plasma is
proposed and is shown in Figure SI-2.
Active nitrogen species (N*) react with raw MWCNT to form -C-N" at the defect
position of MWCNT or replay the hydroxyl groups in N; plasma discharging process.

The -C-N" is converted to -C-NHj; after plasma treatment, thus MWCNT treatment
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material is obtained. -C-N" can react with CMC in the grafting process, and some
glucose rings of CMC is broken. MWCNT grafted with CMC at the bond-broken
position subsequently. It is reasonable that some of the bond-broken of CMC dose not
take part in the grafting reaction with MWCNT, which forms hemiacetal, and some of

the -C-N" might react with water molecule and is converted into -C-NH; groups.
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Figure SI-2. Proposed mechanism of MWCNT grafted with CMC

SI-6. Sorption experimental procedure of UO,* on raw MWCNT and
MWCNT-g-CMC

All the experiments were carried out at T =20 + 1 °C. The stock solution of sorbents
(2.40 g/L), NaClOy (6.00 x 10% mol/L) and UO,*" (1.20 x 10 mol/L) solution were
added in the polyethylene test tubes to achieve the desired concentrations of different

components. The pH values of the suspensions were adjusted to 5.0 = 0.1 by adding
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negligible volumes of 0.1 mol/L or 0.01 mol/L HCIO4 or NaOH. In the end, the
suspension was purged with high-purity nitrogen gas to eliminate the effect of COs.

After the suspensions had been shaken for 24 h, the solid phase was separated from
the liquid phase by centrifugation at 18000 rpm for 60 minutes, and then the
supernatant was filtered using 0.45um membrane filters.

The concentration of UO,>" was analyzed by Arsenazo III Spectrophotometric
Method at wavelength of 650 nm. All the experimental data were the average of
duplicate determinations, and the average uncertainties were < 5%.

The sorption percent (%) of UO,>" was calculated from the difference between the

initial concentration (Cy) and the final concentration of UO,*" in the supernatant (Ceq):

C,-C
Sorption % = OC = x100% (1)

0
The concentration of UO,*" adsorbed on the solid phase (C) was calculated from the
initial concentration (Cy), the final concentration (Ccq), the volume of the suspension

(V) and the mass of the sorbent (mgerbent):

_ CO-Ceq _ CO_Ceq
> C

C <V (2

m

sorbent sorbent

SI-7. Relative proportion of species distribution of U(VI)

In order to properly interpret the U(VI) sorption behavior, we calculated the aqueous
speciation of U(VI) as a function of pH in the absence of sorbent according to the
thermodynamic data listed in Table SI-1.}

Table SI-1. Aqueous complexation reactions of U(VI).’
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Reactions logK (I=0)

UO,”"+ H,0 = UO,(OH) "+ H" -5.25
UO,*"+ 2H,0 = UO,(OH)," + 2H" -12.15
UO,*" + 3H,0 = UO,(OH); + 3H" -20.25
UO,* + 4H,0 = UO,(OH),* + 4H" 32.4

2U00,*" + H,0 = (UO,)»,(OH)* "+ H" 2.70
2U0,*" + 2H,0 = (UO,),(OH),* + 2H" -5.62
300, + 5H,0 = (UO,)3(OH)s + 5H"  -15.55
3U0," + 7TH,0 = (UO,)3(OH), + 7TH"  -32.20

4UO0,* + TH,0 = (UO,)4(OH)," + 7TH"  -21.90

The distribution of aqueous U(VI) species in water solution at different U(VI)
concentrations (2.00x10* mol/L, 5.00x10™ mol/L, 1.00x10” mol/L, and 1.00x10°
mol/L) were given in Figure SI-3. As can be seen from Figure SI-3, the distribution of
U(V]) species showed a dependency on pH values and U(V]) total concentration. Free
uranyl ion (UO,>") was the dominant species at pH < 5, and then U(VI) hydrolysis
complexes, and multinuclear hydroxide complexes were the dominant species in
2.00x10™* -1.00x10”7 mol/L U(VI) aqueous solution. Furthermore, U(VI) species are
positive charge in the pH range of ~5-8, and negative charge in the pH range above ~8
under experiment condition.

In the pH range of ~5-8, U(VI) species change gradually from multinuclear
hydroxide complexes to hydroxide complexes with the decrease of U(VI) total

concentration. (UO,)3(OH)s" and (UO,)4(OH);" are the dominant specie in U(VI)
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solution above 1.00x10” mol/L; whereas UO,(OH)" and (UO,);(OH)s™ are the

dominant species in 1.00x 10 mol/L U(VI) solution.
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Figure SI-3. Distribution of aqueous U(VI) species. Figure SI-3A: C[U(VD]ota =
2.00x10™* mol/L; Figure SI-3B: C[U(VD]iota = 4.00x107° mol/L; Figure SI-3C:
C[U(VD]iotat = 1.00x107 mol/L; and Figure SI-3D: C[U(VI)]ioa1= 1.00x10® mol/L in

water solution.

SI-8. Effect of pH on the sorption of UO,”" on raw MWCNT and

MWCNT-g-CMC

The removal of UOz2+ on raw MWCNT and on MWCNT-g-CMC as a function of
pH was shown in Figure SI-4. As can be seen from Figure SI-4, the sorption percent of

UO,”" on MWCNT-g-CMC increased rapidly from ~6.5% to ~95.5% with increasing
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pH from 3 to 6, and then decreased with increasing pH at pH > 6. The sorption percent
of UO,*" on raw MWCNT increased slowly with increasing pH from 4 to 6, then the
sorption of UO,>" increased sharply with increasing pH from ~6 to ~6.8, and at last the
sorption decreased with increasing pH at pH > 6.8.

Similar sorption behaviors of UO,”" on montmorillonite were reported by Hyun et
al.* and Kowal-Fouchard et al.,"® which was ascribed to the different U(VI]) species in
solution at different pH values and at different U(VI) concentrations. The sorption
property of U(VI) as a function of pH value was corresponded to the change of U(VI)
species with varying of pH values. As can be seen from Figure SI-3, U(VI) mainly
exists as UO,”" at pH < 5, and then mainly exists as U(VI) hydrolysis complexes and
multinuclear hydroxide complexes. Furthermore, U(VI) species are positively charged
in pH range of ~5-8, and are negatively charged at pH > 8.

As can be seen from Figure SI-4, the maximum sorption percent of U(VI) by
MWCNT-g-CMC 1s ~95.5% at pH ~6.0 (i.e., Ceq=9.0% 10 mol/L). From Figure SI-3C,
U(VI) presents mainly as the specie of (UO,);(OH)s™ at pH 6-7 in 1.00x10™ mol/L
solution. The maximum sorption percent (~80.7%, Ceq= 3.9x10™ mol/L) of U(VI) by
raw MWCNT is found at pH ~6.8. From Figure SI-3B, (UO,);(OH)s and
(UO,)4(OH);" are the dominate species in 4.00x10™ mol/L U(VI) solution at pH range
of 5-8. The relative proportion of (UO,)3(OH)s" specie decreases with increasing pH at
pH range of 6.0-8, whereas the relative proportion of (UO;);(OH); increases with
increasing pH at pH range of 7-9. Therefore, the result that the increase sorption of

UO,*" on raw MWCNT and on MWCNT-g-CMC with increasing pH at pH< 6 can be
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attributed to the species of UO,”" and (UO,);(OH)s"; whereas the decrease sorption of
UO,*" with increasing pH at high pH values is due to the decreases of relative
proportion of (UO,)3(OH)s" specie and the increase of the relative proportion of

(UO»,)3(OH); specie.
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Figure SI-4. Sorption of UO,*" on raw MWCNT and on MWCNT-g-CMC as a
function of pH values. T = 25 + 2 °C, equilibrium time 24 h, C[UO22+](initial) =2.00 x

10" mol/L, m/V =0.40 g/L, C[NaClO4]= 1.00 x 10? mol/L.

SI-9. Effect of ionic strength on sorption of UO,*" on MWCNT-g-CMC

The effect of ionic strength on the sorption of UO,*" on MWCNT-g-CMC was
shown in Figure SI-5. As can be seen from Figure SI-5, the sorption of UO,*"
decreased with increasing ionic strength at low NaClO4 concentrations. At pH = 5.0 +
0.1, the sorption percent of UO,>" decreased from ~83% to ~67% with increasing
NaClO, concentrations from 1.0 x 10> mol/L to 5.0 x 107 mol/L, and then decreased
slowly with increasing ionic strength. At pH = 4.0 £ 0.1, the sorption percent of UO,*"

decreased from ~62% to ~53% with increasing NaClOy4 concentrations from 1.0 x 107
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mol/L to 1.0 x 10 mol/L, and then the sorption percent of UO,*" did not decrease with
increasing ionic strength. From the results in Figure SI-5, the sorption of UO,*" on
MWCNT-g-CMC was influenced by ionic strength at low NaClO4 concentrations, but
was independent of ionic strength at high NaClO4 concentrations. The results are very
interesting. In wastewater, the salt concentration may be different. The independent
ionic strength sorption of UO,”" on MWCNT-g-CMC at high salt concentrations is

critical for the evaluation of MWCNT-g-CMC in wastewater cleaning management.
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Figure SI-5. Sorption of UO,*" on MWCNT-g-CMC as a function of ionic strength. T

=25+ 2 °C, equilibrium time 24 h, C[UO22+](initial) =2.00 x 10™ mol/L, m/V =0.40 g/L.
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