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Polyacrylamide (PAM) grafted graphene oxide (denoted as PAM/GO) was synthesized by the plasma-induced

polymerization technique and applied as an adsorbent for the simultaneous removal of radionuclides from

radioactive wastewater. The interactions of PAM/GO with the radionuclides U(v), Eu(n) and Co(i) were
studied, along with their sorption kinetics. The results indicated that radionuclide sorption on PAM/GO was
affected by the solution pH and ionic strength. The maximum sorption capacities of U(v), Eu(mn) and
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Co(i) on PAM/GO (0.698, 1.245 and 1.621 mmol g™, respectively) at pH = 5.0 + 0.1 and T = 295 K were
much higher than those of radionuclides on GO and other adsorbents. The thermodynamic data (AH®,
AS® and AG?) calculated from the temperature-dependent sorption isotherms suggested that the

sorption of radionuclides on PAM/GO was a spontaneous and endothermic process. These results indicate
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Introduction

Radionuclide pollution has aroused considerable concerns due
to the application of nuclear weapons, utilization of nuclear energy,
and uranium mining." The presence of radioactive nuclides and
fission products, even at very low doses, is an issue of great concern
because they can pose a serious threat to human beings. Recently,
synthetic adsorbents, including resins,> nano-porous materials,’
carbon nanotubes," and graphene® have been demonstrated to
remove radionuclides efficiently. These reports mainly investigated
how radionuclide adsorption onto adsorbents was affected
by environmental factors such as temperature and contact
time. Nevertheless, low adsorbabilities limited these materials’
applicability in the management of radioactive wastewater.
Graphene has a large specific surface area (about 2620 m* g~ *),°
which facilitates its potential application in environmental pollution
control and remediation.>” Graphene oxide (GO), one of the impor-
tant graphene derivatives, has many oxygen-containing functional
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that PAM/GO is a promising material for the control of radionuclide pollution.

groups on its basal plane and on the edges of its sheets in the
form of epoxy, hydroxyl, and carboxyl groups.® These oxygen-
containing groups can bind metal ions® and organic pollutants"®
through coordination, electrostatic interaction and/or hydrogen
bonding etc., which ensures its potential application in environ-
mental pollution control and remediation. However, GO has a
tendency to form aggregates because of its strong interplanar
interactions. As a result, a considerable part of its surface area
will be lost,"' limiting its practical application in wastewater
treatment. In order to reduce and to overcome the above dis-
advantages, a variety of polymers have been grafted onto the
surface of GO to prevent its aggregation and to enhance its
sorption capacity.”> Polyacrylamide (PAM), in which the amide
groups are used as the active sites to enrich metal ions and to
form stable metal ion-amide linkages between amide groups and
metal ions, is widely applied in wastewater treatment."® However,
previous studies have focused on single-component removal,'*"?
studies on the simultaneous removal of radionuclides from radio-
active wastewater are still not available.

In the present study, we synthesized PAM/GO nanosheets by the
plasma-induced polymerization technique,™* and applied them as
an adsorbent to simultaneously remove U(vi), Eu(m) and Co(u)
ions from radioactive wastewater. The as-prepared PAM/GO was
characterized using scanning electron microscopy (SEM), trans-
mission electron microscopy (TEM), Fourier transformed infra-
red spectroscopy (FT-IR), thermo gravimetric analysis (TGA),
Raman spectroscopy and potentiometric acid-base titrations.
The PAM/GO nanosheets were applied to adsorb U(vi), Eu(m)

This journal is © the Owner Societies 2015


http://crossmark.crossref.org/dialog/?doi=10.1039/c4cp04289a&domain=pdf&date_stamp=2014-11-12
http://dx.doi.org/10.1039/c4cp04289a
http://pubs.rsc.org/en/journals/journal/CP
http://pubs.rsc.org/en/journals/journal/CP?issueid=CP017001

Published on 03 November 2014. Downloaded on 17/09/2016 12:06:15.

Paper

and Co(u) from radioactive wastewater to evaluate the applica-
tion of PAM/GO in radionuclide pollution control. In addition,
the possible adsorption mechanism was discussed.

Experimental section
Preparation of GO

GO was prepared by a modified Hummers method from flake
graphite.'® Briefly, under mechanical stirring and ice-water bath
conditions, 1.0 g graphite, 1.0 g NaNO;, and 40 mL H,SO, were
mixed in an Erlenmeyer flask, and then 6.0 g KMnO, was slowly
added. The mixture reacted at 20 £+ 1 °C for 5 days. Later, 85 mL
Milli-Q water was added into the mixture. The solution was
stirred for 30 min at 90 + 1 °C, and then cooled to 60 °C. 6 mL
H,0, (30%) was added slowly to remove the residual KMnO,.
The solution was filtered and rinsed with Milli-Q water thoroughly.
The filter cake was vacuum dried and a dark brown GO powder
was obtained.

Preparation of PAM/GO

The synthesis of PAM/GO was carried out in a dielectric barrier
discharge (DBD) plasma reactor at ambient pressure.'® A 30 mg
sample of the resulting GO powder was dispersed in 30 mL
Milli-Q water by sonication for 1.5 h, and a stable GO solution
was formed. To prepare PAM/GO nanosheets, 0.1 g acrylamide
was dissolved in 20 mL Milli-Q water and the solution was
added into the aqueous GO solution under mild stirring. After
the suspension was purged with argon for 30 min, DBD plasma
treatment was initiated with a voltage of 120 V and power of
240 W at room temperature for 30 min (detailed information is
listed in the ESIY).

Sorption of radionuclides on PAM/GO and GO

The sorption of radionuclides on PAM/GO was investigated
using the batch technique. Specific amounts of PAM/GO
suspension and NaCl solution were mixed in 10 mL poly-
ethylene centrifuge tubes. After that, radionuclide solution
was added to achieve the desired concentrations of different
components, and the pH was adjusted to the desired values
with dilute HCI or NaOH. The suspensions were shaken for 24 h
to achieve sorption equilibrium and then centrifuged at 9000 rpm
for 15 min. The concentrations of U(vi) and Co(u) were determined
using inductively coupled plasma atomic emission spectro-
scopy (ICP-AES) (ICP 300, Thermo Fisher Scientific, USA), and
the radionuclide *******Eu(m1) concentration was analyzed using
liquid scintillation counting (Packard 3100 TR/AB Liquid Scin-
tillation analyzer, Perkin-Elmer) with a scintillation cocktail
(ULTIMA GOLD ABTM, Packard). The amount of radionuclides
adsorbed on PAM/GO or GO was calculated from the difference
between the initial concentration and the final one (sorption % =
(Co — Ce) X 100%/Cy and K4 = (Cy — C.) — VI(C x m), where Ky is
the distribution coefficient, m (g) is the mass of PAM/GO or GO,
and V (L) is the volume of the suspension). All tests were
conducted in duplicate.
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Results and discussion
Characterization

The morphology and microstructure of GO and PAM/GO were
characterized using SEM and TEM images. As can be seen from
Fig. 1a, the GO nanosheets are found to stack together, while the
PAM/GO nanosheets are well dispersed (Fig. 1b). Fig. 1c shows the
TEM image of GO, in which bare GO surfaces and aggregated GO are
observed. However, as seen from the TEM image of the PAM/GO
nanosheets (Fig. 1d), there are many dark dots on the GO nano-
sheets, which are proven to be nanosized PAM domains chemically
grafted on the GO surface from the results of FT-IR, Raman, XRD
analysis in the following section. These data suggest that PAM was
successfully grafted on the GO surfaces. The N,-BET specific surface
area of PAM/GO (92.1 m? g %) is larger than that of GO (60.8 m* g %),
which also supports the result (see Fig. S1, ESIt).

Fig. 2a shows the FT-IR spectra of the GO and PAM/GO
nanosheets. The absorption bands before grafting with PAM
at 1221, 1620, 1721, and 3450 cm ™' correspond to C-O bonds,
sp> C=C bonds, C=0 stretching vibrations, and ~OH stretching
vibrations.>>'” After grafting with PAM, the FT-IR spectrum of the
PAM/GO nanosheets presents similar characteristic peaks related
to the C=0 (1686 cm™ "), C-O (1190 cm ') and -OH stretching
vibrations, which can be observed to have shifted little after
modification with PAM. Furthermore, it is easy to note that there
are additional characteristic peaks, such as the double peaks
occurring at 1320 and 1349 cm™ ' (stretching vibration of -NH
groups), 1413 and 1453 cm ™' (deformation vibration of -NH
groups), and the typical C-H vibration at 2930 cm™'. These
characteristic peaks are in agreement with the infrared spectrum
of polyacrylamide,"® which confirms that PAM has been success-
fully grafted on GO.

The TGA technique was used to evaluate the weight percen-
tage of PAM in PAM/GO (Fig. 2b). The mass loss below 100 °C
was considered to be the weight loss from moisture evaporation.

Fig. 1 SEM images of GO (a) and PAM/GO (b); TEM images of GO (c) and
PAM/GO (d).
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Fig. 2 FT-IR spectra of GO and PAM/GO (a); TGA curves of GO and PAM/
GO (b); Raman spectra of GO and PAM/GO (c); potentiometric acid—base
titrations of GO and PAM/GO (d); XRD patterns of natural graphite, GO and
PAM/GO (e); DSC curves of GO and PAM/GO (f).

The mass loss between 150 and 250 °C was presumably attributed to
the decomposition of some oxygen-containing functional groups.®
The mass loss between 420 and 460 °C was presumably due to the
loss of PAM moieties.*® The first weight losses of GO and PAM/GO
below 100 °C were estimated to be 7.98% and 12.63%, respectively.
The second weight losses of GO and PAM/GO at 100-800 °C were
about 23.67% and 35.31%, respectively. Accordingly, the percentage
of PAM grafted on GO was calculated to be 11.64%.

Fig. 2c shows the Raman spectra of GO and PAM/GO. The peak
at ~1580 cm " (G band) is related to the vibration of sp> carbon
atoms in the 2D hexagonal lattice, and the peak at ~1350 cm™"
(D band) corresponds to the vibrations of sp® carbon atoms of
defects and disorders. Compared with GO, the ratio of the inten-
sities (Ip/lg) of the PAM/GO nanosheets is remarkably increased
after the plasma treatment, which indicates that PAM/GO contains
a lower percentage of the sp> domains and PAM was successfully
grafted onto the GO surfaces.”

The potentiometric acid-base titrations of GO and PAM/GO are
shown in Fig. 2d. The surface sites of GO and PAM/GO (SOH) are
considered amphoteric. They are positively charged at low pH
because of the protonation reaction (i.e., SOH + H' < SOH,"),
while they are negatively charged at high pH because of the
deprotonation reaction (i.e., SOH < SO~ + H').*> The titration
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curves were collected in 0.01 mol L™! NaCl solution, and both
GO and PAM/GO displayed nearly identical buffering capacities
across the pH range studied. At pH < 5.35, the surfaces of GO
are positively charged, while at pH > 5.35, the surfaces of GO are
negatively charged. However, at pH < 4.81, the surfaces of
PAM/GO are positively charged, and at pH > 4.81 the surfaces of
PAM/GO are negatively charged. After the grafting of PAM onto
the surfaces of GO, the point of zero charge (pH,,.) decreases
from 5.35 (for GO) to 4.81 (for PAM/GO). This subtle change
should be attributed to the low pK, value of PAM, due to the
-NH,*- and =NH"- groups.*

Fig. 2e shows the XRD patterns of natural graphite, GO and
PAM/GO. It is well known that natural graphite has a strong
diffraction peak at 26.21°, which does not appear in the XRD
pattern of GO, indicating a complete oxidation of graphite. In
addition, although GO itself shows a diffraction peak at 10.11°,
PAM/GO does not present this peak, which may imply that the
GO nanosheets are individually dispersed in the PAM/GO without
multilayer GO stacks in the composites.>* The DSC curves of GO
and PAM/GO are shown in Fig. 2f. The thermogram of GO shows
one strong exothermic peak at 175 °C, which is caused by the
decomposition of organic groups in the GO sheets. For PAM/GO,
the exothermic peak at 328 °C is caused by the decrease in the
amount of labile functional groups.”® The DSC curve of PAM/GO is
quite different from that of PAM, which also suggests that PAM is
not physically mixed with GO.>>*

From the characterization results, one can deduce that PAM is
chemically grafted on the GO surfaces. During the plasma-induced
polymerization process, PAM and GO are activated by photons,
electrons, or alpha particles, which are produced by exposure to the
plasma. The activated PAM and GO form strong chemical bonds,
thereby resulting in the grafting of PAM on GO.2%**

Effect of contact time on radionuclide sorption

Fig. 3a shows that radionuclide sorption on PAM/GO is influenced
by contact time. The amount of adsorbed radionuclides is enhanced
with increasing contact time. The radionuclide sorption increases
quickly in the initial 2 h of contact time, and then increases more
slowly until the sorption process achieves equilibrium after 6 h. At
the initial stages, many vacant surface sites are available for sorption.
However, at later stages, the remaining vacant surface sites are
difficult to occupy due to the repulsive forces between the sorbate
molecules. Moreover, PAM/GO becomes nearly saturated with radio-
nuclides at later stages, and the diffusion of radionuclides decreases
as time passes.”® In general, the sorption process is very rapid and
6 h is enough to achieve sorption equilibrium. The shaking time was
fixed to 24 h in the following experiments to ensure that the removal
process could achieve complete equilibrium. Two kinetic models, a
pseudo-first-order (In(Q,, — Q;) = InQ,, — k'¢) and a pseudo-second-
order (¢/Q; = /(' Q) + t/Q,,) model, were applied to study the
possible mechanism of the removal process.”” Herein, Q; and Q,,
refer to the adsorbability of the radionuclides (mmol g ) at time ¢
(h) and equilibrium adsorption ability obtained from the model,
respectively. k' (1/h) and &/ (g mmol ' h™") are the adsorption rate
constants. The kinetic parameters obtained from both models are
listed in Table 1. The pseudo-second-order model fits better than the

This journal is © the Owner Societies 2015
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Fig. 3 Effect of contact time on the radionuclide sorption on PAM/GO (a);
comparison of the two kinetic models of U(vi) (b), Eu(in) (c) and Cof(u) (d)
adsorption on PAM/GO, pH =5.0 £ 0.1, T=295K, m/V = 0.2 g L™, Cinitiat =
0.2 mmol L%, / = 0.01 mol L™ NaCl.

Table 1 Parameters obtained from different kinetic models?

Model Parameters U(vi)  Eu(m)  Co(n)
Pseudo first order K (1h) 0.766  0.753  0.759
Qme (mmol g7 0.461  0.679  0.783
R 0.99 0.984  0.966
Pseudo second order ¥’ (g mmol 'h™')  0.921 0.788  0.756
Qme (mmol g™ 1) 0.487 0709  0.772
R 0.999  0.999  0.998
Qme (mmol g™ 1) 0.492 0.698  0.771

“ Qme is the adsorption capacity at equilibrium calculated by different
models, Q. is the experimental value.

pseudo-first-order model (Fig. 3) with the calculated maximum
values (Qmc) closer to the experimental ones (Qne), highlighting
the chemisorption-controlled mechanism.>®

Effect of initial pH

The study of the effect of pH on radionuclide sorption on GO or
PAM/GO nanosheets was carried out in the pH range of 2.0-
11.0. Fig. 4 shows that radionuclide sorption onto the sorbent
increases rapidly as pH increases in the pH range of 2.0-7.0. At
pH > 7.0, the adsorption percentage of radionuclides on the
sorbent decreases with increasing pH values. This effect can be
attributed to the electrostatic attraction between the radionuclide
species and the surface charges of PAM/GO, which are affected by
the solution pH. Moreover, protonation-deprotonation reactions of
functional groups could promote or suppress radionuclide sorp-
tion. From the potentiometric acid-base titrations (Fig. 2d), the
surface of PAM/GO is found to be positively charged at pH < 4.81.
Meanwhile, the dominant U(vi) species is UO,*" at pH < 5
therefore, the electrostatic repulsion between PAM/GO and UO,>*
leads to the low sorption of U(vi) onto PAM/GO. As pH increases,
the functional groups on the surface of PAM/GO gradually become
negatively charged. This increases the interaction between PAM/GO
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Fig. 4 Effect of pH on U(v) (a), Eu(i) (c) and Co(i) (e) sorption to GO and
PAM/GO, m/V = 02 g L% I = 0.01 mol L™ NaCl, Cinitiat = 0.2 mmol L™%;
sorption isotherms of U(vi) (b), Eu(in) (d) and Co(n) (f) on GO and PAM/GO; the
solid lines stand for the Langmuir model and the dashed lines stand for the
Freundlich model, pH = 5.0 = 0.1, m/V =02 g L™, / = 0.01 mol L™ NaCL

and (UO,);(OH);'/UO,(OH)", which are the dominant species of
U(vi) between pH 5.0 and 7.0 (Fig. S2, ESIt). At pH > 7.0, the
surface charges of the sorbents become more negative and
UO,(OH);~ is the main species. The repulsion between
UO,(OH);~ and the negatively charged surface results in the
drop in U(vi) sorption. Eu(u) and Co(u) sorption onto PAM/GO
nanosheets remains high when the pH is higher than 7.0,
which can be attributed to surface complexation and precipita-
tion (Fig. S3 and S4, ESIt).%12?

Sorption isotherms

Radioactive wastewater has a low pH value; hence, we estimated
radionuclide sorption isotherms of PAM/GO at a pH of 5.0 (Fig. 4).
As the radionuclide concentration increases, the amount of radio-
nuclides adsorbed on PAM/GO firstly increases quickly and then
arrives at a plateau. Fig. 4b, d and f show that the sorption
isotherms increase with increasing temperature. This means that
higher temperatures are more conducive to radionuclide sorption
on PAM/GO. To further understand the sorption performance of
PAM/GO, the experimental data were simulated by the Langmuir
(Cs =b X Csmax — Cel(1 + b x C.)) and Freundlich (Cs = KxCp)
models (where C; is the amount of radionuclides adsorbed on
PAM/GO (mmol g "), Cymax is the maximum amount of radio-
nuclides adsorbed on PAM/GO (mmol g™ ') at complete monolayer
coverage, b (L mmol ") is the Langmuir constant that relates to the
sorption heat, K (mmol' ™" L” g~ ') represents the sorption capacity

Phys. Chem. Chem. Phys., 2015, 17, 398-406 | 401
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Table 2 Parameters for the Langmuir and Freundlich models
Langmuir model Freundlich model

Sorbent T (K) Csmax (mmol g7 ) b (L mmol ) R Kp (mmol" "L g™ 1) n R

U(vi)

GO 295 0.373 9.176 0.978 0.424 0.384 0.986
295 0.698 6.376 0.994 0.788 0.469 0.959

PAM/GO 315 0.809 7.831 0.994 0.954 0.441 0.960
335 0.917 9.595 0.993 0.418 0.488 0.961

Eu(m)

GO 295 0.986 8.307 0.996 1.109 0.393 0.984
295 1.245 7.419 0.994 1.423 0.429 0.961

PAM/GO 315 1.506 6.139 0.998 1.735 0.483 0.975
335 1.917 5.192 0.998 2.253 0.541 0.982

Co(u)

GO 295 1.208 4.776 0.991 1.283 0.506 0.974
295 1.621 5.366 0.997 1.849 0.514 0.976

PAM/GO 315 1.911 5.845 0.998 2.309 0.523 0.980
335 2.401 5.176 0.998 3.001 0.574 0.983

when the equilibrium concentration of radionuclides is equal
to 1, and n represents the degree of dependence of the sorption
on the equilibrium concentration).

From Table 2 and Fig. 4, one can see that the Langmuir
model fits the experimental data better than the Freundlich
model. At pH = 5.0 &+ 0.1 and T= 295 K, the C; 1, values of U(vi),
Eu(mr) and Co(u) on PAM/GO are 0.698, 1.245 and 1.621 mmol g~ *
respectively, which are far higher than the values for those
radionuclides on GO and other adsorbents under similar
experimental conditions (Table S4, ESIf). One can see that
the PAM/GO nanosheets present a high adsorption capability
for radionuclides. As mentioned above, the modified PAM on
the GO surface could enhance the sorption of radionuclides
because of the stronger complexation between nitrogen- and/or
oxygen-containing functional groups and radionuclides. The
PAM significantly increases the surface area of PAM/GO, which
can provide more active sites and functional groups for radio-
nuclide uptake. The results indicate that PAM/GO is potentially
able to be used as a highly efficient material in the treatment of
radioactive wastewater.

Thermodynamic analysis

The sorption of radionuclides increases with increasing reac-
tion temperature. The highest sorption isotherm is obtained at
T = 335 K while the lowest sorption isotherm is obtained at T =
295 K, which illustrates that the sorption of radionuclides on
PAM/GO is promoted at higher temperatures. The thermo-
dynamic parameters (AG°, AS® and AH®) were calculated from
the temperature-dependent sorption isotherms. The value of
free energy change was derived from the equation AG® = —RT
In K° (K° is the constant of sorption equilibrium). The values of
In K° stand for the sorption abilities of PAM/GO toward radio-
nuclides. The standard enthalpy change (AH®) and the stan-
dard entropy change (AS°) were calculated from the equation
AG°=AH® — TAS% R (8.314 ] mol ' K™ ') is the constant of ideal
gas and T (K) is the temperature. The values calculated from the

402 | Phys. Chem. Chem. Phys., 2015, 17, 398-406

Table 3 Thermodynamic parameters for radionuclide sorption on PAM/GO

Adsorbate T (K) AG°® (k] mol™") AS°(J mol 'K") AH’ (k] mol %)

U(v) 295 —16.63 56.37 13.52
315 —17.76
335  —18.88

Eu(m) 295  —8.71 29.53 3.96
315 —9.30
335  —9.89

Cof(n) 295  —13.19 44.70 82.93
315  —14.08
335  —14.98

thermodynamic equations are listed in Table 3. The positive
AH® value and negative AG® value reveal that the sorption
reaction is a spontaneous and endothermic process. This is
in line with the fact that the sorption increases as the reaction
temperature increases. A probable explanation for the positive
enthalpy is the complete dissolution of radionuclides in water;
the hydration sheaths of the radionuclides are supposed to be
destroyed before the ions are adsorbed on PAM/GO, and the
energy required for this dehydration process exceeds the energy
released during the attachment of cations to the solid surface.*®

Effect of ionic strength

The effect of ionic strength on the adsorption of radionuclides
onto PAM/GO was studied under different NaCl concentrations
(Fig. 5a). It can be seen that the sorption percentage decreases
with increasing NaCl concentration. The adsorption percen-
tages of radionuclides on PAM/GO decrease by more than 20%
as the concentration of NaCl in solution increases from
0.005 mmol L™ to 0.05 mol L™". This phenomenon has also
been found in other studies.*’ The ionic strength plays a key
role in controlling electrostatic interactions. Hence, these inter-
actions, attractive or repulsive, are decreased with increasing
NacCl concentration. High ionic strength will cause a screening
effect.>” The increase in ionic strength would inhibit the
electrostatic interactions between the radionuclides and the

This journal is © the Owner Societies 2015
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charged amino groups and deprotonated carboxyl groups of
PAM/GO.*> When radionuclides are present in a solution of
high ionic strength, their activities are heavily decreased, which
finally inhibits their movement to the surface of PAM/GO.
Moreover, high ionic strength can also decrease the electro-
static repulsion between PAM/GO, which results in aggregation
and lower adsorption ability of PAM/GO. The ionic strength
dependence of the radionuclide sorption indicates a surface
complexation mechanism.*

Simultaneous sorption

The simultaneous sorption of U(vi), Eu(m) and Co(u) from water
by PAM/GO, which should contribute to the treatment of
radionuclide pollution, was investigated. The experiment was
carried out at three pH values (i.e., pH 3.0, 4.5 and 6.0)ina 1 L
beaker, which contained 0.2 g L' PAM/GO and 0.2 mmol L™*
radionuclides (U(vi), Eu(m) and Co(u)), respectively. As shown in
Fig. 5b-d, compared to single sorption, the sorption percen-
tages of PAM/GO towards U(vi), Eu(m) and Co(u) decrease by
about 10-30% at the three pH values. From the values listed in
Table 4, one can see that the simultaneous sorption of radio-
nuclides leads to an increase in the total uptake of radio-
nuclides and a decrease in the single sorption of each

Table 4 Comparison of single sorption and simultaneous sorption of
radionuclides onto PAM/GO (mmol g%

Single sorption Simultaneous sorption

pH U(v1) Eu(u) Co(u) U(vr) Eu(u) Co(u)

3.0 0.0571 0.1007 0.1047 0.0365 0.0854 0.0710
4.5 0.1097 0.1271 0.1375 0.0579 0.1041 0.0919
6.0 0.1644 0.1664 0.1723 0.1069 0.1403 0.1249
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radionuclide. Significant competitive interactions between dif-
ferent species in solution may exist. The adsorbability of PAM/
GO for different radionuclides should be affected by a series of
factors, including ionic size, ionic charge, functional groups
and surface properties.*® According to previous studies, the
ionic radius of Eu(m) is 0.113 nm,** and the ionic radius of
Co(n) is 0.082 nm;*® while the dumb-bell shaped UO,>", which
is the dominant U(vi) species at pH < 5.0,” has a linear
structure with an overall length of 0.36 nm.*® A higher valence
ion is rather more easily adsorbed on PAM/GO; therefore, Eu(u)
has the highest affinity to PAM/GO surface. The radius of Co(u)
is smaller than that of UO,**, thus leading to higher adsorb-
ability. So the relative affinity of the PAM/GO surface for the
radionuclides is in the order Eu(um) > Co(u) > U(vi). Similar
results were also reported for Cd(u) and Co(u) sorption on the
exopolysaccharide produced by Chryseomonas Iluteola.>® The
results herein manifest that the use of PAM/GO for radio-
nuclide removal is highly efficient and versatile.

XPS analysis

In order to study the sorption of radionuclides on PAM/GO at a
molecular level, the interaction of radionuclides with PAM/GO
was studied by using X-ray photoelectric spectroscopy (XPS). As
shown in Fig. 6a, peaks are seen for the expected components
of PAM/GO, and the characteristic peaks of radionuclides
appear, which suggests that a significant amount of radio-
nuclides is adsorbed onto PAM/GO. The peaks at 392.98 and
382.28 eV are the characteristic doublets of U 4f;,, and U 4f,,
from uranium with a splitting of about 10.7 eV (Fig. 6b).*° The
U 4f spectrum is resolved into two peaks: the peak at 382.5 eV
corresponds to the free uranyl adsorbed on PAM/GO, and the
peak at 381.1 eV is attributed to a covalent bond of amido-
U(v1).*' The peaks at 1134.8 and 1164.2 eV are the characteristic
doublets of Eu 3ds;, and Eu 3djz, from europium (Fig. 6c).
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Fig. 6 XPS survey scans and high resolution spectra of PAM/GO and
PAM/GO-radionuclides, total survey scans (a); U 4f spectrum (b); Eu 3d
spectrum (c); Co 2p spectrum (d), pH =50+ 01, T=295K m/V=02g
L™, Cinitia = 0.2 mmol L™, / = 0.01 mol L™ NaClL.
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The Eu 3d spectrum is resolved into two peaks, which represent
two types of species that could form complexes with nitrogen-
and oxygen-containing functional groups.''® The Co 2p XPS
spectrum shows two major peaks with binding energies at
781.08 and 796.08 eV, corresponding to Co 2p;, and Co 2p;,,
respectively, with a spin-energy separation of 15 eV (Fig. 6d).*?
The Co 2p spectrum is resolved into two peaks: the peak
at 780.45 eV corresponds to a covalent bond of oxygen-Co(u),
and the peak at 782.16 eV is attributed to a covalent bond of
amido-Co(u).**

The O 1s peaks of PAM/GO and PAM/GO-radionuclides are
shown in Fig. 7a. The binding energies at 531.2, 531.8 and
533.4 eV can be assigned to bridging ~-OH, C—O0, and alcoholic
C-0, respectively.** Compared to PAM/GO, the bridging ~-OH
is observable and the relative intensities of the C—O and
alcoholic C-O peaks of PAM/GO-radionuclides decrease. The
great variation of O 1s before and after radionuclide sorption
indicates that radionuclides can form strong complexes with
oxygen-containing functional groups. Fig. 7b shows the N 1s
spectra of PAM/GO before and after radionuclide sorption. The
N 1s spectrum is resolved into three individual component
peaks at 398.79, 399.74 and 401.64 eV.*'° The peak at 399.74 eV
is due to the nitrogen atoms in PAM, the peak at 401.64 €V is
attributed to the complexes of -NH, and cations,”” and the
peak at 398.79 eV is ascribed to the formation of covalent
amido-cation bonds, in which the cations share electrons with
the nitrogen atom of the O=—C-NH, group.**

Before radionuclide sorption, a dominant peak appears at
399.79 eV; additionally, two very small peaks are found at
401.64 eV and 398.79 eV. The atomic contents of the radio-
nuclides on PAM/GO are in accordance with the decrease in the
percentages of C, N and O observed after radionuclide sorption
compared to PAM/GO before radionuclide sorption (Table S5,
ESIt). Moreover, the peak fitting results of the U 4f, Eu 3d, Co
2p, O 1s and N 1s before and after radionuclide sorption on
PAM/GO are listed in Table S6 (ESIt). The sorption of radio-
nuclides on PAM/GO leads to a decrease in the percentages of N
1s and O 1s peaks. Based on analysis of the XPS spectra, the
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high adsorbability of PAM/GO nanosheets is largely due to a
large number of nitrogen- and oxygen-containing functional
groups, which can easily form strong complexes with radio-
nuclides on the PAM/GO surface.

Conclusions

To conclude, we synthesized highly dispersed PAM/GO nanosheets
by a simple, green and low-cost plasma approach. Analysis of the
results of SEM, TEM, FT-IR, TGA, Raman spectroscopy and poten-
tiometric acid-base titrations indicated that PAM was successfully
modified onto the surface of GO. The equilibrium sorption data
were well fitted by the Langmuir sorption isotherms, and PAM/GO
exhibited high sorption capacity for radionuclides. The thermo-
dynamic parameters indicated that the interaction of radionuclides
with PAM/GO was an endothermic and spontaneous process.
Simultaneous sorption results indicated that the PAM/GO could
adsorb the radionuclides simultaneously, and the simultaneous
sorption capacity was higher than that of single radionuclide
sorption. On the basis of the XPS analysis, the sorption of radio-
nuclides was mainly due to nitrogen- and oxygen-containing func-
tional groups on PAM/GO surfaces, which could form strong
complexes with radionuclides. These results show that PAM/GO
is a very suitable material for radioactive wastewater treatment
and that the plasma approach is promising for the future
synthesis of these kinds of nanomaterials.
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