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Abstract
Nitrogen doped graphene nanowall(s) deposited on carbon paper is employed in sequestration of trace-level plutonium from 
aqueous solution using batch adsorption technique. Surface and structural characteristics of the sorbent are studied using 
SEM and Raman spectroscopy, respectively. Radiometric α-counting of the supernatant solution showed > 90% sorption at 
pH > 7. Visual Minteq modelling revealed that Pu(OH)4 species is responsible for high sorption. Freundlich model evolved 
as the best fit, implying multilayer deposition on a heterogeneous surface as the mechanism of sorption. The combination of 
10 M  HNO3 and EDTA resulted in 75% desorption. The results are promising for the sequestration of trace-level plutonium.
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Introduction

Sustaining the nuclear technology to meet the energy 
requirements of twenty first century has been the important 
consideration of many developing nations including India. 
A nation would adopt a nuclear policy which should be con-
tinuously evolving with every safety methodology in order 
to protect man and his environment from any unexpected 
release of radionuclides into biosphere. Various scientific 
and technological advancements have surfaced recently 
for the effective management of the waste streams [1]. The 
appropriateness of a treatment methodology depends on the 
type and concentration of constituents in the waste stream 
under consideration. In addition, it should be fast, efficient 
and economically viable. Sorption is being proved to be one 
of such best methodologies to achieve the efficient recovery 
of the radio elements from the waste streams [2].

For aqueous streams with the metal ion contamination, 
the sorption technology is applied prodigiously enabling 
them to innocuous streams to be disposed under recom-
mended procedures. In this context, several conventional 
sorbents such as activated carbon, activated alumina, silica 
gels etc. have been used in industrial scale. Despite the wide 
spread usage, their applicability is hampered by the slow 
kinetics, low efficiency and reduced scope for regeneration. 
However, nano sorbents have been considered as a remedy 
to the above shortcomings. The nano sorbents are efficient, 
reusable and show improved kinetics in the removal of con-
taminants. Several metal oxide based sorbents and carbon 
based sorbents were evaluated for the sorptive removal of 
contaminants [3]. They can also be functionalized appro-
priately to tune their functionality for a specific application. 
Among them, graphene based sorbents are one which show-
case excellent chemical and radiation stability, enormous 
surface area and very good surface site density [4, 5]. Addi-
tionally, they can be functionalized by hetero atoms, ions and 
ligands to enhance the sorption capacity and to improve the 
selectivity [6–8].

Plutonium is one of the major radionuclide that is given 
a special attention in waste management due to its long 
radiological half-life and effective biological half-life. In 
the Low Level Waste (LLW) and Intermediate Level Waste 
(ILW) streams from reprocessing plants, the alpha emitting 
nuclides (e.g. Pu) are present in trace levels. The removal of 
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them will make those liquid streams innocuous and makes 
it an exempt waste which ultimately leads to zero discharge 
concept.

Graphene nano walls (GNWs) are an artifact of carbon in 
which the graphene sheets orient non horizontal to the base 
surface. The unique surface features of GNWs make it a 
suitable material for the sorption applications. The high effi-
cacy of graphene based materials for the sorptive removal of 
plutonium from aqueous solutions have been reported in lit-
erature [9, 10]. Spent fuel reprocessing very often encounter 
acidic environments and hence, some studies were focused 
on removal of plutonium from acidic media [11–13]. In con-
trast, there are a few studies on the sorptive removal of Pu 
from complexing media, as well [14, 15].

Doping of hetero atoms onto the sorbent enhances the 
properties of a sorbent by changing the chemical environ-
ment on its surface [16]. For example, the surface modifica-
tion by nitrogen leads to the generation of multiple types of 
groups (e.g. imine, pyridine, pyrrole) on the surface which 
improves sorption power of the sorbent for the metallic 
species compared to the pristine sorbent [8, 17]. Recently, 
for the first time, we have reported the exceptionally high 
(> 94%) sorption capacity of nitrogen doped graphene nano 
walls for aqueous Ce (1 ppm) solution at and above neutral 
pH [Chaitanya et al., communicated 2023]. Cerium, being 
a surrogate of plutonium, it is natural to extend the study 
towards plutonium sorption. Since, plutonium shows good 
affinity towards nitrogen moieties [8, 18–20], it is impera-
tive that the nitrogen modification of the graphene nano 
sheets make sense in the context of sorption of plutonium. 
Herein the present study, we focus the sorptive removal of 
plutonium from aqueous solutions and the study extended to 
acidic, neutral and basic media. The speciation of plutonium 
under the experimental conditions was modeled and cor-
related with the sorption measurements. To investigate the 
mechanism of sorption, the sorption data was modeled using 
popular isotherm models. Further, the possibility of recov-
ery of Pu from the sorbent was explored as desorption of 
sorbed metal, which plays an important role in the context of 
retrieval of the precious/strategic materials because success-
ful application of a sorption process includes the recovery 
of the targeted species. Hence the desorption behavior was 
investigated and the optimized conditions for the recovery 
of sorbed plutonium were presented.

Experimental

Materials and methodology

Nitrogen doped GNWs (N-GNWs) were deposited on carbon 
paper (CP) using plasma enhanced chemical vapour deposi-
tion (PECVD) technique. The samples were characterized 

for their morphology using FESEM (Zeiss–Supra 50). 
Raman studies were conducted in a Renishaw make, 
532 nm-Nd-YAG laser spectroscope to extract structural and 
morphological signatures. Ion exchange purified Pu(NO3)4 
solution was diluted and analyzed by radiometry to get a 
stock solution of Pu in its tetra valent state [21]. Wherever 
required oxidation state of Pu was adjusted to  Pu4+ using 
appropriate concentration of  NaNO2. Experiments on plu-
tonium sorption from aqueous medium were performed on 
pristine carbon paper, pristine GNWs and N-GNWs using 
batch adsorption method. The Pu concentration in the solu-
tion before and after the sorption was estimated using alpha 
radiometry using a ZnS(Ag) gross alpha counter. All the 
experiments were carried out at ambient temperature.

Graphene nanowalls preparation 
and characterization

The pristine graphene nano walls (GNWs) were synthesized 
using RF-plasma enhanced chemical vapour deposition tech-
nique (PECVD with methane-argon plasma (1:3 ratio) at 
5 ×  10– 3 mbar pressure at 800 °C for 3 h at plasma power 
of 150 W on Carbon paper of size 20 × 10 (mm), the details 
of system description and synthesis procedure are reported 
elsewhere [23]. The nitrogen modification of the surface had 
been achieved by exposing to nitrogen (99.89%) plasma for 
30 min at 5 ×  10– 3 mbar pressures. Basic characterization of 
the pristine and N-doped sorbents was carried out with SEM 
and Raman spectroscopy. FESEM was used for studying the 
morphology and plasma induced sputtering. Moreover, the 
built-in measuring tool in FESEM was used for measuring 
the average thickness of the film. Raman spectra were col-
lected at ambient conditions with 50 mW laser (532 nm) 
excitation for an acquisition time of 150 s. The G-peak nor-
malized intensity after background correction was plotted 
against Raman shift.

Sorption experiments of Pu with N‑GNWs

Batch adsorption technique was used to investigate the sorp-
tion of Plutonium by GNWs. In a typical experiment, a strip 
of nano sorbent (10 mm × 10 mm) was placed in a poly-
propylene vial containing standard Pu solution (1.0 mg/L) 
with pre adjusted pH. The vial was set for equilibration on 
a REMI VM-500 orbital shaker for 3 h. After equilibration, 
the strip was removed. The supernatant solution was care-
fully separated and an aliquot of 100 µL of the solution was 
planchetted on an SS disc. The planchette was counted for 
gross alpha using a pre calibrated ZnS(Ag) scintillation 
counter having an efficiency ~ 25% and the concentration 
of Pu was determined using the count rate and the specific 
activity of Pu. The sorption percentage, sorption capacity 
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and distribution coefficient were calculated using the respec-
tive formulae

where C0 and C are the concentration of sorbate before and 
after sorption, respectively, V and m are the volume of the 
solution and mass of the sorbent used for the sorption reac-
tion, respectively.

To study the effect of pH on the sorption of Pu, stock Pu 
solution was diluted to 1.0 ppm and the pH was adjusted 
to the required value using  HClO4 and NaOH. In separate 
vials, Pu solutions at different pH were prepared. The batch 
adsorption experiment was conducted on 5 ml of the solution 
as described above and the sorption percentage was calcu-
lated in each case. In order to understand the mechanism of 
adsorption, isotherm studies had been performed. For the 
isotherm studies, the stock solution was diluted to different 
concentrations in the range of 0.5–10.0 ppm at a given pH 
and the sorption experiments were conducted to determine 
the sorption capacities. The speciation of plutonium was 
modeled by feeding the various experimental conditions in 
Visual Minteq 3.1 [22] and the data was represented as Spe-
ciation distribution vs pH diagrams.

Recovery of Pu sorbed on the N-GNWs was explored 
by batch desorption studies. The desorption study was per-
formed on the N-GNWs strips which were sorbed in the pH 
range 3 to 11. The sorbed N-GNWs strips were dried and 
transferred to different PVC vials and 5 ml 1 M  HNO3 was 
added and equilibrated for 3 h. The N-GNWs strips were 
removed from the vials and the supernatant solution was 
analyzed by α–radiometry to determine the percentage des-
orption. Since, highest sorption was observed at pH 7 and 
above (as discussed later), the desorption experiment was 
conducted on N-GNW strips sorbed at pH 7, by employ-
ing 1–10 M  HNO3, 10 M  HNO3 + 0.1 M oxalic acid, 10 M 
 HNO3 + 0.1 M EDTA as desorbing media.

Results and discussion

Characterization of the N‑GNWs

The FESEM image shows uniform, fine and corrugated 
morphology of GNWs deposited on carbon paper (Fig. 1). 
The SEM image further reveals a very open structure 
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indicating availability of large surface area which may 
be available for sorption. The height of the nanowalls is 
measured to be approximately 200 nm. Nitrogen doped 
GNWs and pristine GNWs appear identical in its surface 
morphology.

Raman spectra of pristine GNWs and nitrogen doped 
GNWs are shown in Fig. 2. The increase in FWHM of 
D-peak and G-peak of N-GNWs, indicate addition of more 
defects due to nitrogen doping while the FWHM of G’ peak 
is reduced with plasma exposure, which indicates increased 
monolayer like character compared to pristine GNWs. An 
increase in background intensity observed in between D and 
G peaks is attributed to generation of structural defects upon 
nitrogen doping [17, 23]. The Raman study further reveals 
molecular level modification of vibrational spectra due to 
addition of heavier and more electronegative nitrogen.

Fig. 1  FESEM image of N-GNWs showing the corrugated structure 
of the graphene nano walls on carbon paper substrate and the inset 
shows the carbon fibre with N-GNWs

Fig. 2  Raman spectra of the pristine and n-doped graphene nano 
walls Nitrogen doping has reduced the  ID/IG ratio. The increase in the 
FWHM of D, G and G’ peaks is due to generation of different types 
of defects
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Sorption studies of plutonium

Initial experiments were conducted to explore the sorption 
of plutonium in acidic medium. Experiments conducted 
between 0.5–10 M of  HNO3 didn’t give encouraging results 
(Table 1). Reduced sorption of nitrate species of plutonium 
may be attributed to the attachment of protons to the sorbent 
surface and consequent non availability of active sites. In the 
acidic range of 10–0.5 M of  HNO3, the surface is fully pro-
tonated and the cationic plutonium species e.g. [Pu(NO3)2]2+ 
prefer to be in solution due to electrostatic repulsion leading 
to decrease in sorption percentage. Our results compare with 
a similar experimental observation reported with increas-
ing concentration of the  HNO3 with carbonated coffee pow-
der and GO, respectively [11, 12]. Hence, further sorption 
experiments were and conducted in aqueous medium in the 
range—pH 3 to pH 11.

Perchloric acid was chosen as the medium suitable for 
improved plutonium sorption experiments as it approximates 
the behavior of free aqua plutonium ions as  ClO4

− is least 
complexing [15]. Initially, sorption experiments were car-
ried out in 0.1 M  HClO4 for CP, GNWs and N-GNWs. For 
CP, the sorption observed was meagre, whereas the GNWs 
yielded sorption efficiency of 65%. The N-GNWs resulted 
in more than 90% sorption under identical experimental 
conditions. Hence, further experiments were focused on 
N-GNWs in perchloric acid medium. The sorption efficiency 
of N-GNWs against pH for 0.1 M and 1.0 M of perchloric 
acid are plotted in Fig. 3a, c, respectively. It is found that the 
sorption is low and shows a gradual increase till the sorption 
edge is reached (pH ~ 5 & pH ~ 7 for 0.1 M and 1.0 M  HClO4, 
respectively). Thereafter, the sorption is greater than 92% 
and maintained around this range even at higher pH (Fig. 3a, 
c). This variation is a typical characteristic of the sorption of 
actinides onto various metal oxide based and carbon based 
sorbents [24, 25]. There are several reports in literature cit-
ing similar trend for the sorption of Pu by various graphene 
based sorbents [26, 27].

In the region below the sorption edge (Fig. 3a, c), the 
sorbent encounters excess  H+ ions in its vicinity. As a result, 
the competitive sorption of  H+ ion supersedes the positive 
Pu ions. Hence, the sorption of Pu ions is initially low at 
low pH and gradually increases with decreasing the  H+ ion 

concentration or increasing pH. Above the sorption edge, 
the sorption occurs due to the de-protonation of the sur-
face functional groups by which the surface becomes highly 
available for the sorption of plutonium species.

The variation in the sorption efficiency with pH can be 
further explained using the sorbate speciation, as it has a 
profound influence on the sorption efficiency. The specia-
tion of the Pu(IV) with reference to Fig. 3a, c are calculated 
using Visual Minteq 3.1 and their distributions are shown 
in Fig. 3b, d. It is evident from the figures that, the major 
species are [Pu(OH)2]2+, [Pu(OH)3]+ and [Pu(OH)4] and are 
responsible for the sorption in the pH range from pH 1 to pH 
11 and is in line with literature [28, 29]. Therefore, both pH 
of the solution and speciation of the sorbate play a prominent 
and synergistic role in the sorption of plutonium.

Role of pH and ionic strength in the sorption

The effect of strength of perchlorate ion on the sorption effi-
ciency of Pu species is shown in Fig. 3a, c (0.1 M and 1.0 M 
of  ClO4

− respectively) and there is no much difference as 
the speciation of Pu(IV) is almost same in both cases. A low 
but finite decrease is observed with increase of perchlorate 
concentration in the region below the sorption edge and is 
attributed to the subtle change in the speciation (Fig. 3b, 
d) leading to different relative distributions of [Pu(OH)2]2+ 
and [Pu(OH)3]+ in the range ~ pH = 2 − 3, and process can 
be understood as the sorption follows outer sphere compl-
exation/ion exchange mechanism. After the sorption edge 
where quantitative sorption of Pu occurs, there is no change 
in the sorption efficiency with the increase in strength of 
 ClO4

− which shows the inner sphere complexation of Pu 
species onto the surface.

Solution pH is an important variable in the sorption pro-
cess of aqueous metallic species. It plays a major role in 
establishing the equilibrium among different species. As a 
result, the change in pH of the solution as a consequence of 
sorption, gives important information about the mechanis-
tic aspects of sorption. During the synthesis of N-GNWs, 
the nitrogen incorporation broadly generates three types of 
regions with respect to nitrogen viz. electron rich (n-type), 
electron deficient(p-type) and polar [17]. The O-containing 
groups such as –OH are also present on the surface. The 
pH of the solution shifts to higher side which shows the 
absorption of protons by various n-type nitrogen moieties 
and oxygen moieties present on the sorbent. But in case of 
basic pH, the protonated functional groups release  H+ ions 
into the solution which lowers the pH value of the solution.

Keeping the track of pH throughout the sorption process 
renders important information regarding the mechanism of 
sorption. From Table 2, it can be seen that for initial pH 5, 
more protons are absorbed from 0.1 M  HClO4 than 1.0 M 
 HClO4 by the sorbent shifts the final pH to 6.33 and 5.48 

Table 1  Sorption of Pu (1 ppm) 
from Nitric acid by N-GNWs. 
The sorption percentage is 
found to be small (~ 3% max.)

[HNO3], M Percentage
sorption (%)

0.5 3
1.0  < 1
4.0 3
8.0 3
10.0  < 1
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respectively and correspondingly the sorption is higher in 
former case. Hence the change in solution pH corresponds 
to the sorption of plutonium species. Lastly, it should be 
kept in mind that various O-containing and N-containing 
functional groups on the surface of N-GNWs have different 
 pKa values and the final pH after sorption is the resultant of 
all of these changes.

Effect of initial concentration of Pu on the sorption

The effect of initial concentration of Pu on the sorption effi-
ciency is also explored by conducting sorption experiments 
by varying the Pu concentration in the range 0.5–10.0 mg/L 

Fig. 3  a and c—Variation of sorption efficiency with pH of the solution from 0.1 M and 1.0 M of perchloric acid respectively. b and d—Specia-
tion of Plutonium at 0.1 M and 1.0 M perchloric acid respectively. Maximum sorption is observed for Pu(OH)4

Table 2  Change in solution pH due to sorption

The increase/decrease in pH is due to protonation & deprotonation of 
various functional groups on the sorbent

pH before sorption pH after sorption from

1 M  HClO4 0.1 M  HClO4

3.0 2.74 2.88
5.0 5.48 6.33
7.0 6.78 7.10
9.0 7.58 7.86
11.0 8.58 10.70
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and the results are shown in Table 3. It is seen that the sorp-
tion efficiency of Pu increases with its initial concentration 
but it’s not saturated. Hence, it is important to know the 
mechanism operating in the sorption process. Additionally, 
the distribution coefficient for Pu sorption is found to be 
in the range of 6.7 ×  107 (calculated empirically) which is 
exceptionally high. Considering these two aspects, the mech-
anism operating behind the sorption process is deduced from 
isotherm analysis for the prediction of a suitable model.

The study of isotherms provides insights in to the nature 
of sorption process (chemisorption or physisorption, mon-
olayered or multilayered sorption) and yields important 
parameters which are characteristic of the sorbent (e.g. 
porosity) and the sorption process involved (e.g. maximum 
sorption capacity, sorption energy). It also indicates the 
strength of adsorbate-adsorbent interactions. In the present 
study, the sorption data have been fitted to the popularly 
used Freundlich, Dubinin-Radushkevich (D-R) and Temkin 
adsorption models.

Freundlich isotherm model

The Freundlich isotherm model assumes the surface to be 
heterogeneous and the sorption as multilayered. The govern-
ing relationship in linear form is expressed as

where  Kf is Freundlich isotherm constant (mg/g) and n is 
adsorption intensity. Ce and  qe denote the concentration 
(mg/L) and sorption capacity (mg/g) respectively at equi-
librium. In Eq. (4), the value of n which is encompassed in 
the slope, gives the strength of sorption while the intercept 
gives the magnitude of  Kf which indicates the maximum 
sorption capacity. In particular, if n = 1, the partition of the 
metal ion between the solid and liquid phases is independ-
ent of the concentration of the metal ion. Values larger than 
or smaller than 1 indicate normal sorption and cooperative 
adsorption, respectively.

Figure 4a shows the plot of ln  qe versus ln  Ce which 
shows a linear behavior and when linearly fitted, yields 
a Regression coefficient  (R2) ~ 0.9997. The linear behav-
ior confirms the chemical heterogeneity of the sorbent 

(4)ln qe = ln Kf + (1∕n) ln Ce

surface. In addition, the sorption capacity was calculated 
to be 89,757 mg/g which is exceptionally high in compari-
son with a recently reported study (carbonate treated cof-
fee powder:  Kd = 30.9 mg/g) [12] The value of n is 0.755 
which indicates the mechanism as cooperative sorption.

Dubinin‑Radushkevich (D‑R) isotherm model

Unlike the Freundlich isotherm model, the Dubinin–Radu-
shkevich isotherm model is an empirical one conceived 
for the sorption on heterogeneous surface with a Gauss-
ian energy distribution. The D-R isotherm is expressed in 
linear form as follow

where  qe,  qm are the equilibrium sorption capacity(mg/g) 
and maximum sorption capacity (mg/g) respectively, β is 
activity coefficient and ɛ is Polanyi potential (kJ/mol)

where R is gas constant, T is absolute temperature and  Ce is 
equilibrium concentration of sorbate.

In this model, ln  qe plotted against ɛ2 yields a straight 
line whose intercept  qm gives the maximum sorption 
capacity and sorption energy calculated from the slope β 
using the relation

Figure 4b shows a linear plot of ln  qe against ɛ2 with a 
regression coefficient ~ 0.9679. The  qm was calculated to 
be 40,945 mg/g and the sorption energy was found to be 
3.162 J/mol which suggests the nature of sorption process 
indeed pertains to physisorption.

Temkin isotherm model: The Temkin isotherm 
model considers the adsorbent-adsorbate interactions and 
assumes a linear relationship between the heat of adsorp-
tion and the surface coverage of the form

where b (kJ/mol) and A (L/mg) are Temkin isotherm param-
eters which signify heat of adsorption and equilibrium bind-
ing constant, respectively.

Figure 4c shows a plot of  qe versus ln  Ce and fitted to 
linear form with a regression coefficient of ~ 0.9291 From 
the figure, the slope and intercept A (equilibrium binding 
constant) are found to be 0.2107 J/mol and 22.9932 L/
mg, respectively. From the value of b, the heat of adsorp-
tion (RT/b) is calculated as 11.76 kJ/mol, which indicates 
the nature of sorption is physisorption. However, the 

(5)ln qe = ln qm−β ε2

(6)ε = RT ln
(

1 + 1∕Ce

)

(7)E = 1
/

(2 β)
1∕2

(8)qe = (RT∕b) ln A + (RT∕b) ln Ce

Table 3  Effect of initial 
concentration of Pu on sorption. 
The sorption is more than 90% 
over the studied concentration 
range

Conc. of Pu 
(mg/L)

Sorption 
efficiency 
(%)

0.5 92
1.0 93
5.0 95
10.0 96
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Fig. 4  Isotherm curves for the sorption of Pu on N-GNWs at pH = 5 from 0.1 M  HClO4 (a) Freundlich Isotherm (b) Dubinin-Radushkevich iso-
therm (c) Temkin isotherm

Table 4  Calculated isotherm constants for the sorption of Pu(IV) by N-GNWs

Isotherm model Constants Inference

Freundlich KF(mg/g) n R2 Cooperative sorption, surface is heterogenous and the sorption is multilayered
89,757 0.7552 0.9997

Dubinin-Radushkevich qm (mg/g) ɛ(J/mol) R2 Sorption energy = 3.162 kJ/mol, nature of sorption is physisorption
40,945 3.1620 0.9679

Temkin b (J/mol) A(L/mg) R2 Heat of Sorption = 11.76 kJ/mol,
Nature of sorption is physisorption. Equilibrium binding const = 22.9932 L/mg0.2107 22.9932 0.9291
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experimental data doesn’t fit to a straight line as assumed 
in the Temkin’s model.

The isotherm parameters obtained from various isotherm 
models are tabulated (Table 4). From the  R2 value, it can be 
concluded that the Freundlich isotherm model fits well for 
the experimental data of sorption of Pu by N-GNWs than the 
other isotherm models. From the Freundlich isotherm fitting 
parameters, it can be concluded that the sorption capacity 
is 89,757 mg/g which is huge and highly promising for the 
separation of plutonium over a wide concentration range. 
As the sorption seems to follow Freundlich’s model, it can 
also be said that the surface of N-GNWs is heterogenous 
with large number of binding sites for sorption enhanced by 
nitrogen doping on GNWs.

From the data of sorption and isotherm analysis, it can 
be said that Pu binds effectively with N-GNWs during sorp-
tion. Earlier, there were several reports which emphasize the 
strong affinity of Pu to the nitrogen containing groups. The 
surface of N-GNWs contains different types of nitrogen moi-
eties along with oxygen containing groups. The hard-hard 
interactions of these N-moieties and O-containing groups 
with Pu species lead to the effective sorption of Pu onto 
N-GNWs surface. However it can be reiterated that since Pu 
shows stronger affinity towards N-centres than O-centres [8] 
The N-doping effectively increases the potential of graphene 
nano walls for the sorption of plutonium. Hence an explora-
tory study to give a roadmap for recovery of plutonium was 
carried out.

Desorption studies of Pu from N‑GNWs

For the successful deployment of a sorbent for intended 
applications, the recovery of the targeted species is impor-
tant. However, in the context of nuclear species, the immo-
bilization of the species gives a special advantage despite its 
recovery. This option is not preferable for the alpha radionu-
clides because of their long radiological half-life. Therefore, 
the recovery of sorbed plutonium from the sorbent surface 
plays an important role.

In the present study, an attempt was made to recover 
sorbed Plutonium by chemical desorption technique, in 
which the desorption medium could be one which dissolves 
the sorbed plutonium and inert to the sorbent. Such a recov-
ery could be manifested with the aid of complexant [12, 26, 
30]. For the sorbents with nitrogen containing functional 
groups, complete desorption of radionuclides is extremely 
hard due to the strong affinity of sorbate species with the 
N-containing groups[8]. Hence, there is a requirement to 
find a suitable desorbing environment such as acids that are 
aided by complexants.

In the desorption study three sets of experiments had 
been conducted on the Pu sorbed N-GNWs strips with, 
viz. nitric acid, nitric acid and oxalate and nitric acid and 

EDTA. In the first experiment, the desorption by 1 M 
 HNO3 for the sorbent strips which are equilibrated with Pu 
solution of pH 3 to pH 11 are analysed. Figure 5 shows the 
desorption percentage is maximum for the sorbent strips 
exposed to pH 3 Pu solution. It is inferred from Fig. 5 
that the desorption percentage is low for N-GNWs strips 
sorbed at higher pH. This may be attributed to the strong 
binding of Pu(OH)4 species to the nitrogen and oxygen 
containing functional groups on the sorbent surface. Simi-
lar observations were reported in the literature [8, 31].

It should be noted that, for the sorption experiment as 
described in the previous section, highest sorption was 
achieved at pH 7 and above. Hence, the requirement is 
for a suitable desorption condition for the sorbent strips 
exposed to pH 7 and above. Therefore, the extent of des-
orption is tested for the N-GNWs strips sorbed at pH 7 Pu 
solution for nitric acid of concentration 3 M, 6 M, 8 M and 
10 M. However, the desorption percentage only margin-
ally increased from 3 to 6%. Nevertheless, 10 M  HNO3 
was fixed as the benchmark concentration to provide the 
best feasible acidic environment for further experiments. 
Under this condition, when (potassium) oxalate (0.1 M) 
is used as the complexing agent, the desorption percent-
age is ~ 50% and when EDTA (0.1 M) is used, desorption 
percentage is ~ 75%. The higher efficiency of EDTA over 
oxalate may be attributed to its superior complexation abil-
ity  (Koxalate =  1016;  KEDTA =  1024) which may effectively 
overcome the binding forces between sorbed Pu species 
and the surface. Hence, it is inferred that both high acidity 
(10 M  HNO3) and aid of (0.1 M EDTA) complexing agent 
are very efficient in desorption of plutonium.

Fig. 5  Desorption percentage of Plutonium from the N-GNWs sorb-
ent plotted against the sorption pH (Desorbing medium: 1 M  HNO3)
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The sorption of Pu on N-GNWs is highest at pH above 
6 and the predominant species that exist in this range is 
Pu(OH)4. The Pu sorbed under the above conditions may 
be desorbed efficiently using 10 M  HNO3 and 0.1 M EDTA. 
The study provides a road map for the sequestration of trace 
level of Pu form aqueous waste streams.

Conclusions

The present study shows the efficacy of nitrogen doped 
graphene nano walls for the sequestration of plutonium 
(> 93%) from aqueous solutions containing trace levels. The 
speciation studies revealed that maximum sorption shall be 
achieved at pH 7 from a solution having Pu(OH)4 as the 
major species. The mechanistic aspects of sorption were 
explored using the batch adsorption studies and found that 
the sorption follows inner sphere complexation mechanism 
at highest sorption efficiency. From the isotherm analysis, 
it was deduced that the sorption follows Freundlich mecha-
nism suggestive of the heterogeneity of the sorbent surface 
which is attributed to the various O and N containing func-
tional groups. The nanosorbent showed an enormous sorp-
tion capacity of 89,757 mg/g, demonstrating N-GNWs on 
carbon paper a promising sorbent material. An exploratory 
study on desorption studies showed that the combination of 
10 M  HNO3 + 0.1 M EDTA could recover 75% of the sorbed 
plutonium. The study provides a viable roadmap for recov-
ery of Pu from trace levels in aqueous medium.
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