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Interaction mechanisms of U(VI) and graphene oxide
from the perspective of particle size distribution
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Abstract Graphene oxide (GO) is an ideal adsorbent due
to excellent physicochemical properties. Humic acid (HA)
is ubiquitous in aquatic and soil environment, which can
affect the migration of metal ions. In this study, we
investigated the sorption mechanisms of U(VI) onto GO
surfaces in the presence of HA. pH dependent and ionic
strength independent sorption process were observed and
the concentration of HA is positively proportional to U(VI)
sorption capacities. Results also suggest that a pre-mixing
HA + U(VI) gave better results than a pre-mixing of
GO + HA, which can be explained by the size distribution
of different GO systems.

Keywords Graphene oxide - U(VI) sorption - Humic acid -
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Introduction

Uranium(VI) is a typical radioactive element for nuclear

power plants because of its high fission energy [1] and the
fast development of U(VI) industry made uranium a
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common contaminant to soils, surface and groundwater
[2, 3]. Various technologies such as filtration, surface
complexation, chemical precipitation, ion exchange, sorp-
tion, electrodeposition, and membrane processing are
applied to remediation of uranium ions from aqueous
solution [4-6]. Sorption technique is widely adopted due to
its convenient operation, cost-efficiency and environmental
friendliness [7]. GO has emerged as a new sorbent with
excellent properties because of its abundant oxygen-con-
taining functional groups, including hydroxyl, carboxylate,
and epoxide.

Investigations about the sorption of metal ions to GO are
abundant. For example, as reported by Yang et al. [8], the
maximum sorption capacities of GO toward Pb(II), Ni(Il),
and Sr(Il) were determined to be 2.37, 1.75, and
0.62 mmol g, respectively and Pb can easily abstract the
OH group from the GOs to form the much more
stable Pb(OH)-GO complex. Gopalakrishnan et al. [9]
reported that GOs could remove heavy metal ions effectively
with the permissible pH of 8.00 from pharma—effluent with
low adsorbent dosage of GO nanosheets. Wang et al. [10]
also investigated the adsorption of U(VI), IS24H154g (11D,
8589G1(11) and "**Cs(I) onto GO, indicating that GOs had
much higher sorption capacities than many other contem-
porary materials for the preconcentration of radionuclides.
The examples and data above can lead to the conclusion that
GO has excellent sorption performance toward heavy metal
ions. In general, the sorption of metal ions can change the
particle size of GO. For instance, Sitko et al. [11] investi-
gated the dispersibility of GO in water and found that it
changes remarkably after complexation of Cu®*, Zn**, Cd>"
and Pb*". Romanchuk et al. [12] reported similar phe-
nomenon as well and the critical coagulation concentration
of GO with different cations (Na™, Ca’" and Eu3+) varies at
pH 3 and 7. What’s more, Eu(Ill) and U(VI) facilitated GO
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aggregation was observed with high Eu(Ill) and U(VI)
concentration and may be caused by surface charge neu-
tralization of GO after sorption, as reported by Xie et al. [13].
The change of GO particle size distribution after adsorption
can pose a significant difference in the mobility and sepa-
ration of GO-metal ions afterward. The phenomenon was
reported by Liu et al. [14] that the velocity of GO nanosheets
was inversely proportional to its radius and the closer to the
anode of the samples, the smaller the average lateral-di-
mensional sizes and vice versa. Thus, studying the distri-
bution of GO particle size after U(VI) sorption is of great
significance.

Humic acid (HA), a natural organic polymer, is widely
spread in soil organic substances, peat, lignite, weathering
coal and sediments of lakes and oceans [15, 16]. It contains
versatile functional groups such as carboxylic, phenolic,
carbonyl, and hydroxyl groups that connected with either
aliphatic or aromatic carbons in the macromolecules [17].
Therefore, it will affect the removal and mobility of metal
ions by various materials and thereby potentially alter the fate
and transportation of heavy metals in aquatic environment
[18]. Besides, HA has both hydrophilic and hydrophobic
moieties [19], making it be able to change the surface prop-
erties, and toxicity of nanomaterials, and more importantly,
HA can affect the size distribution of nanomaterials [20, 21].

In this paper, we investigated the factors that might have
an influence on the particle size distribution of GO nanosh-
eets through sorption experiments, especially the solution
pH, metal ions concentration, HA and even the mixing orders
of ingredients. Based on that, sorption behaviors of U(VI) by
GOs under various conditions were studied and the interac-
tion mechanisms of GOs and U(VI) was given particularly
from the perspective of particle size distribution as well.

Experimental section
Materials

The U022+ stock solution (1.0 mmol Lfl) was prepared
from its nitrate (99.9 %, Sigma-Aldrich) after dissolution
and dilution with 0.01 mol L' HNO; solution. All
chemicals were purchased in analytical-reagent grade and
used in the experiments directly without any further
purification. Deionized water was used for the GO prepa-
ration and adsorption studies.

Synthesis of GOs
Modified Hummers method [22] was used to produce GOs
from graphite. Specifically, under vigorous stirring, a

mixture of graphite (1.5 g), NaNO3 (1.5 g) and H,SO,
(60 mL) were placed in an Erlenmeyer flask and cooled
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with an ice bath. KMnQOy (9.0 g) was slowly added into this
solution. The remaining mixture was stirred at 20 = 1 °C
for 5 days, followed by adding deionized water (120 mL).
This solution was then agitated at 90 °C for 40 min before
cooled to 60 °C. The excess KMnO, was removed by
slowly adding H,O, (30 %, 6 mL). The solid residue was
filtered, washed with deionized water and dried under
vacuum to obtain the desired GOs, which was dispersed
into water by vigorous stirring and ultrasonication if nec-
essary, to make stock solutions.

Characterizations

The morphologies and microstructures of GO were char-
acterized by scanning electron microscopy (SEM, FEI
Sirion-200) and transmission electron microscope (TEM,
JEOL JEM-2010, 200 kV). Fourier transform infrared
spectroscopy (FTIR) were conducted on Nicolet Magana-
IR 750 spectrometer. The zeta-potential of GO and HA as
well as particle size of different systems were conducted on
a ZETASIZER 3000 HSA system.

Sorption experiments

All batch sorption experiments were carried out in poly-
ethylene tubes. Stock solution of U(VI) (1.0 mM L™") was
prepared and diluted to desired concentrations if necessary.
The solution pH was adjusted using negligible amounts of
NaOH and/or HCI solutions. To determine the adsorption
kinetics, experiments were carried out in a 200 mL conical
flask. At desired time intervals, 6 mL volumes of suspen-
sion were pipetted from the conical flask and samples were
centrifuged at 8000 r min~' for 20 min. The solution
concentration (supernatant level) was measured by spec-
trophotometer at the wavelength of 669 nm, using
chlorophosphonazo III as the color agent. At a constant
adsorbent concentration (0.133 g L_l), the adsorption
isotherms of U(VI) were obtained by carrying out the
adsorption experiments with different initial concentrations
of U(VI). The thermodynamic data was calculated by
performing adsorption experiments at temperatures of 298,
308, and 318 K.

The sorption percentage (%), distribution coefficient
(Ky) and amount of adsorbate adsorbed on GO (Q.) were
calculated by the following equations:

Co — C
Sorption (%) = ——— x 100 (1)
Co
Ch—-C. V
Ky = z 2
d Co x " (2)
Co—C.) xV
g~ (Q=CIxV G)
m
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where C, (mg LY and C. (mg L™") are the initial and
equilibrium concentrations of U(VI) in the solution,
V (L) is the total volume of the suspension, and m (g) is the
mass of adsorbent. Influencing factors, including the con-
tact time, pH, ionic strength and temperature were also
investigated. All the experimental data were the average of
duplicate determinations and the relative errors were within
5 %.

Results and discussion
Characterization of GO

The surface morphologies of GO were examined by SEM
and TEM, as shown in Fig. 1. SEM image (Fig. 1a) indi-
cated randomly aggregated, thin and crumpled sheets of
GO [23, 24]. The size of GO can be observed by TEM
image (Fig. 1b), being 0.3-2.0 um in width and about
1 nm in thickness.

The surface charges of GO and HA was measured by
potentiometric acid-base titrations (Fig. 2), indicating
negatively charged surfaces for both GO and HA within the
experimental pH ranges. A higher negatively charged
surface of GO than HA was observed at all pH values,
which might be attributed to the abundant negatively
charged functional groups, such as hydroxide and car-
boxylate functional groups. Moreover, the negative charge
of GO surface decreased dramatically within pH 2.5-4.0
and maintained the high negativity at pH > 5.0.

FTIR was used to detect the functional groups on GO, as
shown in Fig. 3. Versatile oxygen-containing functional
groups were observed, which involved the strong and broad
O-H peak at 3400 cm™', the strong C=0 peak at
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Fig. 1 SEM (a) and TEM (b) images of GO

Zeta potential (mV)
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Fig. 2 Potentiometric acid—base titration of HA and GO

1740 cm_l, the C—OH stretching at 1220 cm_l, and the C—
O stretching peak at 1050 cm™'. The peaks at 1620 cm ™"
and 1376 cm ™' were assigned to the vibration of adsorbed
water on GO and the contribution of the skeleton C=C
vibrations of graphitic domains [25]. After absorbed U(VI)
in the presence of HA, the peaks at 3400, 1740, 1620 and
1376 cm ™' can still be observed but with different inten-
sities, while peaks at 1220 and 1050 cm~! were lost and
new peaks at 1092 and 923 cm ! were detected, which can
be attributed to the existence of HA on the surface of GO.

The shape and size of graphene nanostructure are known
to dictate its chemical properties due to the edge states and
quantum confinement [26]. GO, which can be used as a
precursor of graphene materials, also has unique size and/
or shape-dependent properties [14]. Therefore, different
synthetic techniques were applied to produce GO nanosh-
eets with narrow sizes and shape dispersions, such as polar
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Fig. 3 FTIR spectra of GO and GO + U + HA

solvent-selective natural deposition method [27] and pH-
assisted selective sedimentation [28]. The former method is
based on the different dispersibility and stability of vari-
sized GOs in a polar solvent while the latter one is based on
the selective precipitation of GO sheets at pH 4.0, both of
which were taking advantage of GO’s properties in various
conditions. As a matter of fact, apart from the solvent and
solution pH, the size of GO nanosheets can also be affected
by the existence of metal ions and humic substances [29],
which are also closely dependent on the intrinsic properties
of GO that can be embodied by sorption performance and
parameters. As a result, sorption experiments with respect
to sorption isotherms, kinetics, thermodynamics as well as
reaction conditions such as ionic strength, pH and HA and
so on were conducted as follows.

Sorption isotherms, Kinetics and thermodynamics

The adsorption mechanism can be simulated by different
sorption isotherms. While the Langmuir theory describes
the quantitatively formation a monolayer adsorbate on the
surface of the adsorbent, the Freundlich isotherm is usually
applied to the heterogeneous surfaces. The corresponding
equations are:

bCysmax C
Langmuir:Cs = %ZC: 4)
Freundlich:Cs = KgC, (5)

where C. (mg L_l) is the concentration of uranium after
equilibrium, C; (mg g~') is the amount of uranium
adsorbed on GO, Cg,.x is the maximum of C, and
b (L mg™") is a Langmuir constant that relates to the
sorption heat; Kr and n are the Freundlich constants that
are in relation to sorption capacity of adsorbent and
intensity of sorption, respectively. Both isothermal models
were applied in the sorption of U(VI) onto GO surface, as
depicted in Fig. S3 and tabulated in Table S2. Higher
correlations coefficiencies were obtained for the Langmuir
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model, indicating a monolayer coverage adsorption
mechanism.

To monitor the sorption efficiency, the sorption kinetics
are often used to predict the adsorption characteristics and
mechanisms. The linear form of pseudo-first, pseudo-sec-
ond and intra-particle diffusion kinetic models respectively
presented as:

ln(Qe - Qt) =1InQ, — kit (6)
t 1 t

0kl 0 )
O = intfu5 (8)

The related sorption kinetic data were collected in
Table S1. A higher correlation coefficient was obtained for
pseudo-second order kinetic model than either pseudo-first
order and intra-particle diffusion model. The sorption
feasibility and spontaneity can be investigated by carrying
out the sorption at different temperatures and plotting the
equilibrium constant (In K4) versus 7!, as shown in
Fig. S4 and collected in Table S3. A positive enthalpy was
obtained, indicating an endothermic process. However,
upon counting the enthalpy change, negative free Gibbs
energies were observed, resulting in a spontaneous
sorption.

Effect of the presence of HA and pH on uranium
sorption

The effects of HA on U(VI) sorption as a function of pH
are graphically presented in Fig. 4a. The adsorption of
U(VI) on GO nanosheets increased sharply within pH
values of 2.5-6.0, then reached a plateau and remained
constant at pH 6.0-8.0. At pH > 8, the sorption efficiency
decreased. The phenomenon can be explained by the rel-
ative distribution of U(VI) species at different pH values,
as simulated by PHREEQC.30 [30] in Fig. 4b. While the
GO surface kept negatively charged within the experi-
mental pH ranges (Fig. 2), the species distributions of
U(VI) changed from positively charged to negatively
charged with increasing pH values. Specifically, positively
charged UO,”" existed as the predominant species at
pH <40, a mixture of hydrolyzed species of
(UO,)5(OH)5, UOy(OH)™ (UO,)4(OH)7 and UO,(OH),
were observed at pH 4.0-8.0. Meanwhile, negatively
charged species of UO,(OH)3 and (UO,)3;(OH); emerged
at pH 7.0 and became dominant species at pH > 9.0.

The sorption phenomenon at different pH values can be
explained by the electrostatic interactions between GO and
U(VI) species. At low pH values (~2.5), relatively lower
negatively charged GO surface was observed due to the
protonated carboxylate functional groups, which resulted in
reduced hydrophilicity and increased aggregations [31] of



J Radioanal Nucl Chem

Fig. 4 a Effects of HA A B
concentration and pH on U(VI)
sorption; b effect of pH on 200} sol
speciation of U(VI),
Cu=30mgL™}, Q
Coo=0.133 gL', 150} < 6ol
T =298 K, I =0.1 M NaCl B 8

%D —=— 0 mg/L HA gé (UO,),(OH);

Yo 100t —8— 10 mg/L HA 2 40t

d —A— 50 mg/L HA N UO,(OH)

= /
50 20 UQ,(OH),(aq)
0 L L L ] e L . L L
2 4 6 10 4 6 8 10 12

GO nanosheets in aqueous solution and weak sorption
capacities. With increasing pH values (2.5-6.0), the GO
surface was getting more and more negatively charged,
which provided stronger electrostatic attraction between
GO and positively charged U(VI) species. This strong
interaction remained within pH 6.0-8.0. At pH > 8.0,
negatively charged U(VI) species dominated, which
resulted in electrostatic repulsion forces and reduced
sorption capacities.

The ionic strength effect was revealed by carrying out
sorption experiments in NaCl solutions (0.001, 0.01 and
0.1 M) at all pH values, as shown in Fig. S2. The weak
influences suggested a dominant inner-sphere surface
complexation sorption mechanism rather than an ionic
exchange mechanism [32, 33], due to the fact that ionic
exchange or outer-sphere surface complexation was easier
to be influenced by ionic strengths than inner-sphere sur-
face complexation [34].

The effect of HA concentrations toward U(VI) sorption
onto GO was also examined and shown in Fig. 4a, which
can be divided into two sections as a function of pH. While
HA exhibited positive impact toward U(VI) sorption at pH
2.5-7.0, independent sorption phenomenon was observed
at pH 7.0-10.0. At low pH values, GO has a tendency to
aggregate due to the strong interplanar interactions and
protonated carboxylate functional groups, resulting in
reduced available surface areas [35, 36]. In this case, the
addition of HA would promote the dispersity and stability
of GO in aqueous solution [22] because of the inherent
amphoteric properties of HA, which would exhibit positive
effect toward U(VI) sorption by providing increased
available active sites. However, when the solution turned to
alkaline range, negatively charged U(VI) species
UO,(OH)z and (UO,);(OH); dominated. The electrostatic
attraction was replaced by repulsion, resulted in indepen-
dent sorption phenomenon.

Effect of HA concentrations on uranium sorption

The sorption capacity of GO toward U(VI) can be influ-
enced by the presence of HA, as discussed above. Detailed
sorption isotherms under three different HA concentrations
(Fig. 5a) and a fitted linear relationship between the con-
centration of HA and the adsorbed amount of U(VI) onto
GO (Fig. 5b), in which the initial U(VI) concentration was
fixed, were plotted. HA can facilitate the U(VI) sorption
onto GO and higher concentration of HA resulted in higher
sorption capacity, as presented in Fig. 5b with a correlation
coefficient of 0.9459 (linear fitting result of Excel). The
addition of HA into GO solution may affect the U(VI)
sorption through the following mechanisms [37]: (1) HA
binds to the same active sites on GO surface as U(VI) ions,
resulting in a reduced active sites for U(VI) sorption due to
site blockage by HA; (2) HA interacts with GO via dif-
ferent sites as U(VI) does, reserving the same amount of
active sites on GO surface. However, the adsorbed HA will
prevent the approach of U(VI) ions to GO surface due to
shielding effects [38]. In both cases, reduced sorption
capacities should be obtained, which is opposite to our
experimental observations. This can be explained by the
abundant functional groups of HA, providing extra active
sites for U(VI) binding, which will overcome the blocking
and shielding effects to enhance the sorption capacity.

Effect of the orders of adding ingredients
on uranium sorption

After screening the influencing factors of the presence of
HA, HA concentrations, pH values and ionic strengths, the
effect of sorption capacity toward the mixing orders of HA
and U(VI) with GO solution was also examined, as
depicted in Fig. 6. Three tests were carried out: single
U(VI) sorption with fresh sorbent, simultaneous co-
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Fig. 5 a Sorption isotherms of uranium on GO with different HA concentration, Cya = 0, 10, 100 mg L™, respectively; b plots of Cyya versus
Q. and corresponding linear fitting. Cy = 60 mg L™, Cgo = 0.133 g L', pH = 5.0 £ 0.05, T = 298 K, I = 0.1 M NaCl

adsorption of U(VI) and HA with clean sorbent, mixing
U(VI) and HA before adding GO solution (simultaneous
sorption), and the addition of HA into GO solution before
adding U(VI) (sequential sorption). A maximum sorption
capacity was observed for the simultaneous sorption, fol-
lowed by sequential sorption and single U(VI) sorption.
This phenomenon is similar to the reported results for
uranium sorption on CD/GO (CD: cyclodextran) [39], and
can be explained as follows.

As discussed above, the presence of HA had positive
influence toward U(VI) sorption onto GO, which resulted
in higher sorption capacities for both simultaneous and
sequential sorption than single U(VI) sorption, similar

500 |
400 |

%8 300 -

on

E ,

o 200 —m— simutaneous sorption

—m— sequential sorption
100 single U(VI) sorption
0 1 1 1 1 1
0 10 20 30 40 50
C, (mg/L)

Fig. 6 Sorption isotherms of different adding orders, Cya = 100 -
mgL™", Cuy=60mgL™", Cgo=0.133 gL', pH = 5.0 + 0.05,
T=298K,I=0.1 MNaCl
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results as the copper sorption onto FRGO (few-layer
reduced graphene oxide) and FGO (few-layer graphene
oxide) by Yang et al. [38]. By premixing HA and U(VI),
complexes would form between HA and U(VI), which
would adsorb partial U(VI) ions onto HA. By adding GO
solution, these complexes would further interact with
GO, meanwhile, direct electrostatic interactions between
free U(VD) and GO also existed, resulting in promoted
sorption capacity. For sequential sorption, although extra
active sites will be provided from HA by premixing HA
and GO. The negative effect from blocking and shielding
effects, as discussed above, will reduce the overall
sorption capacities, resulting in a slightly lower sorption
capacity than simultaneous sorption.

GO colloidal properties at pH = 5.0

To achieve a better understanding of the impact of HA on GO
stability in aqueous solution, we investigated the change of
nanosheet size distributions before and after solution,
GO + U(VD) solution, GO + HA solution, sorption of
U(VD) by GO + HA solution (GO + HA + U(VI)), and
sorption of HA + U(VI) onto GO solution (HA + U
(VD) + GO), were considered at a slightly acidic solution
(pH 5.0). The corresponding nanosheet size distributions
were shown in Fig. 7, as well as the pictures for each solution
(as an inset image in Fig. 7). Except a clear solution C, the
other solutions were observed with precipitates, in particu-
larly for solution B, which has the largest amount of pre-
cipitates, indicating the largest average nanosheet size.
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The size distribution of GO was within 500-2000 nm
with an average value of 1036.3 nm (Fig. 7a). The pre-
cipitations observed in solution A can be attributed to the
homo-aggregation of GO in aqueous solution. The basal
plane of GO nanosheets were mainly decorated with
hydroxyl and epoxy functional groups and carboxyl groups
existed at the edge of the GO sheets [40], which played a
key role in determining the solution behavior of GO [41].
According to the Derjaguin-Landau—Verwey—Overbeek
(DLVO) theory that both repulsive and attractive potentials
existed between GO nanosheets noted as van der Waals
(vdW) attraction and electrostatic (EL) repulsion, respec-
tively. With pH decreasing, the protonation of the oxy-
genated groups of GO gives rise to significant impairment
in ¢ and strength of EL repulsion [42]. Therefore, it is
possible for vdW to overcome the repulsive forces if the
solution pH is low enough (for example 5.0 in this study),
leading to the aggregation of the particles. In a word, the
dispersity and aggregation of GO nanosheets depend on the
relative intensity of the two opposite interactions by
changing pH values. Similar phenomenon was observed
and reported by Lei and Tan et al. [21, 43].

The decreased average size from 1036.3 nm (GO solu-
tion) to 416.2 nm (GO + HA) after reacting with HA
(Fig. 7c) is attributed to the stabilization function of HA to
GO nanosheets. HA is amphoteric with both hydrophilic
and hydrophobic parts [19]. By mixing HA with GO, the
aromatic HA moieties can be adsorbed to GO through n—n
interaction and/or hydrophobic interaction [44] and the
formation of GO 4+ HA complexes would increase the
hydrophilicity of GO 4+ HA complexes by exposing both
hydrophilic parts to water. Moreover, the adsorbed HA also
acted as a shield to prevent the approaching of GO
nanosheets, thus reducing the aggregation of GO nanosh-
eets. Similar behaviors were also reported by mixing PAA

R GO
IIII I Z-Ave=10363 el b DL DL
Al Ly . . A I
B GO+U Z-Ave =1591.3 A B #:C §D §E
\?_.llulllllllll |
S
z|¢ GO+HA  Z-Ave=4162
 Lallllly L1
E | |
D GOHHAYU 5 4 \e=4313
‘Illll w1 1 1 1 X
E
HATU+GO 7 Ave=364.2
0 1000 2000 3000 4000 5000
Size (d nm)

Fig. 7 Particle size of different GO systems, Cya = 100 mg L™,
Cu=60mgL™", Coo=0.133gL~", pH=50.05, reacting
time =1h

(PAA: poly(acrylic acid)) with GO [34] and surfactants
with MWCNT [21]. Decreased zeta potential was also
observed after mixing HA with GO solutions [29], indi-
cating increased electrostatic repulsion between GO
nanosheets. As a result, the average particle size of
HA 4+ GO complexes decreased dramatically as compared
with pure GO nanosheets.

On the contrary, the average size of GO + U increased
to 1591.3 nm (Fig. 7b), and the size distribution ranged
from 200 to 5000 nm. The sorption of U(VI) onto GO
surfaces was believed to proceed via electrostatic attrac-
tions between U(VI) and GO surfaces. According to Wang
et al. [10], U(VI) sorption is mainly attributed to the strong
surface complexation at pH > pH,,,. and the aggregation of
GO nanosheets is aggravated at high ionic strength. U(VI),
when co-exists with GO, can form complexes with GO and
it can enhance ionic strength as well, both of which would
increase the particle size distributions of GO + U(VI).

A slightly smaller average size distribution was observed
for the simultaneous system (HA + U(VI) 4+ GO, Fig. 7e)
than the sequential systems (GO + HA + U(VI), Fig. 7d),
indicating a slightly better sorption capacity of the simul-
taneous system, which is consistent with the sorption results
in Fig. 6.

Conclusion

In this paper, the influence of HA toward U(VI) sorption onto
GO surface were systematically studied. The sorption pro-
cess is pH dependent and ionic strength independent. The
U(VI) sorption capacity can be promoted by the presence of
HA and higher HA concentrations resulted in higher sorption
capacities. The effect of pre-mixing order was also investi-
gated, indicating a preferred pre-mixing of HA + U(VI)
over GO + HA for the U(VI) sorption capacity. The
increased sorption capacity can be explained by the average
size distributions of different GO systems in aqueous solu-
tions. HA can exfoliate and stabilize GO in aqueous solution
by observing smaller average sizes of GO + HA than GO
and GO + U(VI). The relative smaller HA + U(VI) + GO
than GO 4+ HA + U(VI) further corroborated the better
sorption capacity of HA + U(VI) 4+ GO.
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