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Cyclodextrin-modified graphene oxide nanosheets (denoted as CD/GO) were synthesized by an in-situ polymerization method 
and characterized by as well as Fourier transform-infrared spectroscopy, X-ray photoelectron spectroscopy, Raman spectros-
copy and potentiometric acid-base titration. The characterization results indicated that CD was successfully grafted onto GO 
surfaces by forming a chemical bond. Mutual effects on the simultaneous removal of hexavalent uranium and humic acid by 
CD/GO from aqueous solution were investigated. The results indicated that U(VI) and humic acid (HA) sorption on CD/GO 
were greatly affected by pH and ionic strength. The presence of HA enhanced U(VI) sorption at low pH and reduced U(VI) 
sorption at high pH, whereas the presence of U(VI) enhanced HA sorption. The surface adsorbed HA acted as a “bridge” be-
tween U(VI) and CD/GO, and formed strong inner-sphere surface complexes with U(VI). Sorption isotherms of U(VI) or HA 
on CD/GO could be well fitted by the Langmuir model. This work highlights that CD/GO can be used as a promising material 
in the enrichment of U(VI) and HA from wastewater in U(VI) and humic substances obtained by environmental pollution 
cleanup. 
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1  Introduction 

The large specific surface area of graphene (about 2620 
m2/g) [1, 2], ensures its potential for applications in envi-
ronmental pollution control and remediation [3–5]. Gra-
phene oxide (GO), one of the important graphene deriva-
tives, has plenty of oxygen atoms on the basal plane and at 
the edges of the sheets in the form of epoxy, hydroxyl, and 
carboxyl groups [6]. These oxygen-containing groups can 
bind metal ions [7] and organic pollutants [8, 9] through 
coordination, electrostatic interaction, hydrogen bonding. 
However, GO has a tendency to aggregate into layer-by- 
layer form because of strong interplanar interactions. As a 
result, however, a considerable part of the surface areas of 

the layers will be lost [10, 11]. Therefore, it is necessary to 
modify the surface of GO to solve these problems. Cy-
clodextrins (CDs) are cyclic oligosaccharides with internal 
hydrophobic and external hydrophilic cavities [12, 13]. One 
type of CD, -CD, has been shown to form strong com-
plexes with organic pollutants and metal ions [14–16], 

which means that the modification of CD onto GO surfaces 
can effectively enhance its sorption capacity. We studied 
the potential application of -CD-modified GO (CD/GO) as 
a possible broad-spectrum sorbent for water purification. 

The release of radionuclides into the environment has 
caused research to be focused on the development of accu-
rate and adaptable tools to remove these contaminants [17, 
18]. Uranium, in particular, is a highly poisonous toxin that 
has a tremendous and long-lasting impact on the environ-
ment. Disposed into water, uranium can ultimately go into 
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the food chain and be adsorbed by human, which causes 
human organ damage [19] and even cancer. For the sake of 
human health, the development of materials and techniques 
for the effective preconcentration of uranium from aqueous 
solution has become an urgent issue. 

Humic acid (HA) is widely present in soils, sediments, 
and natural waters. It has lots of organic functional groups 
[20] that provide abundant binding sites for heavy-metal 
ions. HA can also influence heavy-metal ion dispersion and 
mobility in the environment [20]. The elimination of HA 
from aqueous solution is therefore of great practical signifi-
cance [21]. 

In this study, CD/GO was synthesized by in-situ 
polymerization techniques and characterized by SEM, FT- 
IR spectroscopy, XPS spectroscopy, Raman spectroscopy, 
and potentiometric acid-base titrations. Using a batch-sorp- 
tion technique, the simultaneous and single sorption of 
CD/GO toward U(VI) and/or HA from aqueous solutions 
were assessed. 

2  Experimental  

2.1  Materials 

GO was synthesized from graphite with the reformative 
Hummers method [22, 23]. Briefly, under mechanical stir-
ring and an ice water bath environment, 1.5 g of graphite, 
1.5 g of sodium nitrate, and 60 mL of sulfuric acid were 
mixed in an Erlenmeyer flask. Afterward, 9.0 g of potassi-
um permanganate was lightly added, and then the mixture 
was reacted at 20 ± 1 oC for 5 d. After 120 mL water was 
added, the mixture was churned for 40 min at 90 oC, and 
then cooled to 60 oC. The 6 mL peroxide (30%) was added 
slowly to remove possible residual potassium permanganate. 
After the solution was filtered, the filter residue was washed 
thoroughly and dried under vacuum. 

The CD/GO was prepared by GO (0.01 g) in 200 mL so-
lution containing 3.6 g CD next, the pH was adjusted to 11 
by the addition of ammonia solution [24]. Using a water 
bath at 60 oC, 2.0 mL hydrazine solution was added to initi-
ate the modification reaction. After reaction for 5 h, the so-
lution was filtered. The filter residue was washed thorough-
ly and then dried at 60 oC for 24 h. 

2.2  Characterization 

The synthesized CD/GO and GO were characterized by 
scanning electron microscopy (SEM), Fourier transform 
infrared spectroscopy (FT-IR), X-ray photoelectron spec-
troscopy (XPS), Raman spectroscopy, and potentiometric 
acid-base titrations. SEM images were obtained on a field- 
emission scanning electron microscope (FEI-JSM 6320F, 
JEOL, Japan). FT-IR spectroscopy was carried out on a 
Perkins Elmer 100 spectrometer (Perkin-Elmer, America) in 

a KBr pellet. The XPS spectrum was taken using an 
ESCALAB 250 system (VG Scientific, America) with a 
multi-detection analyzer using a monochromatized Al-Kα 
source under a 108 Pa residual pressure. The Raman spec-
trum was carried out on a LabRam HR Raman spectrometer 
(Horiba Jobin Yvon, France) at an excitation of 514.5 nm 
by Ar+ laser. Potentiometric acid-base titrations were con-
ducted using a computer-controlled titration system (DL50 
Automatic Titrator, Mettler Toledo, Switzerland). 

2.3  Sorption experiments 

Sorption of U(VI) and/or HA on GO or CD/GO were car-
ried out with a batch-sorption technique. The sorbent was 
mixed with NaClO4, HA, and U(VI) in polyethylene test 
tubes, based on the required concentration of the various 
constituents. The suspension was regulated to required pH 
values by adding trace amounts of 0.1 or 0.01 mol/L per-
chloric acid or sodium hydroxide, and then was shaken for 
24 h to achieve full sorption equilibrium. The polyethylene 
test tubes were centrifuged at 18000 rpm for 20 min to sep-
arate the sorbent from the liquid phases. The concentration 
of HA was analyzed by UV-Vis spectrophotometer (Shi-
madzu, Japan) at 259.6 nm, and the U(VI) concentration 
was determined by the Arsenazo III spectrophotometric 
method at the wavelength of 650 nm. The adsorbed amounts 
of U(VI) or HA on CD/GO or GO were calculated from the 
difference between the initial and final concentrations. The 
sorption percentage and the distribution coefficient (Kd) 
were calculated from the following equations: 
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where C0 (mg/L) is the initial concentration, Ce (mg/L) is 
the final concentration, m (g) is the mass of CD/GO or GO, 
and V (L) is the volume of suspension. 

The mutual effects of HA and U(VI) with CD/GO were 
also researched. Batch tests were as follows: CD/GO, 
NaClO4, and U(VI) were equilibrated for 24 h before the 
addition of HA (Batch A); HA, NaClO4, and CD/GO were 
equilibrated for 24 h before the addition of U(VI) (Batch B); 
and HA, U(VI), and NaClO4 were equilibrated for 24 h be-
fore the addition of CD/GO (Batch C). 

3  Results and discussion 

3.1  Characterization of CD/GO  

SEM images of GO and CD/GO are shown in Figures 1(a) 
and (b). The differences of the surface morphology between 
GO and CD/GO are distinctly observed. As can be seen 
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from Figure 1(a), the surface of GO is smooth and there are 
few wrinkles, whereas Figure 1(b) depicts a more wrinkled 
surface of CD/GO with attached nanoparticles, which indi-
cates the formation of CD on GO surfaces. 

Figure 1(c) illustrates the FT-IR spectra of CD, CD/GO, 
and GO. In the spectrum of GO, the peak at ~3400 cm1 is 
due to the O–H stretching vibration of hydroxyl groups on 
sorbent surfaces. A C–O group at ~1220 cm1 and ~1100 
cm1, a C=O group at ~1730 cm1, and a C=C group at 
~1620 cm1 can be detected. In the spectrum of CD, the 
peak at ~2924 cm1 corresponds to the C–H-stretching vi-
bration. A coupled C–C/C–O group at ~1159 cm1 and an 
anti-symmetric glycosidic bond C–O–C group at ~1032 
cm−1 are also found [25]. As for CD/GO, the characteristic 
peaks mentioned above are clearly detected, which proves 
successful modification of CD onto GO surfaces. 

The oxygen-containing functional groups on the surfaces 
of GO and CD/GO composite were investigated by XPS. 
The O 1s XPS spectra of GO and CD/GO show three peaks, 
at 531.4 ± 0.2, 532.7 ± 0.2, and 533.7 ± 0.2 eV, which cor-
respond to –COOH, >C=O and –C–OH bonds, respectively. 
As seen in Figure 1(d), after the GO is grafted with CD, the 
peak fractions of –COOH and >C=O reduce and the peak 
fraction of –C–OH increases. Quantitative analyses of the O 
1s spectra of GO and CD/GO are shown in Table 1. Due to 
the fact that CD contains large amounts of hydroxyl groups 
[26], the modified CD on GO distinctly increases the peak 
fraction of –C–OH. 

Raman spectra of GO and CD/GO demonstrated two 
main bands, the G peak at ~1581 cm1 and the D peak at 
~1351 cm−1. IG/ID can assess the degree of structural defects. 
Raman spectra (Figure 1(e)) analysis indicates that the IG/ID  

 

Figure 1  (a) SEM image of GO, (b) SEM image of CD/GO, (c) FT-IR spectra of GO, CD and CD/GO, (d) XPS spectra of GO and CD/GO, (e) Raman 
spectra of GO and CD/GO, (f) potentiometric acid-base titration of CD/GO. TOTH is the total concentration of consumed protons. 
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Table 1  Curve fitting results of XPS O 1s spectra 

 Peak BEa) (eV) FWHMb) (eV) Fraction (%)

GO 

–COOH 531.40 1.98 46.7 

>C=O 532.70 1.67 44.9 
–C–OH 533.70 1.67 8.38 

–CD/GO 

–COOH 531.44 2.02 35.8 

>C=O 532.65 1.58 28.2 

–C–OH 533.66 2.03 36.0 

a) Binding energy; b) full width at half-maximum. 

 
value of GO markedly decreases from 0.93 to 0.87 after CD 
grafting, which indicates that CD is successfully modified 
onto the GO surface. 

The potentiometric acid-base titration of CD/GO is 
shown in Figure 1(f). Assuming that surface sites of CD/GO 
(SOH) are amphoteric, they are positively charged at low 
pH because of the protonation reaction (i.e., SOH + H+   
SOH2

+), and are negatively charged at high pH because of 
the deprotonation reaction (i.e., SOH SO− + H+). The 
titration curve was collected in 0.01 mol/L NaClO4 solution 
from pH 2.0 to pH 11.0 (adjusted by HClO4 or NaOH). As 
seen in Figure 1(f), the point of zero change (pHpzc) of 
CD/GO is about 4.13. Obviously, the trend of surface 
charge tremendously affects the sorption capacity of CD/ 
GO to U(VI) and HA at different pH values. 

3.2  Effect of initial pH 

Single and simultaneous sorption of U(VI) and/or HA on 
CD/GO are greatly influenced by the initial pH (Figure 2). 
In the case of single U(VI) sorption (i.e., in the absence of 
HA) on CD/GO, the sorption increases from about 5% to 
80% when the pH value increases from 2.0 to 6.0, and then 
rapidly reduces at pH > 6.0. Both distribution of U(VI) spe-
cies and the surface charges of CD/GO can be affected by 
changing the initial pH values. Protonation-deprotonation 
reactions of functional groups can promote or suppress the 
sorption of metal ions. From the potentiometric acid-base 

titration (Figure 1(f)), one can see that the surface of CD/ 
GO is positively charged at pH < 4.13. Meanwhile, the 
dominant U(VI) species is UO2

2+ [25], and the electrostatic 
repulsion between CD/GO and UO2

2+ lowers the sorption 
ability. As pH value increases, the surface of CD/GO grad-
ually becomes negatively charged. Moreover, functional 
groups of CD/GO surface become more decentralized. The 
two variation trends mentioned above increase the sorption 
ability between CD/GO and (UO2)3(OH)5

+/(UO2)(OH)+, 

which are the dominant species of U(VI) at pH 4.0 ~ 6.0. 
When the pH of the aqueous solution is more than 7.0, the 
surface charge of sorbent becomes more negative and the 
main species of U(VI) are (UO2)3(OH)7

−/UO2(OH)3
−. The 

repulsion between (UO2)3(OH)7
−/UO2(OH)3

− and surface 
charges results in the drop of sorption. Similar results were 
also reported for UO2

2+ sorption to tea waste [27] and on 
plasma-functionalized carbon nanotubes [28]. However, 
simultaneous sorption of U(VI) (i.e., in the presence of HA) 
shows a drastically different trend compared to single sorp-
tion of U(VI). When pH is < 6.0, the sorption percentage of 
U(VI) on CD/GO is improved and the maximum sorption is 
about 10% higher than that of U(VI) on CD/GO in the ab-
sence of HA. However, when pH > 6.0, the presence of HA 
reduces U(VI) sorption. HA remains negatively charged due 
to its pHpzc ≈ 2 [29]. When pH is low, the electrostatic in-
teraction makes HA sorption on CD/GO easy, and then 
forms strong complexes with U(VI), which results in im-
proving U(VI) sorption onto CD/GO. When pH is high, 
more HA molecules remain in solution and the strong com-
plexation of HA with U(VI) is formed, which reduces U(VI) 
sorption onto CD/GO. In other words, fewer HA molecules 
are adsorbed onto CD/GO, indicating that fewer U(VI) ions 
form surface complexes with surface-adsorbed HA on 
CD/GO surfaces. As pH increases, the sorption of U(VI) 
reduces accordingly with HA. 

Figure 2(a) also demonstrates single sorption of HA (i.e., 
in the absence of U(VI)) on CD/GO reduces as pH increases. 

 

Figure 2  (a) Effect of pH on single and simultaneous sorption of U(VI) and HA on CD/GO and (b) effect of pH on U(VI) and HA sorption to CD/GO and 
GO. T = 288 K, m/V = 0.1 g/L, I = 0.01 mol/L NaClO4, C[U(VI) (initial)] = 24 mg/L, C[HA(initial)] = 10 mg/L. 
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At lower pH, CD/GO is positively charged due to protona-
tion (i.e. SOH + H+ SOH2

+) while HA is negatively 
charged, which increases the sorption of HA onto CD/GO 
because of electrostatic attraction. As pH is increased, both 
CD/GO and HA become negatively charged. As a result, the 
sorption of HA onto CD/GO is greatly reduced because of 
electrostatic repulsion. In addition, when pH is low, HA is 
strongly compressed duo to low surface charge [30] and the 
CD/GO sites that are occupied by HA become smaller. 
Nevertheless, when pH is high, HA is strongly stretched due 
to electrostatic repulsion within the HA itself. Therefore, a 
larger surface of CD/GO is occupied by HA molecules (an-
other reason that the sorption percentage of HA onto 
CD/GO is higher at lower pH and is lower at higher pH). At 
all pH values, the existence of U(VI) improves HA sorption 
on CD/GO under experimental conditions (Figure 2(a)). The 
interactions between HA and U(VI) in solution affect HA 
species distribution and thereby influences HA sorption. 
The interactions between HA and U(VI) can alter the spac-
ing and packing of HA and can also neutralize the repulsive 
forces between CD/GO and HA. 

Figure 2(b) indicates that the sorption of U(VI) on GO 
increases as pH is increased from 2 to 7, and then reduces 
steeply at pH > 7. The trend of U(VI) sorption on GO is 
similar to that of U(VI) sorption on CD/GO. The sorption of 
HA on GO and CD/GO decreases with the increase of pH. 
However, one can see that the sorptions of U(VI) and HA 
on CD/GO are higher than those of U(VI) and HA on GO, 
which demonstrates that the CD-modified GO surfaces can 
effectively increase the sorption ability of CD/GO. From 
these results, one can see that the presence of HA can en-
hance U(VI) sorption at low pH values but reduces U(VI) 
sorption at high pH values. This effect is attributed to the 
interaction of HA with CD/GO and the surface properties of 
HA and CD/GO. 

3.3  Effect of ionic strength 

Assessment of ionic strength will help validate practical-use 
ability of sorbents for wastewater treatment. From Figure 
3(a), one can see that the sorption of U(VI) on CD/GO de-
creases as NaClO4 concentration increases. When uranium 
ions are present in a liquid of high ionic strength, their ac-
tivity is heavily decreased, which inhibits their move to the 
surface of CD/GO. Moreover, high ionic strength can de-
crease the electrostatic repulsion between CD/GO, which 
results in aggregation and lower adsorption ability of 
CD/GO. The ionic strength-dependence of uranium sorption 
indicates a surface complexation mechanism [25]. 

As shown in Figure 3(b), ionic strength can greatly in-
fluence the sorption percentage of HA on CD/GO. As ionic 
strength increases, HA is further compressed and becomes 
smaller [31, 32]. This is the reason that more HA molecules 
can be adsorbed on CD/GO at higher ionic strengths. 

3.4  Effect of sorbent content 

The sorption of U(VI) is not only dependent on pH values 
and its relative species at different pH values (Figure 4(a)), 
but also dependent on solid content. The effect of sorbent 
content on the sorption of U(VI) and HA is shown in Figure 
4(b). The sorption of U(VI) and HA distinctly increases as 
sorbent content increases, because the functional sites that 
are involved in the sorption of U(VI) and HA increase as 
sorbent content increases. The distribution coefficient (Kd) 
reduces slightly as solid content increases. According to 
their physicochemical properties, the Kd values are inde-
pendent of solid contents at low solid-content concentra-
tions. However, it is inevitable that the competition among 
the solid particles will reduce the effective sites of the func-
tional groups on CD/GO surfaces, which causes the sorption 
capacity to be decreased with the increase of solid contents. 
In this manner, Kd values decrease with the increase of solid 
contents. 

3.5  Simultaneous sorption 

The enhancement of simultaneous sorption of U(VI) and 
HA on CD/GO may belong to: (I) electrostatic interaction; 
(II) the formation of ternary cation-anion surface complex; 
and (III) the formation of surface precipitate [33]. To dif-
ferentiate the above mechanisms, we performed three batch 
tests. As seen in Figure 5(a), the amounts of U(VI) ad-
sorbedby CD/GO for various batch tests reduce in this se-
quence: Batch A > Batch C > Batch B. The HA concentra-
tion (denoted as CHA) significantly affects U(VI) sorption. 
In addition, the mechanisms of the three batch tests are dif-
ferent. U(VI) sorption increases as CHA increases at CHA < 8 
mg/L. These observed differences suggest the differences in 
the mechanisms of U(VI) sorption on CD/GO. The effect of 
HA on U(VI) sorption on CD/GO is attributed to the for-
mation of HA-U complexes on CD/GO surfaces that can 
promote the sorption of U(VI), i.e., the formation of ternary 
cation-anion surface complexes. As CHA increases, more 
U(VI) ions are adsorbed on CD/GO, because more func-
tional groups of HA (such as HO– and COO–) are provided 
to form the HA-U(VI) complexes. However, at CHA > 8 
mg/L, redundant HA molecules form complexes with U(VI) 
which results in the stabilizing U(VI) ions in aqueous solu-
tions. In addition, the aggregation of HA-U(VI) monomers 
would occur at higher CHA [34]. The latter may be the reason 
that the sorption of U(VI) does not basically change at 8 
mg/L < CHA < 18 mg/L.  

The obvious differences among U(VI) sorptions in the 
ternary systems obtained via the three batch tests indicate 
different sorption mechanisms. For the Batch A system, 
when HA was put into the solution of U(VI)-CD/GO, the 
complexes of HA and surface-adsorbed U(VI) on CD/GO 
were unlikely to form. Moreover, a small amount of U(VI) 
ions that are not adsorbed onto the CD/GO can form com- 



1296 Song WC, et al.   Sci China Chem   September (2014) Vol.57 No.9 

 
Figure 3  Effect of ionic strength on the sorption of U(VI) (a) and HA (b) onto CD/GO. T = 288 K, m/V = 0.1g/L, C[U(VI) (initial)] = 24 mg/L, C[HA(initial)] = 
10.0 mg/L. 

 

Figure 4  (a) Relative distribution of U(VI) species as a function of pH; (b) effect of solid content on U(VI) and HA sorption to CD/GO. T = 288 K, I = 
0.01 mol/L NaClO4, C[U(VI) (initial)] = 24 mg/L, C[HA(initial)] = 10.0 mg/L, pH = 5.0 ± 0.1. 

 

Figure 5  (a) Effect of HA concentrations on U(VI) sorption on CD/GO; (b) effect of U(VI) concentrations on HA sorption on CD/GO. T = 288 K, I = 0.01 
mol/L NaClO4, C[U(VI) (initial)] =24 mg/L, C[HA(initial)] = 10.0 mg/L, pH = 5.0 ± 0.1. 

plexes with the HA, and then can be adsorbed together onto 
the surface of CD/GO. For the Batch B system, the HA has 
a different chemical composition and the range of its mo-

lecular weights is large, which results in different sorption 
affinities between HA and CD/GO. It has been proven that 
HA is composed of low molecular-weight components with 
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hydrophobic groups and high molecular-weight components 
with hydrophilic groups [32]. When HA is added to CD/GO 
solution, hydrophobic and low molecular-weight compo-
nents are adsorbed onto CD/GO, while the hydrophilic and 
high molecular-weight components remain in solution. 
When U(VI) is subsequently added into the system and 
forms complexes with the free HA molecules in solution, 
the lowest U(VI) sorption of the three batch tests results (in 
the Batch B system). For the Batch C, U(VI) and HA first 
form complexes and are adsorbed onto the CD/GO. There 
may also be a part of U(VI) that is directly adsorbed onto 
the CD/GO. Therefore, the sorption of U(VI) in the Batch C 
system is higher than that of the U(VI) in the Batch B sys-
tem, but lower than that of the U(VI) in the Batch A system. 

U(VI) concentration (denoted as CU(VI)) also affects HA 
sorption for all three batch tests (Figure 5(b)). HA sorption 
first rises and then maintains a high level as CU(VI) increases. 
The packing, spacing, or alignment of the adsorbed HA are 
gradually affected by increasing the CU(VI), until it achieves 
maximum sorption. CU(VI) significantly affects HA sorption; 
in addition, as previously noted, the mechanisms of the 
three batch tests are different. For the Batch B, after HA is 
equilibrated with CD/GO, more HA molecules are adsorbed 
on CD/GO than on Batch A or Batch C. On these basis 
of the investigations, we can conclude that the enhancement 
of simultaneous sorption of U(VI) and HA on CD/GO is 
mainly governed by electrostatic interaction and the for-
mation of ternary cation-anion surface complexes. Our re-
sults are consistent with the work of Ren et al. [35], where 
the retention of Cu(II) was governed by the interaction of 
Cu-phosphate aqueous complexes with -Al2O3. 

3.6  Sorption isotherms 

The sorption isotherms of U(VI) and HA on CD/GO are 
shown in Figure 6. The experimental data are simulated by 

the Langmuir ( s max e
s

e1



bC C

C
bC

) and Freundlich (Cs = KFCe
n ) 

models (where Ce is the final concentration of U(VI) or HA 
in solution after equilibrium (mg/g), Cs is the amount of 
U(VI) or HA adsorbed on CD/GO (mg/g), Cs max is the 
maximum amount of U(VI) or HA adsorbed on CD/GO 
(mg/g) at complete monolayer coverage (mg/g), and b 
(L/mg) is a Langmuir constant that relates to the sorption 
heat; KF (mg1n Ln/g) represents the sorption capacity when 
the equilibrium concentration of metal ions equals to 1, and 
n represents the degree of dependence of sorption with 
equilibrium concentration). 

The relative parameters of the Langmuir and Freundlich 
models are shown in Table 2. From the R2 values, we can 
conclude that the Langmuir model fits the U(VI) and HA 
sorption isotherms better than the Freundlich model (Figure 
6). The maximum adsorption capacities (Cs max) of U(VI) are 
97.3 mg/g for CD/GO in the absence of HA and 103.9 mg/g 
in the presence of HA. Moreover, compared to Cs max values 
of U(VI) sorption on other sorbents such as raw MWCNTs 
(16.2 mg/g U(VI) at pH 5.0 and T = 298 K) [36], plas-
ma-functionalized MWCNTs (75.1 mg/g U(VI) at pH 5.6 
and T = 303 K) [28], marine-algae-and-yeast-immobilized 
silica gel (56.7 mg/g U(VI) at pH 4 and T = 303 K) [37], 
and manganese-oxide-coated zeolite (17.6 mg/g U(VI) at 
pH 6 and T = 293 K) [38], one can see that CD/GO has 
much higher sorption capacity than other sorbents. The   
Cs max values of HA are 32.6 mg/g for CD/GO in the ab-
sence of U(VI) and 43.2 mg/g in the presence of U(VI). The 
above results demonstrate that the adsorption capacity of 
U(VI) is increased in the presence of HA, and the adsorp-
tion capacity of HA is also increased in the presence of 
U(VI). Accordingly, CD/GO could be a promising adsor-
bent for simultaneous enrichment of U(VI) and HA from 
aqueous solutions in practical application. 

4  Conclusions 

This work highlights the simultaneous sorption of U(VI) 

 
Figure 6  (a) Langmuir and Freundlich sorption isotherms of U(VI) on CD/GO in the absence of HA (marked as “no HA”) and in the presence of 10 mg/L 
HA (marked as “add 10 mg/L HA”); (b) Langmuir and Freundlich sorption isotherms of HA on CD/GO in the absence of U(VI) (marked as “no U(VI)”) and 
in the presence of 10 mg/L U(VI) (marked as “add 10 mg/L U(VI)”). T = 288 K, pH = 5.0 ± 0.1, m/V = 0.1 g/L, I = 0.01 mol/L NaClO4. 
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Table 2  Parameters of the Langmuir and Freundlich isotherms  

Type 
Langmuir Freundlich 

Cs max 

(mg/g) 
b 

(L/mg) 
R2 

kF 
(mg1−n Ln/g) 

n R2 

CD/GO-U(VI) 97.328 0.217 0.991 26.204 0.369 0.983
CD/GO-U(VI) HA 103.935 0.312 0.994 33.780 0.337 0.966

CD/GO-HA 32.579 0.094 0.998 3.454 0.663 0.991
CD/GO-HA U(VI) 43.230 0.079 0.999 4.178 0.652 0.991

 
and organic pollutants from aqueous solutions. The en-
hancement of simultaneous sorption of U(VI) and HA onto 
CD/GO was governed by electrostatic interaction and for-
mation of ternary cation-anion surface complexes. The 
presence of HA both enhanced U(VI) sorption at low pH 
and reduced U(VI) sorption at high pH, whereas the pres-
ence of U(VI) enhanced HA sorption. The surface-adsorbed 
HA can act as a “bridge” between U(VI) and CD/GO and 
can form strong surface complexes with U(VI). The sorp-
tion isotherms of U(VI) and HA on CD/GO can be well 
simulated by the Langmuir model. The CD/GO presents 
promising application potential as a sorbent for the effective 
removal of U(VI) and organic pollutants during environ-
mental pollution cleanup in the near future, when large- 
scale synthesis of GO can be economically undertaken. 
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