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a b s t r a c t
In this work, the functional group of salophen with high affinity to U(VI) was grafted to hydrothermal 
carbon spheres (HCSs) to improve the adsorptive ability for U(VI). Through the application of 
scanning electron microscopy, Fourier transform infrared, and zeta potential measurement, the 
micro-morphology, functional group, and surface charge of the adsorbents was characterized. 
Comprehensive investigation of the factors affected U(VI) adsorbed by HCSs and salophen group 
modified HCSs (HCSs-sal) were conducted. Different types of kinetic and thermodynamic mod-
els were utilized to explore the adsorption processes. The results of this study, indicated that the 
adsorption of U(VI) on HCSs-sal fitted well to Langmuir equations with the monolayer capac-
ity of 332.51 mg g–1. Furthermore, the adsorptive selectivity of HCSs for U(VI) was also remark-
ably enhanced after functionalization with the salophen group. Overall, HCSs-sal appears to 
have the potential to be a prospective candidate for the selective adsorption of U(VI).
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1. Introduction

Due to the radioactive, accumulative, chronic, and toxic 
effects of U(VI) [1,2], the pollution caused by U(VI) poses 
a significant threat to the well-being of environment [3] in 
contaminated area. If U(VI) pollution left untreated, there is 
a heightened risk of the pollution causing severe kidney and 
reproductive effects as well as DNA damage [4,5]. Hence, 
it is urgent to discover effective techniques to separate 
and remove U(VI) from contaminated areas efficiently.

Adsorptive removal of U(VI) is a method with 
preponderances of simplicity [6], low cost [7], and high effi-
ciency [8]. As a result, it has attracted increasing attention 
[9]. Using an adsorbent with a high adsorption capacity 
and selectivity is instrumental to the separation of U(VI) 
in aqueous solution. Recently, there has been widespread 
use of carbonaceous in the adsorption of U(VI) [5] mainly 
owing to their high chemical, thermal, and radiation sta-
bility [10], environmental friendly [11], and higher specific 
area [12], etc. HCSs, a semi-carbonaceous material, has been 
prepared from mono- and poly-saccharides [13,14] using 
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the hydrothermal method. In particularly, it is important 
to note that HCSs contains a higher oxygenated group than 
conventional carbon adsorbents which are calcined at high 
temperature [15]. By grafting various functional groups of 
the carboxyl [16], salicylideneimine [17], and phosphorus 
[6] groups have grafted to onto the surface of HCSs, it is 
possible to further enhance the capacity and selectivity of 
HCSs. However, the functional group of salophen has not 
reported modifying of HCSs to remove U(VI). Salophen, 
with four donor atoms of N and O, can easily form stable 
pentagonal bipyramidal coordination [18–20] with hexava-
lent U(VI) [4]. Owing to this, the salophen group has a criti-
cal role in determination [21] and selective separation [19,22] 
of U(VI) from other cations. Recently, the magnetic Schiff 
base (MSB) functionalized with salophen group that was 
prepared by Léveillé et al. [22] performed a high capacity 
and selectivity toward U(VI) over several metal ions.

In this study, the primary focus was on the grafting of 
salophen on the surface of HCSs for removing of U(VI). In 
addition to scanning electron microscopy (SEM) and Fourier 
transform infrared (FT-IR), zeta potential measurement were 
also applied to analyze the adsorbents. The various factors 
influencing adsorption of U(VI) have been optimized. The 
U(VI) removal processes of these two adsorbents have been 
investigated via various models. Furthermore, the adsorptive 
selectivity of HCSs-sal has been explored with a wide variety 
of co-existing ions.

2. Experimental

2.1. Reagents

NaNO2, HCl, NaOH, and H2O2 were purchased from 
Sinopharm Chemical Reagent Co., Ltd., and were Analytical 
grade (AR). Moreover, the AR reagents of ethylenediamine, 
o-phenylenediamine, salicylide, and dicyclohexylcarbodiim-
ide (DCC) were obtained from Aladdin reagent (Shanghai) 
Co., Ltd.

2.2. Synthesis of HCSs-sal

The preparation procedures of HCSs-sal are illustrated in 
Fig. 1. The agent of salophen was synthesized base on the 

methodology given in literature [23]. 1.6 g o-phenylenedi-
amine and 3.2 mL salicylide were added in a 250 mL con-
taining 80 mL of methanol. The mixtures were magnetically 
stirred at an ambient temperature for 1 h. Next, salophen was 
acquired once the orange precipitate collected and dried.

The preparation of HCSs and HCSs-COOH and HCSs- 
NH2 were according to our previous work [24]. 0.30 g of 
HCSs-NH2 was agitated for a duration of 30 min in 50 mL 
of 1 mol L–1 HCl solution under an ice bath until the pow-
der mixed evenly. Then, the intermediate product reacted 
with 25 mL of 1 mol L–1 NaNO2 at a temperature of 273.15 K 
for 3 h. Following centrifugalizing, and washing with 
deionized water till neutral, the mid-product was named 
as HCSs-Cl. 1.2 g of salophen was poured into 200 mL 10% 
NaOH and stirred for 5 h under an ice bath. Following this, 
1.0 g of HCSs-Cl reacted with the alkaline salophen solu-
tion for one entire day. The products were filtered, washed, 
and dried in a vacuum drying oven. The final products 
were denoted as HCSs-sal.

2.3. Characterization

Micro-morphology of HCSs-sal was observed using a 
field emission SEM (NNS-450, FEI, USA). The functional 
groups of HCSs, HCSs-COOH, HCSs-NH2, and HCSs-sal 
were analyzed via a Fourier transform infrared spectros-
copy (Nexus 870, Nicolet, USA) in the wavenumbers rang-
ing from 3,800 to 600 cm–1 by utilizing the method of KBr 
pellet. A zeta potential analyzer (Stabino, Germany) was 
used to record the zeta potentials of adsorbents using either 
diluted NaOH or HCl solution as titrant.

2.4. Adsorption

During the adsorption experiment, 10.0 mg of HCSs and 
HCSs-sal was mixed with 100 mL U(VI) solution at a fixed 
pH value in a Triangular flask. A reciprocating water bath 
shaker, the was used to facilitate adsorption for a specific 
time. The U(VI) concentrations at supernatant fraction was 
analyzed by the Arsenazo III-U(VI) system using a UV-Vis 
spectrophotometer (TU-19, Pgeneral, China) at 650 nm. An 
ICP-OES (Shimadzu, Japan) was applied to measure the 
concentration of Mg(II) and other ions. The amount of metal 

Fig. 1. Procedure diagram of the preparation of HCSs-sal.
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ions adsorbed (qe, mg g–1) and the distribution coefficient 
(Kd, mL g–1) were acquired by Eqs. (1) and (2):

q
C C V

We
e=

−( )×0  (1)

K
q
Cd
e

e

= ×1 000,  (2)

where C0 (mg L–1) and Ce (mg L–1) denotes as the adsorbate 
concentration at beginning and equilibrium, respectively; 
W (g) and V (L) signifies the mass of adsorbents, and the 
volume of the adsorbate solution, respectively.

3. Results and discussion

3.1. Characterization

3.1.1. Scanning electron microscopy

Fig. 2 displays the SEM micrograph and the particle size 
distribution of HCSs-sal. It can be observed that HCSs-sal 
was microsphere particles in the range of 0.4–0.9 μm. It was 
obtained by a software of Nano Measurer 1.2. The average 
particle sizes were determined to be approximately 0.6 μm. 
The results indicated that the micro spherical geometric of 
HCSs has not been destructed after functionalization with 
the salophen group.

3.1.2. Fourier transform infrared spectroscopy

The FT-IR spectra of pristine and modified HCSs in the 
range of wavenumbers from 3,800 to 600 cm–1 (Fig. 3) were 
obtained by the method of KBr pellet. The broad peaks at 
3,445 cm–1 were due to the stretching mode of O–H [25]. 
The peaks appearing at 1,716 and 1,622 cm–1 corresponded 
to stretching bands of C=O and C=C [26], respectively. 
A new peak of C–O stretching mode [27] in the carbox-
ylic anhydride was centred at 1,257 cm–1 in the spectrum 
of HCSs-COOH, which suggested that the carboxyl group 

was successfully grafted to HCSs. Moreover, the three 
peaks at 1,674; 1,555; and 1,300 cm–1 could be a results of 
secondary amide [28], respectively. More importantly, the 
three peaks at 1,469; 1,054; and 680 cm–1 were the typical 
vibration peaks of benzene ring [29]. Lastly, a pair of peaks 
at 757 and 1,653 cm–1 represented C–H deformation vibra-
tion which laid outside the benzene ring surface and C=N 
vibration, respectively. The results implied that salophen 
group was successfully introduced to HCSs.

3.1.3. Zeta potential

The zeta potential values of adsorbents are illustrated in 
Fig. 4. It can be observed that the zero potential points of 
the origin HCSs and HCSs-sal was at the pH value of 2.11 
and 2.46, respectively. This result indicated that the negative 
charge of HCSs-sal was slightly higher than that of HCSs, 

Fig. 2. SEM image of HCSs-sal (inset: particle size distribution).

 

Fig. 4. Zeta potentials of HCSs and HCSs-sal at different pH 
values.

Fig. 3. FT-IR spectra for HCSs, HCSs-COOH, HCSs-NH2, and 
HCSs-sal.
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which can be attributed to the new emerging amine groups 
[30] of HCSs-sal. Moreover, the zeta potential of HCSs-sal 
gradually declined as the pH values increased on account 
of the protonation gradation of N atom in the –NH– group 
of HCSs-sal.

3.2. Effect of solution pH

The U(VI) ions species, their distribution, and the sur-
face charges of adsorbents [31] are significantly affected by 
the pH values. The results exhibited in Fig. 5 indicate that 
the pHs significantly affected U(VI) uptake by HCSs and 
HCSs-sal.

When the solution was in an acid condition (3 ≤ pH 
< 6.0), the surface charges of these two adsorbents were 
negative (Fig. 4), and the U(VI) species were in cations form 
(UO2

2+, (UO2)2(OH)2
2+, and (UO2)3(OH)5

+ [32–34]). However, 
the competition of a substantial quantity of H+ or H3O+ 
with U(VI) for the surface-active sites of adsorbents led 
to lower adsorption amounts for U(VI) at lower pH val-
ues. In the near-neutral condition (pH 6.0), the adsorption 
of both HCSs and HCSs-sal maximized. The summation 
of (UO2)3(OH)5

+ and (UO2)4(OH)7
+ was around 96.7% at pH 

6.0. Therefore, the electronegativity of HCSs and HCSs-sal 
promoted adsorbing the U(VI) by electrostatic attraction 
[35]. Besides, the maximum qe of HCSs and HCSs-sal was 
55.7 ± 9.0 and 281.6 ± 8.0 mg g–1 at the optimal pH of 6.0, 
respectively. Moreover, the optimal pH of 6.0 was deter-
mined by Mishra et al. [19] and Léveillé et al. [22], where 
the salophen was utilized as functional group to remove 
U(VI). At pH values higher than 7.0, the positive species 
of U(VI) decreased and the anion of (UO2)3(OH)7

– appeared 
[19]. Therefore, the electrostatic repulsion between U(VI) 
and negative charged HCSs and HCSs-sal resulted in the 
decrease of adsorption. Thus, it was deemed that the ini-
tial pH of 6.0 was optimal, and used for the subsequent  
experiments.

3.3. Adsorption kinetics

Fig. 6 illustrates the U(VI) adsorption kinetics of HCSs 
and HCSs-sal in the in the time range from 0 to 180 min. 
As the contact time was extended, the amounts of U(VI) 
adsorbed increased gradually until it reached equilibrium 
within 60 min. This indicated the rapid and high efficient 
processes of HCSs-sal. The time to reach the equilibrium 
was decided as 60 min for the two adsorbents.

The pseudo-first-order [36] (PFO), pseudo-second-order 
[37] (PSO) kinetics, and intra particle diffusion (IPD) [38] 
models were applied to realize the mechanism of U(VI) 
removal. The expressions of the above models are listed 
as Eqs. (3)–(5):

q q et e
k t= −( )−1 1  (3)

q
k q t
kq tt
e

e

=
+
2

2

1
 (4)

q k tt = id
0 5.  (5)

where k1 (min–1), k2 (g mg–1 min–1), and kid (mg g–1 min–0.5) 
denotes as the rate constant in the PFO, PSO, and IPD, respec-
tively; qt (mg g–1) represents the quantity of U(VI) extracted in 
the adsorption process.

The nonlinear fitting curves of PFO and PSO are pre-
sented in Fig. 6. The parameters of qe,cal, k1, and k2 are tab-
ulated in Table 1 along with correlation coefficient(R2). 
With regard to HCSs, the R2 value of the PSO equation was 
calculated to be 0.955, this is extremely close to 1.0. The 
experimental equilibrium amount of U(VI) adsorbed by 
HCSs (qe,exp = 54.97 mg g–1) was near to the calculated value 
(54.32 mg g–1). This indicated that the adsorption of U(VI) on 
HCSs was explained more appropriately by the PSO model. 
As for HCSs-sal, the R2 value of the two models (0.997 and 
0.976) were close. Additionally, the U(VI) uptake calculated 
by two models (277.71 and 289.23 mg g–1) were also near to 

 

Fig. 5. Effect of pH on the U(VI) adsorption by HCSs and HCSs-
sal (C0 = 50 mg L–1, V = 100 mL, T = 298.15 K, t = 180 min, and 
m = 10 mg).

Fig. 6. Kinetics of U(VI) adsorption onto HCSs and HCSs-sal 
(C0 = 50 mg L–1, V = 100 mL, T = 298.15 K, pH = 6.0, and m = 10 mg).
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the actual value (283.28 mg g–1). The results implied that the 
adsorption of U(VI) on HCSs-sal was fitted well to both PFO 
and PSO models, which stated that U(VI) adsorbed by HCSs-
sal was principally governed by diffusion and chemical reac-
tion [39].

In order to extensively clarify the adsorption processes, 
the IPD model was also adopted into investigating the 
kinetic data. The linear fitting plots and the values of kid 
at different stages are given in Fig. 7 and Table 1, respec-
tively. When analyzing the results, the U(VI) adsorption 
processes can be divided into three parts. The first proce-
dure of adsorption was external surface adsorption [4] with 
the highest rate (22.60 and 66.37 mg g–1 min–0.5). Then, the 
rates were gradually slower (2.57 and 18.30 mg g–1 min–0.5) 
which was a result of the less active site on adsorbents 
and less U(VI) in aqueous solution. Finally, adsorptions 
reached equilibrium as the slope values were close to 0.

3.4. Adsorption isotherm

To better understand the adsorptive performances 
and mechanisms of HCSs and HCSs-sal for U(VI), isother-
mal curves were obtained at 298.15 K. Fig. 8 illustrates 
the adsorption isothermal curves, in which the amount 
adsorbed by the two adsorbents expanded progressively 
and remained unchanged as the equilibrium concentration 
increased.

The Langmuir [40], Freundlich [41], and Sips [38] have 
been commonly employed to conclusively understand 

the adsorption behavior. The equation of these models are 
displayed as Eqs. (6)–(8):

q q
K C
K Ce m
L e

L e
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+1

 (6)

q K Ce F e
n= 1/  (7)
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where qm (mg g–1) and qms (mg g–1) presents the adsorption 
capacity in the Langmuir and Sips models, respectively; 
n and ms are the parameters about the heterogeneity of the 
adsorption [4]; and KL (L mg–1), KF (L1/n mg1–1/n g–1), Ks (L mg–1)
ms are the constants in these models.

Fig. 8 and Table 2 illustrate the nonlinear fitting plots 
and the values of the corresponding parameters along with 
R2 of Langmuir, Freundlich, and Sips model according to 
equilibrium data of U(VI). According to the values of qm, 
and qms, U(VI) adsorption on HCSs can be best described 
using the Sips equation better. As for HCSs-sal, the values 
of R2 were 0.996 and 0.998 for Langmuir and Sips models. 
However, the calculated values of qm for HCSs-sal using 
the Langmuir was 332.51 mg g–1, which was closer to the 
saturated amount adsorbed (319.69 mg g–1) obtained by 

Fig. 7. Intra-particle diffusion model for the U(VI) uptake by 
HCSs and HCSs-sal.

Fig. 8. Adsorption isotherm of U(VI) on HCSs and HCSs-sal 
(V = 100 mL, t = 120 min, T = 298.15 K, pH = 6.0, and m = 10 mg).

Table 1
Kinetic parameters of U(VI) adsorption onto HCSs and HCSs- salophen

Adsorbents qe,exp 
(mg g–1)

Pseudo-first-order Pseudo-second-order kinetics Intra-particle diffusion

qe,cal (mg g–1) k1 (min–1) R2 qe,cal (mg g–1) k2 (g mg–1 min–1) R2 kid,1 kid,2 kid,3

HCSs 54.97 48.82 0.23 0.885 54.32 5.21 × 10–3 0.955 22.60 2.57 0.66
HCSs-sal 283.28 277.71 0.09 0.997 289.23 4.59 × 10–4 0.976 66.37 18.30 0.28
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experiments. Thus, the uptake of U(VI) on HCSs-sal can 
be fitted to the Langmuir equation, indicating a mono-
layer adsorption process. Furthermore, the adsorption 
capacity of HCSs was significantly improved after deco-
ration, demonstrating a superior affinity of the salophen 
group to U(VI).

In addition, comparisons of HCSs-sal with the hydro-
thermal carbon (HTC) functionalized with the different 
groups in adsorption capacity for U(VI) are exhibited in 

Table 3. HCSs-sal (332.51 mg g–1) has proven to have a an 
increasingly excellent adsorption capacity than the pris-
tine HTC and HCSs or HTC. The more excellent adsorp-
tion capacity of HCSs-sal (332.51 mg g–1) has proven to 
have an increasingly than pristine HTC and HCSs or HTC 
modified with carboxyl (HTC-COOH) [15], salicylidenei-
mine (HTC-salicy) [17], catechol-like phenolic (HTC-btg), 
and phosphorus (HCSs-PO4) [6] group was contributed to 
the high affinity of the salophen group to U(VI) [18–20].

Table 2
Parameters of Langmuir, Freundlich, and Sips isotherm for adsorption of U(VI) onto HCSs and HCSs-sal

Adsorbents Langmuir isotherm Freundlich isotherm Sips isotherm

qm KL R2 KF n R2 qms ms Ks R2

HCSs 90.50 0.02 0.973 6.92 2.04 0.919 80.51 1.17 0.04 0.971
HCSs-sal 332.51 0.20 0.996 100.41 3.70 0.904 345.06 0.90 0.17 0.998

Table 3
Comparison of HCSs-sal with other hydrothermal carbon materials in adsorption capacity

Sorbents Experimental conditions Capacity (mg g–1) Reference

Sorbents 

 
(HTC) 

pH = 6.0, T = 298.15 K 62.70 [15]

 
(HTC-COOH) 

pH = 4.0, T = 298.15 K 205.80 [15]

 
(HTC-salicy) 

pH = 4.3, T = 298.15 K 261.00 [17]

 
(HCSs-PO4) 

pH = 5.0, T = 298.15 K 285.70 [6]

 
(HTC-btg) 

pH = 4.5, T = 298.15 K 307.30 [42]

 
(HCSs- sal) 

pH = 6.0, T = 298.15 K 332.51
This 
work
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3.5. Adsorption thermodynamics

The values of qe increased gradually as the tempera-
ture rose from 298.15 to 318.15 K (Fig. 9a). The results 
demonstrated that the adsorption was much more ben-
eficial at a higher temperature. Different functions 
such as ΔG° (change of Gibbs free energy, kJ mol–1), ΔH° 
(enthalpy, kJ mol–1) as well as ΔS° (entropy of adsorption 
process, J K–1 mol–1) were used to evaluate the adsorp-
tive thermodynamics, which were obtained by Eqs. (9)  
and (10):

lnK S
R

H
RTd =

°
−

°∆ ∆  (9)

∆ ∆ ∆G H T S° = ° − °  (10)

In the above equations, T (K) represents thermody-
namic temperature. The computation results of ΔH° and 
ΔS° were obtained by the linear fitting plots in Fig. 9b.

The positive values of ΔH° and ΔS°, and non- positive 
values of ΔG° are summarized in Table 4. The results sug-
gested that the endothermic, randomness increasing, 
and spontaneous processes of U(VI) adsorption on these 
two adsorbents. Additionally, a higher negative value of 
ΔG° at 298.15 K for HCSs-sal (–22.85 kJ mol–1) than HCSs 
(–17.56 kJ mol–1), this indicated that HCSs-sal showed a 
higher affinity toward U(VI).

3.6. Selective study

The selective adsorption ability of HCSs-sal was also 
investigated in the solution containing a variety of co-exist-
ing metal cations. 0.040 g of adsorbents was added to 150 mL 
of simulated nuclear wastewater at the optimal pH of 6.0. 
The results presented in Fig. 10 indicated that qe value of 
HCSs-sal for U(VI) was 36.70 mg g–1, this value was at least 
twice as much as that of HCSs (15.19 mg g–1). In addition, 
the Mg(II), Na(I), Mn(II), Ni(II), and Sr(II) uptake on HCSs 
increased after modification with the salophen group.

To compare adsorption selectivity of HCSs and HCSs-sal, 
the values of selectivity coefficient (S) and relative selectivity 
coefficient (Sr) [43] are calculated using Eqs. (11) and (12):

S
K
K

n n
d

d
UO M

UO

M2
2

2
2

+ +

+

+=
/

 (11)

S
S
Sr =

−HCSs sal

HCSs

 (12)

The values of S and Kd of HCSs-sal (Table 5) values per-
taining to HCSs-sal (Table 5) were significantly higher than 
that of HCSs. This signified the stronger affinity of salophen 
group to U(VI). The values of Sr were over 3.0, especially for 
Cs(I), Sr(II), and Na(I), this indicated the selectivity of HCSs 
for adsorption of U(VI) was enhanced after grafting with the 
salophen group.

Fig. 9. (a) Effect of temperature on U(VI) adsorbed by HCSs and HCSs-sal and, (b) relationship of lnKd with 1/T. (C0 = 50 mg L–1, 
t = 120 min, V = 100 mL, pH = 6.0, and m = 10 mg).

Table 4
Thermodynamic functions for adsorption of U(VI) onto HCSs and HCSs-sal

Adsorbents ΔH° (kJ mol–1) ΔS° (J K–1 mol–1) ΔG° (kJ mol–1)

288.15 K 298.15 K 308.15 K 308.15 K 308.15 K

HCSs 16.22 115.23 –16.98 –17.56 –18.13 –18.71 –19.28
HCSs-sal 19.65 145.00 –22.13 –22.85 –23.58 –24.30 –25.03



Y.-q. Wang et al. / Desalination and Water Treatment 203 (2020) 221–229228

4. Conclusion

In conclusion, the adsorbents of HCSs functionalized 
with salophen group was prepared successfully. The opti-
mal solution pHs were 6.0 for both HCSs and HCSs-sal to 
remove U(VI). The adsorption kinetics of HCSs-sal was 
rapid as it reached equilibrium within 60 min. Besides, the 
U(VI) adsorption process of HCSs-sal could be best fitted 
to PFO and PSO equations, indicating mainly controlled 
by the combination of diffusion and chemical reaction. 
Furthermore, the adsorption capacity and selectivity of 
HCSs were greatly enhanced, and the adsorption capacity 
was 332.51 mg g–1 once modified with the salophen group. 
The above results suggest that the HCSs-sal has the poten-
tial to serve as an effective material for selectively eliminat-
ing of U(VI) in wastewater.
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