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Abstract A novel chelate sorbent (bis-3,4-dihydroxy-
benzy)p-phenylen diamine-grafted hydrothermal carbon
spheres (HCS-BDBPD) had been successfully synthesized
through chemical grafting method. FT-IR and SEM were
used to analyze the chemical and microscopy structure of
HCS-BDBPD. The batch experiments were carried out to
study uranium adsorption properties of HCSs-BDBPD
aimed at confirming the optimum condition for removal
uranium from waste. The result showed that the sorption
process was spontaneous and endothermic in nature and the
maximum uranium sorption capacity of 272 mg/g was
obtained under the conditions tested, the selectivity of
HCSs toward uranium was improved after grafting BDBPD
groups on the surface of HCSs.
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Introduction

Uranium contaminant often arises as a result of authorized
and accidental releases at various stages in the nuclear fuel
cycle from uranium ore mining activities to post-reactor
operations [1]. The leaked uranium easily occur in aqueous
environment such as ground water and surface water [2],
posed a threat to human beings due to its heavy metal
toxicity and radioactivity. In view of uranium resources
recovery and environment protection, diminishing and
eliminating uranium in water system is worthy [3].

Separation technologies such as chemical precipitation
[4-6], ion-exchange [7], solvent extraction [8] and
adsorption have been developed for the treatment of ura-
nium from U-containing waters. Adsorption process owns
advantage properties of higher selectivity, faster kinetics
and cost advantage [9-12].

Adsorbents play a critical role in uranium adsorption
effectivity.

Carbonaceous adsorbents such as mesoporous carbon and
hydrothermal carbon have received high attention because
of heat and irradiation stability [13, 14]. Mesoporous carbon
grafted with various groups possesses unique sorption
properties toward uranyl [15—17]. In addition, hydrothermal
carbon materials are semi-carbonized material, which can be
derived from hydrothermal processing of mono- and
polysaccharides with the following features: mild reaction
conditions, cheap carbon sources, and completely “green”
as it excludes organic solvents, surfactants or ultra-high
temperature [18, 19]. Especially, it is praiseworthy that the
mild reaction condition in the synthesis procedure results in
much more abundant oxygen-containing functional groups
(OFGs) on the surface of hydrothermal carbon spheres
(HCSs) than that of other carbonaceous materials such as
activated carbon materials [20].
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Surface modification including physical modifications
(such as impregnation) and chemical modifications (such
as grafting) [21, 22], an efficient route for improving the
adsorption capacity and selectivity beyond their existing
structural and functional features, has been drawing more
attention in recent years. In order to prepare high concen-
tration of OFGs such as carboxyl, oxidation treatment is
now a priority candidate [23]. Nevertheless, for chemical
oxidation, strong acids or strong oxidants could usually
cause collapse and/or corrosion to framework and surface
of carbon material [24].

The surface grafting, used in this paper, can avoid the
disadvantages, and the grafted functional group (BDBPD) has
high affinity to uranium. The HCS-BDBPD was prepared for
the first time, and study of uranium adsorption properties of
the HCS-BDBPD were conducted by batch experiments.

The aim of the present research was to investigate the
sorption properties of HCSs-BDBPD toward U(VI) from
aqueous solutions. Various techniques such as Fourier
transform infrared spectroscopy (FT-IR) and scanning
electron microscopy (SEM) were used to characterize the
micro-morphology and structure. The effect of various
experimental parameters including pH of the solution,
competing ions, contact time, initial concentration, and
temperature, as well as adsorption Kkinetics, isotherm
models, and thermodynamics were studied.

Chemicals and experiment
Materials

For the preparation of a stock U(VI) solution, 2.9480 g
U303 was put in a 100 ml beaker, and 10 ml HCI
(p = 1.18 g/mL) and 2 mL H,0,(36.5 wt.%) were added.
The solution was heated to wet salt shape then 10 mL HCI
(p = 1.18 g/mL) was added. The solution was transferred
to a 250 mL flask and diluted to the mark with distilled
water to produce a U(VI) stock solution (10 mg/mL). The
uranium solutions experiment required were prepared by
diluting the stock solution. All other chemicals and
reagents such as sodium hydroxide, o-phenylenediamine,
ethane diamine, salicylaldehyde, sodium borohydride,
dicyclohexylcarbodiimide (DCC), sodium nitrite were
purchased from Aladdin Chemistry Co., Ltd., China.

All reagents are of AR degree and used without further
purification.

Preparation of (bis-3,4-dihydroxy benzy)p-phenylen
diamine-grafted hydrothermal carbon spheres

The synthesis scheme is illustrated in Fig. 1. (1) 80 mL of
glucose solution (20.0 wt.%) was put in a 100 mL Teflon-
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lined stainless steel autoclave witch and was then sealed
and heated to 453.15 K with a heating rate of 2.5 k/min in
an oven. After 24 h, the solution was cooled down to room
temperature naturally, was filtered off and washed com-
pletely with distilled water, ethanol, and acetone until the
filtrate was colorless and nearly neutral, then dried at
323.15 K in vacuum for 8 h. The resulting material was
denoted as HCSs. (2) HCSs were calcined in muffle fur-
nace in air at 773.15 K for 5 h to enhance the amount of
carboxylic groups on the surface of HCSs, and then the
carboxylic hydrothermal carbon spheres were obtained and
denoted as HCSs—COOH [25]. (3) Under the condition of
stir, 1.0 g of HCSs—COOH was added in 250 mL beaker
loaded with 40 mL of ethyl acetate in the ice-bath. After
HCSs—COOH was dispersed, 1.0 g of dicyclohexylcar-
bodiimide (DCC) and 20 mL of ethane diamine was added
and then the beaker was shifted out from ice-bath keep
stirring for 24 h. The products were filtrated and washed
with distilled water and ethanol until the filtrate was nearly
neutral, then dried ant 323.15 K in vacuum for 8 h. The
obtained material was denoted as HCSs—-NH,. (4) The
(double-3, 4-2 hydroxy benzyl) para-phenylene diamine
(BDBPD) was prepared according to Ref [26]. (5) A
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Fig. 1 Preparation of HCSs-BDBPD
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certain amount of HCSs—-NH, and sodium nitrite solution
(1 mol/L) was added in hydrochloric acid (1 mol/L), and
then the mixture reacted under ice-bath condition for 3 h.
The product was filtrated and washed with deionized water
until the filtrate was nearly neutral. The diazotization
hydrothermal carbon spheres were obtained and denoted as
HCSs—N=N-CI. 0.6 g of BDBPD was dissolved in sodium
hydroxide solution (10 wt.%) and 0.5 g of HCSs—N=N-Cl
was added slowly under ice-bath, then the mixture react for
5 h. The product was filtrated and washed with deionized
water until filtrate was nearly neutral, dried in vacuum. The
final material was obtained and denoted as (HCSs-
BDBPD).

Characterization

Surface morphology was characterized on a JEOL JSM-
5900 scanning electron microscopy. The FT-IR spectra
were recorded on Nicolet Nexus 870 Fourier transform
infrared spectrometer using the KBr pellet technique (1:50)

with the resolution 2 cm™".

Sorption experiment

The adsorption performance was investigated using the
batch wise method. Effects of pH, ionic strength, contact
time, initial concentration and temperature on the adsorption
were studied. The single factor experiment was operated as
following. HCSs or HCSs-BDBPD of 0.01 g was suspended
in 100 mL solution of U(VI) of a definite concentration at a
certain pH, which was adjusted by 0.1 mol/L HCI and
0.1 mol/L NaOH. The mixture was shaken for desired time,
followed by the phased separation using filtration. The
obtained supernate was taken and analysed U(VI) concen-
tration using the arsenazo III method with a 721 type
spectrophotometer at 650 nm. The adsorbed uranyl ions on
per unit mass of the adsorbent were calculated by Eq. 1. [27]

(Co—Ce)V

Ge =" — (1)

where ¢, is the adsorbed U(VI) quality on HCSs—BDBPD
(mg/g), Cy and C, are the initial and equilibrium solution
uranium concentrations (mg/L), respectively, V is the vol-
ume of the aqueous solution (L) and W is the mass of
HCSs-BDBPD (g).

Results and discussion

Characterization

The microcosmic morphology of HCSs and HCSs-BDBPD
were studied by SEM and shown in Fig. 2. As can be seen

from Fig. 2a (magnified 3000 times), HCSs exhibited
regular, uniform and smooth balls. HCSs-BDBPD shown
in Fig. 2b (magnified 6000 times) revealed that after
functionalization the resultant HCSs-BDBPD still hold
physical properties as HCSs.

Figure 3 shows the FT-IR spectra of HCSs, HCSs—
COOH, HCSs-NH,, HCSs-BDBPD. The peaks at 3400,
1710, and 1619 cm~! are ascribed to O-H stretching
vibration, C=0 stretching vibration and C=C stretching
vibration [28, 29]. The intensity of the adsorption bands at
1710 and 1619 cm ™" were increased obviously in curve a
in the Fig. 3 and a new peak can be observed at 1227 cm ™'
attributed to the carboxylic acid anhydride C-O stretching
vibration [30]. These results indicated that the carboxylic
groups were grafted on the surface of HCSs successfully.
In spectrum of HCSs—NH, (curve c in the Fig. 3), the peaks
at 1674, 1555 and 1300 cm™" belongs to the amide I, IT and
III stretching vibration respectively [31]. In spectrum of
HCSs-BDBPD (curve d in the Fig. 3), the bands at 1463,
1060 and 675 cm™' was corresponded to the aromatic
stretching vibration [32, 33]. The band at 1290 and
817 cm™' were assigned to the C—N stretching vibration
and the aromatic C-H out-of-plane bending vibration
[31, 34]. The results of FT-IR spectra indicate that HCSs-
BDBPD was prepared successfully.

The effect of pH

Due to influencing uranium speciation and surface charge
of the adsorbent, the initial pH is one of the most important
factors on uranium sorption [35]. The effect of initial pH in
the range of 3.0-8.0 on uranium adsorption was conducted
and the result was shown in Fig. 4. For HCSs and HCSs-
BDBPD, both ¢, increased as pH increased from 3.0 to 6.0,
decreased as pH beyond 6.0. The optimal pH values were
both determined as 6.0 and the corresponding g. were the
maximum of 55.70 and 272.0 mg/g, respectively.

The low adsorption capacity at low pH value could be
attribute to the competition of H" and H;O" ions with
UO%+ on the adsorptive active sites [25]. As pH increased,
the functional groups on the adsorbent surface gradually
obtained more adsorption sites for positive uranium spe-
cies. The adsorption capacity decreased as pH continuously
rose from 6.0 to 8.0 because of the hydrolysis of uranyl at
higher pH condition [36]. As a consequence, pH of 6.0 is
considered as the optimum pH for further experiments.

The effect of contact time
Contact time is also a critical parameter for uranium
adsorption and the effect of contact time on the adsorption

properties of HCSs and HCSs-BDBPD are showed in
Fig. 5. As can be seen, the amount of adsorbed U(VI) on
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Fig. 3 FT-IR spectra for HCSs before and after grafting

HCSs and HCSs-BDBPD increased rapidly at the begin-
ning, and finally reached equilibrium after 60 and 90 min,
respectively. The faster adsorption rate at the beginning
would be due to the larger concentration gradient [14].
Two different kinetic models (pseudo-first-order and
pseudo-second-order) were applied to investigate the
adsorption rate controlling mechanism of the adsorption
process, and the results were showed in Fig. 5. The pseudo-
first-order and pseudo-second-order can be written as: [37]

In(ge — 1) = Inge — kit (2)

t 1 t (3)

= +—
g kg2 qe

where ¢. and ¢, (mg/g) are U(VI) concentration in solid
phase at equilibrium and ¢ (min), respectively. k; (minfl)
and k, (g mg~" min~') are the sorption rate constants of
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pseudo-first-order models,
respectively.

The plots of plots of In(g,—g.) versus ¢ and #/q, versus
t were fitted in Figs. 6 and 7. The adsorption kinetic
parameters of pseudo-first-order and pseudo-second-order
kinetic models were calculated from the intercept and slope
of the linear relation and shown in Table 1. It was indicated
that U(VI) adsorption on HCSs and HCSs-BDBPD follows
the pseudo-second-order kinetic model owning to the good
fit (both R* > 0.99) and approximately experimental and
calculated g, with the model. The results demonstrated that
U(VI) adsorption on HCSs and HCSs-BDBPD were con-
trolled by chemical adsorption. The chemisorptions
involves valence forces through sharing or exchanging
electrons between HCSs (HCSs-BDBPD) and U(VI). Fur-
thermore, chemical adsorption capacity is proportional to
the number of actives sites occupied on the adsorbent
surface [38].

and pseudo-second-order

The effect of initial uranium concentration

The effect of initial U(VI) concentration on adsorption
behavior was systematically investigated over a concen-
tration range from O to 130 mg/L at pH 6.0 and 298.15 K
within 90 min. The results showed in Fig. 8. Obviously,
increasing the U(VI) concentrations lead an increase in the
amount of U(VI) adsorbed on HCSs and HCSs-BDBPD
within 70 and 90 mg/L, respectively. And then the capacity
gradually reached equilibrium state and reached maximum
capacity approximately 63 and 321 mg/g respectively. The
comparision of capacity of U(VI) on various hydrothermal
carbon materials were listed in Table 2 and showed that
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Fig. 6 Pseudo-first-order adsorption kinetic of U(VI) over HCSs and
HCSs-BDBPD
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Fig. 7 Pseudo-second-order adsorption kinetic of U(VI) over HCSs
and HCSs-BDBPD

HCSs-BDBPD possess the much higher adsorption capac-
ity than other hydrothermal carbon materials.

In order to describe U(VI) adsorption onto the adsorbent
surface, two well-known adsorption models namely
Langmuir and Freundlich were applied.

The linearized form of Langmuir and Freundlich equa-
tion is given as follows (4) and (5), respectively. The Fig. 9
is Langmuir fitting curve and Fig. 10 is Freundlich fitting
figure.

C. 1 +Ce

e B quL q_m

(4)

1
Inge =InKr +-InC, (5)
n

where C. (mg/L) and g. (mg/g) are the solution equilibrium
concentration and the amount of solution adsorbed per unit
mass of the adsorbent, ¢, is the maximum adsorption
capacity (mg/g), K; is the Langmuir constant. K and n are
the Freundlich constants.

The parameters such as g.,, K;, n, Kr and correlation
coefficients (R?), calculated from the slopes and intercepts
of the plots of C./q. versus C. and Ing. versus InC, are
listed in Table 3. Comparison results of R? value shown in
Table 3 demonstrates that the Langmuir isotherm fits the
experimental data of HCSs and HCSs-BDBPD surfaces
better than the Freundlich isotherm. The validity of
Langmuir isotherm suggests that U(VI) adsorption is a
monolayer process and adsorption of all U(VI) species
requires equal activation energy [39]. The saturation
capacity g, of HCSs and HCSs-BDBPD were 80 and
357 mg/g, respectively, proving HCSs-BDBPD had better
adsorption capacity than HCSs.
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Table 1 Kinetic parameters of U (VI) adsorption onto HCSs and HCSs-BDBPD

Sorbents Geexp (Mg gfl) Pseudo-first-order adsorption Pseudo-second-order adsorption
Geca (mg g™ ki (min~") R Geca (Mg g™ kp(gmg' min"h) R
HCSs 54.97 18.44 1.7 x 1072 0.70 55.24 42 x 1073 0.995
HCSs-BDBPD 270.79 187.24 25 x 1072 0.87 294.12 22 x 1074 0.996
350 adsorption on HCSs and HCSs-BDBPD can be calculated
200 1 [—=—HCss from the temperature dependent adsorption isotherms.
__ —e—HCSs-BDBPD The AH and AS can be calculated as Eq. (6):
250 AS AH
1 In Kd = 7 - ﬁ (6)
200
K3 1 where Ky is the distribution coefficient (mL/g), T and R are
E 1501 the absolute temperature (K) and the gas constant
s 100 4 (8.314 T mol~" K1), respectively. The values of AH and
] - - AS were derived from the slop and intercept of the plots of
50 a InK4 versus 7' (Fig. 11).
o 1 Therefore, the values of AG can be obtained as Eq. (7):
. AG =AH — TAS = —TRIn Ky (7)
'50 T T T T T

Fig. 8 The effect of initial concentration of U(VI) on HCSs and
HCSs-BDBPD adsorption properties

The effect of temperature

Temperature is also a very important parameter on
adsorption property of sorbent. The results indicated that
the adsorption capacity of both HCSs and HCSs-BDBPD
increased as absolute temperature increased from 298.15 to
318.15 K. In order to further research the adsorption
principle, the thermodynamic parameters such as standard
enthalpy change (AH), standard entropy change (AS) and
standard Gibbs free energy change (AG) for U(VI)

The values of AH, AS and AG are tabulated in Table 4.
The positive values of AS (101.89 and 121.74 J K"
mol ") suggest that the adsorption process is irreversible.
The positive values of AH and negative values of
AG confirmed that the sorption process was endothermic
spontaneous under all conditions tested, and the more
negative value of AG at higher temperature indicated that
the higher temperature was beneficial to the U(VI) sorption
on HCSs and HCSs-BDBPD.

Selectivity

For exploring the competitive adsorption behavior of U(VI)
and other co-existing metal ions onto the surface of HCSs
and HCSs-BDBPD. The batch sorption experiment in

Table 2 Comparison of sorption capacity of U(VI) on various hydrothermal carbon materials

Sorbents Experimental conditions Capacity Reference
(mg g
HCC produced with chitosan pH =792, T =338.15 K 264.55 [14]
CSs synthesized with glucose pH =6.0, T =298 K 68.71 [27]
HTC-PO, synthesized in the presence of phosphoric acid pH =5.0,T=298.15 K 285.7 [18]
HTC produced with pine needles pH =6.0, T =298 K 62.7 [38]
HCSs through low-temperature heat treatment pH=7.0,T=298.15K 179.95 [25]
Salicylideneimine-functionalized HTC (HTC-sal) pH =43, T=288.15K 261 [41]
Phenolic ligand-functionalized HTC (HTC-btg) pH =4.5,T=29815K 307.3 [40]
Bis-3,4-dihydroxybenzy)p-phenylen diamine-grafted hydrothermal pH = 6.0, T = 298.15 321 This work

carbon spheres (HCS-BDBPD)

@ Springer
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Fig. 9 Langmuir isotherms adsorption of U(VI) on HCSs and HCSs-
BDBPD

m HTC
e HTC-BDBPD

0 —7r . r - r - r -t 1t 1 1 17
00 05 10 15 20 25 30 35 40 45 50
InCg

Fig. 10 Freundlich isotherms adsorption of U(VI) on HCSs and
HCSs-BDBPD

Table 3 Parameters of Langmuir and Freundlich isotherm for
adsorption of U(VI) onto HCSs

Sorbent Langmuir Freundlich

K. gumggh) R Ko n R
HCSs 0.05 80.00 098 755 205 092
HCSs-BDBPD  0.11 357.14 099 66.00 2.65 0.95

simulated nuclear industry effluent containing several
competing ions was carried out to investigate the selec-
tivity of the sorbent. The results were represented in

1341
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8.5
©
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Fig. 11 The variation of InK, versus 1/7T for adsorption of U(VI) on
HCSs and HCSs-BDBPD

Fig. 12. It was very clearly showed that the sorption
amount of uranium onto HCSs and HCSs-BDBPD are
much better than that of other co-existing cations. Com-
paring with HCSs, the sorption amount of HCSs-BDBPD
towards U(VI) rises from 15.19 to 36.52 mg/g (pH = 6.0,
T=1298.15K, Cy= 10 mg/L for uranium and other
cations, m = 40 g for sorbents). It was confirmed that
HCSs-BDBPD possesses better sorption capacity toward
uranium than that of HCSs. Moreover, the sorption amount
of co-existing ions onto the HCSs-BDBPD was greater
than HCSs.

Simultaneously, the selectivity coefficient (S) and rela-
tive selectivity coefficient (S;) were introduced to further
evaluate the U(VI) selective sorption specialty of the sor-
bents. The § and S, were calculated as following Egq. (8)
and (9).

U02+
K 2
§=—t (8)
K
_ SHcss—BDBPD
S )
HCSs

where K(s/o? (ml/g) and K¥"" (mL/g) are distribution
coefficients of uranyl ion and co-existing ions, respec-
tively. The results are listed in Table 5. It was clear that the
values of K, and S of HCSs-BDBPD are much greater than
that of HCSs. Furthermore, the value of Sr was over 10 for
HCSs-BDBPD to Mg(Il), Na(I) and Sr (II). These results
indicated that the selective property of HCSs toward U(VI)
was improved after grafting BDBPD groups on the surface
of HCS:s.
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Table 4 The thermodynamic

) Sorbent AH (kJ mol™h) AS JK! mol™h AG (k] mol™h
parameters for adsorption of
U(VI) onto HCSs and HCSs— 288.15 K 298.15 K 308.15 K
BDBPD
HCSs 12.44 101.89 —16.90 —17.92 —18.94
HCSs-BDBPD 15.67 121.74 —20.62 —21.84 —23.05
40
|2 ucss

35 {|ZZ1 HCSs-BDBPD

q(mg.g")

Mg(I) Na(l) Zn(II) Mn(Il) Co(Il) Ni(Il) Sr(Il) Cs(I

=
C

Hg(I) U(VD)

Fig. 12 Competitive sorption capacities of HCSs and HCSs-BDBPD
for U (VI) over competing ions in a simulated nuclear industrial
effluent

Table 5 Distribution coefficient and selectivity coefficients of HCSs
and HCSs-BDBPD

Ton Kq (mL g™h S S,
HCSs  HCSs-BDBPD HCSs HCSs-BDBPD

U(VD) 2552.63 140,211.95 - - -
Mg(I)  159.84 268.81 1597 521.59 32.66
Na(l) 64.87 272.99 39.35 513.61 13.05
Zn(Il)  164.24 1555.95 15.54  90.11 5.80
Mn(l)  78.81 647.42 3239 216.57 6.69
Co(II) 85.78 999.38 29.76  140.30 471
Ni(II) 92.89 1824.75 2748 76.84 2.80
Sr(ID) 195.33 888.34 13.07 157.84 12.08
Cs(D) 775.35 1393.01 329  100.65 30.57
Hg(l)  280.04 876.63 9.12  159.94 17.55

Possible adsorption mechanism

The possible interaction mechanism between U(VI) and
HCSs-BDBPD under molecular level was shown in
Fig. 13. U(V]D) was coordinated with nitrogen-atoms and
hydroxyl oxygen of BDBPD functional group [26].
Therefor, chelation is the main interaction mechanism
between U(VI) and HCSs-BDBPD.

@ Springer
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Fig. 13 The possible interaction mechanism between U(VI) and
HCSs-BDBPD

Conclusion

In the present work, the adsorption property of HCSs-
BDBPD synthesized successfully by hydrothermal method
was investigated. The structure and textural property
characterized by SEM and FT-IR showed that the BDBPD
was successfully grafted to HCSs. The HCSs-BDBPD
showed the maximum U(VI) adsorption capacity at initial
pH of 6.0 and contact time of 90 min. The uranium sorp-
tion on HCSs and HCSs-BDBPD was well fitted to the
Langmuir adsorption isotherm and pseudo-second-order
kinetic model. The thermodynamic parameters distinctly
revealed that the adsorption process was feasible, sponta-
neous and endothermic under tested condition. Moreover,
the selectivity of the HCSs was improved after grafting
BDBPD groups on HCSs. These results indicated that the
synthesized HCSs-BDBPD might be a potential candidate
for application in treatment and separation of uranium from
the nuclear industrial effluents and other uranium con-
taminated aqueous media.
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