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Abstract A specialized ethylamine-bridged B-cyclodex-
trins (EB B-CD) was synthetized. EB B-CD’s adsorption
properties of thorium ions were performed. Experimental
results show that the adsorption of thorium using the EB B-
CD can achieve equilibrium within 60 min at room tem-
perature under the condition of pH 4, the adsorbance is
10.49 mg g~'. The results of SEM and BET nitrogen
adsorption show that, EB B-CD is typical mesoporous
material. According to pseudo-second-order kinetics, the
adsorption of Th(IV) indicating the influence of textural
properties of EB B-CD on the rate of adsorption. The
thermodynamic parameters obtained showed that the
adsorption process is exothermic, spontaneous process.

Keywords Ethylamine-bridged B-cyclodextrins -
Synthesis - Thorium - Adsorption

Introduction

Over the last years, a variety of technologies have been
used for removal and recovery of thorium present in water,
nuclear fuel effluents, and other sources in view of the
potential environmental health threat and an nonrenewable
resource of nuclear energy. So their gathering and sepa-
ration from waste sources become a very significant task. A
lot of work are being made to develop the processes for
extracting thorium [1-5].
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Recently, the use of organic materials as sorbents for
removal of radioactive heavy metals in sorption processes
has been used extensively. Sadeek et al. [6] reported
chelating resin containing pentaethylenehexamine was
used for adsorption of thorium(IV) as a functional group.
Limin Zhou et al. [7] researched competitive adsorption of
uranium(VI) and thorium(IV) ions from aqueous solution
using triphosphate-crosslinked magnetic chitosan resins. Ji
et al. [8] studied the adsorption of Th(IV) using surface
modified dibenzoylmethane molecular imprinted polymer.
These materials have lots of advantages, such as: good
chemical stability, renewability, many possibilities to
functionalization.

It is well-grounded that linking two cyclodextrin moi-
eties with a short linker group greatly enhances the
molecular binding ability of the original cyclodextrin
through the cooperative binding of one guest molecule in
the closely located two cyclodextrin cavities [9-13].
Hence, numerous bridged cyclodextrins with different
structural materials have been synthesized, and applied to a
variety of areas of science and technology such as molec-
ular receptors [14, 15], electrochemical sensors [16], drug
carriers [17] and monomer of polymer [18] in the last
years. But the study of bridged B-cyclodextrins applied for
recovery of thorium in waste warter has not been exten-
sively investigated.

This paper described the synthesis method of a special
bridged B-cyclodextrins(EB B-CD), studied on EB B-CD
adsorption properties of thorium ions based on various
experimental parameters (pH, amount of sorbent, contact
time, temperature, thorium ion initial concentration), and
analyzed the specific surface area and pore size of the
synthetic EB B-CD by SEM and BET nitrogen adsorption,
The experiment results showed that EB B-CD could
effectively adsorb the Th(IV) in a high adsorbing capacity.
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Material

B-cyclodextrin (biochemical reagent), Th(NOj3)4-4H,0,
2-chloro ethylamine hydrochloride, P-paratoluensulfonyl
chloride, N, N-dimethyl formamide were purchased from
Shanghai Aladdin reagent co., LTD. Methyl alcohol and
acetone, etc. were analytical reagent and used further
purification. All the solutions used in this work was dis-
tilled water.

FTIR (Shimadzu, Japan), UV-spectrophotometer
(Shanghai, China), Varian-400 High Resolution Nuclear
Magnetic Resonance Spectrometer (Varian, America),
NOVA2200e Multipoint Nitrogen Adsorption Instrument
(Quantachrome, America), XL30 Scanning Electron
Microscope (Philips, Netherlands), EA2400IICHNS/O Ele-
mental Analyzer (PE, America).

Experimental
Preparetion of EB -CD

Synthesis of mono-6-0O-aminoethyl-[5-cyclodextrin (6-EA-
B-CD)

B-Cyclodextrin (1) was first soaked in aqueous solution of
2-chloroethylamine (20 %) (on weight of B-CD) for
30 min, and dried at 65 °C till solvent (water) was evap-
orated. The product was immersed in NaOH solution
(2.5 mol L") for 45 min at temperature 70 °C. The 6-EA-
B-CD (2) was obtained by precipitated in methyl alcohol.
The 6-EA-B-CD (2) was washed several times and dried at
50 °C for 5 h (the yield is 46 %). The synthetic route is
showed in the Fig. 1.

Synthesis of ethylamine-bridged B-cyclodextrins(EB [-CD)

Ethylamine-bridged B-cyclodextrins(EB B-CD) was syn-
thetized using mono-6-O-(p-toluenesulfonyl)-B-cyclodex-
trin(3) and the 6-EA-B-CD (2) with the mole ratio of 2:1 in
N,N-dimethyl formamide at temperature 80 °C for 72 h,
followed by being poured into acetone, obtained the crude
EB B-CD (4) as a precipitate. The crude product was
purified on a column of Sephadex G-25 [19] with water as
the eluent to give pure (4) in 27.6 % yield (on weight of
6-EA-B-CD). The synthetic route is showed in the Fig. 2.

Fig. 1 Synthesis route of 6-EA-
B-CD (2)

1
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Adsorption studies

Studies on the Th(IV) adsorption behavior were performed
in batch experiments using 50 mL Erlenmeyer flasks. The
effect of pH, amount of sorbent, equilibrium time and
Th(IV) ion initial concentration were examined. Equilib-
rium studies were conducted within the amount of sorbent
range of 10-30 mg, temperature range of 293-338 K, time
range of 15-120 min and the metal ion concentration range
of 5-30 mg L™'. The pH value of the different solutions
was adjusted and measured (using buffered solution)
accurately using a digital pH-meter of the type PHS-3C
(Shanghai, China) within an error of +0.1. 20 mg of the
EB B-CD were added into a 50 mL Erlenmeyer flasks
along with 25 mg L™" Th(IV) at a given pH. The flasks
were shaken using thermostatic water bath oscillators
SHY-2A (Changsha, China) for specified durations at room
temperature. After equilibration, the remanent concentra-
tion of the metal ion was determined by UV-spectropho-
tometer and adsorption amount Q (mg g~ ') of adsorbed
Th(IV) ions was calculated according to formula:

0= (CO - Ce)V/m (1)

where Q is the adsorption quantity (mg g~ "), Cy and C, are
the initial and final concentrations of the Th(IV) (mg L,
V is the adsorbed solution volume (L), and m is the mass of
the EB B-CD (g). All experiments were performed in three
equal pieces.

Results and discussion
Characterization of 6-EA-B-CD and EB p-CD

Figure 3a, b, ¢ shows the IR spectra of B-CD (1), 6-EA-B-CD
(2) and EB B-CD (4). It can be seen that the characteristic
absorption peak of OH group of B-CD is located at 3356 cm ™.
The absorption peak intensity increases and the absorption peak
position shifts from 3356 to 3422 cm ™" in the case of 6-EA-p-
CD (2). This can be attributed to the presence of absorption
band of NH, stretching at 3400 cm ™" that overlaps with the
absorption of OH group (in the range of 3200-3500 cm™").
And 6-EA-B-CD (2) appeared characteristic bands at
3422 cm™' (oN-H), 1640 cm™' (3N-H, NH,), 1108 cm™'
(0C-N); the characteristic peak of EB 3-CD (4) have obviously
enhanced at 3365 cm™' (oN-H), 1659 cm™' (SN-H, NH),
1109 cm™ (6C-N), and there is red shift phenomena.

NaOH AN
== (™
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Fig. 2 Synthesis route of EB
B-CD (4)

iZ )/\ NN + (;35 SO3—©—CH3
O
2 3

DMF

0 /_\NH
CHB’_©_503H + w\
4

422

3356

T T T T T
2500 2000 1500 1000 500

o/cm’!

T T
4000 3500 3000

Fig. 3 IR spectrum of B-CD (a) (1), 6-EA-B-CD (b) (2) and EB
B-CD (c) 4)

Figure 4a, b shown the IHNMR (DMSO-d6, 400 MHz,
TMS) spectrum of the 6-EA-B-CD (2) and EB B-CD (4).
The characteristic peak of (a) J: 5.71 (s, 9H), 4.83 (d,
J = 3.3 Hz, 4H), 4.46 (s, 2H), 3.65 (d, J = 8.9 Hz, 10H),
3.57 (d, J = 10.2 Hz, 5H), 3.42-3.25 (m, 41H), 2.89 (s,
1H), 2.73 (s, 1H), 2.50 (solvent peak); (b) d: 5.67(s, 15H),
4.82(d, J = 3.2 Hz, 19H), 4.43 (s, 8H), 3.68-3.63 (m,
28H), 3.58 (dd, J=15.5, 10.1 Hz, 48H), 3.29 (d,
J = 3.2 Hz, 21H), 2.89 (s, 1H), 2.73 (s, 1H), 2.50 (solvent
peak). IHNMR spectrum preliminary evidence to support
successful synthesis of 6-EA-B-CD (2) and EB B-CD (4).

Elemental analysis. EB B-CD (4): the theoretical value
calcd for CggH143069N: C, 45.00 %; H, 6.24 %; N, 0.61 %.
Actually found: C, 44.92 %; H, 6.90 %; N, 0.58 %. The
detection result is basically consistent with the theoretical
calculation of EB B-CD (4). The above test results ade-
quately proved the successful synthesis of EB B-CD (4).
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Fig. 4 "THNMR spectrum of 6-EA-B-CD (a) (1) and EB B-CD (b) (4)
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The surface area of the synthetic EB B-CD (4) and its
porosity were determined from the adsorption isotherms of
the material at the temperature of liquid nitrogen (77.3 K)
using a Quantachrome NOVA 2200e instruments. The
surface area was calculated using the Brunauer—-Emmett—
Teller (BET) method while pore size distribution using the
Barett—Joyner—Halenda (BJH) model.

It can be seen from Fig. 5, the adsorption—desorption
isotherms of the two substances present hysteresis loop, are
IV type adsorption—desorption isotherms. At low relative
pressure, the amount of nitrogen adsorbed increases with
the increase of the pressure, which is monolayer adsorp-
tion. Relative pressure is about 0.2, the adsorption amount
of N, monomolecular layer being saturated, meanwhile the
multi-molecular layer adsorption occurring, and the inter-
action force between adsorbate and sorbent is stronger than
that’s of adsorbate. With the relative pressure increasing,
the adsorption layers and the adsorption amount have
increased. As the relative pressure of the isotherms of EB
B-CD and B-CD is 0.4, 0.05, respectively, the capillary
condensation phenomenon appeared. The larger the pore
size is, the higher relative pressure that the capillary con-
densation phenomenon occurred is, which is coincide with
the measured data (Table 1) by BJH model.

From Fig. 6, the larger the slope of the curve is, the
more active the pore size distribution is. Apparently, the
pore size of EB B-CD is larger than B-CD’s, and the range
of the pore size distribution of the EB B-CD mainly in
2-10 nm, which proved the synthetic EB B-CD (4) is the
typical mesoporous material [20]. So the EB B-CD will
have great practical significance as the adsorbent material.

SEM spectra of EB B-CD (b) (4) and B-CD (a) (1) is
shown in Fig. 7. The surface of EB B-CD is very crude and
rugged while that of B-CD is much smooth and the bridged
B-cyclodextrins (EB B-CD) have stronger adhesion. This is
mainly due to the surface area of the bridged B-cyclodex-
trins (EB B-CD) is much larger than that of B-cyclodextrin.
Which fit with what the measured data (Table 1).
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Fig. 5 Adsorption—desorption isotherms of B-CD (1), EB B-CD (4)
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Effect of pH

The pH value of the solution is an important factor in the
study of thorium(IV) ion adsorption because it affects the
species of metal ion that are present in solution. To assess
the effect of pH solution on the adsorption process of Th*™
ion the experiments were carried out on a range of pH
between 2 and 7 at room temperature, the initial concen-
tration of Th*" is 25 mg L™, the amount of EB B-CD is
20 mg, the contact time is 60 min. From Fig. 8 we can see
that the adsorbance of EB B-CD on thorium has changed
vary with the acidity. At low pH value, it’s easier to
hydrogen ion generate chelation with secondary amine
[21]. Variation of adsorption with the increase of pH values
could be explained by the presence of various compounds
of thorium hydrolysis of the form Th(OH)*", Th(OH)3™,
Thz(OH)g+ occurring at different pH values [22], which
influence the adsorption effect result in adsorption illusion
or error [23]. At pH 4, this was not sharply increased for
apparent adsorbance of thorium, the reason for the phe-
nomenon may be the influence of ionic strength and the
stability of the formed complexes [24]. The mechanism of
formation of the complexes is shown in the Fig. 9.

Effect of sorbent mass

A major factor affecting the efficiency of adsorption from
an economic point of view is the mass of used sorbent (EB
B-CD). The effect of different sorbent mass on adsorption
process was studied at a fixed concentration (25 mg L™")
of thorium, pH value 4.0 and at room temperature, the
contact time is 60 min. Figure 10 shows that with
increasing sorbent mass from 10 to 30 mg the adsorbance
of metal ion increases. The explanation would be that a
greater mass of sorbent involves a larger number of func-
tional groups and the synergy of EB B-CD double cavity.

Effect of contact time and Kinetic studies

The influence of contact time on thorium ions adsorption was
studied in a range from 15 to 120 min. These experiments
were conducted at a pH of 4.0 for thorium ions, at a temper-
ature of 298 K and a radioactive Th*" concentration of
25 mg L™". It can be observed from Fig. 11 that the sorption
increases with increasing contact time and equilibrium is
reached after a period of 60 min after which the sorption
nearly remains constant. The largest adsorbance of Th* is
10.49 mg g~ '. Compared with the study of Liu Peng [2], the
time of the adsorption equilibrium was greatly shortened.

Pseudo-second-order models were employed to describe
the adsorption process. The adsorption data were treated
according to the pseudo-second-order kinetics using the
following equation [25]:
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Table 1 Micro-structure data

Material Surface area Pore volume Pore diameter
of the B-CD, EB B-CD _ -
b b (m” gy (em® g ) (nm)
B-CD 4.130 0.010 3.389
EB B-CD 8.190 0.017 4.869
0.0040 - 0.014 - = B-CD
0.0035 —=—B-CD ~ 00124 —e—EB B-CD
—e—EBB-CD o
5 0:00307 £ 0o010-
g’ 0.0025 = 0008
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Fig. 6 Pore size distribution curves of the B-CD (1) and EB B-CD (4) by BJH model

¢ \\/ \

wD —— 20um

20.0 kV 1600x 10.1
y 5

u )"‘A‘cc V  Magn

- - —_

Fig. 7 SEM spectra of B-CD (a) (1) and EB B-CD (b) (4)
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where K is the overall rate constant of the pseudo-second-
order equation. Q. and Q, are the corresponding adsorption
quantity of Th*" when the adsorption equilibrium and ¢
time, respectively. The plot of #/Q, versus t gives a straight
line with slope and intercept equal to 1/Q. and 1/K,0z,
respectively. The fitness of the straight lines in Fig. 12 is
better, the calculated Q. and K are 11.558 mg/g and
0.00692 g mg~" min~', respectively, according to the
equation of slope and intercept. The linear correlation
coefficient (R2 = 0.99415) of the pseudo-second-order
equation is close to 1, which showed that the adsorption of
bridged cyclodextrin (EB B-CD) on thorium is very good

(2)

AccV Magn WD ————— 20m
20.0 kV 3200x 108

with the pseudo-second-order kinetics model. According to
pseudo-second-order kinetics, the adsorption of Th(IV)
indicating the influence of textural properties of EB B-CD
on the rate of adsorption.

Effect of Th** concentration and adsorption
isotherm

The effect of Th** initial concentration on the adsorption
was also studied. Studies were performed at room tem-
perature, ion concentration ranged from 5 to 30 mg L™'
while all the other arguments were maintained constant
(pH 4, contact time 60 min, sorbent mass 20 mg, volume
of radioactive solution 10 mL). From Fig. 13 it can be
noted that the adsorption increases with increasing

@ Springer
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Fig. 10 Influence of sorbent mass on the Th** adsorption

radioactive thorium ion concentration up to a value of
25mg L™" and then remains relatively constant. This
variation can be explained by the fact that after a certain
amount of sorbent, binding centers become saturated and
no additional ions can be adsorbed.

The equilibrium data were modeled using the two fre-
quently used isotherm models, namely Langmuir and

@ Springer

Fig. 11 Adsorption isotherms of Th*": EB p-CD
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Fig. 12 The pseudo-second-order kinetic model
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Fig. 13 Effect of Th** initial concentration

Freundlich isotherms, to explain the experimental results
and the real sorption behavior. The Langmuir model
assumes that the adsorption of metal ions occurs on an
energetically homogenous surface by mono-layer sorption



J Radioanal Nucl Chem (2016) 308:251-259

257

and there are no interactions between the adsorbates on
adjacent sites. The linear equation of the Langmuir
adsorption model is expressed by the following equation
[26]:

1 1 1 1

I X — 4 —
Qe OnmKi Co On
where C, is the equilibrium concentration of thorium ions
in solution (mg/L), Q. is the amount adsorbed at C, (mg/g),
O is the maximum adsorption capacity (mg/g), and K,, is
the binding constant which is related to the energy of
adsorption (L/mg). A plot of 1/Q. against 1/C, was drawn.
1/Q,, was calculated from the intercept and 1/0,K, was
calculated from the slope. The values of K, and Q,, were
obtained from Fig. 14, are 0.46 L/mg and 14.3 mg/g,
respectively.

The Freundlich isotherm model is an empirical rela-
tionship describing the adsorption and assumes that dif-
ferent sites with several adsorption energies are involved
(the surface of adsorbent is heterogeneous), and the linear
equation is given by the following equation [25]:

(3)

1
InQ. = nKg + - x InC; 4)
n

where Q. (mg/g) and C. (mg/L) are the equilibrium con-
centrations of metal ion in the solid and liquid phase,
respectively, and Kg (mg/g) and n are characteristic con-
stants related to the relative adsorption capacity of the
sorbent and the intensity of adsorption, respectively. The
plot of InQ,. against InC, was drawn and found to be linear,
which I/n was calculated and the intercept equal to InKFp,
respectively. Figure 15 shows the adsorption isotherms for
Th(IV) ions, The Freundlich plot gave a slope less than 1,
indicating nonlinear adsorption behavior with the concen-
tration of Th(IV) in the concentration range studied. The

0.45+ y=0.15261x+0.06991 -

0.40-
R’=0.94301
0.354
0.30-

0.254

1/Q

0.20 4
0.154
0.10

0.05 T T T T T 1
0.0 0.5 1.0 1.5 2.0 2.5

11C,

Fig. 14 Langmuir adsorption isotherm

observed values of Kg and n of Th(IV) were found to be 4.4
(mg/g) and 2.2, respectively.

The comparison between the linear correlation coeffi-
cient (R) of Figs. 13 and 14 can be found that the
adsorption process of EB B-CD on thorium is more con-
sistent with the Langmuir isotherm model.

Study on adsorption thermodynamics

The temperature is one of the most important parameters
on adsorption system, which can influence the adsorption
behavior of thorium. The effect of temperature on the
adsorption of EB B-CD on Th(IV) were investigated at 293,
308, 323, and 338 K, respectively. The other arguments
were maintained constant (pH 4, contact time 60 min,
sorbent mass 20 mg, volume of radioactive solution
10 mL). According to the following formula (5) [27], the

InQ
e
()]

1

y=0.45563x+1.47878

R’=0.9008

06 T T T T T T T
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Fig. 15 Freundlich adsorption isotherm
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Fig. 16 The curve of temperature and distribution coefficient
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Table 2 Thermodynamic

0
parameters for the adsorption AH (kl/mol)

AS® (kJ mol™! K7

AG® (kJ/mol)

of Th**

—44.17 —0.085

293 K
—67.61

308 K
—70.88

323 K
—72.155

338 K
—73.43

static adsorption of the experiment was studied at different
temperatures.

I(vd:;j()_cexK
Como ™ (5)

N AH°+AS°

7T RT "R

Cyp (mg/L) is the initial concentration of thorium ions; C,
(mg/L) is the equilibrium concentration of thorium ions;
m (g) is the quantity of EB §-CD; V (mL) is the volume of
solution of thorium ions; K4 (mL/g) is the partition coef-
ficient; T (K) is absolute temperature; R is gas constant
(8.314 T mol™ ' K™1).

Thermodynamic parameters (AS° and AH®) were cal-
culated from the intercept and slope of the linear variation
of InK, versus 1/T (Fig. 16). All the results are summarized
in Table 2. The Gibbs free energy of adsorption reaction
(AGO) was calculated using the following relation [26]:

AG® = AH® — TAS® (6)

From Fig. 15 can be seen, distribution coefficient
decrease with the rise of the temperature. But the slope of
the curve is not great, and the temperature has little effect
on the distribution coefficient. The adsorption behavior of
the EB B-CD on Th(IV) can be carried out at room tem-
perature. Thermodynamic parameters were evaluated to
assess the thermodynamic feasibility and to confirm the
nature of the adsorption process. AH° <0, AG® <0
(Table 2), so the positive values of AH® and AG® conform
that the adsorption process is exothermic, spontaneous
process.

Conclusions

In this work, we synthesized a specific bridged B-cy-
clodextrins (EB B-CD) using functional 6-OTs-B-CD as the
nucleophilic reagent and 6-EA-B-CD as the carbyne. The
EB B-CD (4) was confirmed by FTIR, IHNMR, elemental
analysis and SEM. It was found that specific surface area of
EB B-CD (4) and raw p-cyclodextrin (1) is 8.190,
4.130 m? g, respectively, from the adsorption—desorp-
tion isotherms and the corresponding pore diameter is
4.869, 3.389 nm, separately, from the pore size distribution
curves by BJH model. The EB B-CD is the typical meso-
porous material, which was successfully used for the
adsorption of Th(IV). The adsorbent (EB B-CD) in this

@ Springer

study had good adsorption capacity of Th(IV) at pH 4, and
the adsorption equilibrium could reach a balance in
60 min. The adsorption quantity of Th(IV) was
10.49 mg g~ '. Therefore, the bridged B-cyclodextrins will
have a great application in the reclamation of radioactive
metals (Th4+, UO*" et al.) in waste water as an adsorbent
material. The adsorption of Th(IV) was found to proceed
according to pseudo-second-order kinetics indicating the
influence of textural properties of EB B-CD on the rate of
adsorption. The thermodynamic parameters obtained
showed that the adsorption process is exothermic, sponta-
neous process.
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