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ABSTRACT

An assortment of equilibrium assessments was conducted at 298± 2K with a granulated
resorcinol-formaldehyde (RF) resin, and acetone resorcinol formaldehyde gel (ARF) in an
attempt to decontaminate 134CS from waste streams. A: R: F: Na2Co3 was optimized as
2:1:2:1.6, during ARF preparation while, R: F: Na2Co3 was found to be 1: 3.5: 1.5 in case of
RF, respectively. The obtained gels were amorphous and possessed different functional
groups. The ARF had higher surface area and total pore volume values than RF; 780m2/g
and 0.62 cm3/g were the maximum values obtained for ARF under different conditions. The
scanning electron microscope graphs proved that they are granular and spherical in nature
with nanometer sizes under 22W ultrasonic dispersion. In these tryouts, simulated waste
sample to134Cs was used in comparison with other radioactive 60Co and 152+154. Lagergren
first-order kinetic model was used to compare the kinetic constants, Kads of the tested ions;
the order of Kads of Cs+ <Co2+ <Eu3+, which were in accordance with data obtained in the
Cartesian coordinate in space. However, a reversed order of selectivity and capacity
measurements was obtained because of hydration of the ions in solution.

Keywords: Resorcinol formaldehyde; Preparation; Characterization; Radioactive cesium;
Decontamination; Waste streams

1. Introduction

Copious processes from nuclear facilities (fuel pro-
cessing, power plants, laboratories, remediation or
removal and others) initiate important volumes of
radioactive liquid wastes, which should be treated in
order to minimize their impact on environment [1–5].
Among those, radioactive cesium isotopes are ones of
the most lavish fission products of uranium, which

are dangerous to health. Gamma-emitter 134Cs and
137Cs with a half-life of 2 and 30 years, respectively,
are mainly present in these fission products. Both
isotopes are radiotoxic, because they are an analog of
potassium and thus may be quickly assimilated into
the body. They accumulate in the food chain and
persist in the environment for hundreds of years. For
these reasons, the problem of selective cesium efflu-
ent’s decontamination has attracted a great deal of
attention in recent years [6–9].

However, the use of classical inorganic sorbents
such as manganese oxide, zeolites, iron hydroxide or
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barium sulfate usually employed for the extraction of
various radioactive elements such as Sr, Co, Ni, or
actinides is inefficient in the case of cesium due to
their low affinity [8–10].

Thus, the elaboration of innovative materials able
to remove radioactive cesium with a continuous pro-
cess (such as a column process) and minimize the
waste volume, matching with the classical waste con-
finement matrix, such as cement or glass, is a challenge
for the cleanup of the contaminated sites [10–12].

Organic ion-exchange resins, such as the resor-
cinol-formaldehyde (RF), Duolite CS-100, Diphonix-
CS, and SuperLig-644, have been used for cesium
removal from Hanford Site nuclear waste solutions.
Duolite CS-100, a polymer of phenol-carboxylic, is
similar to the RF resin, but the resin was less selective
for cesium over sodium, and multiple loading and
elution cycles. Therefore, the development of RF char-
acteristics is necessary [13].

In this work, RF and acetone resorcinol formalde-
hyde (ARF) gels were prepared under various condi-
tions of catalyst, surfactant, ultrasonic dispersion, and
different drying conditions to obtain controlled mor-
phology, surface area, porosity and internal coordinates,
with high selectivity towards simulated or active 134Cs.

2. Experimental

2.1. Preparation of RF and ARF carbon gels

In this work, the entire chemicals used were
research grade, except for formaldehyde. According to
scheme preparation of RF, graphically represented in
Fig. 1, RF carbon gels were synthesized via the sol–gel
polycondensation of resorcinol (1,3-dihydroxybenzene)
(C6H4(OH)2) (R) and formaldehyde (HCHO) (F) in a
slightly basic aqueous solution to give 2,4-bis
(hydroxymethyl)benzene-1,3-diol.

Sodium hydroxide and/or sodium carbonates
were used as a separate catalyst alkaline media, while
double-distilled water was used as both solvent and
diluent, and 2,4-bis(hydroxymethyl)benzene-1,3-diol is
deprotonated by the action of heat to (2,6-dihydroxy-
3-(hydroxymethyl)phenyl)methylium, which both
recombine together to 4-(2,6-dihydroxy-3-(hydroxy-
methyl)benzyl)-2,6-bis(hydroxymethyl)benzene-1,3-diol
and finally to RF resins.

The optimized molar ratios of resorcinol: formalde-
hyde: alkaline solution was 1: 3.5: 1.5, where, 37%
formaldehyde as commercial aldehyde solution was
selected, and the alkaline solution was used to dis-
solve the resorcinol solid.

As shown in Fig. 2, acetone and formaldehyde
were converted into 1, 5-dihydroxypentan-3-one by

the action of alcoholic KOH solution. In presence of
Na2CO3, 1, 5-dihydroxypentan-3-one can react directly
with resorcinol to form ARF resin. The optimized
molar ratio A: R: F: Alk. solution was found to be
2:1:2:1.6, respectively.

The RF and ARF mixtures were suspended in a
vegetable palm oil, magnetically stirred and dispersed
by ultrasonic irradiation in the range 0–200W; 22W
was found to be an optimized one.

Gelation temperature was 308K. The sample size
is 4 cm in length and 3mm in diameter. Before drying
process, RF gels were solvent-exchanged with t-buta-
nol for three times. RF gels were dried by freeze-dry-
ing at 263K for 3 h [3,6] and microwave drying (200W
microwave oven Eurotherm (model TRX—2021) at
one atmosphere with 10min drying time). Pyrolysis
temperature was 1,023K under nitrogen flow
(200 cm3/min).

2.2. Characterization of the produced gels

Elemental analysis of ARF and RF resins was
achieved using CHNSO flash analyzer, Model EA
1100 Series, Finnigan Company, USA.

Bruker DRX, 500MHz Spectrometer, BRUKER Bio-
Spin Group, USA, collected the 1HNMR and 13CNMR
spectra of the resins using solid-state NMR spectros-
copy technique.

The porous properties of RF and ARF gels were
determined by the N2 adsorption method using an
adsorption apparatus (Nova3000 series, USA). BET
surface area (SBET), mesopore size distribution, and
mesopore volume (Vmes) were evaluated. The nitrogen
adsorption/desorption isotherms were measured at
77K and at the relative partial pressure (i.e. P/P0) of
N2 of 0.98, after degassing the samples at 100˚C for
5 h.

The distinctive porosities of the different ARF and
RF resins were measured by mercury intrusion poros-
imetery (MIP), using Micromeritics 9,320 Pore Size
Analyzer.

The cross-sections of RF and ARF carbon gels were
observed by a scanning electron microscope (SEM)
(JEOL, JSM-6700F).

Synchronized thermal analysis, DTA and thermo-
gravimetric procedure, TG was carried out in order to
study the thermolysis of the hybrid materials using a
Shimadzu simultaneous DTA-TG50 analyzer, Shima-
dzu, Japan.

The phase evolution at various stages of synthesis
was analyzed using Shimadzu X-ray diffractometer,
Model XD 490, Japan) with Cu–Ka radiation and
Bragg–Brentano focusing geometry was employed.
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Fourier transforms infrared (FTIR), spectrophoto-
meter BOMEM FTIR Model 157, Canada was used
400–4,000 cm�1 for studying the spectra of the pre-
pared hybrid materials.

2.3. Sorption investigations

Cs+ sorption experiments on both ARF and the RF
were performed; firstly, by using nonradioactive Cs+

containing aqueous solutions in order to investigate
the sorption kinetics. Sorption isotherms were plotted
from data obtained at reaction equilibrium. So that
equilibrium studies in sterile water were performed
before isotherm sorption experiments also in pure
water. All Cs+ extraction experiments were performed
in batch solution under shaking at room temperature.

For the equilibrium studies, 10mg of the ARF and
RF was shaken in 20mL of a 10�2 M of CsNO3

Fig. 1. Preparation scheme for RF resin using Na2CO3 as a catalyst.
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solution in deionized water. Experiments were per-
formed from five min to two days. Then, the nano-
composite was separated from the liquid phase by
filtration through a 0.2mm cellulose acetate membrane
and the remaining Cs+ concentration of the superna-
tant was measured using ionic chromatography. To
determine the time required to reach equilibrium, the
time dependence of the adsorbed cesium quantity, Qt,
(mmol/g) was used and is defined as follows:

Qt ¼ ðC0 � CtÞV
m

ð1Þ

where C0 (mmol/L) is the initial concentration of
cesium, Ct (mmol/L) is the remaining concentration of
cesium in solution after the specified time t (min), V
(L) is the volume of the solution, and m (g) is the
mass of adsorbent.

First-order kinetics is expressed as the solute
removal rate that controls the residence time of the

Fig. 2. Preparation scheme for ARF resin using Na2CO3 as a catalyst.
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sorbate in the solid/solution interface. Lagergren and
Svenska derived the pseudo-first-order rate expression
based on solid capacity, q, which is generally
expressed as follows [9]:

dq

dt
¼ kadsðqe � qÞ ð2Þ

Integration of Eq. (4) with the boundary conditions
as follows: at t = 0, q = 0, and at t = t, q = qt, gives:

logðqe � qtÞ ¼ log qe � kads
2:303

� �
t ð3Þ

Eq. (5) can be written in its non-linear form as:

qt ¼ qeð1� expð�kadstÞÞ ð4Þ

where qe and qt are the amounts of the metal ions
adsorbed (mmol g�1) at equilibrium and at time t (h),
respectively, and kads is the sorption rate constant
(time�1). Hypothetically, to ascertain the rate constants
and equilibrium metal ion uptake, the straight-line
plots of log (qe � qt) against t of Eq. (5) should be con-
structed; the rate constants (kads) and theoretical equi-
librium sorption capacities, qe (theo.), can be
calculated from the slopes and intercepts.

For capacity studies, a first parent solution of 1M
of Cs+ was prepared by dissolving CsNO3 in deion-
ized water. Solutions with Cs+ concentrations ranging
from 0.0001M to 0.01M were prepared by diluting the
parent solution with deionized water. In each experi-
ment, 10mg of sorbent nanocomposite were added to
20mL of investigated solutions for 24 h, the time at
which the equilibrium is always reached. Then, the
ARF and RF gels were separated from the liquid
phase by filtration through a 0.2mm cellulose acetate
membrane. The remaining Cs+ concentration of the
liquid phase was then analyzed by atomic absorption
spectrometry. To establish the adsorption isotherm,
the remaining solute concentration of the cesium at
equilibrium, Ce, (mmol/L) was compared with the
quantity of the cesium retained on solid particles
(ARF and RF gels or bulk materials), Qe, (mmol/g).
The cesium concentration retained in the solid parti-
cles at equilibrium is given by the equation [11]:

Qe ¼ ðC0 � CeÞV
m

ð5Þ

where V is the volume of solution (L), m is the mass
of the sorbent (ARF or RF) used (g), C0 is the initial
concentration of cesium in solution (mmol/L) and Ce

is the equilibrium concentration of the cesium in solu-
tion (mmol/L).

Batch technique was followed to study the distri-
bution coefficient, Kds of Cs+, Co2+ and Eu3+ ions on
ARF and RF at constant pH=4. Where 0.05 g of the
exchanger was shaken at 25 ± 1˚C with 5mL metal
nitrate solutions at a V/m ratio of 100ml g�1 of 10�4

M of the ions labeled with radioactive 134Cs, 60Co and
152+154Eu, respectively. After an overnight standing,
the mixtures were centrifuged and the pH of the solu-
tion was determined using pH meter, model 601 A,
USA. The Kd values were calculated according to the
following equation [11]:

Kd ¼ ðA0 � AÞ
A

� V

m
ð6Þ

where Ao and A are the initial and final activity of the
radioactive isotope. For radiometric assay, cesium,
cobalt, and/or europium nitrates solutions labeled
with 134Cs, 60Co, and 152+154Eu on a shaker thermostat
adjusted at 298 ± 1K and attained for equilibrium
were identified and measured by gamma-ray spec-
trometry using a TENNELEC Multichannel analyzer
coupled with a high-purity Germanium detector with
measuring error not exceeding ± 3%.

3. Results and discussion

3.1. Surface area and porosity

Surface area and porosities of the different gels
were conducted in two parallel techniques, namely,

Table 1
Preparation conditions and surface features of RF and ARF
resins using 1:3.2:1.3 and 1:3.5:1.5 molar ratios, respectively

Reactant
ratios

Ultrasonic
irradiation

Drying
method

Vmes

(cm3/g)
± 0.04–0.076

SBET
(m2/g)
± 0.03–0.89

RF (R:F:Alk. Solution)

1:3:1
p

Microwave 0.89 615

2:1:2
p

Microwave 0.91 530

1:3.2:1.3
p

Freeze 0.63 722

1:3.1:1.1 Microwave 0.59 653

1:3.5:1.5
p

Freeze 0.62 733

2:1:2 Microwave 0.43 518

RF (A:R:F:Alk. Solution)

2:1:2:1.6 Microwave 0.45 732

2:1:2:1.6
p

Microwave 0.45 780

2:1:2:1.6
p

Freeze 0.62 728

1:1:2:1 Microwave 0.29 615

1:1:2:1
p

Freeze 0.12 348

1:1:2:1
p

Microwave 0.19 653
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BET-method and MIP technique. The synthesis condi-
tions and porous properties of carbon gels prepared
by ultrasonic irradiation during the gelation process
and various drying methods are shown in Table 1.

The freeze-dried and microwave-dried RF and ARF
gels pore size distributions are independent of the sur-
face area measurements. The mesoporous volumes
obtained were highest at 2:1:2 molar ratio of R: F: Alk.
Solutions and recorded 0.91 ± 0.04mL/g upon micro-
wave drying process. As it could be seen in Table 1, the
ultrasonic dispersion had no effect on the obtained mes-
opore volumes. In case of ARF gels, the ultrasonic dis-
persion had no effect on the Vmes, except for on using
A: R: F: Alk. Solution molar ratio of 1: 1: 2: 1. [14].

However, SBET values were affected by the molar
ratio, drying process, and/or the ultrasonic
dispersion. Generally, the ultrasonic irradiation would
raise the SBET values. In case of RF gels, 722 and
733m2/g were obtained for 1: 3.2: 1.3 and 1: 3.5: 1.5
molar ratios, respectively. This could be assigned to
the decreased particle size obtained upon ultrasonic

dispersion procedure as demonstrated by the SEM
nanographs in Fig. 3.

3.2. Morphological aspects

As it could be seen in Fig. 3, the particle size of the
emulsified ARF and RF is slightly larger than that of the
dried gels; the particle size of the emulsified ARF and
RF gels is about 100 nm with blue-grey and pink colors,
respectively. Upon freeze-drying, the gels shrink to
lower particle’s sizes, with fissures and cracks in the gel
spheres due to rapid withdrawal of the solvent from
the inner structure of the gels. The particle diameters of
the ARF resins are about 50–70 nm, while that of the RF
gels are in the same range, but with non-uniform
structures [15].

3.3. FTIR spectroscopy

The infrared studies of R–F and ARF revealed that
two distinct peaks at 760 and 820 cm�1, respectively,

(a) (b)

(c) (d)
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due to the presence of aromatic rings in both moieties.
Broad bands at about 2,780–3,500 cm�1 are assigned to
symmetrical and anti-symmetrical stretching vibra-
tions of water molecules with hydrogen bonding. The
bands that exist at 1,640 and 1,650 cm�1 are due to
presence of free water molecules. Two bending bands
at about 1,450 and 1,500 cm�1, respectively, indicate
the phenolic hydroxyl groups. The stretching of the
C–O group appears at 1,050 and 1,100 cm�1. In case of
ARF, a single strong band at about 1,715 cm�1

appeared due to presence of ketonic C=O [16].

3.4. XRD and thermal studies

The diffraction patterns of both ARF and RF
revealed that these structures were amorphous in
nature and there was no improvement of crystallinity
under heat treatment, as they may decompose at
slightly higher temperatures as revealed by the
thermogravimetric studies, as shown in Fig. 3. The
free water began to escape from the RF and ARF
structures at about 88 and 100˚C, respectively, giving
rise 12 and 13% loss of water, respectively and corre-
sponds to endothermic behaviors at the same temper-
atures. The second weight losses of both compounds
were in the range between 400˚C and 670˚C,
corresponding to exothermic behaviors between these
temperatures, which is attributed to decomposition
and burning of prepared carbon gels [17].

Figs. 4–9 show the 1HNMR spectra and 13CNMR
of the basic resorcinol, RF and ARF. The spectra show
that resorcinol, formaldehyde, and acetone were con-
sumed throughout preparation, by the help of KOH
as a basic medium and a catalyst at the same time.
The 1HNMR of resorcinol is shown in Fig. 4. Two
singlets were observed at s-5.35 ppm and s-6.27 ppm

due to the presence of the phenolic OH groups and
the adjacent CH between these phenolic groups, indi-
vidually. On the other hand, two triplets could be
attributed to the remaining aromatic CH groups at
6.51 and 7.11 ppm [18].

Due to the formation of ARF and RF resins, the
1HNMR triplets of resorcinol absolutely disappeared
and converted into singlets as shown in Fig. 5.
However, the 1HNMR of ARF resins shown in Fig. 6
showed multiplet peaks at t�2.7 and t�6.95 ppm due
to the formation of aliphatic CH groups and shift to
higher shielding values [18].

5.35 6.27 5.35

6.51

7.11

6.51

HO OH

012345678

PPM

Fig. 4. Resorcinol 1H NMR spectra.
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Fig. 3. Thermal behavior of ARF and RF gels.
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Fig. 5. RF 1H NMR spectra.
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Fig. 6. ARF 1H NMR spectra.
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Figs. 7–9 show the 13CNMR spectra of R, RF, and
ARF and their predicted chemical shifts on the
vertices of the assigned structures. Before its reaction
with formaldehyde, or acetone and formaldehyde,
resorcinol possessed 4 peaks at different positions.
The sharpest one is assigned to the two C–OH groups
of the phenolic ring at about d 159ppm. Nearly,
the same intensity was observed for the two symmet-
rical ortho-CH groups at about d 108 ppm. The
OHC–C⁄–COH of the benzene ring showed an inter-
mediate peak at about d 103 ppm, while the sixth car-
bon atom of the resorcinol had a peak at about d

131 pp. upon reaction with formaldehyde in case of
RF, or with acetone and formaldehyde in case of ARF,
these peaks are relocated to lower d, due to the forma-
tion of new compounds. Different peaks were
observed in the d 20–60ppm, which are assigned to
the aliphatic carbons in RF and ARF. In addition, dis-
tinct bands were detected at d 210ppm, which reveal
the presence of carbonyl groups on the ARF resin
[18].

3.4.1. Spatial and sorption relationships

Figs. 10 and 11 represent a good simulation of the
prepared ARF and RF gels in space, as a consequence
of their structure prediction with the data obtained by
proton magnetic resonance and carbon magnetic reso-
nance spectroscopy. During the sorption process of
cesium, cobalt, and/or europium nitrates solutions
labeled with 134Cs, 60Co, and 152+154Eu on ARF and RF
resins. These ions should diffuse from the bulk solu-
tion to the bulk gels, which would depend upon the
internal structure of the gels. Tables 2 and 3 describe
the detailed structures of Figs. 10 and 11 in space,
using both Cartesian coordinates x, y, and z, as well
as the internal coordinates as a function of the atom
positions, their bond lengths and the angles between
these bonds. Despite the amorphous nature of ARF
and RF gels, their structures are in accordance with
the stretching and bending data obtained by the FTIR
spectroscopy [17,19].
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Fig. 7. Resorcinol 13CNMR spectra.
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Fig. 8. RF 13CNMR spectra.
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Fig. 11. Spatial configuration of ARF resin in 3D-coordinates.

Table 2
Spatial coordinates, Cartesian coordinates, internal coordinates and their corresponding angles of ARF gel

Cartesian coordinates Internal coordinates

Atom X (Å) Y (Å) Z (Å) Atom Bond
atom

Length
Ao

Angle
atom

Angle
(o)

2nd angle
atom

2nd angle
(o)

O(1) 4.92 5.42 0.00 C(2)

C(2) 6.10 4.74 0.00 C(3) C(2) 1.34

C(3) 7.26 5.41 0.00 O(1) C(2) 1.36 C(3) 120.00

C(4) 8.41 4.74 0.00 C(8) C(2) 1.34 O(1) 120.00 C(3) 120.00 Pro-R

O(5) 9.59 5.42 0.00 C(4) C(3) 1.34 C(2) 120.00 O(1) �180.00 Dihedral

C(6) 8.41 3.41 0.00 H(38) C(3) 1.10 C(2) 120.00 C(4) 120.00 Pro-S

C(7) 7.26 2.74 0.00 O(5) C(4) 1.36 C(3) 120.00 C(2) 180.00 Dihedral

C(8) 6.10 3.41 0.00 C(6) C(4) 1.34 C(3) 120.00 O(5) 120.00 Pro-S

C(9) 10.74 �1.10 0.00 C(7) C(8) 1.34 C(2) 120.00 O(1) 180.00 Dihedral

C(10) 10.74 0.41 0.00 C(14) C(6) 1.50 C(4) 120.00 C(7) 120.00 Pro-R

O(11) 11.79 1.01 0.00 C(19) C(8) 1.50 C(2) 120.00 C(7) 120.00 Pro-S

C(12) 9.43 1.16 0.00 H(40) C(7) 1.10 C(6) 120.00 C(8) 120.00 Pro-R

C(13) 9.30 �1.61 0.00 C(12) C(14) 1.52 C(6) 109.50 C(4) �180.00 Dihedral

C(14) 9.71 2.66 0.00 H(47) C(14) 1.11 C(6) 109.44 C(12) 109.44 Pro-S

(Continued)
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Because of stretching and bending of the bonds in
ARF and RF, cesium, cobalt, and/or europium nitrates
solutions labeled with 134Cs, 60Co, and 152+154Eu could
penetrate the gels through the cavities. The penetra-
tion process may be diffusion controlled. However,
Lagergren kinetic model was used for studying the
rate constant rather than for testing the diffusion pro-
cess. Lagergren constants are expressed in Table 4 for
cesium, cobalt, and/or europium nitrates solutions
labeled with 134Cs, 60Co, and 152+154Eu. The Kads,
min�1 values deceased with raising the reaction
temperatures. In addition, cobalt ion’s velocities were
intermediate between Eu3+ and Cs+ ions. By the same
way, it found that the Kads, min�1 constants inside the

ARF is less than in case of RF. This could be attrib-
uted to the more flexible structure of ARF rather than
RF as could be seen in Tables 2 and 3 [9,10].

Table 5 shows the effect of reaction conditions on
both the distribution coefficients and capacities of
ARF and RF. Tertiary-butanol, used as a surfactant
gave higher capacity and selectivity than span-80 of
the prepared ARF gels. However, KOH is less pre-
ferred as a catalyst than Na2CO3. These results could
be attributed to the increased surface area and
porosity values, obtained as a result of controlled
withdrawal of the t-butanol and decomposition of the
remaining Na2CO3 to carbon dioxide gas during the

Table 2 (Continued)

Cartesian coordinates Internal coordinates

Atom X (Å) Y (Å) Z (Å) Atom Bond
atom

Length
Ao

Angle
atom

Angle
(o)

2nd angle
atom

2nd angle
(o)

C(15) 3.64 3.65 0.00 H(48) C(14) 1.11 C(6) 109.46 C(12) 109.46 Pro-R

C(16) 2.34 2.89 0.00 C(10) C(12) 1.51 C(14) 109.50 C(6) 180.00 Dihedral

O(17) 1.29 3.50 0.00 H(43) C(12) 1.11 C(10) 109.44 C(14) 109.44 Pro-R

C(18) 2.34 1.38 0.00 H(44) C(12) 1.11 C(10) 109.46 C(14) 109.46 Pro-S

C(19) 4.80 2.66 0.00 C(9) C(10) 1.51 C(12) 120.00 C(14) 180.00 Dihedral

C(20) 0.90 0.87 0.00 O(11) C(10) 1.21 C(9) 120.00 C(12) 120.00 Pro-R

O(21) 11.64 �3.10 0.00 C(13) C(9) 1.52 C(10) 109.50 O(11) �180.00 Dihedral

C(22) 10.46 �3.78 0.00 H(41) C(9) 1.11 C(10) 109.44 C(13) 109.44 Pro-S

C(23) 10.46 �5.11 0.00 H(42) C(9) 1.11 C(10) 109.46 C(13) 109.46 Pro-R

C(24) 9.30 �5.78 0.00 C(28) C(13) 1.50 C(9) 109.50 C(10) �180.00 Dihedral

O(25) 9.30 �7.14 0.00 H(45) C(13) 1.11 C(9) 109.44 C(28) 109.44 Pro-S

C(26) 8.15 �5.11 0.00 H(46) C(13) 1.11 C(9) 109.46 C(28) 109.46 Pro-R

C(27) 8.15 �3.78 0.00 C(22) C(28) 1.34 C(13) 120.00 C(9) 0.00 Dihedral

C(28) 9.30 �3.11 0.00 C(27) C(28) 1.34 C(13) 120.00 C(22) 120.00 Pro-S

O(29) 0.90 �4.65 0.00 O(21) C(22) 1.36 C(28) 120.00 C(13) 0.00 Dihedral

C(30) 0.90 �3.30 0.00 C(23) C(22) 1.34 O(21) 120.00 C(28) 120.00 Pro-R

C(31) �0.26 �2.63 0.00 C(24) C(23) 1.34 C(22) 120.00 O(21) 180.00 Dihedral

C(32) �0.26 �1.29 0.00 H(58) C(23) 1.10 C(22) 120.00 C(24) 120.00 Pro-R

O(33) �1.43 �0.61 0.00 O(25) C(24) 1.36 C(23) 120.00 C(22) 180.00 Dihedral

C(34) 0.90 �0.62 0.00 C(26) C(27) 1.34 C(28) 120.00 C(13) �180.00 Dihedral

C(35) 2.06 �1.29 0.00 H(60) C(26) 1.10 C(24) 120.00 C(27) 120.00 Pro-R

C(36) 2.06 �2.63 0.00 H(61) C(27) 1.10 C(26) 120.00 C(28) 120.00 Pro-S

H(37) 4.08 4.93 0.00 C(15) C(19) 1.52 C(8) 109.50 C(2) 0.00 Dihedral

H(38) 7.26 6.51 0.00 H(53) C(19) 1.11 C(8) 109.44 C(15) 109.44 Pro-S

H(39) 10.43 4.93 0.00 H(54) C(19) 1.11 C(8) 109.46 C(15) 109.46 Pro-R

H(40) 7.26 1.64 0.00 C(16) C(15) 1.51 C(19) 109.50 C(8) 180.00 Dihedral

H(41) 11.26 �1.47 �0.91 H(49) C(15) 1.11 C(16) 109.44 C(19) 109.44 Pro-R

H(42) 11.26 �1.47 0.91 H(50) C(15) 1.11 C(16) 109.46 C(19) 109.46 Pro-S

H(43) 8.85 0.89 0.91 C(18) C(16) 1.51 C(15) 120.00 C(19) 0.00 Dihedral

H(44) 8.85 0.89 �0.91 O(17) C(16) 1.21 C(15) 120.00 C(18) 120.00 Pro-S

H(45) 8.78 �1.24 0.91 C(20) C(18) 1.52 C(16) 109.50 C(15) �180.00 Dihedral
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drying process, especially at higher temperatures,
leading greater porosities of the prepared gels [15,20].

As the conditions are optimized, the capacity and
selectivity coefficients of cesium, cobalt, and/or
europium nitrate’s ions labeled with 134Cs, 60Co, and

152+154Eu on ARF and RF resins are in the same order
of Cs+ >Co2+ >Eu3+.

This sequence is in accordance with the hydrated
radii of the exchanged ions. The ions with smaller
hydrated radii easily penetrate the pores of the

Table 3
Spatial coordinates, Cartesian coordinates, internal coordinates and their corresponding angles of RF gel

Cartesian coordinates Internal coordinates

Atom X (Å) Y (Å) Z (Å) Atom Bond Atom Length
Ao

Angle
atom

Angle (o) 2nd
angle atom

2nd
angle(o)

O(1) 3.09 �3.51 0.00 C(2)

C(2) 4.27 �2.83 0.00 C(3) C(2) 1.34

C(3) 4.27 �1.50 0.00 O(1) C(2) 1.36 C(3) 120.00

C(4) 5.43 �0.83 0.00 C(8) C(2) 1.34 O(1) 120.00 C(3) 120.00 Pro-R

O(5) 5.43 0.53 0.00 C(4) C(3) 1.34 C(2) 120.00 O(1) 180.00 Dihedral

C(6) 6.58 �1.50 0.00 C(9) C(3) 1.50 C(2) 120.00 C(4) 120.00 Pro-R

C(7) 6.58 �2.83 0.00 O(5) C(4) 1.36 C(3) 120.00 C(2) 180.00 Dihedral

C(8) 5.43 �3.50 0.00 C(6) C(4) 1.34 C(3) 120.00 O(5) 120.00 Pro-R

C(9) 2.97 �0.75 0.00 C(7) C(8) 1.34 C(2) 120.00 O(1) 180.00 Dihedral

C(10) 7.88 �0.75 0.00 C(10) C(6) 1.50 C(4) 120.00 C(7) 120.00 Pro-R

O(11) 3.23 0.63 0.00 C(20) C(8) 1.50 C(2) 120.00 C(7) 120.00 Pro-R

O(12) 4.80 �7.69 0.00 H(47) C(7) 1.10 C(6) 120.00 C(8) 120.00 Pro-R

C(13) 3.77 �6.81 0.00 C(14) C(20) 1.50 C(8) 109.50 C(2) 0.00 Dihedral

C(14) 4.01 �5.50 0.00 H(57) C(20) 1.11 C(8) 109.44 C(14) 109.44 Pro-R

C(15) 3.00 �4.63 0.00 H(58) C(20) 1.11 C(8) 109.46 C(14) 109.46 Pro-S

O(16) 3.25 �3.30 0.00 C(13) C(14) 1.34 C(20) 120.00 C(8) 180.00 Dihedral

C(17) 1.74 �5.08 0.00 C(15) C(14) 1.34 C(13) 120.00 C(20) 120.00 Pro-R

C(18) 1.49 �6.39 0.00 O(12) C(13) 1.36 C(14) 120.00 C(15) 180.00 Dihedral

C(19) 2.51 �7.26 0.00 C(19) C(13) 1.34 O(12) 120.00 C(14) 120.00 Pro-R

C(20) 5.43 �5.00 0.00 O(16) C(15) 1.36 C(14) 120.00 C(13) 180.00 Dihedral

C(21) 0.60 �4.10 0.00 C(17) C(15) 1.34 C(14) 120.00 O(16) 120.00 Pro-R

O(22) �0.61 �4.80 0.00 C(18) C(19) 1.34 C(13) 120.00 O(12) 180.00 Dihedral

O(23) 9.16 3.72 0.00 C(21) C(17) 1.50 C(15) 120.00 C(18) 120.00 Pro-R

C(24) 10.50 3.51 0.00 H(55) C(18) 1.10 C(17) 120.00 C(19) 120.00 Pro-R

C(25) 11.34 4.54 0.00 H(56) C(19) 1.10 C(13) 120.00 C(18) 120.00 Pro-R

C(26) 12.66 4.33 0.00 C(35) C(10) 1.50 C(6) 109.50 C(4) 0.00 Dihedral

O(27) 13.51 5.39 0.00 H(50) C(10) 1.11 C(6) 109.44 C(35) 109.44 Pro-R

C(28) 13.14 3.09 0.00 H(51) C(10) 1.11 C(6) 109.46 C(35) 109.46 Pro-S

C(29) 12.30 2.05 0.00 C(36) C(35) 1.34 C(10) 120.00 C(6) 180.00 Dihedral

C(30) 10.98 2.26 0.00 C(41) C(35) 1.34 C(10) 120.00 C(36) 120.00 Pro-R

C(31) 10.80 5.94 0.00 C(37) C(36) 1.34 C(35) 120.00 C(10) 180.00 Dihedral

C(32) 14.62 2.85 0.00 C(42) C(36) 1.50 C(35) 120.00 C(37) 120.00 Pro-R

O(33) 11.87 6.85 0.00 O(38) C(37) 1.36 C(36) 120.00 C(35) 180.00 Dihedral

O(34) 14.87 1.47 0.00 C(39) C(37) 1.34 C(36) 120.00 O(38) 120.00 Pro-R

C(35) 7.61 0.72 0.00 C(40) C(41) 1.34 C(35) 120.00 C(10) 180.00 Dihedral

C(36) 8.62 1.59 0.00 C(43) C(39) 1.50 C(37) 120.00 C(40) 120.00 Pro-R

C(37) 8.38 2.91 0.00 H(72) C(40) 1.10 C(39) 120.00 C(41) 120.00 Pro-R

O(38) 9.41 3.79 0.00 H(73) C(41) 1.10 C(35) 120.00 C(40) 120.00 Pro-R
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exchanger, resulting in higher adsorption. In addition,
the results of ARF possessed higher selectivities and
capacities than RF, as explained by the difference to
the reaction coordinates and bending of the bonds
proved by the FTIR measurements [19,21].

4. Conclusion

ARF and RF were prepared vial sol–gel polycon-
denstion route and characterized using different
schemes. They proved that they have amorphous
structures with high surface area and porosity values,
which enabled them to be specifically used as sorbent
for radioactive cesium as they have good selectivity
and capacity orders, compared to other cations. The
selectivities and capacities obtained are in accordance
with their structural coordinates in space. This would
authorize to tailor different ARF and RF gels with
controlled properties in the waste-management field.
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