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of radionuclides by
functionalized mesoporous silica under gamma
irradiation

Sajid Iqbalab and Jong-Il Yun *a

Schiff base functionalized mesoporous silica (SA-SBA-15) was synthesized by the co-condensation method

to remove the radioactive corrosion products from contaminated water coming from nuclear installations.

SA-SBA-15 nanoparticles were first irradiated in a solid powder form and then applied to remove Cu(II), Ni(II),

and Co(II) from their aqueous mixture in the range from 0 to 1000 Gy of gamma irradiation. The FTIR, TGA,

zeta potential, XRD, BET, TEM, and CHN analysis results revealed the stability of a ligand support material,

mesopore ordering and the functional groups. The structural and functional group endurance under our

studied gamma irradiation makes SA-SBA-15 a potential adsorbent for routine decontamination and

decommissioning activities as well as in radioactively contaminated emergency scenarios. Furthermore,

the adsorbent-metal complexation followed the Irving–Williams order (Cu(II) > Ni(II) > Co(II)) and showed

a higher selectivity for Cu(II) with removal capacity up to 99.76 � 0.01%, thus suggesting its applicability

to separate Cu(II) from other metal ions.
1 Introduction

In nuclear power plants (NPPs), the removal of radioactive
corrosion products is imperative to avoid intense occupational
radiation exposure to plant workers, fuel heat transfer prob-
lems, and fuel failure. Activated corrosion products are released
from several systems of NPPs such as steam generators,
corroded pipes, and other structural materials into reactor
coolant water. They can also be discharged into storage pond
water from a corroded surface of spent fuel rods and waste
streams coming from spilling and laundry decontamination.

The primary coolant system materials in pressurized water
reactors (PWRs) are mainly composed of Cr–Ni-based steel
alloys, Ni-based steel alloys, and Co-based steel alloys. Cu is also
present in the system components as part of precipitation
hardening stainless steels. The formation of process-related
deposits of Co, Ni, and Cu can lead to an increase in primary
water stress corrosion cracking on heat transfer surfaces and
the resistance to heat transfer, resulting in fuel failure in
NPPs.1,2 Additionally, 60Co is the major activated corrosion
product responsible for gamma radiation build-up due to its
high gamma energies (1.332 and 1.173 MeV) and relatively
longer half-life (5.27 years).

Ion exchange resins (IEXs) are commonly used to purify the
radioactively contaminated water and to maintain reactor
Engineering, KAIST, 291 Daehak-ro,
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coolant chemistry. During the entire decontamination process,
IEXs remain under low and intermediate levels of gamma
radiation and other environmental stresses, which may
adversely affect their decontamination efficiency. Gamma irra-
diation forms different oxidative and reductive species by the
radiolysis of water in the reactor coolant. The degradation of
organic materials may occur through the excitation and ioni-
zation of absorbing atoms, and their subsequent chemical
reactions can be inuenced by free radicals and excited ions.
Radiolysis and chemical degradation effects can be stronger
and faster under the reactor coolant environment of high
temperature and pressure. Gamma irradiations can affect the
functional group and degrade the polymer linkage of resin
leading to release of the captured radionuclides again into
water. Generally, the absorbed gamma dose of 1 � 102 Gy does
not affect the organic polymers signicantly as mentioned in
EPRI-NP-2129.3 Nevertheless, it is important to examine the
gamma irradiation stability of the adsorbent if it is planned to
apply for nuclear decontamination purposes. Up to now,
numerous organic and inorganic resins have been investigated
for decontamination of metal ions with different gamma irra-
diation stabilities from 103 Gy to 107 Gy. For instance, poly-tetra-
uoro-ethylene and aliphatic polyamide (nylon) bear the lowest
threshold values of 1.5 � 102 and 8.7 � 102 Gy, respectively,
while glass-lled diallyl phthalate and asbestos phenolic lami-
nate possess the highest stability against gamma absorbed dose
of 1.8 � 109 and 1 � 109 Gy.3

Mesoporous silica nanoparticles (MSNs) are promising
materials due to their enormous applications in adsorption,
biomedicine, and drug delivery. The hexagonal uniformly
RSC Adv., 2018, 8, 32211–32220 | 32211
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ordered mesoporous silica materials of MCM-41 (Mobil
Composition of Matter no. 41)4 and SBA-15 (Santa Barbra
Amorphous no. 15)5 were rst produced in 1992 and 1998,
respectively. They have received well deserved attention of
researchers due to their high specic surface area (>1000 m2

g�1), tunable pore size, narrow pore diameter distribution, and
excellent radiochemical and structural stability. MSNs are also
known as popular ligand-solid supports for a selective removal
of radionuclides during the separation/decontamination
processes. MSNs can be synthesized by a variety of methods
using large organic molecules unlike the conventional micro-
porous zeolites and macroporous sponge-type materials. They
are important for radioactive waste disposal applications due to
the lower functional group steric hindrance, high chemical
stability and non-swelling property.6 Different types of MSNs
(SBA-15, MCM-41, and MCM-48 etc.) can be synthesized based
on the variation of surfactants, the chemical ratio of precursors,
synthesis temperature, and reaction time. SBA-15 is usually
preferred over MCM-41 and MCM-48 as a solid support for
ligand functionalization due to its large pore size (5–30 nm) and
thick mesoporous walls (3–6 nm). The thicker walls provide an
additional mechanical stability to SBA-15 compared to MCM-41
(0.8–1.2 nm) and MCM-48 (0.8–1 nm).7,8 Another distinguishing
feature of MSNs is the availability of surface active silanol
groups (OH), which can selectively be tailored to attach the
desired functional groups/chelates at its surface. These
chelates, such as amines, ethylenediaminetetraacetic acid
(EDTA), diethylenetriaminepentaacetic acid (DTPA), immino-
diacetic acid, thiols and carboxylic acids have already been
incorporated to MSNs to enhance the adsorption capacity and
selectivity for metal ions.9–13 Silica-based adsorbents have been
tested to remove ssion products such as Sr and Cs under high
gamma irradiation. For example, Chen et al. used a silica-based
adsorbent to selectively capture Sr(II) from a mixture of ssion
products as a function of temperature and gamma irradia-
tions.14 Kikuchi and Suzuki studied the adsorption performance
and structure stability of thiacalix[4]arene functionalized silica
for americium removal under gamma irradiation.15 These types
of silica-based adsorbents can also be very useful to remove
activated corrosion products from reactor coolant, spent fuel
water tank and other waste streams generated from nuclear
power installations.

Schiff's bases (SBs) are another class of versatile compounds
having enormous applications in biology, chemotherapy, and
adsorption.16 They can be readily synthesized by the conden-
sation of primary amines with active carbonyl groups of alde-
hydes or ketones.17 SBs are synthesized using salicylaldehyde
(SA) precursors that have signicant complexation affinity for
many transition metal ions such as Cr(III), Mn(II), Fe(III), Ni(II),
and Cu(II).18 The SBs synthesized by aliphatic aldehyde precur-
sors are relatively less stable and can easily undergo polymeri-
zation, whereas SBs synthesized using aromatic aldehydes
(salicylaldehydes) are more stable due to the conjugation
phenomenon.19,20 Additionally, the aromatic compounds are
irradiation resistant and less sensitive to oxidation under harsh
conditions.3 Therefore, it can be interesting to use SBs in
adsorption study by xing them at solid supports like
32212 | RSC Adv., 2018, 8, 32211–32220
mesoporous silica. In this way, SB complexedmetals attached to
solid silica support can be removed easily by centrifugation or
ltration. Also it can be a promising inorganic–organic hybrid
material for decontamination if the functionalized group
remains stable in solids and in solutions under gamma
irradiations.

The adsorbent should be resistant to gamma irradiations for
the effective removal of radioactive corrosion products from
nuclear reactor coolant and the wastes generated during power
plant decontamination activities. Therefore, this study was
typically designed to investigate the effect of gamma irradia-
tions on the structural and functional group stability of SA-SBA-
15. To check the stability in a humid and oxidative environ-
ment, SA-SBA-15 was also irradiated in aqueous media in the
presence of target metal ions.
2 Materials and methods
2.1. Synthesis of pure SBA-15, NH2-SBA-15, and SA-SBA-15

SBA-15 and NH2-SBA-15 were synthesized by following a well-
known method reported elsewhere.21–23 Briey, the SBA-15
surface silanol groups were coupled with an ethoxy group of
aminopropyl tetraethoxysilane (APTES) to synthesize the amine-
functionalized mesoporous silica (NH2-SBA-15), as illustrated in
Fig. 1 (step 1). In the second step, the N-propylsalicyl-aldimino
functionalized mesoporous silica (SA-SBA-15) was synthesized
by the condensation of the surface primary amine group of NH2-
SBA-15 with the carbonyl group of salicylaldehyde to form imine
(–C]N–), as shown in Fig. 1 (step 2). The condensation reac-
tions were performed by reuxing a mixture of NH2-SBA-15 and
salicylaldehyde at 120 �C using an anhydrous toluene as
a solvent under a perpetual inert atmosphere of argon.
Yellowish precipitates were formed at the end of the conden-
sation reaction aer 12 h. The obtained yellow slurry was
recovered and washed many times with toluene, ethanol and
dried overnight at room temperature. It was then dried at 60 �C
under a vacuum for 8 h and stored in a sealed glass bottle for
gamma irradiation testing, characterization and adsorption
experiments.
2.2. Characterization

Attenuated total reectance-Fourier transform infrared spec-
troscopy (ATR-FTIR) was used to obtain structural information
about the functionality of synthesized adsorbents. The weight
percentages of the C, H, and N atoms were determined by an
elemental analyzer EA2 (Thermo Finnigan, Italia). A small-angle
X-ray diffractometer (RIGAKU, D/MAX-2500, Japan) was utilized
to record the diffraction patterns by using Cu Ka radiation (l ¼
1.5408 Å) with a scan rate of 0.6 to 5� (2q) and a resolution of
0.02�. The surface charge of both the bare and functionalized
SBA-15 was measured by the zeta potential and particle size
analyzer (ELS-Z2, Otsukael, Japan). A thermogram showing the
weight loss with temperature was obtained by a thermogravi-
metric analyzer (TGA), (TGA 92-18, Setaram France). High-
resolution transmission electron microscopy (HR-TEM)
images were recorded on the Cs-corrected STEM (JEM-
This journal is © The Royal Society of Chemistry 2018
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Fig. 1 Schematic of the stepwise functionalization scheme of SBA-15. Step # 1 shows the amine grafting onto SBA-15; step # 2 shows the
coupling of the terminal amine with the salicylaldehyde by the co-condensation method.
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ARM200F, JEOL, USA). The specic surface area and meso-
porosity were measured by using the Brunauer–Emmett–Teller
(BET) technique. The single point total mesopore volume was
measured from the amount of nitrogen absorbed at relative
pressure (P/Po ¼ 0.99). Pore size distribution curves were
acquired by the Barrett–Joyner–Halenda (BJH) method. A diode-
array UV-Vis absorption spectrometer (ZEISS, MCS601 UV-NIR
C, Germany) was employed to quantify the cobalt, copper, and
nickel metal ions. Gamma irradiation experiments were per-
formed by using Co-60 gamma irradiator at the Korea Atomic
Energy Research Institute (KAERI).

2.3. Adsorption and quantitative analysis

Gamma irradiation experiments on a mixture of metal ions and
adsorbent in a solution were performed aer optimization of
pH and solid to liquid (S : L) ratio to ensure the maximum
uptake of metal ions. Sorption capacity (mmol g�1) was
analyzed as a function of pH from 1 to 6 at a xed S : L ratio of
1 g L�1 and 1 mM Co(II) at 150 rpm shaking for 2 h. The S : L
This journal is © The Royal Society of Chemistry 2018
ratio was optimized at pH 6. The ionic strength was maintained
at 0.1 M by HCl/NaCl. Aer achieving equilibrium in 2 h, the
supernatant was separated from adsorbent with 20 nm inor-
ganic membrane lter (Whatman product no: 6809–1002) fol-
lowed by 15 min centrifuge at 4000 rpm.

The quantitative analysis was performed by UV-Vis absorp-
tion spectrometer aer overnight chelation of metal ions with
2.5 � 10�5 M Br-PADAP (2-(5-bromo-2-pyridylazo)-5-
diethylaminophenol) as a colorimetric reagent. The Br-PADAP
solution was prepared with an equal volume ratio (1 : 1) of
methanol and de-ionized water. The standard solutions of 0.1 to
1.0 mmol L�1 for each metal ion were prepared for method
validation. The molar absorptivity was measured corresponding
to the UV absorption bands of Cu(II) at 558 nm, Ni(II) at 557 nm,
and Co(II) at 589 nm by following Beer–Lambert's law i.e. A¼ 3cl.
A is the absorbance, 3 is the molar absorptivity (M�1 cm�1), c is
the concentration (M) of target metal ion, and l is the absorp-
tion path length of 1 cm in this study. The moral absorptivity 3
was obtained from the slope of calibration between
RSC Adv., 2018, 8, 32211–32220 | 32213
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concentration and absorbance drawn for each metal ion using
corresponding standard solutions. Percentage removal (% R) of
metal ions from their mixture was calculated by eqn (1) and the
equilibrium sorption capacity (qe) was measured by the formula
shown in eqn (2)

% R ¼ (Co � Ce)/Co � 100 (1)

qe ¼ (Co � Ce) � V/m (2)

where Co and Ce are the initial and the nal metal ion
concentration in mmol L�1. V and m are the volume (L) of
solution and the mass of sorbent (g) used for sorption process,
respectively.
2.4. Gamma irradiations set up

In a practical scenario, SA-SBA-15 was applied to remove metal
ions from a mixture under the gamma irradiation environment.
Therefore, it was necessary to investigate the structural and
functional group stability, and the adsorption behavior under
gamma irradiations. Aer irradiation of solid nano-powder of
SA-SBA-15, four batches containing Cu(II), Ni(II) and Co(II)
samples (1 mM of each metal ions) were prepared and stored in
the pyrex bottles. The bottle's lid was closed tightly and wrapped
with Teon tape before delivering them to the gamma irradia-
tion facility. Each sample set was exposed to absorb a total
gamma dose of 1, 10, 100 and 1000 Gy. The gamma dose rate
and the total absorbed dose was adjusted by changing the
sample distance from the Co-60 source, as shown in Fig. 2. The
details of Co-60 gamma-ray source and irradiation conditions
are reported in Table 1.
3 Results and discussions

The synthesized SA-SBA-15 (nano powder) was exposed to the
range of gamma-ray doses (0, 1, 10, 100, 1000 Gy) to investigate
its structural and functional group stability. The integrity of the
functional group before and aer gamma irradiation was
Fig. 2 Schematic of the gamma irradiation process. Gamma irradiation
the dose rate.

32214 | RSC Adv., 2018, 8, 32211–32220
assessed by the ATR-FTIR technique, and the results can be seen
in Fig. 3. The stretching vibration at 1650 cm�1 (main band for
Schiff's base chelate) was allocated to the –C]N of the imine
group.24 The IR bands in the range of 1275–1281 cm�1 and
1618–1631 cm�1 were assigned to phenolic (–C–OH) and (C–N),
respectively.24,25 From the FTIR spectra, it was found that the
transmittance peaks of all the functional groups are located in
the same position without any peak shi by increasing gamma
doses (0 to 1000 Gy). This irradiation stability of the functional
group may be attributed to a conjugation due to the aromaticity
of aldehyde precursor (salicylaldehyde).3

To conrm the presence of the functional group and to
propose the mechanism of functionalization, the molar
concentrations of carbon and nitrogen were acquired from the
C H N elemental analysis technique and the results are pre-
sented in Table 2. It could be observed that the C/N ratios in SA-
SBA-15 appeared in the range of 9.60 � 1.81 to 10.13 � 0.53
under absorbed gamma irradiations (0 to 1000 Gy), whereas the
theoretically calculated C/N ratio was 10.0. This shows close
agreement of our experimental results with the theoretical
calculation. Based on the information, the 1 : 1 complexing
stoichiometry between NH2-SBA-15 and the salicylaldehyde can
be suggested, which is in good agreement with the results re-
ported by Mureseanu et al.24 Moreover, the loading of SA (1
molecule per nm2) onto the SBA-15 surface was calculated by
taking into account the specic surface area. This can be
explained by the known available silanol (–OH) concentration at
SBA-15. The silanol groups (3.31 molecules per nm2) at SBA-15
have been reported by using nuclear magnetic resonance
(NMR) spectroscopy and thermogravimetric techniques.26 From
Fig. 1, it can be seen that three silanol groups are linked with
three ethoxy groups (–OC2H5) of APTES during NH2-SBA-15
synthesis (Fig. 1). The experimental and theoretical C/N ratio
suggests the 1 : 1 stoichiometry between the amino and SA
group in SA-SBA-15.

The SA graing onto the SBA-15 surface was also conrmed
by thermogravimetric analysis (TGA), as shown in Fig. 4. The
effect of physisorbed water (2.8% in SBA-15 and 2.1% in SA-SBA-
dose was adjusted by varying the distance from the Co-60 source and

This journal is © The Royal Society of Chemistry 2018
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Table 1 Gamma irradiation conditions for SA-SBA-15 in powder and
liquid mixed forms

Irradiation type Gamma ray
Irradiation source Co-60
Source activity 566 Ci
Energy spectrum 1.17, 1.33 MeV (avg. 1.25 MeV)
Total absorbed dose 1.0 to 1.0 � 103 Gy
Absorbed dose rate 1.0 to 1.0 � 102 Gy h�1

Irradiation time 1 to 10 h
Irradiation temperature 25 �C

Fig. 3 FTIR spectra of the unirradiated and gamma irradiated SA-SBA-
15.

Fig. 4 TGA thermograms of SBA-15 and SA-SBA-15.

Fig. 5 Zeta potentials of SBA-15 and SA- SBA-15 as a function of pH.
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15) was examined up to 200 �C . By comparing the SBA-15 and
SA-SBA-15 thermograms, no signicant weight loss was
observed in SBA-15 from 200 to 700 �C, whereas 10.2% weight
loss was measured in the case of SA-SBA-15. The weight loss
from 200 �C to 700 �C is due to the degradation of the immo-
bilized functional group at the SBA-15 surface.27 Therefore, the
SA graing onto the SBA-15 surface was successfully conrmed.

Further conrmation of the SBA-15 surface modication was
assessed by measuring the zeta potential of both the function-
alized and bare SBA-15. From the results in Fig. 5, a signicant
difference among the zeta potential values was observed. Since
the silica surface has a point of zero charge (pzc) at pH 2,28 its
surface comprises the negative charge (Si–O�) at pH > pHpzc and
the positive charge (Si–OH2

+) at pH < pHpzc. In SA-SBA-15, the
phenolic group (OH) and an electron lone pair at N in the imine
group get protonated due to the excess protons at a lower pH
Table 2 Carbon and nitrogen concentrations as measured by the C
H N elemental analysis technique

Gamma dose (Gy) N (mmol g�1) C (mmol g�1) C/N

0 1.24 � 0.00 11.92 � 0.01 9.60 � 1.81
1 1.21 � 0.06 11.63 � 0.09 9.58 � 1.60
10 1.15 � 0.05 11.66 � 0.03 10.15 � 0.53
100 1.14 � 0.09 11.92 � 0.04 10.44 � 0.44
1000 1.17 � 0.05 11.86 � 0.02 10.13 � 0.53 Fig. 6 X-ray diffraction patterns of unirradiated and gamma irradiated

SA-SBA-15.

This journal is © The Royal Society of Chemistry 2018 RSC Adv., 2018, 8, 32211–32220 | 32215
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Fig. 7 N2 adsorption/desorption isotherms of non-irradiated and
gamma-irradiated SA-SBA-15.

Fig. 8 Pore size distribution of non-irradiated and gamma-irradiated
SA-SBA-15 calculated using the BET technique.
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and become inaccessible for complexation, as reported in the
literature.24 This protonation phenomenon could also be the
probable reason for high zeta potential at a lower pH in SA-SBA-
15. Hence, the zeta potential results of pure and functionalized
Table 3 Comparison of the structural parameters of non-irradiated and

Irradiation
dose (Gy) SBET (m2 g�1) Dp (nm) V

0 340 � 39 6.25 � 0.05 0.
1 333 � 35 6.35 � 0.15 0.
10 329 � 37 6.40 � 0.10 0.
100 345 � 35 6.40 � 0.10 0.
1000 352 � 18 6.40 � 0.10 0.

a SBET ¼ BET specic surface area, Dp ¼ pore diameter, Vp ¼mesopore volu
¼ 2d(100)/3

0.5, tw ¼ (ao � Dp).

32216 | RSC Adv., 2018, 8, 32211–32220
SBA-15 also conrmed the successful loading of functional
groups onto SBA-15.

The structural composition of SA-SBA-15 before and aer
gamma irradiations was conrmed by XRD, as shown in Fig. 6.
Three distinct peaks at 2q ¼ 0.89, 1.54 and 1.77 can be observed
in all the XRD patterns. It is worth-noting that no peak shi was
observed in the XRD patterns with gamma irradiations. Hence,
there is no swelling/contraction that occurred with the absorbed
gamma dose. This further conrms the FTIR results suggesting
the functional group's stability under gamma irradiations.

The nitrogen adsorption/desorption isotherms and average
pore size distributions are given in Fig. 7 and 8, respectively.
According to the IUPAC classication of porous materials, an
appearance of the hysteresis loop in the relative pressure range
from 0.45 to 0.8 is an indication of mesoporous materials.29,30

(see Fig. 7) No effect of gamma irradiations was observed on the
physisorption isotherms in all samples. The results also showed
that the material preserved its mesoporosity even under gamma
irradiations. Similarly, no signicant change was observed in
the pore size, as illustrated in Fig. 8, which proves the intactness
of pores. The structural parameters such as the specic surface
area (SBET), the average pore size (Dp), the pore volume (Vp), and
the pore wall thickness (tw) were calculated and are shown in
Table 3. Hence, all the structural parameters' values remained
very close to each other with the increase in gamma
irradiations.

The structural and pore morphology of non-irradiated and
irradiated SA-SBA-15 were investigated by HR-TEM, and the
results are given in Fig. 9. The top view surface TEM images
show a honeycomb-like mesoporous structural morphology. No
pore widening was observed under gamma irradiations. The
mesopores are very uniform with an average diameter of
�6.5 nm (in the magnied image in Fig. 9). The side view
morphology of SA-SBA-15 shows a highly parallel and uniform
channel-like morphology in Fig. 10. Similarly, no channel
distortion/widening was observed under gamma irradiations.
The average wall thickness of SA-SBA-15 is �3 nm, while the
average width of the channel is around �6.7 nm. As shown in
Fig. 9, the diameter of pores was further conrmed.
3.1. Adsorption and irradiation of studies of SA-SBA-15

The effect of pH and the solid to liquid (S : L) ratio were studied
to optimize the maximum uptake of metal ions onto SA-SBA-15.
pH is an important parameter to study the effect of surface
gamma-irradiated SA-SBA-15a

p (cm3 g�1) d100 (nm) ao (nm) tw (nm)

57 � 0.01 10.0 11.6 5.3
57 � 0.02 10.0 11.6 5.1
57 � 0.02 10.0 11.6 5.1
57 � 0.03 10.0 11.6 5.1
54 � 0.04 9.9 11.5 5.0

me, and d(100) value calculated by Bragg's equation (l¼ 2d(100) sin(q)), ao

This journal is © The Royal Society of Chemistry 2018
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Fig. 9 SA-SBA-15 TEM images of the top view with a honeycomb-like mesoporous structure morphology and their side view of highly parallel,
uniform pore and channel-like morphology as a function of gamma absorbed dose up to 1000 Gy.
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protonation of the adsorbent and of ionization of the adsorbate.
From Fig. 10, a negligible adsorbent capacity (qe) was observed
up to pH 4, whereas a maximum qe (0.34 mmol g�1) was reached
at pH 6. This is due to the surface protonation and the positive
surface charge (Fig. 6) of the adsorbent at lower pH. Aer pH 4,
This journal is © The Royal Society of Chemistry 2018
the positive charge of SA-SBA-15 decreases with the corre-
sponding decrease of protonation, which leads to an increase in
qe value. pH 6 was chosen as the optimized pH for this study to
avoid precipitation of Cu(II) into Cu(OH)2(s) at pH > 6 and the
excessive surface protonation at pH < 6.
RSC Adv., 2018, 8, 32211–32220 | 32217
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Fig. 10 SA-SBA-15 sorption capacity as a function of pH (Ci ¼ 1 mM,
S : L ratio ¼ 1g L�1, reaction time ¼ 2 h, ionic strength ¼ 0.1 M (NaCl/
HCl), shaking speed ¼ 150 rpm).

Fig. 12 Effect of gamma irradiation on the removal of Cu(II), Ni(II), and
Co(II) from their mixture. (S : L ratio ¼ 9 g L�1, pH ¼ 6, ionic strength ¼
0.1 M HCl/NaCl, solid–liquid contact time ¼ 2 h and mechanical
shaking ¼ 150 rpm.)
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pH was optimized in a single metal ion solution. However,
the contaminated waters coming from nuclear reactor instal-
lations may contain other corrosion metals as well. The adsor-
bent dose needs to be optimized to capture maximum metal
ions from the mixture. Therefore, the equimolar mixture (1 mM
each) of Co(II), Cu(II) and Ni(II) was prepared to study the
competing effects of each divalent metal ions on the sorption
process. SA-SBA-15 showed a lower adsorption affinity towards
the mixture of metal ions at a lower amount of adsorbent, as
illustrated in Fig. 11. However, almost 100% of Cu(II) was
removed from mixed metal ions at 9 g L�1 of SA-SBA-15, while
40 to 50% of Co(II) and Ni(II) was eliminated from the same
mixture (Fig. 11).

The S : L ratio was optimized and batch samples were irra-
diated with gamma following the scheme, as shown in Fig. 2.
Fig. 12 shows the percentage removal capacity (% R) by SA-SBA-
15 for Cu(II), Ni(II) and Co(II) as a function of absorbed gamma
dose. It is obvious from Fig. 12 that there is no negative effect of
Fig. 11 Optimization of maximum removal metal ions from the
equimolar mixture (1 mM of each) as a function of the solid to liquid
ratio (reaction time ¼ 2 h, ionic strength ¼ 0.1 M (NaCl/HCl)), shaking
speed ¼ 150 rpm.

32218 | RSC Adv., 2018, 8, 32211–32220
gamma irradiations on the percentage removal of metal ions by
SA-SBA-15. About 97.2% of Cu(II), 47.5% of Ni(II), and 37.3% of
Co(II) were removed from solution regardless of the variation of
absorbed gamma dose up to 1000 Gy. In SA-SBA-15, the biden-
tate Schiff’s base ligand attached to the benzene ring is
a potential chelating candidate to capture the metal ions from
aqueous solution.21 This stability of SA-SBA-15 may be attrib-
uted to its aromaticity and conjugation which make the
compounds more oxidation resistant in the presence of radi-
olysis products.3,19,20 Moreover, the absorbed gamma dose of
1000 Gy is sufficiently enough since the dose rate in reactor
core, piping areas and demineralized tank is less than 1 Gy h�1,
as presented in Table 1. For the radiolytic study of organic
compounds against gamma absorbed dose, 1000 Gy may be
insufficient, as many organic compounds are stable at low
gamma dose, except for poly-tetra-uoro-ethylene and aliphatic
polyamide (nylon), which begin to decompose at 1.5 � 102 and
8.7 � 102 Gy, respectively.3

The metal removal sequence follows the Irving–Williams
order (Cu(II) > Ni(II) > Co(II)), which is also in good agreement to
the sequence of their complexation constants of Cu(log b ¼
13.0) > Ni(log b ¼ 7.45) > Co(log b ¼ 7.13).31,32 The notable
stabilization of Cu compared to other metals (3d series) is due
to the octahedral symmetry distortion of Cu(II) complexes.
Furthermore, the stability of the Cu(II) complexes was also
conrmed by the Jahn–Teller Effect.31 Another contributing
factor for the complex stability is the electronegativity of metal
ions Co(II) (1.88) < Ni(II) (1.91) < Cu(II) (2.0). The increase in the
electronegativity of metal ions enhances the covalent character
of the metal–chelate bond and hence leads to the greater
stability of the metal chelates.33

Adsorbent should be resistant to the gamma irradiation for
decontamination of NPP coolant systems. The gamma dose
rates at different locations of nuclear power plants during full
power operation and shut down condition are given in Table 4
for a comparison point of view. The maximum dose rate is 100
Gy h�1 at the top of the reactor core in full power operation,
This journal is © The Royal Society of Chemistry 2018
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Table 4 Gamma dose rates at different locations inside the nuclear reactor power plant34

Plant locations The dose rate at full power operation (Gy h�1) The dose rate at shut down (Gy h�1)

Top of the reactor core z100 0.09 to 0.12
Reactor coolant loops 0.1 to 0.5 1 � 10�4 to 2 � 10�3

Hot leg pipe z2 2 � 10�4 to 2 � 10�3

Demineralized tank z1 NA
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while the minimum dose rate is 2 � 10�4 Gy h�1 at hot leg
pipelines during shut down condition. By comparing our results
(Fig. 12) with that of the plant dose data in Table 4, it is clear
that the synthesized adsorbent (SA-SBA-15) has very strong
gamma resistance by 1 to 7 orders of magnitude. Additionally,
there is no structural and functional group degradation detec-
ted before and aer gamma irradiations, as observed by the
FTIR, XRD, TEM, and BET results, proposing its applicability
under hostile radioactive environments.
4 Conclusions

A highly ordered functionalized mesoporous silica (SA-SBA-15)
was synthesized by a co-condensation method for the removal
of activated corrosion products under gamma irradiations.
Various analytical results conrmed the stability of the ligand
support material, mesopore ordering and functional group
under gamma irradiations up to 1000 Gy. Results further
revealed the adsorbent stability in solid and aqueous media
under identical absorbed gamma dose. Our results showed
a potential use of SA-SBA-15 for the decontamination and,
decommissioning of nuclear power plants with excellent
gamma irradiation stability both in solid as well as in liquid
forms. The removal capacity for Cu(II) was achieved up to 99.76
� 0.01%. SA-SBA-15 is more selective for Cu(II), which can also
be exploited to separate Cu(II) from other corrosion products
under the optimum conditions.
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