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Abstract
This study is concerned with the sorption behavior of natural radionuclides (226Ra, 210Po, 228Th—originated from TENORM 
waste associated with petroleum industry) onto silica/olive pomace nanocomposite. Initially, nanocomposites of extracted 
silica and olive pomace are prepared and characterized by physicochemical techniques. In the batch technique, 60% SiO2 
40% olive pomace (AM3) nanocomposite showed a considerable group sorption for 226Ra and 210Po larger than 228Th in 
1M HNO3 and HClO4 solutions. In case of sorption by the compacted disc, sorption of 226Ra was similar to batch method, 
sorption of 228Th increased slightly to ~ 17%, while sorption of 210Po was decreased to 77%. Thus, AM3 nanocomposite 
can be considered as an efficient nano-adsorbent for sorption and separation of Ra-isotopes and 210Po-radionuclides from 
226Ra–210Po–228Th admixture associated with nuclear and non-nuclear industries.
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Introduction

The nanocomposite materials are extensively prepared and 
developed using various inorganic metal oxides and organic 
gradients [1]. Nowadays, these materials have been used in 
a number of technological fields of the industrial and/or 
nuclear interest [2]. Thus, the nanomaterials can be used in 
many applications such as thin-film capacitors for computer 
chips, solid polymer electrolytes for batteries, automotive 
engine parts and fuel tanks and/or waste management [3].

Utilization of plant biomass to produce engineering mate-
rials attracted the attention of scientists to encompass the 
technological of scientific aspects such as economic, indus-
trial, and environmental cases [4]. Rice husk and rice husk 
ash are interesting sources of considerable levels of high 
quality silica [5]. Olive pomace consists of a ligno-cellu-
losic matrix with polyphenolic compounds, uronic acids, 
and oily residues [6]. Numerous sites, potentially active in 

metal removal, such as carboxylic, hydroxyl, methoxy, and 
phenolic groups are present. Polysaccharides as starch gel 
have been used as a template to obtain macroporous material 
and film [7, 8].

The TENORM wastes are defined as, naturally occurring 
radioactive materials that have been concentrated or exposed 
to the accessible environment as a result of human activities 
such as manufacturing, mineral extraction, water processing, 
non-nuclear industries such as phosphate reprocessing, and 
petroleum industries have contained natural radionuclides of 
uranium and thorium series. These have decayed daughters 
of Ra, Rn, Th, Po, Pb radionuclides [9, 10]. All these appli-
cations generate radioactive waste that may represent risks 
to the environment or to human beings, but it is necessary to 
have special attention to the management of these radioac-
tive wastes [11, 12].

Recently, different of technologies have been studied as 
potential means of attenuating radionuclide concentration, 
such as precipitation, membrane filtration, sorption, ion 
exchange, etc. [13–16]. Among these methods, the adsorp-
tion methods have been widely utilized because it is easily 
achieved, economical and can be applied on a large scale 
for practical applications. Some adsorbent nanomateri-
alss, such as clay minerals [17–22] and inorganic oxides 
[23–27] have been investigated extremely for the treatment 
the effluents containing the radionuclides of environmental 
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and/or nuclear interest. However, these effluents containing 
an enhanced activity levels than the permitted safe limits 
[28–30].

Herein, the authors concerned with the development of 
novel nanomaterials/nanocomposites with low cost, suf-
ficient surface functional groups and high sorption ability 
for the separation trace level of some natural radionuclides 
(226Ra, 210Po, 228Th) of environmental and human health 
concern. Thus, this work aims to prepare silica/olive pomace 
nanocomposite by wet chemical technique. Different ratios 
of olive pomace, as an agricultural waste, added to silica, 
extracted from Egyptian rice husk. The prepared nano-
composite powders were characterized by physic-chemical 
techniques as SEM, EDX, TEM, XRD, DTA–TGA, FTIR, 
pore-size analysis and BET surface area. The dried prepared 
samples were pressed using the dry press method at a pres-
sure 8000 psi to get compact disc. Sorption behavior of the 
dried powders and the compact disc towards 226Ra, 210Po and 
228Th as trace natural radioactive waste from the TENORM-
concentrate was studied. Optimization of the olive–Pomace 
ratio and the acid solution for 226Ra, 210Po and 228Th separa-
tion were also investigated.

Experimental

Chemicals and reagents

The rice husk (RH) was collected from Egyptian fields as 
agricultural waste to prepare the silica nanoparticles, Olive 
pomace from South Sinai, HCl and NaOH purchased from 
(Edwak, Egypt). The samples were ground in the mill and 
then sieved to 75 μm. TENORM-concentrate was provided 
from treatment of the scale wastes associated with petroleum 
and natural gas exploration. Barium chloride (BaCl2), PbCl2, 
HF, H3BO3, HClO4, and HNO3 purchased from Sigma-
Aldrich Co, USA. Double distilled water (DDW) was used 
in all experiments. All the reagents used in this study were 
analytical grade (AR Grade) and used as received without 
further purification.

Extraction of nano‑silica from Egyptian rice husk

The pure nano-silica powder was extracted from Egyptian 
Rice husk by controlling different process parameters. The 
obtained rice husk was washed thoroughly with distilled 
water to remove any adhering impurities. The washed rice 
husk was dried at 80 °C and then burnt at 800 °C for 2 h 
in a muffle furnace. The carbonized rice husk was refluxed 
with 1M HCl for 2 h and then filtered to remove metallic 
impurities and to extract pure nano-silica. The filtered was 
thoroughly washed with DDW till pH 6 and then dried at 
105 °C for a day. The dried sample was burned in a muffle 

at 800 °C/1 h with heating rate 10 °C/min then cooled to 
environment temperature. Finally, the obtained silica was 
boiled with 1M NaOH at 100 °C/1 h with constant stirring. 
After cooling, samples was filtrated and titrated with 1M 
HCl then soaked in the same solution for 48 h. Then the 
resulting silica was washed with distilled water and centri-
fuge to separate solid from solution for removing free Na 
and Cl. The separated silica was dried at 100 °C/48 h [28]. 
The weight percent of Si in the extracted silica was ~ 50%.

Preparation of silica/olive pomace nanocomposite 
materials (Group A)

20% and 30% and 40% of olive pomace were added to 
extracted silica in order to prepare different nanocomposites 
compositions of silica-olive pomace. The nanocomposites 
were prepared using wet-chemical technique. The extracted 
silica was dissolved in alcoholic solution of ethanol and the 
mixture is acidified with 1M HCl. The obtained mixture was 
stirred using the magnetic stirrer for 30 min. Different ratios 
of pomace olive added gradually with vigorous stirring. The 
mixture was laid in ultrasonic instrument for 10 min. The 
whole mixture was stirred for 24 h before drying at 60 °C for 
48 h. The dried powders were used in batch sorption stud-
ies and labeled group A (M1–M3) as illustrated in Table 1.

Preparation of silica‑olive pomace/starch 
nanocomposite materials (Group B, C)

Soluble starch (30 g) was dissolved in 100 mL hot distilled 
water. 1.0, 1.5 and 2.0 g of olive pomace and 4 g, 3.5 g, and 
3 g of extracted silica were added in order to prepare three 
different nanocomposites compositions (20, 30 and 40% 
respectively) of silica/olive pomace. The mixtures were 
heated at 90–100 °C and magnetically stirred till the mixed 
solution gradually became highly viscous. The gel solu-
tion was maintained at that temperature for 180 min, after 
which it was cooled to room temperature and left at 4 °C for 
48 h (solution-phase stage). Then the solvent was replaced 
with ethanol and the “solid” formed was separated from the 
mother solution by decantation method. The solid was dried 
at 80 °C for overnight, labeled Group B (M4–M6). The dried 
powder were calcined at 600 ◦C for 2 h in an air atmosphere 
[31] Labeled Group C(M7–M9). Table 1 includes the chemi-
cal compositions and sample codes for the prepared sample 
groups.

Fabrication of compact disc

The dried prepared samples were pressed using the dry press 
method at a pressure 8000 psi to get compact disc. The raw 
samples put into die cavities with the addition of 1–2 wt% of 
polyvinyl alcohol. A strong compact discs were fabricated 
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and used in sorption studies by filtration system. An amount 
of 85 mg of the prepared samples was efficiently compacted 
with thickness (l) of 2 mm and diameter (ϕ) of 6 mm, Fig. 1. 
Then, the prepared compacted disc was assembled for use in 
a vacuumed filtration unit as seen in Fig. 2.

Preparation of radionuclides source

In this study, we explored three natural radionuclides 
(α-emitters, 226Ra, 210Po and 228Th) of environmental interest 
from the TENORM-concentrate. The radionuclides include 
Ra-isotopes as 226Ra, 228Ra (source for 228Th) and 210Pb 
(source for 210Po). The collected TENORM-concentrated 
as reported in our previous study [32] which was used as a 
source of these radionuclides. However, the source of this 
concentrate was extracted from the TENORM scale waste 
associated with petroleum exploration in Ras-Shukeir oil-
field (coordinates: 28.131414° N, 33.248477° E), area of 
the Gulf of Suez, North of Hurghada (Red Sea Governorate), 

Table 1   The chemical 
compositions and samples codes 
for the prepared sample groups

Group Material code Composition materials Drying 
temperature 
( °C)

A AM1 80% SiO2 + 20% olive pomace 60 °C
AM2 70% SiO2 + 30% olive pomace
AM3 60% SiO2 + 40% olive pomace

B BM4 80% SiO2 + 20% olive pomace in 30% starch solution 60 °C
BM5 70% SiO2 + 30% olive pomace in 30% starch solution.
BM6 60% SiO2 + 40% olive pomace in 30% starch solution.

C CM7 80% SiO2 + 20% olive pomace in 30% starch solution. 600 °C
CM8 70% SiO2 + 30% olive pomace in 30% starch solution.
CM9 60% SiO2 + 40% olive pomace in 30% starch solution.

Fig. 1   Pictures for compacted 
disc (a real disc, b structural 
disc diameter)

Fig. 2   Filtration unit used for separation by compact disc technique
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Egypt. Initially, the waste concentrate was dried, crushed, 
grounded and sieved to grain sizes below 0.1 mm. About 
2 g of the sample is weighed in 250-cm3 Teflon beaker. 
Moreover, 50 mg of Ba2+ and Pb2+ are added to the sample 
before digestion, as carrier with moistening using DDW. 
Then, digestion of the sample is carried as described by 
elsewhere [33, 34] with some modifications. Inside fume 
hood, the sample was cocked by open digestion proce-
dure using sand bath within temperature 80–100 °C. The 
sample was digested by successive additions of HF (32%), 
H3BO3 + DDW, aqua regia (HClO4 and HNO3). Appear-
ance of colorless paste indicates to ending of the sample 
digestion. The sample is dissolved quantitatively by 2.5 ml 
Conc. HNO3 and transferred into polyethylene (PE) tube 
(50-cm3), then, the solution completed by DDW till 25 ml. 
The obtained turbid solution was centrifuged. Then, the 
clear stock solution was separated by decantation into PE-
tube. Radiometric measurements for all γ-emitters in sam-
ple solution by gamma ray spectrometer are done to evalu-
ate the digestion efficiency and the stock solution. It was 
found that the efficiency of the modified digestion procedure 
was > 95%. On the other hand, the stock solution had been 
examined by an alpha-spectrometer to identify and confirm-
ing the presence of 226Ra, 210Po and 228Th radionuclides in 
the stock solution.

Instruments

An ultrasonic Cole-Parmer instrument (version hill, Illinois 
60061, USA), was used in composites preparation. Fou-
rier transform infrared (FT-IR), spectra were determined 
using a (Bomen Miclson FT-IR spectrophotometer, model 
MB157, Canada). The crystalline structure was studied 
using Shimadzu X-ray diffraction (XRD), (model XD-Dl, 
Kyoto, Japan), with a diffraction angle (2θ) range of 4°–70°. 
Thermal analysis, DTA–TGA (system of type DTA–TGA-
50, Japan), was used to study the phase changes and weight 
losses of the powder, respectively, at a constant rate of 5 
°C/min from room temperature to 650 °C. The surface mor-
phology of the prepared composites was investigated using 
scanning electron microscope (JEOL JSM-5400, Japan), and 
the nanostructure of the composite is investigated by trans-
mission electron microscope (TEM), (JEM2100, Joel.s.b, 
Japan). The particle size of the prepared samples was deter-
mined using Zetasizer Nano-Zs, MALVERN, UK). Pore 
size distribution and corresponding porosity of the prepared 
samples were investigated using mercury intrusion porosim-
etry technique with the aid of (Pore-sizer chromatech 9320, 
USA).

The radiochemical recovery (%) of the modified digestion 
procedure used was estimated by measuring all γ-emitters in 
the TENORM concentrate before and after digestion within 
the same energy range (25–2620 keV). The measurements 

were performed using a high purity germanium detector 
(detector type HPGe, model GX1020-10863, LN2 moni-
tor, operating voltage of + 3500 V, and resolution of 2 keV 
FWHM at 1332.5 keV peak of 60Co, Geine-2000 software) 
provided from Canberra Industries Inc, USA. On the other 
hand, the net count rate (cps) of the studied alpha-emitters 
(226Ra, 210Po and 228Th) was assessed using an Integrated 
Alpha-Spectrometry System (model A65-B32, Version 
5.10, Maestro-32 software) provided from EG&G ORTEC 
Instruments Inc., Oak Ridge, Tennessee, USA. The system 
contains eight chambers equipped by implemented silicon 
passivated detractors with operated at bias of positive volt-
age of 50 volts and resolutions ≤ 35 keV.

Sorption studies

Nano-composites (AM1–CM9) had been examined towards 
removal some radionuclides of the environmental interest 
in the TENORM-concentrate solution. The attention herein 
was directed for removal of 228Th, 226Ra and 210Po radionu-
clides. Initially, the sorption efficiency of the samples was 
carried out by the batch technique. However, 10 mL of the 
radionuclides mixture in nitric acid solution was shaken for 
equilibration with 0.05 g of the tested nanomaterial in poly-
ethylene tubes (25-cm3) at room temperature (25 ± 2 °C) for 
one day. The mixture was centrifuged at 4000 rpm for 15 
min to separate the liquid from the tested samples. The clear 
liquor was separated by decantation to another pre-cleaned 
PE-tube. An accurate 50 µL of the solution was spotted onto 
center of rounded stainless steel disc (ϕ = 12 mm). Then, 
the disc was exposed to infrared light for drying the spotted 
sample solution. After cooling at room temperature, the disc 
was counted by an alpha spectrometer for at least 20,000 
s. The uptake (%), distribution coefficient (Kd, mL/g) and 
separation factors (SF) are calculated to evaluate the sepa-
ration affinity of the prepared nano-composites towards the 
radionuclides admixture in the TENORM-concentrate using 
the next formulas [35]:

where Ci denotes to the net count rate of radionuclide before 
equilibration with the tested nanocomposites (AM1-CM9), 
Cf refers to the net count rate of radionuclide after equili-
bration with the nanocomposite, V is the solution volume 

(1)A (%) =

(

Ci − Cf

Ci

)

× 100

(2)Kd (ml∕g) =

(

Ci − Cf

Cf

)

×
V

m

(3)SFA

B

=
Kd(A)

Kd(B)
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of radionuclides mixed with the solid material and M is the 
mass of the nanocomposite used. In case of the ‘compacted 
disc’ the sorption behavior for separation of the radionu-
clides was performed using vacuumed filtration unit as 
seen in Fig. 2. The results are the average of triplicate inde-
pendent three measurements. The statistical errors in the 
radioactive measurements in uptake, Kd and SF calculations 
are < 5%.

Speciation diagram

The possible speciation diagram for the chemical behav-
ior of radionuclides (especially 226Ra2+ and 228Th4−) in the 
different acid solutions was constructed using HYDRA_
MEDUSA software [36]. However, the database for the last 
version-2015 of this program does not contain speciation 
of the tetravalent polonium (Po+4 or PoO2+) used in this 
study. Thus, discussion and construction for speciation of 
Po(IV) in different acid solutions was achieved using some 
of those reported by elsewhere (cited in results and discus-
sion, “Influence of acid solution type” section).

Results and discussion

Characterizations of nanocomposite

FT‑IR analysis

FT-IR spectra were studied to distinguish various molecular 
vibrations that may exist in the crystal lattice of the prepared 
samples. Figure 3a–c are for extracted silica, olive pomace, 
and AM3, respectively. The peaks at 459, 621, and 789 cm−1, 
in Fig. 3a, indicates Si–O–Si bending, Si–H, and asymmetric 
Si–O–Si stretching modes of vibration, respectively [28, 37]. 

The strong peak at 1062.84 cm−1 is corresponding to Si–O 
stretching mode [38]. The weak band at 3863 cm−1 assigned 
to remaining absorbed water while the peaks from 1281 to 
2428 cm−1 are because of residual impurities. Figure 3b 
shows an olive pomace pattern. Olive pomace is composed 
mainly of Cellulose, hemicelluloses, lignin, Carbohydrates, 
lipids, phenols and residual inorganic [39]. The peak at 3290 
cm−1 corresponding to hydrogen bonded –OH group (from 
carboxyls, phenols or alcohols) while the peaks at 2920 and 
2854 cm−1 assigned to asymmetric and symmetric stretching 
vibration of (cis) methylene group = CH, C–H group. The 
strong peak at 1439 cm−1 related to carboxylate COO− ion 
while the peak at 1027 cm−1 due to connections of strain 
C–OH primary alcohol and CN. The broad absorption band 
between 1200 and 935 cm−1 is attributed to the contribu-
tion of various functional groups, such as C–O and C–O–C 
[40]. The peak at 459 cm−1 corresponds to Si–O–Si bond 
confirmed from EDX results. After Adding olive pomace to 
extracted silica, AM3, in Fig. 3c, carboxylate COO− band 
at 1439 cm−1 is disappeared. The broadness of OH peak 
at 3290 cm−1 increases due to preparation technique while 
the 464 cm−1 band intensity for Si–O–Si bending peak 
decreased due to decrease percentage of SiO2 (60%).

XRD analysis

Figure 4 shows the diffractograms of the extracted silica, 
Olive pomace and AM3 nanocomposite. Figure 4a, represent 
a crystalline structure as several studies have used different 
time and temperature conditions to produce amorphous or 
crystalline silica. However, most authors agree that amor-
phous silica is produced at temperatures below 800 °C [41]. 
The extracted silica from rice husk clarified crystalline phase 
form silica [5]. A sharp and strongest peak at 2θ value 21.7 
(d = 4.07 A°), and the other peaks at 20.7 (d = 4.287 A°), 

Fig. 3   The FTIR spectra of a extracted silica, b olive pomace, c AM3 
nanocomposite

Fig. 4   The XRD patterns of a extracted silica, b olive Pomace, c 
AM3 nanocomposite
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27.63 (d = 3.22 A°), 31.26 (d = 2.85 A°), 35.99 (d = 4.287 
A°). The International Centre for Diffraction Data database 
[42] reports tridymite (d = 4.06 A°, d = 3.33 A°, and d = 10.9 
A°), quartz (d = 4.26 A° and d = 3.34 A°) and cristobalite 
(d = 4.04 A°, d = 2.49 A°, and d = 2.84 A°) reflections [28]. 
While in Fig. 4b, the crystalline structure of the olive pom-
ace mill at the peaks at 2θ value 29.42 (d = 3.03 A°), 26.62 
(d = 3.34 A°) and 39.41 (d = 2.26 A°) is attributed to native 
cellulose while the other constituents of olive pomace are 
predominantly amorphous which is explained by the appear-
ance of the spectrum [40]. For AM3, in Fig. 4c, the broad 
diffraction peaks nearly typical to those obtained from the 
extracted silica (at 2θ = 21°, 22.11°, 36.3°) and the olive 
pomace mill (at 2θ = 26.9°, 28.56° 28°) indicating a success-
ful coating of silica over olive pomace.

SEM and EDX analysis

The SEM is examined for the raw material of rice husk as 
seen in Fig. 5a–d. However, Fig. 5a shows the external shape 

of the husk was covered with protuberances and hairs. The 
internal shape was smooth and with some porosities. The 
EDX spectra (Fig. 6a) showed that silicon is present in the 
rice husk with 21.64 wt%. While the raw material of pure 
olive pomace in Fig. 5b shows heterogeneous size distri-
bution. Particle geometry is variable. Thus we observe the 
emergence of apparently well crystallized grains coexisting 
with fine powder clusters [5]. The EDX spectra in Fig. 6b 
for olive pomace showed that carbon is the most abundant 
element present in the olive pomace (45.63% weight) as, 
hemicelluloses and lipids are the main constituents of olive 
pomace. Table 2 illustrates EDX for the rice hull ash and 
olive Pomace. Figure 5c, extracted silica from rice husk is 
rough with appearing in some cavities. It shows also that, 
the silica agglomerates are jagged and irregular in shape and 
size [28] while Fig. 5d shows agglomerated semi-spherical 
particles of AM3 sample.

TEM analysis  The obtained nano-silica powder is uniform 
and agglomerated in Fig.  7a, b. The shape of the silica 

Fig. 5   The SEM graphs of a rice husk mill, b olive pomace mill, c extracted silica, d AM3 nanocomposite
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grains is spherical with an average homogeneous particle 
size distribution of about 10 nm, while the addition of 40% 
olive pomace to extracted silica in AM3 sample resulting 
in a small amount of aggregate spherical like particles of 
diameter size around 100 nm Fig. 7c, d.

Thermal analysis

The thermogravimetric analysis can be observed in 
Fig. 8a–c. DTA displayed an endothermic peak at 70 °C for 
extracted silica Fig. 8a due to water evaporation. The TGA 
curve showed high thermal stability accompanied with tiny 
weight loss (~ 0.5%). Namely, this weight loss is attributed 
to the removal of moisture [28]. For olive pomace sample 
Fig. 8b, it has been stated that the thermal degradation char-
acteristics of lignocellulosic materials are strongly influ-
enced by their chemical composition (cellulose, hemicel-
lulose, and lignin) [43]. Hemicellulose, cellulose, and lignin 
are chemically reactive and decompose thermochemically 
in the temperature range of 150–500 °C. So, olive pomace 
showed weight loss 58.8%. There are three exothermic peaks 

at 81, 228, 423 °C due to evaporation of volatile and organic 
material degradation. The two endothermic peaks at 322, 
481 °C attributed to decarbonation reaction [44]. For AM3 
sample, Fig. 8c, two endothermic peaks at 92.7 and 351 
°C due to hydroscopic water evaporation and decarbonation 
reaction respectively. The degradation of organic materials 
started from 246 to 518 °C. The total weight loss is 18.5%.

Porosity measurements

The results in Table 3 show an increase in porosity percent 
for an extracted silica after adding 40% olive pomace from 
35.62 to 44.64%. As the porosity increase, it was expected 
that the particle size will increase [45] confirming with TEM 
results. The bulk density estimates the volume of the sample 
plus the open and closed pores while the apparent density 
considers the volume of the samples and closed pores only. 
Comparing the densities for the samples, the bulk density of 
extracted silica sample is larger than AM3 sample. So, the 
volume of closed and open pores of extracted silica sam-
ple is smaller than that for AM3 nanocomposite sample. 
The introduction of open pores in AM3 nanocomposite will 
improve the adsorption capacity [46]. While the porosity 
of compact disc will decrease to 21.47%, the compaction 
caused ~ 23% decrease in the porosity of silica/olive pomace 
nanocomposite, the average pore diameter of Compacted 
disc-AM3 increases to ~ three times the average pore diam-
eter of AM3 nanocomposite.

Sorption performance of the prepared 
nanocomposites

Initially, the synthesized nano-sized materials (AM1-CM9) 
were tested towards sorption some radionuclides (226Ra, 
210Po and 228Th) of the environmental in the TENORM-con-
centrate. The main characteristics of radionuclides chosen in 

Fig. 6   The EDX spectra of a rice husk mill, b olive pomace mill

Table 2   The EDX of rice husk mill and olive pomace mill

Sample Element Weight% Atomic%

Rice husk C 24.86 33.42
N 1.02 1.17
O 52.48 52.97
Si 21.64 12.44

Olive pomace C 45.63 55.31
N 2.04 2.12
O 42.19 38.39
Si 3.09 1.6
K 1 0.37
Ca 6.06 2.2
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this study are summarized in Table 4. Moreover, the initial 
activity concentration of the studied alpha-emitters in the 
working solution was 685, 732 and 478 Bq/L for 226Ra, 210Po 
and 228Th radionuclides, respectively. These values are high 
and above the permitted safe levels [47, 48].

Nano‑sized material type (AM1‑CM9)

The sorption efficiency (%) and distribution coefficients 
for the nanocomposite materials towards radionuclides of 
226Ra, 210Po and 228Th are given in Table 5. It is observed 
that sorption efficiencies (%) of all materials towards the 
radionuclides in 1M HNO3 solution take place the order 
226Ra > 210 Po ≫ 228Th. However, the sorption efficiency 
by all material was within the ranges 58.4–89.4, 34.0–85.7 
and 1.6–3.6% for radionuclides of 226Ra, 210Po and 228Th, 

respectively. Also, the distribution coefficients had the same 
trend within ranges 281–1691, 104–1195 and 3.1–7.2 mL/g 
for 226Ra, 210Po and 228Th radionuclides, respectively. More-
over, all materials showed fairly group sorption, especially 
for 226Ra and 210Po, while 228Th is not so. It is seen that the 
group sorption of 226Ra and 210Po was large by group A 
(AM1–AM3) nanocomposites.

Influence of acid solution type

To learn more knowledge about the sorption efficiency 
of the selected nanocomposite, i.e., AM3, sorption of the 
studied radionuclides has been investigated in different 
acid solutions included 1M nitric, sulfuric, perchloric and 
hydrochloric acid. The results were given in Table 6. It 
is found that the sorption efficiency (%) and distribution 

Fig. 7   The TEM micrographs of 
a, b extracted silica, c, d AM3 
nanocomposite
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coefficients (Kd, mL/g) does not have certain behavior. 
This variation can be attributed to several factors as adsor-
bent nature, acid solution, ionic strength and/or species of 
the studied radionuclides [49–51]. As results, there are rel-
atively high group sorption for 226Ra and 210Po than 228Th 

radionuclides by the AM3 (group A) in HNO3, HClO4 and 
H2SO4; whereas the group sorption was highly observed 
for 228Th and 226Ra than 210Po in 1M HCl solution. How-
ever, the sorption was 93, 61 and 14% for 228Th, 226Ra and 
210Po radionuclides, respectively. Moreover, the high dis-
tribution coefficient was 1691 mL/g for 226Ra, 2580 mL/g 
for 228Th and 2954 mL/g for 210Po in 1M HNO3, HCl and 
HClO4, respectively, Table 6.

It seems that the variation in the results may depend 
largely on speciation of radionuclides in the acid solution. 
Therefore, some speciation diagrams are demonstrated 
to learn about the group sorption of radionuclides onto 
the nanocomposite AM3, Fig. 9a–e. The group sorption 
of Ra2+ with Po4+ or Th4+ species in 1M acid solutions 
(except Ra2+ with H2SO4) may be due to interaction and/
or ion-exchange processes of charged ions and/or com-
plexes with the active moieties exist on the material sur-
face. As seen in Fig. 9a, radium exists in all acid solutions 
(except with H2SO4) as soluble positively charged ions like 
Ra2+, RaNO3

+ and RaCl+; while thorium appears as Th4+, 
ThNO3

3+, ThCl3+, ThSO4
2+ and ThCl2

2+. In case of the 
sulfuric acid solution, sorption of Ra2+ is mainly attributed 
to its co-precipitation with the added carriers as Ba(Ra)
SO4(s) and/or Pb(Ra)SO4(s) [52, 53]. Also, the low sorp-
tion of thorium is attributed to presence of 228Th soluble 
positive ion complexes in the both cases without interac-
tion with material surface at the studied conditions [54].

On the other hand, polonium (Po4+) in all acid solution 
forms soluble salts and/or charged complexes with nitrates, 
acetates, chlorides, and other inorganic anions [49, 55–60]. 
At ~ 1M of mineral acid solutions (i.e., pH ~ 0), Po may be 
exist as Po4+ [61, 62], H3PoO3

+ [63, 64] and H4PoO3
2+. 

It was found that Po is a metastable between sparingly 
soluble species as (PoO)2(SO4)2 > Po (SO4)2·H2O at ~ 1M 
sulfuric acid solution (Fig. 9b) and charged soluble species 
as HPo (SO4)3

− > PoSO4
2+ (Fig. 9c) [64, 65].

Fig. 8   Thermal analysis of a extracted silica, b olive pomace, c AM3 
nanocomposite

Table 3   The porosity 
measurements for samples of 
silica, AM3 and compacted 
disc—AM3

Sorbent Average pore diam-
eter (µm)

Bulk density (g/
mL)

Apparent density 
(g/mL)

Porosity (%)

Extracted silica 0.0548 0.5422 0.88422 35.62
AM3 0.2726 0.3808 0.6879 44.64
Compacted disc—AM3 0.610 0.4597 0.361 21.47

Table 4   The main characteristic 
of 226Ra, 210Po and 
228Th-radionuclides [44]

Radionuclide Half-life (t1/2) Decay mode Eα (MeV) Iα (%) Main oxida-
tion state

Initial 
activity 
(Bq/l)

226Ra (U-series) 1600 y Α 4.78 94.5 + 2 685
210Po (U-series) 138 d Α 5.30 100.0 + 4 723
228Th (Th-series) 1.91 y Α 5.42 72.7 + 4 478
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In ~ 1M nitric or perchloric acid solution [63, 
66, 67], polonium can be considered as a metasta-
ble between sparingly soluble nitrate complex, i.e., 
(PoO)2(NO3)3(OH) and soluble nitrate species as PoO 
(NO3)2–PoO (NO3)3

− > PoONO3
+ at 25 °C, Fig. 9d. In 1M 

HCl solution, polonium exists as PoCl4 (aq) > Po (OH)2Cl2 
(aq) ~ PoCl6

2− [63, 68], Fig. 9e.
The separation factors (SFs) have been calculated to know 

the possibility of the nanocomposite AM3 for selective sepa-
ration of the radionuclides (226Ra, 210Po and 228Th) from 
the studied different acid solutions. The results are given 
in Table 7. It is clear that the high SF was ~ 325 between 
radionuclides of 226Ra and 228Th in 1M HNO3 solution, 
and ~ 255 between 210Po and 228Th in 1M HClO4 solution. 
As a result, the nanocomposite AM3 was selected to be uti-
lized as ‘compacted disc’ to examine its possibility to obtain 
a group separation or selective separation of radionuclides 
from 1M HNO3 and HClO4 solutions.

Influence of nitric acid solution

Since the high sorption of 226Ra radionuclides from the mix-
ture was obtained by materials of group A and reached to 

89% compared to 62% for 210Po or 2.8% for 228Th, the nano-
composite AM3 was selected to investigate the influence of 
nitric acid solution on sorption efficiency and the separa-
tion affinity of radionuclides. Thus, sorption of the studied 
radionuclides had been studied within the range 0.1–1M 
HNO3. The obtained results are represented in Fig. 10. It is 
seen that the change on the sorption behavior of 226Ra-radi-
onuclides onto AM3 was insignificant, i.e., 83–89%; while 
sorption of 210Po or 228Th-radionuclides decreased slightly. 
This means that sorption of Ra-isotopes does not influenced 
by H+ ions competitions on the moieties in the adsorbent 
surface, whereas sorption of 210Po or 228Th radionuclides 
are slightly affected by H+ ions competitions. Moreover, the 
group sorption of 226Ra and 210Po than 228Th radionuclides 
was observed at 0.1M larger than 1M HNO3.

Sorption efficiency by compact disc technique

In this technique, use of AM3 nanocomposite as ‘compacted 
disc’ for separation of radionuclides has been done sequen-
tially in 1M HNO3 and HClO4 solutions using a filtration 
system as demonstrated in Fig. 2. The radionuclides mixture 
was filtrated off through compact disc (Fig. 1a) with a flow 

Table 5   The sorption efficiency 
(%) and distribution coefficients 
(Kd) of radionuclides found by 
the synthesized nanocomposite 
(AM1—CM9)

Minimum and maximum values are bolded
a Standard deviation (± SD)

Material Code Sorption efficiency (Mean ± SD)a (%) Distribution coefficient (Kd, 
mL/g)

226Ra 210Po 228Th 226Ra 210Po 228Th

Group-A (AM1–AM3)
 AM1 87.9 ± 3.7 53.4 ± 2.2 2.2 ± 0.2 1446 229 4.5
 AM2 89.4 ± 4.0 59.3 ± 3.0 2.5 ± 0.4 1691 292 5.2
 AM3 89.4 ± 3.8 62.3 ± 2.6 2.8 ± 0.2 1691 330 5.5

Group-B (BM4–BM6)
 BM4 58.4 ± 2.5 34.0 ± 1.4 1.6 ± 0.1 281 104 3.1
 BM5 65.0 ± 3.2 44.0 ± 3.1 1.8 ± 0.1 520 340 3.7
 BM6 63.1 ± 2.7 42.0 ± 1.8 2.0 ± 0.1 342 143 4.2

Group-C (CM7-CM9)
 CM7 81.9 ± 3.4 85.7 ± 3.6 3.0 ± 0.2 904 1195 6.2
 CM8 82.8 ± 3.5 72.8 ± 3.1 3.2 ± 0.2 962 535 6.7
 CM9 76.0 ± 3.2 78.7 ± 3.3 3.4 ± 0.2 635 740 7.2

Table 6   The sorption efficiency 
(%) and distribution coefficients 
(Kd, mL/g) of 226Ra, 210Po and 
228Th by AM3 from different 
acid solutions (1M)

Radionuclide Acid solution (1 mol/L)

HNO3 HCl HClO4 H2SO4

% Kd (mL/g) % Kd (mL/g) % Kd (mL/g) % Kd (mL/g)

226Ra 89.4 ± 4 1691 61.0 ± 3 306 37 ± 2 118 83 ± 4 958
210Po 62.3 ± 2.6 330 14.3 ± 1 27 94 ± 2 2954 38 ± 2 121
228Th 5.5 ± 0.2 5.2 93.0 ± 4 2580 5.5 ± 0.5 11.6 5.2 ± 0.4 19.0
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rate of ~ 0.6 mL/min under vacuum. The results are repre-
sented in Table 8.

When this technique carried out in 1M HNO3 solution, 
226Ra, 210Po and 228Th-radionucles do not retained onto 
the compact disc, Fig. 11a. Therefore, the counts of all 
α-emitters (i.e., 226Ra at 4.78 MeV, 210Po at 5.31 MeV 
and 228Th at 5.42 MeV) in HNO3 solution are approxi-
mately the same before and after filtration through the 
compacted disc. In contrast, a significant difference in 
case of 1M HClO4 solution was observed for counts of 
the studied α-emitters, Fig. 11b. The obtained sorption % 

Fig. 9   a Speciation diagram of Ra2+ and Th4+ in 1M HNO3, HCl and 
H2SO4 solutions. b, c Speciation diagram of Po+4 in sulfuric acid 
solution [60]. d Speciation diagram of Po+4 in nitric acid solution 

[58, 61, 62]. e Speciation diagram diagram of Po+4 in hydrochloric 
acid solution [58, 63]

Table 7   Separation factors (SF) of 226Ra, 210Po and 228Th in 1M acid 
solutions by AM3

Radionuclide SF

1M HNO3 1M H2SO4 1M HClO4 1M HCl

226Ra/210Po 5.8 7.9 0.04 11.4
226Ra/228Th 325.3 50.4 10.2 0.12
210Po/228Th 56.1 6.4 254.6 0.01
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by this technique reached to 38.5 ± 2.4 and 77.0 ± 3.1% for 
226Ra and 210Po, respectively; whereas sorption of 228Th 
was ~ 17%.

Figure 12 demonstrates a comparison between batch 
and compact disc for sorption of the radionuclides in 1M 
HClO4 solution by the nanocomposite AM3. It noticed that 
the sorption of 226Ra radionuclides was approximately the 
same (37.2–38.5%) by the both techniques. In case of 210Po 
radionuclides, the sorption % was lowered to 77% by the 
compacted disc obtained by the batch technique (~ 94%). On 
contrast, sorption of 228Th radionuclides increased to ~ 17% 
by the compact disc technique largely than that obtained by 
the batch technique (2.5%). These variations in the sorption 

of the studied radionuclides by the both techniques may be 
attributed to the equilibration conditions, i.e., kinetic reasons 
and/or pore size parameter. It can be concluded that use of 
the nanocomposite materials (AM1–AM3) by batch or com-
pacted disc techniques need more investigations to improve 
its group sorption of 210Po and 226Ra and/or selective separa-
tion of 228Th-radionuclides from 226Ra–210Po–228Th admix-
ture. Thus, these materials can be considered as promising 
and efficient adsorbent to eliminate Ra-isotopes (228Ra, 
226Ra, 224Ra, 223Ra) and/or 210Po in the effluents associated 
with strategic industries, like the front nuclear cycle opera-
tions to obtain the yellow cake, monazite processing and/or 
oil exploration.

Conclusion

Nine nanocomposites (AM1-CM9) were prepared from local 
agriculture wastes (olive pomace and silica) and character-
ized by several physicochemical measurements (e.g., FTIR, 
XRD, SEM, EDX, TEM, TGA, DTA, porosity measure-
ments). The sorption behavior of the nanocomposites was 
examined towards radionuclides of Ra, Po and Th in acid 
solution by batch and compacted disc techniques. It sum-
marizes that the nanocomposites showed group sorption for 
226Ra (58–90%) and 210Po (42–85%) radionuclides in 1M 
HNO3, while sorption of 228Th does not exceed 7%. Thus, 
sorption efficiency nanocomposites cataloged into three 
groups A(M1–M3) > C(M7–M9) > B(M4–M6). Moreover, 
the sorption behavior was efficient in HNO3 and HClO4 
compared with HCl or H2SO4. In the separation applica-
tion by the ‘compacted disc’ as a novel technique, the nano-
composites AM-1–AM3 showed high group sorption for 
226Ra and 210Po larger than 228Th in HNO3 and/or HClO4. 
Sorption of 226Ra was similar to batch method, sorption of 
228Th increased slightly to ~ 17%, while sorption of 210Po 
was decreased to 77%. Thus, use of the nanocomposite 
A (M1–M3) can be considered as promising and efficient 
nano-adsorbent for sorption of Ra-isotopes (e.g., 228Ra, 
226Ra, 224Ra, 223Ra) and 210Po-radionuclides from Ra–Po–Th 
radionuclides admixtures associated with some nuclear and 
industrial activities.

Fig. 10   The influence of nitric acid solution on sorption behavior of 
226Ra, 210Po and 228Th radionuclides onto AM3

Table 8   The sorption efficiency of 226Ra, 210Po and 228Th radionu-
clides by compacted disc AM3

Radionuclide Sorption efficiency (%)

1M HNO3 1M HClO4

226Ra 0.0 38.50 ± 2.4
210Po 0.0 77.00 ± 4.1
228Th 0.0 16.6 ± 1.2
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