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Abstract
The present study investigates to incorporate spiked sulfate solution simulate into polymer–cement composite (PCC) based 
on recycled expanded polystyrene foam. The main aim is to convert the waste stream into leach resistance solid forms able 
to slow down or even to retard the back release of hazardous radionuclides to the surrounding. Effective parameters e.g. 
leachant medium, temperature, radioactivity contents, leachant volumes and radionuclides speciation versus the leaching 
time were studied. The incremental leach rate (Rn, cm/day) and the leach index (Lx) were evaluated for the final waste form 
after 145 days. The experimental results revealed that the Lx for the all variances can fulfil the waste acceptance criteria for 
the disposal facility and are above the threshold value of 6. Moreover, leach rate percentages for Cs-134 and Co-60 were not 
exceeding 2%. The acquired data, based on lab leaching experiments, can recommend the developed PCC under considera-
tion for solidification of radioactive sulphate waste stream safely.
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Introduction

Nuclear energy has been of notable significance in the issue 
of sustainable technological development and a greater 
necessitates for it as a smart source, besides, it is low emis-
sion of greenhouse gases. However, the radioactive waste 
generated is involved in the same topic and should be appro-
priately handle.

Portland cement is currently being utilized on commercial 
scale in multiple applications though out the world, includ-
ing hazard and radioactive waste containment. Incorporation 
of low- and medium level radwastes into Ordinary Portland 
Cement (OPC) has been implemented for many years due 
to the reasonably price easily available materials involved, 
the besides simple inexpensive processing methods. [1] To 

improve the properties of a cement-waste containing matrix, 
particularly its poor resistance to leaching of radionuclides, 
many organic and inorganic additives have been applied 
worldwide to obtain inert matrixes have acceptable leach-
ing integrities. [2–6]

Radionuclide release is dependent on the physical and 
chemical properties and waste packages in addition to, the 
environmental conditions. Leachability relates to the release 
of pollutant radionuclides from the waste or solidified waste 
form, when it comes in contact with solution, into the sur-
rounding environment. The capability of a solid waste form 
to resist this release is a crucial consideration for disposal 
sites environment. According to International Atomic 
Energy Agency (IAEA), it is reported that leach resistance 
is one of the highest interest properties characterizing the 
final waste form. [7]

Most hypotheses during disposal of the final waste forms 
involve the risk that they can be, in the long run, exposed 
to water intrusion. It is possible, also, that during transport 
accidents the solidified waste form could come into contact 
with water. Therefore, capability to retain radionuclides is 
a crucial asset of the final waste form. The main aim of the 
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leach tests is to evaluate, empirically, the release rates of 
the radioactive pollutant ingredients into the surrounding 
biosphere.

Radioactive wastes, regardless of their origin and type, 
must be solidified before their final storage, or even before 
their intermediate storage, to eliminate the risk of uncon-
trolled release of radionuclides pollutants to man biosphere 
to at least substantially reduce such risk. [8]

Present policy on long-term waste isolation is that the 
waste package, which includes the waste form and the con-
tainer, should offer a balance to the natural geological barrier 
until the waste hazard has been, to a great extent, reduced by 
radioactive decay. [9]

Leaching can proceed through a multiple mechanisms. 
Commonly leaching is governed by diffusion; however, other 
mechanisms can involve e.g. dissolution, chemical reactions 
and/or combinations of them. All those mechanisms are and 
issue of the specific surface area of the monolith waste form 
exposed to the leachant. For instance, ignoring radioactive 
decay, the semi-infinite solution for mass transport by dif-
fusion from a homogeneous medium having a zero surface 
contamination for all time (t) > 0 can be calculated according 
to the relation (1):

where,
Σ  an = cumulative activity released, Bq;
Ao = Total initial activity contained in the monolith waste 

form, Bq;
V = solid specimen volume,  cm3;
S = solid specimen geometric surface area,  cm2;
De = effective diffusivity, cm/day and.
Σ tn = cumulative leach time, day.
The effective diffusivity is a function for the waste form 

and radionuclide considered under the designees of the test 
procedure. [10] Laboratory leach experiments data can then 
be extrapolated to full scale waste forms by proper applica-
tion of the V/S ratio.

Radioactive sulfate waste streams are generated in the 
nuclear facilities, mainly, from the regeneration of exhausted 
spent ion exchange resins which used as filters. Sulfate waste 
is considered as one of the most problematic radwaste since 
its direct incorporation into cement, as a solidifying matrix, 
can cause corrosion of the final waste form leading to back 
release of the contained radionuclides.

To overcome the high porosity of cement, a newly poly-
mer- cement composite based on polystyrene foam wastes 
was developed. That composite is not only cost effective 
one, since it used the waste foam for formulation, but also, 
it is environment friendly product through get riding of the 
accumulation of one of the polymer wastes. The formula-
tion process carried out at room temperature, the obtained 

(1)(Σ an∕Ao) = 2 ∗ S/V ∗
[

De∕�
]1∕2

∗ tn1∕2

polymer-cement composite is mold ability, early setting, 
acceptable mechanical integrity and low porosity of the 
final waste form are additional advantages of the PCC 
under consideration.

In this study sulphate waste simulates was prepared sim-
ilar to that belongs to wet evaporator bottoms from Boiling 
Water Reactors (BWRs) and, also from the regeneration 
of radioactive spent ion exchange resins. The obtained 
waste simulate was incorporated into cement- polystyrene 
composite. The used polymer was prepared from chemical 
recycled polystyrene foam. Factors assumed to affect the 
leaching behaviour of the reached monolith final waste 
form, e.g. type of leachant, temperature of leaching test, 
volume of leachant, radionuclide species studied and the 
radioactivity content, were studied systematically.

Experimental arrangements

Materials

Sulphate waste simulate (SW)

Simulated sulphate waste streams were used for leachabil-
ity evaluations. Sodium sulphate waste simulate solution 
was formulated comparable to the waste slurry generated 
from BWRs power plants [11] Table 1. The salts were 
added one after the other in distilled water while stirring. 
The total concentration of the solution was 225 g/l. The 
sulphate content was 64.84 g/l added as sodium sulphate 
 (Na2SO4). The obtained solution was evaporated under 
infrared lamp to complete dryness and up to constant 
mass. The solid SW was immobilized in the PCC at the 
ratio 11% by the mass of the dry cement powder used.

Table 1  Chemical composition 
of sulphate waste simulates 
(SW) solution (g/l)*

*Adapted from Hsu et.al. [11]

Chemical composi-
tion

Concentra-
tion in g/l

Na2CO3 0.56
Na2SO4 113.16
Fe2O3 7.1
NaCl 75.19
SiO2 5.38
NaOH 2.00
MgCl2 16.16
NaPO3 0.864
KCr2O7 0.75
Ca(OH)2 3.89
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Ordinary portland cement (OPC)

The OPC utilized for assembling the cement-polymer com-
posite is an Ordinary Portland Cement (CEMI, N ~ 42.5) 
fabricated after the Egyptian Standard Specification 
ES-4759–1/2005 and EN 197–1/2004. The oxides concen-
trations and compound contents of the dry cement powder 
are presented in Table 2.

Expanded polystyrene foam waste (PSW)

Expanded polystyrene foam is highly wide spread polymer. 
It is a rigid thermoplastic polymer with closed cell. In the 
present work, a recycled PSW waste was utilized as an alter-
native for the virgin ones. It was collected from the nearby 
dump site and washed with detergent and water before 
recycling.

Leaching medium

Plain-, ground-, and seawater were applied as leachant media 
to evaluate the leach resistance of the polymer-cement com-
posite immobilizing radioactive sulphate waste simulate end 
products. The concentrations of some ions of interest in the 
three media are depicted in Table 3.

The PCC—sulphate final waste forms were leached in the 
three water that simulating, the surface water and assumed 
to break through the disposal sites.

Radioisotopes used

Simulated waste form monolith formulated for the leachabil-
ity resistance analyses were spiked with radioactive isotope 
tracers. Radiocesium (Cs-134, T½ = 2.5 years) and radioco-
balt (Co-60, T½ = 5.25 years) which were obtained by irra-
diating analar grade of cesium chloride (CsCl) and cobalt 
chloride  (CoCl2) in the second Egyptian research reactor.

Salts and solvents

All the salts and solvents applied were of commercial grade 
and used without further purification otherwise noted.

Methodology

Dissolution of expanded polystyrene foam waste

After washing the PSW with detergent, rinsing with water 
and drying, acetone was added to reduce its volume and 
convert it to collapse polymer blocks. Those blocks were 
then dissolved in a small amount of toluene. The resulting 
resin (PSW-acetone -toluene) compiler at (A: T, 4:2 by vol-
ume) can be easily mixed with cement paste because ace-
tone formed major fraction of the resin, which completely 
miscible with water of the cement paste. The dissolution 
process was performed at room temperature (30 ± 2 °C). 
The obtained resin was ready to be mixed with the cement 
paste. Complete characterization of the obtained resin and 

Table 2  The chemical analysis 
and oxides composition of dry 
cement powder

Loss on ignition (LOI) = 3.96 %, Specific gravity = 3.26 g/cm3

Oxides Oxides concentration, 
% (mass/mass)

Oxide compounds Oxide compounds 
mass fraction, (%)

SiO2 19.84 3CaO −  SiO2  (C3S) tricalcium silicate 53.11
Al2O3 4.74 2CaO −  SiO2  (C2S) dicalcium silicate 16.89
Fe2O3 4.0 3CaO −  Al2O3  (C3A) tricalcium aluminate 5.81
CaO 61.01 4CaO −  Al2O3 −  Fe2O3  (C4AF) tetracalcium 

aluminoferrite
12.16

MgO 2.5
K2O 0.6
SO3 2.4
Na2O 0.5
Others 4.41 12.03

Table 3  Major ions of interest 
analyzed in different water used 
as leaching media

Medium pH Soluble cations (ppm) Soluble anions (ppm)

K+ Na+ Mg2+ Ca2+ Cl− SO4
2− HCO3

−

Plain water 6.90 0.08 1.07 1.2 1.4 0.77 0.7 1.8
Ground water 7.20 23 149 13 74 137 317 272
Sea water 7.93 8.4 652.6 96.9 28.06 496.9 60.8 183
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its PCC with the cement paste were evaluated in previously 
published work. [12, 13]

Preparation of the radioactive final waste form

Cement paste was prepared by hydrating dry cement powder 
with plain water at water: cement ratio 35% by mass. The 
PCC was obtained when 7% of the resulting (PSW: A: T) 
resin, calculated relative to the mass of the dry cement pow-
der, was dispersed into the cement paste thoroughly. Dried 
spiked SW powder was then added to the PCC, while keep-
ing stirring, at the ratio of 11% calculated based on the mass 
of the dry ordinary Portland cement (OPC) powder. Hand 
agitation was conducted for more 5 min to keep the PSW 
resin is entirely dispersed into the mixture and to evacuate 
the air bubbles that may trapped in the final waste forms. The 
reached admixture was poured into polyethylene mold and 
closed tightly with its cover allowing the product to set and 
hard under its moisture at room temperature (25 ± 2 °C) for 
28 days. At the end of the curing period, solid free stand-
ing radioactive monolithic blocks were demolded, having 
dimensions: (3.51 ± 0.05 cm) diameter and (3.17 ± 0.06 cm) 
height, with no drainable free standing water.

Leaching process

The worst case was selected to evaluate the leach resist-
ance of the cement-composite, under consideration, stabi-
lizing spiked sulphate waste simulate. Hence, each of the 
acquired solid monoliths was hanged in a plastic container 
and supported in a perforated grid plastic holder in a way 
that allowing, more or less, the whole external surface of the 
specimen for the leachant media's exposure. The leaching 
test was carried out with the liquid–solid volume ratio of 5: 
1, or the ratio of the volume of leachant to exposed surface 
area of the specimen should not exceed 10 cm. Therefore, 
the block was hanged in 150 ml of a nominated leachant 
medium, otherwise denoted. All the leaching experiments 
were carried out on laboratory scale under batch static con-
ditions (i.e. no agitation, no movement, and the leachant 
was not replaced by fresh one during the whole test period. 
Allotment volume of the leachant was periodically with-
drawn out of the leaching container, counted for radioactiv-
ity content then returned to the leaching jar again, Fig. 1. 
The two Gamma emitters, i.e. radiocesium and radiocobalt 
in the leachate were directly measured by γ-ray spectrometer 
of pure NaI crystal 3 × 3 inch, Genie 2000, Gamma Acqui-
sition & Analysis, Canberra. An aging and curing period 
up to the 28 days in moist atmosphere before the onset of 
leaching experiments can reduce the leached radionuclide 
materials. [14]

Leaching tests were performed at ambient temperature 
otherwise indicated. The leaching solution was counted for 

radioactivity daily during the first month, once per week in the 
following month, then once per month during the following 
six months and then twice per year as long as is considered 
necessary.

The leachability of radionuclides out from the final waste 
form was evaluated based on the leachability Index (Lx). 
Where, Lx is defined according to Eq. (2).

where De is the effective diffusion coefficient (cm/day).
By substituting the slope into Eq. (3), the effective diffusion 

coefficient [De] can be obtained: [15]

where the slope was calculated, from the relation of cumula-
tive leach rate [Σan/Ao] versus the square root of the cumu-
lative leach time [√ Σ tn], as a vertical distance divided by 
the horizontal distance between any two points on the line, 
which is the rate of change along the regression line

where, Σan is the cumulative amount radioactivity released 
during leaching periods up to tn (Bq),

Ao is the initial amount of radioactivity in the final waste 
form (Bq);

V is volume of the solid spiked monolith  (cm3);
S is the surface area of solid spiked monolith  (cm2) and.
Σ tn is the cumulative leach duration, days.
Various small-scale final waste form specimens were 

applied to predict long-term releases of radiocesium and/or 
radiocobalt. The formulation of the different specimens is pre-
sented in Table 4.

(2)Lx = − log De

(3)De = (slope)2 ∗ (V/S)2 ∗ (�∕4)

Fig. 1  Schematic figure for leaching process
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Results and discussion

The main objectives for the predisposal waste management 
stages are the fabrication of final waste forms or waste pack-
ages suitable for interim storage, transportation and final 
disposal. The final waste form considered as a compartment 
in a whole nuclear waste disposal arrangement. Its primary 
task within this system is to grant the first barrier against 
hazard radionuclide release.

Leaching experiments were searched at laboratory scales 
to evaluate the factors that can affect the release of Cs-134 
and/or Co-60 from cement polystyrene composite mono-
lith incorporating sulphate waste simulates. Radionuclide 
release is dependent on the physical and chemical properties 
of the final waste forms, besides the environmental condi-
tions. [16]

The present study relates to a method to evaluate the 
radionuclide retention properties of PCC solidified radio-
active sulphate wastes simulate. Factors that can affect the 
release of Cs-134 and/or Co-60, e.g: the types of leachant 
media, temperature of treatment, volume of leachant, radio-
nuclide speciation, total radioactivity contents, as previously 
stated, and the data reached were represented and discussed 
systematically.

Impacts of leachant medium

According to Faiz et al. [17] the kinetic study could be cal-
culated based on the radioactivity (Cs-134 & Co-60) cumu-
lative leach fraction percentage (LF %) according to Eq. (4)

At the end of curing and harding period three specimens 
of the final PCC monoliths spiked with Cs-134 & Co-60 
were leached separately in three leachants, namely, plain-, 
ground- and sea water for 145 days. The data reached were 
presented in Figs. 2 and 3.

Based on the data reached, the calculated cumulative 
leach fraction percentages for the final waste form were 0.35, 
0.37 and 0.33% in plain-; ground- and seawater, respectively 
after 145 days. It should to state that not more than 0.37% 
of the total radioactivity added was leached out from any 
final waste forms after 145 days. As the leaching percent-
ages of Cs-134 & Co-60 mixture were extremely less than 
20%, therefore, the leaching behaviour of radionuclides from 
polymer-cement composite waste forms approached that of 
a semi-infinite medium. [18]

Incremental leach rate (Rn)

The incremental leach rates (Rn, cm/day) for the radionu-
clides leached in the three leachants were calculated based 
on the coming relation (5), [17], and the data obtained are 
illustrated in Fig. 3

The Rn rates were high initially in the three leachants 
but finally the rates were nearly the same up 145 days. 
The incremental leach rates for the final waste forms 
were 1.37E-05, 1.44E-05 and 1.18E-05 cm/day in plain-; 
ground- and seawater, respectively, Fig. 3. The data dem-
onstrated that the nominated matrix, immobilizing spiked 
sulphate waste, have low Rn values from the onset of the 
test which recommended it for solidification/ stabilization 
of radioactive sulphate waste properly. Similar trend was 
reported by Zhou et al. [19]

It is clear that the cumulative release fraction in per-
centage (Σan/Ao, %), (Fig. 2), and incremental leaching 
rates (Rn), (Fig. 3), of the total radioactivity is low for 
sea water compared to both plain- and ground- water. As 
the water: cement ratio is low (i.e. < 0.45) the salt content 
in seawater attack the surficial of the monolith and bru-
cite salt forms an impermeable layer. [20] Moreover, as 
seawater has the highest salts content (35 g/l) the other 
two water. That salts could be deposited inside the PCC 
microspores led to lower release of radioactivity, Fig. 4. 
Similar trend was published previously. [5]

It is well known that, the effective mass transfer barrier 
is depending on the stability and durability of the analo-
gous physical matrix and the area accessible for leach-
ing. It should be notified that, the threshold Leach Index 
recommended the threshold Leach Index recommended 

(4)LF, % = Σ an∕Ao ∗ 100

(5)Rn =
(

Σan

Ao
∗
v

s

)

∕Σtn

Table 4  Formulation of spiked sulphate waste simulates immobilized 
in PCC final monolith (a) and subjected to various leaching solutions

(a)  Composed of W/C ratio = 35 %, sulphate waste simulate =11%, 
polymer = 7% (mass/ mass)
Cs* & Co* = Cs-134 and/or Co-60, ** PW = Plain water, *** GW= 
ground water and **** SW= Sea water

Specimen 
no.

Mass, g Radius, 
cm

Height, 
cm

Radionu-
clide

leachant

T1 75.1 1.72 3.1 Cs* &Co* P W**
T2 75.4 1.74 3.1 Cs* &Co* GW***
T3 76.7 1.75 3.3 Cs* &Co* SW****
T4 77.1 1.72 3.2 Cs* &Co* GW
T5 76.7 1.74 3.2 Cs* &Co* GW
T6 77.0 1.75 3.2 Cs* &Co* GW
T7 76.1 1.73 3.1 Cs* GW
T8 75.3 1.74 3.1 Co* GW
T9 77.0 1.74 3.2 Cs* &Co* GW
T10 76.9 1.73 3.1 Cs* &Co* GW
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should be greater than 6. [21] The calculated leach indexes 
for radioelements from the spiked PCC waste monoliths in 
the sea-, ground- and plain water were nearly 11.6. Those 
values are greater than that recommended by U.S. Envi-
ronmental Protection Agency (EPA). [21] This suggested 
the proposed polymer-cement composite, based on the 
recycled polystyrene foam, for proper solidification/stabi-
lization of sulphate waste streams, generated from BWRs 
under the different leachant solutions. The Lx of radionu-
clides fulfilled the waste acceptance criteria (WAC) of the 
disposal facility, hence validating their disposal feasibility.

It was reported that, the mechanism that fully con-
trols the leaching process can be determined by the linear 
regression of the logarithm of Rn values that based on 
CLF versus the logarithm of time in second. [18]

Fig. 2  Cumulative leach frac-
tion percentage (Σan/Ao %) of 
the total radioactivity (Cs-134 
& Co-60) from the final waste 
form in the three leachants

Fig. 3  Incremental leach 
rate (Rn, cm/day) of Cs-134 
& Co-60 from spiked final 
waste form immobilizing 11% 
sulphate waste simulate in the 
three leachants

Fig. 4  Polymer-cement waste form immersed in sea water
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Figure 5 depictes the coefficients of determination  (R2) 
of the fitting straight curves values for logarithmic incre-
mental leach rates (log Rn, cm/sec.) versus the logarithm of 
time (Σtn in second) in the three leachants. The all values 
are above 0.995. This indicates that the diffusion can be the 
driving leaching mechanism during the radionuclides leach-
ing process. [22]

Impact of temperature on leaching behaviour 
of the spiked final waste form

The leaching test carried out at cold conditions, i.e. at refrig-
erator is designed to simulate ocean disposal while that per-
formed at ambient conditions to simulate ground- or plain 
water in shallow land disposal site.

The chemical integrity of spiked final waste as a func-
tion of surrounding temperature was evaluated for monolith 
leached in groundwater at refrigerator ~ 6 ± 0.2 °C and at 
room condition ~ 25 ± 2 °C. The results obtained are repre-
sented in Fig. 6 and Table 5. It clears from Fig. 6 that the 
cumulative leach fraction at room temperature is higher than 
that at ~ 6 °C. This can be attributed to the increase in the 
mobility of radionuclides incorporated into the final waste 
forms due to the difference in the surrounding temperature. 
This conclusion was corroborated by the calculated values 
for cumulative leach fraction percent, leach index, incremen-
tal leach fraction and diffusion coefficient, Table 5.

It is clear that cumulative leach fraction percent, diffusion 
coefficient and incremental leach rate were lower for the test 
carried out at ~ 6 °C than that performed at room tempera-
ture. It is noted, also, that for the both samples that were kept 

Fig. 5  The logarithmic incre-
mental leach rate (log Rn, cm/
sec) of the Cs-134 & Co-60 
from spiked final waste form 
immobilizing 11% sulphate 
waste simulate in the three 
leachants

Fig. 6  Cumulative leach frac-
tion after 145 days as function 
of leaching test temperature
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at room temperature and that set aside at refrigerator have 
Lx great than 6.

Based on the data presented, it can be stated that the 
PCC under consideration has the capability to work as inert 
matrix properly for the sulphate waste streams even at dis-
posal site with low surrounding temperature.

The coefficients of determination  (R2) of the fitting 
straight curve values for logarithmic incremental leach rates, 
(log Rn, cm/sec.), for the test kept at ~  6° C and at 25 ± 2 °C 
and leached in groundwater is above 0.995, Fig. 7. This con-
firms, again, that the diffusion is mostly the driving leaching 
mechanism during the radionuclides leaching process even 
at low temperature.

Effect of the volume of leachant to the exposed 
surface area of the final waste form

To evaluate the impact of the increasing the volume 
of leachant, keeping the surface area of spiked PCC 
at ~ 54 ± 1.3   cm2, on the leachability of radionuclides: 
three specimens were hanged, separately, in three jars 
had increasing volumes of ground water as 150, 300 and 
450 ml keeping the ratio to the surface area of the solid 
bocks, usually, less than 10. The results obtained are pre-
sented in Fig. 8.

It is obvious that increasing the volumes of leachant 
accompanied by escalation in leach rate percentages. This 
can be attributed to that: more water can diffuse into the 
solid specimens leading to more release of radionuclides. 
Even so still the driving leaching force is remaining dif-
fusion route, Fig. 9.

Data in Table 6 corroborated the trend in Fig. 9 where 
increasing the volume of leachant /surface area ratio of 
the final waste forms accompanied by an escalation in dif-
fusivity from 7.49 E-13 to 4.21 E-12 cm/day as increasing 
the volume of leachant by three folds. In addition the leach 
index of the radioactivity decreased from 12.13 to 11.38.

Therefore, the ratio of volume of leachant to the 
exposed surface area of the final waste monolith should 
not exceed than 10 cm. Besides, in an accident of break-
through of water into a repository, it is highly crucial to 
follow the flow rate of water into the site to avoid the 

release of hazardous radionuclides out of the solidified 
waste forms to the surrounding. [18]

Laboratory leach experiments data can be extrapolated 
to full scale final waste forms by the proper application 
of the volume/surface area of the solid waste form (V/S) 
ratio. A two hundreds and ten litres waste form has a V/S 
ratio of 10 0.8 cm. Applying this concept it can predict.

That foremost of a 210 L polymer-cement compos-
ite final waste form incorporating sulphate waste stream 
under similar conditions could provide cumulative fraction 
releases nearly 6.75% compare to that obtained at labora-
tory leaching experiments (V/S = 0.56 cm) at all cumula-
tive leach time values. This can candidate the PCC as an 
inert matrix for that waste category. However, more work 
is needed to confirm the reliability of extra-plotting of data 
obtained over shorter experimental periods.

The behavior of radionuclide species 
during the leachability of the spiked waste forms

To study the behaviour of radionuclides species during the 
leachability of the spiked final waste forms, sulphate waste 
simulate samples were spiked separately with Cs-134 or 
Co-60 prior to their incorporation into the polymer-cement 
composite. At the end of curing period, the obtained solid 
monoliths were leached in groundwater for 145 days and the 
acquired data are presented in Figs. 10 and 11 for Cs-134 
and Co-60 respectively.

Radiocesium is a main component of many waste streams 
having a detectable radiological and radiotoxicity hazards in 
addition to its most interested chemical characters that are 
comparatively simple, being monovalent and very soluble 
cation.

According to Bayoumi more than 70% of the radioce-
sium original activity was leached from cement waste 
form. [23] Similarly, previous published figures for radi-
ocesium leached out of cement specimens were about 
90% after 25 days. [24] Those figures are highly compa-
rable to less than 50% Cs-134 released from the polymer-
cement composite under consideration, Fig. 10A.

The logarithmic incremental leaching rate acquired for 
sulphate waste simulate spiked with. Cs-134 and incor-
porated into the polymer cement matrices is depicted 
in Fig. 10B. It is clear that the trend of the curve is not 
straight line. This can be described the leaching mecha-
nism of Cs-134 from the nominated matrices is a combina-
tion of wash out, diffusion and dissolution processes. This 
can be confirmed according to Godbee and compere pub-
lished work, [25], which denoted that: for most of the final 
waste forms the leach rate can be describe as combination 
processes when more than 20% leach rate reached and the 

Table 5  The impact of the surrounding temperature on cumulative 
leach fraction, diffusion coefficient, leach index and incremental leach 
rate for the spiked final sulphate waste form leached in ground water 
for 145 days

Temperature parameter 6 ± 0.2 °C 25 ± 2 °C
Cumulative leach fraction, Σ an/Ao % 0.3356 0. 3731
Diffusion coefficient, De in cm/day 8.10E-13 7.75E-13
Leach index, Lx 12.09 12.13
Incremental leach rate, Rn, cm/ day 1.30 E-05 1.44E-05
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Fig. 7  The logarithmic incre-
mental leach rate (log Rn, cm/
sec) of the of total radioactivity 
from spiked final waste form 
immobilizing 11% sulphate 
waste simulate leached in 
groundwater at ~ 6 °C and at 
25 ± 2 °C

Fig. 8  The impact of differ-
ent volumes of groundwater 
leachant on the radionuclides 
cumulative leach fraction 
percent

Fig. 9  The logarithmic incre-
mental leach rate (log Rn, cm/
sec) of the total radioactivity 
from spiked final waste form 
immobilizing 11% sulphate 
waste simulate leached as func-
tion of increasing the volumes 
of groundwater leachant
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leaching behaviour could not be estimate as diffusion of 
the radionuclide species out semi-finite medium. [26]

In addition to radiocesium, radiocobalt is one of most 
famed radionuclide in many types of radioactive waste 
streams. The behaviour of Co-60 in leaching of a spiked 
PCC waste form in groundwater for 145 days was followed 
and the reached results were presented in Fig. 11.

On contrary to radiocesium, the total leach fraction per-
centage of radiocobalt after 145 days was less than 1.6% 
of the original activity added, Fig. 11A. Similar trends 
were published. [27–31] The predominate Co-60 leaching 
deriving force seemed to be generally diffusion as shown 

in Fig. 11B. However the calculated leaching indices of 
radiocesium and radiocobalt were 7.91 and 10.25, respec-
tively. Again those values satisfy the Waste Acceptance 
Criterion (WAC) i.e. < 6. These findings reveal that PCC 
under consideration can be applied to solidified sulphate 
wastes generated from BWRs and other peaceful applica-
tions of nuclear technologies spiked with radiocesium and 
radiocobalt appropriately.

Generally, the reduction in the leachability of Cs-134, 
compared to the published figures, and Co-60 can be due 
to the occurrence of hydroxide from some heavy metals 
such as iron and manganese in the cement environment, 

Fig. 10  The leach behaviour 
of radiocesium in groundwater 
after 145 days A cumulative 
leach fraction percentage and 
B the logarithmic incremental 
leach rate (log Rn, cm/sec)

Fig. 11  The leach behaviour of radiocobalt in groundwater after 145 days A cumulative leach fraction percentage and B the logarithmic incre-
mental leach rate (log Rn, cm/sec)
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which can be serving as sorbents and delay the leaching 
of the two radionuclides. Similar explanation was added 
after Engelsen et. al. [32]

The significant difference in the leachability of Cs-134 
and Co-60 can be explained as follows:

(1) The significant high release of Cs-134 from the PCC 
monolith can be attributed to the low sorption capabil-
ity of cement toward radiocesium and its high solubility 
at the alkaline pH of hydrated cement ranging from 
12.5 to 13.6. [33, 34]

(2) Jiang et. al. [35], identified two types of sorbed ions at 
the calcium silicate hydrate C–S–H surface: the strong 
inner-sphere and the weak outer-sphere sorbed. It is 
assumed that radiocesium is strongly sorbed by the 

outer-sphere surface site where Cs nuclide is loosely 
bound. [36]

(3) On the other hand the highly significant low leachabil-
ity of radiocobalt can be attributed to the notably high 
pH values of the leachates, in the range of 11 and 13 
due to the cement hydration products i. e. the pres-
ence of soluble Ca(OH)2 and  CaCO3 in the cement final 
waste forms surroundings. Hence it can be proposed 
that, under this high alkaline conditions, cobalt mostly 
can be precipitated as hydroxides (Co (OH)2).

(4) In addition, the formation of Co–Al layered double 
hydroxide (LDH) phases, under the stated cement 
alkaline condition which can, also, stabilize radioco-
balt. Moreover, the metallic ions can be incorporated 
into the hydrate phases of C–S–H, and mono sulphate 
(AFm) in the cement grout. [22]

The impact of increasing the incorporated 
radioactivity on the leached rate

It is obvious from Fig. 12A that there were no significant 
differences in the total activity leached as function of esca-
lating the radioactivities contents of the spiked sulphate 
waste simulates incorporated in the PCC and leached in 
groundwater up to 145 days. Moreover, the incremental 
leach rates (Rn, cm/day) for the three specimens tested were 
in the range of -0E5 even by raising the total activity from 
1644 Bq/g up to 2791 Bq/g. Also, the leach indexes for the 

Fig. 12  The leach performance of PCC solid monolith as a function of increasing the added total radioactivity of the spiked sulphate waste simu-
late in groundwater after 145 days A cumulative activity leached in Becquerel B The logarithmic incremental leach rate (log Rn, cm/sec)

Table 6  The impact of increasing volumes of groundwater leachant 
relative to surface area of the solid specimens on cumulative leach 
fraction, diffusion coefficient and leach index for the spiked final sul-
phate waste forms

*Volume of leachant /surface area of the solid block

Parameter 
Leachant vol-
ume, ml

VL/S*, cm Σan/Ao, % De, cm/day Leach index, 
Lx

150 2.8 0.37 7.49 E-13 12.13
300 5.6 0.67 4.47E-12 11.35
450 8.3 1.03 4.21E-12 11.38
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tested activity content namely: 1644, 2255 and 2791 Bq/g 
were 11.41, 11.82, and 12.13 respectively, Table 7. Those 
values are satisfying the WAC required for the safe disposal 
process i.e. ˃ 6.

It should be notified that even by increasing the radio-
activity concentrations in the PCC monolith leached in 
groundwater is, predominantly, the diffusion mode which 
stills the driving concept describing the leaching process, 
Fig. 12B.

Conclusion

Based on the data obtained from this study, it was found that 
the mechanism involved in the leaching of Cs-134 from the 
polymer cement composite matrix can be surface wash-off, 
dissolution and diffusion mechanisms, while for Co-60 it 
can consider as diffusion process. The leachability indexes 
for the all formulated final waste forms were above the rec-
ommended minimum of 6 that allowed their acceptance for 
safe disposal.

Leachability resistant characteristics of the solidified 
waste form can be taken as indication for its radiation sta-
bility due to the impacts of irradiation from enclosed radio-
activity and that nearby in the disposal site.

The application of polymer-cement composite, based on 
recycled polystyrene foam, as a system for immobilization of 
sulphate waste originated from Boiling Water Reactors and 
other peaceful applications in nuclear facilities demonstrate 
that it is possible to provide not only a higher level of filling 
with polymer ingredient but also improving the capability of 
that matrix to stabilize hazard radiocesium waste solutions 
to acceptable extent. Moreover providing their long term 
storage stability, during which the water-resistance rise in 
the course of time.

Based on the leaching characterization and from an envi-
ronmental point of view, economic reward and cost -effec-
tiveness, it is possible to combine the recycled polystyrene 
foam to cement paste for a monolith composite matrix suit-
able for solidification /stabilization of radioactive sulphate 
waste streams, consequently, can reduce the hazard impacts 
of the release of radiopollutants to the ecology.

The calculated diffusion coefficients (De) and leachability 
indexes (Lx) of cesium and cobalt suggested that PCC can be 
considered as a potentially efficient matrix for both radionu-
clides immobilization, since the mean leachability index in 
all cases was above the threshold values and greater than 6.
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