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a b s t r a c t

The adsorption of cesium on cement mortar from aqueous solutions was studied in series of bench-scale
tests. The effects of cesium concentration, temperature and contact time on process kinetics and equi-
librium were evaluated. Experiments were carried out in a range of initial cesium concentrations from
0.0103 to 10.88 mg L−1 and temperatures from 278 to 313 K using coupons of cement mortar immersed
in the solutions. Non-radioactive cesium chloride was used as a surrogate of the radioactive 137Cs. Solu-
tion samples were taken after set periods of time and analyzed by inductively coupled plasma mass
spectroscopy.

Depending on the initial cesium concentration, its equilibrium concentration in solution ranged from
0.0069 to 8.837 mg L−1 while the respective surface concentration on coupons varied from 0.0395 to
22.34 �g cm−2. Equilibrium test results correlated well with the Freundlich isotherm model for the entire
inetic
quilibrium

test duration. Test results revealed that an increase in temperature resulted in an increase in adsorption
rate and a decrease in equilibrium cesium surface concentration. Among several kinetic models consid-
ered, the pseudo-second order reaction model was found to be the best to describe the kinetic test results
in the studied range of concentrations. The adsorption activation energy determined from Arrhenius
equation was found to be approximately 55.9 kJ mol−1 suggesting that chemisorption was the prevalent
mechanism of interaction between cesium ions and cement mortar.

Crown Copyright © 2011 Published by Elsevier B.V. All rights reserved.
. Introduction

Radioactive cesium (137Cs) is a common radionuclide that has a
ange of applications such as cancer therapy, radiation detection,
ineral processing, and construction industry. Cesium is also one

f the main products of nuclear fission and is therefore present
n spent nuclear fuel [1,2]. Release of the radioactive cesium into
nvironment can create serious environmental problems as well
s human health hazard. Well known examples of such releases
nclude the accident at the Chernobyl Nuclear Power Plant [3,4],
ncidents in Goiânia, Brazil [5] and in Los Barrios, Spain [6]. In these
ases, the release of cesium resulted in an environment contam-
nation whose mitigation required significant efforts. In addition
o accidental releases, radioactive cesium can enter the environ-

ent as a result of sabotage of terrorism, e.g., using a radiological
ispersal device, or “dirty bomb” [7].
Given the abundance of sources of radioactive cesium and
ts damaging effects, there has been extensive research on the
dsorption of cesium on various materials [7–14]. For example,

∗ Corresponding author. Tel.: +1 613 990 4073; fax: +1 613 991 9485.
E-mail address: konstantin.volchek@ec.gc.ca (K. Volchek).

304-3894/$ – see front matter. Crown Copyright © 2011 Published by Elsevier B.V. All ri
oi:10.1016/j.jhazmat.2011.07.111
the adsorption of cesium on ceiling tiles was investigated in our
previous study [7]. Among various materials, cement-based con-
struction materials such as concrete and mortar are of a particular
interest in case of cesium release in an urban area, for two main rea-
sons. First, cement is the main component of construction materials
used in residential, commercial and industrial buildings. Cesium
can therefore precipitate on cement mortar or concrete from the
air as a result on an industrial accident. In addition to building con-
struction materials, there are also concrete and cement-lined steel
pipes widely used in drinking water distribution systems and in
wastewater collectors. In this case, cesium can interact with cement
mortar or concrete if cesium is present in radioactively contam-
inated water. Second, cesium can strongly bind to cementitious
matrices which makes radiological decontamination difficult if not
impossible [15]. The strong adsorption was explained by strong
bonding that occurs between cesium and the silicates on the surface
of concrete [16]. Cement contains oxides of calcium, aluminum, and
silicon, commonly called as calcium–alumino–silicate [17]. Micro-
porosity of cementitious matrices also plays role in a high affinity

towards cesium ions. A strong adsorption hinders the removal of
cesium from contaminated concrete as reported by Real et al. [15].

It was reported that if cesium remains on concrete in a dry form
it can be easily removed from the contaminated surface [4]. The

ghts reserved.

dx.doi.org/10.1016/j.jhazmat.2011.07.111
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Nomenclature

A Arrhenius constant
b Langmuir constant (mg−1 L)
C0 initial cesium concentration in solution (mg L−1)
Ct cesium concentration in the liquid phase at time, t

(mg L−1)
Ce cesium concentration in solution at equilibrium

(mg L−1)
dq/dt rate of adsorption (mg cm−2 h−1)
Ea activation energy (kJ mol−1)
k1 first order rate constant for adsorption (h−1)
k2 Pseudo second order rate constant for adsorption

(cm2 �g−1 h−1)
KF Freundlich constant (�g1−1/n mL1/n cm−2)
kp intra-particle diffusion constant (�g cm−2 h−1/2)
m coupon mass (g)
mav average coupon mass (g)
n dimensionless Freundlich parameter (n > 1)
q0 initial cesium surface concentration (�g cm−2)
qe cesium surface concentration at equilibrium

(�g cm−2)
qm maximum saturation capacity (�g cm−2)
qt cesium surface concentration at a given time

(�g cm−2)
R universal gas constant (8.314 J K−1 mol−1)
S external surface area of the coupons (cm2)
Sav average external surface area of the coupons (cm2)
T temperature (K)
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mode. An internal standard of 0.1 mg L−1 rhodium in 4% hydrochlo-
ric acid was used to monitor the analysis. The instrument was
calibrated by 0.1 and 1 mg L−1 standard cesium solutions before
t contact time (h)

resence of water, on the other hand, greatly enhances cesium
inding to cementitious materials and makes its removal difficult.
ater will most likely be present when cesium is released in the

nvironment. For example, even if the original source of cesium is
n a form of dry powder of cesium chloride, which is a common
hemical form of radioactive cesium, the hygroscopic powder will
uickly attract water if there is moisture in the air. In case of rain,
esium will dissolve in a large volume of water.

The objective of this study was to investigate the adsorption
f cesium from aqueous solutions on cement mortar to mimic wet
onditions and to address the case of a strong binding. Specific focus
as on adsorption equilibrium and kinetics. This was to establish

a) what levels of contamination of cement mortar will be achieved
or given cesium concentrations in solution and (b) how soon these
evels will be achieved. Physicochemical modeling was used to
nterpret the experimental results. The goal was also to identify
he nature of adsorption (i.e., physical or chemical) by estimating
he value of adsorption activation energy.

Results of this study can likely be used to describe the adsorp-
ion of cesium on concrete. The difference between cement mortar
nd concrete is that the latter also contains larger aggregates such
s gravel or crushed rocks. These aggregates are normally in the
ulk but not on the surface. One can therefore assume that the
dsorption on both concrete and mortar is defined by the same
ementitious matrix. From this perspective, cement mortar can be
onsidered a surrogate for concrete, for surface adsorption study
urposes. Intact mortar coupons were used directly in the tests as
pposed to crushed or pulverised samples. The adsorption values
ere attributed to the exposed surface area of a coupon instead
f the mass of a crushed sample. This was done based on practical
onsiderations: it would be easier for first responders to measure
he surface area of a contaminated building, rather than its mass.
Materials 194 (2011) 331–337

2. Experimental

2.1. Test coupons

Anhydrous cesium chloride (CsCl) 99.99% was purchased from
Sigma–Aldrich. Cement mortar coupons were fabricated in-house,
using Portland cement, sand and deionized water in a 1:5:5 mass
ratio. The coupons were cast in 5.0 cm × 5.0 cm × 1.5 cm rectangu-
lar molds. The average dimensions of the coupons were therefore
approximately 5.0 cm × 5.0 cm × 1.5 cm with the total external sur-
face area of about 80 cm2. The coupons were stored prior to
experiments at an ambient temperature for approximately 60 days
for the mortar to cure.

Each test coupon had the shape of a rectangular prism. Its vol-
ume was proportional to the cube of the linear dimension while the
surface area was proportional to the square. The surface area was
therefore proportional to the volume to the power of 2/3. In this
study, the coupons were weighted and an average weight mav was
calculated. This weight corresponded to the average surface area
Sav of 80 cm2. The surface area of a particular coupon S was then
estimated based on its mass m: S = Sav(m/mav)2/3 and was found to
be in the range of 76.1–84.1 cm2 as shown in Table 1. It was easier
to measure the mass instead of dimension and take into account
surface imperfections.

2.2. Adsorption experiments

As listed in Table 1, a series of experiments were carried out
using several different initial cesium concentrations C0 ranging
from 0.0103 to 10.88 mg L−1. Each cement mortar coupon was com-
pletely immersed into the cesium solution and secured by plastic
clamps. All tests were performed using the Fisher brand polypropy-
lene beakers with 1000 mL of initial solutions. The solutions were
thoroughly mixed during the experiment at the constant speed of
600 rpm using magnetic stirrers. The tests were performed in a
temperature-controlled environment at 278, 286, 294 and 313 K.
Samples were taken at the following time elapsed from the begin-
ning of the tests: 0, 0.5, 2, 3, 4, 5 and 6 h. After the first day,
sampling was done once a day except weekends, until no signifi-
cant change in cesium concentration was observed. It was assumed
that adsorption equilibrium was attained at this point. Each sample
had a volume of 10 mL. The samples were stored in polystyrene test
tubes.

The mass of adsorbed cesium (�g) was determined from a mass
balance, as a difference between the initial mass of cesium in solu-
tion and that remaining at a time of sampling. The change in overall
volume of the solution with every 10 mL sample was taken into
account in this mass balance. After each sampling, the remaining
solution volume and the mass of cesium in it were recalculated
to account for losses. The cesium surface concentration (�g cm−2)
was calculated by dividing the mass of adsorbed cesium on cement
mortar by the surface area of a coupon.

2.3. ICP-MS analysis

The aqueous solutions of cesium were analyzed via a Thermo
X Series II inductively coupled plasma mass spectrophotometry
(ICP-MS) in a fully quantitative analytical method in standard
running samples and checked by the same solutions after running
samples. All experimental data were the average of three to five
replications.
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Table 1
Summary of test conditions and results for adsorption of cesium on cement mortar.

Sample T (K) m (g) S (cm2) C0 (mg L−1) Ce (mg L−1) qe (�g cm−2)

A 294 70.14 79.20 0.0103 0.0069 0.0395
B 294 66.10 76.13 0.0452 0.0317 0.1664
C 294 73.00 81.34 0.2126 0.1728 0.4745
D 294 70.25 79.29 1.019 0.889 1.557
E 294 74.39 82.37 10.88 8.837 22.34
F 286 72.59 81.04 0.0653 0.0224 0.4883
G 286 72.50 80.97 0.2972 0.1116 2.090
H 286 73.83 81.96 1.038 0.6432 4.952
I 286 76.70 84.07 10.05 7.151 31.34
J 278 67.25 77.01 1.041 0.7819 2.255
L 313 71.56 80.27 1.010 0.951 0.6671
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dt
= k1 (qe − qt) (1)

q t
 ( μ

g 
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-2
)

0.01

0.1

1

10

A (0.0103 mg L-1)

B (0.0452 mg L-1)

C (0.2126 mg L-1)

D (1.019 mg L-1)

E (10.88 mg L-1)
= temperature; m = mass of the coupon; S = surface area of the coupon; C0 = initial c
e = equilibrium concentration of cesium on coupon surface.

.4. Quality assurance and control

Cesium is known to strongly adsorb on glassware. To eliminate
he adsorption on glass, polypropylene test beakers, polystyrene
est vials, and polyethylene-coated clams were used in the tests.

Mortar coupons were visually examined after fabrication and
hose containing cracks and crevices were eliminated from tests.
oupons whose weight differed from an average weight by more
han 10% were also eliminated. This was done to limit the effect of
oupon imperfection on adsorption characteristics.

A control and a blank test, as well as duplicates of each set of
nitial cesium concentration were performed. In the control test, a
eaker was filled with cesium solution and concentrations were
onitored over time; however, no cement mortar coupon was

mmersed. The control experiments revealed no change in cesium
oncentration over time. This indicated neither interaction with the
est beaker nor a loss of solution volume due to evaporation.

A blank sample contained just deionized water and a cement
ortar coupon immersed into it. The blank test was used to ver-

fy the possible desorption (leaching) of cesium, which might be
aturally present in cement mortar, into the deionized water. The
esult of the blank experiment revealed that cesium concentration
eleased from cement mortar at room temperature after 12 days of
dsorption tests, was 1.51 �g L−1. This concentration was found to
e negligible in comparison to the cesium concentrations at equilib-
ium for all the tests carried out. The release of naturally occurring
esium from test coupons was therefore considered to be too low to
nterfere with adsorption results. Experiments for different initial
esium concentrations were duplicated and the results revealed a
ood reproducibility, within 5–9% experimental error. The details
f test conditions are provided in Table 1.

. Results and discussion

.1. Kinetic experiments

The cesium surface concentration as a function of time at room
emperature (294 K) is shown in Fig. 1. As expected, the adsorp-
ion process initially went rapidly and then continued at a slower
ate until equilibrium was achieved. The mass of adsorbed cesium
t equilibrium depended on the initial cesium concentration. The
ates of adsorption dq/dt in the first 4 h at room temperature for the
nitial concentrations of 0.0452, 1.019, and 10.88 mg L−1 at 294 K
re shown in Fig. 2. The rate of adsorption was orders of magnitude
reater for the higher initial concentration compared to that for
he lower concentrations. This was due to higher driving force of

dsorption at higher initial concentrations. Adsorption equilibrium
or all initial concentrations appeared to be attained within approx-
mately 12 days (288 h). It was assumed that a relatively long time
equired to reach the equilibrium was caused by slow pore diffu-
tration of cesium in solution; Ce = equilibrium concentration of cesium in solution;

sion due to narrow pores of the cement mortar. Like most natural or
synthetic minerals, cement mortar has wide pore size distribution.
Kumar and Bhattacharjee [18] reported the porosity of concrete
samples varying from 9.26% to 33.7%. Pore diameters ranged from
less than 10.6 nm to greater that 106 nm; however, in most cases
fewer than 6% of the pores had diameter larger than 106 nm. During
the adsorption experiments, larger pores were filling with cesium
relatively rapidly while smaller ones were filling slowly. For the
smaller pores, diffusion was likely the determining step in the mass
transfer. Similar trends were reported [19,20] for kinetics of cesium
adsorption on granite.

Kinetics of adsorption of cesium on cement mortar was stud-
ied at 294 K by using first order reaction model [20–22], the
pseudo-second order reaction model [23–26] and the isothermal
intra-particle diffusion model [27,28].

The first order and the pseudo-second order adsorption kinetics
are described by Eqs. (1) and (2), respectively.
t (h)
300250200150100500

Fig. 1. Change of cesium surface concentration qt at 294 K as a function of time for
several initial concentrations of cesium in solution.
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ig. 2. Rate of adsorption of cesium on cement mortar, dq/dt, as a function of time
t 294 K for several initial concentrations of cesium in solution up to 4 h of testing.

dqt

dt
= k2(qe − qt)

2 (2)

here t is time (h); qt and qe are cesium surface concentrations
�g cm−2) on coupon at time t and at equilibrium, respectively.
1 and k2 are the first order and pseudo-second order reaction
onstants (h−1 and cm2 �g−1 h−1), respectively.

By integrating Eqs. (1) and (2) over time t and knowing that the
nitial surface concentration is zero, the following equations can be
roduced for the first order

n(qe − qt) = lnqe − k1t (3)

and the pseudo-second order models:

t

qt
= 1

qe
t + 1

k2q2
e

(4)

Eqs. (3) and (4) can be plotted as ln(qe − qt) vs. t and t/qt vs. t,
espectively. A linear dependency would mean a good fit between
xperimental results and the model.

The intra-particle diffusion model is described as follows:

t = kpt
1⁄2 (5)

Eq. (5) can be linearized with respect to time t.

nqt = ln kp + 1
2

lnt (6)

Similarly to the first order and the pseudo-second order models,
linear dependency of ln qt vs. ln t would mean a good fit between

he model and the test results.
Fig. 3 presents kinetic data fit at 294 K according to the three

odels considered. One can see that only the pseudo-second order
inetic model has a good linear fit throughout the entire test dura-
ion, although the other models showed linearity in early stages

f the tests. The pseudo-second order model can therefore be cho-
en to describe the kinetics for adsorption of cesium by cement
ortar and possibly, by other cementitious matrices like concrete.

imilar interpretation of the test results was attempted by Bouzidi
Fig. 3. Comparison of first order, pseudo-second order, and intra-particle diffusion
kinetic data fits at 294 K for initial cesium concentration of 1.019 mg L−1 in solution.

et al. [29] and Sheha and Metwally [30]. They reported that the
adsorption of cesium on soil and magnetite was better described
by the pseudo-second order kinetic model compared to the first
order kinetic model. Wang et al. [31] and Tsai et al. [20] used the
first order model to describe the adsorption of cesium on minerals
such as laterite and granite. They did not use the pseudo-second
order model so it is unknown whether the former indeed produced
a better fit. On the other hand, Karamains and Assimakopoulos [32]
who used both models to interpret the adsorption of cesium on
aluminum-pillared montmorillonite, reported that the first order
model produced a better fit. This difference in modeling results
suggests that the kinetics of the adsorption process is affected by
the chemical composition and porosity of the adsorbent. It is likely
that differences in test conditions also play a role.

The pseudo-second order fit for temperatures 278, 286, 294, and
313 K is shown in Fig. 4. The linearity of t/qt vs. t function remains
good for all the temperatures studied. According to Eq. (4), the slope
is equivalent to 1/qe where qe is the equilibrium surface concentra-
tion. The intercept in the t/qt vs. t dependency is equal to k−1

2 q−2
e

and can therefore be used to calculate the pseudo second order rate
constant, k2. The k2 values at different temperatures for adsorption

of approximately 1.0 mg L−1 initial cesium solution on cement mor-
tar are listed in Table 2. The rate constant of adsorption increased
as the temperature increased. This was due to the fact that a higher
temperature resulted in a faster diffusion of cesium ions towards
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ig. 4. Pseudo-second order kinetic data fit at different temperatures, C0 approxi-
ately 1.0 mg L−1.

he surface of cement mortar and inside the pores of the cement
ortar coupons.
The rate of adsorption depends on the activation energy of

dsorption Ea and the temperature. Its dependency can be inter-
reted by the Arrhenius equation [33].

2 = Ae−Ea/RT (7)

Eq. (7) can be presented in a logarithmic form:

nk2 = ln A −
(

Ea⁄RT
)

(8)

here A is an Arrhenius constant that is independent of tempera-
ure, Ea is the activation energy (J mol−1), T is the temperature (K)
nd R is the universal gas constant, 8.314 J K−1 mol−1. The plot of
n k2 vs. 1/T is a straight line with the slope equal to −Ea/R which
llows the calculation of the activation energy. This plot is shown in
ig. 5. The pseudo-second rate constant k2 is used since the pseudo-
econd order kinetic model best describes the adsorption of cesium
n cement mortar. The activation energy of adsorption is known
o be an indicator of a type of bond between the adsorbent and
he adsorbate: Ea lower than 20 kJ mol−1 of adsorbate usually sug-
ests physical adsorption and associated weaker bonds. The value
f Ea which is higher than 40 kJ mol−1 indicates stronger bonds and
hemical adsorption, or chemisorption [34]. For the adsorption of
esium in the range from 278 to 313 K, Ea was calculated from the
lope of Fig. 5 and determined to be 55.9 kJ mol−1. This value is in
ine with that reported for adsorption of cesium on laterite [34] and
linoptilolite minerals [35]. The value of Ea which is greater than
he threshold of 40 kJ mol−1 suggests that the interaction between
esium ions and cement mortar is dominated by chemisorption
ather than physical adsorption.
.2. Equilibrium experiments

The equilibrium concentrations in solution Ce and on the surface
e were determined for each initial concentration C0 and summa-

able 2
alculated k2 values for adsorption of 1.0 mg L−1 initial cesium solution on cement
ortar at different temperatures.

Sample T (K) k2 (cm2 �g−1 h−1)

J 278 0.027
H 286 0.048
D 294 0.115
L 313 0.387
Fig. 5. Arrhenius plot of ln k2 vs. 1/T for approximately 1.0 mg L−1 initial cesium
concentration.

rized in Table 1. Overall between 5 and 59% of cesium was adsorbed
on cement mortar at equilibrium. The quantities of adsorbed Cs at
equilibrium ranged from 0.0395 to 22.34 �g cesium/cm2 of coupon
surface. At the same time, the equilibrium concentration in solution
ranged from 0.0069 mg L−1 to 8.837 mg L−1.

As shown in Table 1, for most tests with the same initial
concentration of approximately 1.0 mg L−1, a higher temperature
corresponded to a lower equilibrium surface concentration, qe. This
observation suggests that adsorption of cesium by cement mortar
is an exothermic process. Slightly lower qe for 278 K (5 ◦C) possibly
due to changes in characteristics of cement mortar-water systems
at temperatures close to freezing.

The relationship between the amount of adsorbed cesium and
its concentration in the solution at equilibrium is described by an
adsorption isotherm. For liquid systems, the relationship between
Ce and qe can be defined by either Langmuir model [35] or by Fre-
undlich model [36]. The models are described by Eq. (9) (Langmuir)
and Eq. (10) (Freundlich):

qe = qm b Ce

1 + b Ce
(9)

qe = KF Ce
1⁄n (10)

where b is the Langmuir constant and qm is the maximum satu-
ration capacity at the isotherm temperature; KF is the Freundlich
constant and n is greater than 1.

The above equations can be rearranged into linear format as Eqs.
(11) and (12), respectively.

1
qe

= 1
qm

+
(

1
b qm

)(
1
Ce

)
(11)

logqe = logKF + 1
n

logCe (12)

Linear dependencies of 1/qe vs. 1/Ce or log qe vs. log Ce would
then suggest a good fit with either the Langmuir or the Freundlich
model.

The equilibrium data obtained for adsorption of cesium by
cement mortar coupons at 286 K and 294 K are shown in Fig. 6. The
solid trendlines representing the Freundlich model fit the experi-
mental data well. Freundlich isotherm is therefore the model which

covers all considered equilibrium concentrations in this study. In
the lower equilibrium concentration range, however, both Lang-
muir and Freundlich models are well fitted to the experimental
data. Freundlich constant KF at 286 K and 294 K was calculated to
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e 7.754 �g0.30 mL0.70 cm−2 and 2.483 �g0.15 mL0.85 cm−2, respec-
ively. Dimensionless Freundlich parameter n was calculated to be
.429 and 1.182, respectively.

Based on adsorption equilibrium model theories, whenever the
angmuir isotherm dominates, it implies on the concept of a mono-
ayer adsorption. On the other hand, if Freundlich isotherm prevails,
t entails that possibly a multi-layer adsorption is involved. Our
esults show that in the overall range of concentrations, Freundlich
sotherm fits better than the Langmuir isotherm. At low concen-
rations though, Langmuir isotherm also produces a satisfactory
t. This likely suggests that a monolayer adsorption prevails in a

ower concentration range followed by a multi-layer adsorption
t higher concentrations. It should be noted that the multi-layer
dsorption may also happen inside the pores, in addition to coupon
urface.

. Conclusions

The adsorption of cesium from aqueous solutions on cement
ortar was investigated in the range of initial cesium concen-

rations of 0.0103–10.88 mg L−1 and in the range of temperatures
f 278–313 K. It took approximately 12 days to reach adsorption
quilibrium. The quantities of adsorbed Cs at equilibrium ranged
rom 0.0395 to 22.34 �g cesium/cm2 of coupon surface. At the
ame time, the equilibrium concentration in solution ranged from
.0069 mg L−1 to 8.837 mg L−1.

The pseudo-second order kinetic model produced a good fit
ith the experimental kinetic data. The adsorption rate constant

ncreased with an increase in temperature, likely resulting from
faster diffusion. The activation energy of adsorption determined

rom the Arrhenius equation was found to be equal to 55.9 kJ mol−1.
t suggests that that the interaction between cesium ions and
ement mortar is dominated by chemical adsorption.

The relationship between concentration of the adsorbed cesium
e and that of cesium remaining in the solution at equilibrium Ce

as better described by Freundlich model rather than by Langmuir
odel, for both temperatures studied. This indicates the preva-

ence of a multi-layer adsorption of cesium on cement mortar, at
igh initial cesium concentrations in test solutions. The surface

oncentration of adsorbed cesium at equilibrium decreased as tem-
erature increased, suggesting that adsorption was an exothermic
rocess.
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