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a b s t r a c t

The contamination and decontamination of concrete by a soluble contaminant (radiocesium) was modeled
using the finite element method. The decontamination process relied on the application of a hyper-
accumulating strippable polymer (HASP) to sequester contaminant that was transported to the concrete
surface. The model accounted for the transport of cesium by diffusion, capillary pressure-driven convec-
tion, and equilibrium adsorption of cesium within the concrete substrate and HASP coating. The influence
of HASP properties (porosity, thickness, and cesium distribution coefficient), and a wide range of operation
variables (HASP contact time, delay time until HASP decontamination begins, influence of evaporative
boundary conditions) on final decontamination efficacy were explored. Transient saturation (moisture
content) and cesium concentration profiles were used to understand key factors in the decontamina-
adiological dispersion device
adionuclide

tion process, and water wicking experiments were performed to validate the capillary convection model.
The results showed that prompt HASP application after the initial contamination event is critical for
high decontamination efficacies. A 30-day HASP treatment removed about 90% of the contaminant when
HASP was applied within 30 min of the initial contamination event, whereas the decontamination process
removed less than half as much cesium if months were allowed to elapse months prior to decontamina-
tion. Multiple applications of fresh HASP were also shown to improve decontamination performance

es.
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. Introduction

The threat of an attack by radiological dispersion devices (RDD),
r “dirty bombs,” has prompted concerns about contamination of
ivil and military infrastructure [1]. Decontamination that permits
he infrastructure to be recovered and reused requires nondestruc-
ive methods that quickly reduce radiation levels to meet public
afety requirements [1–3]. The requirements for remediation and
euse of infrastructure are quite different from the typical strate-
ies used to decontaminate and decommission (D&D) old nuclear
acilities [4,5]. For example, RDD contaminated infrastructure may
nclude priceless historic landmarks, precluding demolition-based
emediation. More broadly, avoiding demolition is a key strat-

gy for mitigating economic losses on the affected communities
nd reducing the risk of further contaminant dispersal through
he generated airborne dust. Finally, standard D&D methods [6]
re designed for concentrated, decades-old radioactive contam-
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nation, and only recently have researchers begun to focus on
he unique remediation issues associated with the emerging RDD
hreat [7].

DARPA’s (Defense Advanced Research Projects Agency) Radia-
ion Decontamination Program was established to investigate and
ptimize decontamination techniques specifically tailored to RDD
ncident response. Our team investigated strippable coatings as a

ethod well suited to the RDD response scenario [8]. Strippable
oatings – often applied in the form of non-toxic polymer emulsions
have long been used to physically trap and remove particulate

ontaminants such as asbestos [9]. Here we develop numerical
odels to see if this concept can be extended to other forms of

ontamination by including, within the strippable coating, chemi-
al ‘traps’ or tight-binding sites, which specifically accumulate one
r more target contaminants [8]. These hyper-accumulating strip-
able polymers, or HASPs, serve three principal functions. First,
hey are applied (e.g. sprayed or brushed) as liquid, and therefore

rovide a medium which solvates and transports contamination.
econd, their polymer/solid phases reside on the surface and pos-
ess very large equilibrium distribution coefficient (Kd) values,
roviding a sink for contaminants, thereby allowing diffusion out
f the subsurface. Third, they cure to an elastomeric solid film,

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:dts@u.washington.edu
dx.doi.org/10.1016/j.jhazmat.2008.05.153
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acilitating removal and transportation. There are several organic
nd inorganic materials that possess large Kd values, though we
ave fairly extensive experimental experience with nickel hexa-
yanoferrates [10–13].

This study explores some of the physical, chemical, and opera-
ional parameters that affect remediation of cesium contaminated
oncrete using HASPs. Cesium-137 was chosen for its combination
f availability and toxicity, making it one of the most likely iso-
opes for use in RDDs [14]. Previous models have simulated the
ransport of ionic radiocontaminants through the pores of concrete
nd simulation results were in good agreement with experimen-
al data [15,16]. However, these models typically neglect cesium
onvection driven by capillary pressure by assuming the concrete
s fully saturated. Therefore, developing a mass transport model
hat also accounts for cesium convection should more accurately
eflect reality when a wet contaminant or wet coating is applied to
artially saturated concrete. The model can be used to guide and
ptimize the decontamination process, the design of HASP, and aid
ecision-making in case of a RDD event.

. Model formulation

Cesium transport in building substrates (e.g. concrete, marble,
ranite) is influenced by moisture and ion transport in unsatu-
ated porous media. Here we need to describe unsaturated flow
f liquid water through porous concrete whose void space contains
mbient air. We assume that the transport of liquid in the partially
aturated concrete obeys Darcy’s law, with the further assumption
hat pressure gradients in the gas phase are negligible. With these
ssumptions, the 1D form of Darcy’s law is

w = − (kw/�w)(∂Pc/∂Sw)(∂Sw/∂x)
nSw

(1)

here Vw (m/s) is the flow rate of the liquid water phase, Pc (Pa) is
he capillary pressure which is defined as the difference between
ressures of air phase and water phase, kw (m2) is the permeability
f water phase, �w (Pa s) is the viscosity of water-phase, Sw is the
aturation of water phase, n is the porosity of the porous material,
(m) is the independent space variable measuring the depth into

he building material from the surface.
Substituting Eq. (1) into the equation of mass conservation [17]

or incompressible water in the porous media results in

∂((kw/�w)(dPc/dSw)(∂Sw/∂x))
∂x

+ n
∂Sw

∂t
= 0 (2)

here t is time (s).
Transient mass transport of a dilute chemical species through

he porous media is controlled by convection, diffusion and adsorp-
ion [17].

∂SwC

∂t
= −∇ · Sw(CVw − D · ∇C) − 1 − n

n
S�s

∂F

∂t
(3)

here C is the concentration of the soluble species (kg/m3, mass
f component per unit volume of fluid), D is the diffusivity of the
pecies in the liquid (m2/s), S is the specific surface area of the
ubstrate (m2/kg) and �s is the density of the porous media (kg/m3

f total volume). Vw is found by solving Eq. (2) and substituting the
olution into Eq. (1). Eq. (3) assumes local adsorption equilibrium of
pecies (cesium ions) with F being the adsorption isotherm (moles
f surface adsorbed species, mol/m2).
A key feature of unsaturated flow problems is identifying effec-
ive permeability and capillary pressure. The effective permeability
nd capillary pressure are both functions of saturation, and are
reatly affected by the liquid’s ability to wet the solid material com-
rising the porous medium. The system behavior, thus, depends on

3

P
m
a
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oth the liquid (water, here) and solid (concrete) under study. The
xpressions for kw was taken from Corey [18]:

w = kws(Swe)4 (4)

here kws is the absolute permeability and is independent of sat-
ration. Swe is the effective saturation, defined as

we = Sw − Sw0

1 − Sw0 − Sn0
(5)

here Sw0 and Sn0 are the medium’s residual water and air sat-
ration, respectively. The capillary pressure-saturation relation
mployed in these simulations is a form proposed by Narasimhan
t al. [19]

c = pi − pj

(
1 − Sw

Sw

)1/�

(6)

here pi, pj, and � are all fitted constants for the particular fluid
hases and solid (given later). For the diffusion of cesium ions, a lin-
ar relationship (D = DsSw) between saturation and diffusivity was
sed where Ds is the diffusivity of the species in fully saturated
orous material. For the adsorption of cesium ions, a Langmuir
dsorption isotherm was adopted in all simulations:

= n0CKd

1 + CKd
(7)

here n0 is the surface concentration of adsorption sites in mol/m2,
nd Kd is the distribution coefficient in m3/mol. If C « 1/Kd, then Eq.
7) can be simplified to the linear form

= n0CKd (8)

By combining Eqs. (3) and (8), the final governing equation
escribing the species transport driven by capillary flow, diffusion
nd adsorption becomes:

Sw + 1 − n

n
�sSn0Kd

)
∂C

∂t
= − Sw∇ · CVw + ∇ · Sw(D · ∇C) (9)

Therefore, the concentration profiles of the contaminant inside
he porous media can be obtained by solving the governing equa-
ions for unsaturated flow (Eq. (2)) and the contaminant mole
alance (Eq. (9)).

. Discussion on model inputs

.1. Model inputs and their sources

All model inputs were either collected experimentally or, where
vailable, obtained from the open literature. In cases where no data
as available, reasonable parameters and properties were assumed

n an attempt to bound the problem. The assumption that the HASP
as the same transport properties as concrete except porosity and
istribution coefficient is one example; this particular assumption
epresents an upper bound on the permeability and capillary pres-
ure relationships for the strippable polymer. Table 1 shows our
ompilation of the data, their sources, and any specific assumptions
ade.

.2. Experiments and simulations of water transport in concrete
amples
.2.1. Wicking experiment method
Parameters presented in Table 1 for the capillary function

c(Sw) (Eq. (6)) and permeability function kw(Sw) (Eq. (4)) were
easured by Mayer et al. [20] for concrete. The saturated perme-

bility kws was measured directly for cores drilled from concrete
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Table 1
Parameters used in this modeling work

Parameters Value and unit Reference

kws Saturated permeability 6 × 10−18 m2 a

Sw0 Residual water
saturation

0.1 b

Sn0 Residual air saturation 0.2 [20]
Ds Saturated diffusion

coefficient
2 × 10−10 m2/s a [26]

Pi Fitted constant 1 × 105 Pa [20]
Pj Fitted constant 1.2 × 106 pa [20]
� Fitted constant 1.3 [20]
Kd Distribution coefficient

in concrete
0.00548 m3/mol c

Kd,HASP Distribution coefficient
in HASP

0.00137–137 m3/mol d

S Specific area 8000 m2/kg [27]
n0 Surface concentration of

adsorption sites
3.33 × 10−4 mol/m2 [28]

n Porosity of concrete 0.1 a

nHASP Porosity of HASP 0.1, 0.5 and 0.8 e

h Mass transfer coefficient
at concrete surface

1 × 10−6 m/s [25]

�s Bulk density of concrete 2500 kg/m3

�w Viscosity of water 1 × 10−3 Pa s

a ASTM D6527.
b Literature [20] value of Sw0 is 0.3; we used a value consistent with a dry building.
c Batch adsorption results using ground concrete, cesium-133, and atomic absorp-

tion.
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Batch adsorption results, using HASP, cesium-133, and atomic adsorption, Exper-
mental value of Kd,HASP is 1.37 m3/mol, and this value was used unless specified
therwise.
e HASP was assumed to have a porosity of 0.5 unless specified otherwise.
oupons provided by DARPA using ASTM D6527 (UFA Ventures).
o confirm the validity of the resulting Pc ∼ Sw ∼ kw relationship,
ater-wicking experiments were performed using a Krüss K100

ensiometer. Samples were diamond-cored from DARPA concrete

w
o
d
(

Fig. 1. (a) Comparison of the simulation and experimental water wicking meas
aterials 162 (2009) 1111–1120 1113

oupons and measured 1.59 cm in diameter and 2.5–3 cm in length.
ach concrete sample was fixed in a custom-made sample holder
nd suspended from the tensiometer balance. A height-adjustable
iquid vessel was used to bring the water into contact with the
oncrete sample. In this method, water was raised until contact
ith the concrete sample surface. The weight of the sample was

ecorded over a 5000 s period. Upon contact, the formation of
macroscopic liquid meniscus at the bottom perimeter of the

oncrete caused an immediate jump in the apparent mass of
he sample, after which the increase in mass was due to water
icking into the concrete pores. Therefore, the mass of water

bsorbed was obtained by subtracting the external wetting force
rom the total recorded force. Buoyancy effects were neglected.
he temperature at which the measurements were performed was
0 ± 3 ◦C.

.2.2. Wicking results and discussions
Fig. 1(a) shows the water uptake data for a series of concrete

amples (Fig. 1(b)), as well as simulation results using the literature
roperty values for water in concrete (Table 1). The data is plotted
s. t1/2 to display Lucas-Washburn behavior [21,22], which is the
xpected behavior if the capillary diffusion coefficient [23,24]

c = − kw

�w

dPc

dSw
(10)

s nearly a constant at an average value denoted Dc,ave. Under these
onditions the mass uptake (m) into a semi-infinite sample is:

=
2�wAc

√
nDc,avet

√ (11)
here �w is the density of water and Ac is the cross-section area
f the concrete sample. Here we calculate Dc,ave using properties
etermined at Sw = 0.45. Inserting Dc,ave = 1.9 × 10−9 m2/s into Eq.
11), we calculated the slope, m/

√
t, as 0.0031 g/s0.5. The best-

urements. (b) Pictures of concrete samples used in wicking experiments.
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t slope obtained from the numerical simulation (solid curve in
ig. 1(a)) is 0.0032 g/s1/2 when none of the assumptions above are
ade.
The experimental water wicking data points for the actual con-

rete samples being used are the symbols plotted in Fig. 1(a). If
hese data points are fit over the period from 0 s to 3600 s, the
verage slope m/

√
t for the six datasets is 0.0021 g/s0.5, which is

4% lower than the simulation value of 0.0032 g/s0.5. Since the
lope of these curves convolute the Pc ∼ Sw relationship and the
w ∼ Sw relationship into a single overall wicking response, devi-
tions between experiments and simulation cannot be isolated to
ncertainties in the capillary pressure or relative permeability, or
oth. As a result, we have opted to use the results in Table 1 where
he Pc ∼ Sw ∼ kr relationships has been measured/estimated inde-
endently. Nonetheless, the experiments and simulation in Fig. 1
how that the values in Table 1 provide a reasonable representation
f the specific concrete samples used in the experimental portion
f this program, though our simulations may slightly overpredict
onvection in those samples.

. Simulations and discussions of contamination and
econtamination scenario

.1. Description of contamination and decontamination scenario

Simulations based on the governing equations in Section 2
ere performed using FEMLAB 3.1a to model a simple three-step

ontamination-decontamination scenario, shown sequentially in
ig. 2. Different sets of boundary and initial conditions were defined
n each step of the process.

Step 1 involves the contamination of concrete with low resid-
al moisture by a wet contaminant. At time 0, a fixed volume per
rea (133 ml/m2) of aqueous solution containing the putative radio-
esium contaminant is dispersed on the concrete surface. At the
rocess time of twick, the volume of liquid completely wicks into the
ubstrate. In all scenarios simulated here, we assume decontamina-
ion operators arrive at the scene after twick. Since Cs+ has a strong
ffinity for concrete, it is expected that the penetration rate of Cs+

s far slower than that of moisture. During Step 2, the contaminant
olution inside the substrate is allowed to dry for tdry under condi-
ions where evaporation from the exposed concrete surface takes
lace into the ambient environment. In the drying step, part of the

iquid that penetrates into the substrate in the first step is removed,
educing the overall saturation in the pores. Contaminant (Cs+) is
ot removed by evaporation, but continues to redistribute within
he building material. Drying time is one of the most significant
ariables in this process, and is dictated by how quickly a response
eam can reach the site of contamination. Step 3 begins at the pro-
ess time of twick + tdry, when a liquid film of HASP is applied to the
ontaminated concrete surface. The concrete is allowed to decon-
aminate for a duration denoted tdecon. How long the HASP resides
n the surface before stripping and disposing is another impor-
ant process variable. The HASP surface is either exposed to the
mbient environment where evaporation can occur, or covered by
barrier film to prevent evaporation. During this step, contaminant

s transported from the concrete substrate to the HASP layer, and
he HASP cures until it forms a solid coating that can be stripped
ff the surface and disposed.
We describe simulation results that evaluate the influence of
hese various process variables. The first part is to show one specific
ontamination/decontamination scenario in detail, step-by-step.
hen, we elaborate on the impact of various process options that
nfluence the overall decontamination efficacy.

i
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.2. Simulation study of one complete contamination and
econtamination process

.2.1. Step 1: apply Cs+ as aqueous solution (contamination step)
Upon application of 133 ml/m2 of contaminant solution, simu-

ation shows that twick = 69 s for the concrete properties presented
n Table 1, assuming the material had an initial concrete satura-
ion of Sw = Sw0 = 0.1. The wet surface at t = 0 and x = 0 was assumed
o have a saturation of Sw = 1 − Sn0 = 0.8 during the entire wick-in
eriod. The concrete was assumed to be deep compared to the
uid penetration depth (in simulations, this was accomplished
y fixing a distant point in the solid at the initial moisture con-
ent, Sw = Sw0 = 0.1). For cesium ion transport, we further assumed
hat the initial material is uncontaminated, and the contaminant
oncentration at concrete surface (x = 0) remains at the solution
oncentration (C0) during the contamination step, i.e., C/C0 = 1 at
= 0 and the concentration far from the surface remains at the

nitial, uncontaminated state.
Fig. 3 shows the moisture (Fig. 3(a)) and the concentration

Fig. 3(b)) profiles in the substrate (0 m < x < 0.01 m) after applying
wet layer of cesium-containing solution at the concrete surface.
t t = 69 s, the moisture penetration depth (2.6 mm) is more than
00 times larger than the Cs+ penetration depth (0.022 mm). As a
esult of adsorption to the concrete, most contaminant stays close
o the concrete surface. The significant adsorption-induced retar-
ation on the contaminant penetration into the substrate results in
diffusion-like concentration profile quite different from the shape
f the moisture profile. Therefore, the simulations emphasize the
mportance of adsorption and diffusion on the mass transport of the
ontaminant and imply that the mass transport driven by capillary
ow is not important for the contaminant transport conditions used
ere.

The dimensionless group A = (1 − n/n)S�sKdn0 arises naturally
rom Eq. (9) and can be used to characterize the significance of
he adsorption in the process of mass transport. If this dimension-
ess number is much less than 1, the effect of adsorption is not
mportant, while if this number is much larger than 1, then adsorp-
ion/desorption dominates the contaminant transport. In Fig. 3,
= 326, confirming the expected diffusion–adsorption dominated
ehavior. While it is expected that strong sorption of a contami-
ant makes it more difficult to remove, one advantage is the surface

ocalization achieved by that process. Of course, here we assume the
oncrete has a large sorption capacity (implicit in Eq. (8)), which
s true for most radiological contaminants. All other simulations
drying process and decontamination) presented in this document
lways started following this 69-s contamination step. Since this
ick-in time is short, we assume decontamination operators do
ot arrive on the scene until the sample starts to dry.

.2.2. Step 2: allow contaminant solution to dry for certain
mount of time (tdry) (drying step)

At the process time of t = 69 s, the concrete surface begins to
ry due to evaporation and continued penetration into the sub-
trate. Contaminant solution inside the substrate was allowed to
ry for tdry, after which a decontamination operator applies the
ASP layer to begin decontamination. During drying, an evapo-

ative flux equal to h(Sw − Sw0) was applied at the concrete-air
nterface (x = 0). When h = 1 × 10−6 m/s is applied, the flux simu-
ates an evaporative flux of the order of 1 × 10−7 kg/(m2 s), which

s the evaporation flux measured at an air flow rate of 2 m/s [25].
he zero-flux boundary condition for Cs+ transport was applied at
he concrete/ambient interface during the dry step. Initial values
f both saturation and contaminant concentration were the values
alculated at the ending point of the previous step, twick.
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Fig. 2. Schematic of the contamination and decontamination scenario. Step 1: Aqueous phase with dilute Cs+ contaminant (a) contacts concrete with small residual moisture
(b). After a period of twick, the liquid has wicked into the solid distributing contaminant layer (c). Step 2: the concrete wall dries as it is exposed to ambient for a period of tdry,
resulting in a redistribution of the contaminant (d) in the substrate. Step 3: HASP (e) is applied to the concrete surface for a period of t . As a result of the decontamination
s te sub
s

i
c
t
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s

c
s
p
s
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t

tep, contaminant is extracted into the HASP layer, leaving a decontaminated concre
olid HASP layer with enriched contaminant is then stripped and disposed.

Fig. 4 shows the saturation and concentration distribution dur-
ng the first 30 min of drying. Evaporation at the concrete surface
auses a significant drop in moisture near the ambient boundary,
hough water continues to penetrate into the concrete substrate
ar from the surface, as illustrated by Fig. 4(a). At the dry time
f 1800 s (total process time t = 1869 s), about 50% of the mois-

ure that entered the substrate during the contamination step is
emoved, but the moisture penetration depth is approximately
oubled. Fig. 4(b) shows that the rapid decrease of the near-surface
aturation does not result in an increase in contaminant solution

o
f
d
s

decon

strate (g) and a cured (solid) HASP layer with enriched contaminant (f). Step 4: the

oncentration. Instead, the normalized cesium concentration at the
ubstrate-air interface decreased from 1 to 0.8 in the 30-min dry
rocess due to redistribution deeper into the substrate. Note the
hallow penetration of the cesium contaminant compared to the
ater penetration depth in Fig. 4(a) and (b). The entire concentra-

ion distribution falls within the region where water convection is

utward toward the surface, yet the contaminant continues to dif-
use inward, against the convective flow. This further illustrates the
ominance of diffusion–adsorption (A » 1) for the concrete-cesium
ystem. As a result of this behavior, the differences in experimental
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ig. 3. Evolution of (a) saturation, and (b) normalized concentration profiles in the
oncrete substrate during the contamination step.

nd predicted wicking behavior seen in Fig. 1 are actually
ather unimportant for this system. Finally, the implication for a
iffusion–adsorption dominated system is that longer dry times

that is, the longer delays before responding to the contamination
vent) are likely to lower the decontamination efficacy because
ontaminant moves deeper into the substrate.

ig. 4. Evolution of (a) saturation and (b) normalized concentration profiles in the
oncrete substrate during the drying step.

Fig. 5. Evolution of (a) saturation, (b) normalized concentration and (c) normalized
t
d

4
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4
o
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c
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e

otal Cs+ concentration profiles in the concrete substrate (x > 0) and the HASP (x < 0)
uring the decontamination step when a no-evaporation BC is applied.

.2.3. Step 3: apply HASP and allow drying for varying duration
decontamination step)

After a total time t = twick + tdry, decontamination operations
egin. After applying a wet HASP coating on the contaminated sur-
ace, the operators can choose to either (a) let the HASP coating
ry naturally or (b) apply a nonporous outer barrier that slows the
rying process significantly. Therefore, at the HASP surface, either
n evaporation boundary [h(Sw − Sw0), h = 1 × 10−6 m/s] or zero flux
oundary is applied in this decontamination step. Fig. 5 shows the
imulation results for decontamination with an evaporation bar-
ier in place. The HASP is modeled as a porous media with wetting
roperties identical to concrete. Kd,HASP used in the simulations is
.37 m3/mol, the HASP porosity is 0.5, and the HASP thickness is
× 10−4 m (the average thickness of a HASP layer) unless specified
therwise. Initial moisture saturation in the HASP is set as 0.8, initial
s concentration within the HASP domain is set to zero. The sim-
lated decontamination period ranges from 10 s to 2 months. For

larity, the longest decontamination time shown in Fig. 5 is 600 s.
nitial values of Sw and C in the concrete are those calculated at the
nding point of the second step, after drying occurs.
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At the beginning of the decontamination process, the saturation
nside the substrate is low (smaller than 0.25) as a result of the pre-
ious drying process, while the saturation in the wet HASP layer
s taken to be 0.8. Therefore, this saturation gradient drives mois-
ure from the HASP layer into the concrete substrate, as shown in
ig. 5(a). Saturation in the HASP layer decreases as decontamination
ontinues and the HASP-layer water flows into the substrate. Inside
he concrete substrate, the saturation at the substrate–HASP inter-
ace increases to 0.8 immediately upon application of wet HASP
oating and then decreases with time due to the further moisture
enetration into the substrate.

Fig. 5(b) shows that the application of a HASP layer on the con-
rete surface causes the Cs+ concentration at the HASP–concrete
nterface to drop close to zero immediately. This is due to the facts
hat HASP has a distribution coefficient higher than that of concrete
nd it is initially free of contaminant. The total amount of Cs+ inside
he substrate decreases with time as more and more Cs+ is extracted
nto the HASP layer via diffusion against the capillary convection
nto the substrate. Some Cs+ also diffuses further into the substrate
s indicated by the increase of Cs+ penetration depth and rightward
hift of the maximum concentration location. The existence of such
nward diffusion is not desirable for building cleanup.

Due to the large Kd,HASP value, the solution concentration in the
ASP layer is extremely low and the change of contaminant distri-
ution in the HASP layer is hardly shown by solution concentration
rofiles in Fig. 5(b). Therefore, total cesium concentration (CTOT)

s introduced to describe the contaminant distribution inside the
ASP. CTOT is defined as the total moles of cesium ions (summa-

ion of amount cesium ions adsorbed on surface and dissolved in
olution) per unit volume of porous medium:

TOT = CSwn + CS�sn0Kd(1 − n) (12)

CTOT inside the HASP and substrate is plotted in Fig. 5(c), which
learly shows that the total amount of contaminant in the HASP
ayer increases with time and, correspondingly, the total amount in
he substrate decreases.

The insert in Fig. 5(c) indicates that the longer the HASP con-
acts the substrate, the more contaminant it removes. Therefore, a
ong decontamination time might be needed to obtain a satisfactory
econtamination result. This figure also shows that the contami-
ant removal rate is high at the beginning of the decontamination
rocess (over 10% of total Cs+ was removed in the first 10 s) and the
emoval rate decreases with time.

.3. Influence of various process and material parameters

Additional simulations are shown in Figs. 6–8 to further under-
tand the influence of a wider range of operation variables (drying
ime, HASP contact time, boundary conditions) and material prop-
rties (HASP porosity, thickness, and distribution coefficient) on
econtamination performance.

We first examine in more detail the role of evaporation at the
ASP/air interface on decontamination efficacy. Evaporation is an
perating parameter that can be stopped by the application of an
mpermeable barrier after the HASP layer is applied. When there is
o barrier, the evaporation rate is dictated by the ambient condi-
ions such as airflow, temperature, and relative humidity. Fig. 6(a)
hows a comparison of the transient remediation with and without
vaporation after the contamination step. Fig. 6(b) and (c) are com-
arable simulations, but allowing for different drying times prior

o decontamination (30-min dry in Fig. 6(b) and 151-day dry in
ig. 6(c)).

Since the mass transport of the contaminant by convection is
een to be negligible for the decontamination case studied here,
t is not surprising to see that an outward flow created by apply-

l
f
t
d
t

ig. 6. Influence of evaporation boundary on cesium removal from the contami-
ated concrete. (a) 0 dry time; (b) 30-min dry time; (c) 151-day dry time; (—) without
vaporation; (. . .) with evaporation.

ng an evaporation boundary at the HASP/ambient interface does
ot improve decontamination efficacy. Instead, Fig. 6(a)–(c) all indi-
ate that evaporation generally decreases decontamination efficacy
y reducing the saturation at the HASP/concrete interface, thereby
ecreasing the fraction of contaminant in the solution. Since this

s an adsorption-dominated case, the removal of the contami-
ant from the substrate is largely determined by its partition
etween the solution and the concrete surface. Eq. (12) indicates
hat the solubilized contaminant is proportional to saturation,
hile the surface-adsorbed contaminant is independent of satura-

ion. A decrease in saturation leads to the fraction of contaminant
n solution decreasing and the contaminant fraction on the sur-
ace increasing, if the total amount of contaminant is unchanged.

decrease in the amount of solubilized contaminant leads to a
ecrease in the contaminant available to be removed by the HASP,
esulting in a lower decontamination efficacy.

Fig. 6(a)–(c) also show that the influence of evaporation is neg-
igible when the contact time is short. This is because it takes time

or a decrease in saturation at the HASP/air interface to influence
he substrate–HASP interface saturation. The delay in response is
irectly affected by the thickness of the HASP layer and the delay
ime is longer if a thicker HASP layer is applied.
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Heretofore we have focused exclusively on a specific contam-
inant (cesium) in a specific porous medium (concrete). This can
be more broadly generalized by considering the dimensionless
ig. 7. Influence of HASP layer porosity on cesium removal from the contaminated
oncrete. (a) 0 dry time; (b) 30-min dry time; (c) 151-day dry time; (. . .) HASP
orosity = 0.1; (—) HASP porosity = 0.5; (- - -) HASP porosity = 0.8.

A comparison between Fig. 6(a)–(c) shows that evaporation has
strong impact on the final decontamination efficacy when a long
ost-contamination dry period is involved. If the dry period is short,
he decontamination efficacies both with and without evapora-
ion converge are high after a prolonged (60 days) HASP contact
ime. If the post-contamination dry period is long, the contaminant
emoval is difficult, and evaporation decreases the decontami-
ation efficacy significantly. For example, after a 151-day drying
eriod, only 38% Cs+ is removed through a 60-day decontamination
reatment with evaporation (47% Cs+ is removed when no evapo-
ation is present), while the same amount of Cs+ can be removed
n less than 600 s if only 30-min of drying elapsed prior to decon-
amination. This is because drying results in less outward diffusion
lower solution contaminant concentration and lower saturation at
he HASP/concrete interface) and a deeper contaminant penetra-
ion depth. Thus the sooner a HASP coating is applied, the higher
he decontamination efficacy.

In short, to achieve a high decontamination efficacy, efforts
hould be taken to quickly respond to the contamination and vapor

arrier should be applied to slow the drying rate of the HASP. The
eed for a speedy response to enhance decontamination efficacy
as been reported by others [29]. Since a no-evaporation boundary
ondition is desired to achieve good decontamination results under

F
t
d

aterials 162 (2009) 1111–1120

he conditions studied here, the simulation of subsequent factors
s performed using a no-evaporation boundary condition.

Fig. 7(a) shows that HASP porosity has little influence on
econtamination efficacy when there is no drying step between
ontamination and the application of a HASP layer, whereas Fig. 7(b)
nd (c) show that porosity matters when drying is allowed to occur
or 30 min or 151 days. A comparison between the three figures
ndicates that the longer a dry period, i.e., the drier the concrete,
he more influence HASP porosity has on decontamination efficacy.

ater in the pores of the HASP layer rewets the dried concrete,
hereby increasing saturation and solubilizing cesium from the sur-
ace. The more porous the HASP coating, the more water that is
vailable to rewet the concrete. The interplay between the amount
f pore water available compared to the amount of drying that has
aken place, is shown in Fig. 7(b) and (c). Longer post-contamination
rying periods increase the influence of HASP porosity, with higher
orosities (water contents) yielding higher decontamination fac-
ors. This same trend holds for the thickness of the HASP layer
pplied. Very dry concrete benefits from a thick coating with a high
oisture content, though decontamination of wet or moderately
et concrete is unaffected by the thickness of the layer (not shown

n figures). Therefore, for the difficult decontamination case where
long dry period is allowed, a thick, high porosity HASP coating is

ecommended to achieve optimal decontamination.
The most important material property of the HASP with regards

o decontamination efficacy is the distribution coefficient (Kd,HASP).
he HASP distribution coefficient should be several orders of mag-
itude greater than the concrete value in order to drive effective
econtamination. Increasing Kd values can be achieved by engi-
eering HASP coating (e.g., including binding sites with stronger
ffinity to target contaminant(s)). Fig. 8 shows that there is an upper
imit on the value of Kd,HASP where further increases do not yield
mproved remediation efficacy. This is true for wet or dried concrete
curves a and b). The reason for this behavior is that the soluble con-
entration in the HASP layer is so miniscule that it is effectively zero
or all practical purposes, and the diffusion driving force is maxi-

ized. Theoretically, the maximum Cs+ removal percentage should
pproach 100% if Kd,HASP is large enough and the system is allowed
o reach equilibrium by applying a very long HASP contact time
often an impractically long time).

.4. Model generalization and broad applications
ig. 8. Influence of distribution coefficient of HASP layer on cesium removal from
he contaminated concrete at a HASP contact time of 600 s. (a) 0 dry time; (b) 30-min
ry time.
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ariables:

= t

tsoak
, x̃ = x√

DC,avetsoak

, and Ṽ = V√
Dc,ave/tsoak

hich capture the essential diffusion length and time-scales of this
rocess. When substituted into Eq. (9), two dimensionless param-
ters arise naturally, A = (1 − n/n)�sSn0Kd and B = (DC,ave/Ds) in the
nal dimensionless governing equation:

Sw + A)
∂C

∂t̃
= − Sw

∂(CṼw)
∂x̃

+ 1
B

∂(S2
w(∂C/∂x̃))

∂x̃
(13)

As noted previously, the dimensionless number A represents the
mportance of adsorption in the mass transport process, with large

values indicating strongly adsorbing species–substrate interac-
ion. The dimensionless number B is similar to a Peclet number,
hich represents the relative importance between convection and
iffusion. Eq. (13) suggests that the dimensionless numbers A and B
an be used to characterize the mass transport of the contaminant
n porous media for various contaminated systems.

Fig. 9 generalizes how various decontamination systems can be
haracterized by the two dimensionless parameters A and B. The
iagram is divided to four regions according to the different domi-
ant mass transport factor(s). Systems with a small A and large B lie

n Region 1. The mass transport for such systems is dominated by
onvection. Systems with a large A and large B lie in Region 2. The
ass transport for such systems is dominated by both convection

nd adsorption. Systems with a small A and small B lie in Region 3.
he mass transport for such systems is dominated by diffusion. Sys-
ems with a large A and small B lie in Region 4. The mass transport
or such systems is dominated by adsorption.

The diagram also shows that each region has inexact boundaries
nd there are large overlapping areas where two regions meet. In
he overlapping areas, the mass transport of the contaminant is also
ffected by factors other than those lumped in A and B (e.g. duration
f the decontamination process, initial and boundary conditions,
ctual Pc ∼ Sw ∼ kw relationships). Therefore actual simulations are
eeded to determine the dominant mass transport factor(s) in these
verlapping areas.

As indicated in Fig. 9, the decontamination results in Figs. 3–8 lie
n the edge of Region 4. For concrete with a smaller A (e.g. a smaller

pecific surface area or a smaller Kd), the system may move from
egion 4 to Region 2 and will display more influence of convection
nd diffusion. For such systems, recommendations for optimizing
he decontamination process and HASP development will be quite
ifferent from those for adsorption-dominant systems. For exam-

ig. 9. Contaminated systems are characterized by two dimensionless groupings A
nd B as defined in the text; Symbol ( ) denotes concrete properties in Figs. 1–8.
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= 3.26) after applying multiple applications of fresh HASP in a 30-day decontam-
nation period. All contaminated systems are allowed to dry for 151 days before
ASP application, and decontamination process is simulated under no-evaporation
oundary condition. B = 9.5.

le, we have found that decontamination of systems with A = 3.26
edge of Region of 2) are best optimized with thinly applied HASP
nd no vapor barrier if the response to contamination is fast (e.g.
0 min); however, slow incident responses (e.g. 151-day dry time)
ould require thickly applied HASP and a vapor barrier to retard

vaporation and ensure adequate saturation of the contaminated
urface. These effects arise from the increased role of capillary flow
hen there is a smaller A but the same B as before.

A satisfactory decontamination result can be achieved for high
or low A systems if the post-contamination dry period is short

i.e. response to an event is fast). If the post-contamination dry
eriod is long, decontamination of the small A system is slightly
orse owing to the wide dispersion of the contaminant inside the

ubstrate. Extending the HASP contact time is a limited option for
ontaminated system after a long post-contamination drying pro-
ess. In order to increase the final decontamination efficacy in a
xed time frame, multiple treatments with fresh HASP should per-
aps be considered. Fig. 10 shows the effect of remediation over a
otal of 30 days when single or multiple applications of fresh HASP
re applied during that period (e.g., N applications, with each appli-
ation extending for 30/N days, where 1 ≤ N ≤ 30). Also shown is
he effect of high A or low A transport conditions. Here we con-
ider the challenging decontamination process associated with a
51-day post-contamination drying period. For a decontamination
ystem with a large A, multiple treatments nearly double the final
econtamination efficacy. However, for a decontamination system
ith small A, going from a single 30-day treatment to five 6-day

reatments improves the decontamination process only slightly.
erforming more treatments, each for a shorter time, drops the
econtamination efficiency significantly. For the small A case, con-
ection has a strong effect on contaminant mass transport, so each
ASP application creates an inward flow which carries the con-

aminant further into the substrate. Although more contaminant
ill be removed by diffusion after fresh HASP application, much
ore contaminant penetrates further into the substrate by inward

ow when single treatment time is short. Thus, a weak optimum
s found for a few reapplications of HASP, where the time is long
nough to establish diffusion out, but there is not excessive fresh
ater convecting contaminant inward.
. Conclusions

A three-stage contamination–decontamination process was
odeled to simulate the removal of the contaminant (Cs+) from

oncrete building by applying a HASP coating. Simulation results
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how that both the properties of the HASP and operation vari-
bles have direct impacts on decontamination efficacy. If the mass
ransport of the contaminant in the substrate is dominated by
dsorption, applying no-evaporation boundary condition to a thick
ASP with a large porosity is likely to achieve high decontami-
ation efficacy. If the mass transport of the contaminant in the
ubstrate is dominated by convection, a thin HASP with a low
orosity and no vapor barrier is likely to achieve high decontami-
ation efficacy. In addition, multiple decontamination treatments
re likely to improve decontamination efficacy effectively for a
oncrete substrate which absorbs contaminant strongly. For all
econtamination systems, HASP with a large distribution coeffi-
ient generally achieves better decontamination results. It is also
ecommended that the HASP should be applied as soon as pos-
ible after contaminant exposure. In addition, simulation results
how that, counter-intuitively, better decontamination results are
ometimes achieved for the contaminated substrates that adsorb
ontaminant strongly.

More broadly, modeling has proven a valuable tool to gain
nsights of the whole decontamination process and to guide the
rocess operation and the development of HASP formulations. Sim-
lation of this simple contamination and decontamination scenario
rovides a basis for future study of more complicated cases.
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