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L eaching resistance of hazar dous waste cement solidification

after accelerated car bonation
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Abstract: When cement-based materials are carbonated, sotheiophysicochemical properties
are changed, which includes reductions of porolsity20% and pH from 12-13 to 8-9. These
changes can enhance the retention ability of catimerst solids containing hazard waste. This
research studied the effect of carbonation on élaeHing resistance of hazardous waste cement
solidification. The finite element software COMS®ltiphysics was used to simulate the process
of accelerated carbonation and the effect of catimm on leaching. Laboratory tests were
conducted to validate the numerical models. Pamgnstudies from the numerical simulations
revealed that carbonation could significantly imgdeaching retention capabilities of cementitious
solids containing hazardous wastes.

Keywords. Hazardous waste cement solidification, Acceleratearbonation, COMSOL
Multiphysics simulation, Particle leaching testaching rate and cumulative leaching rate.

1. Introduction

With the rapid development of human society, th@amh of hazardous waste produced from
our daily life has increased significantly. Sincazardous waste, among which nuclide waste
represents a significant fraction, poses potetiigdats to both public health and environment, it
must be safely disposed. Over the last few decadese and more researchers have been working
in this area, trying to find better solutions. Dige political, economic or military reasons, the
number and scale of nuclear reactors have alsedsed rapidly worldwide over the years. In
France or some other developed countries, nucleaerp produces 50% or more of their total
electricity, concurrently producing a large amoahhuclear waste that needs to be disposed safely
M Nuclear waste contains a large amount of hazardobstances, most of which are in a liquefied
state. Before the final disposal, they must bedg@id or immobilized. The cement solidification
method has become a commonly-used method to d#alnaclear waste because the process is
simple, technically proven and has good stabilitywever, since cement is porous, the retention
capacity for the internal particles needs to berawed 2. One of the practical approaches to
improve this capacity is through a carbonation psscto consolidate further the cement. This is
because carbonation will change the physicochemicglerties of cement solids, such as producing
reductions of pH from alkaline to neutral and pdgolsy more than 20%. The process also increases
the strength of the cement solids. All of the abaile affect the curing properties of solidificatio

Corresponding author (j.ye2@Lancaster.ac.uk)



O 00 N Ol A W N

[EY
o

11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27

28
29
30
31

32

33

34
35
36

37

38
39
40

S

There have been some applications and researchaste vor sludge cement solidification
treated by carbonization technology. Fernandezbeetoal.”” published a review on accelerated
carbonation for improving properties of cement-bas®terials. Guning et &l. demonstrated that
accelerated carbonation could enhance the curiogepty of cement solidification and reduce the
cost of disposal processes. Shen et®alstudied carbonation of cementitious materials @, C
geological storage conditions and published a studyarticle exchange and porosity reduction
during carbonation. Other researchers showed tbeglerated carbonation could increase the
impermeability and chemical consolidation of radiolide solidification. This technology has been
used in the production of cement-based materialssrUnited Statés.

Most of the above investigations were based onrarpatal studies. Since leaching tests are
complex and time consuming, a real scenario tesbimally not possible. Naturally, numerical
simulations can be used as an alternative tooksess the properties of cement solidification. A
number of numerical models have been developechéavy metal particles and radionuclides
leaching from porous media. Suarez et ™. developed a one-dimensional model to predict
leaching and pointed out that the effective diffmscoefficient was not constant during the process.
Batchelot™" developed a theoretical leaching model of sobdifivaste, but its actual application
was limited by the lack of measured values foraierparameters. Birdsell et & developed a
leaching model to support groundwater pathway amalpf low-level solidified radionuclides.
Kamash et af*® developed a model of radionuclides leaching ounfoement-based materials and
verified the model through experiments. It was fibtimat all these models were based on simplified
theories that ignored many influential factors, amere almost exclusively of either a one- or
two-dimensional spatial domain that inevitably Hiaditations and resulted in inaccurate solutions
for a complex leaching process. Moreover, none tefsé models considered the effect of
carbonation on the leaching process. Due to theealwitations, it is not possible to apply any of
these models to simulate the leaching tests clyrepiecified by industrial standards, such as
GB7023-2011".

This paper attempts to develop a three-dimensileaahing model, coupled with an existing
carbonation model as proposed by Zha ét™alto accurately simulate cement solidification
leaching tests. The simulations include the praeé®fore and after accelerated carbonation, and
are validated by carbonation experiments carrig¢ditso by the authors.

2. Thetheoretical basis of modeling

2.1 Theleaching model

The leaching model is established according tactmservation of heat and mass. The flow of
the hazardous particles is driven by concentradioth temperature gradients. There are three main
kinds of particle diffusion resistance: chemicabfion, mechanical seal and physical adsorption.

2.1.1 Coupled heat and masstransfer model

According to the laws of heat flow and the prineiglf energy conservation, and by ignoring
the influence of particle movement on enel§y the energy conservation equation of a cement

material system can be written as:
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where pc is the heat capacity and is the coefficient of thermal conductivity.

In the same way, one can deduce the equation af caaservation shown as below:

ac
V- [pDrVT +pDVC] —2C+F = p— @)

where p is the density of materialp; is the thermal diffusion coefficient) is the effective
diffusion coefficient; A’ denotes a decay constant akid=In2/T}; T} is the half-life period of
the radionuclide;C is the nuclide mass per unit volume (gfmwhich is a function of position
coordinates and timef = f(x,y,z t); and F is the quality of adsorption.

Gawin *¥ proposed the following equations, respectively, éffective heat capacity and
effective thermal conductivity coefficients:

pc = (1 —n)pscs + nSypycy + nSgPyCq )
nSwPw (4)
A=2[1+A4,(T-T, (1+4L)
0[ /1( T)] (1 _ n)ps

where pc is the effective heat capacity; is the effective thermal conductivity coefficient;, is
the density of pore solutionp, is the density of gas in the porgs; is the density of the solid
skeleton;c,, is the heat capacity of pore solutiasy; is the heat capacity of gas in the pores;is
the heat capacity of the skeleta$), and S, are the saturation of liquid and gas, respectiviely
the simulation,S; ranges from 0 to 1 for modeling carbonation akesal for modelling leaching,
where S; + 5, =1 is always satidied}, and A4, are the fitting parameters taking 1.67 W/(m-s)
and 0.0005 K, respectivel§®. T, is the room temperature and is taken as 298.EHn#;D, takes

a value of 4x18' cnf/(K-s) from experimerit?..

2.1.2 Effective diffusion coefficient of nuclides or heavy metals

A tortuosity factor can be defined as the relatimdbetween diffusion coefficient and void
structure of a materi&®:

n
Dy = Dy = %)

where D,y is the effective diffusion coefficientd, is the initial diffusion coefficient in watern
denotecapillary porosity; and 7 is the tortuosity factor that refers to the degvébole twists and
turns of the porous media. It is worthwhile to nemtthat bottn andt are normally determined by
experimental tests, by which the effect of micracks or shrinkage on porosity should have been
collectively included, though these were not indially evaluated.

The tortuosity factor, which depends on many prig@ersuch as water-to-cement ratio,
proportion of filler in the cement, curing condit® etc. is normally hard to determine, especially
when leaching of cement hydrates and release ofucalare considered. SanchH&%found that
there is an exponential relationship between teitydactor and porosity:

T=n" (6)
Hence the relationship between porosity and diffiusioefficient is reduced {0
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D(TL) = D()T‘L:l_17 = Donm (7)

From Katz and Thompsdff, m is set to 2.5.

In order to introduce chemical fixation on the d#fon coefficient, we used the following
equation proposed by X{f&:

D(r) = Do r (8)
where D, is the diffusion coefficient considering chemidiaktion ability of particles; r is the
ion coefficient representing the ratio of the numbkfree particles to the total number of parscle
In this paperr is 0.7 and 0.06, respectively, for Sr and Cs desli

When considering the influence of temperature om diffusion coefficient, we followed
Amey's theory?":
Dry = Dozeq(%_%) 9)
Ty
where D7) is the particle diffusion coefficient at temperatd; D, is the initial particle diffusion
coefficient at temperatureoTTo normally takes 2%'; q is the constant of activity (related to
activation energy), which is related to water-toae@t ratio.

When considering the influence of cement hydragffects on the diffusion coefficient, for
short-term leaching, we used Kamash'’s theory fifusion coefficient'?:

D(t)=D0( o )w (10)

t+t,

where D(t) is the diffusion coefficient at D, is the initial diffusion coefficient at,, t, is the
curing time of the cement block often taking théueeaof 28 d; w is the diffusion attenuation factor
related to the properties of cement block and ¢laeHing liquid, taking values of 1.1 and 10 for Sr
and Cs, respectively.

Eqgs.(7-10) are the respective variations of thiusiibn coefficient with a change of porosity,
ion coefficient, temperature or hydration time, resgnting a modification on the initial diffusion
coefficientDo. To include the effect of all the influences, thffusion coefficient can be collectively
expressed as:

101 w
D’ = Dy -2 e LG (t_") (11)
Ty to+t

It can be seen from the above that chemical fixa#ibility and diffusion attenuation determine the
diffusion properties of particles. In general, €iéint particles (e.g., Sr and Cs) will have différe
diffusion coefficients.

2.1.3 The selection of an adsor ption equation
According to the model proposed by Sudtéz we adopted the linear isothermal adsorption

equation for the particles in cement solidification
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Fl = KdC (12)

where F; is the linear isothermal adsorption concentratiip; is the adsorption distribution
coefficient of a material, taking values, respeativof 150 ml/g for Sr and 15 mifgr Cs in this
papef™; C is the concentration of nuclide in the pore sohutio

However, when it came to the choice of adsorptiqunagion of metal ions dissolved in pore
solution, a Langmuir linear adsorption isotherm weagployed. It was shown experimentally, that
Langmuir's equation described the absorption p®eesre accurately when the pH of cement is
greater than 9:

_ SuK.C

¢ 1+K.C (13)

where F, is the amount of sorbate adsorbed at equilibrigyp; is the maximum monolayer
adsorption constant (24i3eq/g for Sr and 332ueq/g for Cs, respectively in this paperk; is
Langmuir adsorption distribution coefficient, tagginalues of 8.3 ml/g for Sr and 1.9 midy Cs,
respectivel?®l. In general, temperature has an impact on abserptiowever, one the basis of the
authors’ best knowledge, there are no publishedlteeen the relationship between absorption and
temperature that can be used in the simulationsus®e the adsorption constant that was obtained
from experimental tests carried out under the reemperatur€! . In principal absorption will be
reduced with increase of temperature there exiditniing absorption”! even as temperature is
increased further.

When cement solids are not carbonated, their pytdater than 9 and a Langmuir isothermal
adsorption equation should be chosen. Otherwisghéofully carbonated zone, the pH is less than
9 and the linear isothermal one should be usedadst

2.1.4 Index of leaching behavior

This study mainly focused on hazard waste cemdiatssoontaining nuclides. For nuclides, the
Chinese standard test method for leachability of émd intermediate level solidified radioactive
waste forms (GB/T 7023-2011) was followed. Accogdin GB/T 7023-201%%, the measurements
of leaching resistance of cement solidification legching rateR,, and accumulative leaching rate
P.. The leaching rate measures the speed and trdadatfing and the accumulative leaching rate is
directly related to the degree of leaching. Thye and P, are calculated, respectively, as below:

R — a,/Ao (14a)
m(S/V)(AD)y,
_ X an/Ao
P, = S/—V (14b)

where a,, is the leaching quality in theyreaching cycle;A, is the initial leaching quality of the
components;S is the contact surface area between the test ockleaching liquid)y is the
volume of the test block(At),, is the number of days in the, teaching cycle.
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2.2 Thetheoretical basis of the carbonation model
2.2.1 Governing equation

With a pressure greater than 7.29 MPa and a temoperaigher than 31.26C, the process of
carbonation will be accelerated and the state dfaradioxide is called supercritical, at which the
carbon dioxide has the viscosity and diffusion fioeint close to a gas while the density is clase t
that of a liquid. Under these conditions, it wid basier for carbon dioxide to penetrate into ay®r
media like cement and take part in carbonationtiaas

In this paper, we use a carbonation model thatifferent from the commonly-used one
established by Saet& for natural carbonation. We use solubility instedidoncentration of CO
in the pore water, since supercritical carbonat&kes place in an environment where there is
always sufficient C@in the pores of cement solids to keep the porenaestantly in a saturated
state. Then, we utilize the following PDEs conaigtof Darcy’s law (Eq.15a), the conservation
equation of energy (Eq. 15b), conservation of nfggsl5c), the reaction rate equation (Eq.15d) and
the concentration equation of carbon dioxide (Ee)£5:

L kkpg R
Ug = — (Asz - pag) (158.)
a
aT . .

pe—r =V VT = (Copgtly + Cupthy)VT (15Db)

a(nS .
I(Sapa) a‘;p ) y. (Palle) = Qg (15¢)

R,
=0 = AhWf(9)fRf(T) (15d)
Imeo, _ 09 (15€)
at at

where u, is the Darcy flow velocity of componeat k is the intrinsic permeability of the
material, which is related to its porositk;., is the relative permeability of component u, is
the dynamic viscosity of componantP, is the pressure of componentp, is the density of
componentr; g is the acceleration of gravity, which is ignoradour model;q, is the change of
the source term caused by chemical reaction oigtation of componenix; A is the equivalent
thermal conductivity coefficient of the materiglg is the equivalent heat capacity of the material;
g s the concentration of carbon dioxide in the peskution; andm,,, is the solubility of carbon
dioxide in the pore liquid, which is related to gsare and temperatufd.

The five equations (15a-15e) are coupled PDEs With variables, including degree of
carbonationR., pressure of gag,, pressure of watep,,, concentration of carbon dioxide in pore
solution g and temperaturé, that are the governing equations of supercriteabonation.

2.2.2 Initial valuesand boundary conditions

In order to solve the above PDEs, one needs to ureahe initial values and boundary
conditions. The initial values of the five indepentivariables are imposed as shown below:

RC=RCO=0:Pg= go» PW=PW01 g=g0=0 andT=T0

The boundary conditions on the insulated boundginetuding the pressure of carbon dioxide
F,, the pressure of the liquif, and the temperaturg, satisfy the following equations:
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n-VPh=0,n-VP,=0 andn VT =0

On the inflow boundary, the pressure of carbonidi;, the pressure of the liquid in the paPg
and the temperatur on the boundary are shown as below:
Pg = Pg,surv By = By sur and T = T,

2.3 Relation between degree of carbonation and porosity

Through the introduction of the theories of acaated carbonation and leaching processes, we
know that in the process of leaching, porosity allse affects the diffusion coefficient of the
particles. In order to evaluate leaching, how caation changes porosity is essential. In this study
we used the relationship proposed by Kwan and §?ﬂr’a§ shown below:

_ _ (no(1—=0.5R,) 0<R. <04
"‘f(Rc)‘{ 0.81, 04<R,<1
where n, is the initial value otapillary porosity before accelerated carbonation, takeh E&™ in

this paper. Ris the degree of carbonation defined gsdRiax C and gax are the current and the
maximum amount of calcium carbonates, respectively.

(16)

3. Coupled model of carbonation and leaching

FEM simulations were conducted using COMSOL, atialirtests, for cement blocks in the
containers filled with deionized water during thestt time. Following the guidelines in GB/T
7023-2011, we replaced the leach liquid at the 3rst, 7th, 10th, 14th, 21st, 28th, 35th and 42nd
days. The replaced water was tested for leachidgamulative leaching rates. The model is shown
in Fig.1(a). According to GB/T 7023-2011, the chos&e of the cement block &0 mmx50 mm,
and the size of the leaching containerpi20 mmx150 mm. The height of the liquid inside the
container is 106.2 mm and the total volume of &aehing liquid is 1.2 L.

Boundary layer meshes were used at the boundartheofcement block and automatic
tetrahedron meshing in other parts. The total nunabeelements is 12158. The FE-meshes are
shown in Fig.1(b). In order to detect the conceianaof waste particles in the leaching liquid, we
added 40 numerical probes uniformly distributethim solution to record the liquid concentration.

00 |

|

so | | : ! l

507

i | - ! i/ = %

e
e
P Va5 i

(a) Model geometry
Fig. 1 Test unit diagram

(b) Model meshing

However, in order to calculate the required measargs continuously throughout the
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carbonation and then the leaching processes usingame model, the simulations consisted of the
following two steps to decouple the processes dbaration and leaching. The first step was to
simulate supercritical carbonation. We set the udiin coefficient of internal particles as
infinitesimal to achieve the effect of carbonatwithout any leaching. The second step was for
leaching assuming that the carbonation proceschanleted. We then used the desired diffusion
coefficient of the particles and set the velocifycarbonation to zero to start leaching without
carbonation.

Following the guidelines in GB/T 7023-2011, the glation included two processes within
each of the leaching phases. The first process th@siormal leaching process for evaluating
leaching resistance, during which the flux at tbariglary of the container was set to zero to prevent
any particles from leaching out of the containelneTsecond process was for the moment of
replacing the leaching solution prior to the needdhing phase. To do this, both the flux of the
container and the diffusion coefficient of the pEes in the leaching liquid were set to a large
number to allow fast deionization and achieve zenoconcentration of the leaching liquid. During
the leaching process, the cement block and leadigjuigl were modelled as the same material with
different diffusion coefficients that are much gegan the leaching liquid than in the cement block
in order to simulate particles leaching from thesteasolids into the leaching liquid.

The simulation of the leaching process of the pladi Sr, was carried out for two different
conditions imposed on the cement blocks, i.e.,débonation condition shown in Fig.2 before
leaching and the leaching process without applgingercritical carbonation.

8- .- 40

/

w
N
Ll

[y

[«2)
(-
]

[e¢]
(-

pressure (MPa)
T 9
| |
temperature’C)
N
T
\
\

N
T

o

\ 100 200 300 400
T T T T T T T ' time (min)
100 200 300 400
time (min)

o
o N
o

(a) Pressure curve (b) Temperature curve
Fig.2 Supercritical carbonation condition

The predicted degree of carbonati@p from the simulation is shown in Fig.3 under the
supercritical conditions shown in Fig. 2, wherecals of 1 indicates that full carbonation has
occurred. A close examination of the results shthas the carbonation depth is about 1 mm and
the transition zone is about 13 mm. The 3D carbonagesults for the same cement block under
natural conditions (0.1 MPa and 26) for 4 h are shown in Fig.4, in which there iswally no
sign of carbonation.
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1 The simulated concentrations of Sr in the leacltsalytion under the above two conditions

2 taken before replacing the leaching liquid are shamvFig.5, from which the leaching rates are
3  calculated and presented in Fig. 6.
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Fig.6. Leaching rate curve

It is worthwhile to mention that the above model dot include the leaching effects of cement
hydrates on the overall leaching process, thougiomee extent some of the effects might have
been partially included due to the use of varioasemial constants obtained from the leaching
tests of other researchers. Detailed analysesaktkase of the hydrates will be the subject of
future studies.

4. Experiment

To verify the numerical model, 12 test blocks, whoontain either Cs or Sr (the mass ratio of
these elements is about 0.58) with a water-to-cémaiio of 0.37 by mass, were made for
laboratory tests. All the blocks had the same dsims as those used in the simulation. They were
equally divided into four groups, two of which hadded Sr and the others had added Cs. Within
the groups with the same added chemicals, one gnagcarbonated while the other was not.
Average leaching rates were taken from each ofjtbaps and are compared in this Section. The
specifications of the group of blocks are showiable 1.

Table 1. Leaching test samples

Chemicals added Sample number| Leaching temperaturéX) | Carbonation
. . Sr-7, Sr-10, Sr-17 25 No
Strontium nitrate
Sr-1, Sr-2, Sr-6 25 Yes
Cesium chloride| Cs-5, Cs-6, Cs-14 25 No
Cs-2, Cs-4, Cs-10 25 Yes

4.1 Carbonation experiment

The procedure of the carbonation experiment is showFig.7. Gaseous carbon dioxide
flowing out from the gas cylinders turns into a exgitical state after flowing through the high
pressure air pump and the temperature adjustindnimaicThe supercritical carbon dioxide then
flows into the reaction vessel and takes part irbaaation with the test blocks. Finally, the
remaining carbon dioxide flows through a switchiguipment back to the gas cylinders. This
experiment is conducted in a closed loop systemthab we can recycle the remaining carbon
dioxide.

Corresponding author (j.ye2@Lancaster.ac.uk)
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Fig.7. Design schedule and procedure of accelecadsbnation

The carbonation condition is the same as showrigir2 FAfter carbonation, a block was cut to
show the internal section. The carbonation depth measured using phenolphthalein, by which the
fully carbonated area did not exhibit a red coldre measured carbonation depth is shown in Fig.8,
where the carbonated depths in eight random latstiere measured. The measured average was 1
mm and was consistent with the simulation resuitmfthe previous Section.

N o o oW

Fig.8 Carbonation depth

8 In order to estimate the amount of carbon dioxiosoebed by the test block during the process
9  of carbonation, the mass of the blocks was measbeéore and after carbonation, so that the
10 percentage of mass increase were calculated asishdwable 2.

11 Table 2 Mass increase percentage
_ Average mass
Sample Mass before Mass after Mass increase .
_ _ increase percentage
number carbonation (g) carbonation (g) percentage (%) (%)
0
Cs-2 193.86 199.57 2.914
2.946
Cs-4 193.07 198.34 2.694
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Cs-10 193.86 199.57 2914

Cs-5 192.06 197.97 3.036
Cs-6 194.20 200.27 3.096
Cs-14 194.07 200.12 3.087
Sr-1 193.95 199.50 2.866
Sr-2 193.90 198.18 2.207
Sr-6 194.31 198.91 2.367
3.333
Sr-11 194.19 202.86 4.465
Sr-14 193.42 201.65 4.255
Sr-15 195.44 202.85 3.791

From Table 2, it can be seen that the blocks wdidfled chemicals have an approximate mass
increase ratio of about 3 %.

4.2 Leaching test

To evaluate the effect of carbonation on leachihg,pairs of groups (Table 1) containing the
same added chemicals were tested and compareelfdrihg, giving us the results for blocks with
and without carbonation. The test blocks were predufrom ordinary Portland cement and the
water was deionized by an ultra-pure water machine.

The leaching temperature was controlled at@5in the oven. The leaching solution at ages of
1, 3,7, 10, 14, 21, 28, 35 and 42 d were replarsimeasured for ion concentrations that were
used to calculate the leaching rates of the cetvlenks. The measured average leaching rates of Sr
and Cs from the blocks with and without carbonatiom shown in Fig.9, respectively. Similar tests
were also carried out at 7€ and the respective results are shown also in Fig.9.

Fig.9 shows all the measured leaching rates dblibeks listed in Table 1 against leaching time
and two different temperatures. Fig.9 (a) and (b) eespectively, for leaching of Sr and Cs. From
Fig.9 (a), we can see that the leaching rates @r&mll reduced significantly due to carbonation.
This mainly attributes to the fact that carbonationproves the compactness of cement
solidification resulting in a positive effect onteation of the internal particles. However, from
Fig.9(b), an increase of leaching rate of Cs aftgbonation occurs between day 5 and day 25 at
70 °C. The reasons for this are not clear from the tddtae tests and long term leaching tests
lasting several years are needed for further study.
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Fig.9. Leaching rate from experiments

In order to validate the numerical models, Fig.1lfespnts comparisons between the
experimental and the simulation results of Sr asde@ching at 25C. The comparisons show that
the numerical models developed in this paper caorately predict the process of leaching.
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Fig.10 Comparisons of experimental and simulatesuits

5. Conclusion

A three-dimensional model of particles leachingrfroement solids has been developed in this
paper. The effects of temperature, time, chemioalsclidation, properties of cement can all be
taken into account by this model.

Both carbonation and leaching tests were conducatékis research, which have shown that
accelerated or supercritical carbonation can rediedeaching rate and effectively improve the
impermeability of cement solidification.

The experimental tests were also used to validatedeveloped three-dimensional leaching
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model. The satisfactory comparisons suggestedthieatombined carbonation and leaching model
developed here can accurately simulate the proeegdeaching tests with or without supercritical
carbonation.
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Highlights

We developed a multi- physics and —phase model for supercritical carbonation and leaching of cement based
materials.

We conducted experiments to validate the model.

We investigated the impact of carbonation on the retention capacity of cement.

We studied the effect of various physical properties on the leaching process of Sr and Cs ions.



