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Abstract

Ordinary Portland Cement (OPC) is often used for the solidi®cation/stabilization (S/S) of waste containing heavy metals and

salts. These waste components will precipitate in the form of insoluble compounds on to unreacted cement clinker grains preventing
further hydration. In this study the long term e�ects of the presence of contaminants in solidi®ed waste is examined by numerically
simulating cement hydration after precipitation of metal salts on the surface of cement grains. A cement hydration model was

extended in order to describe pore water composition and the e�ects of cement grain coating. Calculations were made and the
strength development predicted by the model was found to agree qualitatively with experimental results found in literature. The
complete model is useful in predicting the strength and leaching resistance of solidi®ed products and developing solidi®cation
recipes based on cement. # 2001 Elsevier Science Ltd. All rights reserved.

1. Introduction

Ordinary Portland Cement (OPC) is often used for
the solidi®cation/stabilization (S/S) of waste. Waste
components can retard or even stop the hydration of
cement by precipitation of insoluble compounds on the
surface of hydrating cement particles [1]. Yousuf et al.
[2] describe a ``charge dispersal model'' in which zinc
hydroxide anions are dispersed by the presence of OHÿ

ions in the cement pore water. Because the negative
cement surface is charge-compensated by Ca2+ ions, a
di�use layer of negative zinc hydroxide anions is present
and will be transformed into calcium zincate which
completely coats the cement particles with an imperme-
able layer and thus inhibits further hydration reactions.
Experiments with cadmium and lead showed that
coating took place in the ®rst minutes after mixing
cement, water and waste [3].
This coating mechanism can be modelled using a

cement hydration computer model that was developed
at NIST [4]. In this model a hydrating cement paste is
represented by a digital matrix of pixels with a unit size
of 1 mm3, which are assigned to water, gypsum or one of
the cement mineral phases or possible reaction pro-
ducts. A simulation consists of dissolution or hydration
cycles in which cement clinker phases can dissolve,

react, di�use and precipitate as Ca(OH)2 (CH) or cal-
cium±silicate hydrate (C±S±H). After a large number of
hydration cycles it predicts the hydration degree (frac-
tion of cement reacted), the porosity and the phase
composition of the solid structure (Fig. 1).
In order to simulate cement hydration in the presence

of waste components, it is important to consider the
pore water composition. The chemical equilibria of
interest are strongly dependent on the presence of com-
mon ions in cement pore water such as Ca2+, K+, Na+

and OHÿ . Based on these equilibria, the pH and the
amount of precipitate can be determined.

2. Porewater concentrations

The pore solution is assumed to be saturated in
Ca(OH)2 during cement hydration. During cement
hydration high amounts of alkalis, sodium and potas-
sium, are released. While the ion products of both KOH
and NaOH are signi®cantly higher compared to that of
Ca(OH)2, it is assumed that the solution is always satu-
rated with regard to the latter. Thus, given the total
concentration of alkali released (sum of Na+ and K+)
into the pore water and the known ion product for
Ca(OH)2 it is possible to calculate [OHÿ] and [Ca2+]
concentrations as a function of hydration degree.
Taylor [5] developed a method to describe the alkali

content in cement pore water. It is based on the total
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alkali content in cement, the w/c (water/cement) ratio
used and the hydration degree. When the release and
uptake of alkalis and the porosity fraction are known,
the concentration of alkalis and corresponding OHÿ

can be predicted during hydration.
For most Portland cements the Na2O equivalent is

given, which is the mass percentage of Na2O that would
produces the same amount of moles of alkali as the sum
of Na2O and K2O mass present in cement. All calcula-
tions will be based on this equivalent as if the amount of
alkali released only consists of Na+.
The total number of mol of alkalis per gram cement

is:

NaT � Naeq �2
MNa2O

�1�

NaT = alkali content in (mol/g)
Naeq = Na2O equivalent (g/g)
MNa2O = molecular mass Na2O=62 (g/mol)

Assuming that alkalis are released linearly
proportional with hydration degree, the total alkali
concentration released in the pore solution, is calculated
as follows:

Na�
� �

released
� NaT ���mc

�por

�0por

�mw

�w

� NaT ��
�por

�0por

�w=c
��w �2�

[Na+]released = alkali released in (mol/l)
a = hydration degree
mc = mass cement in (g)
mw = mass water in (g)
�por

�0por
= concentration factor

�w = water density=1000 (g/dm3)
w/c = water/cement ratio

The concentration factor, de®ned as the ratio of the
porosity fraction to the initial porosity fraction is used
to account for the decrease in porosity during hydration
and is therefore a dependent. As a result of this decrease
in porosity all ions present in the pore solution are
concentrated correspondingly. In Taylor [5] it is dis-
cussed that the amount of each alkali cation taken up by
the hydration products C±S±H and AFm phase is pro-
portional to the concentration present in the solution
and the quantity of these hydration products formed.
All alkalis are both released and consumed with
equivalent amounts of OHÿ ions. Taylor introduced
two empirical constants, called binding factors, which

are numerically equal to the amount of alkali in mmole
that can be taken up from a 1 M alkali solution by the
total quantity of hydration products formed from 100 g
OPC. Although the consumption rates for Na+ and K+

will not be exactly the same an estimated mean value of
0.23 mmole alkali per g OPC per mol alkali per liter
pore water will be used here. Hence the amount of
alkalis consumed in mol/l is:

Na�
� �

consumed
� bNa ���mc � Na�

� �
released

mw

� bNa ��
w=c
� Na�
� �

released

� bNa �NaT ��w ��2
'por

'0por

� w=c� �2
�3�

bNa=alkali binding factor=0.23 (ml/g)
The di�erence between the amounts of alkali released

and consumed gives actual alkali pore concentration.

Na�
� � � Na�

� �
released

ÿ Na�
� �

consumed
�4�

The pore solution is saturated with respect to
Ca(OH)2. The corresponding activity product was taken
from SOLTEQ [6], the chemical equilibrium model
developed by Batchelor and Wu, based on MINTEQA2
[7]. The corresponding activity coe�cients were calcu-
lated using the Davies equation for single ions [8]. The
corresponding solubility product is then:

k1 � Ca2�� �
OHÿ� �2� 2:70�10ÿ5 �5�

If excess of a solid phase is in equilibrium with the
solution, the total amount of that compound in solution
is called the molar solubility, denoted by S [8]. In a
solution that contains Ca(OH)2, the molar solubility is
denoted SCH.
In a saturated solution of an ionic salt, addition of

another, more soluble salt containing one of those ions,
will decrease the solubility of the ®rst. This is known as
the ``common-ion e�ect''. The [OHÿ] ions in solution
originate both from the dissolution of Ca(OH)2 and
from the amount of alkali released into the pore water.
As long as solid Ca(OH)2 (CH) is present the following
relations should hold:

Ca2�
� � � SCH �6�

OHÿ� � � 2�SCH � Na�
� � �7�

Substituting Eqs. (6) and (7) into the solubility pro-
duct k1 [Eq. (5)] gives the following equation:
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kCH � Ca2�� �� 2 Ca2�� �� Na�
� �ÿ �2

� 4 Ca2�� �3�4 Na�
� �

Ca2�
� �2� Na�

� �2
Ca2�� � �8�

For a known alkali concentration this equation is
dependent on [Ca2+] only and was solved analytically
using the computer program mathematica1 [9]:

Ca2�
� � � Na�

� �ÿ X
ÿ �2

6�X

X �
�����������������������������������������������������������������������������������������������������������������

Na�
� �3�27�kCH � 3

���
3
p
�
��������
kCH

p
�
��������������������������������������
2� Na�
� �3�27�kCH

q� �
3

s
�9�

When [Ca2+] is calculated, [OHÿ] can be calculated
from the solubility product and the pH can be deter-
mined from the relation pH=14+log[OHÿ].
Fig. 2 shows the calculated pH development com-

pared with experiments by Larbi et al. [10]. As can be
seen from this ®gure there is a good agreement from 1
to 28 days of hydration. The disagreement during the
®rst hours of hydration can be explained by the
observed supersaturation of Ca(OH)2 [5]. This was not
accounted for in the calculations.

3. The principle of coating layers

It is assumed that as soon as cement and water con-
taining the contaminant are mixed, precipitation will
occur. According to the chemical equilibria an amount
of precipitated product will be formed and this amount
of volume will coat the unhydrated cement surface. This
results in part of the cement particle surface being inac-
cessible for water. Furthermore it is assumed that the
precipitated volume is made up of layers of square coat-
ing units of thickness dlayer and volume dlayer �1 mm�1 mm.
The average number of coating layers present on the

initial surface of the cement particles is dependent on
the initial amount of precipitated product and can be
calculated according to Eq. (10):

nlayers �
'ppp

dlayer �SA��pp
�10�

nlayers = average number of coating layers
'ppp =mass fraction precipitated product precipitated

(g/g of cement)
dlayer = coating layer thickness (cm)
SA = speci®c surface area of cement (cm2/g)
�pp = precipitated product density

During cement hydration the following mass balance
should be obeyed, in which all fractions are in (g/g)
unreacted cement:

'Tpp � 'Spp � 'ppp �11�

'TB = total initial mass fraction precipitated product
(g/g OPC)

'sB = mass fraction precipitated product (re)dissolved
(g/g OPC)

'TB can be calculated from Eq. (11), ®lling in the the-
oretical total amount of precipitate in (mol/dm3) that
can be formed from the product added, taking into
account possible molar di�erences, and concentration
factor=1. 'sB is calculated from the equilibrium con-
centration of precipitate that is determined after each
hydration cycle.

'ppp �
mp

pp

mc
�

pp� ��w=c�'por

'0por

�Mpp

�w
�12�

mB
p = mass precipitated product (g)

mc = mass cement (g)
[pp] = amount of precipitated product (mol/dm3)
�por

�0por
= concentration factor (ratio actual porosity to

initial porosity)
Mpp = molecular mass precipitated product (g/mol)
�w = density water (g/dm3)

When the total volume of precipitate is known, it has
to be placed at the water exposed surface of the unhy-
drated cement particles. In the hydration model, the
smallest size unit is 1 mm3 and the water exposed cement
particle surface consists of ms surface planes of 1 mm2.
Then the total volume of precipitate consists of n units
of volume dlayer times 1 mm2 that have to be placed
randomly on the cement particle surface (see Fig. 3).
Subsequently, from statistics [11] one can compute the

surface fraction P(x) that is coated by x units after
placing the total of n units. The probability P that one
unit is placed on one speci®c surface plane is inversely
proportional to the number of surface planes ms it can
choose from, so P(1)=1/ms when n=1. The probability
of a surface plane being uncoated after randomly
placing n units on ms possible surface planes, can be
calculated as follows:

P 0� � � 1ÿ 1=ms� �n �13�

Note that a surface of 100 planes (ms=100 and the
number of units n to be placed randomly should be
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100.nlayers) is su�ciently representative to produce an
accurate probability distribution. From Eq. (13) it fol-
lows that when the cement surface could be coated by
more than 5 coating layers on average, and using the
probabilistic placement procedure proposed here, the
percentage of uncoated surface decreases to less than
1%. From preliminary simulations it followed that
reasonable hydration rates take place when 5% of the
surface is uncoated, corresponding with a probabilistic
distribution of 3 coating layers on average.

4. Computational results

As an example the well-known retarding e�ects of
borates will be described according to the model devel-
oped in this work. Calcium diborate Ca[B(OH)4]2.2H2O
(CBH6 in cement chemistry notation) is formed instan-
taneously after mixing cement and borate containing
water, as a result of the high pH and high calcium
concentration in the pore water. When boric acid
(H3BO3) is dissolved in the pore water, it forms
[B(OH)4

ÿ] ions and in the presence of Ca2+, the equili-
brium of interest is the following [12]:

Ca B OH� �4
� �

2
s� � () Ca2� � 2 B OH� �ÿ4

� � �14�

k2 � Ca2�� �
B OH� �ÿ4
� �2� 1:62�10ÿ6 mol3=dm3

� � �15�

De®ning SCH and SCBH6 as the molar solubilities of
CH and CBH6 respectively, yields the following con-
centration balances:

B OH� �ÿ4
� �

2�SCBH6 �16�

Ca2�
� � � SCH � SCBH6 �17�

From rearranging both equilibria (5) and (15) and all
relevant concentration balances and substituting the
results back in Eq. (5), yields the following equation in
which [B(OH)4

ÿ] is the only variable in case [Na+] is
known:

k2 � SCH � SCBH6� �� B OH� �ÿ4
� �2� K� B OH� �ÿ4

� �3
ÿ 1

2
� Na�
� �� B OH� �ÿ4

� �2
;K � 1

2
�
�����
k1
k2

s
� 1

2

�18�

In the case of a known alkali concentration the solu-
tion of this cubic equation in [B(OH) 4

ÿ] in closed-form
is as follows (based on analysis by mathematica1 [9]):

B OH� �ÿ4
� � � Na�

� �� X

6�K � Na�
� �2
6�K�X

X�
���������������������������������������������������������������������������������������������������������������������

Na�
� �3�108�k2 �K2 � 6

���
6

3
p
�
�����
k2

p
�K�

�������������������������������������
Na�� �3�54�k2 �K2

q� �
3

s
�19�

When [B(OH)4
ÿ] is determined, [Ca2+] can be calcu-

lated according to the ion product k2 and [OHÿ] can be
calculated using the ion product k1.
In Fig. 4, the development of pore water concentra-

tions during undisturbed hydration is plotted against
time. When hydration starts, [Ca2+] is high and
[B(OH)4

ÿ] must be low because of its ion product and
CBH6 precipitates. Then alkalis are released as a result
of cement hydration and [Na+] and correspondingly
[OHÿ] in the pore water increase. This results in a
decrease in [Ca2+] because of the CH ion product. As a
result of this CBH6 can redissolve, the surface coating
percentage decreases, hydration rate will increase and
more alkali will be released. This is a self-accelerating
process. From these trends it is also clear that when
coating percentages approach 100%, the hydration rate
is too slow to release su�cient alkalis for redissolution
of the coating compound. In that case hydration is
completely stopped.
From experiments by Lieber and Richartz [13] it is

known that hydration can ®nally proceed, even when
pollutant additions up to 1% (m/m) are used. Assuming
that the crystal layer thickness dcrystal is equal to the unit

Fig. 1. Hydrated cement microstructure in CEMHYD3D. Based on

100.100.100 pixels in 3D box.

Fig. 2. Pore water pH development.
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cell size of the CBH6 crystal (about 6.10
ÿ10 m), this addi-

tion would correspond with 39 coating layers. According
to Eq. (13), this corresponds with a completely coated
surface and hydration would be stopped completely.
From this observation it is assumed that the minimum
precipitation layer thickness dlayer is built up from a
number of crystal layers (ncrystal) with the size of one
crystal unit of CBH6 (ncrystal), so dlayer=ncrystal.dcrystal.
The equilibria and coating mechanism described above

were implemented in the cement hydration model. When
concentrations are calculated during cement hydration it
is assumed there is an equilibrium at the end of every
hydration cycle. All parameters were chosen according
to the experimental conditions used by Lieber and
Richartz [13], who examined the e�ect of boric acid on
setting properties and strength development of Portland
cement. They used OPC with a Speci®c Surface Area of
4080 (cm2/g), a Naeq of 0.92%, a w/c ratio of 0.5 and
borate concentrations of up to 1% (g H3BO3 per g
OPC). ncrystal was estimated as 13, so that the 1% addi-
tion corresponded with 3 coating layers on average.

Before cement hydration starts, the total initial
[B(OH)4

ÿ] and �B
p at [Na+]=0 is calculated. A digital

initial cement microstructure is generated and the
cement particle surface is coated according to the prob-
abilistic placement procedure. After performing this
procedure, only the uncoated surface planes are initially
available for dissolution and reaction.
After each hydration cycle, the � and actual porosity

of the cement paste is given by the cement hydration
computer model and all parameters of interest can be
calculated in the order, [Na+], [B(OH)4

ÿ], �Bs and �B
p .

According to this recalculated precipitated mass �B
p , a

corresponding removal of coating units from the cement
particle surface is performed. This is done by randomly
decreasing the number of coating units from surface
planes that are coated by 1 or more coating units. This
adjustment results in an increase in uncoated surface
planes, making them available for dissolution in the
following hydration cycles. H3BO3 additions of 1.0, 0.5,
0.2 and 0.1% were used in the simulations and hydra-
tion was allowed to proceed to an equivalent hydration
time of 28 days.
Powers [14] related strength to the cement gel/poros-

ity ratio in the cement microstructure and thus to
hydration degree and the w/c ratio. Higher hydration
degrees correspond to higher amounts of cement gel and
lower amounts of remaining porosity and thus to higher
strength. Hydration degrees were calculated by CEM-
HYD3D and Powers relation was used to calculate the
corresponding strength.
Fig. 5 shows the calculated strengths (lines with small

symbols) and measured strengths (large symbols) of
hardened OPC pastes with di�erent H3BO3 additions.
For the calculated strength developments one can see a
clear di�erence between the lower 0.1 and 0.2% and the
two higher 0.5 and 1.0% pollutant additions. For the
higher 1 and 0.5% additions, initially hydration degrees
are signi®cantly lower compared to the blank sample.
After two or three days their hydration rates increase,

Fig. 3. Digitised 3 mm particle (19 pixels). One water exposed cement

pixel plane is covered with two coating units and thus coated. All

other water exposed planes are uncoated and thus free for dissolution/

reaction.

Fig. 4. Pore water [Na+], [B(OH)4
ÿ], [Ca2+] and [OHÿ] development.
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while hydration rate of the blank sample is decreasing.
At 28 days there was still precipitate and thus coated
surface present in both cases. It can be expected that,
while hydration continues, all remaining precipitate will
redissolve and ®nal hydration degrees degree will be
comparable to the blank sample. For the two lower
additions 0.2 and 0.1%, the initial coating percentages
were less than 50%, which results in a much quicker
initial hydration rate and redissolution of precipitate
compared to the other polluted samples. This results in
strengths that are comparable to the blank sample.
The trends found in the simulations agree qualita-

tively with the experimental strengths measured by Lie-
ber and Richartz [13]. For the 0.5% (m/m) and 1.0%
H3BO3 additions, both measured strengths are
decreased at ages less than 3 days, but approach blank
values after 28 days. The 0.1 and 0.2% additions
showed equal strength development compared to the
blank sample. Thus, calculated strength development
agrees qualitatively with experimental results.

5. Conclusions

Based on chemical equilibria of calcium salts in the
presence of alkalis, quantities of precipitates were com-
puted. It is shown that depending on the hydration
degree and related alkali release, calcium salts will pre-
cipitate and redissolve. This precipitation model has
been incorporated in a numerical cement hydration
model and results were compared with experimental
data of calcium borates. This yielded good qualitative
agreement. An important unknown is the number of
crystal layers per coating layer. We have assumed this

value to be equal to 13, but this should be validated
experimentally. This number is an important parameter
that is required for relating used pollutant concentrations
and layer thicknesses initially present on the cement sur-
face. The approach presented here can also be used to
describe the retarding e�ects of common pollutants like
Cd and Zn. More research and calculations are required
so that in the future hydration in the presence of pollu-
tants can be predicted, taking into account experimental
parameters like w/c ratio and speci®c cement surface
area, pollutant concentrations in the mixing water and
chemical equilibria of all ions involved. In that case
immobilization recipes can be optimized and durability
of the solidi®ed product can be predicted.
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