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a b s t r a c t

Dissolution of increasing amounts of silica (�-cristobalite) in the same volume of a 4% weight of sodium
hydroxide solution was followed by microcalorimetry in a closed cell at temperature up to 130 ◦C. The
process led to the formation of a dissolved entity whose formula depends on the Na2O/SiO2 ratio. At the
beginning dissolution gave [3Na2O, 4SiO2] entity and when increasing dissolved silica amounts, the latter
vailable online 12 November 2010
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transforms into [Na2O, 2SiO2]. Kinetic study showed that dissolution starts by a very rapid step with about
10% of the whole heat energy released and continued with a very slow process. Kinetic analysis showed
that the latter agrees with two successive silica first-order reactions scheme. The resulting activation
energy values are of the same magnitude order of that deduced from the isoconversional model.

© 2010 Elsevier B.V. All rights reserved.

inetics

soconversional model

. Introduction

In the wet manufacture process of phosphoric acid, the attack
f phosphate ore by the mixture of phosphoric and sulfuric acids
eads to concentrated phosphoric acid containing various amounts
f impurities which were present in the ore or in the reagents used
n the process.

Usually, the impurities elimination is done by neutralizing the
cid with sodium hydroxide. Iron, aluminum and magnesium are
liminated at 97%, 75% and 63%, respectively, but losses of P2O5
re important and can reach up to 10%. An alternative way to
educe Mg2+, Fe3+ and Al3+ contents consists in precipitating them
s insoluble silicate salts. The first step of this process is to prepare
olutions of alkali silicates to be added to manufactured phospho-
ic acid. This paper aimed to follow the dissolution of a variety of
ilica (�-cristobalite) in NaOH aqueous solution at different tem-
eratures in order to get information on its solubility. But as it will
e seen later, silica dissolution is a very complex process.

Several authors have been interested in silica dissolution and
roposed different models since the 1950s [1,2]. The work of Bul-
eel et al. [3] which was performed on the alkali–silica reaction
howed that the process began with a break of the siloxane bond

Si–O–Si). According to this team, the predominant species in alka-
ine solution is SiO5/2

−. Attack of the latter by a hydroxyl ion gives
he anion H2SiO4

2− which is in equilibrium with H3SiO4
− (Iler equi-

ibrium [4]). Dove and Crerar [5] suggested that the silica surface,

∗ Corresponding author. Tel.: +216 98 90 27 71; fax: +216 71 88 34 24.
E-mail address: jemal@planet.tn (M. Jemal).

040-6031/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.tca.2010.11.008
represented as Si–O–Si , reacts in contact with water to form two
( Si–OH) species which move into Si–O− in basic solutions. Dron
and Brivot [6] consider the equilibrium between the hydrated silica
surface and the silicic acid in solution. The surface interaction has
been described by the following reaction:

SiO2, H2Osurf + H2O → (H4SiO4)solution

Dissolution of silica involves several silicate species, includ-
ing the existence of oligomers. According to many authors [7–9],
the process starts by combining two molecules of Si(OH)4 to form
Si2O7H6 with a siloxane bond (Si–O–Si) and the formation of dimers
can increase as pressure and temperature increase. The dimer can
be linked to other Si(OH)4 to form higher order oligomers and those
having more than 3 atoms of Si can move into cyclic structures or
into more complex forms leading to an infinite variety of polymers
[10]. The presence of several polymeric species has been reported
since the 1950s [11,12]. Using a [29Si] NMR analysis, Harris et al.
[13] distinguished 11 types of oligomers in a concentrated solu-
tion of potassium silicate. The dominant species depend strongly on
experimental conditions [14]. The main species present in aqueous
solution at low pH seem to be monomeric (H4SiO4(aq), H3SiO4

−

and H2SiO4
2−) [15,16]. For pH greater than 10, a wide variety of

polymers formed in solution, up to hexameric species [17].
Felmy et al. [18] studied the silicate polymers and distinguished

8 different species. They showed that in a solution containing

sodium ions the formation constants of species with the same
number of silicon are very close and the linear and cyclic species
have similar structures (especially trimers and tetramers). More-
over, sodium in solution changes the linear chains, forming a sort
of bridge between the end chain oxygens. These authors also con-

dx.doi.org/10.1016/j.tca.2010.11.008
http://www.sciencedirect.com/science/journal/00406031
http://www.elsevier.com/locate/tca
mailto:jemal@planet.tn
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44 M. Fertani-Gmati, M. Jemal / Thermochimica Acta 513 (2011) 43–48

F
s

c
t
t
t
k
S
w

2

h
d
u
w
v
a
s
t
s
s
t

3

i
o
c
e
t
r
s
1
E
t
s

d
s
o

a
2

Table 1
Molar enthalpy of dissolution of silica in NaOH solution at 90 and 120 ◦C.

�H (J mol−1) at 90 ◦C �H (J mol−1) at 120 ◦C

Domain A 14,519 ± 920 12,859 ± 145

heat energy. The kinetic study has been undertaken only for the
A domain because of the complexity of the process in the other
domains.
ig. 1. Heat energy measured by integrating the raw signal as a function of the added
ilica moles number in 5 mL of 4% weight NaOH aqueous solution at 90 and 120 ◦C.

luded that various forms of trimers and tetramers had roughly
he same thermodynamic stability. According to Trinh et al. [19],
he condensation reaction occurs either through anion or neu-
ral species. The “anionic” mechanism seems to be more favorable
inetically and to occur in two steps which are the formation of
i–O–Si between two molecules followed by the elimination of a
ater molecule.

. Experimental

Commercial silica (Fluka) was dissolved in an aqueous solution
aving 4% weight NaOH. The dissolution experiments are con-
ucted in a C-80 Setaram Calorimeter, at isothermal conditions
sing the reversal cells in shaking mode. Various amounts of silica
ere placed in the lower compartment of the cell and a constant

olume of NaOH (5 mL) in the upper compartment which was sep-
rated from the former by a metallic cover. After one night of
tabilization time, the reactants were mixed by the reversal sys-
em and the dissolution was followed until equilibrium which was
ometimes obtained after a very long time (up to 4 days) under
haking. The solid mass is fixed between 17 and 500 mg and the
emperature at 80–130 ◦C.

. Thermodynamics

In case of a simple process, the heat evolved by dissolving
ncreasing amounts of solid in the same volume of solvent increases
r decreases continuously until saturation from which it becomes
onstant. It is not so simple with silica and the phenomenon is
xothermic whatever the mass of dissolved solid and the tempera-
ure (curve a in Fig. 2). Fig. 1 shows the drawing of the heat energy
eleased at 90 and 120 ◦C by dissolving successively 17–500 mg of
ilica in 5 mL of NaOH solution. One can notice 3 line segments at
20 ◦C and 2 at 90 ◦C noted as A, B and C domains respectively.
xperiments were not performed in C domain at 90 ◦C because of
he very long duration of the process. The higher the amount of
olid and lower the temperature, the longer the duration.

Table 1 gathers the molar dissolution enthalpy in various
omains with the corresponding errors calculated considering the

catter around the least square line. One can notice the same value
f �H in B domain and slight variation in A domain.

X-ray diffraction analysis of the solid isolated at high temper-
ture (120 ◦C) and different reaction times (3 min, 1 h, 2 h, 4 h and
2 h) showed only the presence of undissolved silica.
Domain B 8194 ± 620 8194 ± 51
Domain C – 2605 ± 17

Along one domain, the molar enthalpy is constant and so each
domain corresponds to the same process. Fig. 1 shows that A
domain lies still Na2O/SiO2 ratio near 0.75 and so it corresponds to
the formation of dissolved entity [3Na2O, 4SiO2]. Molar Na2O/SiO2
ratio for B domain lies between 0.75 and 0.5. This corresponds to
the transformation of the previous entity to [Na2O, 2SiO2] in the
dissolved state, according to the reaction:

[3Na2O, 4SiO2]diss + 2SiO2 → 3[Na2O, 2SiO2]diss.

4. Kinetics

In preliminary experiments, the time constants of the reaction
cell were determined using a pair of cells which were previously
provided with two electrical resistances in order to perform calibra-
tion operation in the same conditions as for the chemical process
[20]. Values of these constants were then used to calculate the
deconvoluted curve (or thermogenesis curve) from the raw signal
resulting from chemical process. The two signals differ or super-
pose depending on the speed of the corresponding phenomenon.
This procedure allowed to propose kinetic schemes for the attack
of synthetic phosphates [20,21] or a phosphate ore [22] by acid
solutions. Fig. 2 gives an example showing a large difference at the
beginning between the signals which superpose when time elapses
and the process becomes slow.

The deconvoluted signal contains 2 peaks corresponding to
exothermic phenomena whatever the temperature and the mass
of dissolved solid. Nevertheless, one can notice a large difference
between the peak intensities, indicating a very rapid first phe-
nomenon with a heat energy not exceeding 10% of the whole
Fig. 2. Raw (a) and deconvoluted (b) signals corresponding to dissolution of 152 mg
of silica at 120 ◦C.
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Table 2
k and n parameters corresponding to domains I and II at 90 and 120 ◦C.

T (◦C) 90 ◦C 120 ◦C

msilice (mg) 80.345 120.605 183.375 212.910 80.725 152.310 202.575 227.02

Domain I k 4.61E−4 4.68E−4 2.69E−4 E−4 E−3 E−3 E−3 E−3

n 3.68 4.39 3.18
Domain II k 2.73E−5 2.73E−5 2.09E−5

n 1.26 1.23 1.22
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ig. 3. Plot of ln(−ln(1 − x)) versus ln(t) for various masses of silica dissolved in
aOH solution at 120 ◦C.

.1. Avrami model

At the origin Avrami model has been formulated for crystalliza-
ion from pure liquid [23]. It has been then extended to chemical
rocesses [24–26]. This model links the reactant transformed frac-
ion x to time t by the following equation:

ln(1 − x) = ktn (1)

ith k and n the Avrami constants and x equals the ratio of the
eat q released at time t over the overall heat Qt determined by

ntegrating the whole peak. This ratio was calculated by dividing
he corresponding surface areas under the peak.

Avrami parameters and successive steps in the global process
an be deduced from the drawing of ln(−ln(1 − x)) versus ln(t).

Fig. 3 shows 2 line segments corresponding to I and II domains
espectively. According to literature [27–29], the change of the
lope can be attributed to the appearance of a new phenomenon or
change of mechanism in a phase transition and so each domain

orresponds to a predominant phenomenon.
Table 2 gathers the values of k and n parameters calculated in

omains I and II for different masses of silica dissolved at 90 and
20 ◦C.

Parameter n lies in the range {3.18–4.39} at 90 ◦C and
3.05–4.52} at 120 ◦C for the I domain and in the range {1.22–1.28}

◦ ◦
t 90 C and {0.84–1.16} at 120 C for II domain. So, the predomi-
ant phenomenon appearing at 90 ◦C in a certain domain seems to
e the same at 120 ◦C for the same domain.

This model permits also to detect the starting time of the second
henomenon (Table 3). This time could not be detected directly

able 3
he starting time of the second peak at 90 and 120 ◦C.

T (◦C) 90 ◦C

msilice (mg) 80.345 120.605 183.375

Starting time of the 2nd peak (s) 493 645 773
3.57 7.24 3.31 2.12 2.19
4.95 4.36 3.05 4.13 4.52
1.94E−5 3.18E−4 2.95E−4 2.02E−4 2.25E−4

1.28 0.84 1.09 1.16 1.21

from the crude or deconvoluted curves because of the overlapping
of the peaks. However, this time is very short compared to the entire
duration of the experiment which can last up to 4 days as it was said
previously and increases as the dissolved silica amount increases
and temperature becomes lower. At constant temperature, the first
phenomenon seems to end earlier for small amounts of dissolved
solid, its rate is highly dependent on temperature, consequently it
may correspond to a bulk phenomenon.

4.2. Isoconversional model

In heterogeneous kinetics, the process occurring at the interface
is not usually a one step reaction because of the modification of the
solid surface over time leading to changes in mechanism [30–32].
This complex behavior is shown through isoconversional model.
According to that model, the converted fraction ˛ of a reactant is
expressed as a function of time by the equation:

d˛

dt
= k f (˛) (2)

with k the rate constant and f(˛) a function associated to the mech-
anism.

Integration of Eq. (1) leads to:

g(˛) =
∫ ˛

0

d˛

f (˛)
(3)

or

g(˛) = k t (4)

Using the Arrhenius law, g(˛) can be expressed as:

g(˛) = A exp
(

− Ea

RT

)
t (5)

and so:

ln(t) = Ea

RT
+ ln

(
g(˛)

A

)
(6)

At a certain mole fraction, ln(g(˛)/A) is constant [33] and so it is
possible to determine the activation energy, whatever the model
[33], by plotting ln(t) versus 1/T. Examples of plots of ln(t) versus
1/T (80 ≤ T ≤ 130 ◦C) are illustrated in Fig. 4 for different conversion
rates (0.06 ≤ ˛ ≤ 0.93).

For a one step process, the activation energy is constant along
all the process, but in the present case, the whole activation

energy varies considerably as the reaction progresses suggesting
the occurrence in several steps [34]. Fig. 5 shows the variation of
the activation energy as a function of ˛ with the errors calculated
by considering the scatter of the points around the least square line
drawn for each value of ˛ in Fig. 4.

120 ◦C

254.675 80.725 152.310 202.575 227.020

830 58 82 180 192
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Fig. 4. Examples of plots of ln(t) versus 1/T for 80 ≤ T ≤ 130 ◦C at different ˛.

The increase of the activation energy over the conversion rate
as been attributed to a kinetic scheme involving consecutive [35]
r parallel [36] reaction processes with limit values of activation
nergy. Fig. 5 shows that the whole activation energy starts at about
6 kJ mol−1, reaches a maximum at 95 kJ mol−1 for ˛ = 0.55 then
ecreases to about 88 kJ mol−1.

.3. Kinetic scheme

Due to the predominance of the second peak, the kinetic scheme
as only considered for the latter. Different reaction schemes have
een supposed for this peak in A domain and the corresponding
eat flow equations have been derived then processed iteratively

n order to get the overlapping of the calculated and the deconvo-
uted curves. Calculation indicated that the mechanism involving
wo successive silica first-order reactions leads to better results.

According to this model, silica (A) reacts with a sodium hydrox-

de solution (sol) to form a B entity which transforms into C,
ccording to the following reaction scheme:

+ sol
k1−→B (I)

ig. 5. Dependence of the activation energy versus the conversion degree calculated
ccording to the isoconversional model.
himica Acta 513 (2011) 43–48

with k1 the rate constant and �H1 molar reaction enthalpy.

B
k2−→C (II)

with k2 the rate constant and �H2 molar reaction enthalpy.
The rate equations are expressed as:

r1 = k1[A] (7)

and

r2 = k2[B] (8)

with [A] the concentration of silica at “t” time if it were dissolved
and [B] that of B.

If one supposes the rate of the first reaction not be influenced by
the second reaction, the concentration of A is given by the following
equation:

[A] = [A]0 exp(−k1t) (9)

with [A]0 the initial concentration of A.
The rate of presence of B in the reactional medium is expressed

as:

r(B) = r1 − r2 (10)

and so

−d[B]
dt

= k2[B] − k1[A] (11)

Integrating Eq. (11) leads to:

[B] = [A]0
k1

k1 − k2
[exp(−k2t) − exp(−k1t)] (12)

Taking into account the mass conservation of silica, the sum
of the concentrations of A, B and C species equals to the initial
concentration of reactant A:

[A] + [B] + [C] = [A]0

Thus

[C] = [A]0

[
1 − k2 exp(−k1t) − k1 exp(−k2t)

k2 − k1

]
(13)

The heat q1 released during the transformation of A into B is
written as:

q1 = ([A]0 − [A])V�H1 (14)

with V the medium volume and �H1 the molar enthalpy of the
reaction (I).

The heat of transformation of B into C, q2, is expressed as:

q2 = [C] V�H2 (15)

with �H2 the molar enthalpy of reaction (II).
The overall heat q is:

q = q1 + q2

The heat flow can then be derived as follows:

dq

dt
= mA

MA

[
�2H k1 k2

k1 − k2
(exp(−k2t) − exp(−k1t))

+ �1H k1 exp(−k1t)
]

(16)

Iteration has been conducted on Eq. (16) for similar masses of
dissolved silica (∼150 mg) at different temperatures (80–130 ◦C).

Fig. 6 shows an example of coincidence between the theoretical and
deconvoluted curves and kinetic and the resulting thermochemical
parameters are compiled in Table 4.

The rate constants increase as the temperature increases and
the sum of enthalpies (�H1 + �H2) deduced from iteration differs
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Table 4
Kinetic and thermochemical parameters deducted from the iteration of Eq. (16) for similar masses of dissolved silica (∼150 mg) at different temperatures (80–130 ◦C).

Temperature (◦C) 80 90 100 110 120 130

Mass (mg) 152.105 153.110 154.765 150.585 152.301 155.095
k1 (s−1) 4.83E−5 7.77E−5 4.01E−4 1.13E−3 1.76E−3 5.24E−3

k2 (s−1) 9.85E−6 1.91E−5 3.73E−5 9.03E−5 2.58E−4 5.11E−4

�H1 (kJ mol−1) 1.39 3.76 1.17 0.49 1.51 0.56
�H2 (kJ mol−1) 18.78 13.95 13.61 13.71 10.03 10.56
�H1 + �H2 (kJ mol−1) 20.17 17.71 14.78 14.20 11.54 11.12
�HTmes (kJ mol−1) 22.07 19.61 13.38 14.36 11.24 9.55
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Table 5
Kinetic and thermochemical parameters deducted from the iteration of Eq. (16) in
A domain for different masses of dissolved silica at 120 ◦C.

Mass (mg) 80.725 118.165 152.310 202.600 227.020

k1 (s−1) 1.41E−3 1.36E−3 1.76E−3 1.56E−3 1.44E−3

k2 (s−1) 2.88E−4 2.79E−4 2.58E−4 2.48E−4 2.51E−4

�H1 (kJ mol−1) 1.66 1.56 1.51 1.35 1.01
ig. 6. Iteration results of Eq. (16) (curve a) and thermogenesis (curve b) of the
econd peak for 152 mg of silica at 80 ◦C.

y no more than 10% from the experimental value calculated by
ntegrating the rough peak, except at 130 ◦C (15%).

Activation energies of the reaction steps were determined
rom the Arrhenius plot corresponding to each reaction
Fig. 7).

From the slopes of the lines, the molar activation energies
ave been deduced as 114.5 ± 0.9 kJ mol−1 and 98.0 ± 0.7 kJ mol−1

or the first and the second reaction respectively. These
alues confirm that the process is controlled by chemical
eactions and differ from their corresponding values deter-
ined by isoconversional model by about 13 and 16.5%
espectively.
Iteration has been conducted for different masses of dissolved

ilica at 90 and 120 ◦C. Table 5 gathers the results obtained at 120 ◦C.
One can notice that the rate constants remain very similar for

ifferent masses of silica and the measured (�HTmes) and calculated

Fig. 7. The plot of ln(k1) and ln(k2) versus (1/T).

[

[
[
[

[

[
[
[
[

[

�H2 (kJ mol−1) 11.17 11.07 10.03 10.30 12.07
�H1 + �H2 (kJ mol−1) 12.83 12.63 11.54 11.65 13.08
�HTmes (kJ mol−1) 10.67 11.18 11.24 11.22 11.53

(�H1 + �H2) enthalpy variations are close and even very close in
some cases. The sum of the enthalpies deduced from the iteration
at 90 ◦C (not reported) is also relatively close to that measured for
this temperature.

5. Conclusion

Various techniques, as Raman, NMR or Mass Spectroscopies,
were used to study the reaction of alkali solution on silica
and let different interpretations. Microcalorimetry gave infor-
mation on the heat effect of the process showing different
steps occurring at different Na2O/SiO2 ratios. It also allowed
proposing a kinetic scheme for low amounts of dissolved
silica.
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