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ABSTRACT

Anhydrous borax is an important industrial product obtained either from borax decahydrate or borax pentahydrate. The
kinetics of dehydration of borax pentahydrate using TG and DTA techniques was studied. It was shown that 2.25 mole of the
crystal water removes in the first step with zero order kinetics in the temperature range between 382 and 433 K. The
removing of the remaining water was completed at 733 K with the second order reaction in the second steps. Arrhenius form

of reaction rate constant for step 1 and 2 were also determined. They are: k, =5.37 =x10%° exp(—16141.5/T) and
k, =1.4exp(—1575.6/T) respectively, where T is absolute temperature in K.

The total activation energy calculated from Coats-Redfern method was found to be 147.3 kJ/mol. It was also found that this
value is in a good agreement with those calculated from Kissinger and Doyle methods.
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1. INTRODUCTION

Borax, also known as sodium borate, sodium tetraborate, or disodium tetraborate, is an important boron
compound, a mineral, and a salt of boric acid. Usually a white powder consisting of soft colorless
crystals dissolves easily in water.

Anhydrous borax, Na;BsO;, is an industrial product produced from borax decahydrate
(NazB407.10H,0) and borax pentahydrate (Na2B4O7.5H;0). It is used as a flux material in metallurgy,
and in the production of high quality glasses [1], ceramic materials [2] and enamels [3]. Also borax is
used as raw material for producing NaBH, as a hydrogen storage material [4]. Anhydrous borax is
preferred to other hydrated borax salts in high temperature applications since it does not cause any
foaming problems originating from dehydration of the water of crystallization [5].

The borate ion in the borax structure has the chemical formula of B4Os(OH)42. Borax decahydrate and
pentahydrate are Nax(BsOs(OH).).8H.0 and Nay(B:Os(OH)4).3H20, respectively. In both of these
hydrates, 2 molecules of water are structurally incorporated in the borate ion as hydroxyl groups. The
remaining water molecules are outside the ionic structure. Removal of the water molecules of
crystallization is relatively easy whereas the removal of water molecules in ionic structure is difficult [6].

The kinetics of dehydration of mineral using thermal analysis devices (thermogravimetry, TG and
differential thermal analysis, DTA) has been commonly investigated utilizing various theoretical
methods [7-11]. In such a work, the dehydration kinetics of tincal and borax decahydrate was
investigated by TG and DTA. Applying different methods such as Coats and Redfern, Kissinger, Doyle
and McCarty methods, to the experimental data, activation energy and frequency factor in Arrhenius
equation were calculated. The results obtained from each method were reported to be compatible [12].

Also some technical methods proposed for borax dehydration are available in literature. In one of
these works, the production of anhydrous borax from borax pentahydrate in a prototype furnace was
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studied without referring to the kinetic behavior of dehydration [13]. In another work in this concept,
the anhydrous borax process in a fluidized bed calcinator was optimized with genetic algorithm
method. It was claimed that the basic feature of the dehydration of borax pentahydrate to anhydrous
borax is concerned with the conditions employed [5].

Although many other works on the dehydration of borax have been reported [14, 15], it is noticed that
the kinetics relating to the production of anhydrous borax from borax pentahydrate is not thoroughly
studied. Thus, the objective of this work is to determine the kinetic parameters of the dehydration of
borax pentahydrate by using TG and DTA techniques.

2. EXPERIMENTAL

The borax pentahydrate, BPH used for experimental studies was obtained from Etibank, Kirka Plant,
in Turkey. The chemical analysis of sample is given in Table 1. The average particle size, measured
with Malvern Hydro 2000G device, is about 100 um. It is assume that temperature distribution within
the particle is uniform due to a rapid penetration of heat into the particle whose size is less than 100 pm.

Table 1. Chemical analysis of BPH

B20s (%) 48
Na20 (%) 21.37
SO (ppm) 100
Cl (ppm) 50
Fe (ppm) 2.50
Insoluble (ppm) 115

Netzsch STA 409 PG model Thermal Analyzer was used for thermal analysis of borax samples.
Approximately 50 mg of sample was loaded into an alumina crucible for each experiment. TG and
DTA tests were performed at 40 mL.mint of nitrogen flow and 1, 5 and 10 K.min heating rates. TG
and DTA curves for BPH at various heating rates are presented in Figures 1 and 2 respectively.
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Figure 1. TG curves for BPH at different heating rates
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Figure 2. DTA curves for BPH at various heating rates
3. RESULTS AND DISCUSSION

Various theoretical methods for kinetic analysis have been reported in the literature [16-18]. The
methods used in the present work are briefly described below. Kinetics expression, for the reaction,

solid = solid + gas

may be described by the following equation:

& k=" exp(~E/RT) &

T=T+A (2)

In thermal analysis, time is related to the temperature by the Eq. 2. The values given in Eq.2 can be
substituted into Eq 1. If the integrated form of Eq. 1, after neglecting the term 2RT/E, which is much
smaller than unity, rearranged, the following equations are obtained [18].

—In(1-x) k,R E
Forn=1: In| ———"% |=In—2- - — (3a)
T PE RT
1-(1-x)*" kR E
Forn #1: Inf — =1In -— (3b)
T°@A-n) PE RT
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The plot of left hand side in these equations versus 1/T will give a straight line. Frequency factor, ko
and activation energy, E, can be obtained from the intersection and slope of these lines. Application of
these equations to the experimental data is known as the Coats and Redfern method.

To utilize DTA data, Kissinger [19] pointed out that the reaction rate, dx/dt, gradually increases to a
maximum value as temperature rises and then decreases to zero as the reactant is depleted. Therefore
the maximum reaction rate is reached when d/dt(dx/dt) is zero. By differentiating Eq. 1 and setting it
to zero the following equation is obtained:

In(_l_ﬁz]: nkO—R—i (4)

Application of Eq. 4 to the DTA data, at different heating rate, results a straight line. Frequency factor,
k0 and activation energy, E, can be obtained from the intersection and slope of this line.

The other approximating method, based on DTA data, is proposed by Doyle [20]. It is given as
follows.

dllog ) _ 457 E

dL/T,) R (52)
_PE o E
Ko = RT? exp( RTm) (5b)

Activation energy, E and frequency factor, ko can be calculated from Eqgs. 5a and 5b respectively.

Although the method of Coats and Redfern requires detailed calculations, the calculations can be
carried out only with the use of a single TG curve. The net advantage of this method is the
determination of the reaction order and steps, simultaneously. The rest of the methods (Kissinger, and
Doyle) used in this work utilize DTA peak temperatures obtained at various heating rates. In deriving
the theory of these methods, the reaction order does not appear in the equations. Thus, the reaction
order cannot be determined by these methods.

3.1. Kinetics Modeling
As seen from TG curve in Figure 1, the dehydration starts approximately at 380 K and completes at
about 723 K. The dehydration patterns, shown in DTA curve in Figure 2, under different heating rates

were similar except for the slight increment in the peak temperatures with increasing heating rate.

Egs. 3s were applied to the TG data obtained at 5 K.min* and resulting curves, for different reaction
order, n is shown in Figure 3. At the other heating rate, similar curves were also observed.
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Figure 3. Plot of Egs. 3s for different reaction order, n at 5 K.min-1 heating rate

As seen in Figure 3, the dehydration reaction occurs in two steps. Each step was correlated for
different order. The order producing the highest correlation coefficient was chosen to be the correct
one. It was found that 0™ and 2" orders fit the experimental data best for step 1 and step 2
respectively. The lines corresponding to these orders at 5 K.min* heating rate is separately, shown in
Figure 4. Step 1 is observed in the temperature range of 25-165°C and step 2 between 165 and 450°C.
Frequency factors and activation energies calculated from the intersection and slope of these lines are
given in their Arrhenius form as follows;

For step 1: k, =5.37x10"° exp(—16141.5/T) (6)
For step 2: k, =1.4exp(—1575.6/T) )
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Figure 4. Plot of two step dehydration with zero and second order reaction respectively, at 5 K.min heating rate
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Figure 4 also shows that the first step occurs at temperatures lower than that of the second step. This is
an expected result since the removal of the water molecules of crystallization is relatively easier than
that of water molecules in ionic structure. That is, dehydration mechanism can be given as follows;

Naz(B:Os(OH)1). 3H20——Naz(B:Os(OH)s).0.75H:0 + 2.25H,0 8)

Naz(BsOs(OH)s).0.75H20———Na,B407 + 2.75 H,0 (9)

This result deviates by 25 % from the general belief of the ratio of 3:2 [6]. It is attributed to the fact
that the removal of the crystal water is getting more difficult as it decreases in the crystal. Therefore, it
was concluded that 0.75 moles of crystal water behaves together with water in the ionic form.

Frequency factors and activation energies can also be calculated from Eq. 4 (Kissinger method) and 5s
(Doyle method) by using DTA data. The results together with those calculated from Coats-Redfern are
given in Table 2.

Table 2. Frequency factors and activation energies calculated by different methods

Method
Coats and Redfern Kissinger Doyle
Step 1 134.2
-1
E (kJ.mol?) Step 2 131 162.0 160.7
_ Step 1 5.37x10%
1 18 18
ko (s71) Step 2 14 1.123x10 1.054x10

As seen in Table 2, total activation energy calculated from Coats-Redfern method is relatively lower
than those calculated from Kissinger and Doyle method did. This discrepancy is compensated by
relatively low frequency factor in Egs. 6 and 7. Therefore, the results in Table 2 can be considered to
be in a good agreement with each other.

4. CONCLUSIONS

Dehydration of BPH occurs in two steps. It was shown that 2.25 moles of crystal water removes in the
temperature range between 382 and 433 K with zero order kinetics in the first step. The removing of
the remaining water is completed at 733 K with a second order reaction in the second step. Arrhenius
form of reaction rate constant for each step was also determined to be:

For step 1: k, = 5.37x10% exp(—16141.5/T) (10)
For step 2: k, =1.4exp(—1575.6/T) (11)
NOMENCLATURE

X =conversion of water in BPH

t=time, min

T=absolute temperature (K)

Tm=peak temperature in DTA curve (K)
k= reaction rate constant (s™)

E = activation energy (kJmol™?)

B = heating rate (K s?)

R = gas constant (8.314 J mol* K™?)
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