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Abstract

A non-isothermal experimental study using thermogravimetry (TG) and differential scanning calorime-

try (DSC) was conducted for investigation the oxidation reactivity of natural phosphate and its deminer-

alised products. The analyses were carried out in oxygen atmosphere and at different heating rate (5, 10,

20, 30, 50, 60°C min–1) up to 1000°C. The results indicated that the material washed with HCl from the

original phosphate, mainly apatite and carbonates of calcium and magnesium, as well as with HCl/HF,

silicates minereals, had an inhibition effect during oxidation reactions of organic material. The increase

of the heating rate shifted the reactions to higher temperatures. In addition, kinetic parameters were de-

termined by assuming a single first-order kinetic model, using the Coats–Redfern method. The influ-

ences of demineralization process of natural phosphate and the heating rate were examined and dis-

cussed.
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Introduction

Natural phosphate consists of complex organic material of high molecular mass
called kerogen, which is finely distributed, in an inorganic matrix [1]. The inorganic
constituent of the natural phosphate affects the reactions of the organic matter both
physically and chemically. The interaction between kerogen and the inorganic matrix
during oxidation reactions during the calcination process is not well understood. The
basic principles of the oxidation mechanism of phosphate may be understood by ex-
amining the overall oxidation behaviour of the original phosphate and taking into
consideration the interaction between kerogen and the inorganic matrix. The oxida-
tion behaviour of the demineralization products provides useful information on the
interaction between the kerogen and inorganic matrix of the natural phosphate.

In other hand, the factors controlling the heterogeneous kinetics of reactions in-
volving a solid phase are inadequately understood. Reaction of the solid particle with a
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reactive gaz starts at the surface where the reactants contact. The interaction of a solid
particle with a reactive gaz theoretically involves: (a) the diffusion of the gas to the sur-
face and into the pores of the solid particle; (b) diffusion from the particle surface or
from the pores into the reaction sites and (c) reaction between the gas and the solid. The
effect of penetration will be more or less marked depending on the relative rates of re-
action and diffusion [2]. The overlapping of these stages depends on number of factors,
some related to the operating conditions (heating rate, pressure, temperature…) and
others to the sample properties (pore structure, surface area, particle size…) [3].

The purpose of the present study is to obtain some basic information on the non-

isothermal combustion (oxidation) of the natural phosphate and to discuss the effects

of the demineralization process, physical and chemical changes, and the heating rate

during oxidation reactions of organic material. The study is based on non-isothermal

oxidation experiments under an oxidative atmosphere using thermogravimetric and

DSC techniques.

Experimental

Samples

Phosphate samples were obtained from a mine located at Youssoufia (Western Mo-

rocco). Rock phosphates in this site cover an area of about 700 km2, which extends

over 50 km in length. The phosphate bed has a maximum depth of 15 m and is divided

into layers II–III and I deposited during the Montien and Maestrichien periods, respec-

tively. Our samples are from layer I where the organic matter is trapped in the frame-

work of the rocks. Favourable physical conditions allowed the conversion of this mat-

ter to bituminous compounds, responsible for the grey colour of the phosphate [4].

Preparation of kerogen

The natural phosphate and its demineralized products obtained by HCl and HF

washings, carbonate-free-phosphate (CFP) and silicate-free-phosphate (kerogen), re-

spectively, were used in this study. The natural phosphate was demineralized to the

concentrated kerogen with HCl and HF by a method previously described [5]. 100 g of

dried natural phosphate were treated with chloroform to extract the bitumens until the

solvent in the Soxhlet arm becomes colourless. The bitumen-free phosphate (BFP) was

then dried and weighed. It is subsequently attached with HCl until no further carbon di-

oxide evolved. The residue was washed with hot distilled water until the silver nitrate

test for chlorides was negative. The hydrochloric attack was repeated twice to elimi-

nate all calcium products. CFP was dried, washed with concentrated HCl and treated

with concentrated HF (5 mL/(g of CFP)) at 60°C under a nitrogen atmosphere for 8 h.

The silicate-free phosphate obtained in this step was then washed with hot distilled wa-

ter and the HF treatment step was repeated. After drying the silicate-free phosphate, a

saturated boric acid solution was added and the sample was stirred for 30 min. Finally,

the remaining brown solid was treated with 6 M HCl and the kerogen was washed with

hot distilled water to remove chlorides and dried overnight at 60°C. It should be noted
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that pyrite is known to be the major mineral component remaining after HCl/HF treat-

ment [6]. The yields of the demineralization procedure and elemental analyses are pre-

sented, respectively, in Table 1 and Table 2.

Table 1 The composition of natural phosphate

Component Composition/mass%

Bitumen 0.40±0.03

Apatite, carbonatesa 86.60±0.20

Silicates 7.90±0.10

Pyrite 0.30±0.01

Kerogen 4.80±0.10

aIncludes sulphides, sulphates, oxides and hydroxides.

Table 2 Elemental analyses of the natural phosphates and its kerogen

Element/mass% C/% H/% S/% N/% O/%

Natural phosphate 67.5 7.6 11.1 2.1 11.7

Kerogen 68.1 7.2 9.5 3.0 12.2

Analyses

The process of oxidation was followed using a Rheometric Scientific Model-STA 1500.

The analyzer combines a sensitive thermogravimetric balance with a heat-flux DSC

handing down for simultaneous DSC and TG experiments. The sample mass loss and

heat flow during the course of the reaction have been continuously recorded as a function

of temperatue and time. The samples of between 7 and 10 mg were heated under oxygen

atmosphere (100 mL min–1) from 25 to 1000°C at various heating rates. We have not

been able to treat kerogen with heating rates higher than 5°C min–1 because of the great

reactivity of this lather with oxygen. The X-ray diffractograms were obtained with a

Philips diffractometer using the CuKα radiation produced at 32 kV and 20 mA by a

Philips PW 1043 X-ray tube. The surface areas of the natural phosphate and its deminer-

alized products were measured by the nitrogen adsorptive method at 77 K.

Results and discussion

Thermogravimetric analysis

Figure 1 represents the mass loss data for natural phosphate as a function of tempera-

ture at various heating rates to a final oxidation temperature of 1000°C in oxygen at-

mosphere. The figure indicates that natural phosphate exhibited distinct steps of ther-

mal oxidation as the temperature was increased.
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Lower temperature thermal oxidation, of about 170°C produced mass loss, which

was attributed to the loss of moisture. The mass loss, from about 170 to 600°C, is due to

loss of hydrocarbon materials. Mass loss of this part represents about 5% of the total nat-
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Fig. 1 Non-isothermal TG curves at different heating rates in oxygen for natural phosphate

Fig. 2 X-ray diffractogram for sequential pyrolysis of the natural phosphate
F – fluorcarbonateapatite, D – dolomite, C – calcite, Q – quartz



ural phosphate mass. The natural phosphate exhibited a one-step thermal oxidation in the

main mass loss and is attributed to hydrocarbon volatile formation that is, in the tempera-

ture range of 180–600°C, suggesting a one-step evolution of hydrocarbon volatile from

the phosphate. The one-step decomposition was also observed in a previous TG/DGA

study in inert atmosphere [5]. Heating above 600°C produced carbonate decomposition

at a temperature between 600 and 800°C due to the presence of the carbonate minerals

such as calcite and dolomite present originally in natural phosphate. This result is sup-

ported by the X-ray diffraction study of the natural phosphate treated at different temper-

atures shown in Fig. 2. This figure shows the progressive reduction (X-ray diffracto-

grams at 600 and 700°C) and the complete disappearance (X-ray diffractograms at 800

and 900°C) of the peaks characteristic of calcite and dolomite.This caused a mass loss of

about 16% of the total natural phosphate mass.

Table 3 shows the data of mass loss in the medium and high temperature regions
in relation with the heating rate in terms of mass loss percentage. The table emphases
the significant difference concerning the effect of heating rate on total mass loss. As
the heating rate increased, the total mass loss decreased. This difference is due to the
shorter exposure time to a particular temperature at a faster heating rate. It was also
observed that higher rates resulted in higher reaction temperatures.

DSC analysis

It is well known that the DSC technique is used to enable one to follow the changes in

heat flow during the history of reactions. The heat flow may be from the reaction exo-

thermic or to the source of the reaction endothermic or a mix of them. Figure 3 shows

some representative DSC curves for the natural phosphate and corresponding demineral-
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Table 3 Comparison of thermogravimetric data in relation to heating rate and phosphate products

Sample β/°C min–1
Mass loss/%

180–550°C 550–1000°C Total

Natural phosphate

5 5.04 14.63 20.73

10 5.10 14.51 20.81

20 4.84 14.54 20.46

30 4.63 13.83 19.72

50 4.61 13.58 19.29

60 4.53 13.24 18.98

Free-carbonate-phosphate

5 46.76 3.11 52.84

10 46.70 3.01 52.30

20 46.69 2.89 51.84

30 46.52 2.68 50.60

Kerogen 5 89.8 5.01 94.81



ized products, for a heating rate of 5°C min–1 up to 1000°C in an oxygen atmosphere. It is

seen from the figure that all DSC curves exhibited mainly an endothermic peak started at

30 and ended at 150°C due to the evaporation of moisture water and two exothermic

peaks at 282 and 381°C. As they occurred in the DSC curve of kerogen concentrate,

these peaks were the result of the oxidation of only the organic matter in the original

phosphate. This temperature portion of the thermal curves presented thermal decomposi-

tion identical to that observed in inert atmosphere. Moreover, it has been shown by FTIR

spectroscopy technique on the residues after each stage of pyrolysis that the two major

DSC peaks pyrolysis denoting a two-stage pyrolysis (combustion) of the kerogen com-

ponents; the first one involved the complete decomposition of aliphatic constituents

whereas the second one was the pyrolysis of an aromatic residue [7].

Similar results were obtained by other workers using DTA and DSC to investigate

the oxidation of oil shales and coals [8–11]. In this regard, Stuart et al. [12] suggested

that the two oxidation peaks correspond to two types of organic materials, which were

pyrolysed at distinct temperatures, while Cetinkaya et al. [10] attributed these peaks to

the chain oxidation reactions of the type of material in the organic matrix.
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Fig. 3 DSC curves at heating rate of 5°C min–1 in oxygen for phosphate products



At the DSC curve of natural phosphate two unresolved endothermic effects

above 600°C, caused by decomposition of carbonate minerals, have disappeared from

its demineralized products. The first endothermic peak between 600 and 750°C corre-

sponds to the decomposition of dolomite, between 750 and 840°C due to the decompo-

sition of calcite (Fig. 4, line 6) [13].
At a temperature above 800°C, incomplete exothermic peak is observed in phos-

phate product experiments (Fig. 3). This could be a consequence of the secondary ox-

idation of residual carbon produced during kerogen degradation. It is clear that the
observed effect could not be related to the oxidation of mineral phosphates, because
the same effect did not appear with an increase of the heating rate during the oxida-
tion of natural phosphate (Fig. 4).

Because of the difference in physical (i.e., porosity, surface area) and chemical
(i.e., mineral matter content) properties, the DSC curves of combustion of natural phos-
phate and its dimineralized exhibited significant variations. The characteristic parame-
ters related to these peaks such as the initial temperature of kerogen oxidation (Tonset),
temperature of maximum heat flow (Tm1, T m2, Tm3) and combustion heats of both or-
ganic (∆H1) and the inorganic (∆H2) components of the natural phosphate in relation to
the heating rate for each phosphate product are listed in Table 4. The examination of
these values indicates that Tonset of kerogen oxidation is lower in kerogen concentrate
than in the corresponding raw phosphate and decarbonated phosphate at about 20
and 30°C, respectively. A lower Tonset may be as result of a higher reactivity for the
sample-oxygen reaction [14]. These observation suggest that the reactivity order for
Tonset of natural phosphate and its demineralized products as follows:

kerogen>decarbonated phosphate>original phosphate.
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Fig. 4 DSC curves at different heating rates in oxygen for natural phosphate



Table 4 Comparison of DSC data in relation to phosphate products

Samples β/°C min–1
Temperature/°C

Heat of
combustion/kJ mol–1

Tonset Tm1 Tm2 Tm3 ∆H1 ∆H2

Natural
phosphate

5 205 282 381 677 –1.97 0.44

10 217 296 402 700 –1.86 0.37

20 228 309 415 718 –1.60 0.26

30 237 327 432 749 –1.56 0.21

50 250 339 449 779 –1.41 0.12

60 252 350 456 788 –1.39 0.13

Free-
carbonate-
phosphate

5 193 274 402 – –16.60 –

10 205 288 415 – –15.80 –

20 212 297 430 – –15.00 –

30 226 312 443 – –14.80 –

Kerogen 5 176 165 385 – –34.43 –

This may be due to the demineralization process, which changed the surface

area of the natural phosphate (Table 4) and the diffusion of oxygen into the phos-

phate matrix might be enhanced, and this could influence the temperature of the oxi-

dation reactions. The physical changes are not the only factor of low Tonset of kerogen

oxidation. However, the decrease in the Tonset may be a consequence of the adsorptive

effect of the mineral matter, which might retain a part of the generated hydrocarbon

in the samples containing mineral matter [11].

Similarly to Tonset, the first maximum heat flow temperature (Tm1) may also be

used to comparing the reactivity of the samples [15, 16]. Phosphate combustion is a

heterogeneous reaction and the rate of heat flow is a function of the combustion rate.

A lower temperature for the maximum heat flow is a consequence of the higher com-

bustion rate. Based on this fact, the temperature of the maximum heat flow given in

Table 4 may be used to define of a new reactivity order. These findings clearly show

that the demineralization process caused a dramatic decrease in Tonset as well as Tm1

temperatures. But, the second maximum heat flow temperature (Tm2) increases as the

demineralization process was performed. This result is in agreement with those ob-

tained by Yürüm et al. [17] during the oxidation of oil shales and its dimineralized

products. No explanation was given by these authors for the interpretation of this dif-

ference in temperature.

As the heating rate is increased, there is a shift to higher temperatures for the

Tm1, Tm2 and Tm3. The shift in the DSC peaks is illustrated in Figs 4 and 5. This can be

attributed to the variations in the heat transfer rate with the change in the heating rate

and the short exposure time to a particular temperature at the higher rates [18], as

well as the effect of the kinetics of oxidation [19]. At higher heating rates, the surface

of each phosphate particle will be at higher temperatures than that of its core. This
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would lead to reactions occurring inside the particle at a relatively low temperature

and the resulting products passing through the higher temperature region, hence, sec-

ondary reactions ensue before emission from the particle. These secondary reactions

reduce the yield of phosphate product [20]. This result is in accordance with the TG

data discussed earlier.

The effect of heating rate in the combustion heat of both organic (∆H1) and the

inorganic (∆H2) components of the natural phosphate and its demineralized products

is indicated in Table 4. The increase of heating rate decreased the heat of combustion

of both organic matter and the mineral matrix in phosphate product. Moreover, com-

parisons of these energy values for the combustion reactions of the organic materi-

als (∆H1) and mineral materials (∆H2) clearly show that the energies generated from

the combustion of organic matter are higher than those of the mineral materials. Their

heats of combustion range between –1.4 and –2 kJ g–1 and 0.1 and 0.5 kJ g–1, respec-

tively. These findings suggest that the organic compounds in raw phosphate is bene-

ficial, providing an additional source of energy.

Kinetic approaches

Thermogravimetric data

The use of TG to determine kinetic parameters for the thermal process (pyrolysis or

oxidation) for solid fuels is extremely complicated, because of the presence of a com-

plex mixture of kerogen and a wide range of minerals. In addition, their devolatilisa-

tion presents a large number of reaction in parallel and series whilst the TG provides

general information on the overall reaction kinetics rather than individual reactions

and therefore the activation energies derived from TG should be termed apparent ac-

tivation energies. However, the technique has been used in several researches and

gave useful comparative data and was used in this work to examine the influence of

demineralization process and heating rate on the apparent activation energies in oxi-
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Fig. 5 DSC curves at different heating rates in oxygen for CFP



dation process of natural phosphate. The approach adopted by many workers in the

kinetic of TG data for a variety of materials is to assume [21, 22] or to deter-

mine [23, 24] a first-order rate of reaction for the process of devolatilisation. Simi-

larly, the approach adopted here is to assume a first-order reaction with respect to the

amount of undecomposed materials and that the sample size is enough small to elimi-

nate heat transfer effects.

TG involves a non-isothermal analysis of solids fuels, whereas most kinetic data

is derived from isothermal studies. In isothermal analysis, the rate of reaction is deter-

mined at a constant temperature, whilst in non-isothermal studies, time and tempera-

ture are coupled via a constant heating rate. The non-isothermal TG technique has been

preferred by some researchers [21–25] because of its advantages over the isothermal

method. These advantages include: the elimination of errors due to the thermal induc-

tion period; it also permits a rapid scan of the whole temperature range of interest; and

it also simulates conditions expected in large scale retorting processes more closely.

There are several approaches to the kinetic analysis of thermogravimetric data to

determine the kinetic parameters for the thermal degradation of sample [21, 24, 26, 27].

The approach adopted in this work was the mathematical equation developed by Coats

and Redfern [28] for the non-isothermal analysis of thermogravimetric data.
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where α is the fraction decomposed, T is absolute temperature (K), n is the overall re-

action order, E is the apparent activation energy (kJ mol–1), A is the pre-exponential

factor, R is the gas constant (kJ mol–1 K–1) and β is the heating rate (°C min–1).

Equation (1) may be further simplified if we assume 2RT<<E. Based on these

assumptions, the following equation may be used to estimate the kinetic parameters

from TG data:
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The plot of ln[–ln(1–α)/T 2] vs. 1/T corresponding to a straight line with a slope

of –E/R can be used to evaluate the activation energy. The pre-exponential factor can

be determined from the intercept.

Figure 6 shows that the first-order reaction model generally gives a straight line

with higher correlation coefficients (R) for each heating rate. Therefore, the assump-

tion related to the first-order is valid for the temperature region below 600°C. The

variation in heating rate did not alter the slopes of these lines. Moreover, the influ-
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ence of heating rate on the activation energies was not clear, is was very similar irre-

spective of heating rate.

The apparent activation energies for natural phosphate and its demineralized

products in relation to heating rate are shown in Table 5. An activation energy is rep-

resented for the phosphate products corresponding the one-step of TG experiments

for the main region temperature. There is a significant decrease in apparent activation

energy with the removal of the mineral matrix. Balice et al. have suggested that the

diffusion of the organic matter throughout the mineral matrix required a higher tem-

perature and relatively more energy [29]. This is in accordance with the greater Tonset

observed for original phosphate. This finding is consistent with the results reported

by Dembick [30]. This latter concluded that added mineral matter such as quartz, cal-

cite and dolomite shifted the activation energy to values higher than observed for the

isolated kerogen. This therefore suggests that the increase of the apparent activation

energy is a consequence of the adsorptive effect of the mineral matter, which might

retain a part of the generated hydrocarbon in the samples containing mineral matter.

The mineral matter content is not the only factor of low activation energies.

However, the decrease in the activation energy may be a consequence of the physical

structure of the solid during the demineralization process. After the acid treatments,

porosity, and total surface area increased as almost all of the inorganic matter of orig-

inal phosphate is removed (Table 6). The surface area of solid fuels plays an impor-

tant role in combustion. Oxygen must enter the pore mouths and penetrate into the

particle. The oxidation occurs at the surface of the pores. Thus, the reactivity is pro-

portional to the surface area and pore distribution. The transfer of oxygen molecules

into the pore surface and the transfer of the product back to the gas phase are easier

for larger pores. However, there is a decrease with an increase of the surface area of

the phosphate products. Similar results were reported by other authors [31–33].

Weitkamp and Gutberlet [34] suggested that apparent activation energies should rise

as the effects of diffusion processes in thermal treatment of oil shales are reduced.
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Fig. 6 Determination of kinetic parameters from TG data for different heating rates for
natural phosphate
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Conclusions

The conclusions of this work are summarised as follows:

• The combustion of natural phosphate in simultaneous TG/DSC showed distinctly

thermal oxidation depending on the heating rate. There was a shift in maximum

heat flow of DSC curves to higher temperatures as the heating rate was increased.

• The combustion reactivity of natural phosphate was affected by the chemical and

physical changes caused during demineralization process.

• Kinetic parameters, for main temperature region 180–600°C, were determined by as-

suming a single first-order kinetic model, using the integral method for TG analysis.

• The examination of kinetic parameters of natural phosphate and its demineralized

products clearly showed that the demineralization process caused a decrease in the

activation energy.
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