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Kinetics and modeling of diffusion phenomena occurring during the complete oxidation of zinc powder: influence of granulometry, temperature and relative humidity of the oxidizing fluid H. Delalu, J.R. Vignalou, M. Elkhatib, R. Metz * Laboratoire d’Energe´tique et de Synthe`se Inorganique, URA CNRS 116, UCB Lyon I, baˆtiment 731 3e`me e´tage, 43 boule6ard du 11 No6embre 1918, F-69622 Villeurbanne Cedex, France Received 3 September 1999; received in revised form 4 November 1999; accepted 7 November 1999



Abstract The kinetics of the complete oxidation of zinc powder by oxygen or air has been investigated from thermogravimetric studies under isothermal conditions in the range 772 – 1107 K. Particles size and hygrometry were chosen in the 65–375 mm and 0–50% ranges, respectively. We have been able to carry out the powder oxidation above the zinc metal melting point without coalescence of the particles. A quantitative interpretation based on the diffusion of reactants through the oxide layer has been proposed. The activation energy calculated from the Arrhenius law is close to 130 kJ mol − 1. © 2000 E´ditions scientifiques et me´dicales Elsevier SAS. All rights reserved. Keywords: Zinc oxidation; Zinc powder; Arrhenius law; Kinetics



1. Introduction This work enters the area of the perfection of a new process of production of ceramics based on the direct oxidation of a zinc alloy powder [1 –4]. Doped zinc oxide ceramic blocks are used for the protection of electric or electronic devices against power surges. One of the weaknesses of the traditional procedures using a mixture of oxides is the difficulty in obtaining good chemical homogeneity. The new route studied is based on the principle that at high temperature a liquid solution is by its nature homogeneous and that a fast enough quench leads to a non-segregated * Correspondence and reprints: Tel.: + 33-47-2448327; fax: + 33-47-2431291. E-mail address: [email protected] (R. Metz)



solid usually as an alloy powder. Then the total oxidation of the powder produces agglomerates having the qualities desired for the manufacturing of ceramics [2]. The use of this new route requires the knowledge of the rate laws and oxidation mechanisms of zinc and of any added elements. This paper deals with the complete oxidation of pure zinc powders which do not sinter even above the melting temperature of the bulk metal zinc. The mechanism controlling the oxidation of metals are not completely elucidated and are still the topics of numerous studies [5]. The results are hard to exploit because the majority focus entirely on the growth of thin layers, in order to study corrosion phenomena [5–11]. Our objective is the opposite because it concerns the total oxidation of the particles, as quickly as possible. The majority of the
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theories advanced apply to the surface oxidation of zinc, but very few models have been developed for the case of complete oxidation of metal powders. Only Terem [12] treats oxidation from a perspective similar to ours. He states that isothermal oxidation of zinc particles follows a parabolic law. Nevertheless, results of this work could be defined with more accuracy, for instance the average particle size is not given. Moreover, Terem uses a discontinuous method that consists of periodically removing samples from the oven in order to follow the evolution of the bulk sample. We have reexamined this work by TGA in order to elaborate a kinetic model capable of quantitatively predicting the phenomena as a function of the temperature, particle size and relative humidity of the oxidizing fluid.



2. Experimental The zinc is a product of Prolabo Normapur in granules of 99.9% purity. The other significant elements are: Cu+Cd +Sn (10 ppm), Pb (50 ppm) and Fe (20 ppm). The production of a zinc powder is carried out as follows: zinc is melted under a reducing atmosphere in order to avoid premature oxidation. After cooling, the division of the plug is accomplished by cryogenic grinding (liquid air) on a rotating disc coated with SiC. The powder thus obtained is then sieved between 36 and 250 mm. The variation of the mass of the sample as a function of temperature is followed by TGA using a Setaram B60 thermobalance. The gas is either pure oxygen or air. The hygrometry of the oxidizing fluid is held constant by passage through either a trap (relative humidity ratio B10%) or through a saturator thermostated to the highest values. It is defined by the relation hr =102 p/p%, where p and p% represent, for a given temperature, the vapor pressures of water and the vapor pressure at saturation, respectively. Under these conditions, hr =0 corresponds to completely dry air and hr =100 to saturated air. The metallic powder is placed in a cylindrical silica container 10 mm in diameter and 12 mm long. The mass of the original metal sample weighed (accuracy up to 1/10 of a mg) is around 100 mg. The thickness of the powder bed is from 1.5 to 2 mm. The bed is not packed, in order to avoid any concentration gradient of the reactive gas in the reaction volume. The rising gas flow possesses sufficient intensity (4.5



l h − 1) to avoid any diminishment of oxygen level at the reaction interface.



3. Results and discussion The experiments were conducted isothermally and in most cases at a temperature above the melting point of zinc at 692 K. The surface oxide prevents coalescence of the particles despite the presence of liquid in between the particles. The extent of the reaction: Zn(s)+ 1/2O2(g)“ ZnO(s) is defined by expression (1): a= [m oZn − m tZn]/m oZn = [2 dm(t)MZn]/[m oZnMO2]



(1)



m and dm(t) are the initial mass, the where m mass and the experimental mass gain of the sample at time t, respectively. MZn and MO2 are the molecular weights of zinc and oxygen. The isotherms were performed between 772 and 1107 K. Fig. 1 depicts the general appearance of an oxidation curve a= f(t). They are all parabolic in the studied temperature range. In order to interpret and quantify these phenomena, let us consider the following general reaction: nAA(g)+ nBB(s)“ nCC(s). We can approximate the particles B as spheres. Under these conditions, designating by r0, rB, rC, the initial radius of B, of the reaction interface (metal/oxide) and of the oxide layer, respectively, we demonstrate the following relations: o Zn,



t Zn



rB = r0(1−a)1/3 rC = r0[1+ a(D −1)]



(2) 1/3



(3)



where D= nC/[n 0B − nB] is the coefficient of Pilling and Bedworth [13]. As a is experimentally accessible, let us derive expression (1) with respect to time. Taking the reaction stoichiometry into account, it becomes: da 1n dmA = − 0B dt m BnA dt



(4)



Assuming that the diffusion of the reactants through the thickness of the oxide layer is the limiting factor, application of Fick’s law to reactant A leads to: dmA/dt = − DASB{dCA/dr}r = r B, with SB =4pr 2B, where DA and {dCA/dt}r B are, respectively, the diffu-
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sion coefficient and the local concentration gradient of A at the limit r =rB. Substitution of this expression in Eq. (4) reduces to the following rate equation:



! "



da 1nB dCA = DA4pr 0B dt m 0BnA dr



(5)



dCA dr



r=r B



=



Substitution of relation (6) into expression (5) allows us to obtain a differential equation depending only on the variables a and t:







n



1 1 da nB4pDAC eA − = nAm 0B r0(1−a)1/3 r0(1−a(D−1))1/3 dt −1



r=r B



This relation is integral if rB and the concentration gradient at r =rB are expressed as functions of a. From the lack of accumulation of reactants in the reaction zone (steady-state hypothesis), one can deduce that at a given time t, the quantity of A which crosses a spherical surface of any thickness is equal to that consumed by the reaction, whence the equality: 4pr 2DA{dCA/dr} =4pr 2B{dCA/dr}r = r B Taking into account the limiting conditions (CA = C iA =0 for r = rB and CA =C eA for r =rC, where i and e stand for initial and equilibrium condition), e 2 A respectively, one can write: C C iA dcA =r B(dcA/dr)r = rC 2 rB r B dr/r from which the expression of the gradient at r =rB can be linked to a via relations (2) and (3):



! "
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rC Ce rB(rC −rB) A



(6)



which, after integration, leads to the following final equation: D 1 −(1− a)2/3 − [1+a(D − 1)]2/3 D−1 D −1 =



nBDAC eA nA2dBr 20



(7)



(dB being the density of B) One can define: k 0Zn =



nBDAC eA nA2dBr 20



(8)



k 0Zn which is proportional to the diffusion constant, can be related to the observed rate constant of the reaction. For a fixed value of the particle size, temperature, and composition of fluid A, the constant k 0Zn can be experimentally determined at any time from the pair of points (a, t) and relation (7). In



Fig. 1. Complete oxidation of powdered zinc. Progress of the reaction at 772 and 823 K. m 0Zn =initial mass of Zn; m tZn =mass of Zn at time t.
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Fig. 2. Calculated kinetics of oxidation of zinc (diffusion law). {m0 =100 mg; F =65 mm; hr =20%.



particular, the time necessary to totally consume the reactant B (a= 1) is equal to: t=







D [1 + a(D −1)]2/3 1 1− 0 D k Zn D− 1



n



Under these conditions, designating as F(a) the first term of the equality (7), and replacing D with its numeric value (D =1.57), the equation describing zinc oxidation can be written: F(a)= 2.75 −(1 − a)2/3 −1.75(1 +0.57a)2/3 =k 0Zn(r0, T, C eA)t



(9)



Fig. 2 shows that the graph F(a) versus time is a line passing through the origin with slope k 0Zn and a correlation coefficient of 0.99. The trials were undertaken using 100 mg of powder with an average particle size of 65 mm. The relative hygrometry of air at 298 K is fixed at 20%. At 772 and 823 K, the numeric values of k 0Zn are 5.21× 10 − 5 and 1.29× 10 − 4 min − 1, respectively. The weak deviation observed in the first few minutes is due to the establishment of equilibrium of the system and to the thermal inertia of the sample. Relation (9) is then verified for the rest of the reaction. The initial mass of the sample was held within an interval of 50–150 mg (Table 1).



3.1. Influence of particle size In order to check the validity of the model, a series of measurements were carried out by varying the size of the particles from 65 to 375 mm. The trials Table 1 Influence of the initial mass of the samplea Initial weight (mg)



k 0Zn (min−1)



50 80 100 150



5.8×10−5 5.6×10−5 7.9×10−5 5.4×10−5



a



T= 772 K, F =65 mm; hr =20%.



Table 2 Influence of particle size powder on the oxidation rate constant at 823 K F (average) (mm)



r0 (m)



k 0Zn (min−1)



375 187 102 65



1.87×10−4 9.35×10−5 5.10×10−5 3.25×10−5



5.0×10−6 1.9×10−5 9.1×10−5 1.29×10−4
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Fig. 3. Study of the diffusion model. Change in the rate constant of zinc oxidation with the radius of the particles. (T =823 K; hr = 20%; 3.25 ×10 − 5 B r0 B 1.87× 10 − 4 m). Table 3 Determination of the activation energy for the zinc oxidation reaction T (K)



772



823



897



996



1107



k 0Zn (min−1)



5.21×10−5



1.29×10−4



6.89×10−4



3.91×10−3



1.89×10−2



were performed isothermally (T = 823 K) and a fixed humidity of 20% at 298 K. The results are collected in Table 2 and Fig. 3. The slope close to 2 indicates that the rate constant varies linearly with 1/r 20, which confirms the diffusion of the reactants in the solid phase at that temperature. A model in which the limiting factor is the oxygen – metal reaction or the diffusion of oxygen in the gas phase would correspond to a linear variation of k 0Zn with 1/r0.



3.2. Influence of temperature The effect of temperature was studied between 773 and 1107 K using powder of a constant average particle size of 65mm. The results are tabulated in Table 3. The variation of k 0Zn as a function of temperature conforms to the Arrhenius law.



The curve ln k 0Zn = f(1/T) is a line with a slope −Wzn and ordinate at the origin ln AZn. Wzn and AZn represent the energy and the activation factor of the reaction, respectively. They have the following numeric values with a correlation coefficient of 0.997: Wzn = 130 kJ mol − 1 and Azn = 3×104 min − 1 (Fig. 4). The value for the activation energy is in good agreement with those observed in the literature for the surface oxidation of bulk zinc. The result is however 10% higher than that of Terem [12] and Moore [13]. Moore reported results obtained under a pressure of 76–100 mmHg between 633 and 673 K without any other specifications concerning the experimental conditions such as relative humidity level or average particle size. The 10% misfit may therefore be caused by the difference in experimental protocols.
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Fig. 4. Change in the rate constant of zinc oxidation with the temperature.



3.3. Influence of humidity le6el We have studied the effect of air humidity on the rates of oxidation. The hygrometry was fixed between 0 and 100% at 298 K. The trials were performed at 773, 883, and 973 K on powders of an average particle size of 65 mm. For each temperature, three values of hr were studied: 5, 20 and 50%. It was observed (Table 4) that the influence of humidity is negligible compared with that of temperature.



4. Conclusions The complete oxidation of zinc powder is possible well above its melting point without particle coalesTable 4 Change of the constant k 0Zn (min−1) with temperature and the relative humidity level of the air used (F= 65 mm) hr



773



883



973



5% 20% 50%



2.6×10−4 3.7×10−4 2.9×10−4



3.6×10−3 4.9×10−3 4.3×10−3



2.0×10−2 2.7×10−2 2.5×10−2



cence. This phenomenon is linked to the presence of a thin layer ZnO which limits the vapor pressure of the metal inside the particle. The phenomenon may be quantified using Fick’s law and the diffusion of reactants in the reaction zone. The observed effect of the powder particle size on the reaction rate confirms our model. For industrial development, the influence of the hygrometry level of the gas is negligible in view of the temperature effect, and air can be advantageously utilized on a fixed or fluidized bed. In particular, in the case of a 65 mm powder, the reaction time is 34 h (a=0.99) for an isotherm of 1107 K. Next it is necessary to study the intrinsic oxidation of dopants and their effect on the oxidation rate of the matrix. This work is presently being pursued.
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