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ENERGETIC APPROACH TO KINETICS OF
MECHANOCHEMICAL PROCESS

A. S, Kheifets
The Technion — Israel Institute of Technology, Haifa 32000, Israel’

Abstract

Kinetics of a mechanochemical process is proposed to describe gquantitatively with a prob-
lem set-up scaled to energy instead of time. This makes possible the comparability of experi-
mental data obtained in machines with different intensities of treatment.
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Introduction

Today the theory of kinetics of mechanochemical transformations in solids is
regarded as being behind the practical needs [1]. The present work has been un-
dertaken to meet the requirement of the quantitative description of kinetics of a
mechanochemical process, with respect to a machine in which the process takes
place. (The term ‘mechanochemical process’ is considered as the general one, by
which either mechanical activation, mechanochemical reaction, or comminution
is meant.)

With few exceprtions, the kinetics of a mechanochemical process is consid-
ered in literature with respect to time of treatment. However, formation of a proc-
ess outcome depends first of all on the energy dose taken up in a treated sub-
stance (so called “energy yield’ |2]).

This can be illustrated with the following example. In Fig. 1a the increase of
the specific surface area of graphite against the energy dose under various spe-
cific power inputs [3] is presented. Obviously, one and the same law describes
the grinding of graphite in spite of different conditions of treatment.

The same dependence recalculated against the time of treatment is shown in
Fig. Ib. It looks as if presenting three different processes of different kinetics. It
is quite opposite to Fig. la.
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Fig. 1 Kinctics of comminution of graphite under various power inputs; a -- against the energy
dose; b ~ against the time of treatment

So, in a general way, the data obtained in different conditions with respect to
time are incomparable and, consequently, irreproducible. In order to attain the
reproducibility, one has to use the scale of the current energy as an argument of
the process rather than that of the current time. Correspondingly, one has to move
to other kinetic regulations than those concerned with time [4]. This kind of ki-
netics can be termed ‘energy-scaled kinetics’.

Relationships of energy-scaled kinetics

For clarity of presentation and for definiteness of dimensions of quantities,
the following is set out in terms of chemical reaction. For any one of the other
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outcomes (e.g. solubility, or specific surface area, etc.) all one needs to do is to
substitute ‘mole’ by the respective dimensions.
In terms of energy-scaled kinetics the dimensions of the rate of a reaction
. —1 . . ‘
product formation should be [w]=mol J " ; this quantity can be termed ‘energy-
scaled rate’, the definition of which is the following:

w = dWde (1)

that is the derivative of & concentration magnitude with respect to the energy
taken up in a substance.
Consequently, the current concentration of a product is given by:

W= des 2)
0

where € — the current energy taken up.

Now one has to determine the energy-scaled rate of formation of a product of
chemical reaction.

Formally this rate has to obey the general law of chemical kinetics — the law
of mass action: at constant temperature the rate of the reaction is proportional to
the concentration of a substance taking part in the reaction:

dw n
T 3
where k — the rate constant; n — the order of a reaction.

By the way, the same equation can be easily derived from a widely reported
generalized equation of the Energy Laws of Comminution (Walker er al., 1937,
cited by Perry [5], p. 8-12): dE= — K dd/d" (E — the energy consumption; d — the
particle size).

For an illustration, let us assume that the process is described by the simplest
first order reaction of conversion of an initial reagent A into a product B:

A—B.
The concentration of product
Wp = Wao— Wa (4)

where Wy, — the initial concentration of reagent A.
For the current concentration of reagent A we have:

_dWa
de

(5)

:kWA
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and
Wa = Wagexp(—ke) (6)

Correspondingly, denoting the current concentration of the product of a reac-
tion Wa=W, and the initial concentration value Wa,=W,, one can yield:

W = Wo{1 — exp(—ke)]. )

Assuming the initial reagent being completely converted into the product of
reaction, W, takes on an obvious meaning of the maximum magnitude of concen-
tration attainable under the given conditions of treatment.

The energy taken up in the substance €, contained in Eq. (7), is hardly meas-
urable. So, it is worthy to substitute it by another quantity — the net energy input
E,o.. As applied to the so called drum mills with loose ball media, Eqe. is defined
as the encrgy transferred directly into the ball media. Those mills represent a ma-
jority of machines being used for both mechanical activation and comminution,
and comprise tumbling, vibratory, stirred, and planetary mills.

The ratio of the energy taken up in the substance to the net energy input (that
is a characteristic of the energy transfer from ball media to a treated substance)
can be defined as the factor of energetic efficiency n:

_ &
1 Euer ®)

(This definition is equivalent to the thermodynamic criterion of efficiency pro-
posed by Tkacova [6].) Certainly, the factor 1} is dimensionless.

In classical chemical kinetics the law of mass action had to be modified by
consideration of the rate constant as a function of the reactants’ temperature.
This dependence is expressed by the Arrhenius equation.

However, in the treatment of particulate solids the rate of transformation is
determined by energetic conditions other than the temperature which sometimes
does not affect the process at all [7].

The rate constant k contained in Eq. (7) has been introduced by Eq. (3) asa
quantity energetic in nature and, consequently, needs no such modification. (Of
course, if the temperature does affect the process, the common Arrhentus de-
pendence k=k(T) should be considered.)

However, the cnergy transfer from grinding balls to a treated substance de-
pends on conditions of treatment, so a similar modification should be done for
the factor n.

It is appropriate at this point to discuss an analog of ‘temperature’ in mechani-
cal trcatment of particulate solids.

In chemistry, the measure of kinetic energy of molecules (that is the energy of
molecules collisions, which are the reason of a chemical transformation), called
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temperature, is used as the parameter of a chemical process (with the universal
gas constant as a factor of transition to the dimensions of energy). So it is accept-
able 10 use the measure of kinetic energy of loosc ball media (that is the energy
of balls collisions, which are the reason of a mechanochemical transformation)
as the parameter of a mechanochemical process. This measure, usually referred
to as an intensity of treatment would be the appropriale analog.

The question of which quantity in the mechanical treatment of particulate sol-
ids corresponds to ‘intensity” is reviewed below.

A selection of experiments describing the efficiency of particulate solids
treatment (in terms of rate of reaction, time and energy consumption, etc.} as a
function of some intensity parameters (height of balls fall, amplitude of vibra-
tion, rate of stress, etc.) has been reported in the literature [6-8)]. The common
conlusions are:

(i) the greater the intensity, the less the energy consumption that 1s greater
energetic efficiency;

(ii) the critical value of intensity was reported, below which the energy is not
taken up in the subslance at all, and the net energy consumption tends to infinity.

Unfortunately, each author in the mentioned experiments utilizes his own
parameter characterizing the actual intensity of treatment, causing the data to
be essentially incomparable. It is necessary to introduce a generally accepted
definition of intensity; the relevant proposal is discussed in the next section.

Using the exponential form of the indicated dependence of the energetic effi-
ciency on the intensity, and continuing the analogy with classical chemical kinet-
ics, one may propose a general form of this dependence as the Arrhenius-like
equation: ‘

-E,
n= noexp[ = IJ ©)

where 7 — the actual intensity of treatment; ¥, — the activation energy (with the di-
mensions either ] mol ™' orJ kg’l; . ~ the maximum energetic efficiency, and /,
— the critical (threshold) intensity.

Certainly, the domain of the factor 1) is between zero and unity (or 100%j; in

fact, the maximum is about 25 to 30% [9] due to inevitable heat evolution,
Substitution Eq. (8) into (7) yields:

W = Wo[l — exp(—knEsed)] (10)

where the product which includes both the conventional (i.e. temperature de-
pendent) rate constant and the energetic efficiency:

-E,
8=kn=k(ﬂn(1)=knoexp[1_1} (11)
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represents the ‘general rate constant’ in the form looking somewhat like the
Butyagin’s formula for the conventional rate constant (cited by Henicke [7], p.
187), but diffcring in essence in that it contains the quantity of threshold intensity /...

For some substances, due to the small value of E, , the intensity dependence
of the energetic efficiency is not experimentally observed. Specifically, this case
was mentioned in the introduction for the comminution of graphite (Fig. la).

A remark should be done. Everything set forth above concerns a specific sin-
gle outcome of the process. However, one must bear in mind that if a competing
process takes place (e.g., size reduction — agglomeration), the relationships may
change. For example, the higher intensity may lead to the reduced rate of size re-
duction (due to shift of equilibrium to the agglomeration). In such a case one has
to use the equilibrium constant rather than the isolated rate constant. (This con-
sideration is beyond the scope of the given paper.)

The foregoing reasoning shows that the mechanochemical process can be
readily described with well known equations of classical chemical kinetics with
the following substitutions: ‘energy’ and ‘intensity’ should be used instead of
‘time’ and ‘temperature’, respectively.

Intensity of treatment

Complexity of physical processes accompanied by chemical conversions oc
curring in particulate solids in the course of mechanical treatment leads to an em-
pirical approach to modeling; a dimensionless group as the scaling parameter is
worthy of consideration,

The ratio contained in Eq. (9) of the activation energy to the difference of the
actual intensity of treatment and the critical intensity — as including parameters
of both substance being treated and a machine — is proposed to be such a group.
It seems to be more convenient to consider an inverse ratio which may be termed
the dimensionless intensity number:

(12)

It is the measure of relation of the energetic potentials of the ball media of a
machine and a substance being treated.
Thus, Eq. (9) can be rewritten as

1
n= ﬂoexp[— n }
Obviously, the quantity of actual intensity I should have the dimensions of en-
ergy {more precisely — the activation energy).
The quantity of power transferred directly into the mill load (the net power in-
put} is the actual characteristic of treatment. However, it is not appropriate to
characterize its intensity, since it comprises the dimensions of time.

(13)
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Therefore, it is logical to combine the net power input with some charac-
teristic time; a product obtained would be the desired intensity,

A choice of what specific quantity would be the said ‘characteristic time’ is to
a large extent arbitrary.

For the machine with some definite working cycle it makes sense to choose
the duration of the cycle as the characteristic Ume.

The cycle of the drum mills with loose ball media is characterized by the an-
gular frequency

f=7-Hz

g[=

where w, rad s — the angular velocity of a chamber rotation.

To meet the requirement of the same dimensions of intensity and activation
energy, the net power input must be related cither to a number of moles of a
treated substance or to its mass. Let us designate both of the quantities as m,.
Hence it follows that the quantity given by:

Puet
mf’
should be defined as the actual intensity of treatment for a machine with the cy-
clic working process.

A similar quantity, also called intencity, has been proposed for the vibratory

mills [10]. The power was related not to the amount of a treated substance, but to
the volume of a mill’s chamber:

I= Tkg™! (14)

Pnet
vf

I = (15)
where V — the chamber volume,

Correspondmg]y this quantity can be termed ‘volumetric intensity’. Tts di-
mensions ] m~=Pa, that is the volumetric intensity characterizes to some extent
the pressure exerted by balls collisions.

The use of Volumetrlc intensity is also Iegltlmate if the activation energy takes
the dimensions Y m™ (instead of J mol™ or J kg™"}. To do this the activation en-
ergy should be multiplied by the apparent density of the treated substance given
by:

® Mg
P =" (16)
Hence, the volumetric activation energy is given by:

Ey :Eap* (17)
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and the dimensionless intensity number (12) is kept the same for both mass and
volumetric quantities of activation energy and intensity.

Thus, the quantity of actual intensity characteristic of the machines with cy-
clic working process, particularly of the mills with loose ball media, has been
formulated. The dimensionless intensity number is proposed to be a scaling pa-
ramecter. This requires, of course, an experimental verification.

Experimental illustration

Unfortunately, the kinetic data against the energy consumption under vartous
intensities are rarely available in the literature. One example ~ comminution of
graphite shown in the introduction (Fig. 1), which can be obviously described
with the energy-scaled kinetics of zero order within the experimental range.

The following example should be considered as an illustration of the relation-
ships proposed rather than a proof, since the experiment was intended for another
purpose, and the data are insufficient.

The carbonile iron powder (CIP) was treated in vibratory mill SVM-2 [11].
The main technical description of the mill is as folows: maximum gross power
(variable) — 2.2 kW; chamber volume — 10 1; angular velocity — 155 rad s~ maxi-
mum volumetric intensity (variable) 8.9 kPa. Steel balls charge — 36 kg; CIP
charge - 3 kg.

The treatment allowed to reduce the temperature factor of magnetic per-
meance (TFMP) of CIP [12, 13]. The dependence of TEMP on the specific en-
ergy input under three different intensities is presented in Fig. 2 as experimental

(14 465
* -
8E-051 6.76kPa,exp
- »
GE-05 3.00kPa,cap
]
¥ 4E05] 1.89kPa,exp
o —
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o 3.80kPa,calc
- 1.89kPa,calc
~BE-05|
L
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Fig. 2 Temperature factor of magnetic permeance (TFMP) vs. gross specific energy input
(SED) under various volumetric intensities (experimental and calculated data)
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points. The gross energy input was measured and plotted instead of the net one.
The temperature of the mill charge has been kept constant by means of a cooling
jacket.

The process can be satisfactorily described with the second order equation,
that is linearized in the coordinates of Fig. 3. A value of 100E-6 was added to the

-

6.76 kPa
"

3.80 kPa
a

1.89 kPa

1/(TFMP + 100E-6)
(Thousands)

5 T T ¥ 1 T
0 500 1000 1500 2000 2500 3000
SEi, ki/kg

Fig. 3 Inverse temperature factor of magnetic permeance (TEMP) vs. gross specific energy in-
put (SEI) under various volumetric intensities
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Fig. 4 General rate constant vs. inverse volumetric intensity
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value of TFMP to avoid a function discontinuity at TEMP=0. The general rate
constant was calculated as a tangent of the lines. Its dependence on the volumet-
tic intensity (in the routine coordinates of the Arrhenius-like equation) is shown
in Fig. 4.

The data should be admitted insufficient for determination of the critical in-
tensity, so it was assumed f,=0.

TEMP calculated by the equation

1 1 . 1 Ew
77 s el

where Z=TFMP+100E-6, is presented as curves in Fig. 2. The values of pre-ex-
ponent kn,=3.6 K kJ™' and volumetric activation energy F.,.=1.7 kI m™ were de-
termined from Fig. 4.

The agreement of the experimental data with the calculated data is believed to
be good enough for the first attempt of such a calculation. (The process has been
successfully scaled up to the industry.)

Conclusions

Iinergetic approach to kinetics of a mechanochemical process has been devel-
oped. The mathematical apparatus of classical chemical kinetics has been pro-
posed to describe the process quantitatively with the substitution of time by en-
ergy and of temperature by intensity.

The definition of the actual intensity of mechanical treatment of particulate
solids for the machines with cyclic working process, particularly for drum mills
with loosc ball media, has been proposed. The dimensionless intensity number
has been introduced and proposed to be a scaling parameter.
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