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Surface reactions with participation of oxides
of molybdenum and tungsten

The kinetics of surface reactions in one-dimensional and radial (two-dimensional)
distribution of diffusant MoO, (WO,) on the surface of the substrate MeO (Me is Cd,
Ni, Pb, Mn, Cu) were investigated. A kinetic equation satisfactorily describes the rate

of surface reactions in the case of radial distribution of diffusant on the substrate. It's
found that when the radial distribution of diffusant the growth of layer on the substrate
surface eventually slows down and stops almost completely, due to the outflow of the
diffusant deeps into the substrate. When the one-dimensional distribution of diffusant
the surface interaction is not slowed down and does not stop at an arbitrarily large
times.
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Introduction

The reaction diffusion in the
synthesis of molybdates and tungstates,
as well as many other complex oxides, in-
cludes bulk, grain-boundary and surface
diffusion. The separation of these three
streams and study of their mechanism is
the most important task of the science
of solid-phase reactions. In the synthesis
of molybdates and tungstates the forma-
tion of the reaction product is found not
only in the place of contact of the pellets
of the reactants, but also outside it, on the
surface of one of the reagents (substrate).
This indicates a large contribution of sur-
face reaction diffusion (SRD) in a total
reaction transfer and provides a unique

opportunity to select and research one of
three major streams of the reaction mass.

One of the quantitative characteristics
of the SRD is the ratio of the length of the
surface layer (£) to the thickness of the
layer of product at the place of contact of
reagents (£). The value of £ /£ for the same
diffusants MoO, (WO,) varies in very
wide limits from £/€ = 1...180.

In papers [1-3] more than 20 surface
reactions with the participation of MoO,
(WO,) were studied and the following ba-
sic facts were installed:

1. A sharp slowdown in surface reac-
tions, up to a full stop, after reaching a cer-
tain value of the length of the surface layer.
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2. The independence of the maximum
length of the surface layer /7" from
the temperature of the experiment; with
changes in temperature, only the time to
reach /7" changes.

3. The dependence of the rate of sur-
face reactions on porosity of the substrate,
which is localized on the surface layer.
With increasing porosity € decreases
sharply.

4. The high sensitivity of the speed of
SRD to the influence of an electric field; a
complex nonmonotonic dependencies £,
(U) are observed.

5. The speed of surface reactions is sig-
nificantly higher for those reaction pairs
where the product of the interaction con-
tains several phases.

Thus, the effect of SRD has been stud-
ied well enough. However, the authors
[1-3] noted that a number of experi-
mental facts obtained in the study of this
phenomenon (for example, termination
of surface interaction when reaching a
certain value of the length of the surface
layer) can not be explained. Further, up

The experimental part

We used NiO, CuO, MoO,, WO,
PbO, Mn,0O,, CdO (qualification “h.p”).
Pb,MoO, was synthesized from simple
oxides by standard ceramic technique in
three stages with intermediate milling at
temperatures of 550-750 °C; time of an-
nealing at each stage was 15 hours. The
phase composition was controlled by x-
ray. The samples for investigation were
prepared in the form of briquettes by
pressing and subsequent sintering. The
sintering conditions of the samples are
given in table 1.

The surface diffusion of the reaction
was studied in one-dimensional and two-
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to the present time the research was con-
ducted for this cell geometry, in which
the proliferation of diffusant, and, con-
sequently, the growth of the surface layer
occurs radially with respect to the place of
contact of the reactants. In this case, the
diffusion is two-dimensional. At the same
time, kinetic dependencies, linking some
characteristic speed of the process over
time, are obtained for one-dimensional
diffusion. In connection with the forego-
ing, in the present work the following ob-
jectives are stated:

1) To obtain the growth equation of
the surface layer in the radial distribution
of diffusant, which satisfactorily describes
the kinetics of surface interactions.

2) To investigate the kinetics of surface
interactions in the case of one-dimen-
sional distribution of diffusing into the
systems CuO-MoO3, MnZO3—MoO3, NiO-
MoO,,NiO-WO,, PbO-MoO..

3) Using scanning electron microsco-
py (SEM) to study the morphology of the
reaction product on the surface and at the
site of contact of the reactants.

dimensional distribution of diffusant. For
this purpose we used cells with different
geometry of the assembly of briquettes
reagents. In one case, the disc diameter
of the substrate briquette was 15 mm, and
the diameter of the disc diffusant - 5 mm
(fig. 1a); in another case substrate had a
shape of a bar with a height of 5-10 mm
and an area of contact with the surface
diffusant 65-75 mm?, and the sample dif-
fusant was made in the form of a disk with
a diameter of 15 mm and a thickness of
2 mm (fig. 1b). The distribution scheme
of diffusant on the substrate is shown by
arrows.
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Table 1
The sintering conditions of the samples
Compound Annealing Annealing
temperature, °C time, hour
NiO 1200 6
Mn,0, 900 24
Pb,MoO, 700 48
PbO 760 24
CuO 950 18
Cdo 700 24
MoO, 600
WO, 900

Overseeing the development process
was carried out by periodic measurement
of the length of the surface layer €, layer
¢, formed in the contact area of the bri-
quettes, the weight of the substrate.

X-ray analysis of objects of research
was carried out on diffractometer DRF-
2.0 in the Co, radiation. The survey was
conducted at a speed of 2 °C/min in the
range of angles 26 from 5 to 35 °C. The
interpretation of radiographs was carried
out using the card file ASTM.

The microscopic analysis of the sur-
face and chipping of the pellets after an-
nealing was performed using microscope
MBS-9 with magnification 16 to 56 times

Results and discussion

The kinetic growth equation of the
surface layer in the radial diffusion_

As shown earlier [1-3], one interesting
feature of the SRD is an atypical form of
the kinetic dependences, which have the
form of curves with saturation. When an-
alyzing this phenomenon, we drew atten-
tion to the fact that a complete shutdown
of surface interaction is recorded by con-
ducting experiments for cells with such a
geometry assembly of briquettes of rea-

substr:
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)
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Fig. 1. The scheme of experiments for
the investigation of kinetics of surface
interactions: a — radial distribution of
diffusant; b - one-dimensional distribution
of diffusant.

and optical microscope POLAM S-112
in transmitted light at magnification of
300-420 time.

The morphology of the substrate and
product, as well as their elemental compo-
sition, was investigated using the electron
microscope JSM-3 with a microprobe at
magnification of 300-3000 times.

The measurement of the mass of bri-
quettes before and after diffusion anneal-
ing was carried out on an analytical bal-
ance Sartorius — BL60S with an accuracy
0f 0.0001 g.

The effective density of samples was
determined by the volume and mass of
samples and hydrostatic weighing. Its val-
ue variated from 60 to 85 %.

gents, which was radial (two-dimension-
al) distribution of diffusant on the surface
of the substrate (fig. 1, a).

It are obvious that the classical limit
cases for the kinetic and diffusion regimes
(€ = Kt and ¢ = K7) is not consistent in
the description of the kinetics of radial
diffusion. When the radial distribution
of diffusant, unlike the one-dimensional
case, there is a constant increase in the
length of the reaction front, which should
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lead to change of time dependence of the
parameter characterizing the rate of reac-
tion (£). Therefore, in this work the task
was to obtain a growth equation of the
surface layer in the radial distribution of
diffusant on the substrate surface.

The derivation of the equation was not
taken into account the outflow of diffu-
sant deep into the substrate, i.e. the case of
surface reaction diffusion was considered
in pure form.

According to the general principles of
thermodynamics of nonequilibrium pro-
cesses the speed of any non-equilibrium
process (including chemical reactions) is
proportional to some “driving force” of
the process and is inversely proportional
to a certain effective value of R* which
is the resistance process [4]. The ther-
modynamic driving force of chemical
interaction is the difference in isobaric-
isothermal potentials of the reaction AG.
Then the reaction rate of surface reaction
is determined by the ratio:

w=28 1)
R

On the other hand, the rate of surface
reaction can be determined by the area
change of a reaction product formed on
the surface of the substrate, per unit time,
fig. 2.

The rate of surface reaction is deter-
mined by varying the amount of reaction
product formed on the surface, per unit
time:

dn

W — I10B
It (2)

The amount of the substance on the
surface is proportional to its volume: n__
~V__ . In turn, the volume of the surface
layer is equal to the mathematical product
of its area by thickness: V. =S - 0. As
a first approximation we can assume that
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the thickness of the surface of the prod-
uct (8) is a constant value, since it is less
on orders than the length of the surface
layer; then the number of product on the
surface is proportional to the occupied of
the area: n _ ~ S, which suggests that
the reaction rate is equal to the change of
the square of the reaction product formed

on the surface, per unit time:
W — dS o, (3)

dt

The resistance of the solid-phase re-
action is the sum of resistance of sepa-
rate stages, the main of which are actu-
ally chemical interaction (resistance R , )

and diffusion (resistance R .):

R* = Rchem+ Rd!f (4)
Equating (1) and (3), we obtain:
ds._ AG
(5)

dr R, 4R,

The size of the surface layer is deter-
mined by the expression:

S . =n((r+ £)* =) =ml (2r +£), (6)
where r - the radius of the briquette dif-
fusant.

It is obvious that the resistance of the
chemical stage R, is proportional to the
length of the front surface reactions, i.e.

the length of a circle of radius (r + £)):
r !l

s

Snos

on the substrate

Fig.2. The lay ut of the surface layer
(grey colour) on the substrate
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R, =a-2n(r+¢), (7)
where a is a certain resistivity of the
chemical stage, depending on the
nature of the reacting substances.
The resistance stage of diffusion is directly
proportional to the length of the surface
layer:

R,=b-¢ (8)
where b is the resistivity of the diffusion
stage. Substituting (6), (7) and (8) into (5),
we obtain the expression:

dint, 2r+1)]  AG

= , 9
dt 2na(r+1)
which is converted to
dar AG
2n—(r4+4 )=—— (10
dt (r+t) 2ma(r +/£ )+ bl (10)

Separating variables and integrating
(10), we obtain:

40 war® + ¢ *nr(b+4ma) + %[fn(Zna +b)=AGrt ( 1 1)

Denoting the constant as follows:
4m’art = x; r(b +4mna) = y; %n(2na+ b) = z,
and substituting in (11), we finally obtain:

xl 4 yl>+z02 = AGt (12)

Thus, the dependence of the length of
the surface layer with time is described
by a polynomial of the third degree.

The derivation of this equation is not
stated which of the stages (diffusion or ki-
netic) limits the entire process. Let us now
consider special cases.

Since and R, , and R i according
to the equations (7), (8), depend on the
length of the surface layer, which increas-
es with time, the resistance of chemical
and diffusion stages also will be constant-
ly expanding in the surface reaction. This
means that in the case of two-dimensional
(radial) diffusion at short times it cannot
be neglected diffusion resistance, as in the

one-dimensional case. Then it is obvious
that the mode of interaction will depend
only on the resistivity which stage (diffu-
sion or kinetic) is larger in magnitude.

Kinetic mode.

When kinetic control of the process
the resistivity of the diffusion stage is sig-
nificantly smaller than the stage of chemi-
cal interaction: b<<a, hence R i << R, .
that is the diffusion resistance can be ne-
glected.

Then the expression (9) is converted to
the following:

dint,@r+0)]  AG
dt B 2na(r+10,)

(13)

Making a transformation similar to
the above, we get:
3

l
r2£S+rﬁi+?‘:K T

AG
47’a .

Thus, the dependence of the length
of the surface layer from time to time in
the case of kinetic control of the process
is also described by a polynomial of the
third degree.

B) Diffusion regime.

Under the diffusion control of pro-
cess the resistivity of the diffusion stage
is significantly greater than the stage of
chemical interaction: b>>a, therefore R o
>> R, that is, the resistance stage, the
chemical interaction can be neglected.
Then the expression (9) is converted to
the following:

AG

dixt 2r+0)]  AG
i w1

N

(14)

where K =

M

After transformations we get the equa-
tion:

395



Ne 4 | 2015
Chimica Techno Acta

Guseva A. F., Trifonova M. V.

2 3

r?‘—&-?:Km@t, (16)

_AG
S omb

Thus, when the diffusion control of
process the time dependence of the length
of the surface layer is described by a third-
order polynomial with a zero coefficient
for the first member of (£).

So, when the radial distribution of dif-
fusant on the surface of the substrate the
kind of dependence of the length of the
surface layer with time is not fundamen-
tally dependent on the interaction mode.
In all cases the dependence £ = f(1) is de-
scribed by polynomial of third degree (12).

However, equation (12) does not pre-
scribe a termination surface interaction
at sufficiently large times, what was ob-
served experimentally earlier [1-3] for
more than a dozen systems studied, as
well as in the present work. The reason
for the stop of the surface interactions,
probably is associated with the outflow of
diffusant deep into the substrate that were
not considered in the derivation of this
equation.

The Investigation of kinetics of sur-
face interaction for radial and one-di-
mensional distribution of diffusant

As noted previously, the study of the
surface reaction diffusion in one-dimen-
sional propagation of diffusant was con-
ducted.

Therefore, in the present work we
study the kinetics of surface reactions in
the radial and one-dimensional distribu-
tion of diffusant (fig. 1) in comparison.
The equations of the studied reactions are:
NiO + WO, > NiWO, (t=850 °C) (17)
NiO + MoO, NiMoO, > (t=550°C)  (18)
2Mn, 0, +4MoO, > 4MnMo + O, (t=600 °C) (19)

where K,
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CdO + MoO, » CdMoO, (t=550 °C)  (20)

Pb,MoO, + MoO, > 2PbMoO, (1=600°C) (21)

PbO + MoO, > PbMoO,(t=600 °C) (22)
(Pb,MoO,)

The product Pb,MoO, is in parenthe-
ses that can be formed according to the
state diagram, but were not detected dur-
ing this study by means of SRD.

The kinetic dependences of the length
of the surface layer by one-dimensional
and radial (two-dimensional) diffusion is
presented in fig. 3.

From fig. 3 it can be seen that the form
of the kinetic curves in one-dimensional
and radial (two-dimensional) SRD is dif-
ferent.

In the case of two-dimension-
al diffusion the curves go out of the
saturation quickly (10-20  hours).
In order to verify the applicability in the
previous section, equation (12) to the de-
scription of the kinetics of the SRD in the
case of radial diffusion was carried out the
processing of the experimental curves 2
(fig. 3) using equation (12), wherein the
processing were taken as part of the curve
(until saturation). The correlation coeffi-
cients are shown in table 2.

Table 2

Correlation coefficients
System Correlatiort coeflicients,

%
PbO/ MoO, 95
Mn,0,/MoO, 93
NiO/MoO, 96
NiO/WO, 92
CdO/MoO, 97

High values of correlation coefficients
(more than 90 %) show that the equation
(12) satisfactorily describes the experi-
mental kinetic data presented in terms
of geometry for time that is less than the
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Fig.3. The dependence of the length of the surface layer from time to time:
1 — dimensional; 2 - radial (two-dimensional) distribution of diffusant

critical value T__ at which the maximum
value of the length of the surface layer is
achieved.

When the one-dimensional distribu-
tion of diffusant during annealing over
70-100 hours the change in the length of
the surface layer is still so that it is possi-

ble only to ascertain the slowing down at
large times, which is reflected in the flat-
tening out of the curve.

At large times (over 100 hours) the
boundary between the surface layer of the
product and the substrate is very uneven
and blurred, so it is very difficult to visu-
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ally determine the length of the surface
layer. “Blurring” of boundaries, probably
associated with the formation of product
on the surface not only by surface reac-
tions, but also by gaseous diffusion of
MoO.,. Therefore, the error in determin-
ing the length of the surface layer at large
times increases.

Therefore, the error in determining
the length of the surface layer at large
times increases, and using only the meth-
od of optical microscopy, it is impossi-
ble definitely to determine whether full
stop the surface process, or only a sharp
slowdown. To solve this problem, we used
scanning electron microscopy in combi-
nation with x-ray microanalysis.

The value of length of the surface layer
in the two-dimensional distribution is
always lower than the value in the one-
dimensional distribution for the same ex-
periment time.

The reason for this is the fact that when
radial diffusion the constant increase is in
the length of the three-phase boundary
diffusant/substrate/product, which is car-
ried on direct interaction. In the case of
one-dimensional diffusion the length of
this boundary is constant. That is, the dif-
ference of values for two types of geom-
etries is not evidence of differences in the
speeds of surface reactions, since in these
two cases one- and two-dimensional dif-
fusion is respectively. The relative area oc-
cupied by the surface layer (normalized
to the contact area of the reactants) S/
S .. is a more correct characterization of
the speed of the process, in our opinion.
This can be explained by the following
considerations. The rate of surface reac-
tion is determined by varying the amount
of reaction product formed on the sur-
face, per unit time:
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W — dSuOB
dt

The amount of the substance on the
surface is proportional to its volume: n___
~ V_. In turn, the volume of the surface
layer is equal to the product of its area by
thickness:. V. =S 8. Asa first approxi-
mation we can assume that the thickness
of the surface of the product (d) is a con-
stant value, then the amount of surface
product is proportional to the occupied
area: n_~ S, which suggests that the
reaction rate is equal to the change of the
square of the reaction product formed on
the surface, per unit time:

W — dSIlOB .
dr

In the case of one-dimensional and
two-dimensional diffusion the square of
the surface layer in different ways depend
on £. When radial diffusion area of the
surface layer is determined by the expres-
sion:

S ., =1((r+€)*-r)=nl(2r+¢),(25)

when one-dimensional diffusion is:
S .=t -2(a+b),

b

(23)

(24)

(26)

Substrate

Place of contact
a b
Fig. 4. The scheme of change of the surface
area of the reaction product: a —radial (two-
dimensional) disttribution of diffusant;
b - dimensional distribution of diffusant
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where a and b are the length and width of
the briquette of the substrate, Fig.4.

The area of the surface layer depends
on the diffusant contact area and the sub-
strate, so it is better to compare not the
length, and even not size, and the relative
area of the surface layer (i. e., the ratio of
the area of the surface layer to the contact
area of the reactants). The contact area of
the reactants are equal S =a- b, where a
and b are the sides of the base substrate in
the case of one-dimensional diffusion and
S, =2mr*, where r is the radius of diffu-
sant, in the case of radial diffusion.

The justice above considerations
shows given as an example of the time de-
pendence S /S _ for one-dimensional
and two-dimensional diffusion in the sys-
tem Mn,O,-MoO,, fig. 5.

Fig. 5 shows that the kinetic depend-
ence S /S for one-dimensional and
two-dimensional distribution of diffusant
are close.

Thus, the relative area of the surface
layer is a more correct characteristic of
the speed of surface reactions: under the
radial distribution the diffusant tends to
spread out over the surface of the sub-
strate, forming a layer of a shorter length,

3.0 1
2.5
2.0

Sm)s / szmm
154

0 20 40 60 80

Fig. 5. The dependence of the relative area
surface layer to the time the system Mn,O,-
MoO,: 1 - dimensional, 2 - radial
(two-dimensional) diffusion

but approximately the same area as that
for one-dimensional diffusion.

To determine the mode of interaction
the processing of the kinetic curves was
carried out for the case of one-dimension-
al diffusion equation:

"= K. (27)

The values of the coefficient #n in
equation (27) for the studied systems are

shown in table 3.
Table 3
The values of the coefficient n

in equation "= Kt

System coefficient n
CdO/MoO, 1.94£0.1
NiO/WO, 1.8+0.1
NiO/MoO, 19+0.1
Mn,0,/MoO, 240.1
Pb,MoO,/ MoO, 2+0.1

The coefficient # for all systems is close
to 2, therefore, the surface reactions occur
in the diffusion mode.

The study of the morphology of the
surface layer by electron microscopy

The morphology of the substrate and
the layer of product formed as a result of
surface reaction diffusion (one-dimen-
sional and two-dimensional) was inves-
tigated by electron microscopy with the
aim to clarify the following points. First,
is it possible to stop the SRD when one-
dimensional diffusion, or diffusion on the
substrate surface does not stop until the
source diffusion is not exhausted. For this
purpose, in addition to REM, also x-ray
microanalysis of sample was conducted.

Secondly, does the morphology of the
product layer at the site of contact of the
pellets of the reactants differ on the mor-
phology of the surface layer?

REM-studies were conducted for six
systems: CdO-MoO,, CuO-MoO,, PbO-
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W cdo

1.2°
A

CdMoOy

s

Fig.6. Scheme of direction SEM-photography
of the sample

MoO,, NiO-MoO,, NiO-WO,, MnO,-
MoO,. As an example, the results of REM
studies of one-dimensional diffusion in
the system CdO-MoO, and radial (two-
dimensional) diffusion in the system
NiO-MoO, are given.

The System CdO-MoO,

The sample for the survey was ob-
tained by means of contact diffusion cou-
ple annealing the pellets at the propaga-
tion of one-dimensional diffusing into the
for 167 hours at a temperature of 550 °C.
Shooting direction is shown by the arrow
from point 1 to point 2, Fig. 6.

REM-images of the product CdMoO,
in point 1 and 2 (Fig. 6) are shown in Fig.
7 a, b. The grain product have an average
size of 4-5 pm (Fig. 7a). When moving
off from the contact points, the layer ac-
quires a loose structure, sometimes peels
off from the substrate (Fig. 7 b).

In place of the detachment of the
product the fine grains of the sub-
strate CdO size 1 - 2 um are visible.
Product CdMoO, completely covers the
substrate CdO, as evidenced by both
REM-images and x-ray microanalysis
data, which show the presence of molyb-
denum on the entire surface of the sample

(Fig. 8).

Thus the conclusion made earlier is
confirmed that in one-dimensional prop-
agation of diffusant the growth of the sur-
face layer does not stop at an arbitrarily
large times, until the source diffusion is
exhausted.

The System NiO- MoO,

The sample for the survey was ob-
tained by means of contact diffusion cou-
ple annealing the pellets at the radial dis-
tribution of diffusant into the 4 hours at a

temperature of 600 °C.

Cm)

Fig.7. The PEM image of the surface layer of the product CdMoO, on the substrate CdO:
a - in point 1, x1000; b - in point 2, x300 (Fig. 6).

400



Surface reactions with participation
of oxides of molybdenum and tungsten

Ne 4 | 2015
Chimica Techno Acta

The shooting direction is shown by the
arrow (Fig. 9).

Analysis of REM-images shows that
the grain size of the product NiMoO, is
approximately the same at all points of the
sample and 1-2 pm, fig. 10.

As mentioned earlier, it is impossible
to determine the length of the surface lay-
er by the method of optical microscopy.
For more accurate determination by x-ray
microanalysis the concentration profile
[Mo] and [Ni] was withdrawn, fig. 11.

The graph shows that the concentration
of Moinplaceofthecontactofthebriquettes
of diffusant/substrate is high and constant

Tl 3k

Fig. 8. The distribution of x-ray density of
molybdenum on the surface of the substrate
at a distance of 4.5 cm from the contact

Fig. 10. The PEM image of the surface layer of
the product NiMoO,

on size then as the distance from the con-
tact is sharply reduced. This is due to the
radial spread of diffusant on the surface
of the substrate wherein the length of the
reaction boundary is constantly growing
whereby the front edge of the diffusion
formation of a continuous layer of a prod-
uct is not happended the product grains
are alternated with the grains substrate,
which physically corresponds to the de-
scending order of the concentration of
molybdenum as diffusant. Product grains
are alternated with the substrate, which
physically corresponds to the descending
order of the concentration of molybde-
num as diffusant.

NiO
NiMoO4

in contact place

NiMoO4
surface layer

Fig. 9. Scheme of direction SEM-photography
of the sample

0
/Q_YJ\ s s )
Y Y X, Mm
Surface layer Layer of NiMoO,

) in contact place
NiMoO, of briquette

Substrate NiO
Fig. 11. Concentration profile (1) Mo; (2) Ni in

the NiO sample with a layer of NiMoO, (x-ray
microanalysis data)
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The spot on the sample, where the
fixed sharp decrease in the concentration
of molybdenum is fixed, coincides with

Conclusions

The results of this work we can draw
the following conclusions:

1. The resulting equation of growth of
the surface layer in the radial distribution
of diffusant satisfactorily describes the ki-
netics of surface interactions at times that
are lower than the terminating surface re-
actions.

2. The kinetics of surface interactions
in the case of one-dimensional distribu-
tion of diffusant is investigated. It is es-
tablished that surface reactions occur in
the diffusion mode and unlike radial dif-
fusion surface interaction does not stop
even at large times.

the length of the surface layer, determined
by optical microscopy (1200 pum).

Similar results are obtained for the
other investigated systems.

3. It is found that the length of the sur-
face layer in one-dimensional diffusion is
greater than when radial and the relative
area occupied by the surface product is
almost the same in both cases. The latter
testifies to the same speed of surface re-
actions in the radial and one-dimensional
distribution of diffusant.

4. The morphology of the substrate
surface layer and the morphology of the
product formed at the site of contact of
the briquettes was investigated. It is estab-
lished that the surface layer on the front
lines of reaction diffusion is not continu-
ous but consists of individual grains.

1. Neiman A. Ya., Guseva A. E New Data on the Mechanism of Mass Transfer in Solid-
Phase Reactions: II. Chemical and Electrochemical Surface Phenomena. Kinetics and

Catalysis. 1999;40(I):38-49.

2. Neiman A. Ya., Guseva A. E, Trifonova M. V. Surface Reaction in the course of
molibdates and tungstates formation. Solid State Ionics. 2001;141-142:321-329.

3. Neiman A. Ya., Guseva A. E, Trifonova M. V., Sukhankina I. V. Reactive Surface
Diftfusion durin Synthesis of Molybdates and Tungstates: The Role of Phase
Constitution of Product. Russian Journal of Inorganic Chemistry. 2005;50:319-324.

4. Chebotin V. N., Perphiluev M. V. Electrochemistry of Solyd Electrolytes. Khimiya.

Moscow, 1978. P. 67. (in Russian).
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MoBepxHOCTHbIe peakuun C y4acTueM OKCUAO0B
MonubaeHa u Bonbhpama

WccnepoBaHa KMHETUKA NMOBEPXHOCTHBIX PeakLuii Mpu OAHOMEPHOM W paau-
anLHoM (aBymMepHoM) pacnpocTpaHenun audysanta MoO, (WO,) no nosep-
xHoctn nognoxku MeO (Me-Cd, Ni, Pb, Mn, Cu). MpeanoxeHo kuHeTnyeckoe
ypaBHeHWe, YA0B/IETBOPUTENbHO OMMCHIBAIOLLEE CKOPOCTb NOBEPXHOCTHBIX peak-
LI B Cly4ae paauanbHOro pacnpoctpaHeHus audidy3aHTa no nogoxke. Ycra-
HOBMIEHO, YTO MPY paauanbHOM pacnpocTpaHeHnn auddysaHTa pocT cnos Ha
MOBEPXHOCTV MOA/IONKKM CO BPEMEHEM 3aMefNIfeTCs U MPAKTUYECKU NMOHOCTbIO
npeKpaLaeTcs, YTo CBA3aHO C OTTOKOM andchy3aHTa Briybb nognoxku. Mpu oa-
HOMEPHOM pacrpocTpaHeHnn audhchy3aHTa NOBEPXHOCTHOE B3aMMOENCTBME He
3amMeq/IfeTCs U He NpekpaLiaeTcs Npy CKoJb YrogHO B0MbLIMX BpEMEHAX.

Knrouesbie cnosa: fyddy3aHT; MonmbaaThl; COXHbIE OKCUALI; MOBEPXHOCTHAS peakumoHHas anddyaus.

© l'yceea A. @., TpudoHosa M. B., 2015

Beepenue

Peakiuonnaa mnddysus npu
CMHTe3e MONMOFATOB M BONbGPAMATOB,
KaK ¥ MHOTMX OPYTYX CIOXKHBIX OKCU[IOB,
BK/II0YaeT 0OBEMHBII, 3€PHOIPAHITHBII
U IOBEPXHOCTHBIN MaccomepeHoc. Pas-
[ieTleHye 9TUX TPeX [IOTOKOB U M3yUeHue
UX MeXaHM3Ma sIBJIsIeTCsl BasKHelIIIell 3a-
fadert HayKy O TBepHo¢asHbIX peaKIIsX.
ITpu cuHTe3e MOMMOAATOB U BONbdpama-
TOB 0OHApY’>keHO 06pa3oBaHye IPORYKTA
PeaKIy He TOIbKO B MeCTe HEIOCPeCT-
BEHHOTO KOHTaKTa OPMKETOB peareHTOB,
HO J1 BHE €T0, Ha IIOBEPXHOCTH OFHOTO U3
peareHToB (IIOAIOKKM). DTO CBUAETENb-
CTByeT O GOJIBLIOM BK/Iafie TIOBEPXHOCT-
HOUl peakuyonHoit mnpdysmn (ITPI) B

CYMMAapHBIIl PeaKLMOHHBIN IepeHoc M
OTKpBIBaeT YHUKAJIbHYI0O BO3MOXXHOCTb
IUIs. BBIZIETIEHUSI Y UCCIIEOBAHUS 3TOTO
OIHOTO 13 TPeX Ba)KHEIINX IOTOKOB pe-
aKI[MIOHHOTO MaCCOIIepPeHOCa.

OpHOil M3 KOMMYECTBEHHBIX Xapak-
tepuctuk IIP]l sABnAeTca OTHOLIEHNUE
JUIMHBI TIOBEPXHOCTHOTO cios (£) K Tor-
I[VHe C/I0S NIPOAIyKTa B MecTe KOHTAaKTa
pearenTos (£). Bennunna £ /€ nnsa ogHux
u Tex xe nuddysantos MoO, (WO,) Ba-
pbMpYeTCs B BeCbMa IIMPOKVX IIpefenax
or€/¢=1...180.

B paborax [1-3] usydueHo 6omee 20
NOBEPXHOCTHBIX peaknMil ¢ ydacTueM
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MoO, (WO,) 1 ycTaHOB/IEHbI CTIeTyIOII1e
OCHOBHBIE (PaKTBHI:

1. Peskoe 3aMefjieHMe IMTOBEPXHOCT-
HOJI peakiyi, BIJIOTh O IIOJIHOI OCTa-
HOBKJ, IIOC/TIe TOCTIDKEHUM OIpefieNeH-
HOTO 3HAYeHMs [/IMHBI TOBEPXHOCTHOTO
CT1051.

2. He3aBncrMOCTDb 3HAYeHMsT MAKCH-
MaJIbHOIl JUIMHBI MOBEPXHOCTHOrO £\
C7IOSI OT TeMIepaTyphl 3KCIEPUMEHTa;
C M3MEHEHNUEM TeMIIepaTypbl MEeHSeTCs
JIMIIb BPeMsI JOCTIDKeHust £ .

3. 3aBUCUMOCTb CKOPOCTHM IOBEpX-
HOCTHOJ peaxkumu OT HOPUCTOCTH TOX-
JIOXKKY, Ha KOTOPOJl JOKAIM3yeTCs II0-
BEpPXHOCTHBII ¢1071. C pOCTOM HOPUCTO-
cTu £, pe3Ko yMeHbIIaeTCs.

4. BbICOKasi 4yBCTBUTENBHOCTD CKO-
poctu IIPJl x BO3MeCTBUIO 3/IEKTpUUe-
CKOTO TIOJISI; C/IOXKHBIN HEMOHOTOHHBII
xapakTtep 3aBucumocreii £ (U).

5. CKOpOCTb IIOBEPXHOCTHBIX peak-
LI CYLeCTBEHHO BBIIIE AJISI TeX peak-
[JIOHHBIX I1ap, B KOTOPBIX IIPOLYKT B3a-
MMOZEIICTBISI COREP>KUT HECKOIBKO (as.

Takum o6pasom, sddexr IIPI mo-
CTAaTOYHO XOpouo nucciaesoBad. OgHAKO
aBTOpBl [1-3] OTMedaroT, YTO psf K-
CIIepMMEHTAIbHBIX (AKTOB, IOMyYeH-
HBIX TIPY MCCIEHOBAHNUM 3TOTO SIBICHUS
(nampumep, mpekpallieHue IOBEPXHOCT-
HOTO B3aMMOJEICTBIUS IIPU HOCTVKe-
HUJ OIpele/eHHOTO 3HAYeHVs JIJIMHBI

JKcnepuMeHTaNbHasA 4acTb

B pa6ote ncnonpsosamicsy NiO, CuO,
MoO,, WO,, PbO, Mn,0O,, CdO (xBanu-
bukamyun «oc.4.»). Pb,MoO, cunresn-
poBamM M3 IPOCTBIX OKCUOB IIO CTaH-
OApTHOJ  KepaMMYeCKOil TEeXHOIOTUM
B TPU CTauM C MPOMEXYTOUHBIMU IIe-
peTupaHuAMM IIpU TeMIlepaTypax 550-
750 °C; BpeMA OTXKUIa Ha KXJION CTa-

404

MIOBEPXHOCTHOTO C/IOSI) He yHaeTcs IOoKa
00BsicHUTD. [lanee, O HACTOSALIETO Bpe-
Me€HY, NPOBOJVIINCH MCCIENOBAHUA A
TAKOJ T€OMETPUU AYEVIKY, IIPU KOTOPOIL
pacmpocTpaHeHue guddysanra, a cie-
JOBATENbHO, POCT IIOBEPXHOCTHOTO C/IOA
MIPOMCXOAUT PajiMiajbHO IO OTHOIIEHMUIO
K MECTy KOHTaKTa peareHToB. B arom
cnydae nuddysus NpOUCXOFUT [BYMep-
HO. B TO >Xe BpeMsA KMHETHYECKNE 3aBU-
CUMOCTH, CBSI3BIBAIOIME KaKyo-160
XapaKTEPUCTUKY CKOPOCTHU IIpoliecca co
BpEMEHEM, IONTYYEHBI I OJHOMEPHOM
muddysun.

B cBsA3U C BbIIECKa3aHHBIM B HacCTO-
suelt paboTe IOCTAaBIEHbl CEAYIOLINe
3a/jaun:

1) Iomyunte ypaBHEHME POCTa IIO-
BEPXHOCTHOTO C/IOsI IIPU PpajyuaJbHOM
pacrpoctpanenun puddysaHTa, ymos-
JIETBOPUTENIBHO ONMCHIBAIOIIEE KMHETH-
KY IIOBEPXHOCTHOTO B3aMMOJIENICTBIA.

2) UccnemoBaTb KMHETMKY IIOBep-
XHOCTHOTO B3aMIMOJIEVICTBUA B CIydae
OIHOMEPHOTO pPacIpoCTpaHeHus: pud-
dysanTa B cucremax CuO-MoO,, Mn O, -
MoO,, NiO-MoO,, NiO-WO,, PbO-
MoO..

3) MeTomoM pacTpOBOIL 97IEKTPOHHOIT
MUKPOCKOIIMM YICCTIEIoBaTh MOpQoIIo-
TMIO IPOAYKTA PEaKLMM Ha IOBEPXHOCTU
U B MECTE€ KOHTaKTa peareHTOB.

oy coctaBisiio 15 4. Ma30BbIi cOCTaB
KOHTPOJIMPOBAIN PEHTreHOrpadpuIecKi.
O6pas1ibl /11 MCCIeTOBAHNUS TOTOBUIN B
Bujie OPUKETOB MPECCOBAHMEM U MOCIIE-
AYIOLMM CIIEKaHMEM. YCIOBUA CIIEKaHNsA
06pasiioB MpuBeeHbl B TA0M. 1.
[ToBepXHOCTHYIO peaKIIMOHHYIO ay-
(y3nio usydanm npy OffHOMEPHOM I JIBY-
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MepHOM pacipocTpaHeHun guddysanra.
[ly14 9TOrO UCIIONb30BAIN AYENKN C pas-
HOJI reoMeTpuelt cOOpky OpuKeTOB pea-
reHTOB. B offlHOM ciydae fjyaMeTp AmcKa
OpuKeTa MOIJIOKKM COCTABIIAN 15 MM, a
AnaMeTp aucKa guddysanra — 5 MM (puc.
1, a); B ApyroM Nopjoxxka umena Gpopmy
6pycka BpicOTON 5-10 MM U IUIOIA/IbIO
KOHTaKTUpyoomei ¢ gudpgysaHTOM IIO-
BepXHOCTM 65-75 MM?, a obpaser gud-
(ysaHTa BBINOTHAJICA B BUJIe AJCKA AMa-
MeTpoM 15 MM 1 TommmHoI 2 MM (puc. 1,
6). Cxema pacnpocrpanenns guddysan-
Ta IO MTOJJIOXKKE [TOKa3aHa CTPEeIKaMIL.

Tabmuma 1
YcnoBus criekaHmsA o6pasIoB
BemiectBo | Temmeparypa Bpems
omxura, °C OTKUTa, 4
NiO 1200 6
Mn,0, 900 24
Pb,MoO, 700 48
PbO 760 24
CuO 950 18
Cdo 700 24
MoO, 600
WO, 900

KonTponp 3a pasBuTmeM mpolecca
OCYILECTB/IANICA TEePUOANIECKUM M3Me-
peHneM JUIMHbI HOBEPXHOCTHOTO C1ost £,
crnos ¢, 06pasyIoIerocs B MecTe KOHTaK-
Ta OPMKETOB, MACChI IIOAIOKKIL.

PentreHodasoBplii aHamM3 0OBeEK-
TOB MCC/IE[IOBAHM BBHIMONHAMN Ha Ayd-
pakromerpe [IP®-2.0 B Co,  wusmyde-
HyM. CbeMKy TIIPOBOAMIN CO CKOPOCTBIO
2 °C/mun. B unTepsane yrinos 20 ot 5 o

Pe3synbtathl n 06CcyxaeHue

KuneTtuyeckoe ypaBHE€HNE PpOCTa II0-
BEPXHOCTHOI'O C/10A TIIpn paﬂMaHbHOﬂ

i dysun

Puc. 1. Cxema OIIBITOB 110 UCCIETOBAHNIO
KUHETUKY [IOBEPXHOCTHOTO
B3aMMOJIEVICTBUA: @ — Pafiia/IbHOE
pacpocrpanenne guddysanra; 6 -
OJIHOMEpPHOe pacrpocTpanenne guddysanra

35 °C. Pacum¢poBKy peHTreHOrpaMM
OpOBOAMIN C TIOMOIIBIO KapTOTEKNU
ASTM.

MUKpOCKONIMYEeCKMiT aHanIN3 IMoBep-
XHOCTU U CKOJIOB OPMKETOB II0C/Ie OT>KU-
TOB ITPOBOJVIIN C TOMOIIBIO MUKPOCKOTIA
MBC-9 mpu yBenndyeHunm B 16-56 pas
u ontmyeckoro Mmukpockomna IIOJIAM
C-112 B mpoxopsiieM cBeTe IpK yBeIu-
yeHuM B 300-420 pas.

Mopdornoruio MOmIONKKN U TIPORYK-
Ta, a TaK)XXe MX 3JIeMeHTHBII COCTaB, UC-
crefoBanM C TIOMOIIBIO 3/1eKTPOHHOTO
Mukpockona JSM-3 ¢ MukpoaHanusaro-
pom npu yBenmdenun 300-3000 pas.

VismepeHne Maccel OPUKETHI O U TO-
cne [udpQPy3NOHHBIX OTXKUIOB IIPOBOJYI-
7Y Ha aHAIUTUYECKUX Becax Sartorius —
BL60S c Tounoctbio 0,0001 1.

SddexTuBHYIO MIOTHOCTD 0OPa3LOB
ompepensiny no o6beMy 1 Macce ob6pas-
II0B, a TaKXXe MeTONOM TMApOCTaTuye-
ckoro B3BemmBaHuA. Ee BennumHa Ba-
ppupoBanaco ot 60 o 85 %.

Kak 6bu10 mokasano panee [1-3],
OfIHOVl 13 WHTEPECHBIX OCOBEHHOCTEI
[IP]l sBnsieTcA HETUNMYHBIN BUM, KUHE-
TUYEeCKMX 3aBJMICUMOCTEN, KOTOpble MMe-
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0T BUJI KPUBBIX C HachljeHneM. [Ipu
aHajM3e 9TOrO sIBIEHUS MbI OOpaTHIN
BHJMaHMe Ha TO, YTO IIOJIHYIO OCTAHOB-
Ky IIOBEPXHOCTHOTO B3aMMOJEICTBI
dbuKcrpoBanu, MPOBOASA IKCIIEPUMEHTBI
IJISL ST9€eK C TAKOUl reoMeTpuert cOOpKu
OpUKETOB peareHToB, IpU KOTOPOIl IPO-
MCXORMIIO pajyanbHoe (AByMepHOe) pac-
npoctpaHenre guddysaHta mo mosep-
XHOCTH TIOJIOKKH (puc. 1, a).

OueBUHO, YTO KIACCUYECKUE IIpe-
IefbHBIE CAyYay [isi KUHETUIEeCKOro 1
mnpdysuonnoro pexumon (£ = Kt) u
¢> = KT) He COCTOATEe/NIbHbI B OIMCAHUM
KMHEeTUKN papmanpHoi auddysvm. [Ipn
pagyanpHOM pacrpocTpaHeHuu audpdy-
3aHTa, B OT/IMYME OT OFHOMEPHOTO CIIy-
Yasi, IPOMCXORUT MOCTOSIHHOE YBeuye-
HI€e JUIMHBI PEAKIIOHHOTO (POHTA, UTO
IO/DKHO TPUBECTU K M3MEHEHUI0 BUJA
BPEMEHHOI 3aBMCUMOCTY [apaMeTpa,
XapaKTepU3YIOIIero CKOPOCTb peaKIyn
(¢). Iloatomy B HacTosmelt paboTe 6Gbima
[IOCTaB/IeHa 3a/5a4a IOIYYUTDb ypaBHeHNe
POCTa MOBEPXHOCTHOTO CJIOSI TIPU Pajiu-
a/IpHOM pacrpocTpaHeHun guddysanra
10 TIOBEPXHOCTH MOJITIOKKIA.

ITpu BbIBOfE ypaBHEHMs He YUUTbI-
Bajicsi OoTTOK auddysanra Brrybdb 1op-
JIOXKH, T. €. PACCMATPUBAICS CIy4ail 110-
BepXHOCTHOJT peakioHHoI Auddysnn B
YUCTOM BUJIE.

CormacHO 00IIMM TPUHIMIIAM TEP-
MOJIMHAMUKN HEPABHOBECHBIX IPOIieC-
COB CKOPOCTb /TI0060T0 HEpaBHOBECHOTO
mpoitecca (B TOM YKCIe U XMMUYECKOIT
peakinn) IpoIopIOHaTbHa HEKOTOPOI
«IBIVDKYIIEN cujie» mpoljecca 1 06paTHoO
[POMOPI[MOHaIbHA HEKOTOPOiT 3¢ dex-
TUBHOI BeM4nHe R¥ — COMPOTUBIIEHNIO
nponecca [4]. [IBwbkymieil TepMonMHa-
MIUYECKON CUION XUMMYECKOTO B3au-
MOJIEVICTBUS SIB/ISIETCSI PA3HOCTh M30-
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0apHO-M30TepMUYECKMX  HOTEHIIMAIOB
peaknyu AG. Torga ckopocTh peakuuu
MTOBEPXHOCTHOI peaxyy oINpefenseTcs
COOTHOIIEHUEM:

W:AG

R*
C mpyroit CTOPOHBI, CKOPOCTb OBEPX-
HOCTHO}I peakIuy MOXXHO OIIpefeNnnuTh
[0 M3MEHEHNIO TUIOMIAf MPOAYKTa pe-

r i

5

(1)

Shon

on the substrate

Puc. 2. Cxema pacnonoxxeHus
IIOBEPXHOCTHOTO C/10s1 (CEPBIII [{BeT) Ha
IOZITIO’KKe

axuuu, 0Opasyollerocs: Ha IIOBEPXHOCTHU
MOZJIOXKKH, B €AMHUITY BpPEMeHH, PIC. 2.
CKOpOCTb TIOBEpXHOCTHOI peaKIun
olpefiensieTcs M3MEHEeHMeM KOIMYecTBa
IPOAYKTa peakiyyu, oOpasylomerocs Ha

TIOBEPXHOCTH, B €AMHINITY BpEMEHN:

n
W: 0B (2)

dt
KomnyectBo BemiecTBa Ha IOBEp-
XHOCTY IIPOHOPLMOHANTBHO €ro 06b-
emy: n _~ V . B cBow ouepefnp,
00BeM MOBEPXHOCTHOTO CJI0SI paBeH Ipo-
U3BENEHNIO €ro IIOMAfM Ha TOJIINUHY:
V. =8 .3&. B nepBom npubmmkeHnn

noB oB

MOYXHO CUMTaTh, YTO TOJIIMHA IIOBep-
XHOCTHOTO mpoaykra (8) BenmmumHa
IIOCTOSIHHAsA, TaK KaK OHA Ha IMOPAAKU
MeHblIle JIIMHBI ITOBEPXHOCTHOTO CIIOS;

TOrga KO/ANM4YeCTBO IIPOAYKTA Ha IIOBEP-
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XHOCTH IIPOIOPLMOHAIBHO 3aHMMaeMON
UM IWIomagu: 1.~ S, OTKyHa C/Iefyer,
YTO CKOPOCTb peaKIuy paBHA M3MeHe-
HIIO IUIOLAAM IPOAYKTa peakiym, obpa-
3yIOIIET0Cs Ha TIOBEPXHOCTH, B €UHUITY
BpeMeHI:

ds
W — 0B (3)
dt

Conporusnenne TBeprodasHoil pe-
aKIMI CK/Ia[bIBAETCSI U3 COMIPOTVBICHNUS
OT/Ie/IbHBIX CTaAMIl, OCHOBHBIMI 113 KOTO-
PBIX SIBJIAIOTCS COOCTBEHHO XMMUYECKOe
B3auMoyieiicTBue (compotusieHne R_ )
v puddysus (conporusnenne R ):

=R, R (4)
ITpupasusas (1) u (3), nomry4nm:
dSHOB AG )
= . 5
dt R, TR,
ITromagb  MOBEPXHOCTHOTO  CITOS

OIIpefeseTC s BEIPaXKeHMeM:
S . =m((r+ £)* =) =ml(2r +¢), (6)
rzie r — paguyc 6pukera nuddysanra.
OueBufHO, YTO CONPOTUBIIEHNE XM-
MIYECKOil CTapuy R TIpOMOpPIMOHATb-
HO [yiiHe GpPOHTa IIOBEPXHOCTHOI peak-
LV, T. €. JJIVHE OKPY>KHOCTHU PajuycoM
(r+e):
R _=a-2n(r+¢), (7)
I7ie a — HeKOe yAeIbHOE COMPOTHBIIe-
HIIe XMMWUYECKOIl CTafyi, 3aBUCsIIee OT
IPUPOZAbI Pearupyoulyx BelecTB.
ComnpoTtnBneHne ¢ dy3roHHOI
CTafMy IPSIMO IPOIOPLMOHANBHO AIVHE
[IOBEPXHOCTHOTO CTIOSL:

R,,=b-C (8)
rie b - ymenpHOe comporuBieHve aud-
bY3MOHHOI CTanNN.

IMopcraBus (6), (7) u (8) B (5), momy-
9JIM BBIpA)KeHIe:

dint,2r+0)]  AG

dt B 2na(r+€s)’ ©)

KOTOpOe peobpasyem B

al AG
s(r+l,)=

2n — .
dt 2na(r+0)+bl,

(10)

PasgenyB mepeMeHHbIE ¥ IIPOMHTEI-
puposas (10), mony4nm:

4l wrar’ + £ *nr(b+4na) + %Zfﬁ(Zna +b)=AGrt ( 1 1)

O603HaYMB IIOCTOSIHHbBIE  CIIEAYIO-
wuM obpasom: 4mlar’ = x; r(b +4ma) =
y; %n(2na + b) = z, u, nogcraBus B (11),
OKOHYATeTbHO [TONY4MM:

xl 4+ yl2+z02 = AGt (12)

Takum 06pasoM, 3aBUCHMOCTb [/IVHBI
HOBEPXHOCTHOTO C/IOA OT BpeMeHM) OIV-
CbIBaeTCA IOJIMHOMOM TPeTbell CTEIIeHN.

ITpu BBIBOZE JAHHOTO YpaBHEHUA He
KOHKPETU3MPOBAIOCh, KaKas U3 CTamuil
(zmddysmonnas wim  KuHeTHM4eckas)
JMMUTHPYeT Bechb Ipolecc. PaccmoTpum
Tellepb YaCTHbIE C/TyYal.

Tak xax u RXMM, n Rw 4> COTTIACHO ypaB-
HeuusaMm (7), (8), 3aBUCAT OT [JIMHBI I10-
BEPXHOCTHOTO CJIOS, KOTOpas YBeIM4u-
BaeTCs BO BPeMEeHM, TO CONPOTYUBIICHNUA
XMMUYeCKoil ¥ AuQQPy3sMOHHON CTammit
Takke OY[yT NOCTOSHHO PacTu B XOfie
HIOBEPXHOCTHOII peakuy. ITO O3HAYaeT,
YTO B C/Iy4yae JIByMEpHOII (paayanbHoil)
muddysun npy MaabIXx BpeMeHaX Hejlb-
35 mpeHebpedb AupPY3MOHHBIM COIPO-
TUBJIEHNEM, KaK B OJHOMEPHOM CiIydae.
Torma ouYeBMAHO, YTO PEXUM B3aUMO-
IeiicTBMA OyfeT 3aBYUCETD JINUIIb OT TOTO,
yIe/IbHOe CONPOTYBIIEHNE KaKOJ CTafiuu
(znddysuoHHONM MM KUHETHIECKOIT)
6o7Iblile IO BeNMYMHE.

A) Kunemuueckuil pescum.

IIpu KMHETNYeCKOM KOHTpOJIe IIpO-
Iecca yienbHoe conportusnenne guddy-
3JMIOHHOII CTajyyi 3HAYMTETbHO MEHbIIIe,
yeM CTafiuyl XMMIUYECKOTO B3ayMOJIeICT-
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BusA: b<<a, ciemopaTebHO R << R,
ud XUM
T. e. Anp(Py3MOHHBIM CONPOTUBIIEHNEM
MO>KHO IIpeHeOpeyb.
Torpa BeipakeHue (9) npeobpasyerca
B C/lefiyIolee:

dint,@r+0))  AG
dt _Zna(r+€s)'

(13)

CJIeTIaB r[pe06pa3013aHMH, aHa/JIOIrn4-
HbI€ BbIIIEN3/IOKEHHBIM, ITIO/TY4IVIM:
3

L
Pl =K,
_AG

2
it°a

(14)

rme K,

M

Takum 06pa3oM, 3aBICHMOCTD AJIVMHBL
MOBEPXHOCTHOTO CJIOA OT BpeMeHU B CIIy-
Yae KMHeTMYeCKOr0 KOHTPOJIA Ipoliecca
TaK)Xe OIMCBIBAETCA MOITMHOMOM TpPeTh-
€1 CTEIIeHN.

B) Jugpgysuonnviii pesicum.

ITpu nudPysnoHHOM KOHTpOJIE TIPo-
1ecca yfie/lbHOe COIpoTuBIeHMe Juddy-
3MOHHOJ CTafyuy 3HAUYUTEIBHO OOJIblIle,
YeM CTafiuyl XMMUYeCKOTO B3aMMOJIEeCT-
BusA: b>>a, clemoBaTe/IbHO R,mq; >> RXMM,
T. €. COINPOTUB/IEHNMEM CTaAMU XMMUYe-
CKOTO B3aMMOJIE/ICTBYS MOXKHO IIpeHe-
6peun.

Torpa BeipakeHue (9) npeobpasyerca
B C/lefiyIolee:

dint 2r+1)] _AG
dt Y

N

(15)

IToce mpeobpasoBaHMii MOTYIUM
ypaBHeHMe:

2 3

=Kt ()

AG
Koo ="
2wh
Takum obpasom, u npu aupysnon-
HOM KOHTPOJIe IIpoljecca BpeMeHHas 3a-
BUCHMOCTb J/IVHBI IIOBEPXHOCTHOTO C/I0ST

rme
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OIUCBhIBAETCA IIOIMHOMOM TpeTbell CTe-
IIEHU C HY/IeBBIM KO3(QPULNEHTOM IIpU
nepBoM uniene (£,).

Vtak, mpu pajguiaIbHOM paclpo-
cTpaHeHuy gudQysaHTa MO ITOBEPXHO-
CTV TIOHJIOKKM BUJ, 3aBUCUMOCTM [JIV-
HBI IIOBEPXHOCTHOTO C/IOS OT BpeMeHM
HIPUHIVIINAIBLHO He 3aBYICUT OT PeXUMa
B3ayMogielicTByA. Bo Bcex ciyyasx saBu-
cumocTb £ = f(T) omuchIBaeTCsA MOMMHO-
MOM TpeTheit crenenn (12).

Opnako ypaBHeHue (12) He mpepmm-
CbIBaeT IIpeKpallleH)e IIOBEPXHOCTHOTO
B3aMIMOZEICTBYS IPY HOCTATOYHO OOTIb-
IINX BpeMEHax, YTO HaOMI0fanu 9KCIie-
pumMeHTanbHO panee [1-3] Gomee yem
VIS JecsiTKa MCC/IeOBaHHBIX CHUCTEM, a
Takoke B Hacrosmeil pabore. ITpumumHa
OCTaHOBKM IIOBEPXHOCTHOTO B3ayMMO-
IeVICTBYA, BEPOATHO, CBA3aHA C OTTOKOM
nuddysanra BrayOb MOIOXKKM, YTO He
YYUTBIBAJIOCh IIPM BBIBOJIE HACTOAIIETO
ypaBHEHUA.

VccnemoBanue KMHETVKYM — IOBep-
XHOCTHOTO B3aUMOJENCTBMA IPU pajiu-
QJIbHOM ¥ OfJHOMEPHOM pacHpoCTpaHe-
Huy fuddysaHTa.

Kak OpImo OTMeueHO, paHee MCCIle-
JOBaHMe IIOBEPXHOCTHON pPeaKIMOHHO
mnddysuy Opu OTHOMEPHOM PpacIpo-
cTpaHeHuy puddysaHTa paHee He IPO-
BOJVJIOCH.

IToatomy B HacTosLIell paboTte mpo-
BEJIeHO NCCIIefloBaHMe KMHETUKU TI0Bep-
XHOCTHBIX peakUuil Ipy pajnajbHOM U
OIZHOMEPHOM pacrpocTpaHenuu gudpoy-
3aHTa (puc. 1) B cpaBHeHUN. YpaBHEHMs
JICCTIEJOBAHHBIX peaKIMii:

NiO + WO, > NiWO, (t=850 °C) (17)
NiO + MoO, NiMoO, > (t=550°C)  (18)
2Mn, 0, +4MoO, > 4MnMo + O, (t=600 °C) (19)
CdO + MoO, > CdMoO, (=550 °C)  (20)
Pb,MoO, + MoO, > 2PbMoO, (1=600°C) (21)
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PbO + MoO, » PbMoO (=600 °C) (22)
(Pb,MoO,)

B cxkobkax ykasaH HEOCHOBHOII IIPO-
nykt Pb,MoO,, KoTopslit MoxeT obpa-
30BBIBATbCSI COIVIACHO JMarpamMme cCo-
CTOSIHMA, HO He OOHapYy>keH IIpU IaHHOM

nccnegoBanuy Metomom PDA.

NiW O4(peaknna 17)

3000

2500

Kunernueckue 3aBUCMMOCTYU JUIVHBI
HOBEPXHOCTHOTO CJIO OT BPEMEHU IIpu
OJIHOMEpHOJ ¥ paaManbHOil (IByMep-
HoI1) ayys3um pencTaBIeHbl Ha puC. 3.

Ha puc. 3 BUAHO, YTO BUJ, KMHETH-
YeCKVX KPUBBIX IIPY OJHOMEpPHOIl U pa-

NiMoOs(peakuns 18)

20004
£5,1m
15007

10007

500

) T T T
] 50 100 150 200
LA

CdM 0O, (peakuua 20)

3000

2500 1

2000 A

1500 4

1000

500

£y, um

PbMoOQs (peaknns 22)

£

Puic. 3. 3aBUCHMOCTD [/IMHBI IOBEPXHOCTHOTO CJIOSI OT BPEMEHI:
1 - ogHOMEpHOE; 2 — pajuanbHoe (AByMepHOe) pacrpocTpanenue auddysanTa
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IMaNbHON (IBYMEpPHOI) OBEPXHOCTHO
mnpdysun pasandeH.

B cnyuae gBymepHoi nuddysun kpu-
Bble ObICTPO (B TedeHme 10-20 4) BbIXO-
IAT Ha HacblIleHNe.

J71s1 TOro 4T06B!I yOERUTHCS B IIpIMe-
HYIMOCTY HOJIy4eHHOTO B IIpeAbIAyllieM
paspene ypaBHeHus (12) K ommcaHmio
kuHetuku IIP]I B cny4dae papmanbHOM
mnd¢ysun, 6pi1a npoBeneHa 06paboTKa
9KCIIepMMEHTAIbHBIX KpUBBIX 2 (puc. 3) ¢
noMmolpio ypasHenns (12), mpudeM pia
06paboTKy OBIIM B3STHI YACTU KPUBBIX
(mo nacsimenus). Koapduimentsr xop-
pensLuy IpUBefeHs! B TabI. 2.

Tabnura 2
KoadduimenTs! koppensun
Cucrema i(;i’f))g;:f;?izl
PbO/ MoO, 95
Mn,0,/MoO, 93
NiO/MoO, 9%
NiO/WO, 9
CdO/MoO, 97

Boicokne 3HayeHVSA KOI(QPULNEHTOB
koppenAuuu (6onee 90 %) MOKa3bIBAIOT,
4TO ypaBHeHMe (12) yoBIeTBOPUTEIBHO
OIVICBIBAET 9KCIIepPVMMEHTa/lbHble KIHe-
THYEeCKIe JaHHble B YCTIOBYAX IIPeCTaB-
JIEHHOJI TeOMeTpUN /i1 BpeMeHMU, MeHb-
eM KPUTUYECKOTO 3HAYeHus T_, TIpU
KOTOPOM JOCTUTaeTCs MaKCUMaJIbHOe
3Ha4yeHe JJIMHbBI IOBEPXHOCTHOTO CIIOA.

ITpu ogHOMEPHOM pacHpOCTpaHEeHUN
muddysanra npu omkure 6omee 70-100
Y BCe ellle NIPOVCXOAUT V3MEHeHNe JJIN-
HBI TIOBEPXHOCTHOT'O C/IOSA, TAK YTO MOX-
HO JIMIIb KOHCTATHPOBATh 3aMefJIeHue
nporecca mpy GONBLUINX BpEMEHAX, 4TO
BBIP@)KAETCS B BBIIIOJIAKMBaHNI KPUBOIL.

ITpu Gonpmmx BpemeHax (6onee
100 4) rpaHMIfa MeX/y IIOBEPXHOCTHBIM
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C7I0eM IIPOAIyKTa U MOJIOKKOI OUeHb He-
pOBHas M pa3MbITas, I0O9TOMY BU3Yaslb-
HO OYeHb CJIOKHO OIpeJe/INTh 3HaYeHue
IUIVHBI TIOBEPXHOCTHOTO coA. «Pasmbl-
TOCTb» T'PaHMIbI, BEPOATHO, CBA3aHA C
obpasoBaHIeM NPOLYKTA HA IIOBEPXHO-
CTU He TOJNBKO 3a CYeT IOBEpXHOCTHOII
peaxium, HO TaK>Ke 3a CYeT ra3oBoit Aud-
¢ysun MoO.. TlosTomy morpemHocTs B
OIlpefie/IeHNY [JIMHBI IIOBEPXHOCTHOTO
71051 IIpy GOTIBILIINX BpeMeHAX YBeTNInBa-
eTcs, U, UCIIO/Ib3YA JINIIb METOJ OIITIYe-
CKOJI MMKPOCKOIIIY, HEBO3MOYXXHO COBEp-
IIEHHO TOYHO OIPENEe/IUTD, IIPOUCXOUT
NI TOJHAs OCTAHOBKA ITIOBEPXHOCTHOTO
IIpollecca WIN JIMIIb eT0 pe3Koe 3aMefjie-
Hite. [l pellieHMst 9TOM MPO6IeMBbl MBI
UCTIONIb30BA/IN PACTPOBYIO 3/IEKTPOHHYIO
MUKPOCKOIMIO B KOMIUIEKCE C peHTre-
HOBCKUM MMKPOQHA/IN30M.

3HaueHMe [JIMHBI IIOBEPXHOCTHOTO
CJ1051 TIpY IBYMEPHOM PacIpOCTpaHeHUN
BCeIfia HVDKe, 4eM 3HadeHue £ mpu ofi-
HOMEPHOM PpaclIpOCTpaHeHUM IpU TOM
e BpeMeHM 9KcIepyMeHTa. IIpuunHoil
3TOro (¢axra SABIAETCS TO OOCTOSTENb-
CTBO, YTO HpU pajvanbHOil muddysun
IPOVICXOAMUT IIOCTOSIHHOE YBe/MYeHue
IIMHBL TpexdasHoll rpaHMupl AUPPY-
3aHT/TOfIOKKA/IPOAYKT, Ha KOTOPOIt
U OCYIIECTB/IACTCA HENOCPeiCTBeHHOe
B3anMopelicTBye. B ciydae e ofHOMep-
Hot i ys3un IIMHA 3TOI I'PaHUIIBI T10-
CTOSIHHA.

To ectp pasnumume snauenmit £ mns
IBYX TUIIOB FeOMETPUIT He ABJIAETCA CBY-
[eTelIbCTBOM PAa3/IM4Mil CKOPOCTeil II0-
BEPXHOCTHBIX PeaKILMii, T. K. B 9TUX ABYX
CIy4asX MMeeT MeCTO COOTBETCTBEHHO
omHO- U aByMepHas auddysusa. bomee
KOPPEKTHOM  XapaKTe€PUCTUKON
pOCTM IIpoliecca, II0 HallleMy MHEHMUIO,

CKO-
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SBJISIETCS  OTHOCWUTENbHAs  IIOLIAfb,
3aHMMaeMas IIOBEPXHOCTHBIM  C/IOeM
(HOpMUpOBaHHas K IUIOJAfY KOHTAKTa
pearenToB) S /S . ITO MOXHO TIO-
SCHUTh  CIERYIOIIMMM  COOOpaXKeHMsI-
M. CKOPOCTDb TTOBEPXHOCTHOM peakiyn
OIIpenensieTCsl M3MEHEHNeM KOIMYecTBa
IPOAYKTA peakuuyu, o6pasyromerocs Ha
[OBEPXHOCTH, B €AVHUILY BpeMeHN:

W — dsuos .
dt

KomnmdaecTBO BelecTBa Ha IIOBEPXHO-
CTM TIPOIOPLIOHAIBHO €T0 00beMy: 1
~ V_.B cBoio ouepenp, o6bemM moBep-
XHOCTHOTO C/I0Sl paBeH IpPOU3BENECHUIO
€ro IIONAM Ha TONmuHy: V = 8“05'8. B
[EPBOM TPUOTIDKEHNN MOKHO CUMTATh,
YTO TOJIIMHA TOBEPXHOCTHOTO IPOAYKTa
(0) BenmumHa IOCTOSAHHAS, TOT/IA KOJI/Ye-
CTBO NPOAYKTa Ha TIOBEPXHOCTH IIPOIIOP-
LIMOHA/IPHO 3aHMMAaeMOW UM IUIOIIAMIN:
n..~S . OTKyHa C/e[[yeT, YTO CKOPOCTb
peakuyy paBHa M3MEHEHMIO IOy
IPOAYKTA peakuyyu, o6pasyomerocs Ha
[IOBEPXHOCTY, B e;md}muy BpeMEeHIN:

(23)

W=t 24
It (24)
TOJTOKKA

MECTO KOHTaKTa

a b

Puc. 4. Cxema M3MeHeHN IUIOLA
[OBEPXHOCTH HPORYKTA PEaKI[VIL:
a - pagnaabHoe (FByMepHOe)
pacnpocrpaHenue auddysanra;
6 — OIHOMepHOE PacIpoCTpaHeH e

nuddysanTa

B cny4ae ogHOMEPHON U JBYMEPHOI
mnddysun IUIOMmAAb IIOBEPXHOCTHOTO
CI0S1 pasNMYHBIM 00pa3oM 3aBUCUT OT
¢ . Tlpu papuanproit guddysun niomans
HIOBEPXHOCTHOTO CJI0s OIIpefieNAeTCs Bbl-
paKkeHUeM:

S ., =m((r+€)* - r’) =mt (2r + £), (25)
a Ipu ogHOMepHO Anddysum:
S . =¢-2(a+b), (26)
e a M b - gnvHa ¥ mMpuHA OpuKeTa
IIOZIJIOXKKMY, puUC. 4.

ITnomazsb MOBEPXHOCTHOTO C/IOS 3a-
BUCUAT OT IUIOWIQfM KOHTaKTa Juddy-
3aHTa U MOAJIOXKKH, II09TOMY 6ormee Kop-
PEKTHO CpaBHUBATb He JUIMHY U JjaXKe He
IJIOIa/lb, & OTHOCUTE/IbHYIO IUIOMIANb
HOBEPXHOCTHOTO C/10s (T. e. OTHOILIEeHUe
IJIOIIA/IM TTIOBEPXHOCTHOTO C/IOSA K IUIO-
masy KOHTaKTa peareHToB). Ilmomanb
KOHTAKTa PeareHToB paBHa S = a - b,
I7ie a 1 b — CTOpOHBI OCHOBAHYISI IIOJ/IOXK-
KU B C/Iydae OffHOMepHOI muddysun n
S .. =271, Trie 1 — paguyc fuddysanra B
caydae pajuanbHoit fudysnn.

CropaBe/imBocTh IpUBeJEeHHBIX
BBIIlIE COOOPaKEHMII MTOKA3bIBAeT IIPHU-
BefleHHass B KadeCTBe IIpyMepa 3aBU-
cumocTtb S /'S OT BpeMeHM i Off-
HOMEpHOJI M naByMepHONl auddysunm B
cucreMe Mn203—MOO3, puc. 5.

Ha puc. 5 BUAHO, YTO KMHeTHYeCKue
sapucumoctu S /S A OmHOMED-
HOTO M JIBYMEPHOI'O pPAacCIpOCTPaHEeHNUsA
muddysanrta 61u3Ku.

Takum  o6pasom,
IJIOIIA/Ib TIOBEPXHOCTHOTO C/IOS SIB/IACT-
cs1 6o7mee KOPPEKTHOI XapaKTepPIUCTUKON
CKOPOCTH TIOBEPXHOCTHON peaKIyu: Ipn
pajguaTbHOM pacrnpocTpaHeHnu guddy-
3aHT paccpefjoTOYMNBALTCA II0 TIOBEPXHO-
CTU HOJIOXKKM, 00pasys C/Ioil MeHbIleil
IIVHBL, HO IPUOMUSUTENIBHO TaKoOil >Ke

OTHOCUTE/IbHAaA
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IUIOLAAM, YTO ¥ TIPY OFHOMEpHOI Aud-
dysun.

C 11e71bI0 OTIPENENUTD PEXXIM B3aUMO-
meiicTBusA, ObUTa IpoBemeHa 0OpaboTka
KMHETUYeCKUX KPUBBIX M/Is CIydas Ofi-
HOMepHOIT Ju(Py3un 1o ypaBHEHUIO

¢'= K. (27)

3HaueHUA koapduuMeHTa n B ypas-

HeHVM (27) I/Is1 MCCIeOBAHHBIX CUCTEM
IpUBEeHbI B Ta0T. 3.

Tabmuma 3
3HaveHus KO3 uIeHTa 1 B ypaBHEHUN
=Kt
Cucrema Koadduiuent n

CdO/MoO, 1,94+0,1

NiO/WO, 1,840,1

NiO/MoO, 1,940,1
Mn,0,/MoO, 210,1
Pb,MoO,/ MoO, 240,1

Koadpdunment »n s Bcex cucrem
O/1M30K K 2, C/Ie[0BATeIbHO, IIOBEPXHOCT-
Hble PeaKluy NPOTeKaoT B AudpPysnoH-
HOM PeXIMe.

Hccnedosarue mopgonozuu  nosep-
XHOCHO20 CTI0ST MEMOOOM INEKMPOHHOTE
MUKPOCKONUU

Mopdomorus MOANIOKKH 1 CIOsL IPO-
LyKTa, 0OpasoOBAaHHOIO B pe3y/bTare I0-
BEPXHOCTHOJ pPeakUMOHHOM Auddysnn
(omHOMEpHOI U ABYXMepHOIt), OblIa ¥C-
C7lefoBaHa METOROM 9/IeKTPOHHO MM-
KPOCKOIINA, C L{eJIbIO IIPOSICHUTD CTIENYIO-
Ijyie MOMEHTBL. BO-IepBbIX, IPOMCXOAUT
mun octaHoBka IIPJl mpu opgHOMepHOI
ruddysun nn sxe guddysus mo mosep-
XHOCTH TIO/IOXKKY He IIPEeKpaliaeTcs K0
TeX IIOp, MOKa He MCTOLUTCS MCTOYHUK
mnoysun. [Ina sroro, nommmo POM,
IPOBefeH TaK)Ke PEHTTeHOBCKIIT MUKPO-
aHanm3 06pasLoB.

Bo-BropeIX, oTinyaercs mu Mopgdo-
JIOTMA C/IOSI IPOLYKTAa B MeCTe KOHTaKTa
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OpMKEeTOB peareHToB OT MOPQOIOTNIL I10-
BEPXHOCTHOTO CJIOSL.

POM-uccnepoBanus mposenu s
LIECTU CYICTEM: CdO-MoO3, CuO—MoO3,
PbO-MoO,, NiO-MoO,, NiO-WO,,
Mn,0,-MoO,. B xavecTBe nmpumepa mnpu-
BeJleHbI pe3ynbTaTbl POM-1ccenoBanmii
opHoMepHOII fudysnun B cucreme CdO-
MoO, u paguanbHoit (ABymMepHoOI) mud-
dysum B cucreme NiO-MoO..

Cucmema CdO-MoO,

O6paser 11 CbeMKM IIOTy4YeH MeTO-
IOM KOHTAaKTHOTO JU(QY3UOHHOTO OT-
JKUTa Tapbl OPVKETOB IIPY OFHOMEPHOM
pacnpocrpanennu guddysanra B Tede-
Hue 167 1 mpu temneparype 550 °C. Ha-

3.04 1
2.5
2.0

Snoa ! Sxonm
1.5+

0.0 T T T g
0 20 40 60 80
1,49

Puc. 5. 3aBUCHMOCTb OTHOCUTETbHOI
[UIOLA/{V IOBEPXHOCTHOTO CJIOSI OT BpEMeHU
B cucreme Mn, O,-MoO.: 1 - ogHOMepHas,
2 - pagnanbHas (fByMepHas) anddysnsa

Puc. 6. Cxema HanpaB/ieHus
POM-cpemku 0bpasiia
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Puc. 7. POM-uso6paxxenne nosepxHoctHoro cnos npopgykra CdMoO,
Ha nogmoxxke CdO: a - B Touke 1, x1000; 6 - B Touke 2, x300 (puc. 6).

IIpaB/IeHM€ ChEMKM [I0Ka3aHO CTPEJIKO,
OT TOYKM 1 K TOYKe 2, puc. 6.

POM-usobpaxenus IPOJYKTa
CdMoO, B Touke 1 n 2 (puc. 6) mpen-
CTaBJIeHBI Ha pC. 7, d, 6. 3epHa IPOAYKTa
UMEIOT CpefHuil pasmep 4-5 MM (puc.
7, a). Ilpn ypaneHun oT MecTa KOHTAKTa,
CTI0¥T TIPMOOpeTaeT PHIXIYI0 CTPYKTYPY,
MeCTaMM OTCIaMBAETCA OT IIOAIOKKU
(puc. 7, 6).

B MecTe oTC/IOeHNA TPOAYKTA BU/IHBI
Merikie 3epHa nognoxku CdO pasmepom
1-2 MKM.

Puc. 8. Pacnipenienenne peHTTeHOBCKOI
IUIOTHOCTHU MOMKOIeHa Ha TIOBEPXHOCTH
TIOJJIOXKKI Ha pacCTOAHMM 4,5 CM OT MecTa
KOHTaKTa

[Iponykr CdMoO, momHOCTbIO MO-
KpbiBaeT nopnoxky CdO, o yem cBupe-
TeNbCTBYIOT Kak POM-msobpakeHnus, a
TaKXXe JJaHHble PEeHTTeHOBCKOTO MUKPO-
aHanM3a, KOTOpble IIOKA3bIBAIOT Ha/IN4le
MorubfeHa Ha BCell IOBEPXHOCTI 00pas-
na (puc. 8).

Takum o6pasom, mOATBepX/aeTcs
ClieTaHHOE paHee 3aK/I4eHNe O TOM,
YTO NP OJHOMEPHOM PacIpOCTPaHeHUN
mnddysaHTa pOCT HOBEPXHOCTHOTO C/IOA
He TIpeKpalljaeTcsl IIpU CKOMb YTOZHO
607bIINX BpeMeHax, [I0Ka He JCUepIiaeT-
¢ UCTOYHMK inddy3nn.

Cucmema NiO-MoO,

O6paser 11 CbeMKM ITOTy4YeH MeTO-
IOM KOHTAaKTHOTO JU(QYy3MOHHOTO OT-
JKUTa Tapbl OPUKETOB IIpK pajiabHOM

NiO

NiMoOs B
MecTe
KOHTAKTA

NiMo Oy

MNOBEPXHOCTHDII
cJoit

Puc. 9. Cxema Hanpasnenns POM-cbemku
obpasia
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pacnpocrpaHenyun audQysaHra B Tede-
Hue 4 4 npu Temneparype 600 °C. Ha-
IpaBJieHNe CheMKM MOKa3aHO CTPenKoi
(puc. 9).

Ananmns POM-m3obparkeHnit moKa-
3bIBaeT, YTO pasMep 3€peH IpPOAyKTa
NiMoO, mnpumepHO OMHAKOB BO BCeX
TOYKaX 06pa3ua M COCTaBysAeT 1-2 MKM,
puc. 10.

Kak ymomMmuHanoch paHee, METOHOM
ONITUYECKON MMKPOCKOIUU HEBO3MOX-
HO ¢ OOJIbLION TOYHOCTBIO OIpeNe/UTDb
IIVHY IOBEPXHOCTHOTO crnosl. [l 6onee
TOYHOTO ee OIpefiefIeHNs MeTOIOM peH-
TFeHOBCKOTO MMKpOaHanm3a ObUT CHAT
KOHIIEHTPaLMOHHbIT 1podunp [Mo] u
[Ni], puc. 11.

Ha rpaduxe BUHO, 4YTO KOHLIEHTpa-
nust Mo B MecTe KOHTaKTa OpMKETOB
mnpPysaHT/IIOIOKKA Be/MKa 1 IOCTO-

BbiBoabl

ITo pesymprataM MpofenaHHON pado-
TBI MO>KHO CJIeTIaTh C/IeAyIolyie BBIBOJIBL:

1. IlonyyeHo ypaBHeHMe poCTa IIO-
BEPXHOCTHOTO CJI0A MpU PafUaIbHOM
pacupocrpanenyn uddysaHra, yHoB-
JIETBOPUTENIPHO OINChIBAIOIIee KUHETH-
Ky TIOBEpXHOCTHOTO B3aMOJENCTBUA

MOBEPXHOCTHOTO ¢104 npopykra NiMoO,
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SHHA TI0 BeNM4MHe, 3aTeM, 110 Mepe yfa-
JIeHNs OT MeCTa KOHTAKTA, Pe3KO yMEHb-
maerca. IDTO CBA3AHO C pajMaJbHBIM
pacripoctpanenueM jguddysanta 1o
MOBEPXHOCTY HOJJIOKKM, NPU KOTOPOM
JUTMHA PeaKIMOHHOJ IPAHNUIIbI TOCTOSAH-
HO PacTeT, BCIEACTBIE Yero Ha IepefHeM
dponTe Tuddysnn ob6pasoBaHNA CIIIONI-
HOTO C/I0sl TIPOfyKTa He IIPOVMCXONUT;
3epHa IPOYKTa YepeAyIoTCs C 3epHAMM
HOJJIOXKKM, YTO (PM3MIECKY COOTBETCTBY-
eT yOBIBaHMIO KOHIIEHTPAIMU MO/MOIeHa
o Mepe npoasyokenns guddysanra. To
MeCTO Ha 00paslie, e GUKCUpYeTCs pes-
KOe yObIBaHIe KOHIIEHTpaLuy MOMMOLe-
Ha, COBIIaaeT C A/IMHOI II0BEPXHOCTHOTO
C71051, KOTOpasA OIpefieieHa MeTOILOM OII-
TUYeCKo MuKpockonuu (1200 MKM).

AHasoryyHble pe3yIbTaThl HOMYYeHb
U [T [PYTUX MCCTIETOBAHHBIX CHCTEM.

IIpY BpeMeHaX MEHBIINX, 4eM BpeM Impe-
KpallleH)sI TOBEPXHOCTHOI peaKIiuiL.

2. MHccnemoBaHa KMHETMKA IOBep-
XHOCTHOTO B3aMMOJENCTBMUSA B CiIydae
OZHOMEpPHOTO pacIHpOoCTpaHeHMs -

O, %

A A & )
Y YX,MM
NOBEPXHOCTHBLH
eaoit NiMoO:

caoii NiMoO: B Mecte

nogrosxa NiO KomTaKTa SpHKeTOB

Puc. 11. KoHueHTpajMoHHBI IpoGuiIb
(1) Mo; (2) Ni na o6pasiie NiO co cnoem
NiMoO, (maHHbIE PEHTT€HOBCKOTO
MUKpOaHamu3a)



nOBEpXHOCTHbIe peakunn
C y4acCTtMeM okcmaos MOJ'IV|6ﬂeHa n BO)'IbepaMa
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(ysaHTa. YCTaHOBIIEHO, YTO IOBEPXHOCT-
Hble PeaKLuy MPOTeKaT B AudpysnoH-
HOM PeXMM, U, B OT/INYME OT PafuaaIbHOII
rnddysun, MOBepXHOCTHOE B3aMMOJei-
CTBUe He MpeKpalaeTcs faxke npu 607b-
IINX BpeMeHaXx.

3. YcraHOBIEHO, YTO JUIMHA HOBep-
XHOCTHOTO C7IOSI TIPU OFHOMEPHOI fud-
¢ysun 6ornblire, YeM IIpY panyanabHOIL, a
OTHOCUTe/IbHAS IUIOLIAfb, 3aHMMaeMas
MOBEPXHOCTHBIM IIPORYKTOM, IpPaKTH-
YecK! OfMHAKOBa B o6oux cnydasx. Ilo-

CllefHee CBUIETENbCTBYET 00 OfMHAKO-
BOJI CKOPOCTH MOBEPXHOCTHOI peakuuu
Ipy pajyManbHOM U OFHOMEpPHOM pac-
npoctpaHeHun JuddysaHra.

4. ViccnemoBana Mopdomorus IOf-
JIOXKKY, TOBEPXHOCTHOTO CI0SI M MOP-
¢domorusa npopykra, 0b6pasymolerocs B
MecTe KOHTaKTa OpMKeTOB. YCTaHOBJIEHO,
YTO MOBEPXHOCTHBIl C/IOI Ha IepefHeM
¢dponTe peaxkuyonunoit nuddysun He saB-
JISI€TCS CIUIOLIHBIM, @ COCTOUT M3 OTHE/b-
HBIX 3epeH.
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