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The solubility kinetics of chalcogenide glasses from the As;Ses-GeSe;-Ag,SSe system waa studied in sodium
hydroxide etching solutions. The solubility process at 5, 10, 15 and 20 mass % NaOH in the temperature interval 286
~ 352 K is shown. The dependence of solubility rate of glasses on the temperature, concentration of NaOH and
composition of the glasses is presented. The main characteristics of the solubility process as a rate of solubility,

activation energy and order of reaction were determined.
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IMMPOYYYBAIBE HA KHHETHKATA HA PACTBOPJIUBOCT HA XAJOTEHHUTE CTAKAA
O CHCTEMOT As;Ses-GeSe;-Apg,SSe

KnanerHkaTa Ha pacTBOPNIHBOCT Ha XaJlOTeHHTE cTaKla Off CHCTEMOT As;Se;-GeSe;-Ag,SSe e npoyueHa
BO PACTBOPH 3a pa3janysame off HaTpuyMxuapokcuy. [Ipoyuen e npoljecoT Ha pacTBopIHBOCT IpH 5, 10, 15
H 20 mas % NaOH Bo TeMnepaTypeH HHTepBan of 286 no 352 K. IlpukakaHa ¢ 3aBHCHOCTa Ha Op3nHarta Ha
PAcTBODIHBOCT Ha CTaKjiaTa Of TeMIepaTypaTa, KOHLUeHTpauujaTta Ha NaOH m cocraBoT Ha craxmara.
OapeyeHn ce TMaBHHTE KapaKTEPUCTAKH Ha TPOLECOT HAa PAcTBOPJMBOCT — GpP3MHATA Ha PACTBOPIIHBOCT,

eHeprujaTa Ha aKTHBALM]A M PEeNOT Ha peakinja.

Kuy4nu 360poBH: XaJIOTEHH CTaKJa; KHHETHKA Ha PacTBOPYRabe; 6p3HHa Ha PacTBOPIHBOCT;

€HEprHja Ha aKTHBALMja

INTRODUCTION

The use of the chalcogenide glasses (ChG) as
protective layers for some elements in the opto-
electronics, as well as active component in the pre-
paration of electronic elements, requires the know-
ledge of the chemical stability of the glasses. The
dissolution kinetics of ChG in acidic and alkaline
media has been studied by many authors [1-3].

The ion-built solids, in which the building
particles are connected by distant-reacting electro-
static culone powers, dissolve easier (require
smaller activation energy of the dissolution proc-
ess E,) than the covalent ones, because the parti-
cles are connected harder in the latter (require [ar-
ger E,). The dissolution rate of the ion-built solids
is limited by the velocity of the diffusion processes
in solution and in the covalent-built solids — by the
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velocity of the physico-chemical reaction on the
borders between the solid and liquid phases. The
chemical bond in ChG is practically covalent. The
ionic-component of the chemical bond is insignifi-
cant.

When investigating the solubility of the As-
Se and As-S glasses in NaOH solutions at tempera-
tures 15-45 °C, it is determined that the glasses
with stoichiometric proportions of the components
are the most stable and the dissolution rate in that
case is defined by the chemical reaction on the
surface of the solid phase, as the value of activation
energy is 63-84 kl/mol. When dissolving glasses
with non-stoichiometric component proportions, a
noticeable influence of the diffusion on the disso-
lution rate is observed and it is determined that
As;Se; groups are passing in the solutions, and the
solid phase responds to a As,Ses-composition [1].
In the glasses with a small As-content (up to 20 at.
%), Se-fragments are etched with priority and in
the glasses containing As over 20 at. % As;Ses
passes into the alkaline solution [2].

In the glasses from the Ge-Se system the co-
valent constitution of the chemical bond is close to
that of Ge in the glassy As;Se;. Because of that
reason the dissolution rate in the glassy Ge-
chalcogenides is limited by the heterogenic chemi-
cal reaction on the border surface.

When adding Ge to the ChG of the binary
systems As-Se and As-S, with the characteristic
trigonal and chain AsSe;p and AsS;, structures,
respectively, the more conservative tetrahedral
GeSesp and GeSy, structures are formed in the
composition of the glasss. When additing Ge in the
glassy alloys AsSe, and AsS,, their chemical sta-
bility will increase. When investigating the solubi-
lity of ChG AsS, sGe,, AsS; sGey and AsSe, sGe, in
5N NaOH at 25 °C, it is determined that there is a
noticeable decrease in the dissolution rate at Ge-
content in the ChG > 17-20 mol %, i.e. when the
concentration of the tetrahedral and the trigonal
structural units become commensurable. The As-
Ge-Se ChG are chemically more steady in respect
to the dissolution in alkalis, compared to the As-
Ge-S ChG with the same content of Ge, because
the tri-dimensional AsSess structure is stronger
than AsSsp», on one hand, and the ionic constitution
of the As-S chemical bond is bigger than this of
the As-Se bond [4], on the other. Besides, the pro-
portion of the structural units GeSesp and AsSip
does not have substantial influence on the solubil-
ity of ChG As-Ge-Se [1].

The addition of metallic alloys to the arsenic-
selenide and germanium-selenide ChG has influ-
ence on the chemical stability of the glass. In many
ways the chemical stability increases when metal-
lic components are added: T1, Cu, Bi, Mn, Fe, Co,
Ni [1], Ga and Sn [5].

The aim of the present work was to investi-
gate the dissolution kinetics of ChG from the
(As;Sey)s (GeSes),(AgsSSe), system in NaOH solu-
tions and determine some of the parameters char-
acterizing this process.

In the (As;Se;)(GeSer),(AgaSSe), system,
where x + y + z = 1 and m = y/(x + y), there exists
As,;Sesrich ChG. The glass-forming region (Fig.
1), lies fully on the As,;Se;-GeSe; side and par-
tially on the As,Se;-Ag,SSe side (from O to 25
mol% AgsSSe). In the Ag,;SSe-GeSe; system
glasses were not obtained [6].
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mol % GeSe, -+ 100

Fig. 1. Glass-forming region in the As;Se;-GeSe;-Ag,SSe
system [6]

The ChG from the As,;Se;-GeSe,-AgsSSe sys-
tem seems to be interesting concerning the possi-
bility of their use as protective layers, as well as
active material for ion-selective membranes, wave-
guides, gas-sensors, etc. The initial components of
these ChG are typical semiconductor compounds:
As;Se; and GeSe, are classical glass-formators.
As;Se; is frequently used for construction of opti-
cal devices [7, 8]. Ag,SSe is a narrow-gap semi-
conductor, synthesized for the first time by Earley
[9]. It has very good thermo-electrical properties
[10, 111.

EXPERIMENTAL:

The synthesis of the initial components, as
well the glasses from the system is well described
previously [6]. The position of the investigated
samples in the Gibbs concentration triangle is
shown on Fig. 1.
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From the synthesized samples, by cutting,
grinding and polishing, volumetric solids with a
suitable form were produced, giving the possibility
for the determination of their full surface. The
samples were dissolved in NaOH solution (5, 10,
15 and 20 mass %) at temperatures in the range
285-351 K. The temperature has been set and held
with the help of a thermostat type Ultra NBE (Fig.
2), and the dissolution process was executed in a
connected to it electrochemical cell (Fig. 3). For
better temperature control of the working process
and minimizing the influence of the diffusion rate
when dissolving the Ch(G, a magnetic mixer have
been used at a spinning rate of 250 rev/min (as
determined experimentally).
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Fig. 2. Experimental set of a thermostat:
1) thermostat type Ultra NBE,; 2) cooler; 3} heater;

4) electrical switchboard; 5) electrical engine; 6} mixer;
7) water-supercharger propeller; 8) contact thermometer,
9) pump; 10) inlet and outlet orifice; 11) heating (cooling)
fluide for the electrochemical cell

Fig. 3. Electrochemical cell scheme:
1) electrochemical cell; 2 and 3) inlet and outlet orifice;
4) internal and external walls of the electrochemical cell;
5) rubber gasket with a holder; 6) precise thermometer;
7) chemically resistive metallic basket; 8) investigated sample;
9) etching (working) solution; 10) heating (cooling) fluid
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The overall dissolution rate is determined by
the velocity of the particular stages: transport of
the solvent towards the reaction surface; chemical
reaction; leading off the products of the reaction
from the reaction surface. The limiting stage is the
one that is the slowest. If the rates of the different
stages are comparable, the process passes in the
transitional area and its velocity is determined by
the diffusion rate, as well as the heterogeneous
chemical reaction rate, passing on the boundary
surface. For every following series of measure-
ments a "fresh” solution of NaOH is used.

The samples were placed in a basket made by
a cantal wire, inert on the etching solution in the
investigated temperature interval. The solution
temperature was measured with a mercury ther-
mometer (with accuracy + 0.1 °C). After reaching
equilibrium state (T = const) the basket with the
sample was introduced in the electrochemical cell
(Fig. 3). Two series of measurements were led:

Series 1: At Ty, T3, T and 75 (C = 20 % NaOH),
Series 2: At C,, G, Cy and Cy (T'= 286 K).

RESULTS

For determination of the dissolution rate of the

: Am mol
glass, the equation w= (
S'M-At sz /s
where w — dissolution rate; Am — weight difference
before and after the dissolution; § — area of the
sample; M - average molecular mass; At — dissolu-
tion time [12]. The results are shown in Table 1.

) was used,

For determination of the activation energy of
the dissolution process, the dependence —lnw =
AUOYT) (Fig. 4) is built, by which, with the help of
the Inw = —A(1/T) + B equation [13], the activation
energy (£,) is determined. As an example, on Fig.
4, the experimentally received dependence —Inw =
0T for one of the investigated samples is
shown (it is similar for the others samples). The
obtained values of E, are summarized in Table 2.

The results from the investigation of the in-
fluence of NaOH-concentration are shown in Ta-
ble 3 and an illustration of the dissolution rate de-
pendence is shown on Fig. 5 (it is similar for the
other samples).

The order of the reaction n [4] is determined
on the basis of the lnw = {C) dependence and the

w=kCM"C]2Cl" (i =1, 2, ..., m) equation, where
k is the velocity constant of the reaction.
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13 Table 2
1 . Point 3 Values of the activation energy E, for samples
14 1 of the As;Se;-GeSe;-Ag.SSe system
[ ]
:; 5 " Sample A -8B E,, KJ/mol
8 3 50007  +0.00 417
E 16. 4 49219  +0.00 41.0
E 8 5077.1 -0.01 42.1
- X 14 49446  +001 41.1
0 4936.0 +0.02 41.0
- 2 51194 -0.05 42.6
3 5051.8 +0.00 42.1
1 S —
28 29 30 3f 31 33 34 w::r Ki.s Table 3
Fig. 4. Dependence of the dissolution rate , Values of the reaction order and the dissolution
and the temperature for sample with composition rate depending on the NaOH concentration
(As:Se3)45(GeSe;)ss(AgsSSe) g arT=286 K
Samp. T i § m m; | Am W C n
Table 1 s | cm’ E g g mol/(cm™s) %
Dissolution rate of the samples from the 600 0.1444,0.059210.0592; 0 ~ 5
(As;Ses)GeSe;)(AgsSSe), system 3 6000.20250.0843:0.0829:0.0014; 3.47-10°* | 10 1.34
600:0.2304/0.0626 10.06050.0021; 4.58-10°® |15
i T hY , m ms Am ! w " 5
K | ctm g g g s  mol/lem™s 600:0.2116/0.073110.0683:0.0048; 1.14-10°" 20
284.6,0.62010.0792{0.0767:0.0025!600 2.0-10°® 600:0.5328/0.047010.0467:0.0003} 1.01-10 i 5
3 296.8,0.83050.1262/0,1168 [0.0094} 600 5-5'104; 4 60010.2116/0.0903 0.08980.0005| 2.20-10% |10 1.09
320.2:10.5724:0.1055:0.08500.0205, 300 3.7-10:7 60010.250010.1082 10.1052/0.0030. 5.55-10°* |15
351.1i0.9160:0.1493:0.0942!0.0551300 6.0-10 5
284.610.6004 0,0593,0.0567:0.0026 600 2.0-107* §0010.2025 00271 0.02494/0.0027) 6.L7-10" 120
296.8/0.70100.1042/0.090210.0140{ 600 9.2:107 60010.0900/0.0433 0.04310.0002! 1.04-10° | 5
% 320.2:0.9843:0.1701!0.1300  0.0401 300 3.8-107" 8 600/0.1806:0.0842i0.0830:0.0012; 3.12-10°° 10 1.21
351.1:0.60310.0703:0.0391[0.0312;300 4.8-107 6000.1444/0.0491 10.0475!0.0016: 5.20-10° |15
284.6:1.0368,0.1013:0.0990!0.0023{600 1.0-10°® 60010.2025!0.0438 :0.041610.0022] 5.09-10°% |20
8 296.810.778310.1240:0.1167;0.0073 600 4.4-10°* 60010.1225/0.0558 0.0554.0.0004. 14810 | 5
320.210.763610.09450.07770.0168 300 2.1-107 P
351.110.6804 |0.085510.056210.02931300 4.0-10” 14 600:0.2025:0.0583 0.0572:0.0011; 2.47-10 10 1.49
284.6/0.63640.0681 |0.0651|0.0030600 2.1-10°° 600,0.2025,0.0749 0.0712,0.0037, 829107 |15
296.80.54250.0795{0.067810.0117 600 9.8:10°° 600 0.1681:0.0527/0.0486,0.0041 L.11-107 120
=) 320.2i0.753610.1062 0.0864 . 0.0198!300 2.4-107” 600:0.1225:0.0340:0.0335/0.0005! 2.12-10° : 5
351.110.595010.101110.0673:0.0338 1300 5.2:1077 0 6000.1296 0.046310.0450:0.0013; 5.22-10°® 110 1.02
284.6,0.5863:0.0433:0.040310.0030; 600 2.7-10:: 60010.102410.039910.0374:0.0025 1.27-107 15
o BeuumOSHorS oo 00 S0 o ssassaosinons s5510°
351.1,0.6475/0.1019/0.07420.0277 300 4.4-107 600 0.8769/0.0484/0.0470,0.0014; 8.76:10° | 5
284.610.511010.0625:0.0616:0.0009 600 9.7. 10°° 2 6000.1600{0.0624:0.0614:0.0010 3.43-10% {10 1.68
2 296.8:0.652010.0821.0.077910.0042:1 600 3.5-107° 600:0.0961:0.0362 0.0354}0.0008 4.56. 10°® |15
320.2:0.4480!0.050610.0445:0.0061: 300 1.5-107 600:0.2025:0.0598 :0.0560:0.0038; 1.03-107 i20
351.110.5184:0.0921;0.068610.0235i 300 5.0-10": 60010.1225/0.101310.1008:0.0005. 1.75-10~® | 5
284.6,0.8446/0.1161,0.1133/0.0028) 600 14107 S 600/0.1444/0.1092/0.107810.0014) 4.16:10° |10 0.69
5 296.8:0.9504:0.1429:0.1298:0.0131 1600 6.0-10 ; 60010.1521]0.064210.0623l0.00191 53610 |15
320.2:0.7830:0.0938;0.0766:0.0172:300 1.9-10° ’ ’ : ’ ;
351.110.680410.086910.0571:0.0325{300 3.9-107 600/0.3200,0.0463/0.0433/0.0030 4.0210° 120
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Fig. 5 Dependence of the dissolution rate and
the concentration of NaOH at 7' = 286 X for a sample
with composition (As;S¢3)0(GeSes )i AgsSSe)sn

DISCUSSION

Influence of the remperature
on the kinetic characteristics

In the investigated temperature range 286—
352 K the dissolution rate logically increased with
the raising of 7 (Table 1).

When adding of GeSe; to the glasses
(As;Ses)on( AgsSSe)g, together with the characteris-
tic for them trigonal structural units AsSesp, in the
volume of the new glasses (As;Ses)oo,(GeSesz)y
{Ag,SSe) o new tetrahedral structural units GeSesn
are formed, in which the atoms are covalently bound.
That leads to an increase of the chemical stability of
the ChG. In the primary moment (at low concentra-
tions of GeSe,), the influence of the tetrahedrons is
intangible. The structure of the glass obviously be-
comes more untidy, with more defects keeping the
dominant influence of the trigonal structural units,
and the dissolution rate raises (£, decreases). When
the GeSe, content in the ChG reaches u > 20
(m > 0.22) the influence of the tetrahedrons becomes
limited and the dissolution rate decreases (£, in-
creases) (Fig. 6).

With the increase of the AgySSe content in
the (As,Sei),(GeSe;),(AgsSSe), system up to
z=20 mol % the dissolution rate decreases, and
after that it begins to increase (E, passes through a
maximum at z = 20 mol %). Most probably at
x> 20 mol %, a concentration which is very close
to the glass-forming boundary, a formation of the
crystalline phase Ag,SSe starts, very fine disper-
guized in the glasses, which leads to breach of its
homogeneity.

Maced. J. Chem. Chem. Eng., 26 (1), 31-38 (2007}
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Fig. 6 Alternation of E, in dependence of the glass
composition (As,Ses)(GeSe,), (Ag,SSe),:
E,=f(m) at z=10mol % Ag,SSe: E, =flz)atm =05

From the surface of the dissclving glass mi-
cro-aggregates are broken off, in fact these are
weakly connected between themselves streaks of
Apg,SSe, which fall into the sediment without dis-
solution and the alkaline solution starts to dissolve
faster the Ag,SSe-poored glass (E, harshly de-
creases at z > 20 mol % Ag,SSe).

The closer values of the activation energy are
a proof that the chemistry of the dissolution of the
investigated sampies from the (As,Se;)(GeSe,),
(AgsSSe), system is practically identical. That pro-
vides the reason to average the experimental data
of E, (Table 3). The average value is 41.6 kJ/mol
(= 10 kcal/mol). The limiting stage in the dissolu-
tion of the glasses (As.Sea),(GeSe,),(AgsSSe), in
NaOH is the chemical process at the boundary sur-

face, since Eaz 10 kcal/mol {14].

Influence of the concentration
on the kinetic characteristics

With the increase of the NaOH concentration,
the w of the samples raises (Table 4 and Fig. 5). In
the w(C)-dependence minimum or saturation ten-
dency are not observed, i.e. during the dissolution
processes, leading to passivation of the surface do
not occur. The location of the experimental points.
gives the reason to presume that the linear course
of the dependence -lgw = f{C) would be kept at
least to concentrations of NaOH of the order of 35
— 40 %. Over these values the diffusion from and
towards the sample's surface will render more
stronger influence, due to the continuously incre-
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asing viscosity of the solution, independently of
the high mixing rates.

At low concentrations of NaOH (Cy.on < 5 %)
the investigated samples did not dissolve.

At constant Ag,SSe concentration and in-
crease of the GeSe, content, the dissolution rate
(w) decreases and this tendency is kept up to
Crnaon= 15 % (Fig. 7). Here, as in the dependence
w (T), the addition of the first quantities GeSe; (at
low values of "m") the chemical stability of the
glasses increases, since new structural units
GeSeyp with strong tetrahedral bonds appear. In
parallel with this tendency another one is develop-
ing, which opposes the first the structure of the
glass becomes more untidy, more defective at
keeping the dominant influence of the AsSeyn-
tetrahedrons and w depends more weakly of m and
at m > (0.5, w practically does not change, even a
tendency of increase of w "arises" with the in-
crease of the GeSe,-content. At Cnaon = 20 % that
tendency is even stimulated. At this concentration
of NaOH another curious experimental fact is ob-
served. At m > 0.5 w strives for saturation with a
tendency of decrease. This is most probably con-
nected to a surface passivation, as a result of the
very good adhesion of the products on it, which
makes their quick transition in the sofution impos-
sible, independently of the high mixing rate.

15

——C=5%
_ ——C=10%
K —A—C=15%
"
g ——C=20% *
o
2 10+
B
*:a
-
E
L 4
5
L]
'_‘-'_'-—-__
-

0.1 0.2 0.3 0.4 0.5 0.6 0.7
m

Fig. 7. Dependence w = fim, Cn,on) at z= 10 mol %

The dependencies w = f{z, Cnaoy) at m = const.
are exceptionally interesting (Fig. 8). The dissolu-
tion rate of the glasses in the solutions containing
5 and 10 % NaOH "logically" changes: it increases
with the increase of Cn.on and with a decrease of
Z. At Cyyon = 15 % the curve, which expresses the

w(z) dependence, "bends" and a plateau in the
range 0.3 < m < 0.5 appears. At Cnaon = 20 % this
tendency becomes stronger and the dependence
w(z) approaches to the sinusoidal one. In the
above-mentioned mechanism for dissolution of
these glasses, two tendencies were shown, which
have influence in contrary directions on the varia-
tion of w. When the influence of the Ag,SSe con-
centration on the w is examined, another tendency
must be supplemented, a result from the fact that
this compound does not dissolve in NaOH. With
the increase of the Ag,SSe-content, w will de-
crease, but in parallel the As>Se; and GeSe, are
"washed" from the surface of the glass and the
glass becomes richer of Ag,SSe, than the volume
is. That leads to formation of the crystalline phase
Ag,SSe, which temporarily passivates the surface
and impedes the dissolution. When a critical quan-
tity of the crystalline phase is accumulated, it tears
from the surface of the dissolving glass and passes
into the sediment without dissolution. The alkaline
solution starts to dissolve more quickly the glass,
poored of Ag,SSe. The cyclic recurrence of these
processes reflects also on the course of w (Fig. 8),
C =20%. Here w is to be understood as the aver-
age velocity, which is a sum of few addents, char-
acterizing the different phases (stages) of the dis-
solution. They, on their side, are strongly depend-
ent on the concentration of the particular glass'
components and their chemical nature, on the con-
centration of the solvent, in this case NaQH, on the
structure of the glass and its dispersity, etc.

Is

e =5%

—l— C=10%
—b—C=15%
——C=20%

—
=
1

3 2
w, 107 mol.cm™.s

v
1

Fig. 8. Dependence w = flz, Cxaon) at m=10.5

A correlation between the reaction order n
and the glass composition exists. The dependen-
cies n = f{im) at z = const. and n = f{z) at m = const.
most probably have a linear nature with a positive
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angle coefficient (Table 3) (the values of n were
calculated individually for every composition).

If it is assumed that the chemistry of dissolu-
tion from one composition to another in the
boundaries of one system and for one solvent is
approximately identical, an average value of the
chemical reaction order (n) would be mentioned.
For determination of 7, the same method as for
determination of n is used, but instead of

Inw = f{linc) the dependence v_vcl, = flnc;) is built,

where we = (zch )/N:j =1,23...N; N~

1
number of the investigated compositions from the
system (in the concrete case N=7 ~Table 3;i =1,
2, 3...K; K - number of used solutions, in which
the dissolution is to be led; Wie = dissolution rate

i
of the j-sample in solution with a concentration c;
v_ucj — average dissolution rate in solution with a
concentration ¢;. The initial experimental data is
taken from Table 3 and the values of ;Cf , needed

for the calculation of 7, are presented in Table 4.

Table 4

Average values of the chemical reaction order
and of the dissolution rate for
(As,Se;).(GeSe;)(AgsSSe). glasses in NaOH

10"* mol/cm’s
5 1.38
10 3.44 1.31
15 6.60
20 8.09

If in the process of certain chemical reaction
the solid phase takes place (as is in the current
case), its concentration does not participate in the
law of mass action and the dissolution rate of the

heterogenous reaction is w = —dC/dr = k'CglaOH'

The analysis of the w((C)-dependence and the ob-
tained value for 7 (1 € 7 <2 —Table 4) show that
during the dissolution of the As,Se;-GeSes-AgsSSe
glasses in NaOH complicated chemical reactions
are passing, consising of two or more simple (one-
staged) reactions, connected by one or another
way. Most probably they are consecutive (with a
formation of transitional compounds) and parallel

Maced. J. Chem. Chem. Eng., 26 (1}, 31-38 (2007)

(passing in two or more directions) reactions. In
the composition of the glass three components are
included. As it was mentioned before, Ag,SSe do
not dissolve in NaOH. It is very likely that the dis-
solution of As,Se; and GeSe, passes in parallel
and each of these compounds dissolves consecu-
tively with a formation of transitional products:
As,03, SeO; and GeQs.

CONCLUSIONS

As a result of the investigations taken, the
following generalized conclusions could be made:

1. The dissolution rate in the (As,Ses),
(GeSe,),(AgsSSe), increases with the raising of the
temperature (from 284 to 351 K) and with the in-
crease of the concentration of NaOH (from 5 to
20 %), and depends on the composition. The aver-
age dissolution rate at 351 K is 4.8:107" mol/cm’s
(at 10 % NaOH). The average dissolution activa-
tion energy of the glasses in NaOH is 41.7 kJ/mol.

2. A correlation between the dissolution rate,
the temperature and the concentration of the solu-
tion, on one hand, and the composition of the
glasses, on the other, is determined.

3. The dissolution rate of the glasses in NaOH
is limited by the heterogeneous chemical reaction
on the surface of the samples. The average value
of the chemical reaction order (7 ) is 1.3.
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