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The non-isothermal decomposition process of commercial silver nitrate used as the precursor for the
USP procedure was investigated by simultaneous TGA-DTA measurements at different heating rates, in
an argon atmosphere. Detailed kinetic and thermodynamic analyses, with special emphasis on the for-
mation of a complete mechanistic scheme of the process were performed. It was found that the process
under study can be described by the acceleratory power law kinetic model (P2), in the range of the extent
of conversion («) values (0.15 <« <0.85), where the value of the apparent activation energy (E;) can
be considered as the constant (141.3 k] mol~1). The kinetic prediction analysis was shown that only the
power law kinetic model (flar) = 2ac'/2) gives the value of E, which is consistent with the value obtained
from the isothermal conditions. The critical temperature (T.) of decomposition process was determined.
The resulting value of T, was in fairly good agreement with the starting temperature of thermal decom-
position of silver oxide (Ag,0). The thermodynamic functions of decomposition process are calculated
by the activated complex theory and showed that the silver-oxygen bond secession can be interpreted
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as a “slow” stage of the decomposition process.
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1. Introduction

Nanotechnology is an important field of modern research deal-
ing with design, synthesis, and manipulation of particles structure
ranging from approximately 1 to 100 nm. Tremendous growth
in this emerging technology has opened novel fundamental and
applied frontiers, including the synthesis of nanoscale materi-
als and exploration or utilization of their exotic physicochemical
and optoelectronic properties. Nanotechnology is rapidly gaining
importance in a number of areas such as health care, cosmetics, food
and feed, environmental health, mechanics, optics, biomedical sci-
ences, chemical industries, electronics, space industries, drug-gene
delivery, energy science, optoelectronics, catalysis, reprography,
single electron transistors, light emitters, nonlinear optical devices,
and photo-electrochemical applications [1-7].
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Silver, in its native form, was discovered as early as 3000 BC.
Owing to its unique properties such as strength, malleability, duc-
tility, thermal and electrical conductivity, and microbial properties
- silver has found wide applications in industry and medicine. The
emergence of silver nanoparticles and their unique properties has
taken the nanotechnology industry by a storm. According to the
market research conducted by Bourne Research, silver nanoparti-
cles are emerging as one of the fastest growing product categories
in the nanotechnology industry. Silver due to its excellent bio-
compatibility and antibacterial property raise considerable interest
as nanoparticles for biomedical applications [8].

Important applications for silver particles can be found in the
catalyst and the electronic industry [9-11]. For example, the pro-
duction of formaldehyde and ethylene oxide can benefit from
the use of silver comprising nanoscale catalysts. Silver dissociates
molecular oxygen from the air and weakly holds the separated oxy-
gen atoms until an alkene, such as ethylene, reacts with them to
form respective alkene oxide. Silver comprising nanoparticles pre-
pared by the ultrasonic spray pyrolysis (USP) [ 12| method offer the
potential to reach a number of surprising and unique advantages.
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Especially, the unique interaction between silver in nanoparticle
form and oxygen is high interest for the catalytic industry. The USP
is aninnovative and powerful tool for the synthesis of particles with
controlled and uniform particle size because of the easy control
of the powder morphology and the excellent availability of cheap
precursors and the low operation costs [13-16].

Chemical bonds between the silver nanoparticles and the
organic shell function as a passivation layer that prevents the
self-cohesion of the nanoparticles. The fine Ag-particles (average
particle size of 100 nm) were used by Ide et al. [10] as a reference
material to consider the effect of particle size on bond ability. By
reducing the metal particle size, the surface energy and the vapor
pressure increase proportionately with the inverse of the particle
radius, and this strongly influence the sintering of particles and the
bond abilities to copper. Solid, spherical, micron-sized silver parti-
cles were produced from a silver nitrate solution. Pluym et al. [9]
show effects of the reaction temperature, carrier gas type, solution
concentration, and the aerosol droplet size on the characteristics
of the resultant silver particles. Pure, dense un-agglomerated par-
ticles were obtained using an ultrasonic generator at and the above
600 °C, under nitrogen as the carrier gas, and above 900 °C using air
as the carrier gas. Solid particle formation at temperatures below
the melting point of silver (962 °C) was attributed to sufficiently
long residence times, which allowed the aerosol-phase densifica-
tion of the porous silver particles resulting from the reaction of the
precursor. As the precursor solution concentration was increased
from 0.5 to 4.0 M, the particle size increased from 1.03 to 1.68 wm.In
addition, when the particles are reduced in size to less than 100 nm,
their characteristics are different from those of the bulk state [11].
For example, the melting point and the sintering temperature are
detectably lower.

The USP has been successfully used by the authors for the prepa-
ration of nano-sized silver particles from commercial silver nitrate
[17]. The results of the thermodynamic analysis of the decom-
position of commercial silver nitrate used as precursors for the
formation of silver powders by the USP method were revealed,
that the equilibrium in presence of hydrogen is possible at room
temperature, in difference to 400°C in the absence of hydrogen.
The increase of the hydrogen reduction temperature from 150°C
to 1000 °C increases the amount of spherical, dense particles in the
Ag-powder structure but there is no influence on the purity of the
obtained powder of silver [17]. The thermo-analytical (TA) mea-
surements of commercial silver nitrate decomposition process in
an inert (nitrogen) atmosphere under non-isothermal conditions
have been shown that the process proceeds through the chemical
rate controlled reactions (depending to the reaction temperature),
with the average apparent activation energy of E; =137.0k] mol~!,
for the heating rates between 5 and 40 °C min~! [18]. The thermo-
chemical investigations have shown that in a nitrogen atmosphere,
the silver formation starts at 400°C, while in a hydrogen atmo-
sphere, the actual hydrogen reduction of silver nitrate is possible in
the temperature range between 20°C and 1000°C [17,18]. The X~
ray diffraction analysis and SEM results were shown the presence of
the spherical silver particles in the particle size range between 7 and
930 nm, with an average particle size ranged from 136 to 241 nm.
The SMPS - online data (168 nm) showed acceptable agreement
with theoretical calculations as well as with SEM analyses [18]. It
has been shown on the basis of the obtained results [18], that an
increase in concentration of silver nitrate leads to larger particles
size of silver.

The main objective of this paper is to examine the kinetic and
thermodynamic behaviors of a commercial silver nitrate when it
is subjected to thermal decomposition under non-isothermal con-
ditions in an inert atmosphere of argon. An important point in
this paper is given to the mechanistic interpretation of the process
and comparing the results of the current kinetic analysis, with the

results of kinetic tests obtained for the same system, but in different
atmospheres such as hydrogen and nitrogen. Investigations of this
type are necessary in order to compare the results of the kinetic
behavior of the precursors for the USP application, in the differ-
ent reaction atmospheres, because, we believe that the mechanism
of the decomposition process developments, largely depends on
“the nature of the reaction medium” and this fact is very impor-
tant in industrial applications. Namely, the reaction atmosphere
can significantly contribute to the regulation of temperature range
in which the particles of metallic silver are formed, as well as their
overall geometrical shape and dimensions.

2. Experimental
2.1. Material

Silver nitrate, AgNO3; (Merck, Darmstadt, Germany, purity
99.999%), in the form of salt agglomerations was submitted to
experimental measurements. This material was used as the pre-
cursor for the preparation of silver powders by the ultrasonic spray
pyrolysis [18].

2.2. Thermal measurements

The decomposition behavior of silver nitrate was investigated
using the simultaneous TGA-DTA equipment Netzsch STA 409 CD
Thermal Analyzer (Netzsch-Gerdtebau GmbH, Wittelsbacherstrafie
42, 95100 Selb, Germany), with experimental temperature range
from —160°C up to 2000°C (with different types of furnaces),
and with sensitivity of max. 1 digit/1.25 p.g. Operating system has
Software features (the graphic interface MS Windows™), with a
graphic presentation of results during measurements. The thermal
measurements were conducted under an argon (Ar) atmosphere
(with a gas flow rate of ¢=150mLmin~1), in a temperature range
between 25°C and 1000°C, with «-Al,03 crucibles. Samples in
powder form with a mass of approximately m~ 10.586 mg (as the
average mass value), were used in measuring in a linear heat-
ing modes, at the heating rates of 8=5, 10, 20 and 40°Cmin~!.
All TGA (thermogravimetric analysis) and DTA (differential ther-
mal analysis) results of the investigated decomposition process are
compounded by the data export options (as ASCII file).

3. Theoretical background
3.1. Kinetic analysis

Knowledge of kinetic parameters, such as the reaction rate and
the apparent activation energy, is one of the keys to determine
the reaction mechanisms in solid phases. When changes in the
mechanisms are observed, this can lead to a unique characteris-
tic and hence a better knowledge of the materials. Besides this,
there are also more practical reasons to know the reaction rates
and their temperature dependence. The industry needs measure-
ments of those parameters for the accurate design of installations
and treatment conditions, because augmentation of temperature or
elongation of reaction time means more costs. Using an appropriate
mathematical expression, the thermo-analytical (TA) experiments
can be applied for the modeling of industrial thermal processes. The
results of the kinetic investigation of thermo-analytical reactions
in the solid state can also be applied to problems as useful lifetime
of investigated material, oxidation-reduction material properties,
thermal stability and quality control. In order to obtain the qual-
ity values of kinetic parameters (the apparent activation energy
(Eq), the pre-exponential factor (A), including and the analytical
form of the reaction mechanism function in differential or integral
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form (flar) or g(er) (where o represents the extent of conversion))
- the kinetic ‘triplet’ [19]) from thermal analysis data, the com-
bined use of the simultaneous thermogravimetric and differential
thermal analysis (TGA-DTA) was advocated.

The mathematical methods to process the thermo-analytical
data can be divided into the model-fitting and model-free (isocon-
versional) methods [20,21]. The model fitting approach has the
advantage that only one TA measurement is needed. On the other
hand, this approach suffers from an inability to determine the reac-
tion model function uniquely [20,22]. In spite of this unreliability, it
is a quick method to become a first indication of possible values for
the kinetic parameters. The alternative model-free methodology is
based on the isoconversional principle. The use of these methods
helps to avoid the problems that originate from the ambiguous
evaluation of the reaction model. The model-free methodology
allows the determination of the dependence of the apparent acti-
vation energy on the extent of conversion and permits reliable
mechanistic conclusions to be drawn [20,22]. A negative aspect is
the need for at least three TA experiments what makes it more time
consuming.

In the presented study, we combined the model-fitting and
model free approaches, with the use of different kinetic evalu-
ations, in order to determine reliable kinetic mechanism of the
non-isothermal decomposition process of silver nitrate as pre-
cursors for the USP procedure. Kinetic analysis was given on the
basis of ICTAC Kinetics Committee recommendations for perform-
ing kinetic computations [23].

3.1.1. Model-free (isoconversional) kinetic approach
The kinetic analysis of solid-state thermal decomposition is usu-
ally given by Eq. (1) [20]:

dt

where do/dt is the rate of decomposition, « is the extent of
conversion (the degree of decomposition) which is defined as
=(mo — m¢)/(mg — mg), where mg and my are the initial and final
masses of the sample under decomposition, respectively, and m; is
the mass of the sample at time t (or temperature, T); A is the pre-
exponential factor [min~1], E, is the apparent activation energy
[k mol~1], R is the gas constant 8.314 [Jmol~!1 K~1], T is the abso-
lute temperature [K], and fla) is a mathematical model function
of the kinetics, which depends on the reaction type and reaction
mechanism.
Taking into account the heating rate =dT/dt under the non-
isothermal condition, the kinetic analysis of solid-state thermal
decomposition can be described by Eq. (2), in the following form:

dot da Eq
T=p =4 exp( RT) @), 2)

where the integral form of Eq. (2) can be presented as:

r Eq A
gla) = /mda—ﬂ/o exp(—ﬁ)dT=B-I(Ea,T). 3)

In Eq. (3), g() is the integral form of the model function that
does not depend on the heating rate used. Integration of Eq. (2)
involves solving the temperature integral in Eq. (3). Since the inte-
gral I(E,4,T) in Eq. (3) does not have an analytical solution it can be
solved using either approximations or numerical integration. One
of the simplest approximations by Doyle’s [24] gives rise to the fol-
lowing Eq. (4), which is used in frequency applied method, known
as the Ozawa-Flynn-Wall (OFW) isoconversional method [25,26]:

[

B =hexp (-2 ) f@) (1)

Eq
In B=1In ]—5.331 ~1.052- o= (4)

According to this method, the apparent activation energy (E;) is
calculated at given values of conversion («) from a plot of In S versus
1/T. It is important that this method provides estimation of E; at
every selected and constant « value (« = const.) without knowledge
of the specific reaction function. The OFW method assumes that E,
is constant, thus a systematic error in the estimation of E; should
be expected, whenever E, varies with « [27]. If the results show a
change in E, during the progress of reaction, the variable separation
used in this method becomes invalid.

Use of another asymptotic approximation for the temper-
ature integral yielded the following equation, known as the
Kissinger-Akahira-Sunose (KAS) method [28,29]:

B\ AR Eq
" <T2 = | ] ~ R )
Evaluation of the apparent activation energy is achieved from
the plot of In(/T2) versus 1/T at constant values of « (« = const.)
and the heating rate, S.
The next isoconversional integral method was proposed by Tang

(T) [30], with a more precise formula for the temperature integral
which is as follows:

B AEq
In (wm =In [Rg(a)} +3.635 — 1.894661 InE,

Eq
~1.00145033 - =2 (6)

The apparent activation energy (E,) at a particular value of & can
be estimated by plotting In(8/T!-894661) versus 1/T across different
heating rate values. The pre-exponential factor (A), as in the case of
the two previous model-free methods, can be calculated only when
we know the analytical form of the function g(«).

The isoconversional differential method suggested by Friedman
(FR) [31], shown in Eq. (7) is obtained by simple rearrangement of
Eq.(2):

m(‘;‘:) —In [ﬁ(j‘;)] InjA - f(oz)]—— 7)

Eq. (7) provides E4 value by the slope of the graph of In(dw/dt)
versus 1/T at each specific extent of conversion (o). Although no
approximations are introduced in Eq. (7), the Friedman method
is affected by significant numerical instability and noise interfer-
ence because it employs instantaneous rate values and uses the
differential term da/dt in the numerical calculations. Therefore, the
Vyazovkin (V) method was developed to eliminate the systematic
error in E4, when it varies with « [32].

Vyazovkin [32] has developed an advanced non-linear proce-
dure that performs integrations over small conversion intervals,
Aa=~0.01, where E; is considered constant. Then, for a series of n
experiments at the different heating rates, E, is determined for each
interval as the value that minimizes the function given by Eq. (9).
Systematic errors associated with major integrations are then mini-
mized by this method [32], and can be represented by the following
set of equations:

to E

J[Eae, T(ta)] =/ exp (— o= ) dt, (8)
A (~#7t)

and

Z J[Eaa» Tl(ta)] — min., (9)

=7 [Fao, (k)]

where indexesiandjin Eq.(9) denote different heating rates, while
n is the total number of the heating rates, and J represents the
temperature integral (Eq. (8)). Eq. (9) is formulated such that it is
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possible for the integration in Eq. (8) to be performed over small
steps of Ac. In the current study, we have used step of Aa=0.01, in
strictly characterized conversion frontiers, from 5% to 95% of total
decomposition. The integral presented by Eq. (8) can be evaluated
numerically, using the trapezoidal rule, for a set of experimental
heating programs. This approach severely reduces the systematic
error observed in other integral methods which are essentially inte-
grated using Ao =o.

3.1.2. Model-fitting kinetic approach

One of the best-known method’s that belongs to the group of the
model-fitting methods is precisely the Coats and Redfern (CR) [33]
kinetic procedure, for the estimation of the kinetic parameters. This
method utilizes the asymptotic series expansion for approximating
the temperature integral giving

In [%] —In [QTR (1 - %Rr)] - 1% (10)

where T is the mean experimental temperature. Since E, is in
kJ mol~1, then there is usually present inequality 2RT /E, <« 1 [34],
Eq. (10)is reduced to Eq. (11) as:

gla) AR Eq
In [ﬁ]=ln<m)—ﬁ (11)

Plotting the left-hand side of Eq. (11), which includes the reac-
tion model function g(«) versus 1/T fives E; and A from the slope and
the intercept, respectively. This method requires only the relative
mass of the sample, from which g(«) is determined as a function
of decomposition temperature to determine the apparent activa-
tion energy of the process. Generally, the model that gives the best
linear regression fit is selected as the chosen model. The various
analytical forms of model function g(«) were derived on the basis
of physical and geometrical considerations, and they exist in the lit-
erature [19,20,23,35,37]. It should be noted that it has been shown
[35,36], that the CR method in the case of the investigated processes
which show the simple reaction mechanisms, the plot of In[g(o)/T?]
versus 1/T will be linear for many reaction kinetic models and the
reaction mechanism can not be truly recognized. On the other hand,
for the processes having very complex mechanisms (with multiple
reaction stages), the plot of In[g(«)/T?] versus 1/T will not be lin-
ear and the CR method is not valid for kinetic analysis to find the
appropriate kinetic model and the reliable kinetic parameters.

The kinetic composite methods presuppose one single set of the
kinetic parameters for all conversions and the heating rates. In this
way all the experimental data can be superimposed in one single
master curve.

The composite integral method (I) [38,39] is based on the Coats
and Redfern (CR) equation, which is rewritten as follows:

gla) AR Eq
ln[ ’ﬁ}_ln(ﬁ)_ﬁ (12)

For each form of considered g(«) function, the curve, the curve
In[B-g(a)/T?] versus 1/T was plotted for the experimental data
obtained at the different heating rates. In this case, then we choose
the kinetic model for which the data falls in a single master straight
line and which gives the best linear regression coefficient. The sin-
gle set of kinetic parameters (A and Eg), can be obtained from the
intercept and the slope of the straight line.

The differential version of this method (the composite differen-
tial method (1)) [40] is based directly on Eq. (2):

(da/dt) Eq
1n[ Fa) ]zln(/\)—RT (13)

For a given reaction model function (f{«x)) and heating rate, the
linear plot of In[(doe/dt)/f(e)] versus 1/T, allow us to get the single set
of kinetic parameters (A and E;) from the intercept and the slope

of the straight line. The data for different heating rates must be
grouped together in a single relation, from which, the single set of
kinetic parameters is calculated.

3.1.3. The critical temperature (T¢) for thermal decomposition
process

Based on the multiple non-isothermal DTA curves obtained at
four different heating rates (5, 10, 20 and 40°Cmin~!), the val-
ues of the onset (initial) (T;), and the peak temperature (T,) can
be estimated for considered decomposition process. On the basis
of the functional dependence between T; and B, and for the zero
approximation of the heating rate (when 8 — 0°Cmin~"), the crit-
ical temperature (T;) for investigated decomposition process (T
represents the important thermal stability parameter, which can be
defined as the lowest temperature to which the investigated mate-
rial may be heated without undergoing thermal decomposition)
can be calculated from the following equation [41,42]:

EOFW _ \/ (E9FW)? — 4. EOPWR . TF~0
Te= 2R
where EQPW is the value of the apparent activation energy cal-
culated by OFW method, A0 represents the value of the onset

1
(initial) temperature for 8— 0°Cmin~!, and R is the gas constant.
The value of Ti’S ~0 can be estimated from relation between T; and
B corresponding to 8— 0°Cmin~!. Therefore, the determination
of T; is a good way to gain thermal stability and determining the
threshold for temperature-stress in the case of tested system.

The Arrhenius equation can be expressed with EFW (the average
value of E9"W)and In Agry (the average value of In Agpy from Eq. (4),
and for determined analytical form of the function g(«)) as follows:

(14)

OFW

E
ln(k)critiml =In AOFW - Ich (15)

The above equation can be used to estimate the rate constant at
the critical temperature ((k)ritical)-

3.1.4. Determination of the reaction mechanism

3.1.4.1. The master plot method. According to this method [43,44],
the master plots can be drawn based on either the integral or the
differential form of the kinetic equation describing decomposition
by using the concept of the generalized time, 6. From the integral
kinetic equation the following equation can be obtained using a
reference point at o =0.50:

8(er) 0

=—. (16)
£(0.50) 650
During non-isothermal experiments at a linear heating rate, the
right-hand side of Eq. (16) can be calculated by following expres-
sion:

0 _  pkx)
fos0  p(x050)°
where for the function p(x) (x = Eq/RTis the reduced apparent activa-
tion energy), the fourth rational approximation of Senum and Yang

[45,46] corrected by Flynn was used in our calculation procedures,
and which allows an accuracy of better than 10->% [43].

(17)

3.1.4.2. The invariant kinetic parameters (IKP) method. The method
of invariant kinetic parameters (IKP) [47] makes use of the so-
called “compensation effect” that is observed when a model-fitting
method is applied to a single-heating rate run. The IKP method
allows us to perform the “true” kinetic model [48]. Accordingly,
sets of InA and E, parameters are obtained at different heating
rates B, using the Coats and Redfern (CR) method (Eq. (11)). Alge-
braic expressions for g(«) functions, for the most frequently used



B. Jankovic et al. / Chemical Engineering and Processing 82 (2014) 71-87 75

mechanisms are known in the literature [19,20,23,35,37]. For each
theoretical kinetic model, g(«), and at each heating rate, 8, from
the slope and the intercept of the plots In[g(«)/T?] versus 1/T, the
kinetic parameters E; and InA can be evaluated.

If the compensation effect between InA and E, exists, then by
plotting InA against Eg, the straight lines should be obtained for
each heating rate, according to

In A=a}+b}-Eq (18)

These lines should intersect in a point that corresponds to the
“true” values of E; and A for the “true” kinetic model, which were
called by Lesnikovich and Levchik the invariant kinetic parameters,
Ea,inv and Ay [47].

Due to the fact that certain variations of the experimental con-
ditions determine regions of intersection, the intersection is only
approximate. Therefore, in order to eliminate the influence of
experimental conditions on the determination of A;,, and Eg iy,
they are determined from the slope and intersect of the so-called
supercorrelation relation in the form:

a: = lnAinv - b: : Ea,im/- (19)

It should be noted here that the IKP method can be used only if
E, does not depend on « (i.e. whether the process can be described
as the single-step kinetics [23]). This can be checked by application
of isoconversional methods and making sure that Eq , does not vary
significantly with «. It should also be noted that when when choos-
ing the reaction (kinetic) models for calculation of InA and E, (Eq.
(18)), it is advisable to pick a set of models that yields a wide range
of the InA and E, values. The wider the range, the smaller the error
in determining the parameters of the compensation effect, a;; and
b [23]. It is important to use a wider range of the heating rates to
secure smaller errors in estimating of In A, and Eg i, [23].

Furthermore, the IKP method can be used for the numerical
evaluation of the fj;,(«) function by introducing the values of the
invariant kinetic parameters, Eq j,, and Aj,, into the following
equation of the form:

(da/dt)
inv * eXp(_(Ea,im//RT))

where fi,;, () represents the invariant kinetic function for investi-
gated decomposition process.

The accurate determination of the reaction model and the
pre-exponential factor can be accomplished by using the applied
compensation effect (Eq. (18)). For this purpose, the A and E, values
are used to determine the a}, and b} parameters of the compensa-
tion effect. Then, substitution of the model-free apparent activation
energy (E,mys) into Eq. (18) gives a model-free estimate for the pre-
exponential factor, Ay, in the form:

(20)

Sim() = a

In Amf =a, +bj- Ea,mf (21)

The determination of the reaction model requires that a varia-
tion of E; o, with o to be negligible so that the E,  dependence can be
replaced with a single average value, E; ;r. Once both, E; pr and Ay
have been determined, one can numerically reconstruct the reaction
model in either integral or the differential form. The integral form
can be reconstructed by substituting the values of E, ;s and Ay, into
Eq. (3) that takes the following form [23]:

Amf b Ea,mf
gla)= 7/exp ~RT dT. (22)

0

Eq. (22) allows us to obtain a set of numerical values of g(«) cor-
responding to different values of «. The resulting numerical values
of g(ar) should not demonstrate any significant variation with g giv-
ing rise to a single dependence of g(«) on «. The analytical form of

reaction model can then be established by plotting the numerical
values of g(«) against the theoretical dependencies, obtained from
the g(«) equations representing the reaction models, and finding
best matching with theoretical dependence.

The corresponding rate constant for investigated decomposition
process can be found from the modified equation of the compen-
sation effect, using the values of the peak temperature (Tp), in the
analytical form as:

Eq- (B E
InA=In {‘m} +R—;p (23)

where the kinetic parameters InA (left-hand side of Eq. (23)) and
Eq4 (in square brackets in the right-hand side of Eq. (23)) are asso-
ciated with some special model-free (peak) isoconversional method,
such as the Kissinger method [28] (in other words, it is considered
that these values are derived primarily from the Kissinger method),
while (ﬁ)‘c’omt., represents the corresponding value of the heating
rate, where we look at the value of T,. The term Eg - (B)5,,s; /R - T2

is the rate constant [min~1] of the process observed at each Tj.

3.1.5. Determination of the pre-exponential factor using values of
ap and Tp

The a; values (o represents the conversion value that had been
achieved in T ) can provide some extra help in identifying appropri-
ate reaction models for experimental data [44]. Once the reaction
model has been identified, the pre-exponential factor (A) is deter-
mined from the following equation [23]:

A:—ﬂexp <Ea> (24)
R-TZf (erp) RTp

where E, represents the average value of the apparent activation

energy, calculated by the model-free (isoconversional) approach

(Section 3.1.1), while the subscript p denotes the values attached to

the maximum of the differential kinetic curve obtained at a given

heating rate, 8; f () represents the corresponding value of df(«)/do
function in the singularity corresponding to the « value.

3.1.6. The kinetic predictions of investigated process

Kinetic prediction procedure represents the most important
practical application of kinetic analysis. The purpose of kinetic anal-
ysis is to parameterize the process rate in terms of such variables as
the temperature, the extent of conversion and sometimes pressure.
The parameterization is accomplished by evaluating parameters of
the equations that describe the effect of the variables on the pro-
cess rate [23]. From such analysis, the important parameter can be
evaluated - this is so-called the lifetime. The lifetime of a material is
the time after which the material loses its properties to such extent
that it cannot fulfill efficiently the function for which it was created
[23,49]. All materials change their properties to some extent when
exposed to heat. Usually it is necessary to define some limiting
extent of decay beyond which the material becomes unusable, e.g.,
5% decay relative to the initial value that would be equivalent to
reaching o =0.05, and in this case we mark the lifetime as ty g5 or
ts5y.

In the case of a single-step process taking place under isothermal
conditions (the constant operating temperature, T,), the time to
reach a given conversion, can be expressed through the following
equation:

gla)

@ = A exp(—(Ea/RT,)) (25)

Eq.(25) can be used to predict the lifetime of investigated mate-
rial under isothermal conditions at the operating temperature T,.
The prediction requires knowledge of the kinetic triplet for the
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considered process. The kinetic triplet can be determined from
either isothermal or non-isothermal experiments.

In the case of “model-free predictions”, we have the elimination
of the kinetic model g(«) in Eq. (25). The “model-free predictions”
are not limited to a given form of g(«) function, and are applicable to
to the processes for which E o varies with «, then these predictions
generally produce more reliable estimates for the lifetime, ty. In the
case of “model-free prediction”, the following equations apply:

Ta
/eXp(—(Ea,a/RT))dT

0
@ = B exp(—(Ean/RT,)) (26)

and

o | Ea,0r T(ta)|
- exp(—(Eq,«/RT,))

where the last equation is adaptable for the arbitrary heating pro-
grams [23].

As one of the important factors that affect the accuracy and reli-
ability of the kinetic prediction is the experimental temperature
range. In this sense, the experimental temperature range should be
brought as close as possible to the temperature range of predictions.
An important fact should be noted, that prior to the commission
of predictions, it should be checked whether the experimentally
evaluated kinetic parameters can be used to reconstruct accurately
the experimental data that were used to evaluate the mentioned
parameters.

(26a)

3.2. Thermodynamic analysis

From the activated complex theory (transition state) of Eyring
[50-53], the following general equation may be written:

_ ([ exksTy AS7#°
A_<h -exp R (27)

where A is the pre-exponential factor (where A can be obtained
from Eq. (24)), e is the Neper number (e =2.7183), x is the transition
factor, which is unity for monomolecular reactions, kg is the Boltz-
mann constant (kg =1.38065 x 1023 JK-1), his the Planck constant
(h=6.62607 x 10~34]s~1), and T, represents the peak temperature
from the DTA curve. The change of the entropy may be calculated
according to the following formula:

A-h
#o_R.In| 2"
AS R ln<e-x-k3-Tp)' (28)
Since
AH#** —E: —R.T, (29)

when E} represents the apparent activation energy calculated
by the model-free (isoconversional) method. The changes of the
enthalpy (AH # °) and the Gibbs free energy (AG # °) for the acti-
vated complex formation from the reagent can be calculated using
the well-known thermodynamic equation:

AG#° = AH#° —T,.AS#° (30)

The heat of activation (AH#°), the entropy of activation
(AS#°),and the free energy of activation of the decomposition pro-
cess (AG7 °) were calculated at T=T),, where T, is very important
thermal analysis parameter.

In addition, the thermodynamic parameters (AH # °, AS# ° and
AG#°) can be calculated from the equation, which includes the

variation of the thermodynamic equilibrium constant (K,), in the
form as:

AS#° AH#°
InK, = TR (31)
and
AG#° = —RTInK, (32)

where K] at considered particular reaction temperature T can gen-
erally be expressed as:

AG#"T
K =exp <_RT) ) (33)

and where AH#°, AS#° and AG# ° have dimensions of k] mol~!,
kJmol-1K-1 and k] mol~1, respectively. The values of AH# ° and
AS# ° can be obtained from the slope and intercept of the plot of
InK, against (1/T) (Eq. (31)). The temperatures T in Eq. (31) rep-
resent selected operating temperatures that are characteristic for
a given equilibrium constants accompanying the decomposition
process under study.

4. Results and discussion
4.1. Thermal characterization

Fig. 1 shows TGA-DTA curves recorded at 8=20°Cmin~!, for
non-isothermal decomposition process of a commercial silver
nitrate in an argon (Ar) atmosphere. All thermo-analytical (TA)
curves are presented up to a temperature of 700 °C, because the
above mentioned temperature any changes are not observed (the
complete saturation was observed in all curves).

The investigated sample shows a very small mass loss (which is
exactly 0.19%) in the temperature range from 30 to 200°C (TGA
- Fig. 1). From Fig. 1 we can see that the first, rather broader
endothermic peak located at 160 °C, can be attributed to the phase
transition (Il — I transition) in AgNO3, which is usually accompa-
nied by changes in crystallographic, thermodynamic, electrical and
optical properties [54-57]. In addition, we can see that there is
an overlapping of the first endothermic peak with the following
endothermic (less intense) peak, located at approximately 210°C
(Fig. 1). The aforementioned peak can be attributed to the melting
process of AgNO3 [58,59]. The peak marked by “I” in Fig. 1 actually
corresponds to the completion of melting process.

It can be seen from Fig. 1 that after the above mentioned trans-
formations of AgNO3, we can notice the presence of endothermic
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Fig. 1. TGA-DTA curves recorded at $=20°Cmin~!, for non-isothermal decompo-
sition process of a commercial silver nitrate in an argon (Ar) atmosphere.
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Table 1

The values of characteristic peak temperatures (T,) attached with a main decom-
position process, together with values of o, (conversions at T,) and the residual
mass losses (Am%), at the different heating rates (=5, 10, 20 and 40°Cmin~1),
for the non-isothermal decomposition of commercial silver nitrate in an argon (Ar)
atmosphere.

B (°Cmin~") T, (°C)® ap Am (%)°
5 454,70 0.697 63.20
10 480.25 0.686 63.18
20 491.92 0.661 63.00
40 519.69 0.637 62.75
Average 486.64 0.670 63.03

2 T, from DTG curves.
b Am from TG curves.

effect (after the temperature of 405 °C), which is characterized by
the peak located at 468 °C. It should be noted that the boiling point
of AgNO3 is 444°C and a boiling is immediately followed by the
decomposition process. On the other hand, the peak located at
508 °C (marked by “II” in Fig. 1) is situated at a temperature higher
than the temperature at which the decomposition of AgNO3 is fin-
ished. The change of DTA signals around temperature of 500 °C may
belong to the change of heat capacity [60]. The residual mass loss
of the sample, at a given heating rate (Fig. 1), after the formation of
the final product, is exactly 63.00%.

It should be noted that the appearance of the endothermic pro-
cess in the “central” temperature region (Fig. 1) could be attributed
to the appearance of “intermediary compounds” (probably metal
oxide), and the consumption of additional energy cleaving the cova-
lent bonds present in the metal oxide. However, this view on the
given decomposition process, in this phase of testing, it would be
too speculative, since the present system (depending on the reac-
tion atmosphere (whether in terms of inert gases such as Ny, Ar or
the oxidation protection (oxygen)) and the experimental param-
eters (such as heating rate and partial pressures of gases released
during the process)) may exhibit different reaction pathways, given
with an previous research by Makela et al. [61]. Therefore, it is
necessary to perform a detailed kinetic analysis, including a combi-
nation of various kinetic procedures, in order to consider a general
and practically applicable mechanistic picture of the entire process.

Table 1 shows the values of characteristic peak temperatures
(Tp) attached with a main decomposition process (Fig. 1), together
with values of o), (conversions at T,) and the residual mass losses
(Am (%)), at the different heating rates (5, 10, 20 and 40°Cmin—1).
The values of T, in Table 1 were obtained from the experimental
DTG curves at the different heating rates, and these curves are pre-
sented in Fig. 2. We can see that all DTG peaks (Fig. 2) are located in
the temperature range of AT=400-550°C at all considered heating
rates (5, 10, 20 and 40°Cmin~1).

From Table 1 we can see that with an increasing of heating
rate (f), the values of T, shifted to a higher decomposition tem-
perature zone. In addition, the values of o, vary in the range from
0.637(40°Cmin~1)to 0.697 (5°Cmin~'), with average value which
amounts «p (av.)=0.670. On the other hand, the residual mass loss
(Am(%))oftheinvestigated samples varies very little with the heat-
ing rate, with the characteristic average value of Am (av.)=63.03%
(Table 1). All identified T, values observed on the DTG curves are
shifted to higher temperatures with increasing the heating rate,
indicating a typical thermal-activated process. It should be noted
that the value of o), can be used for preliminary identification of
the reaction mechanism, based on the theoretical ranges in which
the values of o vary with the heating rate [62]. The values of o)
shownin Table 1, may includes the various reaction models, such as
the power law models with nucleation type of reactivity (Avrami-
Erofeev), through the diffusion (Dn) and geometrical models (the
contracting type of kinetic models (Rn)) [62,63]. However, with this
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Fig. 2. DTG curves recorded at 8=5, 10, 20 and 40°Cmin~"!, for non-isothermal
decomposition process of a commercial silver nitrate in an argon (Ar) atmosphere.

approach, we need to be very careful, because if we rely only on the
value of «; in order to identify the reaction mechanism, our con-
clusions may lead us to a fundamental misreading of the reaction
mechanism, because this approach is not sufficiently reliable for
determining the proper kinetic model for the investigated process.

4.2. Isoconversional (‘model-free’) analysis

Fig. 3 shows the variation of the apparent activation energy (E,),
as a function of the extent of conversion («), according to the Fried-
man (FR) (differential), Kissinger-Akahira-Sunose (KAS) (integral),
Ozawa-Flynn-Wall (OFW) (integral) and Tang (T) (integral) isocon-
versional methods, respectively.

It can be observed from Fig. 3 that all isoconversional methods
show a very similar variation of E4 as a function of «. In addition,
the lower values of E; were identified in the case of using the FR
method, while the highest values of E; were observed in the case of
application OFW method. On the other hand, in a general sense, all
values of E,4, which were calculated by the integral methods give

L) LI 1 L, T T
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7 —+— FAS (Integral)
—a— OFW (integral)
== T (integral
p— (integral)
E 150 -
=
= 100 4
=]
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Fig. 3. The variation of the apparent activation energy (E;), as a function of
the extent of conversion («), according to the Friedman (FR) (differential),
Kissinger-Akahira-Sunose (KAS) (integral), Ozawa-Flynn-Wall (OFW) (integral)
and Tang (T) (integral) isoconversional methods, for non-isothermal decomposition
process of a commercial silver nitrate in an argon (Ar) atmosphere.
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a very good mutual agreement (in the sense that there is no sig-
nificant deviation of E; values, calculated using different integral
isoconversional methods, at each of the observed « value (Fig. 3)).
It is possible that the use of a similar numerical evaluation of an
integral equation (Eq. (3)) in the above isoconversional methods
(KAS, OFW and T) give similar values of E,.

Fig. 3 shows that the value of E, increases from 153.1 up to
160.5 k] mol~1 (with the values of E; observed from KAS method)
in the conversion range of 0.05 <« <0.10. This behavior probably
indicates on the reaction pathway which includes two indepen-
dent parallel reaction systems. Namely, the first reaction path may
includes the evaporation of the crystallization water and additional
phase transformations of silver nitrate, while the second reaction
path probably involves the formation of silver oxide (Ag,0), dur-
ing the thermal decomposition of AgNOs3 (Fig. 1). After «=0.10,
we have a decrease in E; values, with an increasing of « values,
until the value of approximately o=0.20 (from 160.5 k] mol~! to
135.3kJmol~1). Identified changes in the value of E;, in the range
of 160.5-135.3kJmol~! (Fig. 3) are in good agreement with the
range of E, changes (118-180k]mol-1) during thermal decom-
position of Ag,0 [64,65]. This reaction occurs in the temperature
range where the rather broad endothermic peak stands in Fig. 1.
Above the conversion value of o=0.20, we have a wide range
of the extent of conversion values (up to «=0.85), where there
is a significant stabilization in the value of E4, so that here we
can expect the further proceeding of silver oxide decomposition
(maybe in the form of dissociative evaporation) [64] together with
release of oxygen and nitrogen dioxide (NO,), which values of the
partial pressures may affect on the creation of final mechanistic
scheme of the investigated process. In conversion range of approx-
imately 0.15 <o <0.85, the formation of silver particles can be
expected on the side of higher temperatures and at higher values of
« (Fig. 3). In the above mentioned conversion range (¢« = 0.15-0.85),
the E; value can be taken as constant, so by the application
of different isoconversional methods, the following average val-
ues of the apparent activation energy were obtained: EfR =
138.8 +2.9k] mol ™!, EXAS = 141.6 + 2.6 k] mol™ !, EO"W = 146.5 +
2.6k] mol~! and El =142.1+2.6K] mol ™!, respectively (Fig. 3).1t
is interesting to note here that the above obtained values of E; in the
case of decomposition process of commercial silver nitrate under
argon atmosphere, are very close to the value of E; (137 kj mol—1),
which is obtained in the case of the same process, but with one
strike difference, where in the latter case, the nitrogen was used
as carrier gas [18]. With nitrogen as carrier gas, it was found that
the decomposition proceeds through the chemical rate controlled
process, depending on the reaction temperature [18]. Therefore,
it is important to determine a reliable mechanism of decomposi-
tion in an inert atmosphere of argon gas and then compare the
resulting mechanism with a mechanism that exists in an inert nitro-
gen atmosphere, thereby drawing conclusions about the impact of
the reaction atmosphere on the reaction mechanism of the tested
compound.

According to the method proposed by Vyazovkin (Egs. (8) and
(9)) [32], the dependence of the effective activation energy, Eqq,
on « can be evaluated, with eliminated systematic errors in Eg.
Fig. 4 shows E,qo-dependency estimated by the application of
Vyazovkin’s advanced non-linear procedure, in the case of non-
isothermal decomposition process of commercial silver nitrate, in
an argon atmosphere.

It can be seen from Fig. 4 that the values of E,; exhibit exactly the
same trend with increasing of « values, as in the case of other iso-
conversional methods presented in Fig. 3. The average value of E,
for «=0.15-0.85 calculated by the Vyazovkin's advanced ‘model-
free’ approachwasEY = 141.3k] mol ™! (Fig.4).This value is almost
consistent with the value of E; calculated by the KAS method
(141.6kJmol~1) (see above). Based on the obtained results, the
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Fig. 4. The E,,-dependency estimated by the application of Vyazovkin’s advanced
“model-free” procedure, in the case of non-isothermal decomposition process of
commercial silver nitrate, in an argon atmosphere.

determination of reaction mechanism function can be performed
in the conversion range where E; value does not vary significantly
with «. Because of this fact, the further kinetic analysis will be
carried out in the conversion range of 0.15 <« < 0.85.

4.3. Analysis of the critical temperature (T¢) of non-isothermal
decomposition process of commercial silver nitrate

Based on the results obtained from the isoconversional analy-
sis, we can calculate the critical temperature (T;), for investigated
decomposition process, using the corresponding data of thermo-
analytical measurements. Fig. 5 shows the functional relationship
between the onset (initial) (T;) temperatures and the values of heat-
ing rate (B) used in thermo-analytical measurements. In addition,
the same figure (Fig. 5) also shows the mathematical expression
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Fig. 5. The functional relationship between the onset (initial) (Tjonser)) tempera-
tures and the values of heating rate (8) used in thermo-analytical measurements;
the same figure, also shows the mathematical expression that connects Tjionser)
and B (Tionsery =1/(ao +ap-B+ay-B%), where ag, a; and a, represents the numerical

coefficients), where the reciprocal value of the coefficient ao is equal to Tf:nfm (the

extrapolated onset temperature at 8— 0°Cmin~) (Tfo:fe[) =1/ap).
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that connects T; and B (Tyonser) = 1/(ao + a1-B+az-2), where ag, a4
and a; represents the numerical coefficients), where the recipro-
cal value of the coefficient ag is equal to Tiﬂ —0 (the extrapolated
onset temperature at 8— 0°Cmin~1) (Ti’b0 =1/a, =395.26°C;
ap=0.00253°C-1) (Tl.’g”0 in Fig. 5 is marked with a gray dash
dot-dot arrow). The data (the experimental T; values (397.26°C
(5°Cmin~1), 405.28°C (10°Cmin~1), 407.32°C (20°Cmin~!) and
415.36°C (40°Cmin~!) are indicated in Fig. 5 with dots in the
form of black squares, including the experimentally obtained
errors, expressed as the error bars) (Fig. 5)) are fitted to equation
Titonsery=1/(ap +ay-B+ ay-B?) (the full continuous red line in Fig. 5)
by the non-linear least-squares method, in the numerical calcula-
tions on a computer.

Using Eq. (14), with the known value of E, obtained by apply-
ing the Ozawa-Flynn-Wall (OFW)isoconversional method (E9fW =
146.5Kk] mol_l), the critical temperature (T.) for decomposition
process of commercial silver nitrate can be calculated. The calcu-
lated value of the critical temperature (T;) for the non-isothermal
decomposition process of commercial silver nitrate in an argon
atmosphere was T.=422.74°C. If we look at Fig. 1 we should per-
ceive that the avaluated value of T, (422.74°C) actually lies in
the experimental temperature range in which we assume that the
decomposition of silver oxide (Ag,0) occurs, according to the equa-
tion:.

AgZO(s) — 2Ag(5) + 1/202(g), (34)
where Ag,0 is very unstable above 400 °C, so we can assume that
the reaction under Eq. (34) in the overall reaction scheme:

2AgNO;3) = Aga0¢) + ZNOs(g) + 72 Oxy),

|

2NOg) + Oz (35)
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may be the main reaction stage in the production of metal silver in
argon-rich atmosphere, so it is of great importance to determine a
reliable mechanism in the processing of silver particles, and then
compare the results with the behavior of the same system in other
reaction atmospheres such as inert atmosphere of nitrogen (N5),
and in purely reduction atmospheres in H,, CO and C,Hy4 gases.

The resulting critical temperature T, =422.74°C is in fairly good
agreement (in the sense of close values) with starting temperature
of thermal decomposition process of the Ag,0 phase into Ag and
oxygen (380-400°C) [66], but lower than the starting temperature
of Ag,0 decomposition in air atmosphere (300°C) [67], for about
100°C. An important physical consequence of the obtained value
of T lies in the fact that the thermal stability in considered case
refers not the stability of nitrate precursor crystal structure but on
the precursor’s optimum space geometry, because nitrate precursor
can, before follow its decomposition, to assume several possible
types of “chemical species” in transition state. Therefore, the rate of
Ag,0 formation will largely depends on the occurrence of one chem-
ical species whose spatial geometry is the best optimized, where
the optimization affected by the length of chemical bonds in these
species.

4.4. The model-fitting analysis

4.4.1. The capability test for initial estimation of the
decomposition mechanism

Afirst screening of the kinetic mechanisms can be accomplished
by using a Coats-Redfern (CR) kinetic method (Eq. (11)). Accord-
ingly, at a specific heating rate, the E; value can be estimated
for various g(«) kinetic functions [19,20,23,35,37], by plotting of
In[g(a)/T?] versus 1/T, according to Eq. (11). It was found that at all
of the observed heating rates, there are several statistically equiv-
alent kinetic models, which are grouped into the appropriate types
of reaction models and they are as follows: (a) the power law
kinetic models (nucleation models) (P2/3, P2, P3 and P4 (Pn)), (b)
the reaction-order kinetic model (zero-order, (R1/F0)) and (c) The
diffusion kinetic models, D1, D2 and D4 (Ginstling-Brounshtein)
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Fig. 6. The graphical representation in the form of statistical bars between the calculated values of the residual sum of squares (RSS) and the tested reaction models (P4, P3,

P2, P2/3, FO, D1, D2 and D4), at the heating rates of 5, 10, 20 and 40°Cmin~!.
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Fig. 7. Theoretical master plot curves in the integral form for the different kinetic
models and the experimental data at the different heating rates (5, 10, 20 and
40°Cmin~1).

(Dn) (one-, two-, and three-dimensional diffusion, respectively). All
models are characterized by the high values of Adj. R-square (R2).
Fig. 6 shows the graphical representation in the form of statistical
bars between the calculated values of the residual sum of squares
(RSS) and the tested reaction models (P4, P3, P2, P2/3, FO, D1, D2
and D4), at the heating rates of 5, 10, 20 and 40°Cmin~'.

It can be seen from Fig. 6 that the lowest values of the RSS have
the models P4, P3, P2, where the most notable is the P2 model, with
extremely low values of RSS, at all heating rates. For a given reaction
model (model P2), the highest value of F-test [23] was obtained.

This initial finding was further investigated using the mas-
ter plots method presented in Section 3.1.4.1. In accordance with
Egs. (16) and (17), the typical plots of g(«)/g(0.50) for investi-
gated decomposition process appear in Fig. 7. For construction of
g()/g(0.50) curves, the apparent activation energy calculated from
Vyazovkin’s method was used.

From the results presented in Fig. 7, we can see that at all
heating rates, the experimental points are grouped on or around
the theoretical curve for P2 kinetic model. Small deviations of the
experimental points from the theoretical curve occur at very high
values of conversion (for o > 0.90). These results verified that the P2
kinetic model probably best describes the investigated decompo-
sition process, so that the observed reaction model will be subject
to further review.

In order to test the validity of the considered kinetic model, the
composite integral and differential methods (I) were used in fur-
ther kinetic analysis. The conversion range used in the calculation
procedure was 0.15 <« <0.85. In this kinetic analysis, the power
law kinetic models, P4, P3, P2, and P2/3 were considered.

Table 2 shows the values of the pre-exponential factor (A) and
the apparent activation energy (Eg), together with values of Adj. R-
square (R?) and the residual sum of squares (RSS), for considered
kinetic models (P4, P3, P2, and P2/3), calculated by the composite
integral and differential methods, respectively.

It can be seen from Table 2 that the kinetic model P2 gives the
highest value of R? and the lowest value of RSS in both compos-
ite methods, where the calculated values of E, in the case of both
methods (139.7 and 141.5 k] mol~1, respectively), are in very good
agreement with the values of E; calculated by applying the Vya-
zovkin advanced isoconversional method (EY = 141.3K] mol™1)
and other conventional isoconversional methods (see above).

Table 2

The results of the composite integral and differential methods (I) (Eqs. (12) and
(13)) for tested power law kinetic models, P4, P3, P2, and P2/3, in the case of the
non-isothermal decomposition process of commercial silver nitrate in an argon
atmosphere.

Model Composite integral method (I)

A (min-1) E, (kjmol-1) R2D RSS ©
P4 5.192 x 108 131.9 0.89222 1.46366
P3 7.366 x 108 134.5 0.92040 1.09095
P22 1.481 x 10° 139.7 0.95635 0.62745
P3/2 9.547 x 10'° 171.0 0.76856 6.09231

Composite differential method (I)

A (min-1) E, (kJ mol-1) R2D RSS ©
P4 3.340 x 108 133.7 0.94966 0.66091
P3 6.197 x 108 136.3 0.96041 0.57361
P22 1.799 x 10° 141.5 0.97061 0.31089
P3/2 2.842 x 10! 172.7 0.69579 8.98393

2 Statistical best selected model to describe the decomposition process.
b Adj. R-square.
¢ The residual sum of squares.

4.4.2. Estimation of the invariant kinetic parameters for
investigated decomposition process

Furthermore, the IKP method was used for evaluation the “true”
kinetic model, including the corresponding “real” values of the
kinetic parameters (A and E;). In the initial stage of analysis,
the values of InA and E; were calculated using the CR method
at the different heating rates, for various g(a) kinetic functions
[19,20,23,35,37]. Using Eq. (18), the existence of the compensa-
tion effect between InA and E;, was checked. Fig. 8 shows the
real existence of the compensation effect for the non-isothermal
decomposition process of commercial silver nitrate in an argon
atmosphere.

The slopes and intercepts of these lines give the compensation
parameters bj and a;;, at each heating rate. Since the intersection
of these lines is dependent on experimental conditions, the calcu-
lation of the invariant kinetic parameters is performed using the
supercorrelation relation (Eq. (19)). The result appears in Fig. 9 and
shows a very good straight line (R% =0.99215) for the investigated
process.
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Fig. 8. Typical compensation relationships for non-isothermal decomposition pro-
cess of a commercial silver nitrate in an argon (Ar) atmosphere.
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Fig. 9. The supercorrelation relation for non-isothermal decomposition process of
a commercial silver nitrate in an argon (Ar) atmosphere.

In this way, the existence of a supercorrelation relation allows
us to calculate Ajp, and Eg jp, from the intercept and the slope,
respectively. The following values of the invariant kinetic param-
eters were obtained: A, =2.404 x 108 min~! and E j,, = 129.2 +

6.6 k] mol~!. The obtained value of Eg iny is slightly lower than the
values of Eg4 calculated by using different isoconversional methods.
The observed value of E ;, is the nearest to value of E, calculated
using the Friedman method (138.8 kf mol~1). On the other hand, the
obtained value of A;,, (2.404 x 108 min—!) is for one order of mag-
nitude lower than corresponding values of A calculated by both
composite methods, bearing in mind the kinetic model P2 (x10°
(Table 2)). However, it should be mentioned here that was not
observed huge fluctuations in the values of E; obtained by differ-
ent kinetic methods, taking into account the fact that the values of
Eq. iny can vary by more than 50% [23,68]. We must mention here the
important fact that there is no significant difference between the
values of the apparent activation energy calculated by IKP method
and the Vyazovkin (V) advanced isoconversional method, which
can be directly checked from the relation [69]:.

_ Eq(V — advanced);s, — Eq(IKP)

e[%] = Eq(V - advanced);s, 10
141.3 -129.2 9
= S 100 = 8.6%, G6)

which is quite satisfactory result because the observed difference
is less than 10%.

4.5. Estimation of the most probable decomposition mechanism

According to previous findings, in order to estimate the reac-
tion model that best describes the experimental data, the invariant
kinetic function f;;, () was estimated from Eq. (20), using the pre-
viously calculated values of the invariant kinetic parameters, A,
and Eg . Fig. 10 shows the comparison between the estimated
finv(a) function with calculated Ay, and Eg i, values (Eq. (20)) and
theoretical flar) function for P2 kinetic model (flr)=2a1/2), in the
conversion interval from «=0.15 to o =0.85.

From Fig. 10 we can clearly see the matching between f;,,(«)
function at various heating rates (symbols), with a theoretical func-
tion fla) corresponding to the P2 reaction model (the full black
line).

To check the accuracy of the proposed model that describes the
experimental data, we were used Eqs. (21) and (22) to perform the
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Fig. 10. The comparison between the estimated f;,,(«) function with calculated
Ainy and Eg iy, values (Eq. (20)) and theoretical flar) function for P2 kinetic model
(fla)=2c'2), in the conversion interval of 0.15 <« < 0.85.

numerical reconstruction of the reaction model in the integral form,
g(a), for the investigated decomposition process. The numerical
calculations were performed in the conversion range, which corre-
sponds to the conversion ranges used in isoconversional analysis
(0.05 < <0.95).

Fig. 11 shows the comparison between the numerically recon-
structed g(«) functions, using Eqs. (21) and (22) at the different
heating rates (5, 10, 20 and 40°Cmin~!) (symbols) and theoreti-
cal g(a) functions for the group of nucleation reaction models (the
power law models: P4, P3, P2 and P2/3) (colored solid lines).

From Fig. 11 we can see that going over the value «=0.15 until
the approximately o =~ 0.90, there is a good agreement between the
numerically reconstructed functions g(«) and the theoretical func-
tion of the reaction mechanism corresponding to the P2 kinetic
model. This result confirms the previously established hypothesis
that the kinetic model P2 is actually the best model to describe
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Fig. 11. The comparison between the numerically reconstructed g(«) functions,
using Eqgs. (21) and (22) at the different heating rates (5, 10, 20 and 40°Cmin~1)
(symbols) and theoretical g(«) functions for the group of nucleation reaction models
(the power law models: P4, P3, P2 and P2/3) (the colored solid lines).
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Table 3

The values of the rate constants, Keiicr and Eq-(B)jns./R-TZ, and the pre-
exponential factor (A), calculated by using Eqs. (15), (23) and (24), for the
non-isothermal decomposition process of commercial silver nitrate in an argon

atmosphere.

B(°Cmin~") Keriticar (Min~1) 2 Eq - (BYeonst./ A(min~1)?
R-TZ (min~')?

5 0.16460 1.948 x 10°

10 0.05629 0.30725 1.626 x 10°

20 . 0.59590 2.217 x 10°

40 1.10978 1.814 x 10°

2 The power law model P2 (fla) =2a'?; g(ar) =a'/? {f{ar) = n-a*~1I" where n is the
constant (n=2)}).

the decomposition process of commercial silver nitrate in an argon
atmosphere, through the single-step mechanism.

After determined reaction mechanism and the evaluated “true”
value of the apparent activation energy, we can now join the cor-
responding specific values of the pre-exponential factors and the
rate constants. Using Eqs. (15), (23) and (24), the corresponding
values of the rate constants, Keriticqs and Eq - (B)oonse. /R - Tg (Keritical
which corresponds to Tc and Eq - (8)0,,6 /R - TZ, which corresponds
to each value of T, on the individual values of the heating rate
(B), taking the values of the kinetic parameters calculated using
the Kissinger method; the following values of the kinetic param-
eters were obtained: AKissinger = 4,060 x 10° min~! and EXiSSineer —
145.0+ 1.9k mol’l) and the pre-exponential factors (A) can be
calculated.

Table 3 lists the value of kg and also the values of E; -
(B)oonst./R - T and A at the different heating rates (8=5, 10, 20, and
40°Cmin~1), calculated by using Egs. (15), (23) and (24), respec-
tively.

From the obtained results for the rate constants Kt and
Eq - (B /R - T2, we can clearly see that the decomposition pro-
cess rapidly accelerates from the starting value of kjsj.q Over the
values of Eq - (B)2,,: /R - T2, where the maximum rate is achieved
at the highest heating rate (40°Cmin~!) (Table 3). On the other
hand, the values of A (Table 3) calculated by Eq. (24) at all heating
rates, are in very good agreement with the values of A calculated by
the composite integral and differential methods (I), for the kinetic
model P2 (Table 2). These results clearly indicate on the acceler-
ating model which represents the type of the process whose rate
continuously increases with increasing the conversion values, and
reaches its maximum at the very end of the process. In our case,
the resulting silver particles can act as an individual autocatalytic
nucleation centers. Therefore, we must develop in a more details
the corresponding mechanistic scheme of the entire decomposition
process.

4.6. The mechanistic interpretation of decomposition process

Generally, thermal decomposition reactions, which involve the
single solid substance undergoes transformation to solid and
gaseous products are usually governed by the laws of topochem-
ical reactions. The kinetics of such reactions are dependent on
two competing processes, namely, (a) the rate of formation of the
product phase, and (b) the rate of growth of product nuclei. The
kinetic conversion curve for investigated decomposition process at
20°Cmin~! (Fig. 12) reflects the absence of induction period (which
indicates a gradual increase in « and is normally represented by the
lower section of the curve) followed by a rapid increase in « (pre-
dominantly the middle section in Fig. 12, which is restricted by
horizontal dashed lines) and in the rate of decomposition of silver
oxide as the active intermediate compound to produce the metallic
silver particles in the form of required final product.
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Fig. 12. The kinetic conversion («-T) curve at =20°Cmin~!, for non-isothermal
decomposition process of a commercial silver nitrate in an argon (Ar) atmosphere;
the same figure shows the middle region of the conversion curve with a rapid
increase in « values.

This (middle) section of the curve reflects the growth of the
interfacial surface and the autocatalytic acceleration of the process
concentrated on it. The upper section of the curve (Fig. 12) repre-
sents the retarding process due to the deepening of the reaction
zone within the reacting substance and the reduction in its span.
The reaction profile presented on considered «-T curve belongs to
the accelerating models such as found the power law model P2
with topochemical constant n=2. From the kinetic point of view,
the dynamic (non-isothermal) approach, gives a better indication of
the sample at any instant of time with respect to both temperature
and the extent of conversion.

Based on the obtained values of kinetic parameters
(Ainy=2.404 x 108 min~!, E,p, = 129.2k) mol™') and evalu-
ated topochemical constant, which is equal to 2, we can conclude
that the non-isothermal decomposition process of commercial
silver nitrate is essentially a surface-controlled process. In addition,
based on the obtained value of the constant n, which is n=2, we
can derive unambiguous conclusion that the considered power
indicates pure nucleus growth, where the new nuclei are formed
thermally. On the other hand, considering that we have a lack
of induction period, we can assume that the many small nuclei
are formed, none of which grow to visible size. In considered
case, the whole surface then nucleates rapidly and the kinetics of
the remainder of the reaction depends on the rate at which the
interface progresses. Therefore, we can assume that the small grain
size and high temperature accelerate the grain growth. It should be
noted that on the acceleration of silver particles growth process,
can greatly affect the appearance of dislocations (or the stacking
faults - these are mistakes occurring in the stacking sequence
of close packed structures in solids (the plane separating two
incorrectly juxtaposed layers is called stacking fault)) in crystal
structure of silver oxide as the main intermediate compound. On
the other hand, the value of n (n=2) may indicates the “magnitude
of grain growth speeds” and also growth dimensions. Taking into
account the results of the rate constants at different heating
rates (presented in Table 3) and established value of n, we may
conclude that the growth rate increases with an increasing S (i.e.
temperatures). In the growth stage, the grain growth is mainly
dominated by the grain boundary migration [70]. Namely, it is pos-
sible that the appearance the stacking faults (dislocations) lowers
the activation energy for the atoms on grain boundary, thereby
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transforming them into grains, so the dislocations (or stacking
faults) may act as the intermediary for the atom transforming
from grain boundary to grains. Discussion presented above can be
taken as an assumption on the possible direction of development
of the investigated process, as the confirmation of the above
assumptions, it is necessary to perform additional measurements
(such as X-ray diffraction analysis, SEM analysis, etc.).

The physical justification for established model can be viewed
in several items:

(i) The activation energy for the nucleus formation s the little lower
than for the growth. This assumption has a reasonable basis
in Fig. 4. In fact, if we look closely at Fig. 4, we can see the
existence of “valleys” in the E; values, in the range of low «
values (0.18 <« < 0.32). Thus, the contribution of each value of
the activation energy for the formation of a single nucleus is
reflected in the appearance of the lower values of the effective
(apparent)activation energy in Eq - « dependence in the inves-
tigated decomposition process. In this case, the overall rate can
be represented by the modified Arrhenius-type equation in the
form as:

£ E
Koveral = €Xp (_7;) - eXp (—é) (37)

where exp(—&n/RT) =k and exp(—Eg/RT) = kgr represent the rate
of formation of nuclei and the rate of growth of nuclei, respec-
tively.

(ii) The complexity of Eq. (37) (includes two exponential terms)
may indicates that the nucleation and growth are occurring
simultaneously at the beginning of the reaction, but at the
higher values of « (and in the higher temperature regions), the
growth process is enhanced relatively more than the nucleation
(since it has the higher activation energy, which is generally
reflected in higher values of E; in Fig. 4, for a>0.32). This is
reflected in constant n=2, for power law kinetic model.

Generally, it is complicated to analyze E, numerically, because
both &, and Eg are usually unknown. On the basis of this review,
we can only quantitative assume the value of &, which should be
a little lower than Eg, due to the fact that because ionic transport
phenomena in polar silver salt, usually involves the transport of
interstitial silver ions only, than the basic process of nuclei forma-
tion can be assumed to be a “migration” of silver ions to potential
sites of nucleation (being the crystal defects).

It can be pointed out, that the morphology, sizes and size
distribution of silver nanoparticles depends on several reaction
conditions such as: the initial particle shapes (and concentration)
of nitrate precursors, the experimental range of temperatures, type
of carrier gas used, the heating rate used, etc. [71-73]. The power
law kinetic model is natural, because in reality the nanoparticles are
inevitably not fully identical due to the size and shape distribution,
and for possible formation of a thin metal oxide layer. These fac-
tors result in a distribution of the kinetic parameters for nucleation
and the kinetic model should be the non-exponential. In addition,
both the the average size and size distribution of the crystallites in
the sample are dependent on the growth temperature, consistent
with surface-free energy considerations. The temperature neces-
sary to maintain steady growth increases with the expansion of
the crystallite’s size. As the size distribution sharpens, the reaction
temperature must be raised to maintain steady growth.

Conversely, if the size distribution begins to spread, the temper-
ature required for slow steady growth drops. On the other hand,
the presence of evolved gases during decomposition process may
affects on the formation of interlayers. Therefore, we can assume
that the presence of oxygen can causes the formation of Ag, 0 inter-
layer. This can be checked by the EDX (Energy-dispersive X-ray)

analysis, which is one of the goals of our future work, which is
in preparation. If this reasoning be correct, the above measure-
ments would probably reveal that the kinetics of oxide is close to
a parabolic growth [74]. On the other hand, the development of
other gases such as NO, (and probably gas mixtures (NO+05)) can
cause the changes on sample surface in the beginning of the decom-
position process. Some of the formed gas mixtures can be inert at
the beginning of the process, while others may be very active in
changing the sample surface. Therefore, at this time, the type of
inert (carrier) gas can play a key role in the final morphology of the
obtained silver particles.

Furthermore, the authors believe that the main differences
between the nitrogen and argon as the inert gases lie in the degree
of creation of specific types of defects, which may affect on the
kinetics of the entire process, and thus the formation of the final
product. Unlike oxygen and nitrogen (which can form the oxide
and nitride), the argon probably can forms, in significantly amount,
a specific defects (perhaps interstitial atoms) and on this way may
affects on the global crystallization kinetics. The mentioned defects
may cause some special behavior like density decrease and also
influenced on the global crystallization kinetics at elevated tem-
peratures. The influence of inert gases on the global crystallization
kinetics and also their “degree of efficiency” probably can be deter-
mined from the relation that connects the “residence time” and
corresponding diffusion parameters such as t o« X2/D, where X
represents the diffusion distance and D represents the diffusion
coefficient related to the mobility of the atoms. From this, it fol-
lows that the removal process should be a physical process. In that
sense, the effect of D on the removal time seems to be important in
the practical cases, when using the ultrasonic spray pyrolysis (USP)
procedure.

In our previous paper [12,18], the use of nitrogen as a carrier
gas during the non-isothermal decomposition of nitrate precur-
sors, the silver nanoparticles of spherical (3D) shape were obtained,
with a decomposition mechanism different from the mechanism
established in this study. On the other hand, in the presence of
the reducing agent such as hydrogen, there is a direct reduction
in metallic silver (with a mixture of cylindrical, prismatic and
spherical shapes of particles)[12,18,75] without creating the inter-
mediate compounds. The confirmation of the established kinetic
model for the current decomposition process was given in the
[Supplementary Data] through the graphical interpretations in the
various conversion areas, as the dependence of the kinetic models
on the reaction time (x-axis is given on the timeline).

4.7. Kinetic prediction analysis

Assuming the single-step process, the predictions of the
isothermal kinetics were performed at four different operating
temperatures (T, =410.29, 445.27, 475.27, and 494.86°C) with
kinetic ‘triplet’ determined from the IKP method, and direct use of
Eq.(25).Fig. 13 shows the isothermal predictions of decomposition
process of commercial silver nitrate at different operating temper-
atures (410.29, 445.27,475.27, and 494.86 °C) by application of Eq.
(25).

We can see from Fig. 13 that for all the observed operating tem-
peratures, the shape of @-t curves is identical, where the resulting
shape of the curves corresponds to the shape of conversion curves
attached to the accelerating reaction models, such as the power
law models. This result confirms the fact that, if the process takes
place through a single reaction stage in a rather wide range of «,
we can expect that the isothermal and non-isothermal approaches
to the decomposition process under study, will lead to the same
end result, i.e., the same type of reaction mechanism. Also, we can
see that the increase in the values of T, leads to a drastic short-
ening of the time duration of the investigated process. So that the
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Fig.13. Theisothermal kinetic predictions of decomposition process of commercial silver nitrate at different operating temperatures (T=410.29,445.27,475.27,and 494.86°C)

by application of Eq. (25).

temperature rise, undoubtedly rapidly accelerates the decomposi-
tion process (reactions are very temperature-sensitive).

In addition, Fig. 14 shows the “model-free predictions” of the
investigated decomposition process, carried out at the heating
rate of 8=10°Cmin~! at the considered operating temperatures
(410.29, 445.27,475.27, and 494.86 °C).

Also, we can see from Fig. 14, that a—t curves remain almost
identical form at all the observed operating temperatures (410.29,
44527, 475.27, and 494.86°C). Also, in Fig. 14, we can also see
that in the conversion range where we get a constant value of E,
(0.15 <@ <0.85), all -t curves have an area with a rapid increase
in @ values, which is typical for the power law model.

Overall, if we compare the results presented in Figs. 13 and 14,
we can see that the shapes of a-t curves differ at all observed
operating temperatures, while bearing in mind that the observed
curves in Figs. 13 and 14 are evaluated by two different equa-
tions used for predictions. Namely the appearance of differences
in shapes of ot curves in Figs. 13 and 14 may arise from the
fact that in the first case (Fig. 13), the presented approach does
not allow the isolation of possibly attending elementary reac-
tions in a complex reaction system. This approach rather gives
a global kinetic picture of the investigated process through the
single-step transformation, without considering the presence of
the reaction sub-steps, if they really exist. On the other hand, in the
second case (Fig. 14), the presented approach allows us to detect
complex reaction system involving several steps with different
Eq values, so that we should consider the investigated decom-
position process through the effective kinetic parameters values,
unless the mechanistic conclusions can be justified by the ancillary
data.

In addition, the effective activation energy is generally a function
of the temperature. Furthermore, even if the temperature is kept
constant (the isothermal experiment), the relative contributions of
the elementary steps (Fig. 4) to the overall rate of the process (Eq.
(37)) can vary with «, undoubtedly resulting in the dependence of
Eq on « (namely, this behavior can be clearly seen in Fig. 4).

Taking into account all the above facts, the isothermal thermo-
analytical measurements together with surface characterization
of the tested material will be carried out, and the results will be
presented in our next paper.

Table 4 shows the values of lifetimes (ts4 and tsgy) at the dif-
ferent operating temperatures (T, =410.29, 445.27, 475.27, and
494.86 °C), for the thermal decomposition process of commercial
silver nitrate in an argon atmosphere. The corresponding values of

the apparent activation energy (E‘a’fgi and Eg’rgg%) were calculated

from the relation —In(t,,)) = const. — Eg,r;‘(j%)/RTo [20].

From Table 4 we may see that a temperature rise for about
85°C, causing sudden shortening of lifetime, so at the highest value
of Tp (494.86°C), we can observe very low values of tyy) (for
To =494.86 °C, the value of t54 goes below 1 min). On the other hand,

the calculated values ongrgi and Egrgg% (149.5 and 141.3 k] mol~!,

respectively) are in very good agreement with the values of the
apparent activation energy evaluated from the non-isothermal data
(141.3kJ mol~1), where the appropriate matching of the given val-
ues occurs at tsgy (Table 4).

Table 4

The values of lifetimes (tsy and tsox) for the different operating temperatures
(T, =410.29, 445.27, 475.27, and 494.86°C), in the case of thermal decomposition
process of commercial silver nitrate in an argon atmosphere; the same table con-

tains the calculated values of the apparent activation energy (EZTE; and Eg'g‘;% ), from

the isothermal relation in the form: —In(ty)) = const. — EPred ,/RTo.

a,o(%
Lifetime, f() (min) T, (°C)
410.29 445.27 475.27 494.86
tsx 9.00 220 0.85 050
sox 29.00 850 325 1.85
EP'e (kjmol~) 149.5
EPe (kjmol-1) 1413
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Fig. 14. The “model-free predictions” of the investigated decomposition process, performed at the heating rate of =10°Cmin!, at the considered operating temperatures

(T=410.29, 445.27, 475.27, and 494.86°C).

Therefore, only the power law kinetic model P2 (with
flar)=2a'12) gives the value of E; which is consistent with the value
obtained from the isothermal conditions.

4.8. Thermodynamic considerations

After the determination of reaction model, we calculated other
thermodynamic parameters using the selected thermodynamic
equations (Egs. (28)-(30)). Table 5 presents these results. The val-
ues of AH#°, AS#° and AG¥° represent the overall values of
thermodynamic parameters for the investigated decomposition
process.

The entropy of activation (AS# °) value at all heating rates
for decomposition process is negative. A negative value of AS# °
indicates a highly ordered activated complex and the degrees of
freedom of rotation as well as of vibration is less than they in the
non-activated complex. These results may indicate a “slow” stage
[50]. Hence, the silver-oxygen bond secession can be interpreted as
a slow stage of the process (where for the decomposition of silver
oxide endothermic effects can occur, AH# °>0). The positive val-
uesof AH# °and AG # ° for the decomposition stage shows that it is
connected with the introduction of heat and it is non-spontaneous

Table 5

Thermodynamic parameters (AH# °, AS# ° and AG # °) for the decomposition pro-
cess of commercial silver nitrate in an argon atmosphere, at the different heating
rates (8=5, 10, 20 and 40°Cmin~").

process. The presented thermodynamic functions are in consistent
with kinetic parameters.

Table 6 lists the values of the thermodynamic equilibrium con-
stant (K, ) and the corresponding logarithmic values of K, (log(K5))
at the different selected operating temperatures (126.85 °C (400 K),
226.85°C (500K), 326.85°C (600K) and 426.85°C (700K)), where
these values are selected in such a way to include the “lower”
temperature range (below the temperatures T, (Table 1)) of the
investigated decomposition process [76]. Also, Table 6 provides the
values of thermodynamic parameters (AH#°, AS#° and AG#°)
calculated using Eqs. (31) and (32).

From Table 6 we can see that if we increase the temperature,
then we are closer and closer to the value K, =1 (AG # ° =0, thermo-
dynamic equilibrium; the value of AG # ° decreases with increasing
of T (Table 6)). For selected temperatures, below T, (Table 6), we
can see that the value of AH# ° is still positive but much lower
than the values of AH# ° which are shown in Table 5. In this way,
we would be in the stage of “initial degradation” of precursors. On
the other hand, in the current case, AS# ° changes the sign and
becomes positive, which indicates a malleable activated complex
that leads to a large number of degrees of freedom, leading to a
“fast” stage. It should be noted that below 226 °C (~500K; Table 6),

Table 6

The values of K,, log(K, ), as well as the values of thermodynamic parameters (AH * °,
AS#° and AG#°) calculated using Egs. (31) and (32), at the different selected
operating temperatures (126.85 °C (400 K), 226.85 °C (500 K), 326.85 °C (600 K), and
426.85°C (700K)) for the investigated decomposition process.

TK) K, log(K,) AH#° AS#° AG#*

B(Cmin~')  AH#°(kJmol~') AS#°(kjmol'K') AG#°(kmol!) (kJmol-1) (kJmol-1K-1) (kjmol-1)
5 1389 —0.12 224.0 400 198x10-16 —36.158 1203
10 138.7 —0.12 228.1 500 147x10%  —18.035 75.0
20 1386 —0.12 2275 600 806x104 —7.123 333 040 355
40 1384 ~0.12 232.1 700 477x10-1  —0.740 43
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the partial pressure of oxygen (p(05)) is probably fixed by the reac-
tion, which is presented by Eq. (34) [ 76]. Therefore, the knowledge
of the value of the partial pressure of oxygen in the reaction mixture
is essential to the establishment of the thermodynamic equilibrium
of the system [77]. Monitoring the above parameters during tests
of thermal stability of nitrate precursors, together with a reliable
description of the kinetic behavior under the influence of high tem-
peratures, is of great importance for the industrial applications.
This is necessary in order to better optimize the entire process
of obtaining silver nanoparticles by the ultrasonic spray pyrolysis,
where it has the advantage of being highly scalable and continuous
[78].

5. Conclusions

The non-isothermal decomposition process of commercial sil-
ver nitrate used as the precursor for the USP procedure, was
investigated by simultaneous TGA-DTA measurements at different
heating rates (5, 10, 20 and 40°Cmin~!), in an argon atmosphere.
We performed a detailed kinetic and thermodynamic analysis of
the considered process, with special emphasis on the formation of
a complete mechanistic scheme of the process, in an inert atmo-
sphere of argon. It was found that the process under study can
be described by the acceleratory power law kinetic model (P2),
in the range of the extent of conversion values (0.15 <« <0.85),
where the value of the apparent activation energy (Eq) can be con-
sidered as the constant (141.3 kJmol~1). A full kinetic ‘triplet’ and
the complete mechanistic scheme of the investigated process were
developed.

The temperature/conversion effects can affect on the rate and
the apparent activation energy in the early stage of the current
process, so that in this region the value of the apparent activation
energy is reduced, which leads to an increase in the rate of process.

It is assumed that the main differences between the nitrogen
and argon as the inert gases lie in the degree of creation of spe-
cific types of defects, which may affect on the kinetics of the entire
process, and thus the formation of the final product. Unlike oxygen
and nitrogen (which can form the oxide and nitride), the argon (Ar)
probably can forms, in significantly amount, a specific defects (per-
haps a interstitial atoms) and on this way may affects on the global
crystallization kinetics. It is assumed that the process of removing
the gases is a physical process.

The kinetic prediction analysis was shown that only the power
law kinetic model P2 (with differential kinetic model function
flae)=2a'12) gives the value of Eq which is consistent with the value
obtained from the isothermal conditions. The emergence of various
shapes of a-t curves at different operating temperatures (410.29,
445.27,475.27, and 494.86 °C) obtained by the isothermal predic-
tions using Egs. (25) and (26) was discussed.

On the basis of correctly established value of the apparent
activation energy, the pre-exponential factor and the changes of
entropy, enthalpy and Gibbs free energy, the certain conclusions
can be made concerning the mechanism and characteristics of the
process, which play an important role in theoretical study and in
an industrial application, concerning to formation of nanoparticles
from an aerosol produced in an ultrasonic field.
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