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Abstract The calculation of thermal endurance and the
estimation of lifetime at certain temperatures based on
thermogravimetric data for the tungstophosphoric acid,
H3[PW,040]-H,O (H3PW) and its Cs acidic salts, pure or
doped with Pd, were done. The calculation of catalyst’s
lifetime with high degree of confidence needs reliable
values for activation energy. For this reason, the activation
energy values were calculated with ASTM E 1641-04
“Standard Test Method for Decomposition Kinetics by
Thermogravimetry” based on Flynn—Wall isoconversional
method and with Friedman isoconversional method (dif-
ferential model-free) for checking, because the last pro-
vides accurate values of activation energies compared with
the integral model-free methods. The thermal decomposi-
tion of the H3PW and some of its acidic Cs salts, pure or
doped with Pd, occurs through the constitutional water
release [the water formed of the protons and the oxygen
from the [PW12040]37] having as result the loss of acid
sites (protons) and its catalytic activity diminution at the
same time. The activation energies are reliable values for
the conversion range of 5 < o < 20, but the value for
o = 10 % is recommended for the calculation of the life-
time. The estimation of lifetimes was done with ASTM E
1877-00 “Standard Practice for Calculating Thermal
Endurance of Materials from Thermogravimetric Data”
method. The estimated thermal life of the H;PW and some
of its acidic Cs salts pointed out a very good thermal
endurance at temperatures below 573 K. The Pd doping
decreases drastically the thermal endurance in all cases.
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Introduction

The calculation of thermal endurance and the estimation of
the catalyst lifetime at certain temperatures are problems of
high interest for the catalysts used in practice. For this
purpose, a standard method based on thermogravimetric
data is used. The calculation of catalyst’s lifetime with high
degree of confidence needs reliable values for activation
energy. The model-free isoconversional methods represent
a solution because the model-free analysis has as main
advantages: the simplicity and the avoidance of the errors
connected with the selection of a kinetic model [1].

Thus, the activation energy values calculated with
respect to [2] that complies with such exactingness owing
to the clear rules for: the sample shape, the experimental
procedure and the calculation course based on Flynn—Wall
isoconversional method (integral model-free) [3, 4]. Also,
the activation energies were calculated with Friedman
isoconversional method (differential model-free) for
checking, because this provides more accurate values of
activation energies compared with the integral model-free
methods, which could give significant errors in the deter-
mination of the activation energy [1, 5, 6].

The tungstophosphoric acid, H3[PW,040]-H,O (H;PW)
and its Cs acidic salts, pure or doped with Cu, Fe, Ni, Co,
Pd, Pt and Rh, are the most known heteropoly compounds
with application in catalysis [7—15]. The thermal decom-
position of the H;PW and some of its acidic Cs salts, pure
or doped with Pd, occurs through the constitutive water
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release that was formed of the protons and the oxygen from
the [PW ,040]°~ (Keggin unit—KU) having as result the
loss of acid centers (protons) [16, 17]. Thus, deactivation of
these catalysts could be the effect of protons loss or their
blocking with strong chemisorbed species and carbona-
ceous deposit [18-21]. Therefore, in this work, the pro-
cesses of constitutive water release of H;PW and some of
its acidic Cs salts, pure and doped with Pd, were studied in
details and their activation energy was found with integral
and differential isoconversional method. Based on the
activation energy of constitutive water release, the lifetime
was determined according to [22].

Materials and methods
Samples preparation

The cesium salts of H3[PW,040]-H,O (H3;PW) were pre-
pared by precipitation from an 0.1 M aqueous solution of
the parent acid (Merck, p.a., x = 13 H,0) adding drop by
drop the required stoichiometric quantity of cesium nitrate
as 1 M aqueous solution under stirring. The pH was kept
under 1.5 during all syntheses. The suspensions were
heated at 333-343 K under stirring until a paste was
obtained. After, the samples were heated up to 523 K and
were kept at this temperature 1 h, in air atmosphere, for
nitrate anion total decomposition. Finally, the solid sam-
ples with the general formula Cs,H;_,PW-yH,0O, where
x =1, 2 and 2.5, were obtained.

The Cs,H;_,PW-yH,O doped with 0.25 Pd atom/KU
was prepared as follows: The 0.1 M aqueous solution of
Pd(NO3), was added into the H;PW-13H,O solution of
0.1 M in the ratio 1:4 and after that, the required stoi-
chiometric quantity of cesium nitrate as 1 M aqueous
solution was poured drop by drop under stirring. The sus-
pension of precipitate was heated at 333-343 K under
stirring until a paste was obtained. The same procedure for
drying and total decomposition of nitrate anion from
samples was used.

The H;PW-6H,0 doped with 0.25 Pd atom/KU was
obtained by heating at 333-343 K under stirring the 0.1 M
aqueous solutions of Pd(NO3), and H;PW-13H,0 in the
1:4 ratio until a paste was formed. The samples were
shaped up with the procedure described previously for
drying and total decomposition of nitrate anion.

All synthesized compounds were characterized by FTIR,
XRD and TG-DTA.

Fourier transform infrared (FTIR) analysis

The FTIR absorption spectra were recorded with a Jasco
430 spectrometer (spectral range 4000-400 cm™' range,
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256 scans and resolution 2 cm™") equipped with Ge/KBr
window.

Before each measurement, the samples were kept in air
until constant mass was reached and the samples were
pelletized with KBr. The FTIR spectra were taken at room
temperature in air atmosphere.

XRD analysis on powder

Powder X-ray diffraction patterns were obtained with a
Bruker D8 Advance diffractometer using the CuK,, radia-
tion (Ni filter on the diffracted beam, 40 kV and 40 mA) in
a Bragg—Brentano geometry, with Soller and fixed slits and
a Nal (T]) scintillation detector, at angles within the range
of 20 = 5°-60°.

Thermal analysis

Thermal analysis was carried out using a TGA/SDTA
851-LF 1100 Mettler Toledo apparatus. The samples with
mass of about 10-50 mg were placed in alumina crucibles
of 150 pL. The measurements were performed in dynamic
air atmosphere with the flow of 50 mL min™", by heating of
samples with 10 K min~' from 298 K up to 573 K, fol-
lowed by an isothermal heating at 573 K for 60 min and a
final heating with 2.5, 5, 7.5 and 10 K min~' between 573
and 923 K with the purpose of the activation energies
calculation.

The checking of the lifetime’s prediction was carried out
by the heating of samples of pure and Pd-doped H;PW up
to 623 K with 10 K min~" and keeping these at 623 K for
a time calculated to reach at 10 % conversion. The syn-
thetic air with composition 80 % N, and 20 % O,, free of
CH compounds and nitrogen of 4.6 purity class was sup-
plied from Linde.

Results and discussion
Structural characterization by FTIR and XRD

The synthesized heteropoly compounds—HPCs consist of
KUs. The molecular structure of KU is considered as pri-
mary structure of HPCs. The IR spectra of KUs contain
characteristic vibration bands like a true finger print: —
VasP—O;=W, 1080-1081; —v,sW-0,, 976-995; v,W-O.—
W, 890-900; —v,;W-O~W, 800-810 cm ™' [23]. Weaker
absorption bands due to & (P-O-P) and v, (W-O-W)
appeared at 596 and 525 cm™', respectively [24]. A large
band 3000-3400 cm™' is assigned to crystallization
hydrogen-bonded water and to hydrogen-bond vibrations
(hydrogen bonds formed between neighboring KUs). The
other two bands in relation to water molecule vibration
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(1710-1720 and 1618 cm™") are assigned to & vibrations of
protonated water (hydroxonium ions, H;0" or HsO,")and
to O vibrations of nonprotonated water molecules |,
respectively [25, 26]. The registered FTIR spectra show the
presence of the specific absorption bands for KUs in the
H3;PW and its Cs salts and in the Pd-doped heteropoly
compounds also, as can be observed from Fig. 1.

No significant differences between the FTIR spectra for
H3;PW and its Cs salts and the spectra of the same het-
eropoly compounds doped with Pd were observed; there-
fore, it could be concluded that Pd does not affect
significant the KU structure.

The FTIR spectra of samples heated at 873 K for 1 h
show the complete disappearance of specific KU absorp-
tion bands for H;PW and Pd-doped H;PW and an increase
of intensity for these bands with higher Cs/KU ratio (see
Fig. 2). This means that only KUs of H;PW are destroyed
at this temperature and by the increasing of the Cs/KU
ratio, the amount of KUs of Cs;PW also increases, as it will
be demonstrated further by the XRD and the thermal
analyses.

The H;PW-6H,0 and their Cs salts have crystal structure
of cubic Pn3m symmetry according to literature [25-27].
The synthesized H;PW-6H,0 and its Cs acidic salts and Pd-
doped H3PW-6H,0 and its Cs acidic salts show close X-ray
diffraction spectra as can be seen in Fig. 3.

All HPCs containing Cs show larger widths of diffrac-
tion maxima and a shifting to higher angles at the same
time with the increases in the content of Cs. However, the
diffraction maxima from smaller angles of 20 = 10.3 and
14.6 are reduced drastically for HPC containing Pd.
Therefore, Cst and Pd>* exercise a significant influence
over the secondary structure only, because IR characteristic
bands remain practically unchanged.
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Fig. 1 FTIR spectra of H;PW and Cs,H;_,PW, where x = 1, 2 and
2.5, and PdH, sPW and PdCs,H, 5s_PW, where x = 1, 2 and 2.5

Pd ,.Cs, H ,PW

025725 025

Cs, H PW

25 05

4 Pd _CsH PW

02572 l05

Cs,HPW
Pd,,.Cs H, PW

T1%

b2sCSiH,
Cs H,PW

Pd_,H, PW

025 25

HPW

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber/cm™1

Fig. 2 FTIR spectra of the samples after calcination at 873 K, 1 h, in
air atmosphere: H;PW and CsyH;_PW, where x = 1, 2 and 2.5, and
PdH, sPW and PdCs,H, s_,PW, where x = 1, 2 and 2.5
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Fig. 3 X-ray diffraction patterns of H3PW and Cs,H;_,PW, where
x = 1,2 and 2.5, and PdH, sPW and PdCs,H, 5s_,PW, where x = 1, 2
and 2.5

The analysis of the X-ray diffraction spectra from
Fig. 3, by comparing with the spectra of Fig. 4, shows only
the presence of the characteristic diffraction maxima for
H;PW-6H,0 and Cs;PW. The files 00-050-304 for
H;PW-6H,0 and 00-050-1857 for Cs;PW have found in
the diffractometer’s database.

The X-ray diffractograms of samples heated at 8§73 K
are showed in Fig. 5. For identification of existent phases,
these spectra have been compared with the most likely files
of HPCs and oxides using the diffractometer’s database and
literature data.

The main lines of the X-ray files found in the spectra of
Fig. 5 belong to WOj3 (00-004-5867 file plotted in Fig. 6)
and Cs3PW according to 00-050-1857 file. The results
confirm the TG-DTA analyses and the IR investigations:
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Fig. 4 X-ray diffraction lines for the main planes of reflections from
H;PW-6H,0 and Cs;PW according to 00-050-304 file and 00-050-
1857 file, respectively
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Fig. 5 X-ray diffraction patterns of H;PW and Cs,H;_ PW, where
x = 1,2 and 2.5, and PdH, sPW and PdCs,H, 5_,PW, where x = 1, 2
and 2.5, after calcination at 873 K, 1 h, in air atmosphere

the H3PW was decomposed totally to corresponding oxides
and the WOj3 was crystallized, because the H3;PW heated at
873 K gives a spectrum similar to the spectrum corre-
sponding to tetragonal WO; [28, 29]. The tetragonal WO;
is present also in the spectra of acidic salts as a result of its
partial decomposition, because its main characteristic line
(100) can be observed in these spectra. The intensities of
this diffraction line decrease with respect to Cs/KU ratio
increases. The main reflections lines of the Cs;PW were
observed, and their intensity increases for higher Cs/KU
ratio. In the same time, the H;PW’s diffraction lines dis-
appear practically.

WOj; and PdO, both crystallized in tetragonal form, give
close reflection lines, so PdO presence can be proved only
by the comparison of the ratios between the heights for the
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Fig. 6 X-ray diffraction lines for the main planes of reflections from
Cs3PW, WO; and PdO according to 00-050-1857 files

same two peaks of pure and Pd-doped HPCs. Thus, the
height of the peak at 20 = 33.506 (I;;; = 42.5) was divi-
ded by the height of the peak at 20 = 23.754 (1,9 = 100),
which is the characteristic of WOj5. The ratio 1;;,/11,¢ from
spectra corresponding to heated samples at 873 K for HPCs
containing Pd is higher than for undoped HPCs, because
the intensity for the peak at 20 = 33.506 was increased
owing to superposition of the peak at 260 = 33.855
(1101 = 100) belonging to PdO [17]. This is a proof of PdO
formation at thermal decomposition of Pd-doped HPCs.

Thermal analysis
The thermal curves of decomposition for all synthesized

compounds and all heating rates, without the isothermal
segments at 573 K, can be seen in Figs. 7 and 8.
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Fig. 7 The thermal curves of decomposition for H;PW and
Cs,H;_,PW, where x = 1, 2 and 2.5: TG (la—4a), DTG (I1b—4b)
and DTA (Ic—4c)
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Fig. 8 The thermal curves of decomposition for PdH,sPW and
PdCs,H, 5_,PW, where x = 1, 2 and 2.5: TG (la—4a), DTG (I1b—4b)
and DTA (Ic—4c)

The thermal decomposition of the H;PW-xH,O and its
acid Cs salts occurs between 298 K and about 900 K. The
final decomposition temperature depends on the composi-
tion and the used heating rate. Thus, the thermal analysis of
the H;PW-xH,O shows the loss of water in three steps. The
first one corresponds to the loss of the physically adsorbed
water and the water molecule bound by weak hydrogen
bonds (about 6-8 H,O molecules/KU) in the temperature
range of 298-383 K. The second step corresponds to the
water molecules from HsO3 expelled in the range of
383-573 K corresponding to H3;PW-6H,O dehydration.
The third step is the constitutional water loss, over 573 K
[the water formed of the protons and the oxygen of the
[PW,040]°"]. The water molecules bound by weak
hydrogen bonds and the water molecules of HsO3 are
considered as crystallization water. The TG-DTA experi-
ments have shown the complete elimination of the physi-
cally adsorbed water and the crystallization water from
H;PW-xH,O0 after isothermal heating at 573 K for 1 h (this
segment of isothermal heating is not shown in Figs. 7, 8).

The decomposition of Cs;H,PW-5H,O and Cs,
HPW-5H,0 owing to the loss of water in three steps also can
be observed on TG curves, and the maxima rates for these
steps are evidenced on the DTG curves. In the Cs, sHy sPW
case, the second step (the water bonded as Hs03) could be
observed just a shoulder on the DTG curve. The peak size
corresponding to constitutive water loss on DTG curve is
diminished strongly as result of Cs/KU ratio increasing, this
means lower H/KU ratio. On the other hand, a high content
of physically adsorbed water (probable water of pores, which
isremoved at lower temperature as the water molecules bond
of HY) was evidenced for the salts with higher specific sur-
face area, Cs,HPW-4-5H,0 and Cs, sHy sPW-6-8H,O [16].

The final process of WO; crystallization gives exother-
mal peaks on DTA curves for H;PW and Cs;H,PW, only

shoulders for Cs,HPW and shows no significant thermal
effect for Cs, sHy sPW.

Generally, the thermal decomposition of Pd-doped
HPCs occurs in the same manner, but at lower temperature
than corresponding undoped HPCs as it ensues from ther-
mal curves showed in Fig. 8.

On the other hand, the acidic salts can be written down
as mixture of H;PW and Cs;PW, thus: 6Cs, sHysPW =
1H3PW + 5Cs3PW, 3Cs,HPW = 1H3PW + 2Cs3PW, 3Cs
H,PW = 2H3PW + 1Cs;PW  and as general formula:
CsyH3_PW - yH,0 = (1 — x/3)H3;PW + Csy [PW]X/3 [16].
The Pd-doped CsxH3;_xPW - yH,O is a mixture of H;PW,
Cs;PW and PAHPW based on the experimental data, and
their composition could be described by general formula:
6Pdg »5CsxHy 5_xPW - yH,O = 1.5PdHPW + (4.5 — 2x)H;
PW + 2xCs; PW [17].

All the experimental observations and previous
assumptions lead to the conclusion that only the KUs
belonging to H;PW or PAHPW were decomposed to oxides
as result of constitutive water release over 573 K.

The mass loss between 573 and 923 K gives very close
values to the theoretical ones for the content of constitutive
water for the prepared HPCs, excepting the Pdg »sCs,H, 5_xPW
forx = 2.5, which has to be a neutral salt according this general
formula, but the calculation gives the Pdj,5Cs, sHgosPW
formula.

Based on these observations and on the thermal analyses
results, the main decomposition processes of H;PW-xH,O
and Cs,H;_,PW-yH,O and Pd (,sH,sPW-6H,O and
Pdy,sCsyH, 5_xPW-yH,O are described by the next
relations:

H3PW 1,04 - xH,0 227K ;73KH3PW,2040M§ 12WO0;
—xH,O
+ 1/2P,05 (1)
298—-573K
CSXHg XPW12040 yH20 0 (1 — /3 HsPW12040
2
573-923K
+x/3CS3PW12040 —_— CSX(PW12040)X/3
~(3-x)/2H,0
+12(1 — x/3)WOs + (1 — x/3/2)P,05 2)

4Pdy »sHy sPW 12049 - 6H,0 m%deHz SW1,040

573-923K (3)

+ 3H;PW ;04 ————PdO + 48WO;3 + 2P,0s5

298—573K
—>

6Pd() 25CSXH2 5— XPW12040 yH20 1. 5PdHPW12040

+ (45 — ZX)H3PW]2040
573-923K

+2xCs3PW 1,049 —— 1.5PdO + 2xCs3PW 2049
—3(2.5-x)H,0
+12(6— 2)WO; + 3P0 (4)
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The kinetics for constitutional water loss was studied
using the Standard Test Method for Decomposition
Kinetics by Thermogravimetry [2]. The segments of TG
curves for nonisothermal heating from 573 to 923 K (see
Fig. 9) were used to determine the absolute temperatures at
constant conversion-a, for the range of constant conversion
values from 5 to 20 %, with the interval of 5 %.

The activation energy was calculated with the next
equation [2]:

E = —(R/b)A(log B)/A(T™"), (5)

The symbols used have the following definitions:

R—gas constant, 8.314 Jmol ™' K™'), b—approximation
derivative, 0.457 for the first iteration, f—heating
rate/K minfl, T—temperature/K at constant conversion,
A(log B)/A(T™") = the slope of the Arrhenius plot for log B
function of 1/T of constant conversion data.

According with this method, the calculation of E was
repeated with the new value for b selected from the
numerical integration constants table [2] function of the
value for E/RT. (T.—temperature at constant conversion
for the heating rate closest to the midpoint of the experi-
mental heating rate, 5 K min~! in our case) until the value
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Fig. 9 The curves of constitutive water loss at the heating rate of 2.5,
5,7.5 and 10 K min~! for H;PW and Pd,sH, sPW

for the activation energy changes by less 1 %. This last
value is named refined activation energy—E,.

The pre-exponential factor, A, was calculated with the
Eq. (6):
A=—(B'/E)RIn(1 — o) 10%, (6)

The new symbols used have the following definitions:

p'—heating rate nearest the midpoint of the experi-
mental heating rate, 5 K min~!, E,—refined activation
energy, a—approximation integral from the numerical
integration constants table [2].

The results of these calculations are showed in the
Table 1.

The precision of the E, calculation depends on the
quality of the linear fit for the points of constant conversion
with coordinates (7', log B), as the slope (A(log B)/
A(T™Y) for their regression line is one of the factors in
Eq. (5), so the correlation coefficient R? describes also the
precision for the found E, values.

Figure 10 shows a typical diagram used for calculation
of the activation energy and pre-exponential factor by
ASTM E 1641-04 method.

W% R
H,PW
5  0.9950
10 0.9953
15 0.9940
20 09922
PdD.ZSHZ SPW
oY 5 09720
o 10 0.9284
k<] 15 0.9185
20  0.9204

T T T T T T T
1.450 1.475 1500 1.525 1.550 1.575 1.600
T-110%/K-!

Fig. 10 The plot of log B versus inverse temperature (T~ ') at
o = constant (5, 10, 15 and 20 %) for H;PW and Pdg,sH, sPW

Table 1 Apparent activation energy—E, (kJ mol™!) for HyPW and Cs,H;_,PW, where x = 1, 2 and 2.5, calculated by ASTM E 1641-04

method (E,) and by Friedman method (EF)

/% H3PW CS]H2PW CSzH]PW C52_5 H()_sPW

Ea Eg Ea Er. Ea Eg Ea Er.
5 2415 258.1 267.0 284.2 200.8 239.0 188.8 161.9
10 259.4Y 266.3% 258.7% 265.3% 247.5% 258.59 199.77 189.1%
15 265.1 274.7 255.9 272.8 2472 260.7 216.8 191.5
20 264.6 268.9 265.9 281.7 263.8 279.8 224.1 189.4

AP +113,2+£193,Y+£212,%+£202,Y+£233,2+87 7 +166,Y +7.0
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The other way used for calculation of activation energy
was the differential isoconversional method suggested by
Friedman [5] based on the relation:

In(Bdot/dT) = InA + In(1 — o) — E,(RT) ", (7)

f—heating rate, K min~!, A——pre-exponential factor,

R—gas constant, 8.314 J mol ™! K1,

The plot of In(B do/dT) vs. (T™"), for & = constant and
for a several heating rates, gives straight lines with the
slope = E./R.

A typical figure for the E, calculation by differential
isoconversional method (Friedman) is showed in Fig. 11.

The apparent activation energies for constitutive water
release from acidic HPCs by both methods (ASTM E
1641-04 and Friedman) are summarized in the Tables 1
and 2.

The imprecision in calculation of the apparent activation
energy is related to the imprecision in the slope value
determination: A(log B)/A(Tl) for the ASTM E 1641-04
method and E,/R for Friedman method, and it was calcu-
lated on this basis. The limits of imprecision (A) are given
under the Tables 1 and 2.

/% R

H,PW
5 0.9514
10 0.9844
15 0.9873
20 0.9865
Pd,,.H, PW
5 0.9680
10 09172
15 0.9131

20 0.9239

Ln(B*de(dT)™")

—-0.5

T T T T
1525 1550 1575 1.600

T-110%/K-1

T T T
1.450 1.475 1.500

Fig. 11 The plot of In (B*dot(dT)_l) versus inverse temperature (T_l)
at o = constant (5, 10, 15 and 20 %) for H;PW and Pd,sH, sPW

The differential format of data (do/dT vs. T) produces
high error bars in the energy plot, when it is accompanied
of significant baseline noise, giving sharp variations on
curves [30]. On the other hand, the application of curve-
smoothing procedures may often influence the value of E,
[31]. However, good results were obtained choosing care-
fully the parameters of smoothing, without changing the
base shape of curves, only for the samples with lower mass
loss, where the influence of noise is important (Cs,H;PW,
Cs,.5sHo sPW, Pdg 25Cs,Ho sPW and Pd 25Cs2 sHo 2sPW).

The E, values for the H;PW and Cs;H,PW from Table 1
are very close because the Cs;H,PW’s microstructure
consists of mixture with ratio = 2:1 between the H;PW
and the Cs3PW, with a core of Cs3;PW crystallites covered
of H3;PW molecules as outer layers [16] having similar
secondary structure with the H3PW in bulk as it appears
from their X-ray diffraction spectra. The Pd doping causes
a drastic decrease of E, because it supports the release of
constitutional water by replacing of protons (see Table 2).

The thermal lifetime calculation has regard to the pro-
cedure stipulated of Standard Practice for Calculating
Thermal Endurance of Materials from Thermogravimetric
Data [22] based on the work of Krizanovsky and Mentlik
[32]. The Eq. (8) was used to plot the logarithm of esti-
mated thermal life (¢;) versus reciprocal of T§:

logt; = E/(2.303 RT¢) + log[E/(RB)]—a (8)

t—estimated thermal life for a given value of o/min,
Tr—failure temperature for a give value of /K, a—ap-
proximation integral taken from Table 1, ASTM E
1877-00.

To calculate #;, the value for the temperature at the
constant conversion point (7,) for a heating rate (§) nearest
the midpoint of the experimental heating rates was
selected.

This value, along with the Arrhenius activation energy,
was used to calculate the quantity E/(R T.) and to select the
“a” value in Table 1 [22]. A number of temperatures in the
region of the chosen percent mass loss, indicative of fail-
ure, were arbitrarily selected, in the mass change curve at
the midpoint of heating rate. The logarithm of the thermal

Table 2 Apparent activation energy—E, (Kj/mol) for Pdy,sH, sPW and Pdj,sCsH 5 xPW, where x = 1,2 and 2.5, calculated by ASTM E

1641-04 method (E,) and by Friedman method (Ef)

o/ % Pdg»sH, sPW Pdy,5Cs H; sPW Pdg »5Cs,Hy sPW Pdg »5Cs, sHp 2sPW

EA EF EA EF EA EF EA EF
5 163.5 205.4 187.1 221.7 159.3 237.8 172.4 97.2
10 175.4Y 201.7% 208.5% 213.5% 174.1% 205.8% 185.6” 197.1%
15 189.0 198.1 210.1 221.5 184.9 212.1 180.9 205.4
20 186.1 201.2 216.9 235.1 199.2 226.0 187.8 236.0

AV +158 2 +£17.1,Y +£201,% £207,Y £16.7,° £ 1257 +20,¥ + 6.2
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life from Eq. (4) was calculated. Finally, the thermal
endurance curves were plotted, with thermal life on the
ordinate and reciprocal of absolute temperature on the
abscissa as can be seen in Figs. 12-15.

The failure temperature was chosen for & = 10 % from
two main reasons:

e It represents an important loss of active sites (10 %),
which in many cases requires the replacement of
catalyst; therefore it could be close to a practical
application.

e The apparent activation energy at 10 % conversion is
within the range of recommended conversion for the use
of ASTM E 1641-04 method, because the value of the
calculated activation energy is independent of reaction
order only in the early stages of decomposition.

It is worthy to mention that the experimental tempera-
ture range (573-923 K) is close to the temperature range of

7 V0 =10 % 623 K 573K 523K 4 1E7
2508 days,
6 " HPW 750 days] 10,00,000
—e—Cs HPW 185 days]
1
5 - Cs,HPW 77 days] 100,000
—+—Cs, H, PW s30h <
w41 100 h 410,000 E
D 71h (3]
kel F—32h £
31 {1000 g
=
2 1 13h 4100
—0.5h
1 410
0 T T T T 1

T
1.4 1.5 1.6 1.7 1.8 1.9 2.0
T-110%/K-

Fig. 12 The decimal logarithm of the lifetime and lifetime (calcu-
lated with E, from Table 1) calculated versus reciprocal temperature
for the H;PW and some of its acidic Cs salts at « = 10 %

6 623K 573K 523K 310,00,000
a=10% o
89 days
54 _a_ Pd, .H, PW 76 days+ 1,00,000
.25 2. 46 days
- Pdo.25C51 H, PW 17 days
4 - Pdo.zﬁcszHospw 52.5 h. 410,000 c
- ¢ Pd, G, H, 5P 323 é
o 27h D
S 37 " 115h 71000 £
1 22: " :G:S
| : ] i
2 ih 100
F—0.6 h
14 f 310
0 T T T T T 1
1.4 15 1.6 1.7 1.8 1.9 2.0
T-110%/K-1

Fig. 13 The decimal logarithm of the lifetime and lifetime (calcu-
lated with E, from Table 1) versus reciprocal temperature for the Pd-
doped H3PW and some of its acidic Cs salts at o = 10 %

@ Springer

predictions (523-623 K), according to the recommenda-
tions stipulated by ICTAC Kinetics Committee [33].

The significant lifetimes of HPCs are obtained for
temperatures below 573 K. The lifetime with suit-
able length for use in practice could be fulfilled of the
H3;PW and Cs,H;_,PW, where x = 1, 2 and 2.5, and only
in certain cases of Pd-doped H;PW and Cs,H; PW,
where x = 1, 2 and 2.5.

The checking of lifetime prediction was carried out
comparing the conversions obtained by heating the samples
of H3;PW and Pd-doped H;PW at 623 K for the time given
in Figs. 12-15, when the conversions of 10 % were
reached. Their lifetimes determined using E, either calcu-
lated with ASTM E 1641-04 or with Friedman method are
very close. As consequence, values around 12 % conver-
sions were obtained for both HPCs, but with a difference of
2 % by comparison with the conversion of 10 % expected

7 1 623 K 573 K 523K 31E7
a=10% 3287 days
949 days]
6 1 76 days3 10,00,000
e 102 days{
5" HPW 41,00,000
—+—CsH,PW 378h c
o 44+ CsHPW 111 {10000 £
’ [}
g —+—Cs, H, PW 5 h IS
= 3 a7h 41000 3
43h—_| =
2- 2en {100
1.3h
14 |™05h 110
0 T T T T 1

1.4 1.5 1.6 1.7 1.8 1.9 2.0
T-110%/K-1

Fig. 14 The decimal logarithm of the lifetime and lifetime (calcu-
lated with E, from Table 2) calculated vs reciprocal temperature for
the H3PW and some of its acidic Cs salts at « = 10 %

6 - . 623 K 573K 523 K 310,00,000
a=10% 185 days
105 days—
5 68 days +41,00,000
- Pd025H25PW \
4 —+—Pd_,CsH PW
i Pd, ,.Cs,H, PW 78 310,000 E
w —+—Pd_, Cs, H,,.P 35h £
o | 0257 °25 0.25 31h i %)
3 3 K ah 1000 £
26h °
2 tan 4100 3
> ~1h
1- o4n 110
&
0 T T T T T 1
1.4 15 1.6 1.7 1.8 1.9
T-1103/K-1

Fig. 15 The decimal logarithm of the lifetime and lifetime (calcu-
lated with E, from Table 2) versus reciprocal temperature for the Pd-
doped H3PW and some of its acidic Cs salts at o = 10 %



The estimation of thermal endurance for some heteropoly acidic catalysts from... 281

Table 3 The limits of catalysts’ lifetime calculated on the basis of the imprecision in determination of apparent activation energy (A) with

ASTM1641-04 method—E s and Friedman method—Eg

Catalysts Temp./K Limits of the #/h
EA—ASTM 1641-04 Er—Friedman
tr (Ea — A) tr (Ea +4) tr (Ep — A) tr (Er + A)
H;PW 523 49,700.4 71,808.9 48,939.6 112,236.0
573 299.7 363.9 260.8 510.8
Cs;H,PW 523 13,303.9 24,425.0 15,192.8 31,090.1
573 86.9 116.6 82.1 143.4
Cs,H,PW 523 3413.0 6657.3 5191.9 8313.5
573 28.7 38.3 34.5 42.5
Cs,.5 HosPW 523 3018.1 5922.2 1985.7 32153
573 60.0 83.9 515 63.0
Pd»sH, sPW 523 1332.3 2689.0 3135.8 5943.2
573 45.6 64.8 60.1 98.5
Pdy25Cs H; sPW 523 1490.1 3095.7 1718.0 3499.2
573 27.9 38.7 27.6 44.7
Pdj25Cs,Ho sPW 523 290.1 548.8 674.0 1135.2
573 10.5 12.9 12.0 16.5
Pdy 25Cs, 5Hg 25sPW 523 1030.1 1171.9 1437.3 1817.6
573 259 27.2 28.9 332

according to lifetime calculation. This result confirms sat-
isfactorily the calculation of lifetime and implicitly the
used values of apparent activation energy.

On the other hand, the imprecisions in determination of
activation energies affected strongly the catalysts’ lifetime
prediction, because the limit values of apparent activation
energies gave a large domain for the lifetimes, as you can
see in Table 3. However, the same conclusions could be
drawn based on these values for selection of suitable cata-
lysts, as those deduced based on the lifetime calculated
with the most probable activation energies.

Narrower limits of lifetime prediction need higher
accuracy and precision in determination of apparent acti-
vation energy, which becomes increasingly easier with the
new performant equipment and the new computational
methods.

Conclusions

The thermal decomposition of H;PW and some of its acidic
Cs salts in pure form and as Pd-doped form consists of
water release: physically adsorbed water, hydrogen-bonded
water and constitutive water [the water formed of the
protons and the oxygen of the (PW12040)3_]. The consti-
tutive water loss occurs with significant rate over 573 K.
The release of constitutive water causes the destroying of
Keggin units with formation of corresponding oxides and
the loss of acidic catalytic activity. The apparent activation

energy—E, for constitutive water release was determined
by integral isoconversional method—ASTM 1641-04 and
differential isoconversional method—Friedman. The ther-
mal endurance was estimated by comparing the E, for
studied HPCs and mainly by their lifetime calculated
according to the Standard Practice for Calculating Thermal
Endurance of Materials from Thermogravimetric Data
(ASTM E 1877-00) with the most reliable E, values.

The Pd-doped HPCs show significantly lower values of
E, than pure HPCs. Generally, the E, calculated by
Friedman differential method are bigger than those calcu-
lated with FW-ASTM 1641-04, except E, value for Cs, 5
HosPW. Between the E, values calculated by the two
methods, the greatest differences are observed for oo = 5
and 20 %. On this basis and the assumption from ASTM
1641-04 that the value of activation energy is independent
of reaction order only in the early stages of decomposition,
the E, values for o« = 10 % were used for calculation of
lifetime. The explanation could be the significant error of
mass loss measurement at low conversion (for o < 5 %)
and deviation from the assumption that E, is independent
of reaction order in the early stages of decomposition, id
est when o > 15 %.

The significant lifetimes of HPCs are obtained for tem-
peratures below 573 K, but lifetime with suitable length for
use in practice could be fulfilled of the H;PW and
CsyH;_,PW, where x = 1, 2 and 2.5, and only in certain
cases of Pd-doped H;PW and Pd-doped Cs,H;_,PW, where
x=1,2and2.5.
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The checking of lifetime prediction was carried out

comparing the conversions obtained by heating the samples
of H;PW and Pd-doped H;PW at 623 K for the time at

which the conversions of 10 %

have to be reached

according to the calculations. The values around 12 %
conversion obtained for both HPCs confirm satisfactorily
the calculation of lifetime and implicitly the used values of
apparent activation energy.
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