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Abstract: The salts of Na+, Li+ ,Cs+ and K+ of heteropoly acids were prepared with different degree of
substitution.Physico-chemical characterization of the prepared samples. Several techniques were employed
such as elemental analysis, TG, X-ray diffraction, IR and SBET measurements. The study includes the role
of different factors such as the effect of pretreatment temperatures and studying the reaction in the steady
state conditions, effect of time, reaction temperature, partial pressure of tert-butanol. The dehydration of
tert-butanol to isobutene was investigated in a flow system over 12-tungstophosphoric acid containing
cation content, 1, 2, 2.5, 3 per Keggin unit with different degree of exchange at temperature range of 50-
1600C. 
The following conclusion can be drawn from the data obtained:-
1- The predominant product is isobutene with small amount of isooctene.
2- The most active catalysts for the dehydration reaction are 
MxH3-xPW12O40 where, M=K, and Cs, when (x=2, and 2.5) or M=Na, and Li (when x=1).
3- All catalysts are highly selective for isobutene formation.
4- Most of the catalysts have good stability with time.
5- Isobutene formation is a zero order reaction.
7- The reaction obeys a zero-order reaction with respect to tert-butanol.
8- Dehydration of tert-butanol is a surface reaction due to the existence of strongly adsorbed species on
the surface.
9- The cesium salts of HPW is the most stable catalysts. However, the lithium tungsto
phosphate is the less stable catalyst due to the effect of water to inhibit the catalyst activity towards
isobutene and isooctene formation.
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INTRODUCTION

Both greener catalytic processes and catalytic
processes for greener products must play key roles in
green chemistry. The heteropoly acid (HPA) catalysts
may be considered as the best candidates for green
catalysts[1,2]

Heteropolyacid (HPA) catalysts are enjoying great
interest in many important industrial homogeneous and
heterogeneous catalytic processes as polymerization of
tetrahydrofuran (THF) to polyoxytetramethyleneglycol
(PTMG), where PTMG is used as an elastic fiber and
elastomer[3] This is a good example of a green catalyst,
where a  small  amount  of  by-  product
(i.e.,THFoligomer), can be recycled to the reactor
without any purification, thus, the HPA process is a
simple closed system without producing waste, clean,
non corrosive and energy saving.

There are another examples for using heteropoly

acid (HPA) as efficient catalyst in many important
industrial processes, like hydration of isobutylene[4],
oxidation of methacrolein[5], synthesis of lower
olefins[6], and using the lithium salts of heteropolyacids
as electrolyte of lithium – ion batteries, where the
battery with Li3PW12O40 electrolyte has a stronger
ability of maintaining its electricity capacity[7]. Also,
heteropolyacids supported on silica were used in the
direct dehydration of cholesterol, where the catalyst is
very active, selective, allowing easy separation from
the reaction medium and the same catalysts were used
several times[5]. The stability of Dawson heteropoly
anion is also increased by the formation of K-salt.
H6P2W18O62 decomposed at 573 K, but the potassium
salt was stable at 723K[8,9].

The effect of calcinations from 100 to 700ºC on
H3PW12O40.24 H2O causes weight loss in three
stages[10].
1. From 100 to 350ºC removal of zeolitic H2O to



J. Appl. Sci. Res., 6(8): 1218-1239, 2010

1219

give 4-5 hydrate takes place. The formation of 5-
hydrate over P2O5 was obtained by Keggin[11].

2. The formation of anhydrous acid takes place at
350-450ºC. this result is in a good agreement with
differential thermal analysis reported by West and
Audreith[12].

3. From 450 to 700ºC a considerable weight loss was
obtained which is attributed to loss of phosphorous
as P2O5

[10].

Moffat assumed that this decomposition proceeded
via PW12O38.5 in the case of H3PW12O40[13].The thermal
behavior of metal salts can be discussed by dividing
them into two groups A and B. The salts of group A
resemble the acid forms in several respects, water
evolving near 200ºC for divalent metal salts as Cu-salt
of molybdophosphoric acid may be due to water
coordinated to the metal ion. In the case of group B,
water content is low and is released at a lower
temperature[14].

Cs salt (group B) is thermally more stable and
melts at 700ºC, accompanied by a partial
decomposition[15]. As for the elements constituting a
polyanion, the thermal stability is, in general, W > Mo
and P > Si. It has been pointed out that H4SiMo12O40

decomposes even at room temperature if it is kept for
a long time, although the decomposition took place at
about 250ºC in the TG experiment[16].

The effect of thermal behavior of heteropoly acids
having a general formula (XM12O40)

n- on their catalytic
properties was studied[17]. Also, thermogravimetric
analysis gave complementary information about
proton/water contents of solid 12- tungestophosphoric
acid H3PW12O40 and its cesium salt Cs1.9H1.1PW12O40

[18].
Hetropolyanions, such as (PW12O40)

3-, (PMo12O40)
3-,

(SiW12O40)
4- and (P2W8O62)

6-, have very low negative
charge on the surface oxygen of the polyanion,
therefore their acid forms are strong acids. The proton
locations within the thermally stable and commonly
known Keggin unit, which is the primary structure
building unit/block, has remained undetermined in
anhydride HPAs, despite numerous theoretical and
experimental efforts. However, Rotational Echo Double
Resonance (REDOR), NMR and D. Functional Theory
(DFT) quantum chemical calcinations offer a new
opportunity to determine the exact locations of protons
within the Keggin unit. Whereas, the acidic protons are
located in the bridging oxygen positions in H3

PMo12O40 and in the terminal oxygen positions in H3

PW12O40
[19]. The stoichiometric type B salts of

H3PW12O40 have a quite homogeneous and organized
porosity as in the case of zeolites[20,21]. Misono et al.[22]

found that the micro-pore structure (>0.59nm) can be
controlled by the partial substitution of H by Cs+ or
NH4+ in H3PW12O40 also, Lee et al.[23] found that the

surface area and surface acidity of Cs- substituted
heteropoly acids are controlled by the amount of Cs
substitution and the size of the micro-pores can be
controlled, which leads to shape selective catalysis.

In dehydration of t-butyl alcohol (TBA), R.Ohtsuka
et al. [24] suggested that the change in the catalytic
activity with the amount of heteropoly acids supported
on ilica may be explained by adopting the (pseudo-
liquid phase) concept, in which a few layers of the
heteropoly acid supported take part in the catalytic
reaction. The layer thickness, regarded as a pseudo-
liquid phase, depends markedly on the kind of the
heteropoly compound supported. Concerning the kind
of heteropoly compound, the acidity is found to
decrease in the order[25] H3PW12O40 /SiO2-200>
H3PMo12O40 /SiO2-200 >H3PO4 /SiO2-200.

Ohtsuka et al [26] proposed that the dehydration
mechanism of liquid and gaseous tert-butanol in the
presence of heteropoly compounds such as H3PW12O40,
and their sodium, potassium, and ammonium salts
supported on silica. The dehydration of liquid alcohol
precedes though a pseudo-liquid mechanism and all
catalysts used are slightly poisoned by the evolved
water. However, the dehydration of gaseous tert-
butanol the outer surface mechanism has been
confirmed, in which slight poisoning occurs during the
reaction. In both cases the catalytic activity of
heteropoly compounds has been found to decrease with
increasing number of cations substituted for hydrogen
ions [24]. The acidity is found to decrease in the order
H3PW12O40/ SiO2 > H3PMo12O40/ SiO2 and H3PW12O40/
SiO2 >KH2PW12O40/ SiO2 > K2HPMo12O40/ SiO2 >
K3PW12O40/ SiO2 

[27]. The catalytic activity has been
related to the strength and /or the amount of acid[28]. A
similar correlation between the acidity and the activity
for the dehydration of tert-butanol was proposed by
Ohtsuka et al.[29]. The reaction is found to be of the
zero order. 

Experimental:
2. Catalysts Preparation:
2.1. The Parent Acids: The parent acids are analar
grade and were used without further purification.

2.2. Preparation of Acidic Salts of 12-
tungstophosphoric Acid: The cesium, potassium,
sodium and lithium salts of 12- tungstophosphoric acid
(Mxn+H3-nxPW12O40, where M= Cs, K, Na and Li and
nx=1, 2, 2.5and 3) were prepared by titration of an
aqueous solution of H3PW12 O10 (0.05M) over a water
bath at a 70ºC with an aqueous solution of CsNO3

(0.05M), LiNO3 (0.05M), NaNO3 (0.05M) and KNO3

(0.05M). The aqueous solution of corresponding nitrates
was added dropwise at a rate of about 1ml/min with
constant stirring for 2h. The precipitates of Nax and Lix



J. Appl. Sci. Res., 6(8): 1218-1239, 2010

1220

(x=1,2,2.5,3) were not obtained by titration but in the
case of Kx and Csx solutions containing precipitates. All
of these solutions were evaporated to dryness at 70ºC
and the entire solid sampled were dried at 110ºC for 4
h.

3. Physicochemical Techniques: The chemical
composition and structure of the heteropoly compounds
were characterized using elemental analysis, I-R,
thermogravimetric analysis, X-ray diffraction, and BET
surface area measurement

3.1.Elemental Analysis: Cation content of most of the
prepared samples was characterized by atomic
absorption spectrophotometry (AAS). The potassium
content was determined a fter dissolving the solids in
sodium hydroxide but sodium and lithium contents
were determined after dissolving the solids in distilled
water using “Analyst 100, PERKIN ELMER”” atomic
absorption spectrometer in the Central Laboratory at
Faculty of Science, Cairo University

3.2. Infrared Spectral Analysis (IR): The functional
groups of the samples were investigated by a
(BRUKER Vector 22 - Germany) infrared spectrometer
in the Central Laboratory at Faculty of Science, Cairo
University. 

3.3. Thermal Analysis: Thermogravimetric (TG) of the
parent acids and their related salts were carried out
using Shimadzu TGA-50 thermogravimetric analyzer,
the rate of heating was kept at 10ºC min-1, weights of
solids used changed from sample to other and was
recorded in TG charts. The rate of nitrogen flow was
30 ml min–1. The range of heating was kept from room
temperature to 600ºC.

3.4. X-ray Diffraction Analysis: The nature of the
solid phase is investigated by means of X-ray analysis.
X-ray diffraction patterns were obtained for the
different catalysts, using a Philips diffractometer model
PW-1390 at 40 KV and 30 mA with Ni- filter and Co
K γ- radiation. 

3.5. Surface Area measurement: The surface area
measurements of the samples were performed by the
BET method from nitrogen adsorption- desorption
isotherms obtained at 77K.

RESULTS AND DISCUSIONS

1- Elemental Analysis: The chemical composition of
the sodium, potassium and lithium salts of
tungstophosphoric acids prepared with different
stoichiometries are given in Table 2. It is clear that the

preparation process affects only on the secondary
structure (H2O of crystallization, replaceable hydrogen
and cation content). The amount of counter- cation
changed from sample to another and consequently, the
amount of protons changed. It can be seen that all the
salts of Na+, Li+, and K+, the degree of exchange of
protons in the parent acids was in good agreement with
the expected theoretical value. 

2- IR-Spectra: FTIR analysis has been used in
previous studies to show the structural variations due
to the nature of the heteroatom (X) and /or of the
transition metal element (M). Valuable information was
obtained regarding the assignment of the absorption
frequency of the M=O, M-O-M, and X-O vibrations. 

Essayem et al.[27] reported that the Keggin anion
vibration bands of tungstophosphoric acid appeared at

1079 cm-1 due to     (POa)vibration, 975 cm-1 due toas
the terminal v (W =Ot ) vibration, 887 and 795 cm-1

assigned to v (W–Ob– W) and v (W–Oc–W),
respectively. Weaker absorptions appeared at 596 and
525 cm-1 due to δ(O-P-O) and v (W–O–W),
respectively. The sensitivity of these vibrations to
structural changes and / or hydration state or partial
replacement of protons by alkaline cation was also
studied [28].

Fig. (1) Shows the IR absorption spectrum of
H3PW12O40 and its salts with wave number range 4000-
400 cm-1, where the primary structure vibration bands
were investigated at Table (3) and it was found that:
1. The Keggin anion vibration bands appeared and its

four distinct oxygen sites are represented in
Scheme (1) and corresponded to the following
description: 4Oa, belonging to the central tetrahedra
PO4 ,12Ot, terminal oxygen's linked to a lone
tungsten atoms; 12Ob, in W- Ob – W bridges,
between two different W3O13 groups and 12Oc, in
a W – Oc – W bridge- in the same W3O13 groups.

2. 2 - v(W=Ot) band was split into a triplet
component at 1029 cm-1, 933 cm-1 bands (as a
shoulder) and a distinct sharp component at 970
cm-1except in the case of K3PW, v(W=Ot) band
was split into doublet component where the band
at (933 cm-1) disappear. Indeed, a general
frequency shift was observed as the protons were
substituted by K, Na, Li, and Cs cations. This shift
is probably due to the strengthening of the W =Ot

bond as the protonated water clusters are
substituted by alkali cation. This arises probably
from the strong hydrogen bonding between water
molecules of the di-aqua proton and terminal oxide
ions (Ot), resulting in a movement of the electron
cloud from the tungsten toward the oxygen.
Therefore, the W = Ot bond is weakened, resulting
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Table 1: Chemical composition of prepared lithium, sodium, cesium and potassium tungstophosphoric acid salts
No. Catalyst symbol Chemical Formula Cation content
1 HPW H 3 PW 12 O 40  n H 2 O 0
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
2 LiPW LiH 2 PW 12 O 40  n H 2 O 3.9
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
3 Li 2 PW Li 2 HPW 12 O 40  n H 2 O 7.9
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
4 Li 2.5 PW Li 2.5 H .5 PW 12 O 40 n H 2 O 9.8
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
5 Li 3 PW Li 3 PW 12 O 40  n H 2 O 11.8
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
6 NaPW NaH 2 PW 12 O 40  n H 2 O 2.7
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
7 Na 2 PW Na 2 HPW 12 O 40  n H 2 O 5.4
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
8 Na 2.5 PW Na 2.5 H .5 PW 12 O 40 nH 2 O 6. 8
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
9 Na 3 PW Na 3 PW 12 O 40  n H 2 O 8.1
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
10 KPW KH 2 PW 12 O 40  n H 2 O 3.2
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
11 K 2 PW K 2 HPW 12 O 40  n H 2 O 6.4
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
12 K 2.5 PW K 2.5 H .5 PW 12 O 40  n H 2 O 8.1
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
13 K 3 PW K 3 PW 12 O 40  n H 2 O 9. 7
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
14 CsPW CsH 2 PW 12 O 40  n H 2 O 6.2
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
15 Cs 2 PW Cs 2 HPW 12 O 40  n H 2 O 12. 5
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
16 Cs 2.5 PW Cs 2.5 H. 5 PW 12 O 40 nH 2 O 15.6
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
17 Cs 3 PW Cs  3 PW 12 O 40  n H2O 18. 7

Table 2: Chemical Composition of Lithium, Sodium and Potassium Tungstophosphoric Acid Salts with Different Stoichiometries
Abbrev. Cation content% No. of H+/ Keggin unit Chemical formula(a)

Catalyst ----------------------------------------------------
Theoretical practical

HPW - - 3 H3PW12O40 n H2O
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
LiPW 0.22 0 .20 2.1 LiH2PW12O40 n H2O
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
Li2PW 0.45 0.41 1.15 Li2HPW12O40n H2O
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
Li2.5PW 0.56 0.57 0.5 Li2.5H.5PW12O40 n H2O
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
Li3PW 0.70 0.64 0.15 Li3PW12O40 n H2O
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
NaPW 0.73 0.80 1.9 NaH2PW12O40 n H2O
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
Na2PW 1.46 1.38 1.1 Na2HPW12O40 n H2O
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
Na2.5PW 1.82 1.70 0.65 Na2.5H0. 5PW12O40nH2O
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
Na3PW 2.18 2.10 0.1 Na3PW12O40 n H2O
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
KPW 1.23 1.35 1.9 KH2PW12O40 n H2O
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
K2PW 2.46 2.25 1.15 K2HPW12O40 n H2O
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
K2.5PW 3.08 2.96 0.55 K2. 5H0.5PW12O40 n H2O
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
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Table 2: Continue
K3PW 3.70 3.60 - K3PW12O40 n H2O
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
CsPW b 4.07 - 2 CsH2PW12O40 n H2O
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
Cs2PW b 8.15 - 1 Cs2 HPW12O40 n H2O
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
Cs2.5PW b 10.19  - 0.5 Cs2.5 H.5PW12O40 n H2O
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
Cs3PW b 12.22  - - Cs3PW12O40 n H2O
a: Chemical formula as calculated from elemental analysis
b: Theoretical stoichiometry

in a lower frequency shift in presence of H5O2+.
The same results were obtained by Essayem et
al.[29].
3 - Table (3) showed similar vibration bands of
the primary Keggin structure of the salts of HPW.
Moreover, these vibration bands appeared at almost
the same frequency except the band at 887 cm-1

clearly disappeared at the catalyst Li3PW due to
increasing H+ content. Recently, Southward et al.
[30] presented an IR investigation of 12-
tungestophosphoric acid and several of its salts
(pottasium, ammonium, and cesium). The specific
absorption bands of Brönsted sites of HPA were
not clearly identified and very similar absorption
frequencies were observed for all samples. 
4- The protonated species, which are present on
HPW, are characterized by a broad v(OH) band
centered at 3399 cm-1 and δH2O band at 1618 cm-

1. The bands at 1620 cm-1 and 1710cm-1 were
attributed to the bending vibrations of H2O and
H3O

+, respectively in the linkages in the secondary
structure [31]. These bands are ascribed to
protonated water clusters H+(H2O)n n=1or 2
(hydroxonium ion or di-aqua proton). The
formation of hydroxyl groups between the
“liberated proton” and the terminal oxygen Ot of
the Keggin anion is shown by the presence of a
broad v(OH) at (3700-3200cm-1 ). It is still not
clear whether the v(OH) vibration associated with
the H+(H2O)n should occur within the broad feature
centered at 3200 cm-1.This assignment is in
agreement with previous studies provided by
Zecchina et al [32] in their investigation of the
nature of the hydroxonium ion generated in strong
acids such as H2SO4, CF3SO3H and HCl. They
assigned the band in the 1750 to 1650 cm-1 range
to theδ (OH---O) in- plane deformation mode of
the di-aqua proton, the peak in the 2700 to 3000
cm-1 range to its v(OH) mode and that at ca.1200
cm-1 to its v(OH---O) out – of-plane deformation
mode:

However, these absorptions should be broadened in
view of the presence of additional v, δ and γ modes
arising from solvation water. IR spectra of HPW and
its salts Fig. (1) shows that only the 1620 cm-1 band
was present for the bending mode and 2370 cm-1 band
appears as shoulder, decreasing of the intensity of the
vibration band at 2370 cm-1 indicated the lake of H3O

+.
5 - Fig. (1) shows that, there is a progressive

decrease of the intensity of v(OH) vibration at (3389-
3445) cm-1 and of the v(H2O)peak at (1611-1628)cm-1

upon H+ substitution by alkali metal ion (Li+, Na+, K+

or Cs+), which suggests that both absorptions are due
to the same protonated water clusters, which were
assigned by 

Brown et al. [33] to be the di- aqua proton, H5O2+,
in the 12-tungstophosphoric hexahydrate acid.
(a) IR bands of K3PW recorded after thermal

treatment of the sample at 350 0C with flow of Ar
gas. (b) Weak band.

3. As the alkali metal content was increased the
broad feature at 776 cm-1 ascribed to v(W –Oc–W)
or to an envelope of a number such vibration
bands was not affected. Moreover, the v(W –Oc –
W) band and v(W–Ob– W) band were not affected.

4. Fig. (2) shows the FTIR spectra of K3PW calcined
at 350ºC under flow of Ar gas for 3 hours. It can
be observed that the characteristic bonding
absorptions of the anion, P–O , v W =Ot, v(W –Oc

– W) and v(W –Ob – W) were obtained for all
samples, evidencing that no apparent
decomposition of the primary Keggin structure has
occurred after thermal treatment. This may be
related to higher thermal stability of potassium
salts [34].

3- Thermal Analysis: The thermal stability of HPW
and their salts were studied by TG- analysis. Figs. (3)
show TG curves of various solid acid catalysts. Table
(4) summarize the results obtained from the thermal
analysis 

3.1. TG Analysis of the Parent Acids: During TG
analysis of HPW Fig. (3), water of hydration evolved
to give anhydrous parent acids at approximately 300ºC.
Further  heating  led  to  decomposition  of  HPW at
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Fig. 1: FTIR absorption epecrum of H3Pw12O40 and its salts: (a) HPW, (b) NaPW, (c) Na3PW, (d) LiPW, (e)
Li3PW, (f) CsPWand (g) Cs3PW

Table 3: IR Spectra for HPW and its Salts
IR band HPW LiPW Li3PW NaPW Na3PW CsPW Cs3PW K3PW K3PWa

P-O(bend)b 524 521 519 520 519 521 523 523 524
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
M-Oc-M 780-750 780-740 780-740 780- 740 780-740 780-740 780-740 780-750 780-740
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
M-Ob-M

b 882 888 - 888 889 891 893 892 892
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
M=Ot 1029,970, 1032,987, 1033,977, 1032,975, 1032,987, 1033,980, 1035,976, 1034,981 1034,981

933 939 946 940 939 945 951
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
P-Oa(str) 1092 1087 1099 1084 1086 1084 1098 1083 1083
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
H2O(bend) 1618 1620 1628 1611 1614 1613 1616 1616 1615
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
H+(H2O) b 2367 2371 2371 2372 2369 2370 2369 2368 2368
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
H2O hydrogen 3700-3200 3700-3200 3700-3200 3700-3200 3700-3200 3700-3200 3700-3200 3700-3200 3700-3200
bond
Where: M = W

approximately >500º due to “protonic water” evolved
Table (4). This water is formed by extraction of an
oxygen atom from the Keggin anion by two protons
which take place as the following equations: 

H3PW12O40  ! ½ P2O5 + 12WO3 + 3/2H2O 

This result is in good agreement with several studies
[14,15,19,33]. 
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Fig. 2: FTIR absorption epecrum of H3Pw12O40 and its salts: (a) HPW, (b) K3PWuncalcined, and (c)
K3PWcalcined at 4000C

Hodnett and Moffat proposed the following
decomposition mechanism for the thermal stability of
HPW [14,15].

H3PW12O40 ! PW12O38.5 + 3/2 H2O …….. … (a)

PW12O38.5 ! 12WO3 + PO2.5 ………… (b)

In this mechanism there is a single dehydration
step followed by the collapse of an anhydrous anion.
They postulated that after dehydration no acidic protons
remain. In the literature, the state of the solid between
the end of the loss of the protonic sites for HPW
(5270C) and the crystallization of the constitutive
oxides (6000C) is often ascribed to the anhydride
phase[22]. This anhydride phase is described as still
having the Keggin structure but with oxygen vacancies
and no protonic sites (PW12O38.5). The existence of an
anhydride could be responsible for the catalytic activity
in a narrow range.

Another mechanism has been proposed to account
the thermal stability of HPW [29]. They postulated that
the thermal stability of HPW by the following steps: (i)
the interaction of protons in HPW with anionic oxygen
atoms, prior to dehydration step (a). (ii) The anion was

partially reduced (step b) and (iii) Structural collapse
via reduction/ dehydration step (step c). 

3.2. TG Analysis of the Salts of Heteropoly Acid:
The proton in Keggin HPAs can be readily exchanged
totally or partially by different cations without affecting
the primary structure of the heteropoly anion. From
Table (4), it is found that the introduction of lithium
and sodium cations led to decrease in the thermal
stability of the parent acids. In the case of Li3PW,
Li2PW and Na3PW solid samples, the decomposition
starts at approximately >300, >360, and >4070C,
respectively, as compared to >5000C 0C for HPW
respectively. It is also observed that the starting
decomposition temperature of lithium salt of
tungstophosphoric acid decreases from >450 0C to >360
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Fig. 3: TG-curves of (a) HPW, (b) K2PW, (c)Cs2PWand (d)Na2PW

0C as the cation content of lithium increases from 1 to
3as shown in (Figure 4) This indicates that Li3PW is
the least stable catalyst, this can be attributed to the
lithium salt Li3PW is more hydrated and lost this water
continuously up to 4000C. The same results were
obtained by Hu et al. [16].

This result is in good agreement with previous
studies [18,35] They concluded that when large
monovalent cations such as NH4+, Cs+, K+, and Rb+are
introduced (type B salts), the solids obtained are

characterized by higher thermal stability than the parent
acid [16,36,37]. The reason could be related to the large
cations are coordinated to more oxygen atoms on the
periphery of Keggin structure and consequently cause
atoms in an anion to have small mobility, which means
the crystal is more stable[38]. 

The results of thermogravimetric analysis of
Na3PW and Li3PW salts show that the residual protons
are still present in these catalysts (Table 4). This is in
agreement with results of previous studies [39,40,41,42]. 
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Fig. 4: TG-curves of the Lithium salts of tangestophosphoric acid (a) LiPW, (b) Li2PW and (c) Li3PW

They concluded that:The substitution of protons by
monovalent cations in precipitated salts, prepared as
stoichiometric, was incomplete and protons still
remained in the isolated solid [39] and the solid salts
obtained by the precipitation or by drying up of the
solution are a mixture of the parent acid and the salt,

[16,40], Finally we can deduce that
1- The solid obtained by introducing larger

monovalent cations such as Cs+ and K+ for
heteropoly acids are characterized by higher
thermal stability than the Parent acid.

2- Introduction of small monovalent cations such as
sodium, and lithium cations (type A salts) led to
decrease in the thermal stability than the parent
acids.

3- There is a correlation between the structural
stability and salts cation (type of cation and
amount). 

1- The solid obtained by introducing larger
monovalent cations such as Cs+ and K+ for
heteropoly acids are characterized by higher
thermal stability than the Parent acid.
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Table 4: TG results of tungstophosphoric acid and its salts
Abbrev. Catalyst Temp. % loss in weight Composition of the Assignment

range 0C ------------------------------------- residual
Practical Theoretical

HPW 42 - 140 7.8 7.9 H3PW12O40.4H2O 14 hydration water
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
H3PW12O40.18H2O 140 - 330 10.05 10.17 H3PW12O40 4 hydration water
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

330 - 490 Thermal stable
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

490 - 600 10.85 10.95 Decomopsition 1.5 protonic water
LiPW 35 - 122 4.53 4.63 LiH2PW12O40.4.5H2O 8 hydration water
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
LiH2PW12O40.12.5H2O 122 - 313 7.1 7.2 LiH2PW12O40 4.5 hydration water
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

313 - 450 Thermal stable
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

450 - 600 7.4 7.5 Decomopsition 0.5 protonic water
Li2PW 30 - 78 2.50 2.53 Li2HPW12O40.12.5H2O 4.5 hydration water
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
Li2HPW12O40.17H2O 78 - 122 5.60 5.62 Li2HPW12O40.7H2O 5.5 hydration water
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

122 - 337 9.25 9.28 Li2HPW12O40 0.5 H2O 6.5 hydration water
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

337 - 405 Just thermal stable
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

405 - 600 9.77 9.84 Decomopsition 1 hydration and protonic water
Li3PW 30 - 56 0.81 0.83 Li3PW12O40.18.5H2O 1.5 hydration water
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

56 - 99 3.02 3.04 Li3PW12O40.14.5H2O 4 hydration water
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
Li3PW12O40.20H2O 99 - 160 7.01 6.9 Li3PW12O40.7.5H2O 7 hydration water
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

160 -325 8.80 8.83 Li3HPW12O40 .4 H2O 3.5 hydration water
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

325 - 360 Just thermal stable
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

360 - 522 11.30 11.31 Decomopsition 4.5 hydration and/or protonic water
Na3PW 30 - 135 5.03 5.08 Na3PW12O40.4H2O 9 hydration water
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
Na3PW12O40.13.5H2O 135 - 335 7.19 7.33 Na3PW12O40

---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
4 hydration water

---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
335 - 407 Just thermal stable

---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
407 - 540 7.91 7.9 Decomopsition 1 protonic water

Cs2PW 32 - 91 3.89 3.93 Cs2HPW12O40.7.5H2O 7.5 hydration water
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
Cs2HPW12O40.15H2O 91 - 315 7.88 7.86 Cs2HPW12O40 7.5 hydration water
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

315 - 600 Thermal stable
K2PW 30 - 85 1.9 1.98 K2PW12O40.9.5H2O 3.5 hydration water
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
K2HPW12O40.13H2O 85 - 310 7.22 7.33 K2PW12O40 9.5 hydration water
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

310 - 600 Thermal stable

4. X-Ray Diffraction: The XRD spectra of
tungstophosphoric acid H3PW calcined at 350<C for 3
hours with flow of argon gas Fig.5a gives a pattern
similar to that reported in the literature [43]. The main
peaks, related to the strongest reflections, are similar to
those expected for the Keggin structure [44] and are
present at 2θ 10.2, 20.6, 25.3, and 34.4.

José et al [44] reported that in the tertiary structure,

the Keggin anion of HPW are arranged in a cubic
body – centered manner, while the protons are located
at the center of each edge and face.

The XRD pattern of lithium tungstate (Li2.5PW)
show that the diffraction lines were very weak intensity
and very broad, indicating that the secondary structure
was amorphous Fig. (5b). this structural amorphization
of Li2.5PW indicates to its deactivation.
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Fig. 5: XRD patterbs of (a) HPWand (b) Li2.5PW

From the above results, we can conclude that, 
1. The secondary structure is very labile. This

structure lability is an important feature of these
compounds when used as solid catalysts.

2. This structure lability depends on the counter
cation and environmental conditions.

3. The crystal structure in the XRD may be
correlated with the catalytic performance, where
amorphous state refer to deactivation but well-
crystallized sample indicates to active catalyst 

5.1. Adsorption – Desorption Isotherm:
Adsorption–desorption Isotherm of nitrogen gas at
liquid nitrogen temperature (–195.65ºC) were measured
on the tungstophosphoric acidand their salts pretreated
at 350ºC for 3hours in flow of Ar gas 20ml min-1. The
adsorption data for all tested samples are graphically
represented in Figs. (6). It is observed that for all the
catalysts except Na2PW, K2PW and K2.5PW exhibited
a type II isotherm (according to Brunauer’s
classification)[25], at saturation, the isotherms indicate
the attainment of a finite adsorption value rather than
rising asymptotically. In all these cases adsorption was
found to be irreversible, thus exhibiting hystersis
effects. The slopes of the hystersis loops indicate wide
spectra of pore size distribution

Also, it is clear from Fig. (7 c) that there is sharp
increase in the quantity adsorbed at small relative
pressures in the case of sample K2.5PW implying that
the isotherm can be classified as type I isotherm. This
increasing is indicative of the presence of micro-pores
and the reversibility of the adsorption branch under
desorption conditions demonstrates the absence of
meso-pores [45]. However, in the samples, Na2PW,
K2PW, the isotherms are type II (Brunauer’s
classification) [46], and are reversible which indicate that
these samples are non-porous.

5.2. Surface Area:
The surface areas of the free acids and the salts

were determined by the Brunauer, Emmett, and Teller
(BET) method from nitrogen adsorption- desorption
isotherms at –195.65ºC [25]. The data are summarized in
(Table 5). The BET equation could be applied in its
conventional form.

1 / V [(Po/P)-1] = 1/VmC+C-1/VmC . (P/Po). A
plots of 1 / [V (Po/P)-1] versus P/Po for different
samples yields a straight line from which the
monolayer capacity Vm and the specific surface area
could be calculated by using the following equations:
 Vm=1/(s+i), SBET = Vm . Am . N . 10-20 / Vo . m m2g-1

Where: s slope = C-1/VmC, , i intercept = 1/ VmC
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Fig. 6: Adsorption-Desorption isotherms for (a) Ba2PW , (b) K2PW and (c)K2.5PW
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Fig. 7: Adsorption-Desorption isotherms for (a) HPW and (b) Cs2.5PW 

Table 5: Surface area and pore structure parameters for Solid Catalysts
Abbrev . BET-C Vm, 10-3cc.g-1 SBET m2g-1 St m2g-1 Vp ml.g-1 Mean pore 
Catlyst conastant radius rpA

0

HPW` 52.6 1.87 7.2 6.61 0.015 21
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
Na2PW 8.8 3.06 13.3 - 0.024 18
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
K2PW 4.6 7.82 34.1 - 0.042 12
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
K2.5PW 304 32.9 143.3 - 0.089 6
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
Cs2.5PW 50.7 65.79 286.6 - 0.601 21

Am Cross – sectional area of N2 molecule (16.2 Aº2),
N Avogadro’s number
Vo molar volume and m weight of the sample

Also, the data of C constant, and Vm, are
summarized in Table 5. It is clearly shown from, Table
5 that, SBET for HPW acid less than 10 m2g-1. From
Table 5, it was observed that, the surface areas of the

salts increase as the diameters of the substituted cations
are increased from group A (Na+, Li+) to group B (K+,
Cs+), This is consistent with the results of previous
studies [20,21,29]. They found that the corresponding salts
of large monovalent cations such as Cs+, K+ and NH4+

are larger surface areas than the parent acid. The
surface area is large because very fine particles are
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formed during titration due to the very low solubility
in water. However, the low surface areas of Na2PW
catalysts was as low as the surface area of their parent
acids, as compared to the potassium and cesium
compounds (at x=2), can be explained by their high
solubility in water and the fine particles did not
precipitate [47]. On the other hand, in the case of
potassium tungstate is increased (till x=2.5). This is
consistent with the results of previous studies [15,18] It is
also found that the cesium salt of tungstophosphoric
acid (abbrev. as Cs2.5PW) has the highest surface area
(286.7 m2g-1) for all investigated catalysts. This is
consistent with the results of Okuhara et al. [48] who
reported that the surface area of CsxH3-x PW12O40

greatly increased at x =2.5 and became higher than 130
m2g-1. 

4. Catalytic Dehydration of tert-Butanol over
Heteropoly Compounds: All measurements were
carried out using 200mg catalyst diluted with
granulated glass which is catalytically inert. The
catalyst was pretreated in situ in a flow of argon (20ml
min-1) at 350ºC for 3 hours prior to exposure to a
reactant vapors at the same flow rate of argon. Argon
carrier saturated with tert-butanol vapors kept at a
constant temperature was allowed to pass into the
reactor inlet for about 30-min., till the steady state is
indicated by a constant peak height obtained by
analyzing the reaction products. 

The reaction mixture was analyzed using a gas
chromatograph (Perkin Elmer Autosystem XL with
flame ionization detector) equipped with capillary
column (fused silica) of 15m length, 0.25 mm internal
diameter, with film thickness 1.0 µm. the capillary
column packed with Carbowax 20M and the oven
temperature set at 60ºC. Detector was kept at 220ºC.
The peaks obtained for the both products were narrow
and it was found that their heights are linearly
proportional to their concentrations. The product of
reaction was found isobutene and isooctene under the
reaction conditions.

4.1. The Effect of Cation Content per Keggin Unit
on the Conversion of tert-Butanol: The conversion of
tert- butanol obtained by the alkali metal salts of
tungsto phosphoric acid was given in Fig.8 as a
function of cation content per Keggin unit (x). The
conversion obtained with the pure HPW acid. It can be
observed that the conversion over potassium and
cesium salts decreased first when x increased from 0
to x <2 and then goes through a maximum for a cation
content per Keggin unit of x=2 and 2.5. But, further
increase in x content for potassium and cesium salts to
x=3 accompanied by decreasing the catalytic activity.

It is clear that, Cs2.5PW, K2.5PW, catalysts are the
most active catalysts. This result is consistent with
previous studies [19,25,35] It is interesting to note that, the
high activity can be correlated with increasing the
surface acidity associated with the presence of micro-
porous structure. 

However, the catalytic activity decreases as the
preparative stoichiometry is increased over NaxPW and
LixPW salts, from x= 1 to 3, (Fig.8a). This can be
attributed to decreasing the number of acid sites of
sufficient strength to facilitate the reaction. This is in
good agreement with previous studies [2,3,4,15]. 

4.2.. Effect of Reaction Time on Activity, Stability
and Selectivity of Catalysts: The influence of reaction
time of the catalyst activity stability and selectivity has
been investigated at 160°C for five hours under a
constant partial pressure of tert-butanol, 100torr, over
tungstophosphates.The results obtained are shown in
Figs. (9-12).

However, it is also observed that, when the protons
in the parent acids are partially exchanged (mono
substitution) by lithium and sodium cations enhance the
stationary state activity of parent acids Fig. 9. This can
be attributed to the partial hydrolysis of the polyanion
during preparation, which formed weakly acidic H+ [49].

On the contrary, with increasing degree of the
substitution by Na+ and Li+ cations, the initial activity
decreased resulting in conversion relatively lower than
the parent acid .This decrease attributed to the decrease
in the number acid sites as the amount of cation
increased [50].

4.3..Stability: The stability of the catalyst during the
reaction was estimated from the value of the activity
retained Ar by the catalyst at the end of the
experiment. This value is the ratio of the conversion at
5 hours to that at initial stage. The results obtained are
listed in Table 6 It can be observed that in group A
salts LiPW, NaPW were the most stable catalysts, due
to the partial hydrolysis of the polyanion during
preparation, which formed weakly acidic H+ [50].

It is also observed from Table 6, that the protons
in the parent acid exchanged partially by Csx and Kx

cations (where x=2) enhance Ar values of the parent
acids. Increasing the stability of these catalysts may be
due to formation of protons .On the contrary, the
catalysts containing Csx and Kx cations with different
stoichiometries (x=1, 3) show lower stability with time-
on-stream than the parent acids. This result may be due
to (i) blocking of the Brönsted acid active sites by
carbonization as the reaction proceeds, and/or (ii)
irreversible consumption of the latter sites as part of
the overall alcohol conversion.
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Fig. 8: Total Conversion% of tert-butanol as a function of cation content over acedic salts of tungestophosphoric
acid at 1600C

Fig. 9: Total Conversion of tert-butanol as a function of time- on stream over tangestophosphates at 1600Cwhen
(x=1)

Fig. 10: Total Conversion of tert-butanol as a function of time- on stream over tangestophosphates at 1600Cwhen
(x=2)
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Fig. 11: Total Conversion of tert-butanol as a function of time- on stream over tangestophosphates at 1600Cwhen
(x=2.5)

Fig. 12: Total Conversion of tert-butanol as a function of time- on stream over tangestophosphates at 1600Cwhen
(x=3)

Table 6: Total Conversion (x%) after 5 min.,Intial Activity(Ai),Stationary Activity(As),Final Activity (Af) and Activity Retained(Ar)for tert-
butanol dehydration over Tungestophosphoric Acid and its alkali metal Salts at 1600C.

Catalyst X% Catalyst activity
---------------------------------------------------------------------------------------------------------------------------
Ai a x10-3 Asa x10-3 Afax10-3 Ar

HPW 94.1 14.2 13.89 13.77 0.97
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
LiPW 93.5 14.12 14.6 14.5 1
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
Li2PW 73.13 11.04 9.9 9.7 0.77
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
Li2.5PW 88.59 13.3 2.3 2.17 0.16
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
Li3PW 10.77 1.63 0.19 0.15 0.09
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
NaPW 93 14 13.9 13.5 0.96
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
Na2PW 83.5 12.6 11.9 9.71 0.77
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
Na2.5PW 94.1 14 13.22 10.57 0.75
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
Na3PW 72 10.87 8.28 7.85 0.72
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
KPW 86.7 13 11.8 11.5 0.87
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
K2PW 96.7 14.6 14.19 14.16 0.97
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
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Table 6: Continue
K2.5PW 98.07 14.8 14.71 14.85 1
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
K3Pw 78 11.47 10.55 10.37 0.9
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
CsPW 68.8 10 8.07 7.74 0.76
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
Cs2PW 97 14.6 14.4 14.2 0.96
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
Cs2.5PW 99.45 15 15 14.89 0.99
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
Cs3PW 86.82 11.57 11.57 11.45 0.87
 Where , A: mol h-1 g-1 Activity= X .F/W , F: flow rate of alcohol(mol h-1 ) 
And W: weight of catalyst (g-1)

4.4. Effect of tert-Butanol Partial Pressure on
Isobutene and Isooctene Formation: Fig.13 shows the
effect of tert-butanol partial pressure over acidic salts
of tungstophosphoric acids at 1600C on the formation
of isobutene and isooctene. 

It is observed that the conversion towards
isobutene and isooctene formation is independent of the
partial pressure of tert-butanol, whatever the catalyst
examined. This result suggests that the dehydration of
tert-butanol proceed through a zero order reaction. This
indicates that the surface is fully covered by tert-
butanol and the reaction takes place on the surface due
to the strong interaction of the acid sites and the
alcohol. 

4.5. Selectivity: Figures 14-17 show the influence of
reaction temperature on the selectivities for the reaction
products over HPW and the salts of tungstophosphoric
acid with different stoichiometries.. It is observed that,
the selectivity to isobutene is constant 100 % at the
temperature range 50-160ºC for the catalysts Cs3PW,
K3PW and Li3PW. This may be due to the absence of
the number of strong acidic sites, which required for
isomerization of isobutene. This result agrees with the
results obtained by Shikata, S et al. [50] who found that,
the double bond isomerization of an olefin requires
stronger acidic sites than those required for the
dehydration of an alcohol.However, the selectivity to
isobutene for the other tungstates “with exception of
the CsPW, Na2.5PW, Li2PW and Na3PW salts”,
decreases through a minimum then increases as the
reaction temperature increase and the selectivity to
isooctene goes through a maximum at various reaction
temperatures then declines with further increase in
temperature. Such behavior may be explained by
assuming that the dehydration of tert-butanol to
isobutene and isooctene is a consecutive reaction. This
conclusion is evident from the increase in isooctene
formation after injecting isobutene into the feed under
steady state conditions.

It can be seen that the isooctene is formed as by-
product over these catalysts, showing that the
dimerization of isobutene slightly took place as
secondary reaction (Figs.14b, 15b, 16b and 17b). On

the other hand, dimerization of isobutene which is a
non-polar molecules proceeds favorably on the surface
acid sites of heteropoly acids and their related salts.
It is interesting to note that, the CsPW, Li2PW,
Na2.5PW, and Na3PW have lower activity than the
parent acid, but these salts give relatively high
selectivity towards isobutene formation compared with
the various catalysts (Figs.14a, 13a and 17a). These
results suggest that, these catalysts exhibit poor
dimerization activity (Figs.14b, 15b and 17b) and have
less strong acidic sites on the surface. Corma et al [51]

reported that the activity of propene oligomerization
and n – butane isomerization does not correlate with
the total proton content of the catalyst, but with the
concentration of protons on the surface.

The selectivity to isobutene formation is not
changed significantly with the reaction temperatures for
Cs2PW, Cs2.5PW, and K2.5PW catalysts, is in the range
93.4-99.4 % up to 1600C.

It is to be noted that Cs2PW and Cs2.5PW samples
give similar high initial selectivity towards isooctene
formation compared with the free acid, HPW. This
indicates to the presence of acid sites of sufficient
strength to facilitate the oligmerization reaction of
isobutene decreases gradually by increasing time on
stream[49] and reach to constant value after about 2
hours. 

Furthermore, the dehydration results suggest that
HPW not only has a lower concentration of surface
acid sites than their high surface area related salts, but
it probably has surface Brönsted acid sites of a higher
acid strength, as reflected by its relative high initial
dehydration selectivity [52].

These results suggest that the monomolecular
mechanism is preferable for isobutene over
tungstophosphates catalysts, whereas isooctane is
produced via a bimolecular mechanism [21].

Mechanism of Isobutene Formation: The dehydration
of alcohols over heteropoly compounds proceeds via a
carbenium ion mechanism [54]. The formation of
carbocation can be obtained on Brönsted acid sites and
is the rate determining step.
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Fig. 13: Effect of tert-butanol partial pressure on isobutene and isooctane formation over acidic salts of
tangestophosphphoric acid at 1600C

Fig. 14: Selectivity towards isobutene(a) and isooctene (b) formation as a function of reaction temperature over
Csx tangestate

The following conclusion can be drawn from the
data obtained in this study:
1- The activity correlates well with the surface

acidity, indicating that dehydration of tert-butanol
over heteropoly compounds belongs to the surface-
type reactions. 

2- The main product was isobutene with small
amounts of isooctene. 

3- Isobutene formation took place via a unimolecular
mechanism.

4- The dehydration of tert-butanol over heteropoly
compounds showed zeroth-order reaction. This
indicates that the surface is fully covered by tert-
butanol, due to the strong interaction of the
alcohol on the acid sites.
From the previous data, the following reaction

mechanism is proposed for the dehydration of tert-
butanol over heteropoly compounds:-
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Fig. 15: Selectivity towards isobutene(a) and isooctene (b) formation as a function of reaction temperature over
Lix tangestate

Fig. 16: Selectivity towards isobutene(a) and isooctene (b) formation as a function of reaction temperature over
Kx tangestate
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Fig. 17: Selectivity towards isobutene(a) and isooctene (b) formation as a function of reaction temperature over
Nax tangestate

      Fast
(CH3)3COH + H+…..O2-Ku   !   (CH3)3COH+2 ……O2-Ku         (1)

     25EC

    Slow
(CH3)3COH+2 ……O2-Ku   !    (CH3)3 C+ + H2O + O2-Ku      (2a)

(CH3)3 C+ + O2-Ku  !  (CH3)3C-O-Ku                              (2b)

   Fast
(CH3)3C-O-Ku  !  (CH3)2-C = CH2+H+…… O2-Ku                 (3)

Where O2-Ku is a simplified representation of an O
ion in the Keggin unit. The process is clearly
analogous to that already described for the dehydration
of methanol and ethanol [55] itself .They suggests that
the alkylation of the catalyst may be vital intermediate
step in the dehydration of alcohols in general. 

In step (1), tert-butanol is rapidly bound to the
catalyst via a strong H-bonding interaction with the
proton, forming the molecular ion (CH3)3COH+2 .The
dissociation of this molecular ion (step 2) is identified
as the rate determining step in the dehydration reaction.

The role of the proton is evidently to weaken the C-O
bond sufficiently, via a complex formation, to induce
cleavage by mild thermal activation. 

Oligomerization of isobutene, which is a non polar
molecule, proceeded favourably on the surface of the
heteropoly acid and isooctene formation took place via
a bimolecular mechanism as the following: 
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Summary: The salts of Na+, Li+ ,Cs+ and K+ of
heteropoly acids were prepared with different degree of
substitution

Physico-chemical characterization of the prepared
samples. Several techniques were employed such as
elemental analysis, TG, X-ray diffraction, IR and SBET

measurements. The study includes the role of different
factors such as:-
effect of pretreatment temperatures and studying the
reaction in the steady state conditions, effect of time,
reaction temperature, partial pressure of tert-butanol
The results obtained can be summarized as follows:-
1- The predominate product was isobutene with small

amount of isooctane which is produced from the
dimerization of isobutene via a consecutive
reaction.

2- All catalysts are highly selective towards isobutene
formation.

3- Most catalysts exhibited good stability with time.
4- The most active catalysts for tert-butanol

dehydration are K2.5PW, and Cs2.5PW but 5- The
substitution of the protons, partially (mono-), by
Na+ and Li+ cations enhance the catalytic activity
of the parent acids and both Na+ and Li+ salts of
HPW show significant decrease of the catalytic
activity as the cation to proton ratio is increased.

6- Isobutene is formed via a unimolecular mechanism,
whereas isooctane is produced via a bimolecular
mechanism.

7- The reaction obeys a zero-order reaction with
respect to tert-butanol.

8- Dehydration of tert-butanol is a surface reaction
due to the existence of strongly adsorbed species
on the surface.

9- The cesium salts of HPW is the most stable

catalysts. However, the lithium tungsto phosphate
is the less stable catalyst due to the effect of water
to inhibit the catalyst activity towards isobutene
and isooctene formation.
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