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Abstract The cesium salts Cs,H;_,PW,04 of Cs con-
tent x = 2 up to x = 3 were tested as the catalysts in the
gas and liquid phase reactions. Dehydration of ethanol and
transesterification of triglycerides with methanol were
selected as the catalytic reactions. Apart from the standard
preparation, the catalysts were prepared by two-stage
procedure with methanol or water as a solvent. The Cs-salts
were characterized by FT-IR, XRD, scanning electron
microscopy and energy dispersive X-ray techniques. In
turn, the influence of Cs-salts composition on the pH and
conductivity of their aqueous colloidal solutions was
investigated. The results obtained by the latter techniques
were also characteristic for acidity of surface layer of
colloidal particles because of surface layer-solution equi-
librium. It has been shown that the secondary structure of
acidic cesium salts existing in crystalline samples (solid
solution of H3PW 5,04 in Cs;PW,04) changes after
contacting with polar medium to the system consisting
most probably of Cs3;PW,,0,, core with epitaxial layer of
heteropolyacid. This is result of the protons migration from
bulk to surface layer of primary particles enhanced by polar
medium. It strongly influences the surface acidity of pri-
mary particles as well as the activity of Cs-salts in
transesterification of triglycerides with methanol. In such
polar medium, Cs,HPW,04 salt becomes the most active
catalyst, more active than Cs, sHg sPW,049. An accumu-
lation of partial glycerides and in particular glycerol on the
surface of primary particles of Cs-salts resulted in rela-
tively low maximum conversion of triglycerides, most
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probably due to partial blockage of the catalytic centers.
This effect and the almost constant activity of Cs-salts
under recycling use in the transesterification experiments
are considered to be experimental evidences that methan-
olysis over Cs-salts was accomplished with the participa-
tion of surface protons.
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1 Introduction

The Keggin-type heteropolyacids are effective catalysts in
both the homogeneous and the heterogeneous catalytic
reactions [1, 2]. Their catalytic activity can be further
improved by a partial neutralization, using e.g. cations like
Cs™ to replace a part of acidic protons and/or oxonium
ions, without changes of Keggin unit structure. The
Cs, sHy sPW 1,049 and Cs,HPW 5,04 are the most inves-
tigated cesium salts of 12-tungstophosphoric acid. They
both have structure built of Keggin units, but differ in the
fraction of protons replaced by cesium cations. Although
the Cs, sHg sPW 1,04 salt has a smaller number of protons
than the other Cs-salts it proves to be effective solid acid
catalyst and in some cases even much more active than the
other Cs-salts of lower number of Cs cations. This high
activity of Cs, sHgsPW 1,049 salt is explained by its high
“surface acidity” resulting from extended microporous
structure and large surface area [3-6]. The case of
Cs,HPW ;04 salt is different because its catalytic and
sorption properties are strongly dependent on the way it is
being prepared [7].

In the literature it is shown that among cesium salts of
tungstophosphoric acid the Cs, sHg sPW 5,049 salt was the
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most active catalyst in the gas-phase reactions. However,
some experiments showed that also Cs,HPW 5,04, salt
can demonstrate the highest catalytic activity e.g. in
isomerisation reactions [8, 9]. In the case of reactions
performed in liquid phase some authors reported that the
Cs, 5sHo sPW 5,040 salt was much more active than Nafion,
HY-zeolite, A13+—exchanged montmorilonite and SO42_/
71O, system [10-12] but there was not data for the activity
of Cs,HPW 5,04 salt. On the other hand, in the liquid
phase alkylation of isobutene/butane the Cs; oH; {PW 5,049
as well as Cs,HPW ,0,( salts were found to be the most
active [6, 13]. The latter salt exhibited also the highest
conversion in the esterification of benzoic acid with
n-butanol performed without solvent [14]. In turn, the salts
with cesium loading of 2 or of 2-2.3 showed optimum
performance in the transesterification of triglycerides with
methanol [15-17].

In this paper we compare the catalytic activity of
Cs,H;_,PW 5,0, salts of Cs content ranging from x = 2
up to x = 3 in the reactions performed in the gas and liquid
phase. The dehydration of ethanol in the gas phase and the
transesterification of triglycerides with methanol in the
liquid phase were involved as the test reactions. It is well
known that cesium salts of tungstophosphoric acid during
the reactions involving gaseous reagents are in the form of
aggregates composed of primary particles. This aggregated
state was formed when the colloidal solution of precipi-
tated Cs-salts was slowly evaporated up to dryness. As
mentioned before, under such reaction conditions, among
Cs-salts the Cs; sHp sPW 1,049 salt is commonly accepted
to be the most active solid acid catalyst. However, it is very
interesting to find out how the splitting of Cs-salts aggre-
gates due to the presence of polar solvents would influence
their catalytic activity determined in liquid phase reactions.
Therefore, present work concentrates on the catalytic
properties of Cs-salts for methanolysis of triglycerides
accomplished in polar (methanol) medium. This reaction
has been chosen because of its importance from environ-
mental, technological and economic points of view.
Transesterification of triglycerides derived from vegetable
oils or animal fats with methanol yields methyl ester of
fatty acids, known as Biodiesel and glycerol (Scheme 1).
Biodiesel fuel belongs to ecological fuels and is an alter-
native and promising diesel fuel regarding the limited
resources of fossil fuel and the environmental concerns.

2 Experimental
2.1 Catalysts Preparation

A commercially available 12-tungstophosphoric acid
(H;PW,,049, HPW, Merck) was used to prepare the
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Scheme 1 Transesterification of triglycerides with methanol

Cs-salts. From the DTG measurements the content of water
in commercial HPW corresponding to H3PW,049-24H,0
was determined. The cesium salts Cs,Hz_ ,PW,04 of Cs
contents x = 2, 2.25, 2.5 and 3 (denoted as Cs2, Cs2.25,
Cs2.5 and Cs3) were prepared by two different procedures
using Cs,CO; (Aldrich) as the cesium ions source. In
standard (one-stage) procedure, described previously [15],
the stoichiometric quantities of cesium carbonate (0.04 M)
were added to aqueous solutions of the tungstophosphoric
acid (0.10 M). In two-stage procedure the Cs2.5 and Cs3
salts were prepared using the Cs2 salt, obtained by means
of standard method, as the substrate. The known amount of
Cs2 salt after drying at 393 K was dispersed again in water
or methanol. To such colloidal solutions appropriate
amounts of cesium carbonate dissolved in water or meth-
anol were added to obtain Cs2.5-W, Cs3-W or Cs2.5-M,
Cs3-M salts, respectively. In all cases the colloidal dis-
persions of precipitated Cs-salts were slowly evaporated
overnight in the oven at 313 K to dryness.

2.2 Catalysts Characterization

The specific surface areas of samples were calculated from
the nitrogen adsorption—desorption isotherms at 77 K in an
Autosorb-1, Quantachrome equipment. Prior to the mea-
surements the samples were preheated and degassed under
vacuum at 473 K for 2 h.

The X-ray diffraction patterns (XRD) were obtained at
293 K with a Siemens D5005 diffractometer using Cu Ko
radiation (55 kV, 30 mA).

The FT-IR spectra were recorded with Bruker-Equinox
55 spectrometer and standard KBr pellets technique. The
samples before the XRD and FT-IR measurements were
dried at 393 K in order to remove crystallization water.

Scanning electron micrographs (SEM) were recorded
using Field Emission Scanning Electron Microscope JEOL
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JSM-7500 F. Energy dispersive X-ray (EDS) measure-
ments were carried out for selected samples taking into
account the Cs and W elements and the ratio of Cs/W
contents was calculated.

The pH and conductivity of aqueous colloidal solutions
of cesium salts were measured using WITW Inolab 740
apparatus. The concentrations of Cs-salts in aqueous
solutions were the same as those applied in the transeste-
rifcation of triacetin (0.00225 mol/dm3) or of castor oil
(0.0115 mol/dm3) with methanol.

2.3 Catalytic Tests

The catalytic experiments in the gas phase were carried out
in a quartz flow reactor with the concentration of ethanol in
the nitrogen of 1.5 pmol, in the temperature range from
373 to 548 K and GHSV = 10.000 h™'. Prior to the
reaction samples were pretreated in the nitrogen at 523 K
for 4 h. The products were analyzed using SRI 8610B gas
chromatograph equipped with HayeSep D column, TCD
and FID detectors.

The transesterification of triacetin (FLUKA) with meth-
anol (molar ratio = 1:29) was performed at 323 K using the
concentration of catalysts equal to 0.00225 mol/dm?.
Methanolysis of castor oil (Microfarm, Poland) was per-
formed at 333 K (molar ratio = 1:29) and catalyst con-
centration equal to 0.0115 mol/dm>. Prior to the reactions
the Cs-salts were ground into white powders and in order to
remove crystallization water were dried at 393 K. In
standard procedure, the reactions were performed for 3 h
and the content of methyl esters was analysed by GC
methods. The detailed analysis procedure was described
previously [15].

3 Results and Discussion

The results presented in the literature show that among
cesium salts of HPW, the Cs2.5 salt is the most active
catalyst in the gas phase reactions whereas Cs2 salt exhibits
the highest activity in the reactions accomplished in liquid
polar medium. This fundamental difference in the reac-
tivity of acidic cesium salts of HPW suggests that sec-
ondary structure of primary particles of acidic cesium salts
may change its architecture upon contacting with polar
solvents like e.g. water or methanol. In order to prove this
hypothesis the one-stage (standard) and two-stage prepa-
rations of Cs,H3_,PW{,0y4 salts were performed. The one-
stage procedure was consisted of simple mixing of aqueous
solutions of both reagents, Cs,CO; and HPW. Figure 1
shows electron micrographs of cesium salts prepared by
standard method. It can be clearly observable that the
morphology of all three Cs2, Cs2.5 and Cs3 salts is similar.

g P
1 ey

a2 SR A A
— 100nm JEOL

X 100,000 15.0kV SEI SEM WD 6.6mm

— 100nm JEOL
15.0kV SEI SEM WD 6.5mm

X 100,000

Fig. 1 The SEM micrographs of Cs2, Cs2.5 and Cs3 salts obtained
by standard method at magnification of 100000

In the images of all the salts almost spherical aggregates
can be seen, however, they differ relative to the size. Cs2
salt is composed of aggregates of 50-100 nm in size,
whereas the aggregates in the case of Cs2.5 and Cs3 salts
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are remarkably larger, 150-350 nm. It should be stressed
that especially well shaped quite spherical aggregates are
formed in the case of Cs2.5 salt. The aggregates of all
Cs-salts consist of primary particles of quite uniform size
1020 nm. The size of aggregates is about 5-35 times
larger than those of primary particles. Alike, the literature
data show that such aggregated state of Cs-salts particles
was to high extent split in water medium to form primary
particles [15, 18-20].

The Cs2 salt obtained according to the standard proce-
dure was the base to prepare the Cs2.5 and Cs3 salts by
two-stage procedures. Before the two-stage preparation,
Cs2 salt was dried at 393 K. It is well known from the
literature that after annealing process at 373—473 K, as a
result of protons/Cs-cations migration a secondary struc-
ture in the form of solid solution of H;PW,0,¢ in neutral
cesium salt Cs3 is formed [20].

Next, the known amount of Cs2 salt was dispersed in
water again to form colloidal dispersion. Assuming that the
protons existing in the obtained primary particles of Cs2
salt can migrate in polar medium to their surfaces the
appropriate amounts of aqueous solution of cesium car-
bonate were added to the colloidal solution of Cs2 salt to
obtain Cs2.5-W and Cs3-W samples. During this prepara-
tion the protons existing on the surface of primary particles
of Cs2 salt were partially (Cs2.5-W) or completely (Cs3-
W) neutralized depending on the amount of Cs™ ions
added. On the other hand, when the migration of protons in
Cs2 particles did not occur it may be thought that the
surface of its primary particles will be completely neu-
tralized. It should be reflected by catalytic activity of
Cs-salts obtained by two-stage procedure determined in
gas-phase dehydration of ethanol.

The two-stage procedure was also applied to prepare
Cs2.5-M and Cs3-M samples using methanol (M) as the
solvent because methanol is the reactant in transesterifi-
cation of triglycerides, catalytic reaction tested in the
present work. In synthesis, methanol was used to form
colloidal dispersion of Cs2 salt and appropriate amounts of
methanol solutions of Cs,CO5; were added. The morphol-
ogy of Cs2.5-W and Cs3-W was studied by SEM technique
and the obtained micrographs are shown in Fig. 2. They
show almost the same morphology as the samples prepared
by standard method.

Energy dispersive X-ray (EDS) analysis was carried out
for W and Cs elements in as-received standard Cs2 sample
and both samples prepared by two-stage method, Cs2.5-W
and Cs3-W. The ratio of W/Cs calculated from the EDS
analysis is considered. The W/Cs ratio obtained from EDS
data for standard Cs2 salt is equal to ca. 6 being almost the
same as the stoichiometric value. In the case of Cs2.5-W
and Cs3-W salts the W/Cs ratios from EDS analysis are
determined to be 5.3 and 4.4, respectively. These values are
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Fig. 2 The SEM micrographs of Cs2.5-W and Cs3-W salts obtained
by two-stage procedure at magnification of 50000

close (with ca. 10% accuracy) to the stoichiometric values
of 4.8 and 4 for Cs2.5 and Cs3 salts. These data prove that
cesium cations were introduced to the standard Cs2 salt
during the second stage of salts preparation.

The cesium salts obtained by standard and two-stage
procedures in both, water and methanol solvents were
characterized by FT-IR and XRD techniques to prove their
Keggin structure (Fig. 3). Apart from that the FT-IR
spectrum and XRD pattern for H3PW,049-6H,0 were also
recorded for comparison.

The same set of four peaks characteristic of the Keggin
structure can be seen in the FT-IR spectra of all the sam-
ples, parent HPW as well as Cs-salts, however, some of
peaks in the spectra of Cs-salts are slightly shifted relative
to those of HPW. The peaks characteristic of the Keggin
structure in HPW are located: v,(P-0;) at 1,080 cm™',
V(W=-0~W) at 890 cm™"', W(W-O.W) at 798 cm~' and
v(W=0,) at 982 cm™'. In the spectra of Cs-salts the latter

two peaks only slightly shifted to 800 and 986 cm™',
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Table 1 The influence of temperature on the conversion of ethanol in the presence of Cs H;_,PW,04 salts prepared by one and two-stage

procedures

Catalyst/ BET surface 373 K 398 K 423 K 448 K 473 K 498 K 523 K 548 K
conversion (%) area (mZ/g)

Cs2 <1 0 6.2 15.0 58.1 81.1 86.8 91.1 98.2
Cs2.5 136.7 11.8 72.1 95.6 99.4 100 - - -
Cs2.5-W 99.0 9.9 68.6 94.8 97.2 100 - - -
Cs2.5-M 96.5 7.8 67.1 95.0 98.1 100 - - -
Cs3 119.8 0 6.5 15.2 233 374 57.3 74.4 80.2
Cs3-W 99.6 0 55 14.8 21.2 35.0 54.1 71.1 77.2
Cs3-M 100.7 0 6.1 13.8 20.2 35.2 55.0 70.8 76.4

respectively. It is experimental prove that in all the samples
the polyanion structure is preserved (Fig. 3a). However,
some changes in the micro-structure of Cs-salts may pro-
ceed as a result of cesium cations interactions with the host
lattice.

The XRD diffraction patterns obtained for all samples
are displayed in Fig. 3b. All cesium samples prepared by
standard and two-stage procedures exhibit the XRD dif-
fraction peaks characteristic of the cubic structure of Cs3
salt that differ from that of parent H;PW,0,49-6H,O which
crystallizes also in cubic structure but with a larger lattice
parameter. The diffraction pattern recorded for parent
HPW is in agreement with the literature data [5]. The most
characteristic reflexes of Keggin units are located in the
HPW diffraction pattern at 10.3°, 25.4°, 34.6°, 37.7° and
53.2° of 20. They are slightly shifted to higher values in the
diffraction patterns of Cs-salts what confirm their shorter

lattice parameters [5]. On the other hand the lack of peaks
originating from crystalline heteropolyacid in the XRD
pattern of acidic cesium salts confirmed the formation of
solid solution after the samples were annealed at 393 K.
Before the use of Cs-salts as solid acid catalysts in gas
phase reaction their specific surface area (BET) were
measured. The obtained data are presented in Table 1. It is
well known that a lot of preparation parameters (for
instance temperature of precipitation and evaporation,
duration, aging and grinding conditions) influence the
properties of obtained Cs-salts, among them the specific
surface area. This implies that the specific surface area of
H3;PW,049-6H,0 may be observed in the range from 2.2
to 7 m*/g, for Cs2 salt from 1 up to 71 m*/g, for Cs2.5
salt from 119 to 138 m*/g and for Cs3 salt from 92 to
208 m?/g. Literature data also show that the specific sur-
face area of Cs2 salt prepared using cesium carbonate is
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very low of 0.5-1 m?%/g being distinctly lower relative to
that of parent HPW [5]. On the other hand, the surface area
of HPW increases rapidly when cesium cations of 2.5 are
introduced attaining ca. 130 m*/g. The same relationship
between the Cs content and surface area was observed for
our Cs-salts prepared by standard as well as two-stage
procedures (Table 1). The specific surface area of HPW
was determined to be 5 m*/g while that of Cs2 salt was
distinctly lower and equal to ca. 1 m%/g. The surface area
of standard Cs2.5 salt attained 136.7 m?/g and also high sur-
face area was observed for standard Cs3 salt (119.8 m2/g).
As shown in Table 1, specific surface areas of cesium salts
prepared by two-stage procedures are only slightly lower
than those of their standard Cs2.5 and Cs3 analogous. The
specific surface areas of Cs2.5-W and Cs2.5-M salts are
99.0 and 96.5 m*/g whereas those of Cs3-W and Cs3-M
samples are 99.6 and 100.7 m?/g, respectively.

The salts obtained in standard and two-stage procedures
were applied as solid acid catalyst in the dehydration of
ethanol performed in gas phase. This reaction was studied
at temperatures within the range from 373 to 548 K and as
the products ethylene, diethylether and water were formed.
As shown in Table 1 practically the same conversions of
ethanol were obtained in the presence of standard Cs2.5
salt and both Cs2.5-W, Cs2.5-M analogous prepared by
two-stage method. Their similar catalytic activities may be
considered as an evidence of their similar secondary
structures. Moreover, it is also evidence that the same
secondary structure of two-stage Cs2.5-W (Cs2.5-M) salt
may be formed due to the migration of protons from bulk to
surface of colloidal particles of starting Cs2 salt facilitated
by polar medium, water or methanol. Analogical effect was
observed for Cs3, Cs3-W and Cs3-M salts. It should be
noted, that similar suggestions concerning the polar inter-
actions between water molecules and protons existing in
Cs2.5 salt, have also been formulated by Okuhara et al.
[19].

Table 1 demonstrates that at each temperature of cata-
Iytic test, the Cs2.5 samples exhibit the highest activity in
ethanol conversions. This is not surprise because Cs2.5 salt
is well known to be an excellent solid acid catalyst in
various gas phase reactions [21]. The observed lower
activity of Cs2 salt in ethanol conversion is also in agree-
ment with the literature data. This low activity was
attributed to very low specific surface area of Cs2 salt. The
remarkable activity is also observed for all Cs3 samples,
although no protons are expected from their formula. It
should be noted that the activity for Cs3 salt was also
observed by Essayem et al. [6] in the methanol conversion
and by Narasimharao et al. [16] in the transesterification of
tributyrin by methanol. However, as literature data show
[2, 5] the presence of residual protons due to not com-
pletely stoichiometric precipitation of Cs3 salts can not be

@ Springer

excluded and as McGarvey and Moffat [22] demonstrated
the neutral Cs3 salt contained 0.1 H* per Keggin unit. This
may explain the observed catalytic activity of our Cs3
samples. The presence of protons in Cs3 salt may be also
explained by dynamic dissociation of the water molecules
owing to interaction with weakly charged external oxygen
atoms of heteropoly anions according to the reaction [23]:

(PW12014)3_ + xH,0 = [(PW12014)(H20)](3+X)_ + xH*

Moreover, recently published data shows that the substi-
tution of protons by alkali cations can cause also dissoci-
ation of water molecules, enhances the number of “free”
protons and other proton species [24].

Similar catalytic activities of samples prepared by
standard and two-stage procedures (Table 1) indicate that
the acidity of their surfaces is close to each other. This
result can be explained in the following way. During
re-dispersion of standard Cs2 salt in polar medium like
water or methanol the aggregated state of Cs2 salt split to
some extent to form primary particles. This implies that
secondary structure is changed from solid solution to the
system most probably consisting of Cs;PW;,0,4 core
covered by heteropolyacid as a consequence of protons
migration to the surface of primary particles. This process
causes the accessibility of all the protons for cesium ions
added. From this reason appropriate part of protons is
neutralized and Cs2.5-W or Cs2.5-M as well as Cs3-W or
Cs3-M salts are formed. One can speculate that the for-
mation of protons by dissociation of polar solvents, and its
capture on surface may also proceed. However, from the
present results obtained in gas-phase catalytic reaction, a
contribution of the latter process seems to be less impor-
tant. All the Cs-samples after drying at 393 K form solid
solutions again. As the consequence, the standard Cs2.5
salt and its Cs2.5-W and Cs2.5-M analogous, having the
same secondary structure show similar catalytic activities
in the dehydration of ethanol, i.e. catalytic reaction
involving gaseous reactants. The same effect is also
observed for Cs3-series samples.

In order to characterize properties of Cs-salts forming
colloidal dispersion, the measurements of pH and con-
ductivity in aqueous colloidal solutions of cesium salts
were performed. It can be expected that migration of pro-
tons from bulk to surface layers of primary particles
facilitated by water should cause the increase of acidity of
colloidal solution. It means that as a result of equilibrium
between the surface of primary particles and liquid medium
surrounding the particles, the pH and the conductivity
measured for the colloidal solutions would change. In fact
the pH values increases from Cs2 up to Cs3 salt (Table 2).
Literature data show that in homogeneous solution of HPW
the Keggin anions are stable at strong acidic conditions
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Table 2 Physicochemical and catalytic properties of Cs-salts

Sample pH* Conductivity® Triacetin pH® Conductivity® Castor oil yield
(uS/cm) yield (%) (uS/cm) to bio-ester (%)

Cs2 2.7 570.8 27.0 22 2,159 19.2

Cs2.25 - - 23.8 - - 4.1

Cs2.5 34 40.0 21.6 2.8 169 3.1

Cs2.5-M - - 21.2 - - 2.8

Cs2.5-W 32 90.7 20.9 2.8 295 3.0

Cs3 4.1 15.2 10.2 3.6 54 0.6

Cs3-M - - 10.4 - - 0.5

Cs3-W 4.0 30.2 10.6 35 99 0.6

pH and conductivity data measured in aqueous colloidal solutions (water used in experiments; pH = 5.6 and conductivity equal to 2 [uS/cm])

and the results of methanolysis experiments

* pH and conductivity measured using the concentration of Cs-salts of 0.00225 mol/dm’, corresponding to that in the transesterification of

triacetin with methanol

b pH and conductivity measured using the concentration of Cs-salts of 0.0115 mol/dm?, corresponding to that in the transesterification of castor

oil with methanol

(pH ~ 1) because of their transformation to lacunary forms
at higher pH [25]. However, owing to very low solubility
of Cs2.5 salt in water or methanol determined by Ko-
zhevnikov et al. [26] to be 3.7 and 2.7%, respectively, this
transformation seems to be neglected in our experiments.
Moreover, the formation of lacunary forms resulted in
some changes in the FT-IR spectrum, in particular the
sharp band at 1,080 cm™" splits to two components, at
1,085 and 1,040 cm™! [27]. This effect is not observed in
the present studies.

The change of pH values versus cesium content (x) in
the colloidal solution of our Cs-salts is shown in Fig. 4.
Curves TACT and CAS correspond to the concentrations of
Cs-salts used in transesterification of triacetin (TACT) and

5
TACT
4 o7
T e
o -
.- .-~ CAs
3 P o
T -7 -7
3 -
21-®
14
0 T T T T T
2,0 25 3,0

Cs per Keggin unit

Fig. 4 The relationship between the content of Cs per Keggin unit
and pH of aqueous colloidal solution of standard cesium salts; CAS
castor oil, TACT triacetin

castor oil (CAS) with methanol, respectively. It is observed
that the pH of colloidal dispersions of cesium salts
diminishes in the sequence Cs3 > Cs2.5 > Cs2. The most
surprising phenomenon is relatively low pH of colloidal
solution of Cs3 salt. However, as described before, the
precipitation of Cs3 salt may be incomplete causing the
presence of residual protons. Moreover, as described
before, the pH may be also explained by dissociation of
water molecules according to the interaction with hetero-
poly anions or Cs-cations [23, 24].

In contrast to the pH data, the conductivity of colloidal
solutions changes in opposite direction, it increases in the
order Cs3 < Cs2.5 < Cs2 (Table 2). Some explanation is
needed relative to the fact that the conductivities of
Cs-salts prepared by two-stage procedure are ca. 2-times
higher than these for standard salts, whereas the values of
pH are practically the same. Our previous studies [15]
demonstrated that the size of colloidal particles of Cs2 salt
changed to smaller after its re-dispersion in water. Because
Cs2 salt was the base for Cs2.5-W and Cs3-W preparation
the increase of external surface area as a result of smaller
diameter of the colloidal particles was main reason why the
conductivity of colloidal solutions of these samples are
higher than those measured for dispersed standard Cs2.5
and Cs3 salts.

It is obvious that both parameters measured in colloidal
solution depend on the number of protons existing in the
solvent, which is determined by the equilibrium between
the solvent and the surface layer of primary particles of
cesium salts. Thus, the values of both parameters indicate
that acidities of surface layers of primary particles grow
from Cs3 through Cs2.5 to Cs2 sample irrespective of the
procedure used for the preparation of Cs-salts, standard or
two-stage methods.
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The transesterification of triglycerides proceeds in an
excess of methanol and is catalysed by protons. Thus, it can
be expected that migration of protons enhanced by polar
solvent, methanol, would also explain the order of catalytic
activity for Cs-salts of different Cs content determined in
transesterification of triglycerides with methanol. Here,
methanolysis of two triglycerides, triacetin (TACT) and
castor oil (CAS) was studied. Triacetin, a shortest triglyc-
eride, has the same chemical functionality as other tri-
glyceride molecules and its methanolysis to form methyl
acetate and glycerol proceeds via the diacetin and mono-
actin (Scheme 1). Castor oil (derived from Riccinus com-
munis plants) is mentioned frequently in the literature as a
potential raw material for Biodiesel. The main constituent
of castor oil is triglyceride of 12-hydroxy-9-octadecenoic
acid (ricinoleic acid). Due to the presence of OH group at
C-12 carbon, castor oil is well soluble in methanol and
methyl esters formed in methanolysis. As a result, homo-
geneity of reaction mixture was attained under transeste-
rification of castor oil with methanol and ethanol [15, 28].
Similarly, triacetin is readily soluble in methanol and
methyl esters formed in the reactions. Hence, there was a
single liquid phase system and no separate phases of
methanol or triglycerides appeared. Therefore, mass-
transfer effects resulting from the presence of two phases
(oil-methanol) encountered during the transesterification of
natural oils may be neglected. Moreover, by using a tri-
acetin as the model compound we are able to gain some
insight into the reactivity of Cs-salts for partial glycerides
formation. In experiments, an excess of methanol giving
methanol/triacetin molar ratio of 29:1 was used. Catalytic
experiments were carried out in the presence of standard
Cs2, Cs2.25, Cs2.5, Cs3 salts as well as the Cs2.5 and Cs3
salts obtained by two-stage procedures.

Figure 5 shows the conversion of triacetin versus reac-
tion time in the presence of Cs-salts. It can be clearly seen
that among studied cesium samples the Cs2 salt is the most
active catalyst. The catalytic activity of Cs-salts decreases
as the content of Cs in HPW grows, in the order
Cs2 > (Cs2.25 > Cs2.5 > Cs3. In methanolysis of castor
oil, the yield of methyl-ester is considered to compare the
activity of Cs-salts. As described in our previous paper [15]
castor oil used in experiments contained small amount of
triglycerides of other fatty acids and this makes difficult the
calculation of its conversion. As Fig. 5 also shows, the
highest yield to methyl-esters is obtained in the presence of
Cs2 salt whereas the yield is definitively lower when Cs2.5
salt is the catalyst. This indicates the same order of activity
in methanolysis of castor oil. Moreover, the activity of salts
prepared by means of two-stage procedure is practically
the same as those determined in the presence of standard
Cs-salts.
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Fig. 5 Transesterification of triacetin and castor oil with methanol, in
the presence of cesium salts prepared by one and two-stage methods

Figure 6 shows the relationship between the yield to
bioester and the values of pH determined in aqueous col-
loidal solutions of standard cesium salts. For the samples
prepared by two-stage procedure similar relationships are
also observed. It is clearly observable that the catalytic
activity of Cs-salts in the transesterification of triglycerides
rises with the decrease of pH and the increase of conduc-
tivity of colloidal solutions. As described before, these
values may be considered to be in direct relation with the
acidity of surface layers of primary particles. It seems to be
obvious that in colloidal solution formed in polar medium
as a result of vigorous stirring the aggregates split and the
primary particles become dominating. Thus, due to the
migration of protons to their surfaces, most of the protons
become easily accessible for the reactants. Therefore, this
migration process may explain why Cs2 salt is the most
active catalyst in liquid phase reaction, which is accom-
plished in polar solvent.
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As described before, the Cs-salts of HPW readily dis-
persed in highly polar medium such as water or alcohol
forming a colloidal suspension. When CsH3_ ,PW,049
salts of various Cs contents (ranging from x = 0.9 to
x = 3) were studied in the hydrolysis of ethyl acetate
performed in an excess of water the salts particles formed a
colloidal solution [29]. Under these conditions their
activity decreased monotonously with increasing Cs con-
tent or decreasing acidity and the observed change of cat-
alytic activity was related by Izumi et al. [29] to the bulk
(formal) acidity of the Cs-salts. Similar order of activity is
observed in the present catalytic reactions performed in
methanol medium when the particles of Cs-salts are in
colloidal states. Hence, the order of catalytic activity of Cs-
salts observed in gas-phase dehydration of ethanol does not
correspond to that determined in transesterification of tri-
glycerides carried out in polar medium. This phenomenon
is in full agreement with the catalytic results presented by
Okuhara, Misono and co-workers [10, 14].

Moreover, it has been shown by Highfield and Moffat
[30] that methanol is irreversibly bonded by H3PW 5,04
via strong interaction with protons from HPW forming
protonated species [CH;0H,]". The influence of this type
of methanol-proton species on the catalytic activity of
H3;PW{,04 has been observed in the gas-phase catalytic
reaction, synthesis of MTBE (methyl-fert-butyl ether) from
methanol and isobutene [31]. It can not be excluded that
similar protonated species may also be formed in the case
of colloidal solution of Cs-salts in polar medium, like
methanol or water.

Now, the question arises as to whether the catalytic
activity of Cs-salts in polar solvent (methanol) is due to the
surface protons only. Proton migration enhanced by polar
medium leads to an enrichment of surface of primary
particles by protons. In extreme case, this may lead to the

system consisting of Cs3 core with epitaxial layer of het-
eropolyacid. To clarify the stability of this system in
methanol medium catalytic performance of Cs-salts is
compared to that of parent H;PW;,049, which is well
soluble in methanol and it acts as a homogeneous catalyst,
similarly to what was reported by Morin et al. [32]. In
catalytic test the concentration of HPW was equal to that of
Cs-salts, i.e. 0.00225 mol/dm®. A typical course of triacetin
transesterification in the presence of soluble HPW is shown
in Fig. 7.

In homogeneous catalysis the rate of triacetin conver-
sion was distinctly higher than that over Cs-salts and the
maximum conversion of triacetin attained ca. 82%. Under
these conditions triacetin was reacted, via diacetin and
monoacetin as the intermediates, to form methyl-ester and
glycerol (Fig. 7). This reaction pattern is typical and almost
identical to those reported in the literature for methanolysis
catalysed by homogeneous bases (KOH, NaOH, LiOH)
[33] as well as acids [34]. Under homogeneous reaction
partial glycerides, di and monoglycerides, exhibit a maxi-
mum concentration shortly after the start of the reaction
and in final solution practically all glycerides (triglycer-
ides, di and mono) are converted to methyl esters and
glycerol [34]. Similarly, in the transesterification of glyc-
eryl tributyrate performed on solid alkaline Li/CaO catalyst
[35] the concentrations of di and monoglycerides peaked at
the beginning of the reaction. The same profile for partial
glycerides has been observed by Lopez et al. [36] for tri-
acetin, the shortest triglyceride. Suppes et al. [37] also
observed the peak of partial glyceride concentration at the
start of the reaction catalysed by zeolite. As Fig. 8 shows
the products distribution diagram in the presence of
Cs-salts has a different shape from that obtained in
homogeneous reaction catalysed by HPW. Firstly, in the
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Fig. 7 Reaction products distribution in the presence of soluble
H3PW 1,04
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Fig. 8 Reaction profile for methanolysis of triacetin catalysed by Cs2
and Cs2.5 salts

presence of Cs2 and Cs2.5 salts definitively lower maxi-
mum conversions of triacetin were obtained, they attained
47 and 41%, respectively. Secondly, in the presence of
Cs-salts the content of diacetin reached a plateau after a
short reaction time. After the plateau, the content of tri-
acetin as well as that of diacetin only slowly decreases.
Monoacetin is observed only when the conversion of tri-
acetin is relatively high. In addition, the monoacetin level
was very low, not exceeding ca. 8-10% in all cases
throughout the whole reaction progress (Fig. 8). The effect
of plateau reaching for diglyceride has been observed by

@ Springer

Cantrell et al. [38] in methanolysis of glyceryl-tributyrate
in the presence of alkaline Mg—Al hydrotalcites. It has been
shown in these studies that the rate of tributyrate conver-
sion and associated methyl-ester and diglyceride formation
were both first order in triglyceride concentration during
the initial stage of reaction (<25% tributyrate conversion).
The reaction kinetics deviates from simple first order
behaviour after this point when the diglyceride reached a
plateau. Similar effect has also been observed in the
presence of heterogeneous alkali supported on CaO and
MgO [39]. The effect of plateau reaching by partial gly-
cerides has been explained by these authors as due to mass
transfer limitation resulting due to the creation of glycerol
film onto the solid catalyst. Moreover, the authors con-
cluded that partial glycerides could also coat the catalyst
particles. The presence of this glycerol/glycerides film
could have two important effects. It could present a mass
transfer barrier to the methanol and triglycerides. Further-
more, it could facilitate the reverse reactions thus shifting
the equilibrium to left, to the intermediate products i.e.
partial glycerides. As the consequence, two effects were
observed on the reaction profiles diagrams; the plateau for
diglycerides and the relatively high concentration of partial
glycerides in the final solution [39].

In Fig. 9 the concentrations of partial glycerides
(diacetin, monoacetin) are plotted versus the conversion of
triacetin. The data obtained in the presence of homoge-
neously acting HPW are compared with those for Cs-salts.
It is observed that at a given conversion of triacetin, the
content of partial glycerides and in particular that of
monoacetin is higher in the presence of Cs-salts than over
soluble HPW. This implies that the conversions of diacetin
to monoacetin and monoacetin to glycerol slowed down
more than the other reaction steps in the presence of both
Cs2 and Cs2.5 salts. This effect was not observed in the
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Fig. 9 The concentrations of partial glycerides versus the conversion
of triacetin; D diacetin (empty marks), M monoacetin (full marks)
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presence of soluble HPW. Hence, an accumulation of
partial glycerides/glycerol occurs on Cs-salts and the effect
is more pronounced in the presence of Cs2.5 than over Cs2
catalyst. Following the literature observation, this accu-
mulation effect may be a reason of low maximum yield of
methyl esters obtained in the presence of Cs-salts. In order
to examine the supposed accumulation of glycerol/glyce-
rides by Cs-salts, the recovered catalysts were studied by
FT-IR technique.

The Cs-catalysts after the reaction were filtered off and
slowly dried in air at temperature ca. 353 K. The obtained
“white gel type solids” were studied by the FT-IR tech-
nique and the spectra of recovered Cs2 and Cs2.5 salts are
displayed in Fig. 10. For the comparison, the spectra of as-
received Cs-salts, glycerol and triacetin are also reported.
In the spectra of recovered catalysts, apart from the distinct
bands originating from the Cs-salts (at 798, 890, 986 and
1,080 cm™") very strong band located at ca. 1,040 cm™'
can be seen. In the spectra of most of the reagents, triacetin,
monoacetin and in particular glycerol, a relatively strong
band is observed at ca. 1,030-1,050 cm~'. On the other
hand, in the spectra of glycerides, triacetin and monoacetin,
strong band at ca. 1,740 cm~! more intense than the band
at ca. 1,040-1,050 cm™! occurs. However, the bands
within such region (ca. 1,740 cm™') in the spectra of
recovered Cs-salts are very weak, whereas the band at
1,040 cm ™" is very strong. This may indicate that glycerol
is the reagent mostly accumulated by the spent catalyst
whereas the glycerides are present to lesser extent.
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Fig. 10 FT-IR spectra of recovered Cs2 and Cs2.5 salts and
references

To verify the tendency of Cs-salts for the accumulation
of glycerol, the reaction was carried out in the presence of
glycerol. Thus, known amounts of glycerol (corresponding
to 50 and 100% of glycerol content which can be formed in
the experiment) were added to the reaction mixture before
the catalytic experiment. After heating glycerol-containing
reaction mixture up to the desired temperature, the catalyst
was introduced and the reaction was started. Experiments
were performed using HPW, Cs2 and Cs2.5 salts and the
obtained results are reported in Fig. 11. From the reaction
products diagram it can be clearly seen that the presence of
glycerol exerts only slightly the triacetin conversion in the
presence of soluble HPW, i.e. under homogeneous condi-
tions. Due to added glycerol the conversion of triacetin
decreased by ca. 5-10% only and no strong changes with
respect to the content of partial glycerides are observed. In
contrast to homogeneous conditions, the influence of added
glycerol is very strong in the case of Cs-salts. A strong
suppression of triacetin conversion from the very beginning
of reaction is observed (Fig. 11). At the same amount of
added glycerol, much higher inhibition of reaction is
observed on Cs2.5 salt than in the presence of Cs2 catalyst.
Moreover, in the presence of added glycerol, the content of
partial glycerides (diacetin) observed at a given conversion
of triacetin is much higher than in the reaction without
added glycerol. Our results support literature supposition
that some of reagents, like partial glycerides and/or glyc-
erol may to some extent accumulate on the Cs-salts before
they are reacted to final products. This accumulation may
result in partial blockage of catalytic centres similarly to
what was reported by Pouilloux et al. [40] during esterifi-
cation of oleic acids with glycerol catalysed by acidic resin,
Amberlyst. Strong interaction of glycerol with SOz;H
groups of Amberlyst via the system of hydrogen bonds
leaded to significant blockage of catalytically active pro-
tons. Thus, interaction of glycerol with the protons of
present Cs-salts leading to a partial blockage of catalyst
seems to be very probable.

Now, the question arises as to whether the catalytic
activity of Cs-salts in polar-methanol medium, is in fact a
heterogeneous in nature. This problem has already been
discussed in the literature. For instance, in quite recently
reported paper focused on the use of Cs2 salt in transe-
sterification of rapeseed oil with ethanol Hamad et al. [17]
demonstrated by number of techniques that Cs2 salt pre-
sents a relative good resistance for the leaching in ethanol.
Furthermore, Narasimharao et al. [16] noted that the
Cs,H;_PW{,04 salts of cesium content higher than x = 1
were stable to methanol reflux and in consequence the
Cs-salts of x> 1 were recoverable catalyst with no
leaching of HPW during methanolysis of tributyrin. How-
ever, no experimental data supporting this conclusion were
reported. On the other hand Okuhara et al. [19, 22, 41]

@ Springer



60

L. Matachowski et al.

4 08
£ H,PW. O
)
g 0,7 4 3 12740
[}
E o6- «
c
= \®
@ 0,5 O\
s
= 04 \C'
= 04+
g 03 \0
§ o021 Qso
£ —e— without glycerol \Q
8 0,1 { —0—50 % glycerol
g —0— 100 % glycerol
o 00 T T T T T T
0 30 60 90 120 150 180
time [min]
— 0,8
”E 9 Cs2 salt
S | S
SR,
£ 0.6 .\. \O\O
e 3 T
IE \. \
=
N [
8 0,5 — o
8
= 044
k]
e 034
2
® 02+
c —e— without glycerol
8 0,1 4 —0—50 % glycerol
g —o— 100 % glycerol
(&) 0,0 T T T T T T
0 30 60 90 120 150 180
time [min]
o 08
£ Cs2.5 salt
B 07+
o
E o06-
£
@ 05
Q
8
= 04+
s
c 0,3
2
® 02+
€ —e— without glycerol
8 0,1 4 —o—50 % glycerol
c —0o— 100 % glycerol
8 0,0 T T T T T T
0 30 60 90 120 150 180

time [min]

0,16

—e— without glycerol Cs2 salt

0,14 4 —o—50 % glycerol
—o— 100 % glycerol
0,12
0,10 A
0,08 -
0,06 -
0,04 -

0,02

Concentration of Diacetin [mol/dma]

0|00 T T T T T T T
0 5 10 15 20 25 30 35 40

Conversion of Triacetin [%]

0,16

—e— without glycerol Cs2.5 salt
—0—50 % glycerol

—a— 100 % glycerol

0,14
0,12
0,10 -
0,08 -
0,06 -|
0,04

0,02

Concentration of Diacetin [mol/dms]

0,00 T T T
0 10 20 30 40

Conversion of Triacetin [%]

Fig. 11 The effect of glycerol. Methanolysis of triacetin carried out in the presence of homogeneous H;PW 5,049, Cs2 and Cs2.5 salts

claimed that the Cs2.5 salt is a “water-tolerant” solid acid
catalyst for hydrolysis of esters in the presence of excess
water. However, catalytic activity of Cs2.5 salt under such
conditions gradually decreased with successive reuse of
the salt. Similarly, pre-treatment of Cs2.5 salt by hot water
(at 353 or 393 K for 24 h) resulted in lower activity
compared to that of no water treated sample. This decrease
in activity was attributed to the liberation of small het-
eropoly clusters to water [19, 42]. They present the H'-rich
heteropoly clusters not ionically dissociated but retain
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essentially the secondary structure of Cs-salts. Also the
slow leaching from Cs,;sHgsPW,04, catalyst during
methanolysis of vegetable oil has been observed by Chai
et al. [42]. After six runs of catalytic experiment ca. 5.6%
of the starting amount of the catalyst was dissolved. This
result is close to the recently presented data [26] showing
the solubility of Cs2.5 salt in methanol ca. 2.7%.

Here, the recycling use in methanolysis of triacetin was
studied for Cs2 salts. As described before Cs-salts of HPW
form colloidal solution in polar medium such as water or
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methanol because they consist of ultrafine crystallites (ca.
1020 nm in average) and separation of catalyst by hot
filtration or centrifugation was impossible, similarly to
what was observed by Hamad et al. [17] for Cs2 salt. Even
on using filter paper Sartorius 100 nm no transparent fil-
trates were obtained. Therefore, after completion of reac-
tion (typically 3 h) the reaction mixture was cooled to
room temperature and then the catalyst was separated by
centrifugation. Later, the catalyst was three times washed
with methanol and THF (tetrahydrofurane) to remove
organic material from the catalyst, centrifuged after
washing with each solvent, dried in air and stored in a
desiccator. In recycling experiments, the same amount of
fresh reactants (triacetin and methanol) was used in each
methanolysis tests under the same reaction conditions. The
recycling tests were performed three times and the obtained
activity results are shown in Fig. 12. It can be seen that the
conversion of triacetin slightly but continuously decreased
during the recycling use of Cs2 catalyst. The conversion
decreased from 34.2% for fresh Cs2 salt to 32 and 30%
during subsequent recycling of the salt. The decrease in
conversion may be ascribed to slow leaching of Cs2 cata-
lyst in reaction mixture, similarly to what was observed for
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Fig. 12 Recycling use of Cs2 salt in methanolysis of triacetin

Cs2.5 salt by Chai et al. [42] in methanol medium and
Okuhara et al. [41] in water medium.

In conclusion, an essential difference in the catalytic
performance of soluble HPW and Cs-salts observed in
the presence work may be experimental evidence that in
the presence of Cs-salts the reaction is accomplished due to
the surface protons. This conclusion is supported by the
result showing the preservation of Cs-salts catalytic activ-
ity during the recycling use in transesterification of tri-
glycerides with methanol.

4 Conclusions

It was shown, in agreement with number of literature
reports, that among Cs-salts, of Cs content within the range
x =2 up to x = 3, the Cs, sHysPW 5,04 salt is the most
active catalyst in the gas phase dehydration of ethanol. In
contrast, in liquid phase transesterification of triglycerides
with methanol the Cs,HPW ,0, salt exhibited the highest
catalytic activity. We observed that the order of activity for
Cs-salts (x = 2, 3) might change, depending on the tex-
ture-morphology of the salts particles during the catalytic
reaction under working state of catalyst. In dehydration of
ethanol involving gaseous reagents, the salts are in
aggregated state consisting of primary particles and “sur-
face acidity” being the result of specific surface area is a
crucial for their activity. In polar medium (methanol)
colloidal dispersion is formed because the aggregates split
to form primary particles (ca. 10-20 nm in diameter). It
has been shown that the acidic Cs-salts, which form solid
solution of HPW in Cs;PW ;04 salt after annealing at
393 K can change their secondary structure, after con-
tacting with polar solvent, to the structure consisting of
Cs3PW 5,04 core with epitaxial layer of heteropolyacid.
The migration of protons from the bulk to surfaces of
primary particles enhanced by polar (water, methanol)
medium causes an enrichment of surface layer by protons
what influences the activity of Cs-salts in the transesteri-
fication of triglycerides by methanol. This resulted in much
higher activity of Cs,HPW;,0,4, salt than that of other
Cs-salts, of higher Cs-content per Keggin unit. The cata-
lytic properties of Cs-salts in methanolysis of triglycerides
essentially differed from that of soluble, homogeneously
acting parent H3PW,,049. An accumulation of partial
glycerides and in particular glycerol on the Cs-salts
resulted in relatively low maximum conversion of tri-
glycerides, maybe due to partial blockage of the catalytic
centers. This effect and almost constant activity of Cs-salts
under recycling use in the transesterification experiments
are considered to be experimental evidence that methan-
olysis over Cs-salts was accomplished with the participa-
tion of surface protons.
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