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ABSTRACT

Present work is concerned with examination of catalytic properties of 12-tungstophosphoric acid and
its silver salts AgyH3_xPW1,040 with Ag-content ranging from x=0.5 up to x =3 for transesterification of
triglycerides with methanol to form methyl ester (biodiesel) under mild conditions (atmospheric pres-
sure, temperature of 50-60 °C). Reaction was studied for triacetin, a model triglyceride and for vegetable
oil, castor oil. Various techniques (BET, FTIR, XRD, XPS, laser diffraction, electron microscopy, SEM, and
EDS) were used to characterize as-received Ag-salts and the samples separated after the catalytic tests.
Because of the presence of methanol, which is the reactant, silver salts formed colloidal dispersion during
the catalytic reaction. Under such conditions, all silver salts were active for transesterification of triglyc-
erides. The conversion of triglycerides gradually decreases as the protons in heteropolyacid are replaced
by Ag* cations. However, due to the leaching of parent H3PW;,040 upon dissolving in methanol, the con-
tribution of homogeneous catalysis was observed, especially in the presence of Ag-salts with low silver
content such as AgosH,5PW12040. Catalytic performance of Ag-salts in methanolysis of a short-chain
triglyceride, triacetin, differs remarkably from that in castor oil comprising natural, long-chain triglyc-
erides. After transesterification of castor oil, initially crystalline particles of Ag-salts partially rearrange to
“gel-type” material making their further processing difficult. Although, no “gel-type” particles are formed
after reaction of triacetin, the formation of “nanowires” due to partial reduction of some of Ag* ions is

observed.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Biodiesel, a nonpetroleum-based fuel consists of fatty acid
methyl-esters (FAME) formed through a transesterification reac-
tion. In this process, the triglycerides of fatty acids (C;4—-Cyg) from
renewable sources like vegetable oils, animal fats and recycled
greases from food industry are converted to methyl-esters and glyc-
erol as a by-product in transesterification reaction with methanol
(methanolysis). The reaction has traditionally been catalysed by
homogeneous catalysts, such as K- or Na-alkoxides or -hydroxides,
and mineral acids [1-3]. However, the application of heterogeneous
catalysts is more desirable from economic, technological and envi-
ronmental points of view. In particular, solid acid catalysts seem to
be very useful since they are able to catalyse both the transesteri-
fication of triglycerides and esterification of free fatty acids, which
becomes important when using recycled greases. Therefore, great
research efforts have recently been undertaken to find efficient
solid acid catalysts and the results of these studies were reviewed
in general papers [1-3].
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The most commonly tested vegetable oils include palm oil, soy-
bean oil, sunflower oil, coconut oil and rapeseed oil. Moreover,
castor oil derived from Riccinus communis plants is mentioned fre-
quently 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, Scheme 1). Due to the presence
of OH group at C-12 carbon, castor oil exhibits unique chemical and
physical properties. Castor oil is well soluble in both methanol and
methyl-esters formed and the homogeneity of reaction mixture is
attained during transesterification reaction [4-6].

It is well known that Keggin type heteropolyacids and their
acidic salts are useful catalysts for reactions requiring strong acid-
ity. Although they are useful solid catalysts for gas-phase reactions,
they are highly soluble in polar media like water and methanol.
Therefore, when studied in methanolysis of rapeseed oil, het-
eropolyacids (H3 PW 1,040, H4SiW12040, and Hs PMO12040) acted as
homogeneous catalysts and their activity was higher than those
of mineral acids (H,SO4 and H3POg4) [7]. However, quite recently
published data demonstrated that heteropolyacids (H3PW13049
and H3PMo1,049) supported on acid-treated K-10 clay were effec-
tive and stable catalysts in the transesterification of different
oils with alcohols [8]. On the other hand, by combining vari-
ous amounts of heteropolyacid H3PW1,04 and large monovalent
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cations such as NH4*, K*, Cs* and Ag* microporous solid acidic
catalysts were obtained. They were highly effective in a number
of catalytic reactions including isomerization, hydration, alkyla-
tion, hydrolysis, and esterification [9-13]. Catalytic efficiency of
Cs- and K-salts of heteropolyacids was also evaluated for trans-
esterification of triglycerides [13-17]. For instance, cesium salts
CsyH3z_xPW1,04¢ with various Cs content (x =0.9-3) were found to
be effective catalysts in methanolysis of tributyrin, a model com-
pound of natural triglycerides [13]. Their activity increased with an
increase of Cs content up to x=2.0-2.3, and then dropped rapidly.
Two salts Csy5Hg5PW12049 and Cs;HPW15,049 turned out to be
effective acid catalysts for the transesterification of vegetable oil
(Erucasativa Gars)[14] and rapeseed oil [ 15], respectively. Cs-doped
H4SiW1,04¢ catalyst was found to be active in transesterification
of model C4 and Cg triglycerides and esterification of palmitic acid
[16].In our previous work Cs- and K-salts of H3PW{,049 were stud-
ied in methanolysis of castor oil [17]. In the reaction mixture they
formed colloidal dispersion. This resulted in much higher activity of
K-salts when compared to that of their Cs-analogous. Moreover, the
NH4*, K* and Cs* salts of HPW were found to be effective catalysts
in esterification of palmitic acid [16,18,19].

On the other hand, markedly less attention was directed to cat-
alytic properties of insoluble silver salts of H3PW1504¢. Literature
data show that due to the presence of acidic protons and Ag* cations
they can act as bifunctional catalysts. This type of bifunctional activ-
ity was observed by Moffat and co-workers in a ring-expansion
of methylcyclopentane and ring-contraction of cyclohexane [20].
Furthermore, such bifunctionality was noticed by Haber et al. in
hydration of ethylene and dehydration of ethanol [21]. Catalytic
activity of Ag-salts of H3PW1,049 caused by the acidic centres was
observed in dehydration of the 1-, 2- and tert-butyl alcohols [22]. In
all these reactions gaseous reactants were used whereas Ag-salts
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Scheme 1. Ricinoleic acid.

acted as the solid catalysts (gas-phase reactions). Quite recently,
Yadav et al. [23] reported that Ag3PW1,049 was mild and selec-
tive acid catalyst in the synthesis of B-ketoesters via C-H insertion,
reaction performed in liquid phase using dichloromethane as the
solvent.

In the present work, silver salts AgxH3_,PW1,04¢ with vari-
ous Ag-content ranging from x=0.5 up to x=3 are studied. Their
catalytic properties are evaluated for transesterification of triglyc-
erides by methanol, i.e. in reaction performed in highly polar
medium. Reaction is studied for triglycerides, namely castor oil
and triacetin. The methanolysis of triacetin (the acetic acid tri-
ester of glycerol) which is the simplest triglyceride has already
been studied as a model reaction for the transesterification of
natural oils [24-29]. Triacetin exhibits the same chemical function-
ality of any triglyceride molecule and shares the same reactivity
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HC—0OCOR + CH,OH =——= RCOOCH, + HC—O0COR
bio-ester
triglyceride (TG) diglyceride (DG)
H,C—0OH H,C—O0H
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Scheme 2. Tranesterification of triglyceride with methanol.
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principles of triglycerides. Its methanolysis is accomplished via
three sequential steps, similarly to the methanolysis of other
triglycerides (Scheme 2). Reaction proceeds via the intermedi-
ate products, diacetin and monoacetin to produce finally methyl
acetate and glycerol. Here, by using short-chain (triacetin) and
long-chain triglycerides (triglyceride of ricinoleic acid in castor oil),
the effect of the triglyceride on its transesterification reactivity is
compared in the presence of soluble H3PW1,04¢ and its silver salts.
It should be stressed that castor oil and triacetin are readily solu-
ble in methanol and methyl-esters formed in reactions. This has
not been observed yet for commonly used natural oils. Thus, in
methanolysis of both our triglycerides, there is a single liquid-phase
system and no other separate phases of methanol and triglycerides
appear. Therefore mass-transfer effects resulting from the presence
of two phases (oil-methanol) encountered during transesterifica-
tion of natural oils with methanol may be neglected.

2. Experimental
2.1. Catalysts preparation

Commercially available 12-tungstophosphoric acid
(H3PW1,049, HPW, Merck) was used to prepare silver salts.
Prior to the salts preparation, the sample of HPW was analyzed by
DTG method to determine the content of water. The silver salts
AgxH3_,PW1,04 with Ag-content from x=0.5 up to x=3 (abbrevi-
ated in the text as Ag0.5 Hys PW]2040—Ag—0.5; Ag2 HPW]2040—Ag—2)
were prepared by precipitation method, following the procedure
described in detail previously [21].

The stoichiometric quantities of AgNO3 solution (0.04 M) were
added to aqueous solutions of the 12-tungstophosphoric acid
(0.10M). The preparations were performed at ambient temperature
without stirring. The resulting white colloidal solutions of silver
salts were left overnight in the oven at 40 °C to slowly evaporate to
dryness.

2.2. Characterization of catalysts

The specific surface areas of samples were calculated from the
nitrogen adsorption-desorption isotherms at 77 Kin an Autosorb-1
Quantachrome instrument. Prior to the measurements, the samples
were preheated and degassed under vacuum at 200 °C for 2 h.

FTIR studies were carried out using Bruker-Equinox 55 spec-
trometer and standard KBr pellets technique.

X-ray diffraction (XRD) patterns were obtained with a Siemens
D5005 diffractometer using Cu Ko radiation (55kV, 30mA). The
samples were dried at 120 °C before the measurement.

The X-ray photoelectron spectroscopy (XPS) measurements
were carried out with a hemispherical analyzer (SES R4000, Gam-
madata Scienta). The unmonochromatized Al Ko (1486.6 eV) X-ray
source with the anode operating at 12 kV and 20 mA current emis-
sion was applied to generate core excitation. The base pressure in
the analysis chamber was about 8 x 10~2 Pa and about 1 x 10~7 Pa
during experiment. The energy resolution of the system, measured
as a full width at half maximum (FWHM) for Ag 3ds, excitation
line, was 0.9 eV. All binding energy values were charge-corrected
to the carbon C 1s excitation which was set at 285.0 eV. The pow-
der samples were pressed into indium foil and mounted on a special
holder. The area of sample analysis was about 3 mmZ. All spectra
were collected at pass energy of 100 eV except survey scans which
were collected at pass energy of 200 eV. Intensities were estimated
by calculating the integral of each peak, after subtraction of the
Shirley-type background, and fitting the experimental curve with
a combination of Gaussian and Lorentzian lines of variable propor-
tions (70:30). The accuracy of the XPS analysis is approximately
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Fig. 1. HPLC chromatogram for castor oil (Abbreviations: GLY - free glycerol, FFAs —
free fatty acids, MGs — mono-glycerides, DGs - diglycerides, TGs - triglycerides).

3%. The Ag 3d peaks were deconvoluted into a few peaks compo-
nents taking into account a spin-orbit splitting of 6.0 eV and relative
intensity ratio of the 3ds, to 3ds/, peaks equal to 1.5.

Electron microscopy studies were performed by means of Field
Emission Scanning Electron Microscope JEOL JSM - 7500 F. Energy
dispersive X-ray (EDS) measurements were performed taking into
account the Ag and W elements.

The size distribution of Ag-2 salt particles in the colloidal dis-
persion was analyzed using Laser Diffraction Particle Size Analyzer
LS 13 320 (Beckman Coulter Inc.). In experiments, the mixture
methanol-triacetin (initial molar ratio of 29:1) of the same compo-
sition to that in methanolysis reaction was used. The measurements
were carried out at 25°C and subsequently after heating the mix-
ture to 35°C, 45°C and 55°C, respectively. The sizes of particles
were measured in the range of 40 nm to 4000 nm.

2.3. Catalytic tests

The transesterification of triglycerides, triacetin, and castor oil
with methanol was carried out in a 100 cm3 glass reactor at atmo-
spheric pressure following the procedure described in our previous
paper [17]. Reactor was equipped with a reflux condenser, mag-
netic stirrer, and a tube for sampling the solution. For all reactions,
the initial molar ratio of methanol to triglycerides (castor oil or tri-
acetin) equal to 29:1 was used. Prior to the catalytic tests all the
Ag-samples were ground into powder and dried at 120°C in order
to remove crystallization water.

Methanolysis of castor oil was performed using 6g of castor
oil (Microfarm, Poland), 7.6 cm? of methanol (Fluka), and 0.5g
of Ag-salts. This composition corresponded to molar ratio of
methanol/oil/catalyst equal to 29/1/0.025. In catalytic experiment,
castor oil, methanol and internal standard (eicosane) were intro-
duced to the reactor, heated up to 60°C and then the catalyst
was added. Typically, methanolysis was carried out for 3 h at 60°C
and the samples were withdrawn at appropriate time intervals.
The progress of reaction was studied by means of HPLC and GC
techniques. The procedure of HPLC method was described before
[17]. The composition of initial castor oil was determined by HPLC
method. Furthermore, in selected catalytic experiments the change
in concentration of castor oil during the methanolysis reaction was
determined by HPLC method.

The HPLC chromatogram (Fig. 1) shows that our castor oil is
entirely composed (ca. 90%) of triglyceride of ricinoleic acid. How-
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Fig. 2. GC chromatogram of methyl-esters obtained in methanolysis of castor oil (1
- methyl palmitate, 2 - internal standard (eicosane), 3 - methyl linoleate, 4 - methyl
oleate, 5 - methyl linolenate, 6 - methyl stearate, 7 — methyl ricinoleate).

ever, apart from triglyceride, castor oil contains trace amounts of di-
and mono-glycerides of ricinoleic acid, glycerol and free ricinoleic
acid. By using analytical standard, the content of free ricinoleic acid
was determined to be below 0.1 wt%.

The content of free glycerol in castor oil was estimated by the
method described by Naviglio et al. [30]. In the method, glycerol
was quantitatively and specifically oxidized into formic acid by
adding sodium metaperiodate solution according to the reaction:

C3Hg05 +2NalO4 = 2NalO; + 2CH,0 + HCOOH + H,0

Then, the content of formic acid which is equivalent to the content
of glycerol was determined by an acid-base titration in the pres-
ence of phenolphthalein as pH indicator. Using this procedure, the
content of free glycerol in our castor oil was determined to be very
low, below 0.1 wt%, which quite well agrees with the quantity of
glycerol evaluated by HPLC method.

The composition of methyl-esters formed in methanolysis of
castor oil was determined by GC technique using analytical pro-
cedure described before [17]. The analysis was performed with
a gas chromatograph PE Clarus 500 equipped with a flame ion-
isation detector under conditions: capillary column Elite-5 MS
(30m x 0.25mm x 0.25 wm coating) with helium as a carrier gas
(flow rate 1 ml/min) and injection temperature 260 °C. Product sep-
aration was obtained using temperature ramps: 120°C for 1 min,
10°C/minto 180°C, 7 °C/minto 260 °Cand held at 260 °C for 15 min.

For GC analysis the sample of reaction mixture (40 1) with-
drawn from the reactor was added to 1cm3 of hexane. Then,
the mixture was shaken to separate the catalyst and the solution
obtained after filtration was analyzed by GC method. A sample
(1 pl) of this solution was injected to GC, and the content of methyl-
esters (FAME) was quantified using an internal standard method.
As described before [17] the yield of methyl-esters formed in
methanolysis of castor oil was expressed in terms of the percentage
of methyl-esters produced.

Arepresentative GC chromatogram of methyl-esters obtained in
methanolysis of our castor oil is reported in Fig. 2, and the content
of methyl-esters determined by GC in Table 1. It can be seen that
bio-esters are composed entirely of methyl ricinoleate (87.44 wt%)
and they contain only traces of fatty acids methyl-esters. Thus, the
composition of our castor oil is practically the same as that reported
by other authors [6,31]. Molecular weight of 928 g/mol for castor
oil was assumed.

The transesterification of triacetin with methanol (1:29 molar
ratio) was performed at 50 °C using the concentration of catalysts
equal to 0.00225 mol/dm?3. In the course of catalytic tests the sam-

Table 1
Composition of methyl-esters (FAME) derived from castor oil, determined by GC
method.

Methyl-ester Number of C atoms/number of Content [wt%]

C=C bonds
Methyl ricinoleate C18:1, 1-OH 87.44
Methyl linoleate C18:2 5.05
Methyl oleate C18:1 3.88
Methyl stearate C18:0 1.40
Methyl palmitate C16:0 1.28
Methyl linolenate C18:3 0.56
Others 0.39

ples of reaction mixture were periodically withdrawn and analyzed
by GC method using toluene as internal standard. Then, 40 .l of
the sample taken from reactor was added to 1cm? of THF, and
1wl of the obtained solution was injected to GC (PE Clarus 500
equipped with a flame ionisation detector, capillary column Elite-
5 MS (30 m x 0.25 mm x 0.25 pum coating) with helium as a carrier
gas (flow rate 1 ml/min) and injection temperature 260 °C). Product
separation was achieved using temperature ramps 50 °C for 1 min,
3°C/min to 65°C, 30 °C/min to 260 °C, and held at 260 °C for 2 min.
The response factors for triacetin, diacetin (Aldrich), monoacetin
(Acros Organics) and methyl acetate (Aldrich) were determined
through multipoint calibrations of standards.

For the microscopic studies (SEM) the samples were separated
from the reaction mixture by centrifugation. The separation by sim-
ple filtration was impossible because of the presence of very small
colloidal particles in the reaction mixture.

3. Results and discussion

In the first part of the work, silver salts AgyHz_yPW1,04¢ of Ag-
content ranging from x=0.5 to x =3 are studied in methanolysis of
triacetin, a short-chain triglyceride which is a model compound for
natural triglycerides. In the second part, their reactivity is compared
to that determined for natural triglyceride, castor oil consisting of
long-chain triglycerides.

810 982
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Fig. 3. FTIR spectra of pure H3PW;,049 and Ag-salts of various Ag-content.
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Fig. 4. Powder X-ray diffraction patterns of parent H3PW1,04¢ acid and Ag-salts.

3.1. Characterization of Ag-salts of H3PW1504¢

The structures and morphologies of Ag-salts were studied by
means of FTIR, powder X-ray diffraction (XRD), X-ray photoelectron
spectroscopy (XPS), scanning electron microscopy (SEM), and X-ray
energy dispersive spectroscopy (EDS) techniques.

3.1.1. FTIR spectroscopy

The FTIR spectra of Ag-salts and of parent H3PW;,049 are
displayed in Fig. 3. In the spectrum of HPW the bands charac-
teristic of Keggin anions can clearly be seen. They are the bands
located at 1080 (v,s P-0,, oxygen in the central PO, tetrahedron),
982 cm~! (W-0y, terminal oxygen bonding to W atom), 893 cm™!
(vas W-0,-W, edge-sharing oxygen connecting W) and 810 cm™!
(W-0.-W, corner-sharing oxygen connecting W3013 units) [32].
All these bands also appear in the spectra of all Ag-salts. Their
positions do not change referred to those in the spectrum of par-
ent HPW. This indicates that the structure of Keggin anions of
H3PW1,04¢ does not change when the protons are replaced by the
silver cations.

3.1.2. XRD diffraction

The XRD diffraction patterns of silver salts of various Ag-content
and of H3PW1,049 are displayed in Fig. 4. The diffraction pattern
of the parent HPW coincides with the XRD data reported for the
hexahydrated H3PW;,049 x 6H,0 corresponding to a cubic Pn3m
crystalline structure [32]. According to the literature, silver salts of
HPW posses the same cubic symmetry but with a contracted unit
cell [21,32]. It has been established that with the increase of Ag-
content the lattice parameters gradually decreased from ag=12.5 A
for H3PW1,049 x 6H,0 to ag=11.8 A for Ag-3 salt [21,33]. There-
fore, for Ag-salts the reflexes assigned to the Keggin salts were
shifted in comparison to those of pure HPW towards higher angle.
This was explained by the formation of one crystalline phase of the
salts [21].

This effect is also observed in the diffraction pattern of present
Ag-samples (Fig. 4). Thus, our X-ray diffraction patterns are con-
sistent with previous data [21] showing only one phase of Ag-salts
with good crystallinity when silver content x > 1. However, this is
not the case for salt with low Ag-content such as Ag-0.5. In the
diffraction pattern of Ag-0.5 salt apart from the new reflexes orig-

inating from the crystalline phase of silver salt, the reflexes from
crystalline phase of parent H3PW,049 can easily be recognized.
This indicates that Ag-0.5 sample is two-phase mixture consisting
of silver salt and crystalline HPW.

3.1.3. Microscopic studies (SEM, EDS)

The morphology of initial salts and the samples separated after
methanolysis of both triglycerides triacetin and castor oil was
studied by means of electron microscopy technique (SEM). Their
compositions were examined by energy dispersive X-ray technique
(EDS). X-ray microprobe analysis for W and Ag elements was per-
formed in various surface areas of samples. From the contents of W
and Ag elements determined in at.%, the molar ratios of W/Ag were
calculated.

The micrographs of as-prepared Ag-0.5, Ag-1 and Ag-2 salts
are displayed in Figs. 5-7, respectively. It can be seen that all as-
received salts are in the form of well-shaped crystalline particles.
The smallest crystallites are formed by Ag-0.5 salt (Fig. 5). When the
content of silver in the H3PW1,04g increases, the size of crystalline
particles evidently grows. As a result, Ag-2 salt forms well-shaped
crystallites (Fig. 7) of bigger sizes than those of Ag-0.5. Surprisingly,
further increase in the Ag-content leading to fully exchanged Ag-
3 salt resulted in the formation of very fine crystalline particles
(Fig. 8) of diameters similar to those of Ag-0.5.

The values of W/Ag ratios calculated from the EDS data are col-
lected in Table 2. In the Ag-0.5 salt, the distribution of Ag and W
elements was highly non-homogeneous. Some surface areas exhib-
ited higher content of Ag than the others. As a consequence, the
W/Ag ratios changed from 3 to 11.5 and are distinctly smaller than
W/Ag =24 calculated from the stoichiometry of the Ag-0.5 salt.

Similar effect can be observed for Ag-1 sample. The average
value of W/Ag ratio determined by EDS is about 6, i.e. almost two
times less than the stoichiometric ratio W/Ag = 12. Thus, EDS results
support the observations obtained from the XRD diffraction pat-
tern (Fig. 4) for Ag-0.5 suggesting that this sample is most probably
composed of crystalline HPW and silver salts. Although no crys-
talline phase of parent HPW was observed by XRD for sample with
higher Ag-content, i.e. Ag-1, too low value of W/Ag ratio may indi-
cate that Ag-1 saltis also composed of HPW and crystalline Ag-salts.
The presence of amorphous HPW and/or small cluster of HPW, too
small to be detected by XRD cannot be excluded.
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a

Fig. 5. Scanning electron micrographs of initial Ag-0.5 salt and the precipitate after

methanolysis of castor oil or triacetin.

Table 2

35

Fig. 6. Scanning electron micrographs of initial Ag-1 salt and the precipitate after
methanolysis of triacetin and castor oil.

Energy dispersive X-ray (EDS) analysis data for Ag and W in Ag-salts of H3PW, 04, initial Ag-salts and solids obtained after methanolysis of castor oil or triacetin.

Sample W/Ag stoichiom. W/Ag determined by EDS W/Ag average value from EDS
As-prepared 4.1;84;3.0;7.1; 11,5
Ag-0.5 24 After reaction of triacetin 5.0;7.8;6.5;44 5.9
After reaction of castor oil 12;9.0; 16.2; 3.2; 2.8; 7.3
As-prepared 6.7; 5.5 6.1
Ag-1 12 After reaction of triacetin 6.8;4.4;45;48;5.2 5.13
After reaction of castor oil 4.0;4.7; 4.3; 4.1; 4.15; 4.1 4.23
As-prepared 5.4;6.7;4.8; 6.7 5.9
Ag-2 6 After reaction of triacetin 3.4;3.3;2.0%; 1.72
Treated by CH;0H 6.4;5.3;5.3;4.7; 4.7
Ag-3 4 As-prepared 5.1;4.3 4.75

Treated by CH3;0H

4.7; 4.8; 4; 6.3; 3.8, 2.5P

2 EDS analysis in the area with “nanowires”, marked in Fig. 7.

b EDS analysis in the area of morphological changes, marked in Fig. 8.
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Fig. 7. Scanning electron micrographs of initial Ag-2 salt and the precipitate after methanolysis of triacetin, castor oil and treated by methanol.

On the other hand, for Ag-2, Ag-2.5 and Ag-3 salts the W/Ag
ratios calculated from the EDS analysis are close to the stoichio-
metric values. For instance, the average value of W/Ag for Ag-2
salt calculated as 5.9 is very close to the stoichiometric W/Ag=6
(Table 2). This observation is consistent with the XRD diffraction
pattern (Fig. 4) revealing the presence of one crystalline phase for
Ag-2 salt.

As shown in Table 3, all Ag-salts exhibit very small values of
specific surface areas, they do not exceed 5m?2/g. According to
the literature reports [32,33] small surface areas were measured
for silver salts prepared by evaporation procedure. This proce-
dure was used in present work. As pointed out by Parent and
Moffat [33] precipitation of salts in the presence of a deficit of
Ag*-cation (relative to the stoichiometric Ag-3 composition) would
presumably trap the residual protons within the crystallographic
structure, consequently leading to a blocking of the micropores
and hence decreasing surface areas. This phenomenon could be
perceived as the formation of a solid solution rather than the for-
mation of two-phase samples. Our XRD and EDS data obtained
for samples with higher Ag-content, Ag-2 up to Ag-3, support
this literature hypothesis. However, at low content of silver in
HPW as for Ag-0.5-Ag-1 salts, non-homogeneous distribution of
Ag was evidenced by the EDS analysis and in the case of Ag-
0.5 the crystalline phase of parent HPW was observed by XRD.
No reflexes originating from crystalline HPW were observed at
higher content of silver, such as in Ag-1 sample. However, the
presence of HPW in the form of amorphous and/or small clus-

ters may be postulated in view of EDS data (Table 2). On the
other hand, at higher silver content, such as in Ag-2 sample, the
residual acidic phase, H3PW7,049, seems to be more homoge-
neously distributed throughout the bulk of crystalline particles
of the salt. This may be considered as the formation of solid
solution, what is consistent with the previous literature reports
[21,33].

3.2. Methanolysis experiments

It is well known, that each step of transesterification reaction is
reversible. However, Diasakou et al. claimed that the reverse reac-
tions in excess methanol were not important and could be ignored
[34]. Therefore, in the present work, all the methanolysis reactions
were carried out at the excess of methanol, using initial molar ratio
of methanol to triglyceride equal to 29:1.

3.2.1. Transesterification of triacetin with methanol

In this part of our study, silver salts of HPW are examined as
the catalysts for transesterification reaction. Therefore, catalytic
efficiency of pure AgNO3 was tested as well. Although AgNOs is sol-
uble in methanol no reaction was observed for both triglycerides:
triacetin and castor oil. In order to check the contribution from
non-catalytic reaction, blank experiments of triacetin methanol-
ysis were carried out in the absence of catalyst. The conversion
of triacetin and the yield to methyl ester obtained in blank run are
displayed in Fig. 9. The data show that the reaction carried out with-
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Table 3

Methanolysis of triacetin and castor oil in the presence of H3PW1,049 and Ag-salts. The yield to methyl-ester after 30 min of reaction (Y [%]) and the ratio of specific activities

(SPC) defined as the yield related to 1 g of Ag-salt or H3PW13040.

Catalyst Surface area [m?/g] Castor oil Y [%] 30 min Triacetin Y [%] 30 min SPC-tact/SPC-cas
HPW 5 23.9 25.7 43

Ag-0.5 3.56 21.2 22.7 4.3

Ag-0.75 15.5 20.8 5.3

Ag-1 3.23 10.1 17 6.6

Ag-1.5 7.9 14.2 6.9

Ag-2 4.74 5.6 11 7.4

Ag-2.5 4.05 3.5 7.4 7.8

Ag-3 5.54 0.3 3.6 44

out the catalyst proceeded very slowly and only 0.9% conversion of
triacetin was attained after 30 min.

In the presence of all Ag-salts as well as parent H3PW1,04¢ the
transesterification of triacetin with methanol proceeded at differ-
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prep st‘?"'—"

e

Fig. 8. Scanning electron micrographs of starting Ag-3 salt and the sample treated
by methanol.

entrates. In the catalytic experiments, the same number of moles of
parent H3PW1,04¢ acid and Ag-HPW salts was used. As suggested
by Morin et al. [7], prior to catalytic experiment the sample of HPW
wasdried for 18 hat230°C.Itis well known that parent H3PW1,049
is readily soluble in methanol and when used in methanolysis
experiment acts as homogeneous catalyst. The products distri-
bution profile obtained in the presence of soluble H3PW1504q is
displayed in Fig. 9. The change in reagents concentrations is iden-
tical to those commonly observed in the transesterification of
triglycerides. First, an initial build-up of the diglyceride intermedi-
ates (diacetin), achieving a maximum concentration at time of ca.
60 min takes place. Later, the monoglyceride (monoacetin) product
is formed. Glycerol and methyl ester are observed from the very
beginning of reaction. Almost identical product distribution profile
is observed over Ag-0.5 sample (Fig. 9). The only noticeable dif-
ference is the slightly higher content of monoacetin observed over
Ag-0.5 sample. Similar products distribution profiles were observed
in the presence of other silver salts.

Catalytic performance of Ag-salts of various Ag-content is com-
pared in Fig. 10 showing the conversion of triacetin against reaction
time. It can clearly be seen that the rates of methanolysis differ
depending on the content of Ag-cation in HPW. The highest con-
version of triacetin is attained in the presence of Ag-0.5 salt and this
conversion is only slightly lower than that obtained in the presence
of soluble parent HPW. Furthermore, the conversion of triacetin
gradually decreases as the protons in HPW are replaced by Ag*
cations. Methanolysis reaction occurs in the presence of Ag-3 salt
as well but at much lower rate (Table 3). It should be noted that
catalytic activity of fully substituted Ag-3 salt was also observed
by Moffat in dehydration of 1-, 2- and tert-butyl alcohols [20]. The
activity of Ag-3 was ascribed by the authors to the residual protons
found in the Ag-3 salt even when the Ag-content used for the salt
preparation exceeded the stoichiometric value.

However, macroscopic observations showed that catalytic per-
formance of Ag-0.5-Ag-1 salts is different from that of Ag-2, Ag-2.5
ones. When the white powder of Ag-0.5 salt is added to the reac-
tion mixture and then heated up to 50 °C, reaction mixture becomes
transparent and practically no presence of solid catalyst is observed.
However, after completion the reaction and cooling the mixture
to room temperature, the white solid was slowly separated (24 h)
from the liquid. Similar behaviour was observed for Ag-1 sam-
ple but it did not form completely transparent mixture and the
presence of salt powder was always observed. These macroscopic
observations also show that Ag-0.5-Ag-1 samples are partially sol-
uble in reaction mixture at 50°C.

The solids separated after the reactions carried out in the pres-
ence of partially soluble Ag-0.5-Ag-1 samples were analyzed by
SEM and the obtained images are shown in Figs. 5 and 6, respec-
tively. The results of EDS analysis obtained for these precipitates
are given in Table 2. It can be seen that precipitates separated from
the reaction mixture are in the form of crystallites. However, their
shape and sizes differ remarkably from those of initial Ag-0.5 and
Ag-1 samples (Figs. 5 and 6, respectively). Moreover, substantial
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Fig. 9. Reaction profile for methanolysis of triacetin in the presence of Ag-0.5 salt,
soluble H3PW1,040 and in the absence of catalyst (reaction conditions: molar ratio,
methanol:triacetin=29:1; catalyst concentration, 0.00225 mol/dm?; temperature,
50°C).
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Fig.10. Conversion of triacetin vs. reaction time in the presence of Ag-salts and solu-
ble H3PW;, 04 (reaction conditions: molar ratio, methanol:triacetin = 29:1, catalyst
concentration, 0.00225 mol/dm?, temperature, 50 °C).

differences are also observed in the values of W/Ag ratios. For Ag-1
sample, the initial W/Ag = 6 decreases to ca. 4 after the reaction, i.e.
to the value characteristic of fully substituted Ag-3 salt. This may
indicate that crystalline HPW present in as-received Ag-1 sample
was to some extent dissolved during methanolysis reaction and the
white precipitate separated after the reaction was entirely com-
posed of Ag-3 salt. This conclusion is quite well supported by the
SEM image (Fig. 6) showing that crystalline particles of precipitate
are smaller than those of initial Ag-1 sample and they are of similar
sizes/shapes to those of as-prepared Ag-3 salt (Fig. 8).

It is well known that H3PW;,049 is readily soluble in water
and methanol. It is very probable that upon contacting of the
Ag-0.5 sample with reaction mixture, crystalline heteropolyacid
H3PW1,049 (evidenced by its XRD diffraction) leached out by dis-
solving in methanol. Leaching of HPW seems to be also probable
in the case of both Ag-0.75 and Ag-1 samples, because of non-
uniform composition of these samples and distinct changes in their
morphology (compositions) after the catalytic tests.

It may be supposed that small amounts of “solid” - not dis-
solved in the reaction mixture - are the insoluble Ag-salts, i.e. the
salts with high silver content like Ag-2, Ag-2.5 and most probably
Ag-3 one. However, their activity for methanolysis of triacetin is
distinctly lower than that of soluble H3PW;,04¢ (Fig. 10). There-
fore, under the reaction conditions, almost all catalytic activity
observed in the presence of Ag-0.5-Ag-1 samples may be due to
homogeneous rather than heterogeneous catalysts, as a result of
HPW leaching.

In contrast to the Ag-0.5-Ag-1 salts, in the course of reactions
performed in the presence of Ag-2-Ag-2.5 samples, separate phases
of catalysts were observed in the reaction mixtures during the
whole catalytic experiments, and the reaction mixture became
“milky” at temperature 50°C. This suggests that these Ag-salts
when dispersed in reaction mixture form a colloidal solution. This
observation is well supported by the literature reports showing
that Cs-salts of HPW readily form colloidal dispersion in polar sol-
vents like water and methanol because they consist of very fine
primary crystallites (ca. 10-20 nm in average) [33]. Data reported
by Nakato and co-workers [35] as well as our previous results [17]
showed that colloidal particles of Cs-salts of HPW of size within the
range 50-200 nm were formed in water medium. Here, colloidal
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Fig. 11. The size of colloidal particles formed by Ag-2 salts in reaction mixture
composed of methanol and triacetin (29:1) determined at different temperatures:
A (25°C, d=1484nm), B (35°C, d=825nm), C (45°C, d=615nm) and D (55°C,
d=342nm).

dispersion of Ag-2 salt during methanolysis of triacetin is evalu-
ated by the measurements performed by laser diffraction technique
(Fig. 11). As described before (Section 2) the measurements were
carried for system obtained by introducing Ag-2 salt into the solu-
tion composed of methanol and triacetin with a molar ratio of 29:1.
They were performed at 25 °C and subsequently after heating the
mixture to 35°C, 45°C and 55 °C. The size distribution profiles are
displayed in Fig. 11. They show the formation of colloidal parti-
cles of Ag-2 salt even at room temperature. It can also be seen that
the size of colloidal particles remarkably decreases (ca. 5 times)
under heating the reaction mixture up to 55°C (close to the tem-
perature of reaction). The particles of average size of ca. 340 nm are
then observed. This indicates that the secondary crystalline parti-
cles which are composed of primary particles are to high extent
decomposed in polar medium forming colloidal dispersion.

The SEM micrograph of precipitate separated after reaction car-
ried out over Ag-2 salt is reported in Fig. 7. Although the shape and
the size of crystallites practically did not change, the formation of
small “nanowires” could be observed mostly on the edges of salt
crystallites. To identify these changes, the Ag-2 salt was treated by
methanol which is known to be a reducing medium towards the
silver compounds. Methanol treatment was performed under con-
dition identical to those used in methanolysis of triacetin (3 h at
50°C). The SEM images registered for the methanol treated sample
evidenced changes in the morphology similar to that of Ag-2 salt
(Fig. 7). The EDS analysis performed in the areas with “nanowires”
shows the W/Ag ratio as high as ca. 2, much lower than the stoichio-
metric W/Ag =6. This may indicate that the areas with nanowires
are enriched by silver. However, no particles of metallic silver were
observed even in the SEM images registered at as high magni-
fication as 200,000 what allows to detect metal nanoparticles of
5-10nm in size.

Fig. 8 shows micrograph of as-prepared Ag-3 salt (one image)
and two representative images of Ag-3 sample treated by methanol.
Two images are provided, because of different nature of morphol-
ogy changes induced by methanol. They are in the form of small new
nanowires clearly observable in the first image and micro-regions
of “special ordering” like “flowers” reported in the second image.

In the latter regions, similarly as in the areas with nanowires
the W/Ag ratio is low, equal to ca. 2 indicating surface enrich-
ment by silver. These changes and particularly the formation of
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Fig. 12. Powder X-ray diffraction patterns of methanol treated Ag-2 and Ag-3 salts.

“nanowires” seem to be interesting and studies concerning their
characterization are under progress.

Literature data demonstrated that during hydrogen treatment of
fully substituted Ag-3 salt at high temperature (215 °C) ionic silver
was partially reduced to Ag® which formed relatively large crys-
talline particles observed by the XRD technique [36]. However no
microscopic studies were carried out by the authors to evaluate
changes in morphology of Ag-3 salt induced by the reduction of
ionic Ag* by hydrogen.

In Fig. 12 the X-ray diffraction pattern of Ag-salts treated
by methanol is displayed. For clarity, the positions of reflexes
characteristic of crystalline silver are marked on the diffraction pat-
terns. No XRD peaks originating from crystalline Ag particles are
observed. Thus, no crystalline silver was formed after methanol
treatment, but the formation of silver nanoclusters cannot be
excluded.

From the present microscopic and XRD results it can be con-
cluded that after methanol treatment some changes in morphology
of Ag-2 salt are induced and most probably silver ions are partially
reduced. To clarify this reduction effect the XPS measurements
were carried out. For our studies, the Ag-2 salt has been chosen,
because its morphology changed after methanolysis reaction as
well as after treatment by methanol (Fig. 7). The XPS spectra of
the Ag 3d region in as-received Ag-2 catalyst and the sample after
treatment by methanol (for 3 h at 50°C) are displayed in Fig. 13.
The binding energies of the Ag 3ds, states and their contributions
to the whole Ag-peak are collected in Table 4.

According to the literature data, the binding energy of the Ag
3ds, signal for silver states Ag* (as in Ag;0) and Ag2* (as in AgO),
are 367.8eV and 367.4eV, respectively. Higher binding energies
of 368.3-368.7 eV are reported for Ag® (metallic) state [37]. How-

Table 4
XPS analysis data for Ag-2 salts, as-received sample and the sample treated by
methanol. Surface concentrations (in at.%) and binding energies for Ag 3ds), peaks.

Sample Ag(ats) W (at%) W/Ag B.EofAg3dsp [eV]
Ag-2 as-received 3.2 171 5.3 366.7 (2.2%)
368.3 (90.5%)
369.5 (7.3%)
Ag-2 treated by 2.6 16.3 6.3 366.5 (2.3%)
methanol 368.4 (65.0%)
369.5 (26.6%)
371.6 (6.1%)
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Fig. 13. XPS Ag 3d spectrum of starting and methanol treated Ag-2 catalyst.

ever, literature reports claim that it is difficult to assign the binding
energies for Ag 3ds), peaks in the case of the samples consisting of
silver dispersed in carrier matrices because their XPS signals could
change due to different support interactions.

For instance, in few studies, the binding energies for Ag 3ds,
as high as ca. 370eV, i.e. higher than those reported in the
XPS reference data [38] were observed. Such higher energies
were determined for Ag/Al,03 catalysts [39,40] as well as Ag/Au
core-shell nanoparticles [41]. Although this high binding energy
was considered as indicative of the presence of strong electronic
interactions between carrier and silver, their nature has not been
discussed in more detail. Moreover, the shift of BE of Ag? state was
also observed for Ag/ZnO particles due to strong silver-support
interactions [42].
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In the spectrum of as-received Ag-2 salt, the Ag 3ds;, region
shows two distinct peaks components, a large and dominating
centred at 368.3 eV (90.5%) and a smaller one at higher energy of
369.5eV (7.3%) (Fig. 13). A small peak of energy ca. 366.5eV (2.2%)
shows some traces of unidentified silver species.

Inview of literature data, the former XPS signal could be ascribed
to Ag* ions. The binding energy of 369.5eV is too high to be
assigned simply to the bulk metallic silver. According to the lit-
erature reports this energy may indicate the presence of silver
nanoclusters interacting with carrier material, the nature of which
cannot be speculated at the moment. They may be considered
as formed in the initial Ag-2 sample due to photochemical reac-
tion.

Thus, in initial Ag-2 salt silver appears mostly in the form of
ionic Ag* and a small amount of silver species. The treatment of
Ag-2 with methanol resulted in some changes in the Ag 3ds, peak.
As shown in Fig. 13 the contribution of peak originating from ionic
silver decreases (from 90.5% to 65%) whereas the shares of highly
energetic silver peaks at binding energies of 369.5eV and 371.6eV
grow. This indicates that after methanol treatment the content of
ionic Ag* silver decreases at the surface of Ag-2 salt at the expense
of the AgC-species, most probably Ag-nanoclusters interacting with
the support. The amount of metallic silver increased ca. 4 times
on the surface of Ag-2 salt after methanol treatment (from 7.3%
to 26.6%, Table 4). Hence, from XPS, electron microscopic images
and EDS data it may be supposed that partial reduction of ionic
silver and the presence of “nanowires” are to some extent mutually
occurring phenomena.

3.2.2. Transesterification of castor oil

In catalytic experiments, the reactivity of Ag-salts for transester-
ification of triacetin, a short-chain triglyceride, is compared to that
for natural oil, i.e. castor oil. As described before, in both systems
composed of methanol - castor oil and methanol - triacetin, the
homogeneity of the reaction mixtures was attained and no separate
phases of triglycerides and methanol appeared.

In the selected catalytic experiments for castor oil the composi-
tion of reaction mixture against reaction time was determined by
HPLC techniques. For all of the investigated catalysts the content of
triglycerides in the reaction mixture decreased with time, whereas
no remarkable peaks originating from di- and mono-glycerides
were observed. Therefore, in the discussion of catalytic results the
yield to methyl-esters formed under methanolysis of castor oil is
taken into account, identically to the procedure widely used in the
case of natural oils. Moreover, as shown in Figs. 1 and 2, apart
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Fig. 14. The formation of methyl-esters (percentage yield Y) in the methanolysis of castor oil and triacetin in the presence of Ag-salts. The reaction conditions: initial molar
ratio of MeOH/oil =29:1, the concentration of Ag-salts in reaction of triacetin 0.00225 mol/dm?3, in reaction of castor oil 0.012 mol/dm3.
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from the dominating triglycerides of ricinoleic acid, low amount of
triglycerides of other fatty acids is also present in castor oil, making
determination of conversion data more complex.

In Fig. 14 the yield to methyl-esters against reaction time
is reported. The data obtained in the presence of Ag-salts are
compared to that obtained in the presence of soluble, parent
H3PW1,049 acid. For the comparison, the yields to methyl-ester
obtained in reaction for triacetin are also displayed in Fig. 14. It
should be mentioned that the concentration of Ag-salts (and HPW)
used in experiments for castor oil (0.012 mol/dm3) was ca. 5 times
higher than that of the reaction for triacetin (0.00225 mol/dm?3).

The effects observed for transesterification of castor oil are
similar to those for triacetin. The Ag-0.5-Ag-1 samples were par-
tially soluble in the reaction mixture whereas the Ag-2, Ag-2.5
salts formed separate phases, colloidal dispersions. Similarly to the
transesterification of triacetin, that is at the same number of moles
of HPW and Ag-0.5 salt in the reactor, the yield to methyl-esters in
the presence of Ag-0.5 salt is only slightly lower than that obtained
in the presence of homogeneously acting H3PW1,049 acid. Among
the Ag-salts, the yield to methyl-esters gradually decreases as pro-
tons in HPW are replaced by Ag* cation.

The micrographs of precipitates separated after the reaction of
castor oil are displayed in Figs. 5-7 and the data of EDS analysis are
collected in Table 2.

It is observed that the morphology of precipitates separated
after the reaction remarkably differs from that of as-received sam-
ples. The well-shaped crystalline particles of initial salts become
like “gel-type” material (Figs. 5-7) particularly in the case of spent
salts with high content of silver. For Ag-0.5 sample, only small part
of crystalline particles is in the “gel” form (Fig. 5). The relative con-
tent of “gel-type” material increases as the content of Ag grows and
spent Ag-2 salt appears like a “piece of gel” (Fig. 7).

Thus, it can clearly be seen that when colloidal dispersion of
Ag-salts was cooled in contact with reaction mixture composed of
tri-, di- and mono-glycerides, glycerol, methyl-esters and methanol
the effect of particles aggregation to form “gel-type” structures was
noticed. It should be stressed that this effect was not observed when
a short-chain triglyceride, triacetin, was used.

In order to examine the reason of “gel-type” material formation
by spent Ag-samples and taking into account that methanol is one
ofthe reactant, the Ag-2 salt was prepared using methanol solutions
of reagents (HPW and AgNOs) instead of commonly used aqueous
solutions. However, in methanol medium Ag-2 salt was obtained
in the form of well-shaped crystalline particles and no “gel-type”
aggregates were formed. Moreover, no “gel-type” structures were
observed for spent Ag-salts after their use for methanolysis of
triacetin. Therefore, it can be concluded that the aggregation of col-
loidal particles of Ag-salts to form “gel-type” materials is facilitated
by the presence of castor oil, i.e. long-chain glycerides.

In Table 2 the results of EDS analysis for Ag-salts after the reac-
tion of castor oil are summarized. For initial Ag-0.5 salt and the
precipitate obtained after the reaction the values of W/Ag ratio are
observed within a wide range showing high non-homogeneity of
the samples.

However, for Ag-1 sample, the initial W/Ag=6.1 decreased after
the reaction to W/Ag=4.2 characteristic of Ag-3 salt. This effect is
similar to the one observed in methanolysis of triacetin (Table 2).
On the other hand, samples with higher content of silver in HPW,
i.e. Ag-2 salt, retained the average W/Ag ratios equal to 6 after
methanolysis of both triglycerides, castor oil and triacetin. More-
over, no “nanowires” or metallic silver particles were observed in
precipitates separated after the reaction of castor oil performed
in the presence of Ag-2, Ag-2.5 and Ag-3 salts even on the SEM
images registered at very high magnification (200,000x). This
indicates that long-chain triglycerides can block the formation of
“nanowires”.
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Fig. 15. The yield to methyl-esters (Y, %) after 30 min of reaction vs. the concentra-
tion of Ag-2 salt, methanolysis of triacetin (TACT) and castor oil (CAS).

InTable 3 the yields to methyl-esters obtained in transesterifica-
tion of triacetin, a short-chain triglyceride and in reaction of castor
oil comprising long-chain triglycerides are compared. It should be
stressed that the concentration of Ag-salts (and HPW) in experi-
ments of castor oil was ca. 5 times higher than that in the reaction
for triacetin.

For the Ag-2 salt the influence of its concentration in reaction
mixture on the yield to bio-ester was examined and the obtained
results are plotted in Fig. 15. It is observed that in methanolysis of
both triglycerides, the yield to bio-ester [Y, %] increases when the
concentration of Ag-2 salt in solution grows. The observed linear
increase of Y against the amount of Ag-2 salt indicates that external
mass-transport effect does not affect activity.

Fig. 16 displays the relationships between the contents of Ag
per Keggin unit and the yields to methyl-esters (obtained after
30min of reaction related to 1 g of salt). Curve TACT corresponds
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Fig. 16. Specific activity of HPW and Ag-salts (defined as the yield to methyl-esters
after 30 min of reaction related to 1g of salt or HPW) as a function of number of
Ag" cation (x) in the salt. Methanolysis of castor oil (CAS-curve) and triacetin (TACT-
curve).
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to methanolysis of triacetin, and curve CAS shows the results for
methanolysis of castor oil. Similarly to what was reported by other
authors methanolysis of triacetin, short-chain triglyceride, is faster
than that of castor oil comprising long-chain triglycerides. This is
observed in the presence of soluble H3PW;,04¢ as well as all Ag-
salts.

However, under conditions of homogeneous catalysis as in the
case of soluble H3PW1, 049 and highly soluble Ag-0.5 sample, trans-
esterification of triacetin is ca. 4.3 times faster than that of castor
oil (Table 3). The difference between the rates for short and long-
chain triglycerides successively increases when the content of Ag
in silver salts grows. Finally, in the presence of Ag-2 and Ag-2.5 cat-
alysts transesterification of triacetin is ca. 7.4-7.8 times faster than
that of castor oil.

To explain this effect some differences between homogeneously
and heterogeneously catalysed transesterification are taking into
consideration. It may be thought that in the case of heterogeneously
acting catalyst, the accessibility of larger, long-chain triglyceride
molecules to the active sites of solid catalyst is more difficult than in
the case of soluble catalysts. This may result in less effective utiliza-
tion of active centres in solid catalyst during reaction of castor oil
than in the case of triacetin, a short-chain triglyceride. Moreover, it
is generally accepted that in transesterification reaction catalysed
by acid catalysts, the triglyceride molecules are adsorbed by H*
centres of catalyst to form protonated carboxylic groups and they
react with methanol coming from the bulk of liquid [1]. Triglyc-
erides of castor oil are larger molecules and it may be thought that
it is more difficult for methanol molecules to reach the protonated
carboxylic group when there is a large alkyl chain from castor oil
blocking the access. In the case of solid catalyst, this may also lead
to lowering the rate for larger triglycerides relative to that for short
molecules. Hence, the larger difference between the rates for short
and long-chain triglycerides observed in the presence of Ag-2-Ag-
2.5 salts compared to homogeneously catalysed reactions suggests
higher contribution of heterogeneous catalysis for the salts with
high Ag-loading, such as Ag-2 and Ag-2.5.

It cannot be excluded that more restricted access of methanol
to the surface of Ag-salts in the case of castor oil may also explain
the lack of Ag* reduction leading to the formation of “nanowires”,
the effect observed in methanolysis of triacetin (Figs. 7 and 8).

Reusability of catalyst is one of the most important features of
a heterogeneous catalyst for its commercialization. Here, distinct
changes in morphologies of Ag-3 and Ag-2 samples after the cat-
alytic tests are observed. The samples were in the form of gel, what
makes almost impossible their quantitative separation from the
reaction mixture to perform the reusability catalytic test. It cannot
be excluded that although “gel-type” morphology is formed, it does
not exert their acidic properties responsible for the catalytic activ-
ity. However, it must influence their specific surface area, the next
parameter determining catalytic activity. Another possibility is that
some of reaction products, like glycerol and partial glycerides are
accumulated by “gel-type” material and it may cause some changes
in the catalytic activity for recovered samples. All of these phenom-
ena indicate reuse of Ag-2, Ag-3 salts do not provide informative
results.

As described before, Cs-, K- and Ag-salts of HPW form colloidal
suspension in polar medium such as water or alcohol because they
consist of ultrafine crystallites (ca. 10-20 nm in average) and recov-
ering of the catalysts is not easy by means of simple filtration
and/or centrifugation. This problem has already been encountered
in number of previous papers reporting preparation and charac-
terization of K- and Cs-salts of HPW [32,35,43] as well as in quite
recently published paper devoted to catalytic activity of Cs-salts in
transesterification of vegetable oil [15]. The authors [15] demon-
strated that in transesterification of rapeseed oil with ethanol over
Csp;HPW 1,049 (under mild conditions) it was impossible to make

re-using catalytic tests because it was impossible to get a perfect
translucent phase using successive centrifugation/filtration of Cs-
catalyst (although the conversion of oil in such experiment attained
ca. 5% only). Finer particles of the acidic cesium salt remained in the
suspension due to their size as small as 10-30 nm [15]. However,
from TGA-DTA and XRD measurements performed for as-received
and used Cs,;HPW1,04 catalysts the authors supposed about arel-
ative good resistance of Cs;HPW13049 to the leaching in reaction
medium - ethanol.

On the other hand, the reuse of cesium salts CsyH4_xSiW12049
(x=2.5-4) was examined by Pesaresi et al. [16] in transesterifica-
tion of tributyrin (C4), a model short triglyceride molecule. The
authors reported that after hot filtration, the catalysts could be
recycled three times without loss of activity (the activity decreased
by 10-20%). A short information about a reuse of CsyH3z_xPW13049
catalysts (x =2-2.3) with no leaching of soluble HPW in transester-
ification of tributyrin was mentioned by Narashimharao et al. [13].
However, no data from reuse of the catalysts were reported. The
authors claimed also that Cs-salts with higher Cs content were sta-
ble under methanol reflux, but no experimental evidence proving
this stability was reported [13].

Moreover, numerous papers published by Okuhara, Misono and
co-workers [9,12,44,45] demonstrated that Cs; sHg 5PW1504 effi-
ciently catalysed reactions performed in the presence of excess of
water, like hydrolysis of esters (ethyl acetate, cyclohexyl acetate,
2-methylphenyl acetate, 2-nitrophenyl acetate) and hydration of
olefins. Although the Cs; sHg 5PW1,04¢ is termed as “water tolerant
catalyst” its activity in the hydrolysis of ethyl acetate (performed at
60°C) slowly but continuously dropped during the successive use
[12,35]. After five consecutive runs the activity retained ca. 90% of
initial value. Moreover, the catalytic activity of Cs-2.5 was reduced
by ca. 50% due to pre-treatment with hot water (70-120°C) before
the catalytic experiment. Detailed studies reported by Okuhara and
co-workers [12] showed that a small amount of heteropoly species
was released into water during the water treatment of Cs-2.5 salt.
The liberated species were present as small clusters, retaining
essentially the secondary structure of the Cs-2.5 salt, and they were
enriched by H* ions. Similarly, slow leaching of Cs; 5Hg5PW12049
catalyst during methanolysis of vegetable oil was observed by Chai
et al. [14]. After six runs of the catalytic experiment ca. 5.6% of the
starting amount of the catalyst was dissolved.

Relative to the present Ag-salts, a “catalyst solubility effect” giv-
ing rise to homogeneous catalysis is observed for silver salts of
Ag-content x < 2. The salts of higher Ag-loading, x > 2, exist mostly
in the solid state during the methanolysis reaction because the
white colloidal dispersion is observed throughout the whole cat-
alytic experiment. However, in their presence some contribution of
homogeneous catalysis cannot be excluded. A various procedures
such as filtration, and/or successive centrifugation of hot and/or
cooled (up to ca. 0°C) reaction mixture were used to separate
these catalysts after the reaction. Although completely transpar-
ent solution was obtained after the separation of white precipitate
of Ag-2 salt, the presence of Ag* ions was detected upon addi-
tion of Cl~ ions. Moreover, dropwise addition of ascorbic acid,
i.e. the analytical reagent commonly used to test the presence of
PW1,0403~ ions [46], caused the formation of metallic silver instead
of expected blue coloured complex. Thus, it seems very probable
that catalytic behaviour of Ag-samples with higher Ag-content (Ag-
2-Ag-3) is similar to that observed by Okuhara et al. [44,45] for
Csy 5Ho5sPW12049 during hydrolysis of esters. Therefore the “cata-
lyst solubility effect” giving rise to homogeneous catalysis cannot
be excluded in the case of Ag-2-Ag-3 samples.

Literature data show that silver salts of H3PW15049 (x=0.5-3)
are efficient catalysts in number of gas-phase reactions such as
dehydration of ethanol or butyl alcohols, and hydration of ethy-
lene. The only catalytic reaction performed in liquid phase (in
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dichloromethane as the solvent) was the synthesis of 3-ketoesters
via C-H insertion catalysed by fully substituted Ag-3 salt [23]. Our
results indicate that catalytic behaviour of Ag-salts of H3PW{,04¢
(x=0.5-3) for transesterification of triglycerides, reaction accom-
plished in polar solvent-methanol, is of higher complexity than
gas-phase reactions. The samples with low silver content such as
Ag-0.5-Ag-1 are unstable during the transesterification reaction.
They partially dissolve in methanol giving a contribution to homo-
geneous catalysis. On the other hand, the salts with high Ag-content
such as Ag-2-Ag-3 are difficult for processing in transesterification
of natural triglycerides with methanol.

Due to very fine particles size (primary particles 10-20nm)
they form colloidal dispersion in reaction medium and are hardly
separable by filtration/centrifugation after the reaction. Moreover,
when used in transesterification of natural oil, they precipitated
in the form of “gel-type” material after completion of reaction. As
described before, “gel-type” structures were not observed in the
case of triacetin, a short-chain triglyceride. Literature data show
that Cs-salts of HPW are promising catalysts for the transesterifica-
tion of natural oils. These conclusions were formulated taking into
account their transesterification reactivity for short-chain triglyc-
erides like tributyrin (C4) while it seems to be not true in the case
of vegetable oils.

We decided to report the data showing “strong” changes in the
morphology of Ag-salts and particularly the effect of their colloidal
state under the conditions of transeterification reaction, due to
the presence of methanol. We observed the same colloidal state
- and similar problems with other salts, namely Cs, K-salts of
HPW. On the other hand, a few published papers reported “highly
promising” catalytic performance of Cs-salts in transesterification
of triglycerides. There is no information about colloidal state and
the problems with filtration or “gel-type” material formation after
the reaction. Moreover, no enough data related to their reuse are
available. Therefore it seems to be necessary to present a real state
of Ag-salts when used in polar (methanol) medium. Although they
are known to be in fact very active as solid acid catalysts when used
in gas-phase reactions, their “promising” catalytic performance in
transesterification seems to be questionable. Accordingly, much
better solution of this “morphological-reusability” problem is the
immobilization of Ag-salts (and Cs-, K-salts) in oxide matrix like sil-
ica, similarly to what was successfully done by Izumi et al. [11] for
Cs-salts of H3PW1,049. Immobilization of Cs-salts into silica matrix
by means of a sol-gel technique produced catalysts of high and sta-
ble activity in the hydrolysis of ethyl acetate performed in water
medium and similar studies for Ag-salts are under progress. For
the immobilized-Ag-salts, the problem of “gel” formation would be
omitted and this would provide possibility for recycling and reuse
of the Ag-salts.

4. Conclusions

Methanolysis of natural oil, i.e. castor oil and triacetin, a model
compound was studied in the presence of H3PW;,049 and its sil-
ver salts AgyHs_xPW1,049 of various Ag-contents (x=0.5 up to 3).
All the Ag-salts formed quite well-shaped crystalline particles. The
XRD studies showed the presence of parent crystalline HPW in the
Ag-0.5 sample. This was not observed at higher Ag-contents, i.e. for
Ag-2, Ag-2.5 samples. Their XRD diffraction patterns showed crys-
talline phase of the salts only. All the Ag-salts proved to be active
catalysts in the transesterification of triglycerides with methanol.
Their activity gradually decreased as the content of Ag* cation
in HPW grew. During methanolysis reaction, the Ag-0.5 and Ag-
1 samples were partially soluble in reaction mixture resulting in
homogeneous rather than heterogeneous mode of reaction due to
H3PW1,04¢ leaching by dissolving in methanol. In the presence

of Ag-samples with silver content higher than 1 such as Ag-2 and
Ag-2.5 salts, the contribution of homogeneous catalysis to the over-
all activity cannot be excluded but seems to be definitively lower.
During methanolysis of both triglycerides, the salts were in col-
loidal dispersion making practically impossible their separation
after catalytic test. Catalytic performance of Ag-salts for triacetin,
a short-chain triglyceride differed remarkably from that of castor
oil comprising natural, long-chain triglycerides. After transester-
ification of natural oil, castor oil, initially crystalline particles of
Ag-salts partially rearranged to “gel-type” material which makes
very difficult their further processing. The problem can be solved
by immobilization the Ag-2, Ag-2.5 salts on supports matrix and the
studies are under progress. Although no “gel-type” particles were
formed after reaction of triacetin, some of Ag* ions were reduced
by methanol to form silver nanoclusters accompanied by the for-
mation of “nanowires”.
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