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Abstract

The adsorption of EPW,;,0,49 from water and organic solvents (acetone and acetonitrile) by carbon mesoporous materials (Sibunit and
fluorinated Sibunit (F-Sibunit)) was studied. The concentration of Brgnsted acidic site®WW;b0,4, and 8% HPW,;,04/F-Sibunit was
determined from ESR studies of the stable nitroxyl radical (4-hydroxy&@&tetramethylpyperidiN-oxyl (TEMPOL)) adsorbed from
hexane. For EPW;,04 and 8% HPW;,04/F-Sibunit, the concentration was equal to 4 anduib®l g™, respectively. A correlation
between the rate constant of cyclohexene dimerisation of in the hexane solution and the strength of HPA-support interaction was determined.
© 2004 Elsevier B.V. All rights reserved.

Keywords: Heteropoly acid; Fluorinated carbon; Adsorption; Brgnsted acidity; TEMPOL; Dimerisation of cyclohexene

1. Introduction dispersed on the support. However, HPA impregnated from
diluted solutions is partly decompos§d].
Heteropoly acids (HPA, KXY 12040 with m=3—4; X = Porous carbon materials such as activated carfgh6]

sV, PY; Y = MoV, W) are used as homogeneous and or catalytic filamentous carbonf6,10] are extensively
heterogeneous acid cataly§is?] in order to obtain proton  utilised for the preparation of supported heteropoly acid
acidity. Heterogeneous HPA catalysts are prepared by sup-catalysts. Unfortunately, the acid strength of HPA supported
porting on a number of porous materifs-6]. A variety of on these materials is lower than that of bulk HPA. Fluori-
methods is used to characterise HPAs supported on,SiO nated carbon materials were not used as support for HPA
carbon, AbOz and Mgk [4,7,8]. According to31P NMR so far, though these materials possess an inert surface and
[9] and FTIR-spectra of HPA on SiO SiO,—Al,O3 and a high specific surface ar¢al,12]

Al»03 [7,10], the primary Keggin structure is not destroyed In this paper, we report the preparation of HPA/F-Sibunit
upon adsorption, but some degradation can be observed ortatalysts, their characterisation by a combination of physi-
Al,0O3 heated above 20C. The acid strength of supported cal-chemical methods and the comparison of the catalytic
H3PW12040 is ranked as Si@ > Al,O3 > C, assuming properties of two various supported HPA-systems.
interaction between HPA and carb{#].

The nature of the interaction depends mainly on the con-
centration of impregnated solutions, the solvent used, the
pH of the solution and the chemical nature of the support
surface. For example, whergPFW;2040 and HSiW12040 .

: 2.1. Materials
are supported from concentrated aqueous solutions on car-

bon, HPAs preserve their Keggin structure and appear highly H3PW15046-15H,0 (HPA) of chemical purity grade was

recrystallized by ether extraction. The purity was controlled
by 3P NMR on an MSL-400 Bruker instrument. Hexane
* Corresponding author. Tek:7-8383-234-2284; was p_ur_lfled by distillation. 4-hydroxy-2’,15,B-te_tramethyl_-
fax: +7-8383-234-3056. pyperidinN-oxyl, TEMPOL (SIGMA), was dissolved in
E-mail address: timofeeva@catalysis.nsk.su (M.N. Timofeeva). hexane (0.5-5 mmoltl).

2. Experimental
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Table 1
The main characteristics of carbon materials
Carbon Dmean (A) Sger (M?g7h) XVpore (cm*g™?) amax (Mgg™) air (Mgg?)

H,O Me,CO MeCN HO Me,CO MeCN
Sibunit 62 402 0.6 402 360 262 100 80 60
F-Sibunit 30-35 360-390 0.6 0 13 92 0 0 10

F-Sibunit (superstoichiometrical fluorocarbon material) cylindrical glass tubesd( = 4 mm). These spectra were
was synthesised by a direct fluorination treatment of Si- quantified by double integration and the concentration of
bunit with a gaseous mixture;fAr = 1 : 3 at 320-330C TEMPOL was calculated from a calibration procedure (er-
[11]. The chemical composition of F-Sibunit corresponded ror £10%). Before measurement, samples were heated in
to the general formula GRs in accordance to the tech- oxygen atmosphere at 20Q during 2 h.
nical specification[12]. The main contaminations were
H>O (0.04-0.08wt.%), HF (0.08-0.10wt.%) and metals 2.3. Dimerisation of cyclohexene
(0.08 wt.%). The common main characteristics (mean pore

diameterDmean specific surface are&ger and cumula- The dimerisation of cyclohexene was carried out at@0
tive pore volumeXVpore) Of the supports are presented in  in a glass thermostated vessel equipped with a stirrer and
Table 1 reflux condenser. Before the test, the samples were heated

Adsorption measurements were carried out in a peri- in oxygen atmosphere at 20G during 2h. The reac-
odically agitated reactor held at a constant temperaturetor was charged with the mixture of hexane:cyclohexene
(£0.1°C). The carbon-containing Sibunit and fluorinated 10:1 mol/mol (30 ml) and the catalyst (1 wt.% based on cy-
Sibunit (F-Sibunit) supports were pre-washed in an ap- clohexene). The products were analysed by GLC (3m col-

propriate solvent and dried in air. The adsorbent (29) umn packed with 5% SE-30 on Chromatone N-AW-DMCS,
was loaded into the reactor and the HPA solution (10 ml, 150°C, decane was used as internal standard).

10-150 g I-1) was added. Samples of the solutions (0.1 mL)

were taken at certain time intervals. After dilution, the

HPA concentration in the solution was determined from 3 Reqiits

UV-vis spectra (Specord UV-vis M-40 instrument,=

32000-42000 cmt, error of measurement10%). The ir- 3.1. Adsorption of HgPW;2040 on F-Sibunit
reversible adsorptiorag,) was determined by boiling 0.5g

of the 8% HPA-support in a pure solvent (10mL) followed  The experimental data of maximak{xy) and irreversible
by separation of the sediment by vacuum filtration and (air) adsorption of HPA on Sibunit and F-Sibunit from

burning of the sample at 90C in a muffle furnace. Thayy water and organic solvents (M@0 and MeCN) are pre-
value was calculated from the amount of the solid residue. ganted inTable 1 The adsorption isotherms of HPA are

] shown inFig. L Fig. 1 shows that at the very beginning
2.2. Techniques

Infrared spectra were recorded on a BOMEM-MB-102 300
spectrometer in 250-4000 cthrange (compressed pellets 2
of 2mg catalysts plus 500 mg KBr). . M

The porous structure of the supports was determined from
the adsorption isotherm of N(77 K). The specific surface
area &geT) was calculated by the Brunauer—Emmett—Teller
(BET) method.

Samples for transmission electron microscopy (TEM)
were prepared by ultrasonic dispergation of HPA/C in
hexane followed by deposition of the suspension onto a
standard Cu grid covered with a holed carbon film. TEM
studies were carried out at a JEM-2010 TEM (JEOL).

The amount of proton sites was determined from curves 04 . . . . . .
given by TEMPOL on solid samples (erra@r15%). The 0.00 0.05 0.10 0.15
equilibrium concentration of TEMPOL in hexane solution Ceg, mmol-Lt

was measured by ESR. ESR spectra (room temperatur_e):ig. 1. Adsorption isotherms of HPA on (1) F-Sibunit and (2) Sibunit,
were recorded at 9.5GHz at a ERS-221 spectrometer infrom MeCN at 20°C.

200 A

100

a, mg HPA - g1 carbon




M.N. Timofeeva et al./Journal of Molecular Catalysis A: Chemical 217 (2004) 155-160 157

of the isotherms the adsorption is irreversible from aque- sample exhibits the absorption bands 1g¥W—-O-W) =
ous, acetone and acetonitrile solutions. The phenomenon 01826, 898cnm?, vag(W=0) = 982cnT! and vag(POy) =
irreversible HPA adsorption on hydrophilic supports is 1080 cnt?!, which can be attributed to HPA with a Keggin
known [4,6]. Our results confirm that HPA cannot com- structure [14]. IR-shifts of the corresponding bands
pletely be desorbed from the Sibunit surface even in boil- from 805 to 826 cm?, from 890 to 898cm! and from

ing water and methand]. It indicates both the strong 1090 to 1080cm! may be caused by the interaction of
interaction between HPA molecules and the Sibunit sup- H3PW;2040 with the functional groups of the F-Sibunit
port surface and the capsulation of sufficiently large HPA surface and are similar to the known data for carbon mate-

molecules onto landing places of about 10(826,8,13] In rials [6]. At the same time, additional bands are observed

the case of the hydrophobic F-Sibunit this problem was not in 1360-1400cm! and 1520-1640cmt regions, which

studied. correspond to the surface groups of carbon (carboxylic,
The solvent nature affects the adsorption valiable J). lactonic, etc.).

Adsorption of HPA on Sibunit from organic solvents de- TEM data Fig. 3) show that the HPA is adsorbed on the

creases as the solvent polarity,(®! > Me>,CO > MeCN) surface of F-Sibunit in two main forms: isolated molecules

increases. This correlation is in accord with the competitive less than 20 A in size and clusters of ca., 35-50A in size.
adsorption of the solvent molecules and HPA molecules on HPA aggregates larger than 100-150 A are not observed,
the outer surface of Sibunit. It was assumed that HPA ad- which can be explained by the pronounced hydrophobic
sorbs on the hydrated surface because water plays the bindproperties of the F-Sibunit surface, preventing the forma-
ing role in the formation of the crystal structure of HEA. tion of the large hydrophilic aggregates. Such conclusion is
On the other hand, the maximal(sy) adsorption of HPAon  confirmed by the known aggregation of HPA on hydrophilic
F-Sibunit from these three solvents decreases in the inversesurfaces of Si@ and active carbon§l]. Recently, it was
order: MeCN> Me,CO > H,O. The interaction strength of  shown that the large crystals of HPA are only formed on
the solvent molecules with the surface groups of F-Sibunit specifically oxidised carbon filmg] as a result of the cap-
is unknown yet, but it probably changes in the same order. sulation process during the preparation of HPA supported
According to the IR spectraF{g. 2), the structure of  on hydrophilic surface of active carbons.
the Keggin anion [PW,O40]%~ remains unchanged on the According to[12,15] the main motif of F-Sibunit nanos-
F-Sibunit surface. At the same time, the IR-spectrum of tructure involves sp corrugated fluorographite-like C—F
F-Sibunit corresponds to the known spectra for Gk nets forming more or less ordered layers lying 6.3-6.7 A
[12,15] and does not significantly change after HPA ad- apart. F-Sibunit CE»s is superstoichiometric fluorocar-
sorption. The IR-spectrum of 8% 3JRW;2040/F-Sibunit bon material and excessive fluorine atoms are located in
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Fig. 2. IR spectra of (1) F-Sibunit, (2) HPA and (3) 8%HPA/F-Sibunit.
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Fig. 3. The structure of F-Sibunit Ggz monolayer[12,15] and a micrograph of 8% HPA supported on F-Sibunit.

Table 2

Dimerisation of cyclohexene catalysed by HPA at’@0(hexane : cyclohexene 10 : 1 mol/mol, catalyst 1 wt.%)

Catalyst keat (1P M~1s1g1) Kupa (1°M~1s1g1) knt (M~1s~1pmol1) Ht (wmolg™?)
HPA 1.2 1.2 300 4

8% HPA/F-Sibunit 0.5 6.3 42 12
F-Sibunit 0 0 0 0

8% HPA/Sibunit 0 0 0 15

isolated CRk-groups, distributed in the edge defects and -1
mainly in holes of the fluorographite-like monolayers. Pres- a'” H % H
ence of Ck-groups is demonstrated by 1330chband

in FTIR-spectra Fig. 2). Idealised scheme of F-Sibunit b< >(%<
CF133 structure is shown irFig. 3 Each regular hole 3 ¥

o=
-
[©)

having a formula @gFo4, consists of six sBCF-groups
and 12 sp-C—F-groups and the minimal size of such

six-centred hole is about 75A. As it was shofu2,16} Adsorption of TEMPOL on HPA samples from hexane
the chemical activity of Cf~ and C-F-groups is very simi-  \ya5 stydied Table 2 Fig. 4). No adsorption of TEMPOL

lar and in hydrolysis reactions it leads to elimination of HF 5 F_sipunit was detected in the range @wolmL—1

and origin of C-OH, €0 and other carbonyl-contained (rig. 4 curve 1), whereas TEMPOL adsorbed from hexane
groups on the surface of this fluorocarbon material o byl HPW;,040 and 8% HPW;040/F-Sibunit gives
(e:g. carboxylgs or lactones). FTIR-spectra of_F—Slbl_Jmt L-curves (“Langmuir” type[19]) with the plateau at a level
(Fig. 2), contains weak and broadened bands in regions ¢ adsorption of 4 and 12mol g2, respectively Fig. 4,

of 670, 1040-1090, 1400, 1460 and 1600-1650tm  cyyes 2-3). The specific surface area of bulk HPA is about
corresponding to above-mentioned functional groups 4m? g1, which corresponds to a surface density of 0.6

[12]. acid sites per 100& and a nearest-neighbour separation
between these sites of14 A. Such a distance is close

3.2. Surface acidity and catalytic activity of to the nearest-neighbour separation in bulk [R®4g]3~

HPA/F-Sbunit (11-15A) [20]. The concentration of the acid sites in sup-

ported HPA is higher than in bulk HPA due to the higher
A TEMPOL molecule adsorbs on a Brgnsted or Lewis dispersion of the HPA aggregatdsid. 3) after adsorption
acid site[17,18] Most probably a TEMPOL molecule can on F-Sibunit. However, the determined concentration in 8%
be adsorbed via coordination of the hydroxyl group. There- HPA/F-Sibunit is lower than expected (273 pmolg™?),
fore, the concentrations of both types of acid sites can bewhich can be explained by the interaction of the HPA pro-
estimated by adsorption of TEMPOL. tons with hydrolysed surface groups of F-Sibunit (C—OH
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Fig. 4. Adsorption isotherms of TEMPOL on samples from hexane solu-
tion at room temperature (2&) on (1) F-Sibunit, (2) HPA and (3) 8%
HPA/F-Sibunit.

and CGO) [16]. This interaction corresponds to the IR
region 800-1100 crmt (Fig. 2).

3.3. Catalytic activity of H3PW12040/Sbunit and
H3PW;2040/F-Sbunit

The activity of sPW; 2040 and 8% HPW;2040/F-Sibunit
in reaction (1) is presented ifable 2

(=X w
The rate constantgypa and kgt were calculated us-
ing the known values of second-order rate constaks) (
and the amount of surface protons*(Hfor bulk and sup-

ported HPA, respectively. The activity based on the total
amount of HPA protons in the catalyst is denotedkiya.
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Fig. 5. IR spectra of 8% HPA/Sibunj6].

H3PW;2040/F-Sibunit than that in 8% gPW;2040/Sibunit.
Although, according to IR spectroscopic dataig; 5),

the structure of the Keggin anion [PMD40]3~ remains
unchanged on the Sibunit surface as well as in the case
of 8% HsPW;2040/F-Sibunit, the additional IR bands at
1100-1300 and 1400-1600 cfpoint to both the interac-
tion of HPA with the surface groups of Sibunit (carboxylic,
lactonic, etc.), resulting in the formation of the intermolec-
ular hydrogen bond (owing to the-electron interaction)
and partial oxidation of the Sibunit surface by the adsorbed
HPA moleculed6]. Since this interaction is much stronger
in the case of HPA supported on Sibunit, 8% HPA/Sibunit
becomes inactive in dimerisation of cyclohexene.

4. Conclusion
HPA/F-Sibunit catalyst can be successfully prepared by

irreversible adsorption from acetonitrile solution.
The structure of the Keggin anion [PMD4]3~ re-

The activity based on the amount of the surface protons ismains unchanged on the F-Sibunit surface. Two forms

denoted byky+. We see that the rate constanksiga) of
8% HzPW12040/F-Sibunit is higher than that of bulk HPA.
The reason of the higher catalytic activitinyfa) is the

of HPA are observed on the F-Sibunit surface: isolated
molecules less than 20 A in size and clusters of ca. 50 A in
size. For HPW;2040 and 8% HPW;2040/F-Sibunit, the

formation of finely dispersed HPA species on the carbon concentration of Brgnsted acidic sites, detected by ESR stud-

surface. A similar correlation was observed when HPA is
supported on Si®[2].

However, thekyt value is lower for 8% HPW;2040/
F-Sibunit than for bulk HPATable 2. It indicates that the
acid strength of the proton sites of HPA/F-Sibunit is lower
than that of the bulk sites. It is evident that the interaction

ies of TEMPOL adsorption, is equal to 4 anddol g1,
respectively.

The acidity of supported HPAs depends on the nature
of surface species and on the strength of the HPA-support
interaction. The BHPW;2040/F-Sibunit exhibits higher cat-
alytic activity in the reaction of cyclohexene dimerisation

of HPA with surface groups of F-Sibunit (discussed above) than bulk HPA.

results in a decrease of acid strength.

Two samples: 8% EPW;204¢/Sibunit  and
8% H3PW12040/F-Sibunit are similar with regard to the
concentration of acid site#ble 2. It seems to be likely
that this similarity together with the apparent differences
in the catalytic activities of these samplégalfle 2 indi-

cates the greater acid strength of the proton sites in 8%
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