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Abstract

For an heterogenization, different kinds of catalytic filamentous carbons (CFC) were used as a support for some heteropoly acids (HPAS):
H6P2W21071 (Hzo)g (P2W21), H6A32W21069 (Hzo) (ASQWQJ_), Dawson typex-H6P2W18062 (P2W13) and Keggln type |§PW12040 (PW) The
support properties, which affect the interaction between HPAs and supports were studied. Concentration of Bragnsted acidic sites in PW and
PW/support was determined from the ESR studies of the stable nitroxyl radical (4-hydro@y&2ttramethylpyperidiN-oxyl (TEMPOL))
adsorbed from hexane. The reaction of 2,8eti-butyl-4-methylphenol (DMBP) with toluene &t-butyl acceptors was studied using bulk
and supported PW and:Ws. It was found that PW;g was more active than PW. It was shown that catalytic activities of HPAs supported
on SiQ, and CFC were approximately equal. The activity of the surface protons in HPA/support increased monotonically as the total HPA
loading increased, reaching a maximum for the bulk HPA.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction In this paper, we describe adsorption and desorp-
tion of HPA (HgPW12040, HeP2W 18062, HgP2W21071,
Heteropoly acids (HPA) are strong Brgnsted acids, which HgAs;W210g9) on CFC. We study also the influence of
are used widely as homogeneous and heterogeneous acithe structure of CFC and their specific surface area on
catalystd1,2]. The higher catalytic activity showed by these strength and amount of HPA adsorbed. Lastly, we compare
systems as compared with that of bulk HPAs motivates the the catalytic activity of the PW/CFC-2,®/1g/CFC-2 and
lively interest in heterogenization of HPA on the support PW/SIiQ in the reaction of 2,6-diert-butyl-4-methylphenol
surface[3-5]. Moreover, the supported systems are of prac- (DMBP) with toluene agert-butyl acceptors.
tical importance as the catalytic activity in some reactions
is correlated with the specific surface area. OH
Many porous materials (S carbon, AbO3, and Mgk) @X + CgHCH; —> @X + tert-C Hy-CgH,-CH,
[3-8] are used as supports for HPAs. At present there is a cH,
huge variety of carbons with different structure. Recently, ' CHy
researchers, which work in fields of catalysis and adsorp- (1)
tion, give much attention to carbon—carbonaceous composite
materials, such as Sibunit and catalytic flamentous carbons
(CFC) produced by decomposition of gaseous hydrocarbonsy Experimental
over the iron-group catalysts at 700—90010]. Morphol-
ogy and structure of growing CFC filaments are dictated by 5 1 Materials
the catalyst compositiof®]. Most of these materials are de-

signed for adsorption and cataly$#411,12] H3PW12040-15H,0 of chemical purity grade was twice
recrystallized from water. §P,W21071(H20)3-29H,0, o-
* Corresponding author. HeP2W18062-17H;0, HsPW11ZrO40-16H;0-TiO40-14H,0
E-mail address: timofeeva@catalysis.nsk.su (M.N. Timofeeva). and HPWyiwere synthesized by electrochemical meth-
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Table 1
The main characteristic of CFC and PW/CFC
Sample The main characteristics The adsorption characteristicH*2 Catalytic test®
amax Mg g ) (nmolg™?)
SBET 2V pore Dmicro (&) Metal Wt.%) HO MeOH 16 Kupa kpy+
(mg™)  (emg™? (stmoll)  (stmoll)
CFC-1 100 0.3 100 Nic 1 79 18 10 0 0
CFC-2 179 0.4 80-90 Ni, Ce 0.5 352 140 9 0 0
8% PW/CFC-1 100 - - - - - 37 0.9 24
8% PW/CFC-2 179 - - - - - 24 0.9 38

Sget IS the surface ared@micro the diameter of micropore, antnax the amount of PW adsorbed on CFC.
@ The number of acidic centers were determined by TEMPOL titration.
b Catalytic activity of PW/support (0.8 wt.%) in reaction (1) ([DBMF?hMe] = 1/30, 50°C).

0ds[13-15] HgAspW21069(H20)-17H,O was synthesized  whereQap andQaps are the quantity of adsorbed diphenil-
according to the method described[it6]. The purity of amine (tmol) onto HPA/support and support respectively,
HPA was controlled by'P and!lB NMR on an MSL-400  andmiis the weight of sample HPA/support (g).

Bruker instrument. The amount of hydrated water in HPA  The amount of proton sites were determined from curves
was determined from the weight loss after calcination at o

500°C. . .

2 6-ditert-butyl-4-methylphenol DBMP (97%) of chem-  9Ven by TEMPOLZA < on solid samples (errar15%).
ical purity grade was twice recrystallized from hexane in |'
order to obtain reproducible results. Toluene of chemical Equilibrium concentration of TEMPOL in hexane solution
purity grade was used without further purification. was measured by ESR.

HPA/SIO; and HPA/CFC catalysts were prepared by im- ~ ESR spectra (room temperature) were recorded at 9.5 GHz
pregnation of Si@ (IKT-04—-6, surface area 360g 1, on a ERS-221 spectrometer in glass cylindrical tulaes-(
pore volume 1.2 crhg1, mean pore radius 170 A, particle 4 mm), these spectra were quantified by double integration,
size 0.1-0.2 mm) and CFC (main characteristics of carbon the concentration of TEMPOL was calculated after calibra-
are shown in th&able 1) with an aqueous (or MeOH) solu-  tion procedure (errat 10%). Before measurement, the sam-
tion and dried overnight in a desiccator. Before tests, eachPles were heated in oxygen atmosphere at“ZD€or 2 h.
catalyst was calcined at 18Q for 2 h. BET specific surface
qrea,SBET, was determined by the nitrogen thermodesorp- 23 Products and kinetics
tion method.

Reaction (1) was carried out at 50 in a glass ther-
2.2. Impregnation procedure mostatted £ 0.1°C) vessel equipped with a stirrer and
a reflux condenser. DBMP, toluene ([DBMPPhMe] =
Experimental studies of HPA impregnation were carried 1/30 molmot® and catalyst (0.8 wt.% total content in the
outat 20°C in a glass thermostat(0.1°C) vessel under stir- ~ reaction mixture) were charged in the reactor. To elim-
ring. The reactor was loaded with 1 g support pre-activated inate diffusion restrictions, catalyst particles as small as
by calcination at 120C for 1 h in vacuum (10 Pa), 10 ml of  0.1-0.2mm in size were used and the mixture was vigor-
HPA-solution (10-100 mmotil). At regular intervals, the  ously stirred (500 rpm). The reaction mixture was sampled
samples of this mixture were taken, and solid and the solu- periodically. The reaction in the taken sample was stopped
tion were centrifuged for their spectrophotometric analysis by treating with a mixture of toluene and aqueous benzidine.
(Specord UV-VIS M-40 in constant-temperature cells; Reaction products were analyzed by GLC: 2m col-
32000-42000 cmt). umn packed with 5% SE-30 on Chromosorb W, 150200
The quantity of surface protons was determined by (10°C min~1) and decane as internal standard.
the following procedure: 1g of samples was heated at First-order rate constark, was calculated from the equa-
120°C for 2h in vacuum (10 Pa) and 2ml diphenilamine tion In[DBMP]/[DBMP], = —kt, the conversion of DBMP
(21.57mmolt?!) (pka = +0.78) in benzene was added. did not exceed 50%.
The equilibrium in system at 2@ was reached in an hour
and kept for 24 h. The quantity of the surface protonsdQ
were measured by UV-Vis analysis £ 220-370 nm) and
were calculated as.

2.4. Instrumental measurements

IR-spectra were recorded on a FTIR-8300 Shimadzu spec-
0ap — OADS trometer (700-1800 crt). The samples of PW/CFC-2 were
Qsp=— —— sprayed on NaCl plate.
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Fig. 2. FT-IR spectra of supported HPAs on CFC-2. (1): 5%
Fig. 1. Adsorption isotherms of HPAs on CFC-2 from aqueous solutions. As,W,1/CFC-2; (2): 5% BW1g/CFC-2; (3) 5% BW,1/CFC-2; (4): 20%
(1): H3PW12040; (2): HeP2W21071-(H20)3; (3): HsAS2W21069-(H20); PW/CFC-2.
(4): HgP2W150s2.

BET specific surface area was measured. Pore structure§léPendentTable J. Adsorption from MeOH decreases as
were determined from nitrogen adsorption isotherms (77 K) the polarity of solvent increases, and, more importantly, the
in a Micrometrics ASAP 2400 instrument. Pore size dis- 2dsorbed quantity depends on the competitive adsorption
tributions were calculated from the desorption branch of ©f Solvent molecules and molecules of HPA on the outer

isotherms in the range of capillary-condensation hysteresisSurface of CFC. o .
by Broeckhoff and De Boer method. IR spectra of tungsten-containing heteropoly acids sup-

Dispersion of HPA molecules on the external surface of Ported on CFC-2Kig. 2) show that the HPA structure does

carbon filaments was determined using a JEM-2010 scan-"Ot change during adsorption. For example, bands at 820,
ning electron microscope. 896, 980 and 1077cnt attributed to bulk HPW12040

are observed in the spectrum of 20% PW/CFC-2. For
5% PW1g/CFC-2, there are bands at 780, 805, 900,

3. Results 960, 1080cm?! that are observed in the spectrum of
HeP>W15062 [16]. The absorption bands at 725, 780, 885,
3.1. Adsorption of HPA onto CFC 960, 1080 cmi* for 5% P,W,1/CFC-2 and at 760, 800, 885,

960 cnt! for 5% AW»1/CFC-2 are observed in the spec-

Adsorption of different tungsten-containing heteropoly- (@ Of individual HlPA5[16]- As shown inFig. 2, in region
acids on CFC were studied. Adsorption isotherms are shown©f 12001800 cm* the broad bands are observed, they can
in Fig. 1 and Tables 1 and 2It was established that the be attributed to the surface groups of carbon (lactone or

adsorption of heteropolyacids from aqueous solution is irre- €arPoxyl groups and otherg)7].

versible. The adsorbed amount of HR#nGy) decreases in Co_rrelation between textural properties of QFCs_and ad-

the seriesTable 2: sorption amouniimax Was observedTable 1. Fig. 3is a
basic scheme of structure of CFC filaments. Catalyst CFC-1

H3PW12040 > HsP2W21071(H20)3 > HgP2W 18069 filaments obtained with Ni is built up from cones put into

> HgAsyW21069(H20)

Due to their small sizes, HPA of Keggin structure
H3PW;2040 was absorbed to a greater extent than HPA

of other type. The quantity of adsorbed HPA is solvent dooz

gt

N
(A

Table 2
The adsorbed amount of HPA from aqueous solution on CFC-2 /
HPA Amax %
(mgg™) (wmolg™1)
H3PW12040 352 122
HeP2W21071(H20)3 252 50
HsAS2W21069(H20) 167 35 CFC-1 CFC-2
HeP2W15062 183 42

Fig. 3. Schematic representation of CFC texture.
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Fig. 4. Electron micrographs of 4#W;,040 supported on CFC-2.

Table 3
The number of surface acid sites at the CFC-2 surface
PW (PW + CFC-2) (gg'}) H* (wmol g=12)

Theor)P n-C4HgNH, CsHsN (CsHs)2NH TEMPOL Theory
8 28 14 24 24 24 28
20 69 - 28 31 - 69
26 90 - 52 31 - 90
40 139 139 45 24 - 139
75 260 156 38 10 - 50
Bulk 347 215 128 7 4 5

@ The number of acidic centers were determined by different methods.
b Total number of acid sites is calculated from the weight of PW.
¢ Total number of acid sites is calculated from surface area of catalyst and the area occupied by an PW anién[100 A

one another, each cone being a rolled-up graphite plane with,_ . 4
an angle of 45-60at the cone top. CFC-2 is obtained with  catalytic activity of PW/SI@ (0.8wt.%) in reaction (1) ([DBMP]
Cu—Ni catalyst418]. From the microstructure of CFC, one [PhMe]= 1/30, 50°C)

can suppose that low adsorption centers are typical of CFC-1p\y pw 1 si0,)  Suer Hta 10 kpa
and CFC-2. The distinction between these CFC in the quan-(gg-1) (Mgl (umolg™®) (s tmolY) (s~1mol?)
tity of adsorbed HPA can be attributed to specific surface g g5 344 10 0 0
area, total volume pore, the structure and concentration ofo.10 344 25 0.1 4
the adsorption centers on CFC surface. Therefore, adsorp0.15 344 - 0.5 -
tion centers in CFC-1 are localized on edges of graphite 0-20 344 25 10 41
' . ; . 344 25 11 44
layers on a filament surface, while the adsorption centers of ;" 280 21 10 48
CFC-2 may also be localized at defects of graphite packageg 49 230 21 1.0 48
in filaments. 0.60 100 - 0.9 -
SEM data Fig. 4) show that PW molecules are adsorbed 0.75 30 10 0.9 90
on the outer surface of filamentous carbon. Individual HPA Bulk 8 ’ 08 114

molecules penetrated into holes, localizing at defect of pack- 2 Diphenilamine was used as an indicator.

ages of graphite sheets in filaments, and become new centers

for further adsorptionKig. 4A). Various HPA forms are ob-  Table 5

served on the CFC-2 surface: individual molecules less thanCatalytic activity of PW/CFC-2 (0.8wt.%) in reaction (1) ([DBMP]
20 Ain size Fig. 4B), clusters of approximately 50 A in size [PhMe] = 1/30, 50°C)

(Fig. 4B), and large crystallites larger than 150 &d. 4A). PW (1PW+ CFC-2) SBET ) H*a ) 1031kHPA . kH+l )
The distribution depends on the HPA loading. The formation @9 ) (m”g7) (umolg™) (s"mol™) (s ~mol™7)
of three form of finely dispersed HPA species on Sidd 0.05 160 - 0.8 -
active carbon surface was observed earlier while the Iargeg'(l’f igg g;' 2'8 23
crystals was only observed on carbon fil&j. 0.20 150 31 11 35
0.26 149 31 11 35
i 0.40 100 24 11 52
3.2. Surface acidity of H3PW;2040/support 0.75 20 10 0B 00

. L . Bulk 3 7 0.8 114
The determined number of surface acid sites at the SiO

and CFC surface are shown Tables 3-5It was establish * Diphenilamine was used as indicator.
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that whenn-C4HgNH2 and GHsN are used as indicators, tration of acidic sites. Determined by TEMPOL adsorption,
the number of acidic centers are larger than that calculatedsuch a concentration for PW iswnol g—1. As the specific
from the amount of supported PW, surface area and thesurface area of bulk PW is about £gr 1, it corresponds
area occupied by an PW anion (109)A1] (Table 3. This to surface density of acid sites 0.6 site per 160dnd
phenomenon is attributable to absorption polar molecules nearest-neighbor separation distance between these sites
(e.g. amines, ethers efd]) on solid HPAs in large amount.  ~ 14 A. Such distance is about nearest-neighbor separation
(CsHs)2NH with a large steric groups was used for deter- PW;2040%~ in bulk PW (11-15 A)[22].
mining the surface acidity. As shown in tAables 3-%he TEMPOL also adsorbs on CFC-1 and CFCHg( 5,
number of surface acid sites has only a weak dependencecurves 2 and 4). Such an adsorption is attributable to the
on the amount of supported PW. Such a dependence is atpresence of their own acid groups (e.g. carboxylic, lactonic
tributable to decrease in surface area and concurrent increasetc.) on the outer surface of these suppf4td&1,23] The
of strength of acidic sites with increasing HPA loading. concentration of the acid groups on CFC-1 happened to be
In recent studie§19,20], we found that nitroxyl radicals  close to that on CFC-2. However, those acid groups are in-
TEMPOL can be used for estimation of surface concentra- active in catalytic conversiongéble 1.
tion of acidic sites. The concentration of acid sites in supported HPA is higher
Adsorption of TEMPOL on PW, CFC and 8% PW/CFC than in bulk HPA due to higher dispersion of HPA aggre-
from hexane was studieddble 1 andFig. 5. TEMPOL gates Table landFig. 5 curves 3 and 5) after adsorption
adsorbed from hexane on bulk PW, CFC and 8% PW/CFC on CFC. Due to higher dispersity of HPA, the concentra-
gives L-curve (“Langmuir’ type[21]) with the plateau tion of acid sites of 8% PW/CFC-1 is more than that of
(Fig. 5. The plateau level corresponds to surface concen- CFC-2. However, the determined concentration of acid sites
in 8% HPA/CFC is lower than expected (273 pmolg~1),
and such a concentration is attributable to the interaction of
HPA protons with surface groups of CFC (e.g. C—OH and
° C=0) [23]. This interaction is also corresponds to IR spec-
° 3 tra region 800-1100 crt (Fig. 2). This interaction lead to

P decrease of specific catalytic activity after supporting on
201 CFC-1 (Table ).
* Results of acidity determining by TEMPOL adsorption
are in agreement with DPHA titration. We suppose that this

is attributable to similarity of steric and basic properties of
these test-molecules.

—
[
1

1 3.3. Catalytic activity of PW/SO, and HPA/ICFC

Adsorbed TEMPOL, pmol-g-!
N

»

0 . : . Y r T v r v . Rate constant&ypa and ky+ were calculated using the
0.0 0.1 0.2 0.3 04 0.5 known values of first-order rate constarksand the amount
Equilibrium concentration, umol-mi-1 of the surface protons for bulk and supported PW, respec-
tively. Kypa is the activity based on the total amount of PW
protons in the catalyst, whilg,+ is based on the amount
of the surface protons. The main results of catalytic tests of
PWI/SiQ, and PW/CFC-2 in the reaction (1) are presented
in Tables 4 and 5
In general, the behavior &fpa of catalysts (PW(PW-+
Suppor}) is independent of the support natufiéig. 6A).
Thekypa value increases with PWPW+ Suppor}, reaches
a maximum and then tends to decrease. Unusual behavior
of kypa can be accounted for both by monotonic rise of the
strength of protons with increasing PW loading and by a
4 decrease in the amount of PW protons on the catalyst surface.
When CFC-2 was used as the support, khea value was
' T v . v Y v . maximal for 7wt.% PW/support. With Si) the maximal
0.0 0.2 0.4 0.6 0.8 ky value was observed for 25% PW/support. This distinction
Equilibrium concentration, ymol-mi-! may be explained by the difference of surface area of the

Fig. 5. Adsorption isotherms of TEMPOL on samples from hexane so- CataIyStS Tables 4 and )5 . .
lution on PW and CFC at 2%. (1) HsPWi20s0; (2): CFC-2; (3): In contrast tokupa, the ky+ value Fig. 6B) increases
8%PW/CFC-2; (4): CFC-1; (5): 8%PW/CFC-1. monotonically as the acid strength increases with an increase

45

w
[

Adsorbed TEMPOL, umol-g-!
P
7]

A
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Fig. 6. Dependence of catalytic activity on HPA loading in reaction (1).
(A): kupa represents the activity based on the total amountg5f\l; 2040
protons; (B):k,jr is based on the amount of the surface protor¥) (
PW/CFC-2; &) PW/SIQ; (@) P,W;g/CFC-2.

in the HPA loading on the support surface. Howeveriihe
is far lower in the case of Sithan in the case of CFC-2 at
the range of 0 to 20 wt.% PW loading. Therefore, the surface

protons of PW/CFC-2 were stronger than the surface protons

of PW/SiG. At higher PW loading, the amount and strength
of surface protons of both supports became approximately
equal.

Dependences dfpa value on the amount of supported
of P,W1g were similar to those observed with F\PW +
Support Tables 5 and 6and Fig. 6A). The comparative

Table 6
Catalytic activity of BW1g/CFC-2 (0.8 wt.%) in reaction (1) ((DBMP]
[PhMe] = 1/30, 50°C)

PoW1g (PaW1g+CFC-2) (ggt)

103 Knpa (Sﬁl moI*l)

0.04 0.02
0.06 0.1
0.12 0.2
0.15 0.4
0.17 15
0.25 2.9
0.45 2.9
1.00 2.4
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catalytic activities of PW1g/CFC-2 and PW/CFC-2 systems
show that the catalytic activity was lower fop\®15/CFC-2
than for PW/CFC-2 at the HPA content below 20 wt.%. This
fact indicates that #V1g interacts stronger with filamentous
carbon supports than PW. But for bulkW1g, kypa was
approximately 3 times higher than those of bulk BW

The only reaction, gas phase synthesis of MTBE is
known now in which the catalytic activity of bulk and sup-
ported Dawson-type acidgf,W180g2 compares with that
of Keggin-type heteropolyacids (AW 12040, X PY,
siV, GéY, B', cd"). The activity (per unit weight) of
PoWg is at least 13 times higher than those of B3} At
the same time the difference in the activity betweekvVi’s
and PW was~ 2.7 times per weight in the homogeneous
liquid-phase synthesis of TBMR4]. It also was found that
the activity of BW1g was considerably enhanced by sup-
porting it on SiQ [3]. However the activity (per unit weight)
of bulk RW1g was lower than that of supportec\W1s.
Thus the available data demonstrate that both the acidity of
proton sites and the amount of proton sites are among key
factors determining the catalytic activity in acidic reactions.

4. Conclusion

The results obtained lead to conclude the following:

The structure and the surface area of CFC influence con-
siderably, the strength and amount of HPA adsorbed. The
reversible HPA adsorption is observed with CFC-1 and
CFC-2.

The BW31g/CFC-2 system, as well as PW/CFC-2
and PWI/SiIQ, exhibited high catalytic activity to
de+ert-butylation of 2,6-di-tert-butyl-4-methylphenol.

The acidity of supported HPAs depends on the nature of
surface species and on the strength of the HPA-support in-
teraction. The activity of surface protons of HPA/support
increases monotonically as their acid strength increases
with increasing total HPA loading to reach maximum for
the bulk HPA.
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