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Preparation, Characterization, and Acidity of a Silica Gel/Tungsten Oxide Solid Acid
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Solid acidity is measured by simultaneously solving data from a calorimetric titration and an adsorption isotherm
measurement to provide the amount, equilibrium constant, and enthalpy for each acid site. The utility of this
procedure, referred to as cal-ad, in the synthesis of solid acids is illustrared with the preparation and characterization
of a new hydrated tungsten oxidsilica-supported acid catalyst, referred to as SG-W. Cal-ad shows that SG-W,
prepared from WG| is a stronger acid with more Bronsted sites per gram than tungsten oxide, tungstic acid, or
silica-supported W@prepared by thermal decomposition of ammonium tungstate (SGyW8urface studies

show a much better dispersion of tungsten in SG-W than in SG:V8G-W adds to a growing series of
reproducible, characterized solid acids of varying strengths. A quantitative cal-ad series of solid acid strengths
is given to provide a new scale for correlating acidity with catalytic activity and to establish acidity thresholds for
different acid-catalyzed transformations. Solid acids with varying acidities are compared as catalysts for alcohol
dehydration, light paraffin isomerization, and the alkylation of phenol with methanol to illustrate this approach.

Introduction some 19 kcal/mol weaker than SG-OAIQiut 19 kcal/ mol
] ) ] ) stronger than silica gel.

Solid acids are the most important catalysts used in the very strong solid acid catalysts are not required for all acid-
petroleum industry. This fact coupled with environmental  catalyzed reactions. For example, if too strong a solid acid is
demands to replace liquid acfds alkylation and other process  sed for dodecane isomerization, cracking to light hydrocarbons
has motivated study of the synthesis, characterization, andoccyrs, The long-term goal of establishing a scale of solid acid
measurement of the acidity of solid acids. strength is to gain sufficient understanding of solid acid catalysis

Our interest in this area follows an earlier report of the to tailor the catalyst acidity to the needs of the reaction. SG-W
synthesis and characterization of the strongest supported solidadds to those solid acids that have been investigated by cal-ad,
acid prepared to date, silica-supported aluminum chicritiee providing one of moderate strength.
material is prepared by refluxing a slurry of silica gel and-Al The correlation of catalytic activity with cal-ad acidity can
Clg in CCl;. Evolution of 2 mol of HCl/mol of A}Cls that be used to establish the threshold acidity and optimum solid
reacted led to the formulation of this material as SG-OAICI acidity needed for acid-catalyzed reactions. These preliminary
(where SG refers to silica gel). Coordination of aluminum to results indicate that correlations between acid strength, as
neighboring surface SiOH groups of SG leads to strong measured using cal-&d® and the solid acid’s reactivity in acid-
Bronsted acids. The SG-OAlgCtatalyst cracks hydrocarbons  catalyzed reactions can be an important tool in solid acid catalyst
and alkylates at room temperattifgut slowly loses HCl and  design and selection.
deactivates during the course of the reaction. In an attempt to
circumvent this mode of decomposition, non-halogen-containing Experimental Section
Lewis acids supported on silica gel are being investigated. Catalyst Preparation. Several steps are employed for the prepara-

This article describes the addition of tungsten (VI) oxide onto tion of silica-supported W@ First, the silica gel is conditioned by
silica gel. A novel preparation of this material from WCI  washing the silica gel (Davison 8@200 mesh) wit 1 M HCI, followed
affords a material, referred to as SG-W, in which an excellent by deionized water, then 30%8,, and again deionized water. The
dispersion of the tungsten oxide results. Data from a combined Washed silica is dried at 10 overnight under vacuum and is then
calorimetric titration and adsorption isotherm measurement, cal- 210Wed t0 stand exposed to the atmosphere for 1 day. TGA shows

. . . ... that a properly conditioned silica gel evolves 4.1% by weight water,
a}d, on this solid are S|m_ultaneously solved to PrOduce equilib- whereas an unconditioned Davison silica gel evolves 8.6% by weight
rium constants, enthalpies, and numbers of different types of \;5¢ar.
acid sites® SG-W is found to be a moderately strong acid  The conditioned silica is refluxed f@ h in CCl or CH,Cl, solvent,
to which 5 x 10~* mol of tungsten(VI) chloride/g of silica is added.
* Corresponding author. Tel: (352) 392-5263. Fax: (352) 392-4658. The temperature is adjusted to 70, and this mixture is allowed to

® Abstract published i\dvance ACS Abstract©ctober 1, 1997. stir for 1 day. Color changes are quickly apparent from blue to red to
(1) Pines, H.The Chemistry of Catalytic Hydrocarbon Garsion yellow. These color changes are characteristic of the hydrolysis of
Academic Press: New York, 1981. tungsten hexachloride to the oxychloride and then to hydrated tungsten

@ f7rata, K.Solid SuperacidsAcademic Press: New York, 1990; Vol.  qiqe  After 1 day, the mixture is filtered and the solid is washed
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(7) Drago, R.; Diaz, S.; Torrebela, M.; de Lima, I. Am. Chem. Soc. (8) Lim, Y.; Drago, R.; Babich, M.; Wong, N.; Doan, B. Am. Chem.
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ammonium tungstate corresponding to 10 wt % YgOof silica is :

prepared in water. Silica gel is added to the solution, and the water is N Cl

evaporated. The resulting solid is calcined at 5@ in air to O,..-'SI—O-..,, | ,.---C|

decompose the ammonium tungstate, and a green solid results. This \Si_o/ ~o0

material is referred to as SG-WO e | =
Catalytic Reaction. The alkylation of phenol with methanol was 0o Si

performed usig 1 g of catalyst at 200C, a 1:3 mole ratio of phenol | N

to methanol fed by syringe pump at 1 mL/h, and acidrrier gas flow Si o

rate of 5 mL/min. The catalyst bed volume was ZcrRroducts were -~

analyzed using gas chromatography and calibrated with known

standards. Isomerization of pentane was performed using a flow reactor,Figure 1. Anchoring species from reaction of SG with WClI

1 g of catalyst, 206300 °C reaction temperatures, 5 mL/min flow

rate of N; carrier gas, and a feed of pentane vapor from a saturator at €vidence of the reaction of WEWith surface silanols. The

room temperature. Dehydration of 1-propanol was performed using a reaction liberates HCI gas. Proper silica conditioning and the

flow reactor, 0.5 g of catalyst, a 170C reaction temperature, and  use of a dry inert solvent are needed to prevent water from

1-propanol saturated inNcarrier gas (saturator at 6C) at a flow competing with the surface hydroxyl groups in the hydrolysis

rate of 20 mL/min. of WCls. When preconditioned silica is reacted with WCI
Surface Characterization. Raman spectroscopy was performed  qojection and back-titration of the HCI evolved show that four

using a Dilor OMARS 89 spectrophotometer with an optical multi- of the six chlorides have reacted with surface hydroxyls,

channel analyzer. Infrared studies were done by pressing KBr pellets corresponding to a surface reaction described by eq 1 (where
and analyzed on a Nicolet model 5PC FTIR. Powder X-ray diffraction p 9 Yy €q

(XRD) studies were done using a Phillips X-ray diffractometer, and a
26 range of 5-70° was obtained. X-ray photoelectric spectra (XPS) WClg + 4SG-OH— W(OSG)Cl, + 4HCI 1)
were obtained on a Kratos XSAM 800 spectrophotometer. Samples
were mounted onto the adhesive side of aluminum tape and scannedSG is silica gel). The catalyst has also been prepared by a solid
at 9C using Al Ka radiation. Scanning electron microscopy (SEM) state reaction between the tungsten hexachloride and silica,
analysis was done using a JEOL 35C electron microscope with an showing that the CGlis not participating in the reaction.
acceleration voltage of 25 kV using several magnifications. On average, the anchoring species is W(Q®5) and a
Cal-Ad Analysis of Solids.Calorimetric titrations were carried out probable structure is given in Figure 1A 1 M HNO; wash
?;Cgise‘;r;idsgﬁ‘i’é%“;?; tit(rj;t: dggglrgriﬂeﬁig:?g/s;lnv{]a;yfiggfﬁn'é‘er hydrolyzes the remaining chlorides, catalyzes the conversion
stirring conditions. The cyclohexane and pyridine reagents were OfIW O SHI linkages to W-OH and.dS#?Hﬁland changes th%
distilled from ROs prior to use. The heat evolved was measured after color to yellow _(WQ'HZO)' N_O resiaual chiorine 1S observead
each injection of known amounts of pyridine solution into the N ESCA, and nitrogen anaIyS|_s |nd|c§t_tes that no nitrate remains
calorimeter. In the cal-ad process, an adsorption isotherm is measured®n the catalyst. A crystalline, silica-supported, hydrated
over the range of base additions used in the calorimetric titrations. The tungsten oxide results upon drying at 200. The tungsten
combined data from calorimetric titration and adsorption measurementsspecies is complicated because water can be eliminated to form
are analyzed to determine accurate equilibrium consténtejoles of ~ WO; aggregates with hydroxyl functionality. Characterization
site, ni, and enthalpiesAH;. Errors were acquired by a nonlinear  (vide infra) suggests that the anchoring unit is (SG&QY
regression analysis using a least-squares algorithm. W(OH)(O—)1+n, Which is attached to octahedral \W®,0
ﬂMeasurr]e.m.em.Of the pygdine in SO(;“tio.n in eq;"iﬁ_”“gw”h tLhe Sé’(;id ; aggregates. The material resulting from the Walchoring
after each injection was determined using a Perkin-Elmer Lambda L . .
UV —vis spectrophotometer as described previobslySuprasil quartz foIIowed_ _by the F‘!”'C acid wash will be referr_ed to as SG-W.
cells were employed in the adsorption studies. Conditioned silica gel was also reaqted with W@(!?i th.e
same manner as done with WCICollection and back-titration
Results and Discussion of the evolved HCI show that four chlorines have reacted. After
Characterization of Tungsten Oxide Acids. Most sup- acid wash, the infrared spectrum and the calorimetric titration

. ! . are identical to those of the material obtained from the YWCI
ported tungsten oxide catalysts are made by using ammonium .
reparation.
tungstate or other water-soluble tungsten salts as the tungste

oxide precursof. Thermogravometric analysis of a sample of BET analysis of the silica gel used in the preparation has a
ammonium tungstate shows that a high temperatu&90 °C) surface area of 2651y, and a pore volume of 1.1 éfg. SG-W

is necessary to completely convert the ammonium salt to showed only a minimal drgp i.n syrface area t(').2422g1and a
tungsten oxide. At these elevated temperatures dehydration!oo.re volume of 0.96 cHg, |r_1d|cat|ng that the silica g(_el Iattlc_:e
of hydrated tuﬁgsten oxide and of the support (éilica in this - intact after th_e preparation. SEM was u_sed 1o Investigate
case) will occur, reducing the number of Bronsted acid sites the tungsten OXId? mprphology and dispersion over the S|I|9a
and causing agéregation surfa_ce as shown in Figure 2. The catal_yst as prepared consists

The preparation using Wg;ldescribed in this report, provides of uniform, small clusters of tungsten oxide approximately 600

7 -~ nmx 700 nm. Both the SEM and BET analyses show a good

a low-temperature route to hydrated tungsten oxide on silica.

The reaction of tungsten hexachloride with the hydroxyl dispersion of tungsten oxide on SG-W.

functionality of the silica support provides good dispersion, and The tungsten XPS spectrum of SG-W, shown in Figure 3, is
y pport p 9 P '™ characteristic of W@supported on silicda® The broad feature
the subsequent low-temperature hydrolysis of the remaining

. - - . e f th rum i ri n n existing in nonequiva-
chlorides results in a catalyst which retains more silica and of the spectrum is attributed to tungsten existing onequiva

X ' ; lent sites on the surfadé. The charge-corrected tungstem,4f
tungsten hydroxyl functllo.nallty (W H.ZO spemes).t.han those peak is located at 35.4 eV with a fwhm of 2.2 eV. Line splitting,
from thermal decomposition preparations. The silica hydroxyl

. L ; - . 4 due to spir-orbit coupling, gives rise to a tungsterns4fpeak
functionality is an anchoring site forming -SOD—W species. . 2
Upon addition of WCJ to a silica-CCla slurry, the color at 33.2 eV with a fwhm of 2.1 eV. The peak positions and

changes from blue (WG@) to red (tungsten oxyhalide) as

(11) (a) Kepert, DProg. Inorg. Chem 1962 4, 199. (b) Biloen, P.; Pott,
G.J. Catal 1973 30, 169. (c) Kerkhof, F.; Moulign, J. Phys. Chem
(9) Yamaguchi, T.; Tanaka, Y.; Tanabe, K.Catal 198Q 62, 442. 1979 83, 1612. (d) Scofield, J. Electron Spectrosc. Relat. Phenom
(10) Kasztelan, S.; Payen, E.; Moffat,J.Catal 1998 112 320. 1976 8, 129.
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Figure 2. SEM 10 000« magnification of SG-W. (This figure has
been reproduced at 68% of the original.)

A3Tsuagzuy

Binding Energy
Figure 3. Tungsten 4f XPS spectrum for SG-W (not charge corrected).

fwhm are consistent with those for supported W& XPS
intensity ratios can provide information regarding overlayer-
support dispersidic using the following equation:

(I/19expr = (P/S)h(0/09) )

wherelp, is the intensity of the electrons from the promoter,

is the intensity of electrons from the support, (pis)the bulk
atomic ratio of the promoter and the support, ag@ndos are

the Scofield cross sectiod® The model is used to predict
XPS intensity ratios based on the bulk ratio of the overlayer
and support. From this, a theoretical value of 100% dispersion
can be calculated. XPS analysis of the intensity ratios of\y/4f

and Si 2p show the presence of 9.6 wt % tungsten oxide on the

surface (97% disperse) of SG-W, which compares favorably to
the theoretical surface dispersion of 10.5 wt %. The slightly

lower amount of tungsten oxide observed on the surface by XPS
is due to the presence of tungsten oxide clusters as shown in

SEM. Using the Si 2p peak to correct the tungsten XPS
spectrum for charging, only tungsten(VI) is observed by XPS
on the surface of the catalyst, as evidenced by the,¥déak

at 35.4 eV. No peak is observed corresponding to the;/4f
tungsten(lV) peak at 32.4 eV.

The XPS spectrum of a sample of SG-Wfrepared from
thermal decomposition of ammonium tungstate is similar to that
shown in Figure 2 for the SG-W. However, the XPS intensity
ratio of W4f;, and Si 2p on SG-W@reveals only a 67%
dispersion. The high-temperature thermal decomposition of
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Figure 4. Infrared spectrum of SG-W.
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better dispersion is achieved using controlled hydrolysis com-
pared to thermal decompositiéf?

Debate exists as to whether octahedral or tetrahedral tungsten
is present on tungsten oxide supported catahf8t<rystalline
WO; is octahedral with a distorted Re@Gtructure. There are
a great number of possible arrangements of these octahedra
giving rise to both monoclinic and hexagonal forms of WO
Distortions of the ideal structure occur with introduction of
waters of hydration, and a large number of hydration levels are
possible. Tungsten exists in a tetrahedral arrangementin Na
WO,. Preparation techniques or calcination is reported to cause
supported tungsten oxide to adopt a tetrahedral geotpathjch
can be distorted.

Raman and infrared analy¥is'4 can been used to determine
the structure of tungsten oxide. The infrared spectra of our
silica-supported tungsten oxide catalyst has a band around 940
cmt, which overlaps those from silica gel (Figure 4), that is
assigned to the WO stretch. Clusters containing hydrated six-
coordinate tungsten oxide give rise to a band around 672.cm
This band, attributed to a WO—W stretch, is observed for
tungstic acid but not for anhydrous WOFigure 4 contains an
intense band at this frequency indicating supported, hydrated
tungsten oxide species in our preparation. This result confirms
the aggregation found with SEM.

The species 12-silicomolybdic acid, BiM01,040, is reported
to form when MoC§ grafted on silica is washed with nitric
acid1® Temperature-programmed reduction of supported tung-
sten oxide on silica gel is interpreted as having peaks charac-
teristic of HySiW,,040 sites!? The absence of a band at 892
cm~1in our material indicates that the Keggin structure was
not formed.

When the tungsten oxide loading is increased, the aggregate
band at 672 cmt increases in intensity. The most active loading
of tungsten oxide on a high-surface-area support (399)ns
reported to beapproximately 10%. Other tungsten oxide bands
are obscured by those from silica.

Raman spectroscopy shows characteristic features that can
be used to determine tetrahedral and octahedral coordination
of tungsten. Peaks centered at 680 and 250'are attributed
to a distorted octahedral coordination of hydrated tungsten

(12) (a) Louis, C.; Che, M.; Anpo, MJ. Catal 1993 141, 453. (b) Van
Roosmalen, A.; Koster, D.; Mol, J. Phys. Chem198Q 84, 3075.
(13) Wu, J.; Shuben, L. Phys. Chem1995 99, 4566.

ammonium tungstate leads to aggregation of the surface specieq.14) Thomas, R.; Moulign, J.; Medema, J.; DeBeer)\Wlol. Catal 1980

A previous report of grafting MoGlonto silica shows that a

8, 161.
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x 1075 mol of strong site per gram is present on SG-WO
prepared from decomposition of ammonium tungstate. Also,

("'Vn o dl the total number of acid sitag + n; is 4.8 x 1074 mol/g on
TR S W SG-W and is 2.7« 104 molig on the SG-W@ The XPS

e @ results show that SG-W has better dispersion and hence more
acid sites than SG-W{ Of the total of 5.0x 10~* mol of

10 20 3 40 s 60 70

tungsten chloride/g of silica used in the preparation of SG-W,
acid sites 1 and 2 (0.48 mmol) correspond to 96% of the
28 tungsten added. The XPS data showed that the tungsten oxide
is 97% disperse. The agreement of the cal-ad and XPS results
provides additional confirmation of the valid#§®of cal-ad as

a procedure for determining solid acid strength.

The combination of results from the above characterization
) studies suggests that S_G-W is a Bronsted acid with (SM))H
h /‘\ w,_\g"" at acceptor sites. Coordinated SiQyroups enhance the acidity
PR oy over that of tungstic acid, and aggregates lead to partial
| crystallinity. Hydrolysis of the chloro complex illustrated in
5 10 15 20 25 Figure 1 leads to oxygen bridges to attached octahedral, hydrated
26 WO; units. The weaker acid sites are attributed to hydroxyl
functionality on the WQaggregates. |If the strong acid groups
are attributed to hydroxyls on tungsten bound to silica in the
anchoring unit, the moles of strong acid groupsx610-5)

4
e mwu‘f'""‘%a“mw‘ compared to the moles of tungsten supported indicate that the
eliss Giad () average anchoring site in SG-W has 5.5 octahedraWH0
units attached. The correspondence between the total acid sites
10 15 20 25 30 35 and the amount of tungsten added suggests that bothrsites
20 andn, arise from tungsten species. The idealized representation

Figure 5. Powder XRD of (a) SG-W, (b) solid prepared by thermal of the surface species is (SIDW(OH)(O—)1n(WOsxH0)s 5
decomposition of ammonium tungstate on silica, and (c) SG-W with ~ Within experimental error, the strongest sites of both SG-W
no 1 M HNG; wash in preparation. and SG-WQ have comparable sterngtiAld). Calorimetric
titration of WGQ; (from Aldrich) and BWO, (from Aldrich) with
oxide!® The spectrum for SG-W compares well with the pyridine was carried out without the adsorption analysis to obtain
reported Raman spectra for W®l,0.131% On the basis of  arough estimate of the acid strength of these solids. Calorimetry
Raman spectrum peak intensities and the absence of the intensalone, using small additions of pyridife® can providé
tetrahedral band at 930 cry it is concluded the coordination  estimates+2 kcal/mol) of the strongest site whé@a > K, as
of tungsten is octahedral on the SG-W catalyst. is the case for SG-W and SG-WOThe enthalpy of reaction
Powder XRD analysis of SG-W and SG-WGshown in with pyridine for strongest site on W{ds —10 kcal/mol, and
Figure 5a,b, are characteristic of tungsten oxide and their that for WO, is —17 kcal/mol. The strongest sites of both
associated hydraté§. Crystallinity of some of the supported SG-W and SG-W@ are stronger acids than these tungsten
tungsten oxide of SG-W is observed even though, in most casescompounds, indicating that the-SD—W bonds attaching the
high-temperature calcination is usually required to impart tungsten to the surface increase the acidity of the silica-bound
crystallinity. To confirm that the nitric acid wash was indeed W-—OH groups. The weaker sites are comparable in acidity to
causing cyrstallinity, a powder XRD pattern of a sample H,WO,.

prepared by hydrolysis of Weiwithout a HNQ wash was It is informative to compare SG-W with other solid acids
obtained. As shown in Figure 5c, this sample of supported that have been investigated using the cal-ad method. SG-
tungsten hydroxide is amorphous. OAICI,, the strongest solid acid known, has-aH; of 51 kcal/

Solid Acidity Measurements. Cal-ad analysis was carried  mo|, the zeolite HZSM-5 has a strong acid sité\H; of 41
out on the SG-W catalyst, SG-W0and silica geb, and the  cal/mol? HY has a—AH; of 34 kcal/mol, sulfated zirconia
results are shown in Table 1. The number of acid sitgs,  has a—AH; of 31 kcal/molé and silica gel has aAH of 13
equilibrium constantss;, and strengthsH;) for thei-different kcal/mol. Cal-ad characterizes the acidity of the stronger SG-W

acid sites on the solids, are determined by simultaneously sjte as moderate strength, comparable to that of sulfated zirconia
analyzing data from calorimetric titrations and adsorption and slightly weaker than that of HY.

experiment% 8 for reaction with pyridine. The subscriptd (
label the different sites involved, with= 1 describing the site
with the larges, i = 2 the next largeskK, and so on. The
cal-ad measurements are carried out in a hydrocarbon solven
close in molecular mass to those of the donor to cancel the
contribution from a dispersion component to the measured
enthalpy of the reactioh. Thus, the cal-ad procedure produces
thermodynamic data and number of sites for the specific denor
acceptor reaction. The results show that 8.307> mol of a
strong acid site per gram is present on SG-W, while only 1.6

Catalytic Reactions. The effectiveness of an acid catalyst
will depend upon the number of acid sites per gram as well as
the strength of the acielsubstrate interaction. At present, a
tpyridine one-parameter, enthalpy-based scale is offered to
measure strength. The most straightforward correlation of these
enthalpies to catalytic effectiveness involves the concept of acid
strength threshold, i.e., the minimum acidity needed for a
reaction to occur in a reasonable time (hours vs days). A second
straightforward correlation involves competing substrate reac-
tions where the relative rates influence the relative amounts of
(15) Desbat, D.; Lassegues, J.; Gerand, B.; Figlarz) NCatal 1983 79, products which .depend_ UDO.n relative aCIdItIeS.l The most

215 complex correlations, which will not be addressed in this study,
(16) Miyake, J.J. Appl. Phys1984 55, 2752. are reactivity comparisons of different catalysts that are based
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Table 1. CAL-AD Analysis of Solid Acids

catalyst —AH; (kcal/mol) K1 (L/mol) n; (mol/g) —AH; (kcal/mol) Kz (L/mol) nz (mol/g)
silicagel 12.6 1.% 10 8.6x 104 5.3 3.2x 12 8.6x 104
SG-W 317 6.8x 10° 6.5x 1075 16.2 7.1x 107 4.1x 104
(£1.9) #1.5x 10® (£4.2x 1079 (£1.0) (£359) @2.0x 1079
SG-WQ? 27.4 E2.4) 1.2x 10° (£8.9x 10 1.6x 1075(£1.9x 1079 17.8 @2.5) 5.8x 10° (£1.9x 109 2.4x 1074 (1.0 x10™¥

a Prepared by calcination of (Nj3WOs.

100 isomerize pentane or lighter paraffins, a cal-ad acid strength

greater than—32 kcal/mol (using pyridine as the probe in
cyclohexane) is necessary. HZSM-5, which has a strong site
acidity of —41 kcal/mol, isomerizes light paraffins.

The dehydration of alcohols can be catalyzed by acids of
moderate strength. The SG-W-catalyzed dehydration of 1-pro-
panol to propene gives 20% conversion at I'TQ These
preliminary results suggest that thresholds for acid-catalyzed
reactions can be correlated with cal-ad acidities to provide a
practical application of the acid strength measurements on new
% solid acid catalysts.

80
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=]

Manisole
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N
=]
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SG-W HZSM-5 HY sz . - . .
Figure 6. Alkylation of phenol product selectivities using various solid A new tungsten OXIde.Smca_SUpported .SOIId aCId. has been
acid catalysts. prepared and characterized. Its properties are different from

those of a material prepared by thermal decomposition of

on conversions. For these comparisons, the reaction order indAMmonium tungstate on silica. Cal-ad analysis reveals that the
acid and the number of Bronsted sites on the solid acid are Strong-acid site of the SG-W catalyst is a moderate-strength
considerations to normalize reactivity to a per mole of acid basis. Solid acid, whose acidity is less than that of HZSM-5, but

Needless to say, the reaction should be acid and not redoxé€nhanced as compared to that of silica or tungsten oxide alone.
catalyzed. Cal-ad shows two acid sites and also provides the number of

The alkylation of phenol with methanol has been used as a €ach of these acid sites per gram of sofid, The agreement
model test reaction for evaluating the acidity of solid aéfds. Petween the moles of tungsten added and the sum of the stronger
The alkylation reaction gives anisole and cresols as the primaryand weaker acid sites from cal-ad indicates that both sites arise
reaction products® The product distribution is dependent on from tungsten species. The stronger acid site has an idealized
the acidity of the catalys Very strong acid catalysts are Structure illustrated by replacing Cl by OH in Figure 1 and
reported to favor O-alkylation giving anisole, while moderate forming WO;-H;O with the strong-acid site (Si@)W(OH)-
strength acids favor ring alkylation producing cresols (ortho and (O—)1+n also functioning as the anchoring site. The weaker
para)!® Product dependence on acidity was demonstrated by Site is from the tungstic acid like portion. XPS and SEM results
comparing the selectivities of phenol alkylation with methanol indicate a good dispersion of tungsten, and the former provide
using HZSM-5 and Na-ZSM-5 This reaction was studied with ~ independent support for thevalues obtained with the cal-ad
various solid acids (including SG-W), and the results are shown analyses of these solid acids.
in Figure 6. Higher selectivity to anisole is seen for stronger A series of solid acids characterized by cal-ad were studied
acids, and, consistent with the cal-ad analysis, SG-W is a weakerin model acid-catalyzed reactions to illustrate the protocol for
acid than HZSM-5. comparison of reactivity with acidity. The concept of acid

The SG-W catalyst and a solid prepared from thermal strength threshold for acid-catalyzed reactions is introduced.
decomposition of ammonium tungstate on silica were tested in SG-W was unable to catalyze light paraffin isomerization
the isomerization of pentane. The isomerization of light establishing a cal-ad acid strength threshold above 32 kcal/mol
paraffins requires a very strong acid cataffsand no isomer- for this reaction. SG-W is a fair catalyst for 1-propanol
ization or cracking activity was observed for SG-W or SG-yO dehydration, suggesting that it is close to the threshold acidity
under the conditions tested. This indicates that, in order to for this reaction and that stronger acids are desired. Product
selectivities for competing reactions in acid-catalyzed phenol

(17) (a) Rao, V.; Chary, K.; Durgakumari, V.; NarayananAgpl. Catal alkylation correlate to the cal-ad measure of acid strength for
61_)5;93964' 83. (b) Bezouhanova, C.; Al-Zihari, Mippl. Catal 1999 the series of acids studied and correlate to SG-W being a weaker

(18) Sémoiada, M.; Grigoriado, E.; Kiparissides, Z.; Vasalod, Catal acid than HZSM-5.
1995 152, 52.

(19) Renaud, M.; Chantal, P.; Kaliaguine, Gan J. Chem. Eng1986 .Acknowledgment. The authors acknowledge the support of
64, 787. this research by Akzo-Nobel.

(20) Satterfield, C.Heterogeneous Catalysis in Industrial Practice
Mcgraw-Hill: New York, 1991; p 120. 1C970090H



