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Abstract

The catalytic liquid phase condensation of anisole t¢-dighethoxydiphenylmethane (4;BMDPM) with para-formaldehyde g-HCHO) has
been studied in a batch reactor at atmospheric pressure using of different loadings of benzylsulfonic acid (BSA) functionalized mesoporous
TMS (Zr-TMS-BSA/(—Zr-O-CH-®-SG;H)) catalysts. Conventional catalysttoluene sulfonic acidt TSA) and sulfated zirconia and Zr-TMS
(zirconia-based transition metal oxide mesoporous molecular sieves) are also included for comparison. Under identical reaction conditions,
TMS-BSA is considerably more active than Zr-TMS and less active than sulfated zirconjaTe®8, however, Zr-TMS-BSA showed higher
selectivity among all catalysts. The conversion of anisole, rate of anisole conversion (TOF), selectiviyDIMBRBM and 4,4-/2,2-DMDPM
ratio over Zr-TMS-BSA-10, after 6 h of reaction time at *@are ca. 28.2 wt.%, 12.04hmol* S, 78.5wt.% and 27.55, respectively. Acidity
and mesoporosity of the Zr-TMS-BSA catalyst play important role in the conversion of anisole, rate of anisole conversion and product distributic
The effect of various parameters such as duration of run, reaction time, catalyst concentration, reaction temperatupeCai@<olelolar ratio
and reuse of catalyst, on the catalyst performance are examined in order to optimize the conversion of anisole and selectidiyé¥ 4
The conversion of anisole using Zr-TMS-BSA-10 is increased significantly with the increases in reaction time, catalyst concentration, reacti
temperature and decreased with the increase of anisdl@HO molar ratio. Zr-TMS-BSA-10 catalyst is recycled two times and a decrease in
anisole conversion is observed after second cycle, which is related to the minor leaching of anchored benzylsulfonic acid.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction because these intermediates are involved in photoinduced pro-
cesses of biological (photosynthesis and respiration) and indus-
Derivatives of 4,4dimethoxydiphenylmethane (4;®MD- trial interest[6—9]. Disubstituted diphenylmethanes are also
PM) is used mainly in polymer industry to manufacture poly-used as intermediates for pharmaceutical and agricultural chem-
mer product$1-3]. Bisphenol derivative of 4/ 4DMDPM were icals [10]. Hydroxylation of 4,4DMDPM gives bisphenol-F,
reported to polymerize through peroxidase catalysis to give solwhich is most wanted product in polymer and pharmaceu-
uble polymers despite bifunctional monom@4$. It is being  tical industry. It gives high whiteness background and high
used in the development of electronic components, particularlg. images showing good resistance to plasticii¢ig. Also,
electronic indicating devices, characterized inter alia, by a flatlerivatives of 4,4DMDPM is extensively used in canned foods
structure and richness inimage contrast, compared, for examplas additiveg12]. Bisphenol-F, a derivative of 44/DMDPM is
to conventional counter or cathode-ray tubes; liquid crystals witta starting material used in the manufacture of most types of
a nematic phase have served for several years as picture scresggoxy resins, which are then cross-linked and used to coat food
material[5]. Photoinduced electron transfer of 4EMDPM cans.p-Toluene sulfonic acidpt TSA) is widely used in many
with any compound like quinines, chloranil forms radical ionscondensation reactiorj$3—-18] However, the recovery of the
and the activity of the two radical ions is of great interestp-TSA from the reaction mixture results in the formation of
large amounts of waste, which is environmentally unacceptable.
Moreover, the above used catalyst has several disadvantages;
* Corresponding author. Tel.: +91 20 2590 2497; fax: +91 20 2589 3761. wasting a lot of homogeneous catalyst, because the reaction
E-mail address: ap.singh@ncl.res.in (A.P. Singh). being mainly equimolar and of the difficulty of recycling it after
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use, and corrosion of containers by evolved acidic gfE®ls  2.2. Synthesis of functionalized mesoporous Zr-TMS

In order to overcome these difficulties, solid acid catalyst suchiZr-TMS-BSA)

as Nafion-H, clay, heteropoly acids, metal oxides promoted by

sulfate ions (S@ /Al,03, SO42~/Zr0O,, SO42~ITiO,, FeSQ In the first step, the functionalization of benzyl alcohol
and Fe(SQy)3, SOZ /SN, Su2 /Al,03, SOZ /HfO,, (0.1 mol, Merck) over Zr-TMS was carried out by etherification
SOy2~/Fe03) have been used. But these catalysts have norreaction using cyclohexane (0.35 mol, Thomas Baker, India) as
shape selective nature and insufficient acidity in some casesolvent at 80C for 10h (Step 2 ofScheme L The sample
Zirconium oxide is of particular interest because it contains botlwas filtered and washed with cyclohexane, benzene and finally
acidic and basic surface sites. Also, zirconia has a high melting/ith acetone and dried for 6 h at 3Q. To protect the unloaded
point, low thermal conductivity, high corrosion resistance, anchydroxyl groups, after modification with benzyl alcohol, desired
amphoteric behavior, all of which can be useful properties fommount of Zr-TMS-B was degassed at°@ for 2h and dry

a support material. The possibility of obtaining such materialgoluene was added. Then an excess of ethoxytrimethylsilane
with a mesoporous texture has made this oxide even more intewas added and the suspension was refluxed € iMder nitro-
esting[20]. The desire to perform acid-catalyzed reactions ovegen atmosphere for 12 h (Step 3®theme 1 The solid was
solids has resulted in new research in this area and supportéittered and soxhlet extraction was done with dichloromethane
sulfonic acid is now becoming available to replace homogefor 12 h and dried at 50C for 5 h. Further, sulfonation of the
neous acid solution21-23] Hence, the benzylsulfonic acid resulting material, Zr-TMS-BS was done with the appropriate
functionalized Zr-TMS (Zr-TMS-BSA) cataly§24] was cho-  amount of chlorosulfonic acid (Spectrochem, India) using chlo-
sen to meet all the requirements for acid-catalyzed reactions. lrmform (0.12 mol, Merck India) as solvent at 70 for 3 h (Step
this paper we disclose the report of our studies on the catalyti¢ of Scheme L The chlorosulfonic acid was added slowly by
activity of an environmentally friendly, acidic, stable and recy-a syringe to the mixture of Zr-TMS-BS and chloroform. Thus
clable Zr-TMS-BSA catalyst in the liquid phase condensatiorthe material obtained was washed with chloroform and soxh-
of anisole withp-HCHO at atmospheric pressure. Herein, welet extraction was done with a mixture of 1:1 diethyl ether and
also report the influence of different wt.% loading of benzylsul-dichloromethane and dried at 50 for 6 h. Benzyl alcohol and
fonic acid on Zr-TMS, duration of run, reaction time, catalyst sulfonic acid functionalized Zr-TMS are designated as, Zr-TMS-
concentration, reaction temperature, molar ratios of reactan® and Zr-TMS-BSA, respectively.

and reuse of the catalyst (Zr-TMS-BSA-10) on the conversion SO42~/ZrO, was obtained from MEL Chemicals, Manch-
of anisole and selectivity to 4ADMDPM. The results obtained ester, UK and activated at 50Q for 10 h under static air prior
over benzylsulfonic acid functionalized mesoporous Zr-TMSto reaction.

catalyst are compared witlhh-TSA, sulfated zirconia and

Zr-TMS. 2.3. Catalyst characterization

The powder X-ray diffraction patterns of synthesized Zr-

2. Experimental TMS and Zr-TMS-BSA were recordedc on a Rigaku Miniflex
(Ni-filtered Cu Ka radiation,A =1.5404A). The BET surface
2.1. Synthesis of Zr-TMS area, total pore volume, and average pore diameter were mea-

sured by N adsorption—desorption method by NOVA 1200

The Zr-TMS was synthesized by adopting the following (Quantachrome) at196°C. For this particular measurement,
molar composition, 0.1Zr(O4Hg)4:1.4BuOH:0.025CTMABr:  the samples were activated at T@for 3 h under vacuum and
0.03TMAOH:4H,0:0.05Acac:0.5EtOH. then the adsorption—desorption was conducted by passing nitro-

Mesoporous zirconium hydroxide (Zr-TMS) was synthe-gen onto the sample, which was kept under liquid nitrogen. The
sized by sol-gel route using zirconium butoxide (80wt.%FT-IR spectrawere obtained in arange 400—4000%om a Shi-
solution in 1-butanol, Aldrich, USA) as the zirconia source madzu FTIR 8201 PC using a Diffuse Reflectance scanning disc
and N-cetyl-N,N,N-trimethyl ammonium bromide (CTMABr, technigue. Elemental analysis for C and S were done by EA1108
S.D. Fine-Chem. Ltd., India) as surfactant at a pH of 11.5Flemental Analyzer (Carlo Erba Instruments). Temperature-
which was maintained by tetramethyl ammonium hydroxideprogrammed desorption (TPD) measurements were carried out
(TMAOH 25wt.% ag. solution, S.D. Fine-Chem. Ltd., India) to measure the acid strength of Zr-TMS-BSA with various load-
solution. Acetyl acetone (Acac) and ethanol controlled the raténg of benzylsulfonic acid, and Zr-TMS using ammonia as an
of hydrolysis of zirconium butoxide in water. In a mixture of adsorbatg25-27] In a typical run, 1.0g of activated sample
water (4 mol) and TMAOH (0.03 mol), CTMABr (0.025mol) was placed in a silica tubular reactor and heated at @0thder
was dissolved and stirred for 1 h. Then a mixture of zirconiumnitrogen flow of 50 ml/min for 6 h. The reactor was then cooled
butoxide (0.1 mol), acetyl acetone (0.05mol) and ethanoht 30°C and adsorption conducted at that temperature by expos-
(0.5mol) were added to the template solution slowly anding the sample to ammonia (10 ml/min) for 30 min. Physically
allowed to stir for 3 h. Further, the mixture was refluxed underadsorbed ammonia was removed by purging the sample with a
stirring for 48h at 90C. The resulting solid was filtered, nitrogen stream flowing at 50 ml/min for 15 h at3D. The acid
washed with acetone and dried for 10h at 100(Step 1 of  strength distribution was obtained by raising the catalyst tem-
Scheme 1 perature (10 K/min) from 30 to 20 in a number of steps with
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Step 1. Zr-TMS Synthesis

Solvent, Water, Acetylacetone
Zr(OC4Hg)s > Zr-TMS
CTMABr,TMAOH,Ethanol

Step 2. Etherification

H H

OH
Cyclohexane

H
e H
H + HO—Hzc@ 0C
H H.,C
Zr-TMS Benzyl alcohol Zr-TMS-B

Step 3. Silylation R

Me;s|i—Me e
OH OFt O—Ti—l\/le
H H M
H Toluene (dry) OH ©
Zr-TMS-B Zr-TMS-BS

Step 4. Sulfonation

ITIe IT/\e

Si—Me ?.— Me

Me Me
O—H204©+ CISOH <2 O—H204©7803H
Zr-TMS-BS Zr-TMS-BSA

Scheme 1. Synthesis of Zr-TMS and functionalization of benzylsulfonic acid over Zr-TMS. Step 1: Zr-TMS synthesis; Step 2: etherification of Zh bet&wi
alcohol; Step 3: silylation of Zr-TMS-B; Step 4: sulfonation of Zr-TMS-BS.

the flow of nitrogen (50 ml/min). The Nfevolved was trapped analyzed periodically on a gas chromatograph (Agilent 6890N)
in the HCI solution and titrated with a standard NaOH solution.equipped with a flame ionization detector and a capillary column
(5 p.m thick cross-linked methyl silicone gum, 0.2 150 m
2.4. Condensation of anisole long). The product samples were also identified by GCMS (Shi-
madzu 2000 A) analysis. The geometry optimization of diphenyl
High purity anisole and A.R. grageHCHO were used with- ~ €ther has been done by performing a restricted Hartree-Fock
out further purification. The catalyst was activated at10@r  (RHF) calculation using a STO-3G basis set. The calculations
atleast4 h before use in the experiments, so as to maintain the daje done in Gamess US ab initio quantum chemistry package.
conditions. The liquid phase catalytic condensat®cheme . The main product, 4;4dimethoxydiphenylmethane is separated
was performed in a 50 ml round bottom flask fitted with a con-by column chromatography and confirmed'yand**C NMR
denser, N gas supply tube and a septum. The temperature cinalysis.
the reaction vessel was maintained using an oil bath. In a typ- Conversion of anisole is defined as the weight percentage
ical run, a mixture of anisole (0.02 moj);HCHO (0.01mol)  of anisole consumed. The turnover rates for anisole conversion
and activated catalyst (0.1gm), was magnetically stirred anfTOF, h™*mol~!S) were calculated as the moles of anisole
heated to attain the reaction temperature (XD0 The prod- converted per hour over per mol of sulfur. The selectivity to
uct samples were withdrawn at regular intervals of time and® product is expressed as the amount of a particular product
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Zr-TMS-BSA
-HCHO OCH
2 CH3O—©+ P q00°C,6h N O_Q 3

Anisole  p-formaldehyde 4,4‘-DIVI DPM

Scheme 2. Liquid phase condensation of anisole pritrmaldehyde to 4/4dimethoxydiphenlymethane.

divided by the amount of total products and multiplied by 3.2. Nitrogen sorption study

100.

The surface area, total pore volume and average pore diam-
2.5. Identification of main product eter of the Zr-TMS B-Zr-TMS and BSA-Zr-TMS-10 were
(4,4’ -dimethoxydiphenylmethane) found to be 370 r%g 1 0.31cnfgt, 30.9A; 308cn? g_1

0.28cnigt, 26.4A and 198 gl 0.18cnfg?, 18.2A,

The main product of our interest, 4dimethoxydiphenyl- respectively Table ). These results demonstrate that the sur-
methane has been identified by GC, GC-M$and!3C liquid  face area, pore volume and pore diameter of the functionalized
state nuclear magnetic resonance techniques. GC gave three digaterials decrease due to the anchoring of benzyl group over Zr-
guisable product peaks with one prominent peak. The GC-M3MS and further functionalization of B-Zr-TMS with CIS@I.
gave the molecular weight of dimethoxydiphenylmethane. FurThe surface area, pore volume and average pore diameter of
ther, the main product (4DMDPM) has been separated by SOs2~/ZrO, are found to be 101 g2, 0.09cni g~ and 9A
column chromatography and analyzed'byand™3C NMR.13C  (Table ), respectively.

NMR (CDClz, adamantanej 40.08 (—CH), 55.18 (-OCH),
133.68 (1), 157.89 (4), 113.82 (2, 6), 129.68 (3,"5).NMR  3.3. Acidity of various catalysts
(CDCl3, TMS) § 3.78 (S, 6H), 3.87 (S, 2H), 6.83 (J=8 Hz,

2H), 7.10 (DJ=8Hz, 2H). In order to gain an understanding of the acidity of the cata-
lyst, the desorption of Nklwas carried out in four steps (30-70,

3. Results and discussion 70-110, 110-150, and 150—-200) after allowing the catalystto
adsorb ammonia at room temperature and flushed with nitrogen

3.1. Catalyst characterization to remove physisorbed ammonitable 1also shows the total

number of acid sites (determined via hlehemisorbed at 3TC)

The physico-chemical properties of various catalysts used inf Zr-TMS, Zr-TMS-BSA-5, -10, -15. The quantitative distribu-
this study are presentediable 1 which lists the elemental anal- tions of the acid sites (in four regions) are also shown. The total
ysis highlighting the output of carbon and sulfur (wt.%), loadingnumber of acid sites on the catalysts was found to increase pro-
of benzylsulfonic acid (wt.%), BET surface area, pore diameteportionally with increased loading of benzylsulfonic acid over
and pore volume. These data reveal that Zr-TMS-BSA cataZr-TMS, The total number of acid sites on the Zr-TMS was found
lysts are highly mesoporouEable lalso illustrates the amount to be 0.50 mmol gt. The total amount of Nglchemisorbed at
of NH3 desorbed from various catalysts in different tempera-30°C was 0.72 mmolg?* for Zr-TMS-BSA-5, 1.19 mmol g*
ture steps, which shows the acidic nature of the catalyst. Thior Zr-TMS-BSA-10 and 1.22 mmolg for Zr-TMS-BSA-15
detailed characterizations of the catalyst have been reported (fig. 1). The total acidity (desorbed from 30 to 500) of sul-

our previous repoifi24]. fated zirconia is found to be 1.45 mmotd

Table 1

Physico-chemical properties of different catalysts

Catalyst Elemental analysis Loading of sulfonic BET surface  NH3 desorbed (mmolgt) NH3 chemisorbed at
(output} (wt.%) acid (wt.%) area (Mg1)P 30°C (mmol g-1)°
C S Input Output 30-70C 70-110C 110-150C 150-200C

Zr-TMs? 370 0.06 0.15 0.19 0.10 0.50

BSA-Zr-TMS-5 2.9 20 5 4.7 229 0.11 0.26 0.31 0.04 0.72

BSA-Zr-TMS-10 1.6 25 10 9.1 198 0.23 0.38 0.41 0.17 1.19

BSA-Zr-TMS-15 1.1 28 15 10.3 179 0.22 0.39 0.43 0.18 1.22

SOy?~12r0,9 - 26 10 79 101 - - - - 145

a Measured by EA1108 CHN/S Elemental Analyzer to measure the acid loading.

b Measured by N adsorption—desorption at196°C.

¢ Total acid sites determined in the solid catalyst byg\tdsorption—desorption from 30 to 200.
d Total pore volume is 0.31 chy 2, average pore diameter is 3ddor Zr-TMS.

€ Numbers denote wt.% (input) of sulfonic acid loading over Zr-TMS-B.

f Total pore volume is 0.18 chy 1, average pore diameter is 1é\Zor Zr-TMS-BSA-10.

9 Total pore volume is 0.09 chy~1, average pore diameter igdfor SO42~/Zr0,.

h Ammonia desorbed from 30 to 50 in six steps.
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0.45 3 other catalysts. Zr-TMS is less active due to its lower acidic
- I / nature. The conversion of anisole, rate of anisole conversion,
2 %9 — selectivity for 4,4DMDPM and 4,4-DMDPM/2,2-DMDPM
E 0.35- ratio over Zr-TMS-BSA-5, Zr-TMS-BSA-10, Zr-TMS-BSA-
§ 1 b 15 and Zr-TMS after 6h of reaction time are found to be
8 030 / 12.6, 28.2, 43.9, 2.0wt.%; 6.7, 12.0, 16:Amol-1S; 75.1,
L 78.6, 78.2, 82.0wt.% and 20.3, 28.1, 29.2, 27.3, respec-
8 ] tively. p-TSA and sulfated zirconia produce 35.4, 61.1wt.%
8 o0:20- a g (conversion of anisole), 429.4, 25.1hmol~1S (TOF),
E 015 / 69.7, 68.7wt.% (selectivity for 44DMDPM), and 9.3, 10.1
S ] (4,4-DMDPM/2,2-DMDPM ratio), respectively. Amongst
'g 0.10 the Zr-TMS-BSA-5, -10, -15, Zr-TMS-BSA-15 revealed the
= 1 highest anisole conversion and rate of anisole conversion,
§ o005 which may be attributed to its higher acidity as seen from
voo- ——— NH3 desorption experimentTéble 1. The catalysts used in
80 100 120 140 160 180 200 this study, show the following decreasing order of activity
Ammonia Desorption Temperature (°C) after 6h of reaction time: Zr@S042~ >Zr-TMS-BSA-

15>p-TSA>Zr-TMS-BSA-10>Zr-TMS-BSA-5> Zr-TMS.
Whereas the selectivity to 4;/DMDPM is in the order of Zr-
TMS >Zr-TMS-BSA-10 > Zr-TMS-BSA-15 > Zr-TMS-BSA-
5>p-TSA>ZrO,/SOs?~. The results indicate that mainly
para-substitutions take place over Zr-TMS-BSA catalyst.
fThe molecular size of 4DMDPM, 2,4-DMDPM and 2,2-

Fig. 1. Ammonia TPD profile for evaluation of acidity for (a) Zr-TMS, (b) Zr-
TMS-BSA-5, (c) Zr-TMS-BSA-10 and Zr-TMS-BSA-15 catalysts.

3.4. Catalytic activity of various catalysts

The results of the catalytic activities in the condensation o .
anisole withp-HCHO using conventional catalystTSA, com- DhM[_)PM V\I/ere found_ tolbe 1hz_.4r1109|79,|10.r?578r2] ang 9d2f?677
mercial ZrQ/SO42~, synthesized Zr-TMS and various amounts( orizontal), respectively, which clearly show that the diffusion

of benzylsulfonic acid anchored over Zr-TMS (Zr-TMS-BSA) of pr_oducts fro.m pores of various Zr-TMS cgtalysts Is highly
catalysts are depicted Table 2 The main product of the reac- possible and hindered from the pores or the interlayer distance
tion is 4.4-DMDPM. A considerable amount of 2oMppM  ©f sulfated zirconia catalyst, which further shows that in sulfated

and a small amount of 2;DMDPM are also observed over zirconia, catalysis takes place on the surface.

Zr-TMS and Zr-TMS-BSA catalysts. But with sulfated zirco-

nia andp-TSA, considerable amount of other products are als®.5. Influence of reaction time using Zr-TMS-BSA-10

observed which were not identified and may be polymerized

products which are formed due to their strong acidic nature. The The influence of reaction time on the conversion of anisole,

formation of DMDPM results from the aromatic substitution of rate of anisole conversion, product distribution and’-4,4

anisole. The activities of various catalysts are compared undé&@MDPM/2,2-DMDPM ratio using Zr-TMS-BSA-10 as catalyst

identical reaction conditions using data after 6 h run. at 100°C is presented irFig. 2 The conversion of anisole
The conversion of anisole, rate of anisole conversion, produdhcreased almost linearly up to 12 h of reaction time and then a

distribution and ratio of 4/4ADMDPM to 2,2-DMDPM depend  marginal increase in the conversion of anisole is observed at 24 h

on the type of catalysts used. As can be seen fiaile 2  of reaction time. The anisole along withHCHO leads mainly

Zr-TMS-BSA-15 catalyst is found to be more active than anyto 4,4-DMDPM with 79.8 wt.% selectivity within 0.5 h reaction

Table 2
Catalytic activity of various catalysts

Catalysts Conversion of anisole (Wt.%) TOf@1mol-1S) Product distribution (wt.9) 4,4-2,2-DMDPM ratic?
4,4-DMDPM 2,4-DMDPM 2,2-DMDPM  Others

Zr-TMS 2.0 - 82.0 15.0 3.0 0.0 27.3
Zr-TMS-BSA-5  12.6 6.7 75.1 21.2 3.7 0.0 20.3
Zr-TMS-BSA-10 28.2 12.0 78.6 18.6 2.8 0.0 28.1
Zr-TMS-BSA-15 43.9 16.7 78.2 19.1 2.7 0.0 29.2
p-TSA® 354 429.4 69.7 14.7 7.5 8.1 9.3
SO4%~1Zr0; 61.1 25.1 68.7 19.8 6.8 4.7 10.1

@ Reaction conditions: catalyst (g) =0.1; anisole (mmol) =28CHO (mmol) = 10; reaction temperatur&)) = 100; reaction time (h) =6.

b TOF = moles of anisole transformed per hour per mole of sulfur.

¢ 4,4-DMDPM = 4,4-dimethoxydiphenylmethane; 2;BMDPM = 2,4-dimethoxydiphenylmethane; 2;PMDPM = 2,2 -dimethoxydiphenylmethane.
d Ratio of 4,4-dimethoxydiphenylmethane/2;8imethoxydiphenylmethane.

€ Amount of catalyst used (g) =0.01.
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Fig. 2. Conversion of anisole (wt %) vs. reaction time over Zr-TMS-BSA-10

catalysts. Reaction conditions: catalyst (g) =0.1; anisole (mmol) p-2CHO
(mmol) =10; reaction temperature®) = 100; reaction time (h) =6.

Fig. 3. Effect of catalyst/anisole (w/w) ratio on the conversion of anisole
(wt.%), product distribution (wt.%), TOF (H mol-1 S) and 4,4DMDPM)/2,2 -
DMDPM isomer ratio. Reaction conditions: catalyst (g) =0.05, 0.1, 0.15, 0.2
and 0.25; anisole (mmol)=2¢-HCHO (mmol)=10; reaction temperature
(°C)=100; reaction time (h) =6.

time and ended with 79.0 wt.% after 24 h. The anisole conver-

sion, rate of anisole conversion, selectivity to’4XMDPM 3.7. Influence of reaction temperature

and 4,4-/2,2-DMDPM ratio after 24 h or reaction time were

found to be 51.4wt.%, 5.5H mol~1S, 79.0wt.% and 29.6, The effect of reaction temperature was studied on the rate
respectively. The results show that the reaction time influencef condensation of anisole wigitformaldehyde over Zr-TMS-
the conversion of anisole, but did not affect significantly theBSA-10 catalyst in the temperature range 90-42@sing an
4,4-DMDPM selectivity and 4,4ADMDPM/2,2-DMDPM iso-  anisolep-HCHO molar ratio as 2 and the reaction time as 6 h
mer ratio. (Fig. 4. When the temperature is increased from 90 to120
both the conversion of anisole and TOF increased from 17.8 to
37.4wt.% and 7.6 to 16.0H mol~1 S, respectively. However,
the selectivity for 4,4ADMDPM remains nearly unchanged with

To study the effects of catalyst concentration on the conth® increase in reaction temperature, as shovfign4.
version of anisole, rate of anisole conversion, product distri-
bution and 4,4/2,2-isomer ratio, the catalyst concentration

3.6. Influence of catalyst/anisole (w/w) ratio

&2
(catalyst/anisole ratio (w/w)) was increased from 0.02 to 0.11 % 80 a A N X
and the results are depicted kig. 3. The different ratios of § o
catalyst/anisole were obtained by varying the amount of cat- £ 2 | I rse—
alyst and keeping the concentration of anisole constant. The 5 ; 60 :‘:_;:gmgs;
conversion of anisole increased from 18.0 to 47.3wt.% as the § & ——22-DNDPM
catalyst concentration increases from 0.02 to 0.11. Not much :Lé SN B BV F—
difference in the product distribution is seen against the change = & 4, |
in catalyst concentration. The rate of anisole conversion (TOF) f;: 2
decreases continuously due to the increase in catalyst con-g e 1
centration due to the corresponding increase in the concentra-'g & 20| .
tion of sulfur in the total amount of catalyst used. It may be & " Ly v Y
seen that the catalyst/anisole (w/w) ratio had a strong effect g 1 ///
on the conversion of anisole. A rapid increase in the conver- 3 . . R .
sion of anisole is observed from 0.02 to 0.07 of the reac- < 0 90 150 ' 110 120

tion and very slow activity is observed from 0.07 to 0.11 of
the catalyst/anisole (w/w) ratios. By using 0.11 ratio of cata- _ ' _
lyst/anisole, the conversion of anisole, rate of anisole conver=i9- 4. Effect of different reaction temperat“ref(hm the conversion of

. . , . anisole (wt.%), product distribution (wt.%), TOF (hmol~*S) and 4,4
sion, 4,4-DMDPM se(l)ectlwty and ‘_1’14/2’2_DMD|:M ratio are DMDPM/2,2-DMDPM isomer ratio. Reaction conditions: catalyst (g)=0.1;
found t_o be 47.3wt.%, 8.1t mol~1S, 78.6wt.%, and 29.1, anisole (mmol) = 2Qy-HCHO (mmol) = 10; reaction temperatufe&) = 90, 100,
respectively. 110 and 120; reaction time (h) =6.

Reaction temperature (°C)
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0 4 8 12 16 20 24 Anisole/p-HCHO ratio

Reaction time (h) Fig. 7. Effect of anisolg-HCHO molar ratio on the conversion of anisole

RN 1 i
Fig. 5. Effect of reaction temperatur&d) on the conversion of anisole (wt.%) (Wt.%), product distribution (wt.%), TOF (ff mol % S) and 4 ADMDPM/2,2

over Zr-TMS-BSA-10 catalyst with respect to reaction time (h). Reaction con—DMDFIJ'\ﬁ go;noerséatlo.c Rgactlonl c_on(()j.ltlons:_ catalyst (g)= 0'1_; gg{sole
ditions: catalyst (g) = 0.1; anisole (mmol) = 28HCHO (mmol) = 10; reaction (MmOl =10, 20, 30p-HCHO (mmol) = 10; reaction temperatureq) = 100;

temperature®C) =90, 100, 110 and 120; reaction time (h) =6. reaction time (h) =6.

3.8. Influence of molar ratios of the reactants

One of the reasons for the increased rates at higher tempera- ) . .

ture may be ascribed to an enhancement of the rate of diffusion The res_ults of the mf!uence of amsqielflCHQ mqlar ratios

of anisole inside the channel of the catalyst; however, reactiofl" the anisole conversion, T_OF’ produ_ct c_hstrlbutlon an_d-4,4
rates are usually more temperature dependant than rate of dP—MDPM/Z'Z'DMDPM r_auo is shown inFig. 7 The ratios
fusion. The conversion of anisole increases sharply at the initiaf/ €"® changed by keeping the amoun_t of anisole as _co_nstant.
stages (12 h) of the reaction and finally (24 h) reachesarelativeIThe data show at 10@ that, when gmsolp#H_CHO ratio is
steady state value over all temperatures as showigirb. The nqreased from '1 to 3, the conversion of anisole and rate of
apparent activation energy of anisole conversion over Zr-Tms@nisole conversion decrease linearly from 58.3 to 16.6 wt.%

—1 . .
BSA-10 catalyst is estimated to be 34.03 kd/mol as itis depicteﬁ1nd 1_2'4 to _10'6T’1 mol™* S, respectively. Since th_e amount
in Fig. 6in the temperature range 90—170. of anisole with respect tp-HCHO at the molar ratio of 1:1

(anisolep-HCHO =1) is less the conversion of anisole is found

to be high. In addition, the selectivity to 4,BMDBP is found

to be decreased when the molar ratio is increased. Based on the
28 observation, we found that 1:1 molar ratio of aniselelCHO
is optimum for high conversion of anisole, selectivity to’4,4
DMDPM and 4,4-DMDPM/2,2-DMDPM ratio.

2.6+
3.9. Comparison of p-HCHO with aqg. HCHO as

condensation agent

249 The liquid phase condensation of anisole with formalde-

hyde was performed usinggueous-formaldehyde anghara-
formaldehyde. The 6 hreaction data over these two condensation
agents is shown iirig. 8 As shown in the figuregg-HCHO
showed very poor performance tharHCHO. The presence
of large quantity of water in theq-HCHO may be deactivat-
20 ing the catalyst and the active species of the catalyst might be
_ — . : leached out from the surface of the support. ThopghCHO is
2.60 2.65 2.70 2.75 2.80 a polymer, it decomposes at about *20and gives monomer,
1000/T(K") which took part in the catalytic reaction. At 6 h reaction time,
Fig. 6. Arrhenius plot for the condensation of anisole withiCHO over Zr- the conversion of anisole (wt.%), TOFthorl S).’ Sel?CtiVity
TMS-BSA-10; reaction conditions: catalyst (g) =0.1; anisole (mmol) 520; to 4,4-DMDPM (wt.%) and 4,4/2,2-DMDPM ratio usingag-
HCHO (mmol) = 10; reaction temperature) = 90, 100, 110 and 120; reaction HCHO andp-HCHO found to be 3.1, 1.3, 76.5, 22.4 and 28.2,
time (h) =6. 12.0,78.5, 27.6, respectively. This experiment clearly shows that

E,.,=34.03 kJimol

2.2

In rate (TOF, h”'mol’'S)
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Table 3

Catalyst recycles stu@y

Cycle Elemental Conversion of TOF° Product distribution (wt.%) 4,4-/2,2-DMDPM  Catalyst
analysi€ (wt.%)  anisole (Wt.%) (h~1mol~1S) ratio crystallinity (%)
c S 4,4-DMDPM 2,4-DMDPM 2,2-DMDPM

Fresh 1.6 25 282 12.0 78.5 18.6 2.9 27.1 100

First recycle 1.3 24 250 111 77.0 19.8 3.2 24.1 99.5

Second recycle 0.9 1.6 153 10.2 76.4 20.3 3.3 23.2 89.8

2 Reaction conditions: catalyst (g) =0.1; anisole (mmol) =26{CHO (mmol) = 10; reaction time (h) = 6; reaction temperatdfe) & 100.

b Elemental analysis by EA1108 Elemental Analyzer (Carlo Erba).

¢ TOF is given as moles of anisole transformed per hour per mole of sulfur.

d 4,4-DMDPM = 4,4-dimethoxydiphenylmethane; 2:BMDPM = 2,4-dimethoxydiphenylmethane; 2;MDPM = 2,2 -dimethoxydiphenylmethane.

p-HCHO is a suitable and far better condensation agentthan
HCHO for this particular reaction. Second recycled

3.10. Catalyst recycling

In order to check the stability and catalytic activity, the cata-
lystwas recycled (fresh + two cycles) by using Zr-TMS-BSA-10
in the condensation of anisole. The results are presented in
Table 3 After workup of the reaction mixture, the catalyst was
separated by filtration, washed with water and acetone and acti-
vated for 10 h at 100C in the presence of air before use in the
next experiment. Thus, the recovered catalyst after each reac-
tion was characterized for its chemical composition by elemental
analysis and crystallinity by X-ray diffraction (XRD). Elemental
analysis showed a downward trend in the content of anchored
benzylsulfonic acid of Zr-TMS-BSA-10 catalyst after second
cycle. Powder XRD shows the drastic decrease in crystallinity ——— ]
after second recyclé&{g. 9). Aslight decline was observed in the 0 10 20 30 40 50 60
anisole conversion from 28.2 to 25wt.%, and 25 to 15.3 wt.%, 2 theta
V_Vhen the catalyst Was _reused for first and second time, reSpeC'Fig. 9. Powder XRD pattern of fresh, first and second recycled catalysts.
tively. Whereas selectivity to 4DMDPM decreased from 78.5

First recycled

Intensity (a.u)

Fresh catalyst

to 76.4 wt.%, respectively. The leaching of the benzylsulfonic
acid from the Zr-TMS catalysts by water (formed during the

50+ _— reaction) may be attributed for the decrease in catalytic activity
after second cycle.

I Conversion
[ 4,4-DMDPM
604 Il 24-DMDPM
[ 2,2-DMDPM
I TOF

[ 44422-

4. Conclusions

In summary condensation of anisole to’dADMDPM reac-

40 tions were performed on Zr-TMS-BSA-5, Zr-TMS-BSA-10,
Zr-TMS-BSA-15, Zr-TMS, sulfated zirconia angTSA cat-
alysts. Zr-TMS-BSA-15 catalyst catalyzes the condensation of
anisole efficiently withpara-formaldehyde and is superior to

TOF (h'mol'S) and 4,4'-/2,2"-ratio

Anisole conversion (wt%), product distribution (wt%),

20 L -
other Zr-TMS-BSA catalysts due to its higher acidpyT SA,
the conventional homogeneous catalyst and sulfated zirconia
showed high activity than Zr-TMS and Zr-TMS-BSA catalysts,
0 1 2 whereas, Zr-TMS-BSA catalysts were found to be selective
Different condensation agent (1. ag.HCHO, 2. p-HCHO) than any other studied catalysts. Total acidity obtained a€30

_ _ _ _ of Zr-TMS and Zr-TMS-BSA with different wt.% loading of
Fig. 8. Effect of different condensation agents on the conversion ofyenzyisulfonic acid show direct co-relationship between acidity
anisole (wt.%), product distribution (wt.%), TOF (hmol"*S) and 4.4 and catalytic activity in the condensation of anisole. The influ-
DMDPM/2,2-DMDPM isomer ratio. Reaction conditions: catalyst (g)=0.1; y ) y & .
anisole (mmol)=20p-HCHO/g-HCHO (mmol)=10; reaction temperature €NCE Of the duration of the run, catalyst concentration, reaction

(°C) = 100; reaction time (h) = 6. temperature and anisgbeHCHO molar ratio on the catalyst
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performance is examined in order to optimize the conversion[8] A.C. Buchanan, R. Livingston, A.S. Dworkin, G.P. Smith, J. Phys.
of anisole and selectivity to 44DMDPM. The conversion of Chem. 84 (1980) 423.

anisole using Zr-TMS-BSA-10 increased significantly with an [9] E. Baciocchi, T.D. Giacco, F. Elisei, O. Lanzalunga, J. Am. Chem. Soc.
increase in reaction time, catalyst. concentration, and rt_aactio[%] t?OBSC?(??:l\}f Og'erham, Y.Y. Stephen, F.T. Campbell, R. Pfeffekorn,
temperature and decreased for anisolg-té«CHO molar ratio. J.F. Rounsaville (Eds.), Ullmann’s Encyclopedia of Industrial Chemistry,
Zr-TMS-BSA-10 was recycled two times and a decrease in  vol. A15, VCH, Weinheim, 1986, p. 91.
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