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Chapte r r 

Partiall yy  hydrophobise d 

silic aa supporte d Pd catalys t 

Abstract t 

Thee hydrophobic or hydrophilic nature of catalyst support materials may influence the 

reactionn behaviour in three-phase catalytic oxidation or hydrogenation reactions in 

aqueouss media. This may be attributed to the segregation or agglomeration behaviour of 

suchh support materials in water. We have systematically investigated the impact of 

surfacee hydrophobicity of silica supports during the catalytic hydrogenation of methyl 

acrylatee in water. To this end, we deliberately varied the hydrophobicity of silica 

supportedd Pd catalysts by moderate silylation with dichlorodimethylsilane (DDMS). A 

rangee of materials was prepared in this way, with three-phase contact angles up to 90°, in 

orderr to allow the water to fil l the catalyst pores. Hydrophobic silica supported catalysts 

weree either prepared by silylation of hydrophilic mesoporous silica followed by incipient 

wetnesss impregnation of the support with H2PdCl4 solution (route A), or by the reverse 

proceduree (route B). This way of rendering the support more hydrophobic leads to an 
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increasedd three-phase contact angle, lower heat of immersion in water and lower heat of 

waterr vapour adsorption. These factors induce a more pronounced adhesion of particles to 

gass bubbles. During the hydrogenation of methyl acrylate in aqueous media, hydrophobic 

Pd/silicaa catalysts show higher activity than similar hydrophilic Pd/Si02 catalyst. The 

catalystt prepared by the route A shows the highest activity also as result of better Pd 

dispersionn on the hydrophobic support. 

4.1.. Introduction 

Thee oxidation or hydrogenation reactions are frequently catalysed by noble metals 

highlyy dispersed on support materials as carbon, silica, alumina, calcium carbonate, 

bariumm sulphate or organic substrates. The support is characterised by thermal, 

mechanicall  and chemical stability, large pores and relatively large surface area required 

forr a high dispersion of the active metal. 

Muchh work has been done in clarifying the impact of support materials. It is well 

beyondd the scope of this article to review all different factors. One factor is the metal-

supportt interaction (see for instance Tauster et al., 1978). The support properties may 

influencee the electronic field of active sites and thus the catalyst activity. Another factor is 

thee support hydrophobicity. Wurz and Charette (2002) found surprisingly high efficiency 

off  hydrophobic Rh(II) carboxylate catalysts during the cyclopropanation reaction 

involvingg ethyl diazoacetate and olefins in aqueous media. 

Thee support may have a considerable impact on the catalyst activity. In the case of 

noblee metal based catalysts, it may sometimes be more economical to modify or change 

thee support properties than to increase the number of active sites. Presently we focus on 

thee influence of support hydrophobicity on the catalyst activity in aqueous media. 

Wastewaterr treatment is one area that may benefit from more active and stable 

hydrophobicc catalysts. Catalytic wet air oxidation is particularly cost-effective for highly 

concentratedd effluents. The process is capable of converting all organic contaminants 

ultimatelyy to carbon dioxide, water, nitrogen and sulphates. Recent results of phenol 

oxidationn in aqueous medium were published (Wu et al., 2003; Cao et al., 2003; Cybulski 
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andd Trawczynski, 2004). Cao et al. (2003) found that Pt is the most active noble metal and 

activatedd carbon is a better support than Ti02, A1203 or MCM-41. 

Zhangg et al. (1997) compared the activity of Pt/fluorinated carbon and Pt/alumina 

catalystss for the deep oxidation of benzene at temperatures below 200 °C. They found 

comparablee activity in dry feed conditions. However, when water vapours are present in 

thee feed, Pt/alumina catalyst is substantially inhibited by the adsorption of water vapours 

onn both the alumina support and on the Pt sites. For the Pt/fluorinated carbon catalyst, the 

supportt hydrophobicity prevents the adsorption of water on the support and significantly 

reducess the amount of water adsorbed on the Pt sites. Thus, the support hydrophobicity 

avoidss deactivation of platinum under humid conditions. Hydrophilic alumina and silica 

supportedd platinum catalysts are significantly deactivated below 200 °C. Therefore 

hydrophilicc supported Pt catalysts are operated at temperatures higher than 300 °C (Burch 

ett al., 1995). 

Partiall  oxidation reactions in gas or liquid phase could benefit from the use of 

hydrophobicc catalysts for reasons of better selectivity and higher catalyst stability. Yen 

andd Chou (1999) prepared Pd/styrene-divinylbenzene copolymer by reduction of 

palladiumm acetate with methanol at room temperature. The catalyst was found active, 

selectivee and stable during partial oxidation of propylene to acrolein and acrylic acid, but 

onlyy in the presence of steam in the feed (Xie et al., 2001). Selective epoxidation of 

olefinss by hydrogen peroxide in water was performed in the presence of a 

polyoxometalatee catalyst supported on chemically modified hydrophobic mesoporous 

silicaa gel (Sakamoto and Pac, 2000). Thus, the epoxidation of 1-octene in aqueous media 

showedd 100% conversion and >98% selectivity, while polyoxometalates on hydrophilic 

supportt were inactive. Qi et al. (2003) increased the hydrophobicity of Ti-MCM-48 and 

Ti-MCM-41Ti-MCM-41 supported Au catalysts in order to improve the catalytic performances on 

directt vapour-phase epoxidation of propylene with 02 and H2. 

Thee hydrogenation reactions in four phase chemical reactions have been increase 

attentionn for some reactions. Thus, Rode et al. (2001) carried out the hydrogenation of 

nitrobenzenee in the presence of sulphuric acid and catalysed by Pt/C, Wolffenbuttel et al. 

(2001)) investigated the hydrogenation of a-methyl styrene in the presence of water and 
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Ni/Al 2033 catalyst, while Yamada and Goto (2003) compared the hydrogenation of 

carbobenzoxyy phenylalanine in the presence Pd/Al203 and Pd/C. The catalyst particles are 

dispersedd in the organic or aqueous phase according to the support hydrophobicity. The 

presencee of an aqueous phase may help the product desorption from the catalyst surface, 

therebyy preventing catalyst deactivation. Yamada and Goto (2003) demonstrated that the 

hydrodrophilicc Pd/Al203 catalyst is preferentially dispersed in the aqueous phase. Hence, 

itt has stable chemical activity and better mechanical resistance than Pd/C. 

Wimmerss and Fortuin (1988a) shown that Pd/C catalyst particles can adhere to gas 

bubbles.. Thus, they enhance considerably the rate of hydrogen absorption into an aqueous 

hydroxylaminephosphatee solution when comparing with similar Pd/Al203 catalyst. 

Vinkee et al. (1993) compared the hydrogen absorption into water or electrolyte 

solutionn in the presence of: 10 wt% Pd/C, 10 wt% Pd/Al203, 5 wt% Rh/C and 5 wt% 

Rh/Al203.. When alumina-supported catalyst particles were used in the slurry, no particle-

to-bubblee adhesion and no enhancement of the gas-absorption were found. The 

enhancementt of gas-absorption rate was explained by the adhesion of hydrophobic carbon 

particless to gas bubbles. The bubble surface covered with adhering carbon particles was 

describedd by a Langmuir type adhesion. Hence, the overall enhancement of G-L mass 

transferr depends on the concentration of solid catalyst particles in the slurry, but also on 

thee capability of particles to adhere to gas bubbles. 

Vann der Zon et al. (1999) compared Pd activity for the hydrogenation of methyl 

acrylatee in aqueous medium for two supports: active carbon and A1203. In the case of 

Pd/C,, the segregation of the catalyst phase by adhesion to gas bubbles explains a higher 

conversionn rate of methyl acrylate to methyl propionate. 

Thee presence of particles at G-L interface may increase G-L mass transfer. Catalyst 

particless adhering to the G-L interface increase the process performances in slurry 

reactors.. When the particles are sufficiently small compared to the liquid film thickness, 

usuallyy for dp<20 um, an enhancement of the gas-liquid mass transfer can be observed 

duee to either the shuttle effect (adsorption capacity of the particles) or/and chemical 

enhancementt similar to the case of gas absorption with homogeneous chemical reaction 

(Beenackerss and van Swaaij, 1993). Therefore, the preparation of noble metals supported 
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onn hydrophobic materials becomes very attractive in the operation of industrial slurry 

reactorss in aqueous medium. 

Thee scope of the present work is to establish the influence of support 

hydrophobisationn on the activity of 5 wt% Pd/silica catalyst for the hydrogenation of 

methyll  acrylate in aqueous medium. The support was hydrophobised with 

dichlorodimethylsilanee (DDMS). A hydrophilic silica supported Pd catalyst was prepared 

byy incipient wetness impregnation of hydrophilic mesoporous silica with H2PdCl4. Two 

hydrophobicc catalysts were prepared by different routes: i) incipient wetness 

impregnationn of hydrophilic silica with H2PdCl4 followed by hydrophobisation, and ii) 

hydrophobisationn of silica support followed by incipient wetness impregnation with 

H2PdCl4. . 

Thee hydrophobicity of unmodified and modified supports and catalysts were 

characterisedd by differential thermo-gravimetric analysis, heat of immersion in water and 

heatt of water vapour adsorption, diffuse reflectance-FTIR (DRIFT), measurements of 

particle-to-bubblee adhesion in water and X-ray diffraction. The activities of these two 

hydrophobicc silica supported Pd catalysts were finally compared with the activity of 

hydrophilicc silica supported Pd catalyst. As model reaction, the hydrogenation of methyl 

acrylatee was carried out in water at room temperature, under the same reaction conditions 

ass given by van der Zon et al. (1999). 

4.2.. Experimental 

4.2A.4.2A. Catalysts preparation 

Tablee 4.1 shows the properties of high purity mesoporous silica as support provided 

byy Promeks. Hydrophilic silica was hydrophobised with various amounts of DDMS. The 

hydrophobicityy of different samples was compared by immersion in water. At low DDMS 

too silica ratio, the water fill s the particle pores within a few seconds. At high DDMS to 

silicaa ratio, the samples float at the water surface, because the pores cannot be filled with 

liquid.. The wetting of the pores of silica particles depends on the advancing contact angle. 

Spontaneouss wetting is only possible for an advancing contact angle smaller than 90°. 
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Tablee 4.1. 

Propertiess of hydrophilic silica support 

Property y 

Meann particle size, urn 

Specificc surface area (BET), m g" 

Specificc pore volume (BET), cm3 g"1 

Averagee pore size, nm 

Si022 content, anhydrous basis, wt.% 

Value e 

44 4 

485 5 

0.998 8 

8.6 6 

99.95 5 

Wee identified the amount of DDMS required for the preparation of moderate 

hydrophobicc silica by varying the amount of DDMS and testing the wettability in water. 

Unmodifiedd hydrophilic silica and moderate hydrophobic silica with an advancing contact 

anglee of 90° were further characterised. The same ratio of DDMS to silica was used for 

thee preparation of two moderate hydrophobic catalysts. 

Threee types of silica supported Pd catalysts were prepared under similar conditions but 

differentt routes as presented in Fig. 4.1. The hydrophilic catalyst is denoted by Pd and the 

hydrophobicc catalysts are denoted by: i) PD when the first step was impregnation with Pd 

solutionn followed by hydrophobisation with DDMS, and ii) DP for the reverse case. The 

contentt of Pd was 5 wt.% for all three catalysts prepared. Details about hydrophobisation 

andd wetness impregnation with H2PdCl4 are further explained. 

Hydrophilic c 
silica a 

DDMS/* ' ' 

< < 

H.PdCfX X 

Hydrophobic c 
silica a 

Hydrophilic c 
catalystt Pd 

H2PdCI4^ ^ 

DDMS S 

Hydrophobic c 
catalystt DP 

Hydrophobic c 
catalystt PD 

Figuree 4.1. Preparation of hydrophobic silica supported Pd catalysts by two routes. 
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4.2.1.1.4.2.1.1. Hydrophobisation 

100 g of mesoporous silica, 61 ml of isopropanol and 26 ml water were strongly mixed 

att room temperature. Subsequently, DDMS as coupling agent was added under vigorous 

stirringg during 10 minutes. The amount of DDMS was systematically varied in order to 

producee supports having a varying degree of hydrophobicities. Following 30 minutes of 

mixingg at room temperature, the suspension was heated up to the boiling point, with full 

vapourr reflux, for another 30 minutes. Following cooling to room temperature, the 

productt was washed with alcohol and finally with bidistilled water. The product was dried 

at l20°Cfor l6hrs. . 

4.2.1.2.4.2.1.2. Wetness impregnation of silica 

Mesoporouss silica was initially dried for 16 hours at 120 °C. Subsequently 9.5 g of 

dehydratedd silica were impregnated under vacuum with 0.8343 g of PdCl2 dissolved in 9.5 

gg of HC1 solution 5.5 N. The wet material was dried again for 16 hours at 120 °C. The 

calcinationn was performed in airflow of 60 ml/min for four hours to 400 °C. After cooling 

att room temperature, the reduction was performed with hydrogen. The temperature was 

raisedd slowly to 400 °C with a ramp of 2 °C/min and kept at this temperature for four 

hours.. Finally, the catalyst was passivated one hour in 60 ml/min of 10% 02 in Ar, at 

roomm temperature. 

4.2.2.4.2.2. Nitrogen adsorption 

Afterr evacuation at 200 °C, the textural properties of unmodified and modified 

Promekss silica, and three silica-supported Pd catalysts were obtained by N2-physisorption 

onn a Sorptomatic 1990 (CE Instruments). Specific surface areas were evaluated using the 

BETT equation while the pore size distribution was determined by Dollim./Heal method. 

4.2.3.4.2.3. Diffuse reflectance infrared Fourier transform spectroscopy 

Diffusee reflectance infrared Fourier transform (DRIFT) spectra were recorded in an 

FTTRR spectrometer Bio-Rad FTS-45 in combination with a Specac Selector Diffuse 

reflectionn accessory P/N 19900 Series. The experiments were carried out on powder 

sampless mixed with KBr under dry nitrogen atmosphere at room temperature. The spectra 
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weree represented in Kubelka-Munk units, the absorption being directly proportional to the 

concentrationn of absorbing species. The spectrum of unmodified silica in KBr was used as 

reference. . 

4.2.4.4.2.4. Thermogravimetric analysis (TGA) 

Aboutt 200 mg of sample was heated into a porous basket in a Setaram TG85 thermo-

balancee under 60 ml/min dry air. The temperature was programmed as follows: a) 

constantt for one hour at 20 °C, b) a rate of 5 °C/min up to 800 °C, c) constant for one hour 

att 800 °C, and d) cooled down to room temperature. The analog signal from the thermo-

balancee was digitalised at a resolution of 12 bits with a sampling frequency of 0.1 Hz. The 

dataa were supplementary filtered using an exponentially weighted moving average filter 

withh a time-constant of 3 minutes. Finally, the differential thermogravimetric data 

(DTGA)) were calculated as difference of consecutive values of the sample weight divided 

byy the initial weight and the sampling interval. 

4.2.5.4.2.5. Microcalorimetry 

Thee measurements of heat of immersion and water vapour adsorption were performed 

inn a Tian-Calvet type microcalorimeter Setaram C80 at a constant temperature of 40°C. 

Thee pretreatment conditions are crucial on the reproducibility of microcalorimetric 

measurementss for at least two reasons. Firstly, the surface might be contaminated with 

gasess or vapours adsorbed on active sites which require a minimum temperature for 

desorptionn in reasonable time. Secondly, overheating might alter the surface composition 

off  silica by dehydroxylation of silanol groups or by thermal decomposition of 

hydrophobicc groups. 

4.2.5.1.4.2.5.1. Pretreatment 

Thee objective of sample pretreatment is to produce a clean solid surface free of 

adsorbedd gases or water vapour. Thus, 0.4 g of dried solid sample is firstly evacuated for 

300 minutes at normal temperature and 10"3 bar. Subsequently, the sample is heated for 3 

hourss at 150 °C and 10"9 bar. Finally, the sample is sealed under vacuum. The device used 

forr pretreatment is shown in Fig. 4.2a. 
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(a)) (b) 

Figuree 4.2. Ampoule for microcalorimetric measurements: (a) before of sample 

pretreatment,pretreatment, (b) sealed ampoule placed in microcalorimetric cell for heat of 

immersionn (left) and heat of adsorption (right) measurements. 

Thee temperature and time required for silica pre-treatment were identified from the 

TGAA experiments. The water physically adsorbed is spontaneously removed at 100 °C or 

above.. Lower temperatures would require longer time for dehydration. At higher 

temperature,, around of 200 °C, the silanol groups (Si-OH) start to decompose with 

formationn of siloxane bonds (Si-O-Si) and water. 

4.2.5.2.4.2.5.2. Heat of immersion in water vs. heat of water vapour adsorption 

Thee main parts of the microcalorimetric cell are a closed stainless steel chamber 

containingg the wetting liquid in equilibrium with their vapours, a glass vial holding the 

powder,, and a breaking rod. After pre-treatment, the glass vial is sealed under vacuum, 

preventingg in this way the contact of powder with moisture from atmosphere. After the 

temperaturee is maintained at 40 °C for 16 hours, the rod breaks the fragile tip of the vial as 

shownn in Fig. 4.2b. The heat of immersion measurements were carried out with the vial 

andd tip completely immersed in water, while for the heat of water vapour adsorption, the 

viall  was only half immersed in water and the tip was kept outside the liquid. In this way, 

onlyy water vapours can enter into the vial, and are subsequently adsorbed on the silica 
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surface.. Fig. 4.2b shows the principle of measuring the heat of immersion and heat of 

waterr vapour adsorption. 

Thee heat flow was recorded and then integrated over the time. The result was 

correctedd with the terms corresponding to the heat of vaporisation of water in the cell 

volume,, and the energy released by breaking the glass tip. The correction terms were 

identifiedd by blank experiments: i) with liquid water but without sample, and ii) without 

liquidd and without sample. 

4.2.6.4.2.6. Bubble pick-up (BPU) experiments 

Adhesionn of solid particles to small air bubbles in water was studied in a bubble pick-

upp (BPU) cell shown in Fig. 4.3. The cell has two opposite windows allowing backward 

illuminationn and recording of video images. The solid particles are placed into a cup 

holder. . 

Syringe e 

Figuree 4.3. Schematic representation of the bubble pick-up cell. 
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Thermostated d 
glasss reactor 

Magnetic c 
stirrer r 

Figuree 4.4. Schematic representation of the equipment used for the measurements of 

hydrogenn consumption vs. time during catalytic hydrogenation of methyl 

aeryy late in aqueous medium. 

Thee cell is fed with water and air from a cylindrical vessel where both the water is 

saturatedd with air while the air is saturated with water vapour. The holder is moved 

horizontallyy up to the symmetry axis of the needles, at few millimetres below of the upper 

needle.. The saturated air is taken from a separate gas-containing cylinder. A small bubble 

iss formed at the top of upper needle and pressed against the particles. By retracting the 

needle,, a certain amount of solid particles remains adhering to the bubble. The images of 

particless adhering to gas bubbles under static conditions were recorded with a high-speed 

videoo camera Fast-Cam Ultima SE 40K, made by Photron. 

4.2.7.4.2.7. Hydrogenation of'methyl aery late 

Ass model reaction, the hydrogenation of methyl acrylate was performed in the setup 

shownn in Fig 4.4. A stirred glass reactor with a capacity of 1000 cm3 was filled with 2ml 

off  methyl acrylate in 350 ml bidistilled water and 0.18 g of unmodified or modified silica 

supportedd Pd catalyst. After closing the reactor, the air was removed by alternatively 

fillingfilling  the reactor with N2 and applying vacuum, for three times. The reactor was further 
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degassedd by purging the reactor under vacuum for an additional 10 minutes. The 

hydrogenn from a volumetric gas cylinder continuously fed the reactor. A piston with a 

mercuryy ring indicates the volume of hydrogen consumed. After a few seconds of mixing, 

thee hydrogen consumption was recorded by reading the piston position with accuracy of 

+/-- 0.1 mm, corresponding to +/- 0.07 cm3. 

4.2.8.4.2.8. X-Ray Diffraction characterisation 

Thee measurements of X-ray diffraction patterns of the samples in air were recorded at 

293K,, with a step size of 0.05° in a 26 scattering angle. An ENRAF Nonius PDS 120 

diffractometerr was used which was equipped with a focus graphite monochromator on the 

diffractedd beam and with a proportional counter having electronic pulse-height 

discrimination.. A divergence slit of 0.5°, a receiving slit of 0.2 mm, an anti-scatter slit of 

0.5°° and a Co K* radiation (30 mA, 30 kV, X= 1.78897 A) were employed. The average 

sizee of the nanoparticles can be calculated using the Scherrer equation: 

DDxx=-^—=-^— (4.1) 

wheree Dx is the average diameter, B is the full width at half maximum (FWHM) of the 

diffractionn peak, and £=0.9. For calculations we used the FWHM of the narrow Debye-

Sherrerr line at 20=46.9°, corresponding to the Bragg diffraction from the Pd(l 11) planes. 

4.3.. Results and discussions 

4.3.1.4.3.1. Catalyst preparation 

Thee use of the DDMS/Si02 ratio during silylation allows the systematic variation of 

thee hydrophobicity of modified silica obtained. This was confirmed by DRIFT analysis, 

ass the peak corresponding to asymmetric vibration of C-H bond in CH3 group, at 2974 

cm"11 increases linearly with the DDMS/Si02 ratio (Fig. 4.5). When the hydrophobicity of 

thee internal surface of silica pores corresponds to an advancing three-phase contact angle 

higherr than 90°, the pores can no longer be wetted by the liquid. 
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Figuree 4.5. DRIFT spectra of hydrophobised silica at different ratios of DDMS to silica 

shownn in the figure, in ml/g. 

Thee powders treated using an excessive DDMS/silica ratio cannot be immersed in 

puree water because the overall density of the no longer wettable solid is lower than that of 

water.. Under the experimental conditions described in this work, the critical DDMS/silica 

ratioo for pore wetting is 0.23 ml/g corresponding to 1.84 mmole/g. The critical ratio 

expressedd per unit of surface area is 3.8 u.mole/m2 of silica or 2.3 molecules of DDMS per 

nmm . The same procedure and the same ratio of DDMS to Si02 were applied for both, the 

hydrophobisationn of hydrophilic silica, and then for the preparation of catalyst PD. 

Thee critical ratio of DDMS to silica corresponds to about 4 wt.% carbon in the final 

product.. When comparing this ratio with other commercial modified silicas, these values 

aree noted to be extremely high. For example, Sipernat C630 produced by Degussa has a 

contentt of only 0.5 wt.% carbon but float on the water surface due to higher 

hydrophobicity.. Hence, the hydrophobicity do not depend only on the ratio of silane 

couplingg agent to silica, but also on the specific surface area (Table 4.2) and the 

preparationss conditions as will be further explained. 
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Tablee 4.2. 

Propertiess of modified silica support and silica supported Pd catalysts 

Property y 

Specificc surface area 
(BET), , 

mV V 
Specificc pore volume 
(BET), , 

33 -1 

cmJg g 
Averagee pore size, 
nm m 

Hydrophobic c 

silica a 

429 9 

1.04 4 

10 0 

Hydrophobic c 

catalystt DP 

560 0 

1.19 9 

10 0 

Hydrophilic c 

catalystt Pd 

732 2 

1.38 8 

10 0 

Hydrophobic c 

catalystt PD 

1005 5 

1.96 6 

6 6 

Onee can imagine the chemical reaction of silanol groups denoted by =Si-OH and 

DDMSS in a single step as described by: 

22 (=Si-OH) + (CH3)2Si(Cl)2 -  (=Si-0)2Si(CH3)2 + 2 HC1 (4.2) 

Directt substitution of the hydroxyl groups in one step may take place by silylation of 

silicaa in the vapour phase at high temperature (Tripp and Hair, 1995). The same reaction 

cann be performed in the liquid phase at boiling point, but using an anhydrous solvent 

(Sakamotoo and Pac, 2000). The hydrophobisation with DDMS in aqueous solution of 

alcoholss may take place at lower temperatures. In this case, the mechanism of two-steps 

hydrolysiss followed by the condensation reactions is described below: 

(CH3)2SiCl22 + 2H20 -  (CH3)2Si(OH)2 + 2HC1 (4.3) 

nn (CH3)2Si(OH)2 -> HO-[Si(CH3)20]n-H + (n-1) H20 (4.4) 

sSi-OHH + HO-[Si(CH3)20]„ - H -» sSi-0-[Si(CH3)20]n-H + H20 (4.5) 

=Si-0-[Si(CH3)20]n-HH + HO-Si= -> =Si-0-[Si(CH3)20]n-Si= + H20 (4.6) 
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Figuree 4.6. Differential thermogravimetric analysis of hydrophilic and hydrophobic silica. 

DRIFTT spectra show a linear relationship between the amount of DDMS used and the 

amountt of methyl group present at the silica surface after treatment. This demonstrates 

thatt after DDMS hydrolysis, the chemical species formed according to Eqs (4.3) and (4.4) 

reactt with the silanol groups according to Eq. (4.5). The hydrophobic groups remain on 

thee silica surface rather than in solution. However, the condensation reaction may 

preservee the number of hydroxyl groups if the final product is formed according to Eq. 

(4.5)) or might reduce the number of hydroxyl groups if it ends with Eq. (4.6). According 

too Eq. (4.2), the number of hydroxyl groups is decreasing while the number of 

dimethylsilyll  groups on the silica surface is increasing. 

4.3.2.4.3.2. Characterisation of catalyst and support hydrophobicity by TGA 

Fig.. 4.6 shows DTGA results for unmodified and modified silica, respectively. 

Unmodifiedd silica is hydrophilic and releases most of the water by dehydration, 

correspondingg to a narrow peak at about 100 °C. A broad peak shows the weight lost by 

thee decomposition of silanol groups on a large temperature range, starting below 200 °C 

upp to about 1100 °C (Zhuravlev, 2000). According to Zhuravlev (2000), the number of 

isolatedd silanol groups at 800 °C is about 1 per nm2. 
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Figuree 4.7. Heat flow during measurements of heat of immersion and heat of water 

vapourr adsorption on catalyst PD. 

Modifiedd silica releases less water by dehydration at 100 °C than unmodified silica. 

Thee methyl groups of modified silica decompose at about 480 °C, corresponding to a 

secondd narrow peak. The broad peak at 200-800°C corresponding to the weight loss by 

supportt dehydroxylation is the same for both samples. Consequently, unmodified and 

modifiedd silica have the same the number of silanol groups. This feature demonstrates 

thatt most of the DDMS is fixed on the silica surface according to Eq. (4.5) instead of Eq. 

(4.6).. The dehydroxylation reaction given in Eq. (4.6) takes place only above 200 °C. 

4.3.3.4.3.3. Heat of immersion in water vs. heat of water vapour adsorption 

Typicall  results for the heat released during the immersion in water and water vapour 

adsorptionn of mesoporous silica and silica supported catalysts are shown in Fig. 4.7. 

Whenn measuring the heat of immersion, the heat flow decreases to zero in about one hour. 

Inn this case, the pores are filled with pure liquid water and the interactions between water 

moleculess and the solid surface take place immediately. For heat of adsorption 

measurements,, the process is much slower and requires almost four hours for the heat 

floww stabilisation. In this case, a mixture of water vapours and air enter into the pores and 

thee adsorption is limited by the diffusion. 
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Dryy and clean solid 
surfacee in vacuum 

Solidd surface in equilibrium 
withh saturated vapours 

Solidd surface 
immersedd in liquid 

Figuree 4.8. Energetic levels of the solid surface and techniques for measuring the 

enthalpiess associated with corresponding process. 

Forr unmodified and modified silica, both heat of immersion and heat of vapour 

adsorptionn are decreasing by increasing the hydrophobicity. This is expected, due to 

strongg interaction between water and silanol groups at the silica surface. Immersion of 

partiallyy modified silica in water has an exothermic effect due to the presence of silanol 

groups.. A completely hydrophobised surface will show most probably a negligible heat 

effectt due to the impossibility of water to penetrate into the pores. 

Afterr silica impregnation with H2PdCl4, catalyst activation and passivation, the heat of 

immersionn does not change as compared to the unmodified silica. This demonstrates that 

thee presence of dispersed Pd on the silica surface does not contribute at all at the heat of 

immersionn and the surface area, suggesting that the number of silanol groups has 

remainedd unchanged during Pd impregnation. In contrast, the heat of adsorption of water 

vapourss on hydrophilic Pd catalyst is slightly lower than that of hydrophilic silica. 

Surprisingly,, the heat of water vapour adsorption can be correlated with the last step in 

thee silica support modification. 

Thee wetness impregnation with Pd complex is the last step during the preparation of 

catalystss Pd and DP. In these cases, the heats of water vapour adsorption are equal. The 

silylationn process is the last step during the modification of silica support or catalyst PD. 
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heatt of immersion 

heatt of adsorption 

 difference between the heats 
off immersion and adsorption 

Hydrophilicc Hydrophobic Cat. Pd Cat.. PD Cat.. DP 

Figuree 4.9. Isothermal heat of immersion, enthalpy of adsorption and heat difference of 

twoo silica supports and three silica supported Pd catalysts, measured at 313 

K. . 

Inn these cases, the heats of water vapour adsorption are equal, but lower. 

Consequently,, the surface hydrophobicity is higher. 

Accordingg to classical Young's equation, the three-phase contact angle of a liquid on 

cleann and smooth solid surfaces can be calculated from the difference between the surface 

freee energies of G-L and G-S interfaces: 

YYLVLVCOSOCOSO = YSV-YSL (4.7) ) 

Hence,, one can imagine that the difference in the heat of immersion of dry solid in 

liquidd water and the heat of water vapour adsorption depends on the three-phase contact 

anglee and solid surface hydrophobicity. In fact, this difference represents the heat of 

immersionn in water of a solid initially having the surface in equilibrium with saturated 

waterr vapour, let say the heat of immersion of a wet solid in water, as shown in Fig. 4.8. 
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Thee results of all five samples are shown in Fig. 4.9. The heat of immersion of wet 

solidd samples except for the hydrophilic catalyst Pd, are almost constant in the range of 51 

til ll  67 mJ/m2, independent on the surface hydrophobicity. These values are only slightly 

lowerr than the surface tension of water-air interface at 40 °C, YLG=69.5 mJ/m2. An equal 

valuee of the water surface tension and the heat of immersion of wet silica in water would 

meann that the solid surface is uniformly covered with water molecules and the area of G-L 

interfacee is equal with the surface area of dried solid. When immersing the wet surface of 

silicaa in liquid water, the gas-liquid interface disappears and the energy released 

correspondss to the water surface tension. A similar procedure called "absolute method for 

thee determination of the area of finely divided crystalline solids" was described long time 

agoo by Harkins and Jura (1944). The heats of immersion in liquid water of the pre-

equilibratedd solids with water vapours are always smaller due to a possible capillary 

condensation,condensation, lowering the G-L interfacial area comparatively with initial dried S-L area. 

Fromm these measurements, it can be concluded that heat of immersion in water 

providess the best way to evaluate the support or catalyst surface hydrophobicity. The heat 

off  water vapour adsorption represents an alternative of measuring surface hydrophobicity. 

However,, the results are influenced by the presence of noble metal on the support surface. 

Thee difference in heats of immersion and water vapour adsorption is not dependent only 

onn the surface hydrophobicity, but rather on the specific surface area. The area estimated 

byy this way is slightly lower than the area calculated from nitrogen adsorption isotherms, 

withh 8 up to 26 % due to the capillary condensation of water vapours into the pores. 

4.3.4.4.3.4. Adhesion of catalyst particles to gas bubbles 

Fig.. 4.10 shows the images of bubbles recorded in the bubble pick-up cell. The sizes 

off  all images are 1.46 x 1.46 mm2. Fig. 4.10a shows a single air bubble without particles. 

Thee images in Fig. 4.10b,c show two bubbles of different size partially covered with 

hydrophobicc PD catalyst particles. The degree of bubble coverage depends on the surface 

hydrophobicity.. The ability of particles to cover the gas bubbles with particles can be 

quantifiedd as the coverage angle or fractional bubble coverage. The former is defined here 

ass the angles formed by the highest positions up to the particles are still adhering to 

bubblee at the G-L interface. 
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Figuree 4.10.Images of a bubble partially covered with particles of variable 

hydrophobicity:: (a) no particles adhering to bubble, db=\.2 mm; b, c) catalyst 

PDD on large (4=1.3 mm) and small (4=1-1 mm) bubble; d, e, f) bubble 

coveragee angle of Cat. Pd, PD and DP, respectively. 

Vinkee et al. (1991) showed that under static conditions, when adhesion of small 

particless to gas bubbles occurs, the fraction of the bubble surface covered by adhering 

particless depends on the bubble size. Indeed, a large bubble shown in Fig. 4.10b is 

coveredd with particles less than 50% of its area, while a smaller bubble shown in Fig. 

4.10cc is covered with more than 50% by using the same catalyst particles. 

Thee images in Fig. 4.10d,e,f allow the visualisation of the bubbles covered with 

particless and the bubble coverage angles for three different catalyst particles. The 

coveragee angle of hydrophilic catalyst particles shown in Fig. 4.10d is significantly lower 

thann the coverage angles corresponding to the hydrophobic catalysts. Despite the same 

amountt of DDMS used in the preparation of hydrophobic catalysts, the catalyst PD shows 

higherr coverage angle compared with catalyst DP. This result is in agreement with the 

heatt of immersion data. Both the particle-to-bubble adhesion data and the heats of 

immersionn data suggest that the hydrophobicity decreases in the order PD>DP>Pd. 
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AA higher bubble coverage angle indicates a better particle-to-bubble adhesion, which 

inn turn may explain that such catalysts demonstrate a higher reaction rate in aqueous 

mediumm than similar hydrophilic catalysts, as a result of enhanced mass transfer (Vinke et 

al.,, 1993; van der Zon, 1999; Wimrners and Fortuin, 1988; Ruthiya et al., 2003a,b). In 

contrast,, the hydrophilic particles shown higher mass transfer enhancement (Ruthiya et 

al.,, 2003b) when the reaction is performed in organic liquids, and these particles may 

betterr adhere to gas bubbles in less polar liquids (Wimrners and Fortuin, 1988). 

4.3.5,4.3.5, Catalyst activity 

Vann der Zon et al. (1999) showed that the hydrogenation of methyl acrylate catalyzed 

byy activated carbon supported Pd and by alumina supported Pd catalysts may be G-L 

masss transfer limited. The difference of the reaction rates was explained by the capability 

off  particles to adhere to gas bubbles according to their hydrophobic or hydrophilic 

character. . 

Thee hydrogen concentration in the liquid phase is higher in the vicinity of the G-L 

interfacee than in the bulk liquid. Hence, a larger number of catalyst particles adhering to 

thee G-L interface explain a higher reaction rate. The enhancement factor of gas-liquid 

masss transfer was calculated as the ratio of hydrogen consumption in the presence of 

hydrophobic// hydrophilic catalyst particles (van der Zon et al., 1999), assuming that 

hydrophilicc catalyst particles do not adhere to the interface at all. 

Thee hydrogen consumption was recorded during the hydrogenation of methyl acrylate 

catalysedd by each of Pd, DP or PD catalyst. Van der Zon et al. (1999) showed that this 

reactionn - catalyzed by activated carbon supported Pd and by alumina supported Pd 

catalystss - may be G-L mass transfer limited. The difference of the reaction rates was 

explainedd by the capability of particles to adhere to gas bubbles according to their 

hydrophobicc or hydrophilic character. The hydrogen concentration in the liquid phase is 

higherr in the vicinity of the G-L interface than in the bulk liquid. Hence, a larger number 

off  catalyst particles adhering to the G-L interface explain a higher reaction rate. The 

enhancementt factor of gas-liquid mass transfer was calculated as the ratio of hydrogen 

consumptionn in the presence of hydrophobic/ hydrophilic catalyst particles, assuming that 

hydrophilicc catalyst particles do not adhere to the interface at all. 
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Figuree 4.11.Hydrogen consumption vs. time during catalytic hydrogenation of methyl 

acrylatee in aqueous medium at T=293.75 K, P=104.1 kPa, Cmethyi  aCryiate=0.54 

wt.%,, Ccalaiyst=0.06 wt.% and stirrer speed=500 rpm. 

Thee hydrogen concentration in the liquid phase is higher in the vicinity of the G-L 

interfacee than in the bulk liquid. Hence, a larger number of catalyst particles adhering to 

thee G-L interface explain a higher reaction rate. The enhancement factor of gas-liquid 

masss transfer was calculated as the ratio of hydrogen consumption in the presence of 

hydrophobic// hydrophilic catalyst particles (van der Zon et al., 1999), assuming that 

hydrophilicc catalyst particles do not adhere to the interface at all. 

Thee hydrogen consumption was recorded during the hydrogenation of methyl acrylate 

catalysedd by each of Pd, DP or PD catalyst. Van der Zon et al. (1999) showed that this 

reactionn - catalyzed by activated carbon supported Pd and by alumina supported Pd 

catalystss - may be G-L mass transfer limited. The difference of the reaction rates was 

explainedd by the capability of particles to adhere to gas bubbles according to their 

hydrophobicc or hydrophilic character. The hydrogen concentration in the liquid phase is 

higherr in the vicinity of the G-L interface than in the bulk liquid. Hence, a larger number 

off  catalyst particles adhering to the G-L interface explain a higher reaction rate. The 

enhancementt factor of gas-liquid mass transfer was calculated as the ratio of hydrogen 
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consumptionn in the presence of hydrophobic/ hydrophilic catalyst particles, assuming that 

hydrophilicc catalyst particles do not adhere to the interface at all. 

Fig.. 4.11 shows linear rates of hydrogen consumption vs. time. Both hydrophobic PD 

andd DP catalysts increase the hydrogenation rate comparing with hydrophilic silica 

supportedd Pd catalyst. The enhancement factors are 2.8 and 5.5, respectively. The 

influencee of support hydrophobisation on the hydrogenation rate is governed by the order 

inn which the Pd impregnation and the hydrophobisation steps are carried out. The most 

activee catalyst was prepared by support hydrophobisation followed by wetness 

impregnationn with H2PdCl4 solution. In this case, the active sites are clusters of Pd on the 

surfacee of modified silica. The preparation of hydrophobic PD catalyst by the other route 

resultss in a more hydrophobic catalyst and higher degree of bubble coverage in aqueous 

medium.. A lower reaction rate found experimentally might be explained by lower catalyst 

intrinsicc activity. Most probably, the surface modification by silylation with DDMS 

resultss in partial blockage of Pd clusters with hydrophobic groups. Despite a stronger 

adhesionn of PD catalyst, the reaction rate based on the hydrogen consumption is reduced 

withh a factor of two. It appears that about 50% of the catalyst activity was lost through the 

silylationn of silica supported Pd catalyst. 

4.3.6.4.3.6. Pd dispersion 

XRDD measurements demonstrated the well-crystallized structure of Pd crystallites. 

Fig.. 12 shows the XRD pattern of all three Pd catalyst samples. The hydrophilic Pd/Si02 

catalystt and Cat. PD. have similar patterns while Cat. DP is characterised by significant 

broaderr peaks. These results reveal a better Pd dispersion on the hydrophobised surface of 

silicaa support. The average crystallite size resulted by applying the Scherrer formula given 

inn Eq. (4.1) is 35.2 nm for catalysts Pd or PD, and 6.5 nm for Cat. DP. 

Thee preparation conditions and the content of palladium were similar for all three 

catalysts.. However, the impregnation of hydrophobic mesoporous silica with H2PdCl4 

producess smaller crystallites, better dispersion and the highest catalyst activity (Cat. DP). 

Silylationn of Pd/Si02 with DDMS produces a more hydrophobic catalyst without any 

influencee on the crystallites size and Pd dispersion (Cat. PD). Thus, the hydrophobic Cat. 

PDD has higher activity than hydrophilic catalyst but lower than Cat. DP. 
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Figuree 4.12.XRD pattern of the catalysts: A) hydrophilic Pd/Si02 catalyst, B) Cat. PD, 

andd C) Cat. DP. 

Thee results of this work demonstrate the process enhancement by a synergetic effect 

off  a better Pd dispersion on hydrophobic silica support and by the adhesion of catalyst 

particless to gas bubbles. 

4.4.. Conclusions 

Onee hydrophilic and two hydrophobic silica supported Pd catalysts were prepared and 

characterised.. The content of Pd was 5wt% for each catalyst. The hydrophobicity of the 

silicaa support was limited to an intrinsic contact angle of 90°, in order to allow the water 

too fil l the support pores. The hydrophobic catalysts were prepared by two routes, 

hydrophobisationn with DDMS followed by wetness impregnation with H2PdCl4 solution 

orr the other way around. 
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Thee support modification by silylation with DDMS in aqueous medium increases the 

numberr of methyl groups present at the silica surface with the amount of DDMS used. 

Thee preparation conditions described in this work preserve the number of hydroxyl 

groupss at the silica surface, while the silica surface becomes more hydrophobic. 

Thee route of catalyst preparation has influence on the surface hydrophobicity. 

Accordingg to the heat of immersion in water, heat of vapour adsorption or the angle of 

bubblee coverage, the catalyst is more hydrophobic, when the catalyst hydrophobisation is 

thee last step in preparation. 

Thee hydrogenation of methyl acrylate in aqueous solution demonstrates a higher 

activityy of hydrophobized silica supported palladium catalysts compared with unmodified 

silicaa supported Pd catalyst. However, the hydrophobization of silica supported Pd 

catalystt reduces the accessibility of the reactants to active sites due to an overlap of 

methyll  groups and Pd clusters. 

Thee most active catalyst was prepared by wet impregnation of hydrophobic silica 

supportt with palladium chloride and activation. This procedure ensures the presence of Pd 

clusterss at the top of modified support and a better Pd dispersion. The adhesion of these 

particless to gas bubbles leads to enhanced performances of catalytic three-phase reactions 

inn aqueous medium. 

Notations s 

ddbb bubble diameter, m 

ddvv particle diameter, m 

/LVV liquid-vapour surface tension, N m' 

ySvv solid-vapour surface tension, N m"1 

yySLSL solid-liquid surface tension, N m"1 

66 three-phase contact angle, rad 
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