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 38 

 39 

Highlights 40 

¾ Synthesized the Iron exchanged TPA supported on pinecone activated carbon catalysts. 41 

¾ Investigated the optimum dosage of TPA–Fe loading for higher conversion.  42 

¾ Evaluated the effects of activated carbon porous structure and acidity on benzylation 43 

reaction. 44 

¾ Effective and optimum conditions were investigated for benzylation reaction. 45 

 46 

 47 

 48 

Abstract 49 

 A series of iron–exchanged heteropoly tungstate (TPA–Fe) supported on activated carbon 50 

produced from pinecone biomass, have been investigated as catalysts for the benzylation 51 

reaction. Catalysts were characterized by FT–IR, XRD, Laser Raman, BET surface area, and 52 

ammonia TPD analysis. FT–IR, XRD, and Raman data revealed retention of the Keggin ion on 53 

activated carbon–supported catalysts. The catalytic activity of these catalysts was evaluated for 54 

liquid phase benzylation of anisole with benzyl alcohol. The catalytic activity was significantly 55 

dependent on the dispersion of TPA–Fe on activated carbon. The effect of TPA–Fe loading on 56 

activated carbon was studied ranging from 40 to 80 wt%. The catalyst with 70 wt% loading of 57 

TPA–Fe showed higher benzylation activity, which is related to variation in acidity of the 58 

catalysts. Thermal stability and structural properties of the catalysts were studied by treating the 59 

catalyst at different calcination temperatures. The benzyl alcohol conversion and selectivity 60 

towards benzylated products were also dependent on the anisole to benzyl alcohol molar ratio, 61 
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reaction temperature, and catalyst concentration/loading. To know the effect of the benzylating 62 

agent, the reaction was carried out using benzyl chloride, benzyl alcohol, and dibenzylether. The 63 

preferential order for conversion of the benzylating agent was observed as benzyl chloride > 64 

benzyl alcohol > dibenzylether. This study indicated that biomass derived activated carbon is 65 

suitable support to disperse Keggin type heteropoly acid for the benzylation reaction.  66 

 67 

Key words: Activated carbon, Benzylation, Heteropoly tungstate, Keggin ion, Pinecone  68 

69 
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1 Introduction 69 

Alkylation of aromatic compounds is a very important reaction since diphenylmethane 70 

and substituted diphenylmethane compounds are versatile chemical feedstocks for a wide range 71 

of industrial products such as benzophenone, substituted benzophenone, 2–/4– 72 

nitrodiphenylmethane, diamines of diphenylmethane and diphenylmethanes which are used as 73 

monomers for poly carbonate resins, aromatic solvents, pharmaceuticals, dyes, perfumes [1]. 74 

Synthesis of these compounds frequently involves electrophilic aromatic substitution reactions. 75 

The conventional acid catalysts like HCl, H2SO4, AlCl3, ZnCl2, and FeCl3 are required in 76 

stoichiometric ratio to carry out such reactions [2]. The use of these catalysts leads to many 77 

limitations concerning handling, safety, corrosion, and waste disposal. The development of 78 

efficient methods for recovery and reuse of the catalysts is very important in chemistry. One 79 

solution is to heterogenize the homogeneous catalysts by supporting them onto solid supports, 80 

thus providing facile recovery from the reaction mixture and the possibility of reusing them. 81 

Furthermore, Active components supported on a solid material, the surface area increases 82 

effectively and subsequently enhance the reactivity of the catalysts. 83 

 Heteropoly acid (HPA) compounds are known to be active catalysts for many acid 84 

catalyzed reactions. HPA compounds have attracted increasing interest due to their high acidity, 85 

redox properties, pseudo–liquid behaviour, physico–chemical properties, and catalytic activity. 86 

HPAs have very strong Brønsted acidity, approaching the super acid region, high stability, and 87 

high proton mobility. The Hammett acidity (H0 = -13.2) of tungstophosphoric acid is much 88 

stronger than 100% sulfuric acid (H0 = -11.94). Heteropoly compounds with a Keggin structure 89 

are the most studied in the polyoxometalate class because they possess relatively high thermal 90 

stability and high intrinsic acidity [3,4]. Among the Keggin type HPAs, tungstophosphoric acid 91 
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(TPA) is the usual catalyst of choice because of its high acidic strength and relatively high 92 

thermal stability. The main disadvantages of HPAs include their low surface area and high 93 

solubility in polar solvents, especially in aqueous solutions [5]. HPAs can be made into 94 

heterogeneous catalyst by exchanging their protons with metal ions such as Cs+ [6], Ag+ [7], 95 

Sn4+/2+ [8,9], and Sm3+ [10] or by supporting them onto suitable supports like silica [11], zirconia 96 

[12], niobia [13], titania [14], tin oxide [15], and zeolite [16]. Activated carbons are also 97 

recommended for impregnation of heteropoly acids due to their high surface area (>1000 m2/g), 98 

their ability to entrap certain amounts of heteropoly acid, and due to thermal stability in a wide 99 

range of pH [17].  100 

 Activated carbons with a high surface area and porous structure have attracted increasing 101 

interest due to their novel catalytic applications. Agricultural and forest waste materials are 102 

increasingly popular for use in lightweight hybrid materials/biocomposites, chemical and food 103 

industries, as well as in the area of catalysis. Commercial activated carbons are generally 104 

prepared from coal, wood, peat, and coconut shells [18]. The demand for novel and more 105 

efficient, low–cost, and locally available renewable materials as alternative precursors in 106 

activated carbon production has led researchers to use many agricultural and forest waste 107 

materials such as fruit stones [19], pyrolyzed coffee residues [20], pine bark [21], nutshells [22] 108 

and olive stones [23] as precursors for production of activated carbons. The pinecone is a 109 

common biomass in North America and it can be converted into activated carbon using different 110 

activation methods. Huge quantities of pine trees and cones are produced throughout the world, 111 

especially in pine plantations for paper and pulp industries. Pinecones are generally discarded or 112 

burned in winter for heat generation after seed collection. The utilization of seedless waste 113 

pinecones is great potential for the production of value added products such as activated carbon.  114 
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  Chimienti et al. (2001) reported the impregnation of Keggin type TPA and STA on 115 

carbon for the isopropanol dehydration reaction using up to 50% [24]. Their results indicated an 116 

increase in catalyst activity with increased loading up to 30%. Timofeeva et al. (2004), used 117 

filamentous type carbons as supports for Dawson and Keggin type tungstophosphoric acid and 118 

tested the activity of the synthesized catalysts in a reaction of 2, 6–ditert–butyl–4–methylphenol 119 

with toluene [25]. Their results showed that the activity of supported catalysts had increased due 120 

to an increase in activity of surface protons of the catalysts. Degirmenci et al. (2011) used 121 

activated carbon–supported silicotungstic acid and cesium salt of silicotungstic acid catalysts for 122 

synthesis of ethyl–tert–butyl ether [26]. Park et al. (2012) reported the effect of coke–capture in 123 

a Pd lattice on coking resistance in carbon–supported tungstophosphoric acid catalysts for 124 

dehydration of glycerol into acrolein reaction [27]. To the best of our knowledge, the synthesis 125 

of Fe–exchanged TPA supported on AC and the detailed characterization of these catalysts and 126 

their application to benzylation reactions has not been studied. 127 

 The objective of the present work was the preparation of iron salt of tungstophosphoric 128 

acid supported on activated carbon derived from pinecone biomass and the investigation of its 129 

activity for liquid phase benzylation of anisole with benzyl alcohol. The effects of the 130 

benzylating agent on benzylation of anisole and catalytic activity of the optimized catalyst 131 

compared with the activity of tungstophosphoric acid supported on activated carbon were also 132 

studied. Reaction parameters such as catalyst weight, reaction temperature, and molar ratio were 133 

optimized. 134 

2 Materials and methods 135 

 The following analytical grade chemicals were used for catalyst preparation and 136 

benzylation of anisole reaction: Iron nitrate (Sigma–Aldrich, Canada), 12–tungstophosphoric 137 
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acid (Sigma–Aldrich, Canada), Benzyl alcohol (EM Science, Canada), dibenzylether and 138 

phosphoric acid (Alfa–Aesar, Canada), 4–methoxydiphenylmethane (Matrix Scientific, 139 

Columbia), Anisole (Alfa–Aesar, Canada). Ammonia balanced with helium, hydrogen, air, and 140 

nitrogen gases were procured from Praxair Canada. 141 

2.1 Production of activated carbon 142 

 Pinecone activated carbon was prepared according to the procedure available in the 143 

literature [28]. Pinecones were collected from the University of Saskatchewan campus, Canada. 144 

The cones were repeatedly washed with hot distilled water to remove adhering dirt and soluble 145 

impurities and dried at overnight. The cleaned and dried pinecones were grounded and sieved to 146 

particle size >350 µm for the production of activated carbon. Activated carbon was prepared in a 147 

two–step process. In the first step, twenty grams of pinecone powder was impregnated with 60 g 148 

of 85 wt% H3PO4 (weight ratio 1:3). The mixture was stirred and kept overnight in a 100 °C 149 

oven. In the second step, H3PO4 impregnated pinecone material was placed in a fixed–bed 150 

reactor and heated under inert atmosphere of nitrogen. Initially, the temperature was raised to 151 

150 °C at a heating rate of 10 °C/min and maintained at this temperature for 1 h. Then, the 152 

temperature was increased at the same ramping rate to reach the desired activation temperature 153 

of 500 °C and maintained at the same temperature for 2 h. Thereafter, it was allowed to cool to 154 

room temperature, followed by repeated washing with distilled water until it was free of any 155 

residual phosphoric acid (up to pH 6.8–7.0), and the product was then dried at 110 °C for 24 h. 156 

This product was denoted as activated carbon (AC). 157 

2.2 Preparation of the iron salt of tungstophosphoric acid 158 

The iron–exchanged 12–tungstophosphoric acid catalyst was prepared with a nominal 159 

Fe3+:TPA ratio of 1:1. TPA was dissolved in distilled water and the calculated amount of 160 
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Fe(NO3)3.9H2O was added to this solution and the resultant mixture was kept at 60 °C, with 161 

continuous stirring. At this stage, the solid particles grew slowly in size and yellow colour 162 

precipitates were obtained. The resultant mixture was stirred for 2 h and the excess water was 163 

evaporated on a rotary evaporator. The dried catalyst was kept for further drying in hot air oven 164 

and finally calcined at 300 ºC for 2 h. This catalyst was denoted as TPA–Fe. 165 

2.3 Preparation of iron salt of tungstophosphoric acid supported on activated carbon 166 

Synthesis of supported metal salt of tungstophosphoric acid prepared by the method 167 

reported in the literature [29]. A series of AC–supported variants of TPA–Fe (40–80 wt%) were 168 

prepared by the impregnation method with a nominal Fe3+:TPA ratio of 1:1. The typical 169 

procedure for the preparation of 40 wt% H3PW12O40/Fe–AC catalyst is as follows: In a 100 ml 170 

round bottom flask, 1.14 g of activated carbon (AC) was stirred in 10 ml of distilled water. 50 171 

mg of Fe(NO3)3.9H2O was dissolved in distilled water and subsequently added drop–wise to the 172 

activated carbon with vigorous stirring. The required amount of aqueous solution of TPA was 173 

added drop–wise to give 40 wt% TPA–Fe on AC and the reaction mixture was stirred for a 174 

further 2 h. The excess water was removed by rotary evaporator, followed by drying the obtained 175 

powder overnight in a hot air oven at 100 ºC and then calcined at 300 ºC for 2 h under nitrogen 176 

flow. The obtained catalyst is denoted as 40TF–AC. Similarly, 50–80 wt% loading of TPA–Fe 177 

on activated carbon was prepared by varying TPA–Fe content. The obtained catalysts were 178 

denoted as xTF–AC, where x represents the amount (wt%) of loading of TPA–Fe on activated 179 

carbon.  180 

TPA supported on activated carbon catalyst also has prepared by simple impregnation 181 

method as described above without addition of Fe(NO3)3.9H2O and denoted this catalyst as 70T–182 

AC to compare the efficiency of 70TF-AC. 183 
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2.4 Characterization 184 

 The Fourier transform infrared (FT–IR) spectra were recorded in the range of 400–4000 185 

cm-1 wave numbers using 16 scans and a resolution of 4 cm-1 with a Perkin–Elmer Spectrum GX 186 

instrument, using spectroscopic grade potassium bromide (KBr) pellets. 187 

The Raman spectra of the prepared catalysts were recorded at room temperature in the 188 

range of 100–2500 cm-1 using a Renishaw inVia Raman Microscope (Spectra–Physics model 189 

163) equipped with a He/Ne laser operated at the laser diode wavelength of 785 nm. The laser 190 

spot size was approximately 1 mm with a power of 10 mW. The catalyst samples in powder form 191 

(about 5–10 mg) were spread loosely onto a glass slide below the microscope for Raman 192 

measurements. 193 

The total acidity of the catalysts was measured by temperature programmed desorption of 194 

ammonia (TPD–NH3) using a Quantachrome Autosorb–iQ instrument. In a typical experiment, 195 

0.1 g of catalyst was loaded and pretreated in helium gas at 300 ºC for 2 h, then cooled to room 196 

temperature. The adsorption of NH3 was carried out by passing a mixture of 3% NH3 balanced 197 

He gas over the catalyst for 2 h. The catalyst was flushed in helium gas at100 ºC for 2 h to flush 198 

off the physisorbed NH3. The TPD analysis of the catalysts was carried out in a He gas flow (30 199 

ml/min) with a temperature ramp of 10 ºC/min. The NH3 desorption was monitored using a 200 

thermal conductivity detector (TCD).  201 

BET surface area of the samples was measured with a Micromeritics ASAP 2000 202 

instrument using low temperature N2 adsorption–desorption isotherms. Before measurement, the 203 

samples were degassed in vacuum condition at 200 ºC. The surface area was computed from the 204 

isotherms using the multi–point Brunauer–Emmett–Teller (BET) method based on the adsorption 205 



Page 10 of 47

Acc
ep

te
d 

M
an

us
cr

ip
t

    10 
 

data in the partial pressure P/Po range from 0.01 to 0.2. The value of 0.1620 nm2 was taken for 206 

the cross–section of the physically adsorbed N2 molecule. 207 

The particle size distribution of different activated carbons was measured by laser 208 

diffraction (Malvern Mastersizer S Long Bench Particle Size Analyzer, Malvern Instruments 209 

Ltd., U.K.) using the wet feeder method. The 1000 mm lens (particle size range can be measured 210 

4.2–3480 µm) and approximately 50 mg of sample were mixed with 100 ml of water in a sample 211 

cell and analysis was performed at 2000 sweeps. The average particle size distribution was 212 

determined from 3 replicates of each sample. The polydispersity of the powder was expressed by 213 

the span value using following equation. 214 

 215 

 216 

Where D(v,0.9), D(v,0.1), and D(v,0.5) are the equivalent volume diameters at 90, 10 and 217 

50% cumulative volume, respectively. The particle size of the primary powders was described by 218 

the volume mean diameter (VMD). 219 

2.5 Benzylation reaction procedure 220 

The alkylation reaction was performed in a 50 ml two–necked round bottom flask 221 

provided with a reflux condenser and nitrogen inlet. In a typical run, anisole (10 g) and benzyl 222 

alcohol (3.37 g), and catalyst (0.1 g) were placed in a flask. The reactions were performed in the 223 

temperature range of 80–140 ºC and the reaction mixture was withdrawn at different intervals 224 

and then analyzed by a gas chromatography (Agilent–7890A) equipped with a stabilwax column 225 

(30 m × 0.25 mm × 0.5 µm) and flame ionization detector (Injector temperature 280 °C, detector 226 

temperature 280 °C and column temperature  range was 80–240 °C at a heating rate of 20 °C/min 227 

by holding at 80 °C for 4 min. and carrier gas (He) flow rate  was 2.2 mL min-1). The products 228 

]5.0,[
]1.0,[]9.0,[

vD
vDvDSpan −

=



Page 11 of 47

Acc
ep

te
d 

M
an

us
cr

ip
t

    11 
 

were identified using the retention times of the corresponding standard sample and confirmed by 229 

GC–MS (SHIMADZU–2010) analysis. 230 

3 Results and discussion 231 

3.1 FT–IR spectral analysis 232 

Figure 1 shows the FT–IR spectra of TF–AC catalysts. The characteristic bands of the 233 

heteropoly anion were observed in the finger print region (700–1100 cm−1), indicating that the 234 

Keggin structure of PW12O40
3- was maintained. The characteristic bands of PW12O40

3- appearing 235 

at 1081, 962, 910, and 796.5 cm-1 correspond to νas (P–O), νas (W–Ot), νas(W–Oc–W), and νas(W–236 

Oe–W) vibrations, respectively [15]. In the activated carbon–supported TPA–Fe catalysts, some 237 

of the characteristic Keggin bands were also observed and other bands merged with the bands 238 

corresponding to AC. In the case of catalysts prepared with lower TPA–Fe loadings, absorption 239 

bands at about 3550 and 1620 cm-1 were assigned to the stretching and bending vibrations of the 240 

O–H bond, respectively. From the FT–IR patterns also noticed that with an increase in TPA–Fe 241 

loading on AC, intensity of the characteristic peak of Keggin ion was also increased. FT–IR 242 

patterns of TF–AC catalysts confirmed the presence of Keggin ion in all catalysts. The spent 243 

catalyst (70TF-AC used) was analyzed by FT-IR to determine the stability of heteropoly acid 244 

after the reaction. The FT–IR spectrum of the spent catalyst Figure 1(i) clearly shows the 245 

characteristic bands of Keggin ion indicating that the TPA–Fe remains as in case of fresh catalyst 246 

and was not affected during the reaction. Retention of the Keggin ion structure on AC–supported 247 

catalysts was further confirmed by Laser Raman and XRD techniques. 248 

3.2 Laser Raman spectroscopy 249 

 Figure 2 shows the Laser Raman spectra of pure TPA, TPA–Fe and AC–supported TPA–250 

Fe catalysts. Pure crystalline TPA showed peaks at 1010, 990, 893, 528, 234, and 216 cm-1 251 
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related to characteristic peaks of Keggin ion [10,30,31]. TPA–Fe showed a band at 1004 cm-1 252 

corresponding to asymmetric vibration of W=Ot bond [8]. The Raman bands at 903 and 535 cm-1 253 

ascribed to asymmetric stretching vibration of W–Oc–W (Oc–corner sharing bridging oxygen 254 

atom) and symmetric stretching vibrations of W–Oe–W (Oe–edge sharing bridging oxygen 255 

atom), respectively [30,31]. The band observed at 231 cm-1 corresponds to W–O–W bending 256 

mode of vibrations, which might be due to the coupling between symmetric stretching mode of 257 

W, four co–ordinated oxygen, and the bending mode of W–O–W vibrations [32]. These results 258 

indicate that the primary structure of the Keggin ion is maintained after exchanging the protons 259 

with Fe3+. Activated carbon showed two strong bands at 1330 and 1595 cm-1 (Figure 2a) related 260 

to the D– and G– bands, respectively [33]. These two bands were observed in all activated 261 

carbon–supported TPA–Fe catalysts. The sharp Keggin ion band (1004 cm-1) was observed from 262 

60 wt% loading of TPA–Fe on activated carbon (Figure 2d). No sharp Keggin bands were 263 

observed at less than 60 wt% TPA–Fe loading on AC, which might be due to the incorporation 264 

of TPA–Fe into the pores of AC because of its high surface area (Table 1). The most intense 265 

bands are those related to AC. Intensity of the Keggin ion band (1004 cm-1) also increased with 266 

an increase in TPA–Fe loading from 60 to 80%. Figure 2 shows that the D–band corresponding 267 

to AC is shifted to higher wave number in all the catalysts, indicating the strong interaction of 268 

TPA–Fe with AC. These results indicate that the Keggin ion structure of TPA–Fe was 269 

maintained even after supporting onto AC. 270 

3.3 XRD patterns 271 

 The existence of Keggin ion was further confirmed by X–ray diffraction technique. XRD 272 

pattern of the AC (a), 70TF–AC (b), TPA–Fe (c) and TPA (d), are shown in Figure 3. AC 273 

showed two broad peaks centered at 2θ of 23.8° and 29.8°, corresponding to the graphitic basal 274 
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plane. In the case of iron salt of TPA (TPA–Fe), the characteristic peaks related to Keggin ion 275 

were shown at 2θ of 10.5°, 14.7°, 18.1°, 21°, 23.4°, 25.7°, 29.8°, 35.2° and 38.3° which 276 

confirmed that the presence of Keggin ion in Fe exchanged TPA (TPA–Fe) catalyst [34,35]. The 277 

presence of Keggin ions clearly shown in (>60%) of TPA-Fe on activated carbon in FT-IR and 278 

Raman analysis results. In order to further confirm the presence of Keggin ion structure on 279 

activated carbon supported catalysts, XRD analysis has been performed only for the 70TF-AC 280 

catalyst because it was found to be the most active catalyst with maximum conversion.  The 281 

presence of characteristic peaks of the Keggin ion was observed in the 70TF–AC catalyst, 282 

indicating that the Keggin ion structure of TPA–Fe is still maintained even after being supported 283 

on activated carbon. 284 

3.4 BET Surface area and particle size measurements 285 

 The textural properties such as surface area, pore size, and pore volume are presented in 286 

Table 1. AC showed a high surface area of 838.4 m2/g, whereas pure TPA–Fe showed a surface 287 

area of 1.8 m2/g. As the TPA loading increases surface area, pore diameter and pore volume all 288 

strongly decreases relative to the support, AC. It was observed that with increased loading of 289 

TPA–Fe onto AC from 40 to 80 wt%, the surface area of the catalysts was decreased. The reason 290 

being, as the TPA–Fe loading increases on AC, TPA–Fe species enters the pores of AC it 291 

decrease the pore diameter, and the average pore volume as well as the surface area. 292 

 Typical laser diffraction technique (LDT) volume–based particle diameter distributions 293 

curves are illustrated in Figure 4. All the distribution curves have a traditional bell shape and 294 

distribution of particles sizes depended on TPA–Fe loading on AC. From Figure 4, particles sizes 295 

were distributed in a wide range (10–900 µm) for AC. On the other hand bulk TPA–Fe, particle 296 

sizes are in the range of 1–50 µm. When 40 wt% of TPA–Fe impregnated on AC, the particle 297 
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size range of the catalyst was decreased to 8–300 µm (Figure 4b). Similar trend was observed for 298 

the catalysts with higher loadings of TPA–Fe and the particle size distribution range is 299 

decreasing towards lower values. The average particle size of all the powder samples was 300 

calculated in terms of span value, as discussed in the section 2.4 and span values are presented in 301 

Table 1. Span value for AC is 4.52, which is decreased upon loading of TPA–Fe. Catalyst with 302 

60 and 70 wt% of TPA–Fe possesses high span values compared to other supported catalysts, 303 

this is due to wide range particle distribution compared to other catalysts (Figure 4). The bulk 304 

TPA–Fe also possesses high span value (4.72). However the particle size of TPA–Fe catalyst 305 

was distributed in the range of 1–50 µm only (Figure 4). 306 

3.5 TPD of ammonia analysis 307 

 Ammonia TPD profiles are shown in Figure 5. All AC–supported TPA–Fe catalysts 308 

showed broad ammonia desorption peaks in the range of 200–400 ºC, but activated carbon 309 

showed a small desorption peak at 220 ºC, due to the low acidity of AC compared to other 310 

catalysts. When iron salt of TPA were supported onto AC, the desorption peaks shifted to higher 311 

temperatures. In the case of the 40 wt% TPA–Fe catalyst, the desorption peak shifted to 290 ºC 312 

(Figure 5b). With increased TPA–Fe loading on AC, intensity of the desorption peak also 313 

increased. Compared to other catalysts, the 70TF–AC catalyst showed a broad desorption peak 314 

and with a further increase in TPA–Fe loading, the desorption peak shifted to lower temperatures 315 

(Figure 5f). Among these, 70TF–AC catalyst was found to possess strong surface acidity 316 

strength.  317 

3.6 Catalyst efficiency for benzylation of anisole 318 

 Both surface area and acidity of the catalysts are important for benzylation reactions. 319 

Figure 6 shows the catalytic activities of TF–AC samples for benzylation of anisole with benzyl 320 
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alcohol. The activated carbon support and TPA–Fe individually showed very low activity for the 321 

benzylation of anisole. Conversion of benzyl alcohol in the case of AC and TPA–Fe catalysts 322 

was 2.7 and 2.5%, respectively. The low catalytic activity of the TPA–Fe might be due to the 323 

low surface area of the TPA–Fe catalyst and the Fe3+ sites caged by microcrystallite Keggin units 324 

of heteropoly tungstate, resulting in less availability of acidic sites for reactant molecules. Since, 325 

TPA exhibits different packing arrangements as the hydration water is lost [36]. Pore size and 326 

acidity of the heteropoly acid salt can be precisely controlled by the cation content [37]. As 327 

shown in Figure 4, TPA–Fe particle sizes are in the range of 1–50 µm and average pore 328 

diameter, pore volumes of the bulk TPA–Fe is very low compared to TPA–Fe supported on AC 329 

(Table 1). Since, the particle size, pore structure and surface area are the elements of the tertiary 330 

structure and the tertiary structure is the assembly of secondary structure (which is three 331 

dimensional structure of counter ions and Keggin ion) of heteropoly acid [38]. Due to the small 332 

pore structure for TPA–Fe, the benzyl alcohol might have not been diffused through the pores. 333 

Similar type of diffusion limitations of benzyl alcohol were observed for the catalysts with 334 

microporous network (zeolites) and poor performance was reported for benzylation reaction [39–335 

41]. 336 

 Although AC possess high pore volume and pore diameter, the catalytic activity was low 337 

this is because of the low acidity of the AC, as it showed a small desorption peak in the TPD 338 

profile (Figure 5a). However, in the case of supported catalysts, the pore diameter and pore 339 

volumes are higher than that of TPA–Fe results in drastic improvement for benzylation reaction. 340 

For the TF–AC catalysts, the alkylation activity increased as a function of active component 341 

(TPA–Fe) loading on AC. With an increase in the TPA–Fe loading from 40 to 70 wt%, 342 

conversion of benzyl alcohol also has increased from 24.5 to 98%. Higher benzyl alcohol 343 
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conversion of 98% was observed when 70TF–AC catalyst was used. This might be due to the 344 

high surface area of 70TF–AC compared to TPA–Fe and monolayer coverage of the active 345 

component (TPA–Fe) on AC might be achieved at 70 wt% loading. A further increase in TPA–346 

Fe loading (80 wt%) leads to agglomeration of the active component (BET surface area Table 1), 347 

which results in low catalytic activity. The conversion of benzyl alcohol in the case of 80TF–AC 348 

catalyst was only 65.3%. Results of the TPD of ammonia analysis also agreed with the observed 349 

catalytic activity. The catalyst with 70 wt% TPA–Fe on AC showed strong and broad desorption 350 

peaks at higher temperatures compared to other catalysts (Figure 5). The 80TF–AC catalyst 351 

desorption peak shifted to a lower temperature compared to the 70TF–AC catalyst. BET surface 352 

area analysis results also supported that the 80 wt% loading catalyst had a low surface area 353 

(Table 1). Results of the benzylation activity and selectivity towards benzylated product were 354 

correlated with the acidity of the catalysts. Catalytic activity and selectivity towards the 355 

benzylated product also increased with TPA–Fe loading and attained maximum at 70 wt% 356 

loading. A further increase in loading the selectivity of by–product dibenzyl ether also increased. 357 

 Thermal stability and structural changes of the most active catalyst (70TF–AC) were 358 

studied by treating the sample at different calcination temperatures ranging from 400–750 ºC 359 

under nitrogen flow. The catalytic activity of the catalysts was evaluated for benzylation of 360 

anisole with benzyl alcohol. 361 

3.7 Characterization of 70TF–AC catalyst calcined at different temperatures 362 

3.7.1 Effect of calcination temperature 363 

 Figure 7 shows the catalytic activity of 70TF–AC calcined at different temperatures 364 

(400–750 ºC). The catalyst calcined at 300 ºC exhibited higher benzyl alcohol conversion 365 

compared to the catalyst calcined at temperatures beyond 300 ºC. With an increase in the 366 
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calcination temperature from 300 to 600 °C, conversion of the benzyl alcohol was decreased 367 

from 98% to 1%. There was no conversion of benzyl alcohol for the catalyst calcined at 750 °C. 368 

In addition, selectivity towards benzylated product was also decreased. This might be due to 369 

decomposition of the Keggin units of heteropoly tungstate and/or a loss in synergy between the 370 

support and active component at higher temperatures. FT–IR, Raman, and TPD characterization 371 

techniques were employed for these catalysts to gain insight of the mechanism involved in the 372 

catalytic reactions. 373 

3.7.2 FT–IR spectroscopy 374 

 Figure 8 shows the FT–IR spectra of 70TF–AC calcined at different temperatures 375 

between 300–750 ºC. The catalysts calcined at 300 and 400 ºC exhibited peaks owing to the 376 

Keggin ion. The catalyst calcined at 500 ºC showed sharper and more intense peaks than the 377 

catalyst calcined at lower temperatures, which might be due to a decrease in the interaction 378 

between activated carbon and metal salt of heteropoly tungstate to give aggregates of iron 379 

exchange TPA. When calcination temperature was increased to 600 and 750 ºC, the 380 

characteristic bands of the Keggin ion were disappeared, which was attributed to decomposition 381 

of the Keggin ion into its constituent metal oxides at higher temperatures [15]. 382 

3.7.3 Raman analysis 383 

 Figure 9 shows the Laser Raman spectra of the 70TF–AC catalyst calcined at 300–750 384 

ºC. All the catalysts showed characteristic D– and G– bands related to carbon. The catalyst 385 

calcined at 300 and 400 ºC showed characteristic bands related to the Keggin ion at 1004 cm-1, 386 

owing to the asymmetric stretching frequency of the W=Ot bond [15], indicating retention of the 387 

primary Keggin ion structure at these temperatures. The catalyst calcined at 500 ºC showed 388 

bands at 270 cm-1 ascribed to the bending mode of vibration and another broad band at 783 cm-1 389 
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that corresponds to W–O–W stretching mode vibrations of tungsten oxide [42]. A weak band 390 

observed at 1004 cm-1 corresponds to the W=Ot asymmetric vibration of heteropoly tungstate. 391 

These results suggest that the Keggin ion of heteropoly tungstate decomposition began at the 392 

calcination temperature of 500 ºC. For the catalyst calcined at 600 and 750 ºC, the Keggin ion 393 

bands were diminished and showed only bands related to WO3 activated carbon (Figure 8d&e). 394 

The Raman spectroscopy results suggest that the 70TF–AC catalyst was thermally stable upto 395 

400 ºC. Thereafter, decomposition was observed beyond 500 ºC. 396 

3.7.4 TPD of ammonia 397 

 The effect of calcination temperature on benzylation of anisole was studied as a function 398 

of acidity. Figure 10 shows ammonia TPD profiles of 70TF–AC catalyst calcined at various 399 

temperatures, ranging from 300–600 ºC. With an increase in the calcination temperature from 400 

300 to 600 ºC, the intensity of the desorption peak in the range of 200–400 ºC was decreased and 401 

shifted to lower temperatures. The catalyst calcined at a lower temperature (300 ºC) showed a 402 

broader and more intense desorption peak than catalysts calcined at higher temperatures. The 403 

catalyst calcined at 600 ºC showed a narrow desorption peak and very low catalytic activity 404 

(Figure 6). This might be due to decomposition of the Keggin ion of heteropoly tungstate into its 405 

constituent metal oxides at higher temperatures. 406 

 The decrease in benzylation activity with an increase in the catalyst (70TF–AC) 407 

calcination temperature can be explained on the basis of results obtained from the FT–IR, Raman 408 

and ammonia TPD.  From the FT–IR and Raman results it was concluded that Keggin ion of the 409 

TPA–Fe was stable upto 500 °C. However, a drastic change was observed in the TPD profiles of 410 

70TF–AC catalyst calcined in the range of 300–500 °C. This was due to partial degradation of 411 

Keggin ion and loss in synergy between the support and active component with increase in 412 
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calcination temperature from 300 to 500 °C. Therefore decrease in benzyl alcohol conversion 413 

with an increase in catalyst calcination temperature can be correlated with the acidity of the 414 

catalysts. Benzyl alcohol conversion depends on acidity of the catalyst which in turn is 415 

proportional to the presence of Keggin ion structure. Conversion of benzyl alcohol was only 1% 416 

in the case of catalyst calcined at 600 °C and there was no conversion of benzyl alcohol for the 417 

catalyst calcined at 750 °C this was due to complete decomposition of Keggin ion. High benzyl 418 

alcohol conversion in the case of 70TF–AC (calcined at 300 °C) catalyst was due to synergistic 419 

effect between TPF–Fe and activated carbon, and high acidity.    420 

3.8 Optimization of reaction parameters 421 

 Reaction parameters such as catalyst weight, reaction temperature, and molar ratio were 422 

studied in order to get optimum conversion of benzyl alcohol and high selectivity towards 423 

benzylated products.  424 

3.8.1  Effect of catalyst weight 425 

 To optimize the reaction parameters, the benzylation of anisole was carried out by taking 426 

various amounts of catalyst, ranging from 0.05–0.2 g, as shown in Table 2. It was observed that 427 

with an increase in catalyst weight from 0.05 g to 0.1 g, the conversion of benzyl alcohol 428 

increased from 55 to 98% and with a further increase in catalyst weight to 0.15 and 0.2 g, the 429 

conversion of benzyl alcohol reached 99.5%. Maximum conversion of benzyl alcohol conversion 430 

was observed with catalyst loading of 0.1 g, but selectivity of the products varied with increased 431 

catalyst weight. With catalyst loading of 0.05 g, the selectivity ratio of o- to p- benzylated 432 

products was observed in the ratio of 31:35 and 34% of the by–product dibenzylether was 433 

observed. Whereas, with 0.2 g of catalyst loading, the o-:p- ratio was 48:50 and only 2% of 434 

dibenzylether was found. 435 
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 436 

3.8.2 Effect of molar ratio 437 

 The effect of anisole to benzyl alcohol molar ratio was studied by varying the anisole to 438 

benzyl alcohol molar ratio, and the results are presented in Table 3. Conversion of benzyl alcohol 439 

was 97% at a 15:1 anisole to benzyl alcohol molar ratio. When anisole to benzyl alcohol molar 440 

ratio was increased to 15:5, no significant benzyl alcohol conversion was observed; whereas, at a 441 

15:10 molar ratio, conversion of benzyl alcohol decreased. It was also observed that with an 442 

increase in benzyl alcohol concentration, selectivity towards benzylated products was decreased 443 

and the formation of by–product increased due to the dehydration reaction [43]. At higher 444 

concentrations of benzyl alcohol, more benzyl alcohol molecules were available, which resulted 445 

in the formation of dibenzylether. 446 

3.8.3  Effect of reaction temperature 447 

 Table 4 shows the effect of reaction temperature on benzylation of anisole with benzyl 448 

alcohol. When the reaction temperature was maintained at 80 ºC, the conversion of benzyl 449 

alcohol was only 2%. With an increase in the reaction temperature from 80 to 100, 120, and 140 450 

ºC the conversion of benzyl alcohol increased from 2 to 18, 50, and 100%, respectively. 451 

Selectivity towards benzylated products also followed the same trend, with an increase in 452 

reaction temperature, the yield of benzylated products also increased. When the reaction was 453 

carried out at 80 ºC, the selectivity of dibenzylether was 53% and for reactions carried out at 100 454 

and 120 ºC, the selectivity was 40 and 36%, respectively. At 140 ºC, no formation of by–455 

products (dibenzylether) was observed, indicating that 140 ºC is the optimum reaction 456 

temperature for this reaction. 457 

 458 
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 459 

3.9 Effect of Fe 460 

 To investigate the effect of iron salt of TPA, catalytic activity of 70TF–AC was 461 

compared with 70T–AC (TPA supported on activated carbon without Fe), and the results are 462 

presented in Table 5. The 70TF–AC catalyst showed 98% of benzyl alcohol conversion with 463 

selectivity of 40:38 (o-:p-). 70TAC showed only 51% of benzyl alcohol conversion and 464 

selectivity towards benzylated products, o- and p- were 38 and 33%, respectively under the same 465 

experimental conditions. These results confirmed that the iron salt of TPA supported on AC was 466 

more active compared to parent TPA supported on AC. This might be due to the generation of 467 

Lewis acidic sites (Fe3+ ions), leading to an increase in total acidity of the 70TF–AC catalyst. 468 

3.10 Effect of benzylating agent 469 

 The effect of benzylating agents such as benzyl alcohol, benzyl chloride, and 470 

dibenzylether were studied on benzylation of anisole. Scheme 1 shows the benzylation of anisole 471 

with different benzylating agents such as benzyl alcohol, dibenzyl ether, and benzylchloride. To 472 

know the effect of the benzylating agent, a 15:5 molar ratio of anisole to benzylating agent 473 

(benzyl alcohol or benzyl chloride) was used. To compare the benzyl alcohol and dibenzylether 474 

conversion, the amount of dibenzylether was half the moles of benzyl alcohol used in the 475 

benzylation of anisole with the benzyl alcohol reaction. Table 6 shows the experimental results 476 

of benzylation of anisole with different benzylating agents. When dibenzylether was used as 477 

benzylating agent, 40% conversion was observed at a reaction time of 2.5 h. The selectivity of o- 478 

and p- benzylated products were 20 and 18%, respectively and 2% of benzyl alcohol was 479 

obtained as a by–product. Whereas, in the case of benzyl alcohol as the benzylating agent, 98% 480 

of benzyl alcohol conversion was observed at 2.5 h of reaction time and selectivity of o- and p-481 
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benzylated products were found to be 39 and 38%, respectively. The by–product dibenzylether 482 

was also observed with a selectivity of 21%. In the case of benzyl chloride, 100% conversion 483 

was achieved within 30 min of reaction time.  484 

 It is observed that, benzyl chloride is more active as compared to benzyl alcohol in the 485 

benzylation of anisole reaction. This is because of the –Cl group, which makes benzyl chloride 486 

more reactive than the benzyl alcohol. The major disadvantage of using benzyl chloride as a 487 

benzylating agent is that it produces HCl as a by–product. At 2.5 h of reaction time, less 488 

conversion of dibenzylether was observed as compared to benzyl alcohol, which might be due to 489 

easier adsorption of benzyl alcohol molecules on the catalyst surface than the dibenzylether 490 

molecules, as shown in the reaction mechanism (Figure 11). Conversion of the benzylating 491 

agents were found in the order of benzyl chloride > benzyl alcohol > dibenzylether. 492 

3.11 Leaching test of the catalyst 493 

 To know the TPA–Fe leaching from the activated carbon support, the benzylation of 494 

anisole reaction was carried out and after completion of the reaction where the conversion of 495 

benzyl alcohol was 100%, the catalyst was separated from the reaction mixture by centrifugation. 496 

A calculated amount of benzyl alcohol was added to the filtrate (reaction mixture) and the 497 

reaction was carried out (without addition of catalyst) to check if there was any leaching of the 498 

active component (TPA–Fe) from the support into reaction mixture. The reaction was continued 499 

for a period of 4 h. There was no benzyl alcohol conversion, indicating that there was no 500 

leaching of the active component during the reaction and that the reaction took place on the 501 

catalyst surface.  502 

4 Conclusions 503 
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 Iron exchanged TPA supported on pinecone activated carbon catalysts were prepared 504 

with retention of the Keggin ion structure of TPA–Fe. Pure TPA–Fe catalyst did not show 505 

considerable activity, whereas supporting the TPA–Fe on activated carbon increased the catalytic 506 

activity. Benzylation of anisole activity depended on the loading amount of TPA–Fe on activated 507 

carbon (AC). With increased TPA–Fe loading on AC, catalytic activity for benzylation anisole 508 

was increased and achieved maximum conversion (98%) of benzyl alcohol for 70 wt% loading 509 

calcined at 300 °C. Benzylation activity of anisole also depended on the surface area, acid 510 

strength distribution, and total acidity of the catalysts related to the content of TPA–Fe on AC. 511 

The role of Fe was studied by comparing the activity of the 70TF–AC catalyst with the 70T–AC 512 

(catalyst without Fe). Higher benzylation activity was observed for the 70TF–AC than the one 513 

without Fe. The effect of the benzylating agent was studied by using benzyl chloride, benzyl 514 

alcohol, and dibenzylether, with the preferential order for activity as benzyl chloride > benzyl 515 

alcohol > dibenzylether. The effect of reaction parameters such as reaction temperature, catalyst 516 

weight, and anisole to benzyl alcohol molar ratio were also studied for benzylation of anisole. 517 

The catalyst was found stable throughout, with no leaching of active content (TPA–Fe) from the 518 

AC support. 519 
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 594 

Table 1 Textural properties of  TF–AC catalysts. 595 

*Particle size span values calculated by using laser diffraction technique. 596 

 597 

 598 

 599 

600 

 
Particle volume mean diameter (µm) 

 
 

 
Catalyst 

 

Avg. 
pore 

diameter 
 (Å) 

 

 
 

Pore 
volume 
(cm3/g) 

 

 

BET 
surface 

area 
(m2/g) 

 

 

D[v,0.1] 
 

D[v,0.5] 
 

D[v,0.9] 

 

*Particle 
size span 

value 

 

AC 
 

 

38.8 
 

0.7210 
 

 

838.4 
 

23.09 
 

90.08 
 

430.54 
 

4.52 
 

40TF–AC 
 

 

36.7 
 

0.3042 
 

313.6 
 

16.30 
 

52.81 
 

171.66 
 

2.94 
 

50 TF–AC 
 

 

34.4 
 

0.2214 
 

241.3 
 

16.42 
 

47.19 
 

113.41 
 

2.06 
 

60 TF–AC 
 

 

30.9 
 

0.1547 
 

200.1 
 

19.24 
 

67.83 
 

223.54 
 

3.01 
 

70 TF–AC 
 

 

30.6 
 

0.0623 
 

81.4 
 

4.80 
 

49.85 
 

219.66 
 

4.31 
 

80 TF–AC 
 

 

26.6 
 

0.0335 
 

49.8 
 

4.93 
 

36.16 
 

102.28 
 

2.69 
 

TPA–Fe 
 

 

17.8 
 

0.0035 
 

1.8 
 

0.29 
 

3.61 
 

17.31 
 

4.72 
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 600 

Table 2 Effect of catalyst concentration on conversion of benzyl alcohol. 601 

 602 

 603 

 604 

 605 

 606 

 607 

 608 

Reaction conditions: Anisole 10 g, Benzyl alcohol 3.37 g, Catalyst calcination temperature 300 609 
ºC, Reaction temperature 120 ºC, Reaction time 2.5 h. 610 
 611 

 612 

 613 

 614 

 615 

 616 

 617 

 618 

 619 

 620 

 621 

 622 

 623 

 

Product selectivity (%) 
 

 
Catalyst 

weight (g) 
 

 
Conversion of 

benzyl alcohol (%) 
 

 

o- 
 

 

p- 
 

 

Ether 
 

 

0.05 
 

 

55.3 
 

 

31.0 
 

 

35.0 
 

 

34.0 
 

 

0.10 
 

 

98.0 
 

 

38.4 
 

 

40.1 
 

 

21.5 
 

 

0.15 
 

 

99.5 
 

 

45.3 
 

 

46.5 
 

 

8.3 
 

 

0.20 
 

 

99.4 
 

 

48.0 
 

 

50.0 
 

 

2.0 
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 624 

 625 

Table 3 Effect of molar ratio on conversion of benzyl alcohol. 626 

 627 

 628 

 629 

 630 

 631 

 632 

Reaction conditions: Catalyst calcination temperature 300 ºC, Catalyst loading 0.1 g, Reaction 633 
temperature 120 ºC, and Reaction time 2.5 h. 634 
 635 

 636 

 637 

 638 

 639 

 640 

 641 

 642 

 643 

 644 

 645 

 646 

 647 

 

Product selectivity (%) 
 

 

Anisole to 
benzyl alcohol 

molar ratio 
 

 
Conversion of 

benzyl alcohol (%)  

o- 
 

 

p- 
 

 

Ether 
 

15:1 
 

 

96.8 
 

 

46.7 
 

 

48.5 
 

 

4.8 
 

 

15:5 
 

 

98.0 
 

 

38.4 
 

 

40.1 
 

 

21.5 
 

 

15:10 
 

 

90.2 
 

 

28.2 
 

 

31.2 
 

 

40.6 
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 648 

Table 4 Effect of reaction temperature on conversion of benzyl alcohol. 649 
 650 
 651 
 652 
 653 
 654 
 655 
 656 
 657 

Reaction conditions: Anisole 10 g, Benzyl alcohol 3.37 g, Catalyst loading 0.1 g, and Reaction 658 
time 1.5 h. 659 
 660 
 661 

 662 

 663 

 664 

 665 

 666 

 667 

 668 

 669 

 670 

 671 

 672 

 673 

 

Product selectivity (%) 
 

 
Reaction 
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 674 

Table 5 Influence of Fe on benzylation of anisole activity. 675 

 676 

 677 

 678 
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 680 
Reaction conditions: Anisole 10 g, Benzyl alcohol 3.37 g, Catalyst loading 0.1 g, Reaction 681 
temperature 120º C, and Reaction time  2.5 h. 682 
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 700 

 701 

Table 6 Effect of benzylating agent on benzylation of anisole. 702 

 703 
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 708 
Reaction conditions: Anisole 10 g, Benzylating agent (Benzyl alcohol 3.37 g/Benzylchloride 709 
3.95 g/dibenzylether 3.08 g), Catalyst loading 0.1 g, Reaction temperature 120 ºC, and Reaction 710 
time  2.5 h (* Reaction time 0.5 h). 711 
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Figure captions 725 

Figure 1 FT–IR of TF–AC catalysts series (a) AC, (b) 40TF–AC, (c) 50TF–AC, (d) 60TF–726 

AC, (e) 70TF–AC, (f) 80TF–AC, (g) TPA–Fe, (h) TPA, and (i) 70TF–AC (used). 727 

Figure 2 Raman spectra of (a) AC, (b) 40TF–AC, (c) 50TF–AC, (d) 60TF–AC, (e) 70TF–728 

AC, (f) 80TF–AC, (g) TPA–Fe, and (h) TPA. 729 

Figure 3 X–ray diffraction patterns of (a) AC, (b) 70TF–AC, (c) TPA–Fe, and (d) TPA. 730 

Figure 4      Laser diffraction technique volume based particle size distribution curves for TF–           731 

                    AC catalysts. (a) AC, (b) 40TF–AC, (c) 50TF–AC, (d) 60TF–AC, (e) 70TF–AC, (f)  732 

                    80TF–AC, and (g) TPA–Fe. 733 

Figure 5 Ammonia TPD profiles of (a) AC, (b) 40TF–AC, (c) 50TF–AC, (d) 60TF–AC, (e) 734 

70TF–AC, and (f) 80TF–AC. 735 

Figure 6 Effect of TPA–Fe loading on AC for benzylation of anisole reaction and ortho- 736 

(gray bar), para- (hatched bar), and ether (white bar) product selectivity. 737 

          Reaction conditions: Anisole 10 g, Benzyl alcohol 3.37 g, Catalyst loading 0.1 g,  738 

                     Reaction temperature 120 º C, and Reaction time 2.5 h. 739 

Figure 7      Effect of calcination on conversion of benzyl alcohol and ortho- (gray bar), para-  740 

                     (hatched bar), and ether (white bar) product selectivity. 741 

                     Reaction conditions: Anisole 10 g, Benzyl alcohol 3.37 g, Catalyst loading 0.1 g,  742 

                     Reaction temperature 120 ºC, and Reaction time  2.5 h. 743 

Figure 8 FT–IR of 70TF–AC catalyst calcined at different temperature (a) 300 ºC, (b) 400 744 

ºC, (c) 500 ºC, (d) 600 ºC, and (e) 750 ºC. 745 

Figure 9 Raman spectra of 70TF–AC catalyst calcined at different temperature (a) 300 ºC, 746 

(b) 400 ºC, (c) 500 ºC , (d) 600 ºC, and (e) 750 ºC. 747 
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Figure 10 Ammonia TPD of 70TF–AC catalyst calcined at (a) 300 ºC, (b) 400 ºC, (c) 500 ºC, 748 

and (d) 600 ºC. 749 

Figure 11 Adsorption of benzyl alcohol and dibenzylether onto catalyst surface. 750 

Scheme 1 Benzylation of anisole with different benzylating agents. 751 

 752 

 753 

 754 

 755 

 756 

757 
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