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Tri(8-quinolinolato)iron complex immobilized onto SBA-15 catalyst has been synthesized through a stepwise 
procedure. The characterization results indicated that the BET surface area, total pore volume and average pore 
width decrease after stepwise modifi cation of SBA-15, while the structure keeps intact. Catalytic tests showed 
that FeQ3-SBA-15 catalyzes the oxidation reaction well with 34.8% conversion of benzyl alcohol and 74.7% se-
lectivity to benzaldehyde when water is used as the solvent after 1 h reaction. In addition, homogeneous catalyst 
tri(8-quinolinolato)iron exhibits very bad catalytic behavior using water as the solvent.
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INTRODUCTION

   Benzaldehyde is a very important organic intermediate 
in the industry of perfumery, pharmaceutical, dyestuff and 
agrochemicals which is produced by many reactions such 
as hydrolysis of benzyl chloride and oxidation of toluene1. 
The traditional catalytic processes inevitably lead to the 
generation of a large amount of undesired products such 
as organic chlorine or benzoic acid. Therefore, selective 
oxidation of alcohols to aldehydes using water as the 
solvent is an attractive and eco-friendly reaction route 
in the synthesis of fi ne chemicals and intermediates2.

Until now, many efforts have been devoted to the 
metal-catalyzed alcohol oxidations by using transition 
metals such as titanium3, vanadium4, chromium5, man-
ganese6, iron7, cobalt8, nickel9, copper10, silver11, gold12, 
ruthenium13, palladium14, bimetallic ruthenium-copper15, 
palladium-gold16, and manganese-gold17. Especially very 
recently, abundant investigations have been focused on 
the usage of noble metals for the transformation of 
benzyl alcohol to benzaldehyde  18–22, while few efforts 
have been devoted to the catalytic application of the 
cheap metal iron for this reaction7.

Compared with metal oxides such as TiO2, Al2O3 and 
CeO2, mesoporous silicate SBA-15 exhibit specifi c physi-
cal and chemical properties (such as large BET surface 
area, regular pore structure, large pore size, tunable 
surface chemistry) and therefore has been used widely 
as supports in various organic catalytic reactions23–30. 
The surface chemistry of SBA-15 is a key factor to the 
catalytic performance. Generally, the SBA-15 material 
exhibits large amounts of surface silicon hydroxyl, which 
could be modifi ed and incorporated active sites to effi -
ciently catalyze the target reaction.

In the current work, tri(8-quinolinolato)iron complexes 
was chelated onto aminopropyl-functionalized SBA-15 
for the selective oxidation of benzyl alcohol to benzal-
dehyde. The effects of parameters, including the types 
of solvent, the reaction temperature, the reaction time, 
the amount of H2O2, and the recyclability of the catalyst 
have been investigated in detail.

EXPERIMENTAL

Catalyst Preparation
SBA-15 was synthesized according to the lit-

erature31. In a typical synthesis, 2 g of Pluronic P123 
[(EO)20(PO)70(EO)20, Aldrich] was dissolved in 15 
mL of H2O and 60 mL of 2 M HCl, and then 4.68 mL 
(0.02 mol) of TEOS was added under stirring at 40oC. 
The molar composition of the mixture was TEOS: 
0.017P123: 6HCl: 192H2O. Afterwards, the resultant 
mixture was maintained under stirring at 40oC for 24 h, 
followed by aging under static condition at 100oC for 
24 h. Finally, the solid product was recovered by fi ltra-
tion and washed with distilled water. After   air-dried at 
ambient temperature overnight, it was calcined at 550oC 
for 8 h to remove the template. The obtained sample 
was denoted as SBA-15.

Aminopropyl-functionalized SBA-15 material APS-
-SBA-15 was synthesized by post synthetic grafting 
method (Fig. 1). SBA-15 was fi rst dried under vacuum 
at 100oC for 5 h. Then 0.5 g of dried SBA-15 was re-
fl uxed in dried toluene with 0.1 mL (0.4 mmol) APTES 
(3-aminopropyltriethoxysilane) for 10 h. Then the solid 
was fi ltered and washed abundantly with several solvents 
with different polarity (CH2Cl2, hexane and ethanol) to 
remove the remaining unsupported APTES. The pale 
solid was dried overnight. The obtained samples were 
denoted as APS-SBA-15.

Tri(8-quinolinolato)iron was synthesized as follows. 
In a typical synthesis, 15 mmol of 8-quinolinol ligand 
was dissolved in 20 mL THF, followed by the dropwise 
addition of a solution of 5 mmol FeCl3 ∙ 6H2O in 10 
mL THF at refl ux temperature. The resultant solution 
was stirred and refl uxed for 2 h. After cooling, the solid 
product was separated by fi ltration and denoted as FeQ3.

FeQ3-SBA-15 was prepared by dissolving   FeQ3 (0.2 
mmol) in 10 ml CHCl3 and by stirring the above APS-
SBA-15 (0.1 g) in suspension under refl ux conditions for 
12 h. The yellow solid thus formed during stirring was 
fi ltered, washed with methanol using Soxhlet and dried 
under vacuum (Fig. 1).

For comparison, Fe-SBA-15 was prepared through 
impregnating 3.0 wt.% Fe(NO3)3 · 9H2O on SBA-15 and 
then drying and calcining at 500oC for 4 h.



  Pol. J. Chem. Tech., Vol. 16, No. 3, 2014 13

Catalyst Characterization
Powder X-ray diffraction patterns (XRD) were ob-

tained on a Rigaku D/max-2200 (0.2◦ /min) using Cu 
Ka radiation (40 kV, 40 mA). N2 adsorption-desorp-
tion isotherms were measured with a Micromeritics 
ASAP 2010 system at liquid N2 temperature. Before 
measurements, the sample was outgassed at 130oC for 
6 h. The BET surface area was calculated using the 
Brunauer-Emmett-Teller (BET) method. SEM photo-
graphs were taken on a FESEM XL-30 fi eld emission 
scanning electron microscope. Infrared spectra (IR) of 
samples were recorded in KBr disks using a NICOLET 
impact 410 spectrometer. Metal content was estimated 
by inductively coupled plasma atomic emission spectro-
scopy (ICP-AES) analysis conducted on a Perkin-Elmer 
emission spectrometer. Elemental analyses of nitrogen 
were obtained with a VarioEL CHN elemental analyzer.

Catalytic Tests
The catalyst (0.05 g), benzyl alcohol (3 mL), 35% H2O2 

(4 mL) and solvent (water, acetone or acetonitrile) (10 
mL) were placed into a reaction vessel. The resulting 
mixture was vigorously stirred at 80oC under nitrogen. 
After certain times, the catalysts were separated by 
fi ltration. The products were analyzed with a gas chro-
matography (Shimadzu, GC-8A) equipped with a XE60 
capillary column and FID detector.

RESULTS AND DISCUSSION

The powder XRD patterns of the   synthesized SBA-15, 
APS-SBA-15 and   FeQ3-SBA-15 are shown in Figure 2. 
For all of the samples, three well-resolved peaks can be 
clearly observed, indicating that the prepared materials 
contain well-ordered hexagonal arrays of one dimensional 
channel structure  31. However, the decrease in the intensity 
of the (110) and (200) peaks for FeQ3-SBA-15 is observed, 
suggesting the formation of less ordered mesostructure. 
In addition, the slight shift of the diffraction peaks of 
the materials after the introduction of APS and FeQ3 
toward larger 2θ angles indicates a slight shrinkage of 
the cell dimension.

N2 adsorption-desorption isotherms and pore size 
distributions of SBA-15, APS-SBA-15 and FeQ3-SBA-15 
are depicted in Figure 3. These isotherms are classifi ed 
as type IV, with a sharp capillary condensation step at 
high relative pressure and H1 hysteresis loop, which 
reveals the presence of large channel-like pores in 

a narrow range of size32. The BET surface area, pore 
volume and pore diameter of SBA-15, APS-SBA-15 and 
FeQ3-SBA-15 are presented in Table 1. The BET surface, 
the total pore volume area and the average pore width 
signifi cantly decrease after   functionalization of FeQ3 
onto APS-SBA-15.

FT-IR spectra of   SBA-15, APS-SBA-15 and FeQ3-
-SBA-15 are presented in Figure 4. In all case, the 
typical Si-O-Si bands are observed nearly at 1080, 

Figure 1. Synthetic route for FeQ3-SBA-15

Figure 2. XRD patterns of (a) SBA-15, (b) APS-SBA-15, and 
(c) FeQ3-SBA-15

Figure 3. N2 adsorption/desorption isotherms of (a) SBA-15, 
(b) APS-SBA-15 and (c) FeQ3-SBA-15
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798, 464 cm–1 due to the formation of SBA-15 silica 
framework33. The bands around 1630 cm-1 are mainly 
aroused by the bend vibration of O-H and   physically 
adsorbed water molecular. After functionalization 
of SBA-15, the prominent bands at 741, 825, 1103, 
1269, 1320, 1380, 1464, 1498 and 1573 cm−1 in the 
spectrum of FeQ3-SBA-15 (Fig. 4b) are assigned to 
C–O, C–N and aromatic ring vibrations of ligands33, 
suggesting that FeQ3 has been successfully grafted onto 
  APS-SBA-15.

Figure 5 exhibits UV-vis spectra of SBA-15 and 
FeQ3-SBA-15. Compared with SBA-15, the absorption 
bands in the range of 200–400 nm are observed in the 
tethered catalyst FeQ3-SBA-15, which are assigned to 
n-π*, π-π* ligand charge transfer33, suggesting that the 
bis(8-quinolinolato)iron (III) has been chelated with 
APS-SBA-15. The d-d transitions at ca. 460 nm are 
observed for FeQ3-SBA-15, indicating that tri(8-quinoli-
nolato)iron complexes have been incorporated onto the 
surface of SBA-15.

Quantifi cation of the functional group loaded in SBA-15 
was performed for the materials using elemental analysis 
(CHN)   and ICP-AES analysis (Table 2). The results show 
that molar ratio of N/Fe is close to 4/1, which indicating 
a Fe3+ ion chelating one APTES molecule and three 
8-quinolinol molecules as shown in Figure 1.

The catalytic performance of FeQ3-SBA-15 was carried 
out in the selective oxidation of benzyl alcohol with 
H2O2 as oxidant. For comparison, the catalytic perfor-
mances of homogeneous catalysts FeCl3 and FeQ3, and 
heterogeneous supported catalyst Fe-SBA-15 were also 
investigated and the reaction data are listed in Table 3. It 
is obvious that the oxidation reaction cannot be carried 
out without catalysts. In addition, the catalytic behavior 
of FeCl3 is the worst, over which only 5.5% conversion 
can be achieved. Moreover, the catalytic behaviors of 
homogeneous catalyst FeQ3 and supported catalyst Fe-
-SBA-15 are worse than that of FeQ3-SBA-15 under our 
test conditions.

In order to get the optimal reaction conditions, diffe-
rent parameters such as   reaction media, oxidant amount, 
reaction time and temperature were investigated. The 
infl uence of reaction media on the catalytic performance 
was performed by using different solvents (water, acetone, 
and acetonitrile) and the results are showed in Table 4. 
It is interesting to note that FeQ3-SBA-15 catalyzes the 
oxidation reaction well when water is used as the solvent, 
followed by acetone, while only 17.4% conversion can 
be obtained when acetonitrile is used as the solvent.

The temperature has great infl uence on the catalytic 
performance. As shown in Table 4, low temperature 
causes very low benzyl alcohol conversion. For exam-
ple, only 23.7% of benzyl alcohol conversion can be 
achieved at 60oC. Increasing reaction temperature could 
synchronously raise the catalytic activity. However, too 
high reaction temperature might cause deep oxidation 
and thus increase the selectivity to benzoic acid.

The reaction time has some infl uence on the catalytic 
behavior. As can be seen from Table 4, the benzyl al-
cohol conversion gradually increased from 30 to 35.9%, 
while the selectivity to benzaldehyde decreases step by 
step from 80.6 to 70.7% by prolonging the reaction 
from 0.5 to 2 h, while further prolonging reaction time 
would result in the decrease of benzaldehyde selectivity.

From the results of effect of different H2O2 amount 
on the benzyl alcohol oxidation in Table 4, it can be 
seen that the conversion of benzyl alcohol remarkably 

Table 2. Elementary analysis and ICP-AES analysis results of APS-SBA-15 and FeQ3-SBA-15a

Table 1. Structural and textural parameters of the synthesized 
materials

Figure 5. UV-vis spectra of (a) SBA-15 and (b) FeQ3-SBA-15

Figure 4. FT-IR spectra of (a) APS-SBA-15, (b) FeQ3-SBA-15 
and (c) FeQ3
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improves from 16.9 to 34.8% after 6 h by increasing 
the   H2O2 amount from 2 to 4 ml. It is also found that 
further raising H2O2 amount has relatively little infl uence 
on the conversion but results in the reduction of the 
selectivity to benzaldehyde.

Much research has found that homogeneous catalysts 
showed high catalytic performance in organic solvent, 
while few work focused on using water as the solvent. 
Actually, according to our results in Table 3, the homo-
geneous catalyst FeQ3 shows worse catalytic behavior in 
water than the heterogeneous one. This might be due 
to the worse solubility in water than in organic solvent. 
For example, Mahdavi et al investigated the effect of 
solvents on the oxidation of benzyl alcohol with TBHP 
in the presence of [Mn(bipy)2]2+/HMS and found that 
the best   conversion (40.2%) was achieved in   an aprotic 
solvent acetonitrile, while the worst conversion (only 

Table 4. Catalytic data of the benzyl alcohol oxidation over FeQ3-SBA-15a

Table 3. Catalytic data of the benzyl alcohol oxidation over 
different catalystsa

Scheme 1. The mechanism of the conversion of benzyl alcohol to benzaldehyde and benzoic acid over FeQ3-SBA-15

7.6%) was obtained in a protic solvent ethanol after 8 h 
reaction34. In our catalytic system, the effi cient synergistic 
effect between FeQ3 complexes and the SBA-15 support 
is one of the reasons for the better catalytic performance 
FeQ3-SBA-15 with water as solvent.

The recyclability and stability of FeQ3-SBA-15 for ben-
zyl alcohol oxidation with H2O2 as oxidant and water as 
solvent were investigated (Fig. 6). The solid catalyst was 
easily recovered by fi ltration after each reaction cycle, 
washed thoroughly with acetone and water, dried in 
the vacuum at 60oC for 12 h and reused for the subse-
quent cycles. The reused catalyst exhibited a negligible 
decrease in the catalytic activity and selectivity in three 
consecutive runs. 

Based on our experimental results and other related 
literatures1, 2, 5, 7, a reasonable reaction mechanism for 
oxidation of benzyl alcohol with H2O2 over FeQ3-SBA-15 
has been postulated in Scheme 1. Primarily the Fe Lewis 
acid sites react with H2O2 to form Fe peroxo complex 
and the complex further reacts with benzyl alcohol to 
give an intermediate which leads to benzaldehyde and 
regenerate the active sites. The formation of benzoic 
acid may be caused by deep oxidation of benzaldehyde.

CONCLUSIONS

Novel heterogeneous catalyst   FeQ3-SBA-15 has been 
synthesized by chelating FeQ3 complexes onto aminopro-
pyl-functionalized SBA-15. The characterization results 
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demonstrate that the pore structure of SBA-15 remain 
intact after multiple synthetic procedure. In addition, 
a detail research was carried out to optimize the reaction 
conditions of benzyl alcohol oxidation over FeQ3-SBA-15. 
It is found that FeQ3-SBA-15  exhibits better catalytic 
performance with water as the solvent due to its unique 
pore structure of SBA-15 and effi cient synergistic effect 
between FeQ3 and the SBA-15 support.
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