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a b s t r a c t

A series of iron silica catalyst with (5–20) wt.% Fe3+ were prepared by means of a simple solvent extraction
and sol–gel technique. These catalysts were probed for the oxidation of phenol employing hydrogen
peroxide. Catalytic performance increased up to 10 wt.% Fe3+ loading. Further increase in the iron content
ccepted 10 September 2010

eywords:
ron catalyst
ilica

was found to reduce the phenol conversion rate. Higher Fe3+ loading (>10% Fe3+) resulted in smaller pore
size and exhibited extra framework Fe3+ in the catalyst, which lead to catalytic deficiency in phenol
oxidation. Phenol oxidation by RH-10Fe gave 95.2% conversion at 343 K with selective formation of 61.3%
catechol (CAT) and 38.7% hydroquinone (HQ). Reusability studies with RH-10Fe resulted in only 16%
loss in catalytic activity. However, no leaching of iron was detected. The CAT/HQ ratio was found to be

ion w

ice husk
xidation of phenol
atechol

constant during the react

. Introduction

Phenol is a foremost pollutant in UESEPA list with limits of
ischarge less than 0.5 mg L−1 [1]. This is a lethal and hazardous
ontaminant which is believed to be carcinogenic. Many inves-
igators are currently engaged in finding ways to eliminate this
ollutant from the environment. Specific chemical processes are
ecessary to convert this carcinogenic compound into industrially
enign products such as diphenols. Diphenols, namely catechol
CAT) and hydroquinone (HQ) are used for diverse applications
uch as photographic chemicals [2], polymerization inhibitors,
ntioxidants and flavoring agents [3,4]. In the oxidation of phenol,
ydrogen peroxide appears to be an appropriate and potential oxi-
ant due to high oxygen content and yielding water as the only
y-product [5,6]. Hydrogen peroxide is known to be less of an
nvironmental pollutant [7,8]. Many attempts to oxidize phenol
y aqueous hydrogen peroxide had been reported [9–12] with a
ariety of heterogeneous catalysts.

The invention of titanium silicate, TS-1, by Enichem has indeed
pened a remarkable application of heterogeneous catalyst in the
xidation of phenol. However, some characteristics exhibited by
S-1, such as complex preparation method and small pore size
estrict its use in the oxidation of large molecules. It also has an
nherent difficulty during separation due to its small size particles
hich has limited its function in the oxidation of phenol [13]. This
as stimulated much research to develop cheaper and better cat-
lysts which are capable of converting this toxic compound into
ore benign and useful products.

∗ Corresponding author. Tel.: +60 4 6533567; fax: +60 4 6574854.
E-mail addresses: farook@usm.my, farook dr@yahoo.com (F. Adam).

385-8947/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.cej.2010.09.054
hich suggested a non-free radical catalytic mechanism to be operative.
© 2010 Elsevier B.V. All rights reserved.

Rice husk (RH), which is a by-product from the rice process-
ing industry, is found abundantly in most rice producing countries.
Burning seems to be an easy way of disposing the husks. However,
this can lead to environmental problems [14]. Biodegradation of the
RH is also a slow process due to the high silica content. Therefore,
utilization of RH as an alternative source of silica had gained some
interest.

Recently, silica from RH had been used as catalyst support for
important industrial applications such as oxidation of cyclohexane
[15,16], cyclohexene and cyclohexanol [16], oxidation of phenyl-
methanol [17] and decomposition of cyclohexanol [18]. The high
catalytic behavior of these silica supported catalysts is due to the
high surface area of the resulting catalysts. Several publications
have appeared on iron supported rice husk ash silica. Adam et al.
[19] had reported the catalytic activity of iron incorporated rice
husk ash silica for benzylation of toluene. The synthesis of iron sup-
ported rice husk ash silica as a catalyst for the benzylation of xylene
had also been reported [20]. However, in both of these cases, the
rice husk was pyrolyzed into ash which required high consumption
of energy. To overcome this, Adam and Andas [21] found a cheaper
way to extract the silica by solvent extraction and incorporated the
metal via a sol–gel technique at room temperature. In this present
studies, we extend the use of the iron loaded rice husk silica catalyst
in the oxidation of pollutants such as phenol.

Various sources of silica have been used as catalyst support for
the oxidation of phenol [22–25]. However, there is no published
literature of silica from rice husk being used as catalyst support

for the oxidation of phenol. While there is no real advantage on
using silica from RH, however, it certainly creates added value to
the otherwise useless waste material. An added advantage of this
procedure will also result in the husk becoming more amenable
to biological degradation and ease the disposal problem for RH.

dx.doi.org/10.1016/j.cej.2010.09.054
http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:farook@usm.my
mailto:farook_dr@yahoo.com
dx.doi.org/10.1016/j.cej.2010.09.054
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n the relentless search for an environmentally friendly and active
eterogeneous catalyst, we have synthesized a high surface area

ron incorporated silica catalyst for the oxidation of phenol from RH.
his work discusses the preparation of an environmental friendly
atalyst from rice husk, its characterization and its catalytic activity
n the oxidation of phenol.

. Experimental

.1. Materials

Analytical reagent grade ferric nitrate, Fe(NO3)3·9H2O (98.5%)
as obtained from Bendosen. Acetophenone and analytical grade
henol (Sigma–Aldrich, 99.0%) were checked by GC and used with-
ut further purification. Hydrogen peroxide (30 wt.%) was procured
rom J.T. Baker and used as obtained. All other chemicals were of
nalytical grade.

.2. Catalyst preparation and characterization

The method used for the pretreatment and extraction of sodium
ilicate from RH were similar to that reported previously [17]. In a
ypical extraction, 30 g of dried RH was added into 500 mL of 1.0 M
itric acid and magnetically stirred for 24 h. The RH was made free

rom NO−
3 by washing thoroughly with distilled water. The acid

reated RH was dried overnight in an oven at 383 K and its respec-
ive mass (denoted as RH-HNO3) was recorded. The dried RH was
hen vigorously stirred in 500 mL of 1 M NaOH for 24 h to yield
odium silicate (dark brown) solution which was suction filtered
nd kept for further use. The residue was collected and dried in
n oven at 383 K for 24 h. The mass of this residue was recorded
denoted as RH-NaOH). The mass difference between RH-HNO3 and
H-NaOH was attributed to the mass of silica extracted from rice
usk, i.e. 6.44 g.

The sodium silicate solution obtained was titrated slowly
1.0 mL min−1) with 3.0 M HNO3 or 3.0 M HNO3 containing the
ppropriate mass of Fe(NO3)3·9H2O to get 5, 10, 15 and 20 (wt.%)
f Fe3+ until pH 3.0 was reached. The resulting gel solution was
ged in the mother liquor for 2 days at room temperature. The gel
as recovered by centrifugation at 4000 rpm (Hettich Zentrifugen,
odel Rotina 38), washed thoroughly with distilled water and dried

n an oven at 383 K for 18 h. The product was ground and denoted
s RH-Si while the iron loaded samples were designated as RH-xFe
x = 5, 10, 15 and 20, denoting wt.% of Fe3+ used).

BET specific surface area, BJH adsorption and desorption, pore
olume and pore size distribution were measured by N2 adsorption
Micromeritics Instrument Corporation model ASAP 2000, Nor-
ross) porosimeter. FT-IR spectra were recorded on a Perkin Elmer
ystem 2000 with wave number ranging from 4000 to 400 cm−1

sing pressed KBr pellets. Phase identification of the samples were
erformed on Kristallofex Siemens, model D5000 X-ray diffrac-
ion instrument equipped with Cu K� radiation (� = 1.50 Å). The
ron content of the catalysts were determined by atomic absorp-
ion spectroscopy (AAS, Perkin Elmer 3100) after an appropriate
ample preparation described as below. Diffuse reflectance UV–vis
pectra of the catalysts were collected on a Lambda 35 UV–visible
pectrometer (Perkin Elmer) in the 200–600 nm wavelength range
mploying KBr as blank. The solid state 29Si MAS NMR spectra were
btained on a Bruker DSX-3000 with relaxation time of 20 s, pulse
idth of 5 s and relaxation delay of 20 s. Chemical shifts were ref-
renced to tetramethylsilane (TMS).
To analyze for iron, a catalyst sample of mass 50 mg was digested

n 0.5 mL aqua regia (HNO3:HCl ≡ 1:3, v/v) and 3 mL HF in a Teflon
ontainer. The sample was heated at 383 K for 1 h and cooled to
T. Into this sample, 0.5 g of H3BO3 in 10 mL double de-ionized
Journal 165 (2010) 658–667 659

water was added and the sample was made up to 100.0 mL with
double de-ionized water. This sample was analyzed using atomic
absorption spectroscopy.

2.3. Oxidation of phenol by H2O2 using RH-xFe (x = 5, 10, 15 and
20)

The oxidation of phenol was carried out in a 50 mL double
necked round bottom flask fitted with a water-cooled condenser.
In a typical run, phenol (1.88 g, 20 mmol) was dissolved in 10 mL of
water. The mixture was transferred into a round bottom flask con-
taining 30 mg of activated RH-10Fe as catalyst which was immersed
in a temperature controlled oil bath at 343 K. Once the reaction tem-
perature was stabilized, H2O2 (2.28 g, 20 mmol) was added drop
wise to the vigorously stirred (600 rpm) reaction mixture. Aliquots
of the reaction mixture (0.5 cm−3) were periodically withdrawn
using a syringe. This was mixed with 20 �L of acetophenone as
an internal standard and analyzed by GC (Clarus 500, Perkin Elmer)
equipped with flame ionization detector and fitted with a capil-
lary column – Elite-Wax, 30 m × 0.32 mm i.d. The identities of the
respective products were confirmed by GC–MS (Clarus 600, Perkin
Elmer). The products were further confirmed by comparing the GC
of the respective pure catechol and hydroquinone. Phenol conver-
sion and selectivity of the products were calculated respective to
the area of the internal standard used. All reactions were performed
in triplicate and average values are used in data presentation.

The concentration of residual H2O2 was determined by an iodo-
metric titration with sodium thiosulphate (0.1 N) in the presence
of starch as an indicator [26]. Aliquot of samples were withdrawn
during the reaction and was quickly subjected to the titration.

2.3.1. Leaching and reusability of the catalysts
Leaching of ferric ions from the catalyst was determined by fil-

tering off the catalyst from the reaction mixture after 2 min by using
hot filtration technique. The reaction mixture before filtration was
analyzed by GC as before. The hot filtrate was transferred without
delay into a round bottom flask which had been immersed in oil
bath at the same temperature. The reaction was allowed to con-
tinue for an additional 2 h (without the catalyst) and the course of
the reaction was monitored periodically by GC. For further confir-
mation, a blank reaction was carried out at 343 K in the presence
of 30 mg RH-10Fe, 4.53 g H2O2 and 10 mL of water as reported by
Maurya et al. [27].

The reusability was studied by regenerating the catalyst by
washing with copious amount of distilled water, followed by ace-
tone and dried in an oven at 383 K for 24 h. The catalyst was
collected and reused for further runs as described earlier.

3. Results and discussion

3.1. Characterization of the catalysts

3.1.1. Nitrogen adsorption–desorption isotherms and elemental
analysis

Incorporation of different iron content did not affected the N2
sorption isotherm and it’s desorption hysteresis loop (Fig. 1). RH-
Silica showed H2 hysteresis loop which are usually observed for
ink bottle shaped mesopores [28] while all the iron loaded catalysts
showed H1 hysteresis. H1 is observed for compacts of spheroidal
particles of uniform size and arrays [21]. This is in agreement with

uniform pore size distribution (PSD) of RH-5Fe and RH-10Fe. All five
catalysts showed isotherm of Type IV according to IUPAC classifica-
tion. Type IV isotherm is normally observed for mesoporous solids
[29,30]. However, RH-20Fe exhibits a sigmoid type isotherm with
a closure of the loop at relative pressure very close to 0. This type
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ig. 1. The N2 adsorption desorption isotherms of (a) RH-Silica, (b) RH-5Fe, (c) RH
ysteresis inflection point.

f isotherm is normally obtained for adsorbent which has swelling
endencies [15].

The capping of pores by increasing amount of metal resulted
n RH-20Fe having a narrow PSD. The excess metal ions had also
esulted in RH-20Fe exhibiting swelling characteristics. This could
esult from the accumulation of metal species between the silica
attices resulting in an open pore structure. This leads to large voids

hich enable the swelling tendencies.
An increase in volume of N2 adsorbed from RH-5Fe to RH-10Fe

ndicates the increasing number of pores in the respective samples.
owever, the decrease in volume of N2 adsorbed for RH-15Fe and
H-20Fe reflects the decreased number of pores.

Table 1 summarizes the textural properties and the iron content
alculated from AAS analysis. It can be seen that the incorporation
f iron leads to a decrease in the BET surface area as the loading of

e3+ increased from 5 to 20 wt.%. A similar trend was also observed
y Baiker and co-workers [31] in the synthesis of iron-oxide silica
erogels. The reduction in specific surface area of ca. 65% was proba-
ly due to the capping of the pores by the loaded metal [32,33]. This
bservation was inline with the resulting decrease in pore volume.
Relative Pressure, (P/Po)

, (d) RH-15Fe and (e) RH-20Fe. Insets are the respective pore distribution plots. →

Elemental analysis by AAS clearly showed that the actual metal
loading was less than the iron used during the preparation.

3.1.2. X-ray diffraction and FTIR analysis
X-ray diffraction pattern (not shown) of RH-Silica and the iron

loaded catalysts were found to be amorphous [34,35]. A gradual
decrease in intensity of the broad peak was observed as the iron
loading increased from 5 to 20 wt.%. This indicates possible struc-
tural changes from amorphous to crystalline, which however could
not be detected due to the microcrystalline nature of the particles.
Generally, iron is a cubic element with a plane of symmetry which
can be identified by XRD due to its opaque characteristics towards
light. However, in this study, iron loaded catalysts were found to be
amorphous which could be due to the well dispersed nature of the
iron particles on the amorphous silica support. This should result

in a good dispersion of the Fe3+ within the silica matrix – thus pre-
venting the aggregation of the iron atoms to form the crystalline
phase.

Fig. 2 shows the FT-IR spectra of the catalysts. Most of the FTIR
bands of silica from RH and metal loaded silica from RH had been
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Table 1
Textural properties and iron chemical analysis data of the prepared catalysts.

Catalyst SBET (m2 g−1) Average pore volume (cc g−1) Average pore diameter (nm) Iron loading (%)

RH-Silica 312 0.27 3.0 –
RH-5Fe 282 0.42 10.0 4.88
RH-10Fe 259 0.51 12.0 7.85a(7.38)b(6.58)
RH-15Fe 190 0.28 6.0 14.20
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RH-20Fe 96 0.11

a Iron content after leaching test (fresh used).
b Iron content after 4th reused analysis.

ell characterized [14–17,20,21,36,37]. However, two of the main
eatures to note from Fig. 2 are (a) the Si–O–Si bond (1090 cm−1)
as found to show a red shift as the iron content was increased

rom 5 (1082 cm−1) to 20 wt.% (∼1065 cm−1), and (b) upon increase
n iron loading, the peak intensity at 972 cm−1 which was assigned
s Si–OH bond was found to decrease. The decrease in intensity
f the 972 cm−1 band showed the progressive formation of the
i–O–Fe bond structure [22]. This together with the red shift in
he 1090 cm−1 band is a good indication that the Si–O–Fe bond
tructure had formed.

.1.3. The diffuse reflectance UV–vis spectrum
As illustrated in the DR UV–vis spectra (Fig. 3), a strong absorp-

ion band in the region 245–250 nm can be attributed to the d�–p�
harge transfer transition between iron and oxygen (ligand) atoms
38,39]. These respective bands are suggested to be due to four coor-
inated Fe3+ in tetrahedral positions which appear due to t1 → t2
nd t1 → e transitions [40,41]. The band at ca. 320 nm was corre-
ated to the Fe–O charge transfer transitions obtained for RH-10Fe
42]. Spectra of both RH-15Fe and RH-20Fe show the presence of
xtra framework Fe3+ ions at ca. 350, 400 and 500 nm. The band
hich appears as a shoulder at ca. 350 nm corresponds to oligomer-

zed iron species and Fe3+ agglomeration [43]. The absorption bands
bove 400 nm indicate the presence of large particles of iron oxide
44]. The band around 500 nm arises due to Fe3+ in aggregate forms
45,46]. However, a very broad band results for RH-15Fe and RH-
0Fe in this region. This shows that aggregates of Fe3+ species
re most likely absent or in very low concentration. The 400 and
00 nm bands were surprisingly absent in RH-5Fe and RH-10Fe.

his clearly shows a transformation of iron state from isolated
pecies to bulk aggregate structure as iron loading increased from 5
o 20 wt.%.

It should be noted that the DR UV–vis spectrum is quite differ-
nt for RH-15Fe and RH-20Fe. This is certainly due to the different

40080012001600200024002800320036004000

RH-5Fe

RH-10Fe

%
 T

RH-15Fe

972799 466109016383440
RH-20Fe

RH-Silica

Wavenumber (cm-1)

Fig. 2. The FT-IR spectra of catalysts.
4.0 15.47

structural morphology of the catalysts with increasing metal con-
tent.

3.1.4. 29Si MAS NMR analysis
The 29Si MAS NMR spectra of RH-Silica and Fe/Silica catalysts

with different iron content are shown in Fig. 4. The spectrum of the
parent RH-Silica exhibits two shifts with mean values of −101.4
and −110.7 ppm. These peaks are assigned as Q3 (3Si, 1OH) and
Q4 (4Si) units respectively [47]. Sample with 5 wt.% Fe3+ show only
one intense peak at −109.6 (Q4). The plausible reason for the non-
existence of Q3 signal in RH-5Fe may be due to the low degree of
substitution and also due to the overlap with its intense Q4 sig-
nal. For RH-10Fe, it exhibits the presence of a shoulder peak at
−100.4 (Q3) and −108.7 ppm (Q4). Further increase in the iron load-
ing to 15 and 20 wt.% Fe3+, leads to the disappearance of Q4 signal.
Hence, the presence of Q3 signals for RH-10Fe (−100.4), RH-15Fe
(−102.3) and RH-20Fe (−105.8) indicates the presence of Si–(O–Fe)
linkage [48] in which silica is tetrahedrally coordinated via oxygen
to one Fe and three silicon atoms [49,50]. Excluding RH-Silica, all
the iron loaded silica catalysts show the presence of spinning side
bands which suggests the paramagnetic nature of Fe(III) species
[50]. This observation confirms the successful incorporation of Fe
into the silica framework and similar result has been reported by
Testa et al. [51]. The Q4 intensity of RH-Silica is higher than that
of other Fe/silica catalysts. Zhao et al. [52] have reported similar
observation for Fe-MCM-48 catalyst. This is presumably due to the
steric restraint resulting from introducing guest atoms such as Fe
with different size into the silicon framework and also due to min-
imum intertetrahedral bond angles of Si–O–Si and Si–O–Fe linkage

[53]. Increasing the amount of Fe lead to difficulty in condensation
of silanol groups and finally reduced the framework connectivity
[48,52,53] as observed for higher iron loaded catalysts (RH-15Fe
and RH-20Fe).
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Fig. 3. The DR UV–vis spectra of catalysts.
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Fig. 5. The reaction profiles at different temperatures. (a) The percentage conver-

could be the larger amount of catalyst presents a very much higher
surface area for the H2O2 to dissociate, i.e. too fast to form the active
intermediate to affect oxidation. However, these variations in the
conversion seem to be at best, marginal and may not be significant.
ig. 4. 29 Si MAS NMR spectra of catalysts (the asterisks indicate spinning side
ands).

.2. Catalytic activity – the oxidation of phenol

All the iron loaded catalysts together with RH-Silica were eval-
ated for the oxidation of phenol. Oxidation of phenol was found to
ield catechol (CAT) and hydroquinone (HQ) as the only products.
n order to optimize the reaction conditions, RH-10Fe was used
o investigate the effect of reaction temperature, catalyst mass,

olar ratio of reactants, the effect of solvent type and metal loading.
eaching and reusability of the catalyst was also determined.

.2.1. The effect of reaction temperature
Generally, the reaction temperature has a considerable effect on

he oxidation of phenol. Thus, in this study, catalytic activity was
ested over different temperatures, ranging from 303 (room tem-
erature) to 353 K and the results are shown in Fig. 5. An increase in
emperature up to 343 K resulted in enhanced phenol conversion
rom 43.3% at 303 K to 68.0% at 343 K. However, further increase
n the reaction temperature to 353 K did not show any significant
nhancement in phenol conversion (68.3%). Nevertheless, a pro-
ressive decrease in CAT selectivity was observed as the reaction
emperature was increased. A plausible reason for the decrease in
atalytic activity at 353 K was the thermal decomposition of H2O2
hich is greatly enhanced at elevated temperatures. Similar obser-

ation had been reported for other iron containing catalysts [22,54].
ased on the results obtained, 343 K was determined as the optimal
eaction temperature for phenol oxidation with RH-10Fe. It is note-
orthy that even at room temperature (303 K), RH-10Fe afforded
henol conversion of ca. 43%. Suja and Sugunan [55] reported 81.5%
onversion at 30 ◦C using 100 mg of iron promoted sulfated zirconia
nd H2O2:phenol ratio of 5:1. This shows the highly active nature of
he RH-10Fe for the oxidation process compared to these reported
atalysts. It also indicates that a free radical mechanism may not be

perating in this catalytic system.

.2.2. The effect of catalyst mass
The catalyst mass was varied from 10 to 70 mg (Fig. 6). As the

ass of the catalyst increased, the conversion increased from 62.7
sion with respect to time at different reaction temperature and (b) the variation
in the selectivity of catechol with respect to temperature. Reaction conditions:
phenol:H2O2 (molar ratio) 1:1; catalyst used = RH-10Fe; mass of catalyst = 30 mg;
solvent = water (10 mL); reaction time = 2 h.

to 66.4 (%) for 10 and 20 mg of catalyst. The maximum phenol con-
version of 68.0% was obtained when 30 mg of catalyst was used.
Further increase in the catalyst mass to 70 mg, resulted in a pro-
gressive decrease in the conversion to 61.6%. The rationale for this
Fig. 6. A graph of percentage selectivity and conversion with respect to the mass
of catalyst used. Reaction conditions: phenol:H2O2 (molar ratio) 1:1; catalyst = RH-
10Fe; T = 343 K; solvent = water (10 mL); reaction time = 2 h.
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Table 2
Variation in phenol conversion, product distribution and CAT/HQ ratio under differ-
ent solvents studied.

Solvent DN/ANa Conversion (%) Product distribution (%)

CAT HQ CAT/HQ

H2O 0.33 95.2 61.3 38.7 1.58
CH3C N 0.73 59.3 63.6 36.4 1.75
CH3–OH 0.48 37.9 69.6 30.4 2.30
Dioxane – – – – –

oxidation. This hypothesis was supported by the data presented in
Table 3. Phenol conversion obtained for RH-5Fe, RH-10Fe, RH-15Fe
and RH-20Fe were found to be 85.8, 95.2, 88.6 and 85.0% respec-
tively. A significant increase in the conversion was evident up to

Table 3
Comparative reaction profile of catalysts in the oxidation of phenol by H2O2.

Catalysts Conversion (%) Productdistribution(%)

CAT HQ

No catalyst 0.0 – –
RH-Silica 0.0 – –
Fe(NO3)3.9H2O 56.5 65.3 34.7
RH-5Fe 85.8 57.6 42.4
ig. 7. Bar graph showing the effect of H2O2 concentration on phenol conversion
nd CAT/HQ ratio. Reaction conditions: catalyst used = RH-10Fe; mass of cata-
yst = 30 mg; T = 343 K; solvent = water (10 mL); reaction time = 2 h.

he product selectivity was found to remain consistently at 60.0%
AT and 40.0% HQ throughout the mass variation study. Nonethe-

ess, from this study it can be concluded that 30 mg of catalyst gave
he maximum conversion of phenol.

.2.3. The effect of molar ratio of reactants
The molar ratio of phenol to H2O2 was investigated and the

esults are presented in Fig. 7. The conversion of phenol was found
o increase drastically with an increase in H2O2 amount. At the
ower molar ratio (1:0.5), phenol conversion was found to be 41.0%
nd showed a progressive increase to 95.2% at a molar ratio of 1:2.
owever, further increase in the H2O2 molar ratio to 1:3 did not

how significant improvement in phenol oxidation. Nevertheless,
he formation of HQ increased when the molar ratio was 1:3 (i.e.
AT/HQ decrease). The impact of H2O2 molar ratio towards prod-
ct distribution was reflected in the decrease of CAT/HQ ratio at
:3 molar ratios (Fig. 7). Surprisingly, increasing the molar ratio
rom 1:0.5 to 1:2, there was no major change in the CAT selectivity,
.e. it remained at ca. 61.2%. Based on these results, the optimum

olar ratio was fixed at 1:2 due to the higher phenol conversion
nd moderate CAT selectivity.

By fixing the molar concentration of H2O2 and varying the phe-
ol in molar ratio of 0.5:2 and 1.5:2, results in an increase in CAT
electivity ((CAT/HQ) increased). At a molar ratio of 0.5:2, the con-
ersion reached maximum activity yielding 96.4% but with a higher
electivity for HQ. This suggests that by varying the molar ratio of
he reactants, the required product can be selectively synthesized.
his will be advantageous as HQ is the more sort after product in
he industry. The lower conversion at molar ratio of phenol:H2O2
f 1:0.5 may be due to insufficient amount of H2O2 to react with
he large excess of phenol. With the increasing phenol:H2O2 molar
atio from 0.5:2 to 1:2 and 1.5:2, it leads to selective CAT forma-
ion in which CAT/HQ ratio increase from 1.38 to 1.58 and 1.72
espectively. This clearly indicates that only at lower phenol con-
entration, formation of HQ becomes more favorable. However, as
o why this para-dihydroxybenzene isomer is more favorable at
ower phenol concentration is not well understood at this point.
ased on the results obtained, a moderate ratio of phenol to H2O2
f 1:2 was chosen as the optimum condition.
.2.4. The effect of solvent
Many studies had reported the influence of different sol-

ents on phenol oxidation rate and its product distribution
56,57]. Hence, several solvent systems such as water, acetoni-
rile, methanol and dioxane were investigated. It was observed
Reaction conditions: phenol:H2O2 (molar ratio) 1:2; catalyst = RH-10Fe; mass of
catalyst = 30 mg; T = 343 K; solvent = (10 mL); reaction time = 2 h.

a Mal and Ramaswamy [57].

that phenol conversion was much higher when water was used
as the solvent compared to others (Table 2). The conversion
showed the following trend with respect to the solvent used:
water (95.2%) > acetonitrile (59.3%) > methanol (37.9%) � dioxane
(0%). No reaction was observed in dioxane. It had been reported
that there are three attributes which influence the selection of a
solvent. These are (a) donor potential (DN), (b) acceptance abil-
ity (AN) and (c) polarity of the respective solvent [57]. Thus, as
shown in Table 2, the DN/AN ratio decreases from 0.73 to 0.48 and
0.33 for acetonitrile, methanol and water respectively. The DN/AN
ratio support the higher conversion observed in acetonitrile com-
pared to methanol. However, explanation in terms of DN/AN ratio
could not be applied for water. Thus, the contradictory performance
of RH-10Fe in water medium was probably due to its high polar-
ity. However, surprisingly, CAT formation was facilitated more in
the solvent order methanol > acetonitrile > water. Considering the
environmental factors and higher phenol conversion, water was
selected as the best solvent for the oxidation of phenol.

3.2.5. The effect of metal loading
To study the potential of iron loaded catalysts, experiments

under optimized reaction conditions were carried out for RH-Silica
(control), ferric nitrate (metal salt – as a homogeneous catalyst) and
without any catalyst. These results are shown in Table 3. RH-Silica
was found to be inactive in the oxidation of phenol. No measurable
activity was recorded in the presence of only phenol and 30% H2O2,
which shows that the catalyst was necessary for the reaction to
occur. In order to clarify any contribution of dissolved Fe3+ from the
precursor, the salt Fe(NO3)3·9H2O, was used as a homogeneous cat-
alyst in the oxidation of phenol under similar reaction condition. It
was noted that the use of this metal salt resulted in only 56.5% phe-
nol conversion. Its selectivity was similar to RH-10Fe, i.e. 65.3% CAT
and 37.9% HQ. Iron content in the catalyst was found to play a key
role in controlling the performance of iron silica catalysts in phenol
RH-10Fe 95.2 61.3 38.7
RH-15Fe 88.6 56.6 43.4
RH-20Fe 85.0 55.7 44.3

Reaction conditions: phenol:H2O2 (molar ratio) 1:2; catalyst = 30 mg; T = 343 K; sol-
vent = water (10 mL); reaction time = 2 h.
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ig. 8. The residual concentration of H2O2 over reaction time in 10 mL water in th
nd 30 mg RH-10Fe at 303 and 343 K.

0 wt.% Fe3+ loading. However, further increase in the iron loading
ead to a decrease in the catalytic activity. This was also accompa-
ied with a fall in selectivity of CAT and CAT/HQ ratio. These results
learly showed that upon increasing iron loading >10 wt.%, forma-
ion of HQ was facilitated. In explaining the higher performance of
H-10Fe, these findings can be inferred to the presence of wider
ores in RH-10Fe, i.e. 12 nm, and higher surface area (N2-sorption
nalysis).

It is suggested that larger pore diameter would easily allow the
eactants (phenol and H2O2) to approach the inner active sites of
he catalyst. Hence, for RH-10Fe, high pore diameter and well-
ispersed iron species in the silica matrix allowed accessibility
f the reactants to the active sites for the reaction to take place.
esides this, high pore volume of RH-10Fe compared to other iron

oaded catalysts enabled the accommodation of more active phases
or the reaction to occur. Contrast to this phenomenon, results
howed that there was no improvement in the catalytic activity
s the iron loading increased from 15 to 20 wt.% Fe3+. This corre-
ated well with the low surface area of RH-15Fe and RH-20Fe as
hown in Table 1. For RH-15Fe and RH-20Fe, characteristic features
f low surface area and pore volume reduced the catalytic activity
ompared to RH-10Fe. High iron concentration can actually cause
locking of the pores which can cut off some of Fe3+ active sites deep
ithin the catalyst matrix. This can effectively reduce the specific

urface area of the catalysts resulting in the lowering of catalytic
ctivity [58].

On the other hand, the narrower pore diameter of RH-20Fe could
estrict the bulky molecules such as phenol to approach the active
ites. Additionally, appearance of extra iron species as shown in
R UV–vis spectra for RH-15Fe and RH-20Fe was found to lead to

ts catalytic deficiency in phenol oxidation. It had been reported
hat iron oxide clusters exhibit an inactive catalytic performance
n phenol degradation, due to its increased H2O2 decomposition

hich may be accompanied by iron leaching [43]. Thus, we believe
hat all these factors may have an influence in the poor catalytic
erformance of RH-15Fe and RH-20Fe compared to RH-10Fe.

.2.6. The decomposition of H2O2 and catalytic reactivity
On the basis of stoichiometry in the oxidation of phenol, the

olar ratio of H2O2 to phenol is 1:1. However our results indicated
hat a two-fold increase in H2O2 amount was required for an opti-

um conversion. This is due to the self-decomposition of H2O2

hich is inevitable in the presence of highly active catalysts. Thus,
e carried out the self-decomposition of H2O2 at different reaction

emperatures as shown in Fig. 8.
In Fig. 8(a), it can be seen that the self-decomposition of H2O2

as very slow at both the temperatures studied, i.e. 303 and 343 K.
Time (min)

ence of (a) 4.53 g H2O2 only at 303 and 343 K and (b) phenol = 1.88 g, H2O2 = 4.53 g

At 303 K, the decomposition of H2O2 in the presence of the cat-
alyst was almost the same as without the catalyst. However, at
343 K, the self-decomposition without the catalyst was slightly
faster compared to 303 K. Even with the presence of the catalyst,
the decomposition took 60 min for completion.

We also studied the decomposition of H2O2 in the presence of
the reactant (phenol) and 30 mg catalyst (RH-10Fe) at 303 and 343 K
with the same amount of oxidant. This is represented in Fig. 8(b).
The decomposition of H2O2 occurred very fast in the presence of
RH-10Fe and phenol. At 303 K, the decomposition was complete
in 20 min. At 343 K however, it took less than 10 min for complete
decomposition.

The decomposition of H2O2 can be represented by the following
equations:

2H2O2
RH-10Fe

�
Slow

O2 + 2H2O (1)

2 H2O2 +

OH

2 H2O + products
RH-10Fe

Fast

(2)

If free radicals are formed, then Eq. (1) will be fast and the attack
on the phenol will be much more random. This will yield more than
the observed number of products. As it is, Eq. (1) is slow and only in
the presence of phenol, the reaction becomes fast as shown in Eq.
(2). This means that the active intermediate and the phenol must
come close to each other on the catalyst surface to cause reaction
to occur. Also due to the structural morphology of the catalyst, only
two products are observed.

This also explains the absence of an induction period in which
the reaction proceeds very fast in this catalytic system.

3.3. Leaching and reusability of the catalyst

Table 4 presents the data obtained for the leaching test for
RH-10Fe. The catalyst was removed after 2 min and the reagents
were allowed to continue the reaction. A slight increase in phe-
nol conversion was observed after the removal of catalyst, from
46.1 (2 min) to 50.3% (1 h). This could be due to the concentration

effect arising from evaporation during the transfer of the reagents.
However, at 2 h no increase in conversion (50.1%) was observed.
Therefore, leaching of iron during phenol oxidation can be con-
sidered as insignificant. This implies that if there was Fe3+ that
leached out of the catalyst, then there should have been a sig-
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Table 4
Leaching test for RH-10Fe during the oxidation of phenol by H2O2.

Time (min) Conversion (%) Catechol (%) Hydroquinone (%)

2 46.1 70.4 29.6
10a 47.4 67.5 32.5
20a 47.7 67.2 32.8
30a 48.8 63.0 37.0
60a 50.3 63.3 36.7

120a 50.1 63.6 36.4
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Table 5
Reusability of RH-10Fe under optimized reaction conditions.

Catalytic run Phenol conversion (%)

1 95.2
2 91.1

S
m

eaction conditions: phenol:H2O2 (molar ratio) 1:2; catalyst = RH-10Fe; the mass of
atalyst used = 30 mg; T = 343 K; solvent = water (10 mL); time = 2 h.

a After removing the catalyst.

ificant increase in the conversion of phenol. However, this was
ot observed. To further confirm the heterogeneity of the iron sil-

ca system, RH-10Fe catalyst after leaching test was subjected for
AS. It was found that iron content after leaching test was 7.38%
s shown in Table 1. Insignificant reduction in iron content dur-
ng the reaction confirms RH-10Fe is not prone to much leaching.
t can thus be concluded that the catalytic oxidation of phenol by
H-10Fe proceeds via heterogeneous.

Although the colour of the reaction mixture was slightly dark,
ormation of tar can be considered negligible under the reaction
onditions due to similar CAT/HQ ratio obtained when the reaction
as proceeded to 6 h reaction time – (CAT/HQ = 1.57 (at 10 min),

.58 (at 120 min), 1.55 (at 180 min) and 1.60 (at 360 min). This
ssumption was further confirmed when the catalyst was success-
ully regenerated by a simple physical process which will be made

mpossible if tar was present.

The reusability of RH-10Fe was carried out over several consec-
tive runs. It was observed that after five runs, the catalyst suffered
16% drop in the catalytic activity (Table 5). The iron content after
th reused was subjected for AAS analysis as shown in Table 1.
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cheme 1. The catalytic cycle for the oxidation of phenol by H2O2 in the presence of RH-
ay also be envisaged for the formation of catechol.
3 85.5
4 82.1
5 79.3

These results conclude that the catalyst can be regenerated with-
out any major loss in phenol conversion. However, the method of
regeneration needs to be optimized further to improve catalytic
efficiency.

Ahn and co-workers [22] reported a conversion of only 13% for
Fe-MCM-41 at 50 ◦C on the third catalytic run with 30 mg of the
catalyst and phenol:H2O2 ratio of 1:1 and 15 mL of water as solvent.
It can thus be concluded that RH-10Fe is a better catalyst than Fe-
MCM-41 or other catalyst reported in the literature.

3.4. The proposed mechanism of the catalytic reaction

Several authors have attributed the oxidation of phenol by H2O2
to a free radical mechanism [22,24,59]. It is normal that in a free
radical mechanism the formation of benzoquinones were observed
leading further to the formation of polymeric materials and tar for-
mation. However, in this work benzoquinones were not observed.
Due to this observation, a non-free radical mechanism is proposed

for the conversion of phenol over RH-10Fe under the conditions
studied. A similar mechanism was suggested by Mal et al. [60] for
TS-1. According to 29Si MAS NMR in Fig. 4, RH-10Fe has two possi-
ble silica structures which are Q3 and Q4 as depicted in Scheme 1.
We believe that the intermediate will form on the catalyst sur-
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10Fe. The mechanism shows the formation of hydroquinone. A similar mechanism
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ace assisted by the formation of coordinate bonds by the reactants
o the Fe3+ active centers. We propose both reactants (phenol and
2O2) were adsorbed on the catalyst surface via hydrogen bonding.

. Conclusions

This study shows the remarkable activity of high surface area
nd mesoporous iron incorporated rice husk silica catalysts for the
xidation of a hazardous pollutant, phenol. The enhanced textu-
al properties and well dispersed iron species achieved in RH-10Fe
reatly influences its high activity towards phenol conversion.
eaching of metal species was found to be insignificant. The pre-
ared catalysts were found to be stable and could be reused several
imes.
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