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Fe-MCM-41 with varying Si/Fe ratios (20, 50, 70 and 90) were prepared by using cetyltrimethylammo-
niumbromide (CTAB) as the structure-directing agent (SDA), tetraethylorthosilicate (TEOS) as the silica
source and ethanol as co-surfactant in alkaline medium. The characterization was done by SEM; UV-vis
diffused reflectance and FT-IR. Adsorption of copper solutions with varying parameters such as concen-

tration, temperature and pH were performed over Fe-MCM-41 samples. The experimental data fitted
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well to the Langmuir and Freundlich adsorption isotherm. Fe-MCM-41 having Si/Fe ratio (90) showed
highest copper adsorption capacity at pH 5.5, Cu?* concentration of 59.6 ppm and temperature 323 K.
Fe-MCM-41(90)-Cu(59.6) was tested as a catalyst for oxidation of adamantane using hydrogen peroxide
as the oxidant. The GC analyses revealed significant conversion of 32.5% and selectivity of 54% towards
formation of 1-adamantanol.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

A large number of techniques have been adopted to remove
toxic heavy metal ions from wastewater, produced by mining, refin-
ing and from industrial effluents like textile, paint and dyes. Though
the presence of copper in water and eatables in very low concen-
trations is favorable for oxygen transport in human physiology, a
high concentration leads to fatal consequences. Like other heavy
metals, Cu?* has high affinity for ligands containing nitrogen and
sulfur donors; hence its toxicity is exerted on enzymes and nucleic
acids of human physiology [1]. This leads to haemolysis, damage of
liver and kidney and fever with influenza.

The removal of copper from aqueous state by a simple and eco-
nomically viable method has been a great concern [2]. Reverse
osmosis, ion exchange, nano-filtration are some expensive and
cumbersome methods for the removal of aqueous toxic ions [3].
Adsorption processes have become more popular for its simplic-
ity and economic viability. However, the structural and chemical
heterogeneous nature and multiple adsorption sites of varying
accessibility of metal ions are drawbacks with the common sor-
bents like carbon, clays, biomass, chitosan, etc. Since the discovery
of mesoporous molecular sieves MCM-41 by Beck et al. [4] in 1992,
many modifications of MCM-41 with metals have been performed
for attaining higher activities for adsorption and catalysis [5,6]. But
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the tunable pore sizes of 2-10 nm and superficial large surface areas
extending up to 1000 m?/g makes MCM-41 an interesting support
material for adsorption [7-9].

Incorporation of trivalent atoms into the walls of MCM-41
develops negative centers or Bronsted acid sites that enhance the
activities of the material towards adsorption and catalysis [10-12].
In 1997, Unger and co-workers reported the synthesis of submi-
cron spherical MCM-41. Spherical particles are often considered
ideal for the adsorption study, but unfortunately the pores vary
along with radius of the spherical MCM-41 [13]. These authors
further concluded that the addition of alcohol (which works as
co-surfactant) to the reacting mixture led to homogeneous crys-
tallization system favoring the formation of spherical MCM-41.
MCM-41 silicates proved to be active in oxidation of hydrocar-
bons [14]. The synthesis and characterization of iron incorporated
MCM-41 (Fe-MCM-41) and its catalytic properties have been inves-
tigated by Wang et al. [ 15]. During synthesis, the loading of iron into
MCM-41 was up to 1.8% by both direct hydrothermal method and
template ion exchange method. Samanta et al. synthesized iron-
rich Fe-MCM-41 with a higher loading around 8-10% [16]. The
spherical Fe-MCM-41 was synthesized and reviewed by Szegedi
et al. [17], where the formation of iron hydroxides and oxides
was restricted and the loading of iron into the framework was
also highlighted. The higher stability of Fe-MCM-41 was verified
under temperature programmed reduction studies that showed the
reduction of Fe3* to Fe® was only 3%. Though the catalytic study
and conversion into beta iron by Fe-MCM-41 has been reported
[18], the negative centers were rarely exploited for catalytic activ-
ity in chemical reactions after removing heavy metal toxic ions.
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The oxidation of cyclohexane at 373K [19] and sulfur dioxide at
800-1100K [20] using Fe-MCM-41 as catalyst, has established the
thermal stability (1023 K) of the catalyst. Lam’s group is among the
pioneers to study the removal of Cu?* from aqueous state by meso-
porous materials [21,22]. The rate of access to binding sites of Cu2*
onto organically modified mesoporous silica and its redox prop-
erties were reported earlier [23,24]. The removal of copper from
wastewater has been tried by amino-functionalized mesoporous
silica [25,26]. These copper loaded materials can be used as an
oxidation catalyst; but no such study has been made yet in this
aspect. The oxidation of adamantane is of immense importance as
its oxidized products (2-adamantanol and 2-adamantanone) have
extensive applications in pharmaceutical, agricultural chemicals,
semiconductors and optical materials. Both the products are used as
raw materials for anticancer drugs and cerebral-function improv-
ing agents [27,28].

This reaction is often used as a probe to measure C-H bond
activation capacity by various catalysts. Trissa et al. [29] have stud-
ied this reaction using urea hydro peroxide (UHP) as the oxidant
and vanadium complex anchored functionalized silica as catalyst.
The oxidation of adamantane by H,0O, using iron polynitropor-
phyrins as a catalyst was also reported [30]. In the present paper
we have used Fe3* incorporated MCM-41 as an adsorbent for
removal of toxic Cu?* ions from aqueous solution and also used
the copper enriched Fe-MCM-41 as an efficient catalyst for oxida-
tion of adamantane. Here in, we have tried to solve two aspects:
(I) removal of toxic copper from aqueous system using Fe-MCM-
41 and (II) utilization of Cu*2 adsorbed Fe-MCM-41 as an active
and selective catalyst for oxidation of adamantane. The effects of
different amounts of iron, adsorption temperature, pH influence
on the adsorption process, were also examined and the results are
discussed in the paper.

2. Experimental
2.1. Preparation of mesoporous Fe-MCM-41

Different amounts of iron incorporated spherical MCM-41 were
prepared by slightly modifying the original procedure in order
to avoid the formation of iron oxide and iron hydroxide precipi-
tates in alkaline medium at pH 8.0-8.5 [14]. Tetraethylorthosilicate
(TEOS, Aldrich, India) was used as the silica source for all syn-
theses. The cationic surfactant cetyltrimethylammoniumbromide
(CTAB, Aldrich, India) was used as the structure-directing group.
Nonahydrate ferricnitrate, Fe (NO3)3-9H,0 (Acros) salt was used
for iron modification. CTAB, water, ethanol and TEOS were mixed
in the proportion of 1 TEOS:0.3 CTAB:144 H,0:58 EtOH. To that
milky solution, 0.46, 0.18, 0.13 and 0.101 g of Fe(NOs3)3-9H,0 were
added (where the Si/Fe ratios were 20, 50, 70 and 90, respectively.)
and stirred for 30 min resulting in a light yellow, clear solution. To
that ammonia (3.7 ml) was added at one time causing immediate
gel precipitation. The color of the precipitate was pale beige. Tem-
plate removal was performed by calcining at 790 K. Herein after, the
samples are named as Fe-MCM-41(xx) (xx =20, 50, 70 and 90, cor-
responding to the Si/Fe ratios mentioned above) for as-synthesized
materials. The synthesis of MCM-41 was carried out as mentioned
elsewhere [2].

2.2. Preparation of adsorbate and batch mode studies

A stock solution of copper nitrate, Cu(NO3),-3H,0 (Merck) was
prepared with 0.01 M conc. (approx. 534 ppm) by taking 0.2416 g in
100 ml deionized water. Different concentrations of Cu-solutions
were prepared (0.001, 0.0025 and 0.005 M) by diluting the stock
solution with deionized water. The copper solutions were stamped

as Cu(yy) (where yy=59.6, 153, 272 and 534 ppm). The copper
adsorption process in aqueous solution was studied with varying
temperatures 303, 313 and 323 K in a shaker bath. The influence of
pH on adsorption of copper by Fe-MCM-41(xx) was determined by
ELICO pH meter. The pH ranges of 2.5, 3.5, 4.5 and 5.5 were obtained
by drop wise addition of dilute HCI. The alkaline pH was obtained
by the addition of diluted ammonia solution as addition of NaOH
destroys the orderness of Fe-MCM-41 [17].

2.3. Adsorption experiments

A fixed amount of Fe-MCM-41 (0.02 g) was placed in stopper
conical flasks, to which 20ml of Cu-solutions of different con-
centrations were added. The mixture was stirred for 4h with a
magnetic stirrer and centrifuged [7]. The copper adsorbed materials
were collected and dried at 383K for catalytic activity measure-
ment, whereas Cu concentration in the filtrate was analyzed by
AAS (Perkin-Elmer Analyser AA300). The difference with original
concentration determined the amount of Cu adsorbed. The AAS
was calibrated against standards before each analysis. The equi-
librium adsorption capacity was calculated [8] from the following
Eq. (1):

(Go—Ce)V

Qo= """ (1)

where g. (mmol/g) was the adsorption capacity and Cy (mM)
and C. (mM) were, respectively, the initial and equilibrium metal
concentrations. V (L) was the solution volume and m (g) was
the weight of adsorbent. The Langmuir model considered several
assumptions like the adsorption was localized, all the active sites on
the surface had similar energies, there was no interaction between
adsorbed molecules and the limiting reaction step was the surface
as in heterogeneity of the adsorption sites [31].

2.4. Catalyst preparation and reaction

Fe-MCM-41 samples were subjected to copper adsorption using
Cu*? concentration of 59.6 ppm, pH 5.5 and temperature 323K
since we found that highest percentage of adsorption takes place
under these conditions. We found that Fe-MCM-41(90) showed
highest amount of copper loading (Table 6). The oxidation of
adamantane with hydrogen peroxide was carried out in a glass
batch reactor fitted with a condenser. A known amount of sub-
strate (0.34 g of adamantane, 2.5 mmol), H,O0, (0.85 ml, 5.0 mmol),
catalyst (Fe-MCM-41(90)-Cu(59.6), 25 mg) and acetonitrile (40g)
were taken in a two-necked round-bottomed flask immersed in
an oil bath and fitted with a water condenser. The reactions were
conducted at 333 K for 3 h. The identities of the oxidation products
were confirmed by GC analysis (Simadzu 17A) with a FID detector
using capillary column (ZB5).

2.5. Physico-chemical characterization

The BET surface area, average pore diameter and pore volume of
the prepared Fe-MCM-41 samples and Cu(Il) adsorbed Fe-MCM-41
samples were determined by multipoint N, adsorption-desorption
method at liquid N, temperature (77K) by an ASAP 2020
(Micromeritics). Hitachi S3400N recorded the SEM. A JASCO FT-
IR-5300 spectrophotometer recorded FT-IR spectra for samples in
KBr matrix in the range of 4000-400 cm~!. The diffused reflectance
UV-vis spectra were recorded in VARIAN CARY 100 spectropho-
tometer.
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Table 1
Structural parameters of spherical Fe-MCM-41(xx).

Samples with (Si/Fe) ratio Fe content in the sample (mmol/g)

Surface area (m?/g) Pore diameter (nm) Color of sample

MCM-41 0 1025 2.7 White
Fe-MCM-41(20) 0.48 647 22 Beige
Fe-MCM-41(50) 0.36 725 22 Beige
Fe-MCM-41(70) 0.18 742 2.3 Beige
Fe-MCM-41(90) 0.101 780 2.4 Beige

3. Results and discussion @)

®) Fe-MCM-41
3.1. Spherical Fe-MCM-41 ——— Cu-ads-Fe-MCM-41
As displayed in Table 1, the decrease in pore diameter from 24 A

for Fe-MCM-41(90) to 22 A for Fe-MCM-41(20) may be attributed to =

greater tension experienced by the sample with higher Si/Fe atom s

ratios. Introducing iron into the silicate structure results in the gen- ] (b)

eration of tension of various degrees. This is due to the different 5

bond lengths and angles between Si-O-Si and Si-O-Fe and sim- E

ilarly the difference between the ionic radii of Si** and Fe3*. The ]

closer the ionic radii lesser is the tension. It is reported that with E

increase inloading of iron, the silica framework experiences greater

tension and increase in wall thickness which leads to disorderness

of the structure [32]. The synthesis and characterization of Cu, Co

and Fe incorporated spherical MCM-41 and the acidic character has

been reported [14]. Surface area increased from 647 to 780 m2/g 0 .

with increase in Si/Fe. The color of as-made Fe-MCM-41(xx) sam-
ples was beige with fine texture.

The UV-vis diffuse reflectance spectra of Fe-MCM-41(xx)
exhibited a strong absorption band in the wavelength range
of 220-260nm (Fig. 1), which is assigned to tetra-coordinated
Fe3* species (219 and 255 nm). These samples also demonstrated
weaker absorption bands above 400 nm, which was attributed to
hexa-coordinated Fe3*. No significant difference was found in the
UV-vis DRS by changing the weight percentage of iron, indicat-
ing that Fe was successfully incorporated into the silica network.
The FT-IR spectra of Fe-MCM-41(50) exhibits a broad band in
the hydroxyl region between 3700 and 3000cm~! with a max.
at 3432cm~! (Fig. 2a). This band can be assigned to adsorbed
water molecules. Various C-H stretching vibrations appeared at
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Fig. 1. UV-vis DRS spectra of Fe-MCM-41(xx) samples with various Si/Fe ratios and
Cu-adsorbed Fe-MCM-41 (Si/Fe =90).
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Fig. 2. FT-IR spectra of Fe-MCM-41(90) (a) and Fe-MCM-41(90)-Cu(59.6) (b).

2840 and 2925cm~! due to the presence of organic surfactant
molecules.

3.2. Cu?* adsorption and iron loading

The Cu?* adsorption was investigated by taking Fe-MCM-41(xx)
samples. Increasing Si/Fe atom ratios led to increase in Cu2* adsorp-
tion (Fig. 3). Results obtained by AAS reported higher percentage
of adsorption of Cu2?* jons by Fe-MCM-41(90) (81%) with Cu
(59.6 ppm). The change in parameters like concentration, tempera-
ture and pH of copper solution controls to the extent of adsorption.
The copper adsorbed Fe-MCM-41(90), having lower iron content
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Fig. 3. Adsorption of Cu?*(yy) on Fe-MCM-41(xx).
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Table 2

Structural parameters of copper loaded Fe-MCM-41(xx) with varying copper concentrations.

Fe-MCM-41(xx)-Cu(59.6) Si/Fe
atom ratio(xx)

Fe-content (mmol/g)

Surface area (m?/g)

Pore diameter (nm) Cu content (mmol/g) Sample color

20 0.46 482 2.1 0.80 Bluish white
50 0.18 548 2.2 1.36 Bluish white
70 0.13 595 24 243 Light blue
90 0.101 652 26 2.72 Light blue
C2+ 0.6
Ki) Bi) Biln,® -7 "
\ < \ <] \\ o/
0 e 0 e” N0
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A 2+ e
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Scheme 1. Possible mechanism for the adsorption of Cu?* on Fe-MCM-41. 0.2 Si/Fe=70
SifFe=90
a = SifFe=20 PRI o S
0.1
b = Si/Fe=50
¢ SilFe=70
0.14
d - SifFe=90 0
012 0 0.1 0.2 0.3 0.4 0.5
5 log Ce
__ o1
g Fig. 5. Freundlich adsorption data for Cu?* adsorption on Fe-MCM-41 samples.
0.08
g
3 0.06 where C, is the concentration of Cu?* in the solution at equilibrium
0.04 (mg/L), ge is the amount of Cu?* adsorbed per unit mass of Fe-MCM-
0.02 41 (mg/g), Qo is the max. uptake of CuZ*/unit mass of Fe-MCM-41
) and b is the Langmuir constant.
0 '0 2(')0 4(')0 660 The efficiency of the adsorption has been predicted by the
Ce(mg/L) dimensionless equilibrium parameter R;, which was defined by Eq.

Fig. 4. Langmuir adsorption data for copper adsorption onto Fe-MCM-41(xx).

displayed larger surface area (652 m?/g) and pore diameter (25 A)
compared to higher iron loading (Table 2). The pore diameter of the
Fe-MCM-41(90) was found to be 24 A resembling a microporous
material but after copper adsorption the pore diameter of the Fe-
MCM-41(90)-Cu(59.6) increased to 26 A which may be attributed
to Cu-O-Fe and Cu-0-Si bonding as given in Scheme 1 [8].

The analysis of the isotherm data was important to develop an
equation to which accurately represented the result and which
could be used for design purposes. In order to investigate the
sorption isotherm, two equilibrium models were analyzed, the
Langmuir and the Freundlich adsorption isotherms. The Langmuir
model (Fig. 4) is often used to describe sorption of a solute from a
liquid solution as Eq. (2):

Ce 1 Ce

Ce_ 1, CLe 2
de Qob Qo 2)
Table 3

Constants of Egs. (2)-(4) derived from the list of corresponding models to expt. data.

(3):
1

Rl=—
LR T

(3)
where Cy was the initial concentration of copper in the solution
(mg/L). The adsorption was considered to be irreversible when
R; =0, favorable when R; was between O (Henry’s law) and 1
(Langmuir form), linear when R; =1, and unfavorable when R > 1
(Table 2).

The Freundlich isotherm was mostly used to describe the
adsorption of inorganic and organic components in solution (Fig. 5).
This fairly satisfactory empirical could be used for nonideal sorp-
tion that involves heterogeneous sorption and was expressed as Eq.

(5):
Qe = Ke(C)'/" (4)
the logarithmic form is

log ge = log Kr + n log C, (5)

Fe-MCM-41(xx)-Cu(59.6) Si/Fe ratio(xx) Langmuir constants

Freundlich constants

b (L/mg) Ry Kr (mg/g) (mg/L)" n
20 0.0089 0.24 221 1.54
50 0.0063 0.39 1.01 1.90
70 0.0060 0.53 0.99 1.96
90 0.0057 0.74 1.01 1.99
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where C, and ¢, have the same meaning as in Langmuir isotherm
and K is the Freundlich constant related to the adsorption capac-
ity having dimension (mg/g) (mg/L)". Adsorption is considered to
be satisfactory when the value of Freundlich constant n is between
1 and 10. The constant n is dimensionless and represents ener-
getic heterogeneity of the adsorption sites. The values of Langmuir
constants Qg and b and Freundlich constants n and Kr are listed in
Table 3.

As indicated by the UV-vis DRS spectra (Fig. 1) the copper
adsorbed Fe-MCM-41 showed a broad band between 500 and
900 nm, centered at about 775nm or 12900 cm~!. According to
Lever [33], the adsorption band arising from the d-d transition
in Cu?* jons in an octahedral coordination sphere with elongated
axial Cu-O distances appear at 12200cm~!. Thus, the peak at
12900cm™! in this case may be assigned to the same transition.
The FT-IR spectra as shown in Fig. 2b displayed almost same spectra
for Fe-MCM-41(20, 50,70 and 90) to copper adsorbed Fe-MCM-
41(50) excepting a slight shift of some bands. The bands at 3432
and 2923 cm~! shift to 3468 and 2925cm™!, respectively, due
to template-to-template interaction with Cu?*. A broad band at
1653 cm~! assigned to Si—-OH and Fe-OH vibrations was shifted to
1638 cm~! with more broadening and higher intensity depicting
effective adsorption at surface. A band at 1077 cm~! in adsorbent
Fe-MCM-41 shifted to 1080 and 800cm~! shifted to 799cm™1,
corresponded to asymmetric and symmetric Si-O stretching vibra-
tions, respectively.

We can conclude here that spherical Fe-MCM-41(90) exhibited
highest surface area and pore diameter among all the iron modified
MCM-41 samples. This sample also showed highest copper adsorp-
tion capacity under all the concentration of copper, at pH 5.5 and
temperature 323 K.

3.3. Parameters affecting Cu?* loading onto Fe-MCM-41

The adsorption of Cu?* significantly increased with increased
temperature as shown in Fig. 6. The factors responsible for effec-
tive adsorption such as uniform activation energy of adsobates on
the surface and the intra-particle diffusion were favored by higher
temperature [34]. The fact that adsorption increased with increase
in temperature, established the chemical bonding nature between
Cu?* and Fe-MCM-41. The variation of pH greatly influenced the
amount of Cu®* loading and was highest at pH 5.5 (Fig. 7). As the
higher pH limit for stability of mesoporous MCM-41(8-10), all the
experiments were carried out below the range [17,30]. In lower pH
ranges, the loading was restricted due to interference of H* ions
liberated from acid. The optimum adsorption takes place in the
pH range of 5-6. Above this pH, the adsorption of Cu?* decreased,
which was due to interaction of hydroxyl ions liberated from alkali
to that of adsorbed Cu?* ion present on the surface of Fe-MCM-41
[35].

The effect of concentration of Cu?* on adsorption onto Fe-
MCM-41 was explained on the basis of Gibbs adsorption isotherm,
according to which the extent of adsorption of an electrolyte (175)
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Fig. 6. Adsorption of Cu?* on Fe-MCM-41(xx) at various temperatures.
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Fig. 7. Adsorption of Cu?* on Fe-MCM-41(xx) at various pH (2.5, 3.5, 4.5, 5.5 and
6.5).

in a solution can be expressed as Eq. (6):

ny — (nyn3/n9)

;=
2 o

(6)

where n? and ng were the number of moles of the liquid and the
electrolyte, respectively, present in the bulk of solution and n; and
n, were the amount of liquid and electrolyte present at the sur-
face. The surface tension was designated as o. The adsorption was
favorable for a positive value of I and unfavorable for a negative
values of I, [36].

At higher concentrations of Cu?* the value of ng > n, and n?
was nearly equal to ny. Hence, I, attained higher negative value
which reduced the extent of adsorption. The SEM analysis of Fe-

' (©

Fig. 8. SEM of (a) Fe-MCM-41(90), (b) Fe-MCM-41(90)-Cu(272) and (c) Fe-MCM-41(90)-Cu(59.6).
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Fig. 9. Kinetic study of Cu(59.6) adsorption on Fe-MCM-41(90): (a) pseudo-first-
order model and (b) pseudo-second-order model (Cy values for lines, 1=59.6 ppm,
2=153ppm and 3=272 ppm).

MCM-41 with Si/Fe =90 (Fig. 8a) and samples treated with varying
Cu(Il) concentrations, i.e., 272 ppm (Fig. 8b) and 59.6 ppm (Fig. 8c)
supported the reports of AAS investigations.

3.4. Copper adsorption kinetics

The adsorption rate has been analyzed by taking the
pseudo-first-order and pseudo-second-order equations [37,38],
respectively.

The pseudo-first-order rate expression can be expressed as:

In(ge — g¢) =In ge — kqt (7)

where g, is the sorption capacity at equilibrium (mg/g); g; is the
sorption capacity at time t (mg/g) and Kj is the pseudo-first-order
kinetic constant (min~1).

Pseudo-second-order rate equation may be expressed as:
dq;

4 = kalde — a0’ (8)

where Kj is the pseudo-second-order kinetic constant, expressed in
gmmol~! min—!.Thelinearised form of the above equation yielded:

t_ 1 ¢t
qe kzqg de
linear parameters of Egs. (7) and (9) are commonly used to check
the validity of these models. The apparent lack of linear behaviour
describe the kinetic profile not suitable for pseudo-first-order
model Fig. 9(a). Rather, rates of Cu(Il) adsorption on Fe-MCM-41 are
more accurately described by the pseudo-second-order equation
as shown in Fig. 9(b). Table 4 summarises the calculated parame-
ters ge and K, for each initial copper concentrations Cy; regression
coefficients r obtained from linear fits indicate a good correlation.

(9)

Table 4
The pseudo-second-order rate constant values at different initial concentrations of
copper removal by Fe-MCM-41(90).

Co (mg/L) q. (mg/g) K> (gmol~" min-1) r
59.9 0.84 0.23 0.997
153 0.68 0.62 0.996
272 0.33 131 0.995
Table 5

Thermodynamic parameters for Cu(Il) adsorption on Fe-MCM-41(90) at pH 5.5.

Temperature (K) AGP (k]/mole) AS° (kJ/mole) AH?° (kJ/mole) R?

303 -8.24 0.1180
313 -10.2 0.1168 27.54 0.98
323 -11.6 0.1176

3.5. Changes of thermodynamic parameters with temperature

The spontaneity of adsorption and the solid-solution inter-
face interactions can be explained by thermodynamic parameters
(AHO),(AS%) and (AG?). These parameters are calculated using the
van't Hoff and Gibb’s equations (10) and (11), respectively:

AG® = —RT In K, (10)

_ AH— AG°
TTT

Ky is the equilibrium constant of adsorption.

The enthalpy change, AH? is determined from the plot of
InK,; vs. 1/T (as dInKy/dT=AHC®/RT?). The values of AS® and
AGY are determined from Egs. (10) and (11). As shown in
Table 5, the decreased value of AG? from —8.24 k]/mole (303 K) to
—11.6kJ/mole (323 K) indicated increased adsorption with increase
in temperature. Fig. 10 also indicates a good relation with the
regression coefficient R2 (0.98) with a linear form.

AS°® (11)

3.6. Catalytic reaction

It has been reported by Trissa et al. [29] that the optimum con-
ditions for adamantine oxidation are as follows: adamantane to
oxidant ratio (mol:mol) (1:2), temperature 333 K and time 3 h. For
evaluating the activities of our catalysts and making a comparison
between them, we have maintained similar experimental condi-
tions. Among all the catalysts Fe-MCM-41(90)-Cu(59.6) showed
highest adamantane conversion and selectivity to the products. The
formation of 1-adamantanol and 2-adamantanone were 54% and
48%, respectively, against 25% and 22.8% in case MCM-41 (Table 6).

The mechanism for oxidation of adamantane with H,0, with
Cu-adsorbed Fe-MCM-41 is presumed to be of a free radical type.

6
5.8

56 ¢\
5.4 N

S
5.2

5 \\0

4.8 \

46 "
4.4 ™~
42 Ry

4
0.00305

In Ka

0.0031  0.00315 0.0032

1/T(K)

0.00325 0.0033 0.00335

Fig. 10. Van't Hoff plot for Cu(59.6) adsorption on Fe-MCM-41(90).
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Table 6
Oxidation of adamantine over various catalysts.

Catalyst used Cu content (mmol/g)

Conversion (wt.%)

Product selectivity

1-adamantanol

2-adamantanone

MCM-41 -
Fe-MCM-41(90) =

Fe-MCM-41(50)-Cu(59.6) 1.36
Fe-MCM-41(70)-Cu(59.6) 2.43
Fe-MCM-41(90)-Cu(59.6) 2.72

14.1 22.8 25.0
143 284 255
18.6 36.2 34.5
28.6 454 41.5
325 54.8 48.6

Reaction conditions: catalyst wt.% = 25 mg, adamantane = 0.34 g (0. 25 mol), H, 0, (oxidant)=0.85 ml (0.25 mol), acetonitrile (solvent) =40 g (0.5 mol), temperature = 60 °C and

reaction time=3.0h.

Hz 02+ Cu* — -HO;+ H' +Cu"™
‘HOz +H (Iiberaied from adamantane) — H202
Hz 02+ Cu™ — -HO| + OH + Cu® ,

H* +OH — H0

Step-1:
OH i
-H
. . _> OH
—H
adamantane U I-adamantanol
Step—I:

1 -H
< () >
adamantane OH HO

Step - IlI: 2-adamantanol

: - 20
Y
S ;

2-adamantanone
2-adamantanol

Scheme 2. Possible mechanism for oxidation of adamantane.

The reaction mechanism involving a radical species was proposed
from ESR and kinetic data [39]. The catalysts initially abstract
the hydrogen of adamantane to form the adamantyl radical. The
adamantyl radical formed promotes the successive formation of
the key intermediates, such as adamantyl radical and hydroper-
oxide species. This step is promoted mainly in presence of Cu2?*
which facilitates the formation of HO,-free radical by itself get-
ting reduced to Cu'* which reacts with H,0, forming *OH radical.
This radical attacks adamantane at 1 and 2 positions simultane-
ously forming 1-adamantanol and 2-adamantanol. Between the
two products, the later is highly energetically unstable and liber-
ates H, by taking one hydrogen atom from the same position, thus
producing 2-adamantanone. This agrees to the fact that both 1-
adamantanol and 2-adamantanone are formed at simultaneously.
The proposed mechanism for the oxidation reaction is represented
in Scheme 2 [40].

4. Conclusions
Fe-MCM-41(90) was found to be an efficient adsorbent for

removal of Cu?* from aqueous solution. The optimum adsorp-
tion (81%) occurs at a temperature of 323K, pH 5.5 and Cu?*

concentration 59.6 ppm. The copper enriched sample [Fe-MCM-
41(90)-Cu(59.6)] can be efficiently used as a catalyst for the
oxidation of adamantane in presence of hydrogen peroxide. The
sample exhibits a 32.5% conversion with 54.8% selectivity against
only 14% conversion in absence of any catalyst. Our process of oxi-
dation adamantane using copper loaded Fe-MCM-41 is simple, cost
effective and eco-friendly.
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