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Spinel Mn^Co,_^Al204 (x =  0, 0.3 and 0.5) nanoparticles were synthesized using Sesamum indicum 
(S. indicum) plant extracted microwave-assisted combustion method. S. indicum plant extract simpli­
fies the process, provides an alternative process for a simple, economical and environment friendly 
synthesis. The absence of surfactant/catalysts has led to a simple, cheap and fast method of syn­
thesis of spinel nanoparticles. The as-synthesized spinel nanoparticles were characterized by X-ray 
diffraction (XRD), Fourier transform infrared (FT-IR) spectroscopy, high resolution scanning elec­
tron microscopy (HR-SEM), high resolution transmission electron microscopy (HR-TEM), energy 
dispersive X-ray analysis (EDX), Brunauer Emmett Teller (BET) surface area analysis, UV-Visible 
diffuse reflectance spectroscopy (DRS), Photoluminescence (PL) spectroscopy, and vibrating sam­
ple magnetometer. The formation of spinel nanoparticles was confirmed by HR-SEM and HR-TEM 
and their possible formation mechanisms were also proposed. Powder XRD, FT-IR, SAED and EDX 
results confirmed the formation of pure and single cubic phase CoAIjO^ with well-defined crys­
talline. The optical property was determined by DRS and PL spectra. VSM measurements revealed 
that pure and Mn-doped CoAI^Oj samples have weak ferromagnetic behavior and the magnetiza­
tion values increases with increasing the concentration of Mn^' ions in the C0AI2O4 lattice. Sample 
Mno 5CO0 5AI2O4 possesses a higher surface area, smaller crystallite size than other samples, which 
led to enhance the performance toward the selective oxidation of benzyl alcohol into benzaldehyde.

Keywords: Spinel, Nanoparticles, Cobalt Aluminate, Sesamum indicum Extract, Opto-Magnetic 
Properties, Catalytic Properties.

1. INTRODUCTION
Recently, nanostructured materials signify an attractive in 
nanoscience and nanotechnology, due to novel physical, 
electrical, optical, magnetic and catalytic property than 
that of bulk materials.'"'” Spinel nanocry.stalline materi­
als are clas.ses of binary transition metal oxides signify 
an attractive in the past decade, due to their small size 
exhibits novel physical and chemical properties leads to a 
various potential applications." '" Among various transi­
tion metal oxides, spinel cobalt aluminate (C0AI2O4), has 
gained lot of attention in multidisciplinary areas, due to 
their efficiency in ceramics, electronic, optical, catalyst.

’Authors to whom correspondence should be addressed.

catalyst supports, aerospace, paints, dielectrics and sensing 
applications.'^''' Spinel C0AI2O4 offers many favorable 
properties such as mechanical strength, thermal stability, 
and low temperature sintering ability, high chemical stabil­
ity, wide band-gap energy, excellent optical transparency 
and good metal dispersion capacity.'^ '" Spinel C0 AI2O4 
is largely used in paints for coloration, ceramics, enamels, 
paper, plastics, rubber and fibers.'’

A variety of methods have been used for the preparation 
of spinel CoAUOj nanostructures such as low-lcmpcralurc. 
.such as .sol-gel, hydrolysis, and polymerized complex 
methods. '̂^^’ However, the above conventional methods 
de.sirable costly equipments, materials and laborious syn­
thetic procedures, thus leading to the tedious polluting



pmcc.ss. RL'comly. a no\ cl and facile mclliod has heen uacd 
lo pic|iaic nanomaicnals vviili hiyli surface area, called 
inicnnvave-assisled conihusUon inelliod (MA('M). In [Ills 
MACM approach die samples are prepared al low tcin- 
perauires. low cost with good eomrol of size, slaiciiire 
and morphology, due lo its last reaction kinetics, cleanli­
ness and efiieienev,’' Also, M.AC'M route of preparation 
IS easy, last and low energy w ith soil melhoil than the 
above said m e t h o d s . Furthermore, lo our knowledge, 
no literature is available on the sy nthesis, structural, opto- 
magnelic and catalytic properties of Mn-doped CoAI,()4 
nanostructures by a simple MACM route.

Moreover, simple and cost effective methods to .syn­
thesize C0 AI2O4 nanostructures by cheap, nontoxic and 
environmentally benign precursors are still the key issues. 
Therefore, the present study was the synthesis of pure and 
Mn-doped CoAl ,04 nanostructures by using green method 
on extract from Sesamum imUcum (S. ill Îic l̂nl) and deter­
mines the potential catalytic oxidation of benzyl alcohol 
into benzaldehyde. Sesame plant belongs lo the family 
Pedaliaceae and genus Sesenmim. The genus consists of 
about 36 species of which 19 species are iudigeuous to 
Africa.-^ To our knowledge, no literature is available on 
the synthesis and opto-magnetic and catalytic properties of 
pure and Mn-doped C0AFO4 nanostructures by a simple 
S. indicum plant extracted MACM route. However, in our 
present case, the samples were prepared using S. indicum 
plant extracted MACM is a green synthesis non-polluting 
with low cost. Spinel CoAljOj nanostmetures have been 
used extensively as a heterogeneous catalyst and it can 
be recovered easily from the reaction mixture by sim­
ple filtration and reused several times. Moreover, spinel 
C0AFO4 is non-toxic, inexpensive, relatively high surface 
areas and these properties make them suitable for use as 
economically and environmentally viable solid heteroge­
neous cataly.sts. Generally, two main factors affecting the 
catalytic property of catalysts arc the specific surface area 
and particle size, and typically a high surface area goes 
along with small particle size, which enhances the catalytic 
activity. The as-prepared samples were characterized by 
powder XRD, FT-IR, HR-SEM. HR-TEM, EDX, DRS, PL 
spectra and VSM techniques and the obtained results are 
discussed. The product fomied by the catalytic oxidation 
of benzyl alcohol into benzaldehyde was characterized by 
gas chromatography (GC). Catalytic activity tests of ben­
zyl alcohol were carried out and reported the influence of 
Mn’ ' -dopant on catalytic activity of .spinel C0AI2O4 nano- 
calaly.sts. The best activity and .selectivity towards catalytic- 
oxidation of benzyl alcohol were observed.

2. EXPERIMENTAL PART
2.1. Materials and Methods
All the chemicals used in this study were of analyt­
ical grade obtained from Merck, India and were used 
as received without further purification. All chemicals

such nitrates of cobalt, manganese and altimimum. 
and Sesaimiiii indicum plant extract as the reduemg 
agent were tiscd for this method. The Sesawiiiii mdinun 
leaves were collected from the local agricultural lickis. 
Athanur. Peravurani. Thanjavur 61-1S04. Tamil Nadu. 
India. S. imliciim plant extractctl solution was prepared 
from a 3 g portion of thoroughly w tishcd S. indicum letix cs 
w ere llnely cut and the gel obtttined wtis dissoh ed m 1(1 ml 
of de-ioni/.ed water and stirred for .fO min to obtain a clear 
solution. The resulting prodtict was tised as an S. indicum 
plant extracted solution.

In the preparation of C0AI2O4 samples, aluminium 
nitrate (10  mmol) and cobalt nitrate (5 mmol) were first 
dis.solved in the 5. indicum plant extracted solution under 
vigorous stirriug at room temperature for 1 h until a 
clear transparent solution was obtained. In this prepara­
tion process, S. indicum plant extracted .solution has a 
double function of both reducing and gelling agent for 
the synthesis of mixed metal oxides. Metal nitrate salts 
and the S. indicum plant extracted solution were cho­
sen by considering the total reducing and oxidizing agent 
valences of the raw materials and were quantified in equiv­
alence of NOx reduction (N ,0 to N,, CO, and H,0) 
at a low temperature. The precursor mixture of metal 
nitrates in S. indicum extracted solution was placed in a 
domestic microwave oven and exposed lo the microwave 
energy in a 2.4.S GHz multimode cavity at S.30 W for 
10 minutes (Scheme 1). Initially, the precursor mixture 
boiled and underwent evaporation followed by the decom­
position with the evolution of gases. When the .solution 
reached the point of spontaneous combustion, it vapor­
ized and instantly became a solid. After completion of 
the reaction, the obtained .solid powder was then washed 
with ethanol and dried at 70 °C for I h. The samples 
were prepared with the addition of Mn^' of different 
molar ratios (MnjCo,_jAl204 ; x =  0.0, 0.3, and 0.5) to 
C0ALO4. The obtained powders were labeled as CoAl,0 4 , 
Mn,i3CO||7Al204 and Mn„^Coy<iAl204 , respectively, and 
then used for further characterizations.
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Scheme 1. Preparation procedure of spinel CoAl^Oj nanoparticlcs 
by Sesamum indicum plant extracted microwave-assisted combustion 
method.



2 .2 . Cluirac'tci i/iilion 'l'eilinii|iic.s
The siriicliiial diaiaclcn/alioii of spinel \ 1n (̂?0 |_ .AI.O, 
(v =().(). 0 ..̂  and ()..s) .saiii()Ies were |)erromiecl u.Miiy a 
Rijiaku Ullima X-ray dilTrueumieler (XRD) lor 20 val­
ues ranjriny I’rom 10 lo SIT usinj; Cu-Kir radialion (A =
I..S4I8 A). The surlae'e lunetional groups were analy/ed 
hy I'erkin Hliner I T-IR speeirometer. The surlaee mor­
phology ol the samples was aeliieved al desired magni- 
fiealion with a Joel J.SM 6.J60 high resolulion seanuing 
eleelroii mienr.scope (HR-SEM) ec|uipped vvilh energy di.s- 
persive X-ray (EI)X) for elemcnlal composition analysis. 
The iransmission eleclron micrographs were carried out by 
Philips-TEM (CM20). The UV-VisibIc dilfusc rcllcclancc 
spectrum (DRS) was recorded using Cary 100 UV-Visible 
spectrophotometer lo estimate their band gap. The photo­
luminescence (PL) properties were recorded using Varian 
Cary Eclipse Fluorescence Spectrophotometer. Magnetic 
measurements were canned out at room temperature using 
a PMC MicroMag .2900 model vibrating sample magne­
tometer (VSM) equipped with I Tesla magnet.

2.3. Catalytic Test 
The oxidation of benzyl alcohol using spinel
Mn,CO|„,AI2O4 (.r =  0.0, 0.3 and 0.5) samples was 
carried out in a batch reactor operated under atmospheric 
conditions. 5 mmol of oxidant (HjO,) was added along 
with 0.5 g of spinel Mn,CO|_jAl,0 4  catalysts (x = 0.0, 
0.3 and 0.5) and the contents were heated at 80 °C in 
an acetonitrile medium for 5 h in a three necked round 
bottom flask equipped with a reflux conden.ser and ther­
mometer. The oxidized products after the catalytic reaction 
are collected and studied using Agilent GC spectrometer. 
The column used for the study was DB wax column 
(capillary column) of length 30 mm and helium was used 
as the carrier gas. GC technique was carried out to know 
the conversion percentage of the products. The yields of 
the benzaldehyde formed were calculated by the following 
formula ( 1 ) and (2 ),̂ '’

Conversion (%) ==
Std. peak area-Sample peak area

Sample peak area

X 100

Selectivity (%) =
Sample peak area 
Total peak area

X 101)

( 1 )

( 2)

Fijiurt* 1. Powder XKD puUtnns of spinel Mn. C o , At,O, t.r =  U.0,0.3  
and 0.5) samples.

(422). (511). (440), (620) and (533) diffraction planes. 
According to the XRD paltern.s, all diffraction peaks can 
be perfectly indexed as face centered cubic spinel C0 AI2O4 
(JCPDS card no. 38-0814).’' Tlie intensities and position 
of the peaks of the synthesized powders are in agreement 
with iho.se of standard JCPDS and no other peak of any 
secondary phase was detected, which indicates that the 
prepared samples were pure cry.stalline materials.

The average crystallite .size calculated from the mo.st 
intense X-ray diffraction peak (311) using scherrer’s 
Eq. (3),

0.89A
0  = - ----- r (3)

3. RESULTS AND DISCUSSION
3.1. Powder X-ray Diffraction (XRD)
The crystal structure and phase purity of the powders 
were confirmed by analyzing the powder XRD pat­
terns. Figures l(a)-(c) shows the XRD patterns of .spinel 
Mn,Co,_jAl204 (.r =  0.0, 0.3 and 0.5) nanoparticles, 
respectively. The characteristic peaks at 20 of 31.16,36.86, 
38.69, 44.57, 49.15, 55.79, 59.48, 65.59, 74.28 and 77.56° 
are corresponding to (220), (311), (222), (400), (331),

ji cos 8
where ‘O' is the average crystallite size, ‘A’, the X-ray 
wavelength, ‘0,’ the Bragg diffraction angle and ‘P’, the 
full width at half maximum (FWHM). The average crys­
tallite size was estimated by applying the Scherrer's equa­
tion on the peak at 26 = 36.86° for all samples and are 
shown in Table I. It was found that the average crystal­
lite size was higher (20.65 nm) for pure C0AI2O4 while 
the cry.stallite size decreased from 18.76 nm to 16.14 nm 
for Mn-doped C0AI2O4 (x =  0.3 lo 0.5). It can be seen 
that the widths of XRD peaks for the samples obtained at 
higher concentration of Mn-dopant (Miio 5Co„ 5Al204) are 
broader, indicating that the crystallite size is very smaller 
than other samples. The result reveals at Mn doping on 
C0AI2O4 sample controls and retards tfie growth of the 
crystallite size.

Table I. Cr>’siallile size, BET surface area and band gap values of 
spinel Mn,CO|_, AI2O4 (a =  0.0. 0.3 and 0.5) nanopariicles.

Samples
Crysialliie 
size (nm)

Band 
gap (eV)

BET surface 
area (mVg)

CoAl,0, 20.65 3.32 67.43
MnnXOmAUO, 18.76 3.46 70.26
Mn,„Co„^AI,0., 16.14 3.63 73.54



3 .2 . [ iiuiiLT 1 |■;ln^^l)rm (nIV artd  l l  l - I U l  Aiialy.si.s

riyurcs 2(a)-(c) show thi.’ 1-T*IR spL'cira of .spinel 
Mn,CO|_ , A l ( V =  (1.0. 0..̂  ami 0.5) nanoparii-
ele.s. .A hroad ah,sor[iU()n band cemered in ihe region 
.2 100-.2.300 em '. whidi can he assijneil lo die vihraiion.s 
of Maid H,f) nioleeules. The ahsorplion band al 
2.237 ein ' is due In die suelehine \ibraiion ol ('().. 
,s\ band al annind l(i.2() em ' is pie.seni in all eomposilions, 
which ean be assigned lo die ll-O-H bending vibralion. 
The bands al X27 cm '. 067 end' and 360 em~' eon- 
limi ihe spinel siruetiire of C0 .AUO4. In all eomposilions 
of C0 AUO4 samples, die melal-oxygen slrelehing frequen­
cies are reported in the range 300—900 em"', associated 
with the vibrations of M-O, A1-0 and M-O-Al bonds 
(M =M n. Co).’"' ”  The results are in good agreement with 
the results obtained from the XRD analysis.

3.3. Scanning F.lectron Microscopy (SEM) Studies 
The morphologies of .spinel Mn^Co,_, AI2O4 (x =  0.0, 
0.3 and 0.5) samples were confirmed by high resolu­
tion scanning electron microscope (HR-SEM) analysis. 
Figures 3(a)-(e) shows HR-SEM images of C0AUO4, 
Mil,,-CoiiyAUOj and MnnsCOnsAROj, respectively. HR- 
SEM images consist of agglomerated particle-like nano­
crystals with uniform grain size smaller than 50 nm. 
It is believed that, during the combustion reaction, the 
microwave energy is used to nucleation growth of metal­
lic Co-'*' and Al’  ̂ cations mixture obtained with a very 
short time was subjected in the microwave irradiation treat­
ment to formed final products within few minutes of time 
with narrow size range was obtained.^' The results proved 
that MACM route is a fast and ea.sy method, due to the 
microwave energy can directly interact with the material 
interior, which re.sults in a well-developed nano-sized par­
ticles and there is no need for further calcinations.

Figure 2. FT-IR spectra of spinel Mn,Co,_,Al.O, (.y =  0.0. 0.3 and 
0..S) samples.

Figure 3. HR-SF.M images of (a) CoAbO^, (b) Mn^iCOo^AbO, and 
(c) Mnd^CoosAl.Oj samples.

3.4. Transmission Electron Microscopy (TEM) Studies 
The crystal structure, morphology and particle size of the 
samples were confirmed by high resolution transmission 
electron microscope (HR-TEM) analysis. Figure 4(a) show 
the HR-TEM images of Mn ^Co„5Ali04 sample. It was 
confirmed that the samples consists of particle-like nano­
crystals with small amount of agglomerations. However, 
the.se nanoparticles are in the range of 15-22 nm in diam­
eter; the.se values are in good agreement with the val­
ues obtained from XRD data. The selected area electron 
diffraction (SAED) pattern of the sample Mn 5Co„5Al,0 4 ,
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rigun- 4. HR-TRM images (a) and SARD paitcrns (b) of Mn„sCo„,AUO| sanipics.

presemed in the Figure 4(b), correspond to that of a spinel 
phase conhrmalion. The SAED pattern implies that the 
as-prepared spinel CoAI,()4 nano-erystals are good crys­
talline materials and single crystalline in nature.

The formation mechanism of .spinel Mn^CO|_,AhOj 
(a =  0.0, 0.3 and 0.5) was proposed and the MACM 
route is one of the simplest methods for preparing of 
various functional nanomaterials. In this present study, 
MACM route was u.sed .successfully for synthesizing of 
Mn_,CO|_, AI2O4 (x =  0.0, 0.3 and 0.5) nanoparticles using 
metal nitrates and Sesamum indicum plant extract gelling 
solution as raw materials. In this MACM synthesis, Sesa­
mum indicum plant extracted solution act as a complexing 
and reducing agent, which is homogeneously mixes with 
metal cations in atomic scale and the microwave energy 
is used to nucleation growth of metallic Co^+ and Al̂ + 
cations mixture obtained with a very short time and formed 
final products within few minutes of time.™

3.5. Energy Dispersive X-ray (EDX) Studies 
Elemental composition of the samples was confirmed by 
Energy dispersive X-ray (EDX) analysis. Figures 5(a), (b) 
shows the EDX spectra of C0AI2O4 and Mnn îCo,, 5AI2O4, 
respectively. EDX results showed that the peaks of 
Mn, Co, A1 and O elements in spinel C0AI2O4 and 
Mn„5Co,|5Ali04 samples, respectively and there is no 
other peak, which confirmed the as-prepared samples are 
pure products. The percentage of Co/Mn values obtained 
is given in inset of Figures 5(a). (b). Pure and Mn’^-doped 
C0AI2O4 did not deviate from their initial .stoichiometry 
and matched well with the initial degree of substitution. 
It is fascinating to note that the synthesis route entirely 
favors the formation of mixed spinel and allowing us to 
study the effect of increasing Mn“" content on the proper­
ties of the CoAUOj. However, a small peak is appeared at 
2.1 KeV for both samples, which indicated the presence of 
gold (Au) peak and it is has been used as a sputter (gold) 
coating, while preparing the sample for HR-SEM record­
ing for the better visibility of the surface morphology.

3.6. Nj Ad,sorption/Desorption I.sothernis
Surface area and the adsorbance competence of 
Mn,CO|_jAl204 nano-catalysts, BET surface area analy­
sis was carried out. BET surface area studies revealed the
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Figure 5. EDX spectra of of (a) C0AI2O4 and (b) Mno^COojAKOj 
samples.



s[iccilic rolalion hciWL’cn llic LOULCiurauon of ihc adsoibaic 
atul its aclsorplii'M dogicc oiilo iho atlsorhciU sui lacc oi ihc 
saiii|)k’s. Il i.s well known lliut llic surlacc area |iaraiiieler> 
of llic samples vaiictl aeeordinj; to llie eoneeiuralion of 
Mil- dopant on MiijCO|_ , Al,()_, nano-ealalysis (Table I). 
However, the sample Mn. T'o,,  ̂Al,()_; has hiyber surlaee 
area (7.v.v4 m /g) than other samples. In MAC'M synthe­
sis rotite. an ellieieni anil a homogeneous heating would 
result in a rapid and uniformity luieleation followed by the 
growth of spinel Mn,CO|. , Al nanoparticles.

3.7. DilTu.se Reflectance Speclro.scopy (DRS)
The fundameiUal process of UV-Visible absorption/ 
reflectance/transmiltance of light by nano-sized semicon­
ducting metal oxides is significant to their electronic 
structures. Hence, the UV-Visible diffuse reflectance spec­
troscopy (DRS) study plays a vital role in estimating the 
band gap energy of the materials. The optical energy band 
gap was calculated using Tauc relation.'^ The Kubelka- 
Munk function is generally applied to convert the dif- 
fu.se rcllectance into equivalent ahsorption coeflicicnl and 
mostly used for analyzing the powder samples.”  The 
Kubelka-Munk function F{R) was used to calculate the 
hand gap energy of spinel Mn^Co,_j AI2O4 samples. Thus 
the vertical axis is converted into quantity F(R) which is 
equal to the absorption co-efficient. Thus the ‘a ’ in the 
Tauc equation is .substituted with F(R) and hence the rela­
tion becomes,

(f(R )) =  a =  (4)
2R

where, F(R)  is Kubelka-Munk function, the absorp­
tion coefficient, 'R' the reflectance. Thus the Tauc relation 
becomes,

F{R)hv = A ( h v - E J '  (5)
where n =  1 / 2  and 2  for direct and indirect transitions, 
respectively, thus giving direct and indirect band gaps. 
The plots of (F{R)hv)- versus hv for all compositions are 
shown in Figure 6 . Extrapolation of linear regions of these 
plots to {F{R)hv)- = 0  gives the direet band gap values.

The optical band gap energy values for all composition 
of Mn^CO|_,Al204 as shown in Table I. The direct band 
gap value of the pure C0 AI2O4 was observed to be 3.32 eV, 
and it is increased with increasing the concentration of 
Mn^^-dopant. The observed higher band gap energy of 
undoped CoAl,0 4  sample is due to larger particle size.”  
Conversely, the band gap energy increased from 3.46 cV 
to 3.63 eV with increase in Mn-"** content {x = 0.3 to 0.5) 
in CoAI,0 4  matrix, due to decrease of particle size. The 
increase of band gap energy may also be due to the sp-d 
exchange interaction between the localized d-electrons of 
Mn̂ '*' ions and band electrons of C0AUO4. Thus, the con­
traction of band gap with Mn’" doping could be due to the 
formation of sub-bands in between the energy band gap 
and merging of their sub-bands with the conduction band 
to form a continuous band.”

Fifuirefc. UV-Vi.i DRS spectra iif (a) CoAl.th. (b) Mn„,Co„,AI,Oj 
and (c) .̂ samples.

3.8. Photoluniinescenee (PI,) Studies
Photoluminesccnce (PL) spectra were recorded to inves­
tigate the recombination phenomena of semiconducting 
materials. Moreover, PL spectrum gives the information 
about the band gap w'ith the relative active position of 
.sub band gap and defect states of the semiconductors.”  ”  
Generally, C0ALO4 is employed as the spinel type mate­
rial. and doped with transition metals (e.g., Cu and Mn) 
as the activator and co-activator. However, in this present 
study, we have reported PL properties of .spinel CoALOj 
doped with Mn’L Figure 7 demonstrates the room tem­
perature PL spectra recorded at =  310 nm of CoALO., 
samples prepared with various doping concentration of 
Mn-' content. A small band is observed at 358 nm i.s 
ascribed to the near band-edge emission of wide band 
gap of C0ALO4 due to the recombination of free excitons 
through an exciton-exciton process. In the present study, 
spinel Mn^Co,.^ALO4 (a =  0.0, 0.3 and 0.5) samples

Figure 7. PL spectra of (a) CoAl.Oj, (b) Mn.nCOoTALOj and 
(c) Mn„4Co„5Al,0 , nanopariictes.



allows a peak correspondina lo violet emission centered at 
423 nm, due to the radiating defects related to the inter­
lace traps existing at the grain boundaries. Also, a blue 
emission (4iS2 nm) a|ipeared which represent a deep level 
visible emissions associated with localized levels in the 
band gap.""' However, it is observed that doping of Mu' 
in Co.AI,()4 lattice increased the luminescence intensity 
with an increa.se the iVIn' dopant. Thus, the results are 
suggested that various emissions in spinel Mn,CO|„j AliOj 
arises, due to the defect centers that act as trap levels, 
which leads lo the appearance of new electronic energy 
levels between the valence and the conduction band.'"

3.9. VSM Mea.sureiiieiits
The magnetic behavior of spinel Mn^Co,., AhOj (x =  0.0, 
0.3 and 0.5) nanoparticles were investigated by using the 
external magnetic field between ±15 kOe using room tem­
perature vibrating sample magnetometer (VSM). Magneti­
zations (M) versus magnetic field (H) behavior plots are 
shown in Figure 8 . The ob.served saturation magnetization 
(MJ, remanent magnetization (MJ and coercivity (HJ  val­
ues are reported in Table II. These M- H  curves are typ­
ical for a soft magnetic material and indicate superpara 
(pure C0AI2O4) and weak ferromagnetism (Mn^^-doped 
CoAI,0 4 ; X =  0.3 and 0.5), respectively, in the field ranges 
of ±15 kOe. Pure and Mn^'''-doped C0AI2O4 nanoparti­
cles display ‘hysteresis’ type curve and the magnetiza­
tion increased with increasing Mn-'*' ions. The obtained 
result show that the value of is lower (1.465 x 
10 ““' eniu/g) for undoped C0AI2O4, and it is increased 
from 20.64 x 10 '' emu/g to 62.23 x 10'" emu/g with 
increase the concentration of Mn^" {x = 0.3 to 0.5), which 
can be attributed to the high magnetic nature of Mn '̂" 
ions (5 /xB) substituted by the lower magnetic moments 
of Cir" (3 /xB) ions in the spinel C0AI2O4 lattice."-^" 
However, it is observed that lower and values con­
firm that pure and Mn̂ '*' in C0 AI2O4 nanoparticles have

I'ahU' II. Maf’uclii. [3n>(XTUes |in,ijHicii/aiion. icmanenee aiul -
i( \) olMn.Co, ,A! .0 , = 0 0  0 ;i atul 0..‘' ) naiu'parudcs.

//, .W ( -10 •)
.Samples (Ocl lcinu/g» (ciim/j!)

('oAKO. ‘>0 2 21.1 I 4(>5
Ntn,. ,Co,, Al-O. 4 245 20 M

AI.O, 277.54 12 41 h2 21

.soft luilurc of superpara and weak ferromagnetism respec­
tively. due lo the exchange between the ions occupying the 
tetrahedral and octahedral .site.s.'‘'''"^

3.10. Catalytic Tests
It is well known that the catalytic activity of nano­
materials depends strongly on particle size, morphol­
ogy and structure. Nano-matcrials have been receiving 
increased attention, because they exhibit unusual proper­
ties that are significantly different from those of relatively 
larger particles of the same materials.'""'''' These unusual 
properties have been attributed to the extremely small sizes 
and the high specific surface area of the nano-catalysts. 
In the present study, the liquid phase catalytic oxidation 
of benzyl alcohol into bcnzaldehyde was carried out using 
the spinel Mn,CO|_4ABOj (x =  0.0, 0.3 and 0.5) nano­
catalysts. Catalytic studies showed that the nature and con­
centration of dopant ions had a strong influence on both 
the conversion and product selectivity. The catalytic results 
were summarized in Table 111.

Generally, the catalyst with a high .specific surface area 
has a favorable effect on the catalytic activity. In this 
present work, the surface area of the Mn4Co,_4Al204 
(x =  0.0, 0.3 and 0.5) nano-catalysts gradually increased 
with the increase of Mn^" content (x =  0.5). How­
ever, the sample Mn|| 4Cou5Al204 had higher surface area 
(73.54 mVg) than other samples, due to the smaller 
size of Mn||4CO||4Al204 particles. Furthermore, the sam­
ple MniijCo,! JAI2O4 .showed better catalytic activity than 
other samples (Fig. 9). However, the higher specific sur­
face area of Mn|, 5Co„5Al204 nano-particles was useful to 
catalytic activity via enhancing the adsorption of benzyl 
alcohol, which is the determining step in the catalytic reac­
tion. It was found that the conversion of benzyl alcohol to 
benzaldehyde for the sample Mn,| ,Co„ 4Al204 was 92.43% 
with I ()()'/{' selectivity, whereas for the pure C0 AI2O4, 
the conversion was only 83.65% with 100% selectivity.

Taiile III. The conversion and sclcciivily percentage for the oxida­
tion of benzyl alcohol into benzaldehyde (Reaction conditions: Catalyst 
(Mn,Co,_,Al,0,: x = 0.0. 0..S and 0..S). 0..S g; Benzyl alcohol, 5 mmol; 
Acetonitrile, .S mmol: 5 mmol; Temperature. 80 “C. time. 5 h).

Figure 8. Magnetic hysteresis (M~H) loops of spinet M n,Co,_,Al,0, 
(a =  0.0, 0.3 and 0.5) nanoparticles.

Samples Conversion (9c) Selecliviiy (%)

CoAl.O, 83.65 lUO
89.26 100

Mn„,,Co,„AI,0, 92.43 100



Figure 9. Cytalylic aclivilies (Reaclion conditions: Catalyst 
(Mii,( 0|_,AUO,: A =  o n. 0.3 and 0.3), 0..3 g; Benzyl alcohol. .3 mmol: 
Acetonitrile, .3 mmol; H.O^. 5 mmol; temperature, 80 “C, time, 5 h).

He,sides. as llie particle size decreases, the number of sur­
face active sites increases in the catalysis. Thus, it is 
expected that the sample Mn(i5CO(|5Al2 0 j nano-particles 
with very smaller particle si/.e distribution would be a 
potentially efiicient catalyst, due to the larger surface area 
coverage and better adsorption behavior, which in turn 
leads to the efiicient catalysis.*^

3.11. Reusability Studies
The catalytic oxidation of benzyl alcohol into benzalde- 
hyde was employed as a model reaction to investigate 
the reusability of spinel Mn„ jCO||5Al204 nano-catalyst. 
The recycling of the catalyst is very important for indus­
trial and technological applications. The reusability of the 
catalyst for the liquid phase oxidation of benzyl alco­
hol into benzaldehyde was evaluated and the results are 
shown in Figure 10. For the reusability study purpo.se.

Figure to. The reusability of Ihe spinel Mno5COn,AI,Oj catalyst for 
the catalytic oxidation of benzyl alcohol to benzaldehyde.

ihc sam|tlc Miin^f'o,, ,Al,()i nano-c,tUtl\sis wti.' lillercd till 
from each run and wtishcti several limes w ilh elhaiiol and 
dried al I HI (' in an tiir oven for 2 It and was eheeketl 
for lire eoitseeulive runs under the idenlieal coiuhlhms. 
Dining ihc live itiits investigaied. the conversion of hen- 
zyl alcohol was in a range from 92.32 lo 92.2S'./r' lor ihe 
sample Mit,, .Co,, , . - \ l indicaling dial ihese eadilvsl dis- 
plavs gootl reprotliicihilily and siahiliiy. .Sinee, Ihe s|tiitel 
Mn,, ,Co,, ^AbOj iiaiio-caialysi is able lo oxidi/e ben/yl 
alcohol inlo hen/aldchyde with high aclixiiy. highly recy­
clable, lemarkably slable and enviioniitenial Inciidly. they 
are promising candidates for ihc industrial applications.

4. CONCLUSIONS
Spinel Mn,Co,_^Al,()4 (t =  0.0, 0..3 and 0.,b) nano­
catalysts were successfully prepared by a siiiiple MACM 
route using Sc’suimiiii im liciwi (S. iiidici(ni) plant cxtraclcd 
solution. Effects of Mn’+ doping on .structural, morpho­
logical, opto-magnctic and catalytic properties were inves­
tigated. XRD, EDX and SAED results indicate that the 
as-synthesized samples have .spinel structure without any 
other phase impurities. The appearance of broad band 
between .300 and 900 cm ' in FT-IR spectra revealed 
the formation of M-O, Al-O and M-O-AI bonds in the 
spinel structure. HR-SEM and HR-TEM images depicted 
the formation of well developed particle-like morphology 
with nano-sized grains below 50 nm. UV-Visible DR.S 
results showed the band gap value of pure CoALOj is 
3.32 eV and it was increased from 3.46 eV to 3.63 eV with 
increasing the Mn-'-dopant (,i =  0.3 to 0.5). VSM stud­
ies revealed that the pure and Mn-* in CoALOj showed 
superpara and ferromagnetism, respectively. It was found 
that Mnii jCOii^ALOj is highly active towards the selec­
tive oxidation of benzyl alcohol into benzaldehyde with 
the conversion of 92.43% with 1007c selectivity. Moreover, 
this method of preparation is economically and environ­
mentally friendly approach.
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