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ABSTRACT

Oxidation of 1-octanol to 1-octanal is commercially very attractive, since the product is used extensively in the
fragrance industry. Among the various methods, selective air oxidation with a suitable heterogeneous catalyst will
be green and clean. In this work, novel cryptomelane type octahedral molecular sieve type 2 (Ag-OMS-2) catalysts,
with Ag loading from 5 to 15%, w/w, were synthesized and evaluated in air oxidation of 1-octanol in a fixed bed
vapour phase reactor. All catalysts were fully characterized to understand the activity and selectivity. The conversion
increased with Agloading but the selectivity was the highest for 10% Ag-OMS-2. A systematic study was conducted to
ascertain the effects of various parameters. Use of toluene as a diluant leads to better conversion and selectivity. The
optimized conditions are: catalyst mass/molar flow rate of 1-octanol (W/Fap)- 20 gh/mol, 523K, toluene to 1-octanol
molar ratio- 4:1, weight hourly space velocity (WHSV)- 16.74h~1, air flow rate- 6 L/h, air pressure- 101.3 kPa. It follows
the Mars-van Krevelen mechanism and is intrinsically kinetically controlled. The activation energy is 14.39 kcal/mol
using 10%, w/w Ag-OMS-2. It provides a better green process than those reported so far.

© 2011 The Institution of Chemical Engineers. Published by Elsevier B.V. All rights reserved.
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Introduction

making 1-octanal and most of the recent literature involves

Carbonyl compounds have widespread applications in a vari-
ety of industries. Oxidation of alcohols is one of the routes
which are rampantly used to produce carbonyl compounds.
However, selectivity to the desired carbonyl compound is a
highly challenging task because it invariably leads to over-
oxidation. The selective catalytic oxidation of alcohols using
O, or HyO, has been proposed as a green methodology to
replace the highly polluting processes which employ stoichio-
metric quantities of inorganic oxidants such as K,Cr,07 and
KMnO4 (Sheldon and Kochi, 1981; Mallat and Baiker, 2004).
1-Octanal is used extensively in the fragrance industry and
prepared by a variety of synthetic methods. Many patents
have appeared on its preparation (Miura et al., 2003; Tanielyan
et al., 2004, 2006). Homogeneous catalysts have been used for

the use of TEMPO ((or 2,2,6,6-tetramethylpiperidin-1-yl)oxyl)
based catalysts in liquid phase reactions (Ciriminna and
Pagliaro, 2010). Homogeneous catalysts give better conversion
and selectivity compared to the heterogeneous catalysts but
they suffer from the problem of separation from the reaction
mixture and stability under reaction conditions. (Buffin et al.,
2005; Che et al., 2006; Coleman et al., 1999; Einhorn et al.,
1996; Fritz-Langhals, 2005; Gamez et al., 2003; Gilhespy et al,,
2005). Different heterogeneous catalysts have also been used
for the synthesis of 1-octanal (Anderson et al., 2003; Bogda
and Lukasiewicz, 2000; Ji et al.,, 2002; Kockritz et al., 2006;
Krohn et al., 1996; Noyori et al., 2003; Yamaguchi and Mizuno,
2002). Several reviews have compared various catalysts and
their performance in 1-octanal synthesis (Mallat and Baiker,
2004; Muzart, 2003; Zhan and Thompson, 2004). Supported
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Nomenclature

A 1-Octanol

B 1-Octanal

C koPp, = constant

c Constant

Fa, molar flow rate of reactant,1-octanol, molh~?

k1 Apparent rate constant, molgcat-*h-1m? N-!

ko rate constant for re-oxidation reaction of the
catalyst, molgcat1h-1m?2N-1

L Air flow, L

Na, Initial moles of A

Na moles of A time t

Ng,t moles of B at time t

Pa, partial pressure of 1-octanol at starting of the

reaction, N/m2 (also Pa),

Po, partial pressure of oxygen, N/m? (also Pa),

—Ta rate of reaction of 1-octanol, molgcat~1h-1

—To, rate of reoxidation of the catalyst,
molgcat~th~?!

Sg selectivity of 1-octanal

t time, h

W weight of the catalyst, g

WHSV  Weight hourly space velocity, h~?

XA conversion of 1-octanol at given W/Fa value

Greek letters

0 degree of catalyst surface occupied by the oxy-

gen (-)

Au, Pd, Pt, and Ru nanoparticles are the major heterogeneous
catalysts for the oxidative dehydrogenation of alcohols
(Matsumoto et al., 2008; Shi et al., 2010). These catalysts are
active for allylic and benzylic alcohols but less active for
non-activated substrates like primary aliphatic alcohols. Their
large scale application still suffers from the low selectivity due
to over-oxidation including the hazards of using flammable
solvents. Transfer dehydrogenation of alcohols was recently
proposed as a green route with Cu/MgO as catalyst for the
conversion of primary aliphatic alcohols (Shi et al., 2010).

Stability of the catalyst under reaction conditions and
selectivity to the desired product are major problems associ-
ated with heterogeneous catalysts. In liquid phase oxidation
reactions, some catalysts give higher conversion and selec-
tivity at low concentration of the substrate; however, they
fail to give good conversion at high concentration. Very
few reports are available on 1-octanol oxidation in vapour
phase (Yang et al., 2005). Due to use of high temperature
in vapour phase reactions, over-oxidation normally occurs.
Commercially 1-octanal has been produced either by hydro-
formylation of olefins or direct dehydrogenation process.
Vapour phase dehydrogenation process is described using
copper—chomite catalyst in the presence of nitrogen. It gives
good conversion but poor selectivity (Franz and Sheldon,
2003). A patent by Stamicarbon describes a very stable cop-
per containing catalyst (CuO-MgO) which shows very good
activity and selectivity. However, it is a complicated process
involving activation of the catalyst (Graaf and Franciscus,
1981).

The foregoing shows that there is a tremendous scope
to develop new catalysts and processes to synthesize 1-
octanal. Among various octahedral molecular sieves (OMS),

cryptomelane OMS-2 has shown good catalytic activity
for various oxidation reactions. This catalyst could be
modified to improve its activity and stability. This work dis-
cusses the vapour phase air oxidation of 1-octanol using
a novel catalyst based on octahedral molecular sieves in
which different amounts of silver are doped. Synergism of
silver with potassium and manganese inside the frame-
work of the OMS-2 improves the activity and selectivity
of the catalyst significantly. A kinetic model is also pro-
posed and validated against experimental data. The results
are novel and provide an insight into the overall pro-
cess.

2. Experimental

2.1. Chemicals

All chemicals were procured from firms of repute and used
without further purification:

1-Octanol, toluene, methanol (AR grade; M/s. S. D. Fine
Chem. Ltd., India), air as an oxygen source (GC grade purity,
Inox India Ltd.)

2.2. Catalyst preparation

The reference catalyst octahedral molecular sieve-2 (K-OMS-
2) and the silver substituted OMS-2 (Ag-OMS-2) with varying
amounts of Ag were synthesized by precipitation method
under acidic conditions.

A 0.5-1.05mol/L silver nitrate solution (1.5-4.35g AgNO3
dissolved in 25mlL distilled water) was added to the
acidic solution of 1.27mol/L manganese acetate (21.0g
Mn(COOCHS3),-4H,0 dissolved in 67.5 mL distilled water) hav-
ing pH 1. 8-10mL concentrated nitric acid was used in
manganese acetate solution. The amount of silver was
selected as per the loading of silver required in the final
catalyst, i.e., 5, 10 or 15, w/w% Ag. A 0.37 mol/L potassium
permanganate solution (13.3 g KMnO, dissolved in 225 mL dis-
tilled water) was added dropwise in the manganese acetate
solution at 343 K. Rigorous stirring was maintained during the
addition of KMnOy. The resulting mixture was stirred and
refluxed at 373K for 24 h. The precipitate was washed several
times with distilled water to make it neutral. The final solid
product was filtered and dried at 393K for 10 h and calcined at
673K. The catalysts K-OMS-2 (Zhou et al., 1998) and UDCaT-
3 were synthesized by methods reported earlier (Yadav and
Maniar, 2008). UDCaT is an acronym of University Department
of Chemical Technology, the authors institute’s former name
which was changed recently. It is a vanadium based OMS-2
prepared in our laboratory.

2.3. Catalyst characterization

Thermogravimetry (TGA) and differential thermal analysis
(DTA) of the catalysts was carried out with DTG-60 H (Shi-
madzu, Japan) in aluminum pan. The loss in weight of the
catalyst sample was measured during heating from room tem-
perature to 773K with a ramp rate of 5K/min under nitrogen
flow of 15 mL/min.

Acidic and basic catalytic sites were determined by temper-
ature programmed desorption (TPD) analysis using Autochem
I1 2910 (Micromeritics, USA) with ammonia and carbon diox-
ide as probe molecules, respectively. A quantity of 30 mg of
the catalyst was taken in a quartz tube and degassed up



88 CHEMICAL ENGINEERING RESEARCH AND DESIGN 90 (2012) 86-97

to 625K under the flow of nitrogen. Then ammonia or car-
bon dioxide (as per the required test) was passed for 30 min
to adsorb the ammonia or carbon dioxide over the surface
of the catalysts at room temperature. Physisorbed gas was
removed by passing inert nitrogen at room temperature.
Chemisorbed ammonia or carbon dioxide was desorbed by
using temperature programmed desorption and detected by
TCD.

The reduction nature of the catalyst sample was charac-
terized by temperature programmed reduction analysis (TPR)
using Autochem II 2920. The sample was first oxidized to
673K under a continuous flow of a mixture of 5% oxygen and
95% helium. Then the samples was flushed with nitrogen to
remove all physisorbed and excess oxygen from the sample
followed by temperature programmed desorption (TPD) up to
673K.

The surface properties of K-OMS-2 and Ag-OMS-2 were
measured by the Brunauer-Emmett-Teller (BET) method using
ASAP 2010 (Micromeritics, USA) instrument. Degassing of the
samples was carried out under vacuum at 573K for 4 h. Using
liquid nitrogen as the adsorbent, all measurements were
made with a multipoint method and isotherms were pre-
pared. Surface area and pore volume were calculated from
Nj-adsorption-desorption isotherms using conventional BET
and Barrett-Joyner-Halenda (BJH) methods.

Surface morphology of the catalyst samples was cap-
tured with scanning electron microscope (SEM) (Camera SU
30 microscope, JEOL, Japan). The dried samples were mounted
on specimen studs and sputter coated with a thin film of
gold to prevent charring. The gold coated surface was then
scanned at various magnifications. The surface composition
was measured with an average of three data points at different
locations of the solid by energy dispersive X-ray spectroscopy
(EDXS) (KEVEX X-ray spectrometer JED-2300, JEOL, Japan).

The crystalline nature of the catalyst was analyzed with
X-ray diffraction (XRD) technique with Phillips X’'pert System
instrument with Cu Ka radiation with a beam current of 40 kV
and 100 mA. The XRD patterns were collected from 26 from 0
to 70.

2.4. Reaction procedure

Vapour phase oxidation of 1-octanol was carried out in a fixed
bed catalytic reactor made of stainless steel (17.2 mm diame-
ter x 250 mm height) (Chemito Technologies, Mumbeai) (Fig. 1).
The bed was packed with a known quantity of dry catalyst.
Inert glass beads were packed above the catalyst bed. The reac-
tor was equipped with liquid feed pump (HPLC grade, Knauer,
USA), a preheater, gas flow arrangement with mass flow con-
trollers and a condenser after the reactor. The temperature of
the bed was maintained within +1K accuracy. The flow rate of
the gas was measured and controlled by mass flow controllers.
Samples were collected from the condenser for analysis.

Before each experiment, the catalyst was activated under
the flow of air for 2h at the desired reaction temperature,
i.e, 523 to 623K. The gas and liquid phase mixture (1-octanol
and toluene as solvent) was passed through the preheater
to achieve the bed temperature and then passed downwards
through the catalyst bed. The outgoing vapours were cooled
to collect the liquid samples. Typical reaction conditions were:
catalyst- 0.5 g, temperature- 598K, toluene to 1-octanol molar
ratio- 4:1, air flow rate- 6L/h at 303K and 101 kPa and WHSV
of the feed at 303K, 16.74h~1.

2.5.  Method of analysis

Analysis of the reaction mixture was performed by GC
(Chemito 8610 model). A 4m x 3.18 mm internal diameter
stainless steel column packed with 10% SE-30 on chomosorb
WHP was used for analysis in conjunction with a flame ion-
ization detector. The quantification of the collected data was
done though a calibration procedure by using synthetic mix-
tures and it was used to get conversions, rates of reaction and
selectivity. Products were confirmed with GC-MS and authen-
tic samples.

Typical product distribution for 1-octanol oxidation reac-
tion based on GC analysis is given below; conversion and
selectivity to 1-octanal were 65 and 98.3%, respectively. The
conversions were calculated based on the mol basis using the
data obtained from GC analysis.

 Na, —Nag

e (1

XA

where, x5, Na,. and Na; are fractional conversion, initial moles
and moles at any time t of octanol, respectively.

Selectivity is defined based on the number of moles of 1-
octanal (B, desired product) produced to total number of moles
of 1-octanol converted during reaction,

Ngt

Sp= D2t
Na, — Nat

(2)

where, Sg and N3 are fractional selectivity to 1-octanal (B, the
desired product) and moles of B produced at time t. The weight
hourly space velocity (WHSV) in h~! is defined as follows:

F
WHSV = 3)
The parameter W/F,, in gh/mol is also used for evaluating
the performance of the catalyst.
Where, F, Fog and W are total mass flow of liquid feed (mix-
ture of toluene and 1-octanol) (gh~1), molar flow of 1-octanol
(molh~1) and mass of catalyst (g).

3. Results and discussion
3.1. Catalyst characterization

Synthesis of Ag-OMS-2 results in the brownish black fibrous
crystalline material at different loadings of Ag into the ref-
erence K-OMS-2 material. The synthetic Ag-OMS-2 catalysts
have a one-dimensional tunnel structure formed by 2 x 2 edge
shared MnOg octahedral chains. Thermal stability of all sam-
ples was determined with TGA. The weight loss was gradual
and catalyst found stable up to 773 K. For sake of brevity these
data are not included.

1-Octanol oxidation shows positive effect of silver addition
in K-OMS-2. To find the effect of addition of silver in K-OMS-2,
acidity, basicity and TPR-TPO studies were carried out. Intro-
duction of silver ions modifies the surface properties of the
OMS-2 particles, resulting from the reduction of the number
of free hydroxyl groups and deposition of strongly dispersed
silver particles on the outer surface of the oxides. Incorpora-
tion of small amounts of silver by the direct addition to the
synthesis mixture results in partial replacement of potassium
ions from the channels which will alter the catalytic proper-
ties. Since silver ions are smaller than potassium one, there
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Fig. 1 - Schematic diagram of the experimental setup.

is a likelihood of structural alteration in manganese oxide
during their synthesis and thermal treatment, leading to the
formation of different sized channels, dislocations or oxygen
vacancies. This methodology increases of the surface area and
formation of mesoporous structure which have been observed
in this study. The presence of silver ions or small silver crys-
tallites can increase the number of active sites on the surface
of manganese oxides and improve catalytic properties due to
silver-manganese interactions. This has been also observed
by Gac (2007) and Gac et al. (2008).

TPD analysis, with ammonia and carbon dioxide as probe
molecules, confirmed the existence of mild acidic and basic
sites of Ag-OMS-2. In OMS-2 based catalysts, the existence of
manganese in a mixture of oxidation states (+2, +3, and +4) is
known. Addition of Ag inside the catalyst structure replaces
K and decreases the strong acidic sites and makes it mildly
acidic. It is observed that increasing the loading of silver ion
from 5 to 15%, w/w increases number of weak active sites. Two
different peaks at lower temperature (Figs. 2 and 3) confirm the
existence of two different types of acidic sites, one each for
Mn** and Ag*. However, only one peak appeared in CO, TPD
profile. Also the basic sites are provided by Mn**. In Ag-OMS-
2 catalyst, manganese exists in mixed valency, Mn3* (Mn;0s)
and Mn** (MnO,). In our case, Ag* ions have been incorporated
in the tunnel structure of OMS-2. The peaks below 100°C are
due to physisorbed NH3/CO,.

During TPD, TPR or TPO study, due care was taken to avoid
any physical adsorption. All TPD curves show low tempera-
ture peak at 110-120°C. That is due to weak acid sites present

on the catalyst surface. On addition of silver from 0% to 10%
on K-OMS-2, the amount of NH3 or CO, adsorbed increased.
Change in redox nature of K-OMS-2 after addition of silver is
observed as shown in Fig. 4. Addition of 5% silver in K-OMS-
2 catalyst results in decrease in reduction temperature of
K-OMS-2 significantly from 553 to 423K (Fig. 4). The same
trend was also observed for 10% Ag-OMS-2 and 15% Ag-OMS-2
also. This is in consonance with those observed by others (Fu

5.38

5.36

5.34

5.32 S

5.3

Vol. adsorbed, ml/g

0 100 200 300 400 500
Temperature, °C

Fig. 2 - Ammonia TPD profiles for various catalysts (a)
K-OMS-2, (b) 5%Ag-OMS-2, (c) 10% Ag-OMS-2, (d)
15%Ag-OMS-2.
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Fig. 4 - TPR profiles for various catalysts (a) K-OMS-2, (b)
5%Ag-OMS-2, (c) 10% Ag-OMS-2, (d) 15%Ag-OMS-2.
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et al,, 2003; Ramos et al., 2008). TPR studies also confirm the
silver existence in the catalyst.

To ascertain the stability of the catalyst and effect of
oxidation and reduction cycle, TPR was carried out twice
with intermediate oxidation and degassing followed by TPR.
There was no major change in TPR profile. It indicates that
reduction and oxidation cycle does not alter the structure
of the catalyst. Presence of silver increases the weak acidity
(observed by TPD-NHj3 profile) and reduces reduction tem-
perature (observed from TPR profile) which enhances the
reduction-oxidation cycle and performance of the catalyst.

With addition of any extra metal/metal oxides leads to the
surface area and pore volume reduction. However, in this work
as reported in Table 1, surface area and pore volume increases
with increase in silver loading from 5 to 15%. This is only
feasible due to change in structure of the catalyst surface mor-
phology and smaller size of Ag* than K*. Similar phenomena
was also observed by Jothiramalingam et al. (2005).

Fig. 5 depicts SEM of three catalyst samples, which confirm
the presence of nano fibrous structure. Surface morphology
of K-OMS-2 remains unaltered even after addition of silver.
This confirms that silver was deposited inside the pores of the
catalyst. The presence of silver inside the catalyst was further
confirmed by the EDX analysis (Table 2).

The XRD patterns of K-OMS-2 and Ag-OMS-2 show a well
crystalline cryptomelane structure which is a characteristic of
octahedral molecular sieves (Fig. 6). The set of (101), (002),
(301), (211), (310), (114) and (600) reflections at 20=12.23,
17.93, 28.45, 37.24, 41.62, 49.59 and 59.90 are characteristic
peaks of the K-OMS-2 structure (JCPDS card number 29-1020).
JCPDS card number 77-1987 for silver hollandite (Ag; sMngO4¢)
shows that it is characterized by strong reflections (220),
(130), (101), (211), (240), (231) and (141) corresponding to
26 values of 25.892, 29.012, 32.342, 37.375, 41.492, 46.0029 and
49.91, respectively. In our case, the intensity of two new peaks
at 26 values of 32.09 and 46.12 has increased with an increase
in silver loadings, which further confirm existence of silver
ions in the framework. The diffraction lines at 32.09 and 46.12
suggest the formation of Ag-hollandite by substitution of K by

—
&

B8 0.5 460

Fig. 5 - SEM Images of catalysts K-OMS-2, (b) 10% Ag-OMS-2, (c)15%Ag-OMS-2.
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Table 1 - Surface area analysis of various catalysts.

Catalyst BET surface area, m?/g Langmuir surface area, m? BJH adsorption pore volume, cm?3/g
K-OMS-2 89.1 150.4 0.463
5% Ag-OMS-2 100.1 165.2 0.518
10% Ag-OMS-2 110.7 185.3 0.589
15% Ag-OMS-2 118.6 199.9 0.659

Table 2 - EDX analysis.

Element Mass %
K-OMS-2 5% Ag-OMS-2 10% Ag-OMS-2 15%Ag-OMS-2
(6] 29.1 334 33.6 34.4
K 4.2 3.8 2.6 1.5
Mn 66.0 58.4 55.0 50.8
Ag 0 4.3 8.3 12.9

Ag inside the 2 x 2 tunnels formed by the octahedral MnOsg.
Thus, Ag is part of the structure but is not substituting Mn
in the octahedral framework. Our findings are consistent with
recent characterization of silver loaded OMS-2 by others (Chen
et al., 2007; Gac, 2007; Gac et al., 2008).

3.2. Oxidation reaction

3.2.1. Effect of diluant
Oxidation of 1-octanol was carried out with toluene as a
diluant and also without any solvent using 10% Ag-OMS-2
(Table 3). Ablank experiment was also done with toluene alone
in presence of catalyst under the same reaction conditions to
test if any toluene could get oxidized. There was no conver-
sion of toluene in presence of catalyst under given reaction
conditions. An experiment without the catalyst was also car-
ried out to observe that there was no conversion in the absence
of catalyst.

When pure 1-octanol was used, there was over-oxidation
of the product 1-octanal to octanoic acid.

CH3(CH,),0H-2% CH3(CH,); CHO 2 CH3 (CH,),COOH

1-Octanol 1-Octanal 1-Octanoic acid

15 "% Ag-OMS-2

10% Ag-OMS-2

5% .Ag-0OMS -2

Intensity

| \

10 20 30 20 50 60 70
2 Theta

Fig. 6 - XRD Patterns of catalyst samples and effect of silver
incorporation.

Dilution of 1-octanol with toluene was found to suppress
the formation of 1-octanoic acid since it reduced the partial
pressure and also improved the selectivity of the 1-octanal
significantly. Toluene increases the desorption rate of the 1-
octanal from the catalyst surface and reduces over- oxidation
and catalyst deactivation. Hence further experiments were
conducted with toluene as a diluant.

Use of nitrogen can be a good option for cost and from ease
of separation point of view. Selectivity of the 1-octanal is a
critical issue. With pure 1-octanol and high gas flow rate, the
selectivity was substantially reduced. So partial pressure of 1-
octanol in vapour phase is very critical. To achieve the same
partial pressure equivalent to toluene-octanol system, volume
or quantity of the nitrogen required (considering ideal vapor
mixture which follows Roults law), large flow of inert gas cre-
ates problem in downstream separation of product from the
inert gas. Selectivity of desired product was also reduced in
case of nitrogen-octanol system. Whereas in case of toluene,
being organic molecule it possesses similar affinity for adsorp-
tion and so it helps in desorption of desired product molecule
from the surface of the catalyst. However, on a plant scale,
toluene needs to be avoided.

3.2.2. Catalyst screening
Table 4 compares the efficacies of various catalysts in the oxi-
dation of 1-octanol vis-a-vis the current work. Liquid phase
oxidation gives better activity and selectivity at a lower con-
centration. However, at higher concentration, conversion and
selectivity decreases significantly. Compared to silver metal
catalyst, silver loaded OMS-2 gives better activity and selectiv-
ity at lower operating temperature. So Ag-OMS-2 was selected
for further study. Fig. 7 shows the activity and selectivity of
various catalysts used in air oxidation of 1-octanol in vapour
phase. All these catalysts were synthesized in our laboratory.
UDCaT-3 is also a redox material based on OMS-2 containing
vanadium (Yadav and Maniar, 2008). 10% Ag-OMS-2 shows the
highest selectivity with very high conversion of 1-octanol.
Addition of silver inside the framework of the catalyst
surface improves the activity and selectivity of the catalyst sig-
nificantly. These results confirm the synergistic effect of the
silver in presence of Mn and K ions present in the catalyst. An
increase in silver loading from 5% to 10% increases the activ-
ity of the catalyst significantly. However, increment from 10%
to 15% does not show any significant improvement. On the
contrary, selectivity to 1-octanal decreases significantly. But
further increase in silver loading, 15% reduction in weak acid
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Table 3 - Effect of diluent on conversion and selectivity.

Diluent Flow rate of 1-octanol, molh—1! Air flow rate, L/h 1-Octanol Conversion % Selectivity to 1-Octanal+ %
Solventless 0.06175 6 30.0 65.2
Toluene? 0.08393 6 75.5 95

Reaction conditions: 10% Ag-OMS-2: 0.5 g, temperature: 325 °C, pressure: 101.3kPa,, 16.74h~! WHSV: 16.74h~1.
@ Molar ration of toluene to 1-octanol: 4:1, +remaining 1-octanoic acid.

site takes place. Further, the number of sites available for the 3.2.3.  Effect of external and internal mass transfer

reaction would be more than required. Additional sites lead resistance

to overoxidation to 1-octanoic acid. High concentration of the Effect of external and internal mass transfer resistance were
silver inside the catalyst surface does not favour the 1-octanol tested under reaction conditions. Catalyst weight and feed
oxidation reaction. Further study was carried out with 10% flow rate were maintained in such a way that no tempera-
Ag-OMS-2 catalyst. ture gradient was observed across the catalyst bed. Effect of

Table 4 - Comparison of various catalyst used for 1-octanol oxidation.

No. Catalyst Reaction conditions Conversion of Selectivity to Reference
1-octanol, % 1-octanal, %
1. 10%Ag-OMS-2 Catalyst- 0.5g, 598K, 75.6 96.0 This work
toluene to 1-octanol
molar ratio- 4:1,
WHSV-16.74h~1, air
flow rate- 6 L/h,
101.3kPa, W/Fag =20
2. Rug.45C00.36/TiO, Ru -1mol%, 100 >99 Kockritz et al. (2006)
1-octanol-1 mmol,
353K, 0,-404 kPa,
C2H4C12-30 mL, 3h.
3. Platinum group metal 1-Octanol in toluene 89 15 Anderson et al. (2003)
(PGM) -15mmol,
reactant:metal molar
ratio- 80:1, 5% Pt,
1%Bi/C, 333K, air
-304 kPa, 20 rps, 30 min
4. Mono-ruthenium- 1-Octanol-1 mmol, Yield 14, Turn over 44 (n-Octanoic Yamaguchi and Mizuno (2002)
substituted Isobutyl acetate- 3mL, number 207 acid 30%).
silicotungstate, 383K, Oy, 48 h.
5. MnFe;.5sRug:35Cug:1504 1-Octanol-2 mmol, 51 51 Ji et al., 2002
catalyst- 0.3 g, Ru-
0.42 mmol, toluene-
5mlL, room
temperature, air, 7 h.
6. 0.15 mmol of Zr(O-t-Bu)s 1-Octanol-1.5 mmol, 98 80 Krohn et al. (1996)
or Zr(O-n-Pr)4/tert-butyl 3mmol anhydrous
hydroperoxide/3 A TBHP in CH,Cly, 0.6 ¢
molecular sieves activated molecular
sieves, 333K, 2h.
7. Metal silver catalyst 1-Octanol flow rate 70 98 Yang et al. (2005)
-0.0214molh1, 873K,
air- 20 mL/min, molar
ratio of alcohol/O, -2
8. 1% Pd/MgO catalyst 1-Octanol-1mmol, 20 100 Pillai and Demessie, 2004
catalyst-0.10g,
0.0094 mmol Pd,
TFT-1.5mlL, 343-353K,
0,,20h
9. Aluminum 1-Octanol-1.00 mmol in 19 Kwon et al., 2005
hydroxide-supported 2mL of TFT, 373K, air-
palladium (2 mol% Pd) 101kPa, 12 h.
catalyst
10. Cu/MgO 1-Octanol-2 mmol, 65 >99 Shi et al., 2010
styrene- 8 mmol,
catalyst -200 mg,
mesitylene- 8mL, N,
atmosphere, 423K, 4 h.
11. Ru?*-exchanged 1-Octanol- 2mmol, 95 94 Yamaguchi et al. (2000)

hydroxyapatite (RuUHAP)

RuHAP-0.2 g, toluene-
5mlL, 333K, Oy, 16h
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Fig. 7 — Catalyst screening for 1-octanol oxidation Reaction
conditions: Catalyst loading- 0.5 g, temperature- 325°C,
toluene to 1-octanol molar ratio- 4:1, air flow rate: 6 L/h,
WHSV-16.74h"1, pressure —101.3 kPa.

external and internal mass transfer resistance were tested
under reaction conditions (Fig. 8). Effect of external mass
transfer resistance was carried out by varying mass flow rate
of the feed by keeping the W/Fp ratio the same. There was
no significant difference between two conversion levels of the
different mass flow rates. Similarly the influence of internal
diffusion resistance was evaluated by varying the catalyst par-
ticle size. Experiments were carried out with two different
particle sizes 0of 0.01 and 1 mm. The conversion was practically
the same with both the particle sizes. The Wiesz-Prater modu-
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Fig. 8 — Effect of external mass transfer on conversion and
selectivity Reaction conditions:10% Ag-OMS-2 Catalyst
loading- 0.5 g, temperature- 325 °C, toluene to 1-octanol
molar ratio- 4:1, air flow rate: 6 L/h, pressure —101.3 kPa. All
results are at the end of 2h.
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Fig. 9 - Time on stream studies to test activity and stability
of catalyst Reaction conditions: 10% Ag-OMS-2 Catalyst
loading- 0.5 g, temperature- 325 °GC, toluene to 1-octanol
molar ratio- 4:1, air flow rate: 6 L/h, WHSV-16.74h-1.

lus, Cwp, was calculated based on the effective diffusivity and
observed reaction rate. The value of Cywp was 0.05 for effec-
tive diffusivity value of 10-1' m?/s, which is a conservative
estimate. Since Cwp < 1, there was no intra-particle diffusion
resistance. Thus, the reaction was intrinsically kinetically con-
trolled. This is also bolstered by the high value of activation
energy.

3.2.4. Time on stream data (TOS)

The activity and stability of the catalyst was verified by col-
lecting the TOS data for 10h (Fig. 9). The catalyst remained
stable and active without any appreciable loss in activity and
selectivity for the 1-octanal.

3.2.5. Reuse and regeneration of catalyst

After completion of the reaction under given conditions,
in situ regeneration of the catalyst was carried out. During
regeneration, temperature of the catalyst bed was increased
up to 623K and methanol vapour was passed along with air. It
was activated under the flow of air at the reaction temperature
for 2h before reusing. Fig. 10 shows that there is no appreciable
decrease in the activity and selectivity remain constant even
after 4th reuse of the catalyst. Thus, 10%, w/w Ag-OMS-2 pos-
sesses very good regeneration and reusability characteristics.

3.2.6. Effect of air flow rate

Air flow rate was varied from 4 to 10L/h (Fig. 11). At WHSV of
16.74h~1, the conversion increased up to 6L/h and thereafter
it decreased. It is due to the right air to 1-octanol molar ratio.
An air flow rate beyond 6L/h decreased the conversion due
to decrease in residence time. At WHSV of 50.21h~1, the con-
version increased continuously with increasing air flow rate,
since the residence time increased correspondingly. In both
cases, atlow air flow rate, the selectivity was very high, beyond
96 and 98% for WHSV of 16.74 and 50.21h~!, respectively and
decreased slightly as the flow rate was increased.

3.2.7. Effect of toluene to 1-octanol molar ratio
Toluene to 1-octanol molar ratio was varied from 2:1 to 6:1
(Fig. 12). Selectivity to 1-octanal increased with increase in
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Fig. 10 - Effect of catalyst reusability on conversion and
selectivity reaction conditions: 10% Ag-OMS-2 Catalyst
loading- 0.5 g, temperature- 325 °C, toluene to 1-octanol
molar ratio- 4:1, air flow rate: 6 L/h, WHSV-16.74h"1,
pressure —101.3 kPa. All results are at the end of 4h.

molar ratio from 2:1 to 6:1. Increasing WHSV at the same mole
ratio of toluene to 1-octanol decreased the conversion and the
selectivity increased. This is due to suppression of the overox-
idation due to reduction in residence time. Greater than 95%
selectivity was found at 4:1 molar ratio. With an increase in
molar ratio beyond 4:1, there was no significant improvement
in selectivity for 1-octanal.

Use of lower toluene to 1-octanol molar ratio results into
higher partial pressure of 1-octanal which leads to oxidation
of 1-octanal to octanoic acid. It also leads to catalyst deac-
tivation. Higher concentration of toluene reduces the partial
pressure of the 1-octanol and 1-octanal. Toluene also helps
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Fig. 11 - Effect of Air flow rate on conversion and selectivity
Reaction conditions: 10% Ag-OMS-2 Catalyst loading- 0.5g,
temperature- 325 °C, toluene to 1-octanol molar ratio- 4:1,
air flow rate: 6 L/h, WHSV-16.74h~1, pressure —101.3 kPa.
All results are at the end of 2h.
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Fig. 12 - Effect of toluene to 1-octanol molar ratio on
conversion and selectivity Reaction conditions: 10%
Ag-OMS-2 Catalyst loading- 0.5 g, temperature- 325 °C,
toluene to 1-octanol molar ratio- 4:1, air flow rate: 6 L/h, all
results are at the end of 2h.

in desorption of the 1-octanal and other byproducts from the
active sites of the catalyst surface. Thus presence of toluene
increases the turn over number (TON) as well as catalyst life.
Increase in molar ratio to 6:1 improves the selectivity slightly
but economically it is not attractive. Increasing the toluene
to 1-octanol molar ratio means increasing energy for distil-
lation for solvent separation and increasing recycling cost of
the solvent. Therefore the toluene to 1-octanol molar ratio was
selected as 4:1 for further study.

3.3. Effect of temperature

The effect of W/Fpo on conversion and selectivity was studied
at different temperatures varying from 523 to 623K (Fig. 13)
was done with 10% Ag-OMS-2. With increase in temperature,
the conversion increases but selectivity decreases slightly.
Even at a higher temperature of 623K, the selectivity to
1-octanal was >95%. The increase in conversion with temper-
ature at a given W/Fao also demonstrates that the reaction is
intrinsically kinetically controlled.
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Fig. 13 - Effect of temperature on conversion and selectivity
reaction conditions: 10% Ag-OMS-2 Catalyst loading- 0.5 g,
temperature- 325 °C, toluene to 1-octanol molar ratio- 4:1,
air flow rate: 6 L/h, all results are at the end of 2 h.
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Fig. 14 — Mars-van Krevelen mechanism for 1-octanol
oxidation.

3.4. Reaction mechanism

Participation of lattice oxygen from the surface of K-OMS-
2 during the oxidation reaction was suggested and proved
by Makwana et al. (2002). Mars-van Krevelen mechanism
involves the participation of surface oxygen in the reaction
and subsequently surface is regenerated with the oxygen sup-
ply source like air or oxygen, etc. (Fig. 14). Based on this
mechanism, a suitable model is derived for the vapour phase
air oxidation of 1-octanol.
Reaction of substrate with lattice oxygen:

CyH,,OH+[0— C,H,,CHO+ H,0+] ] @

The vacant lattice site is shown as D
Regeneration of the empty space of lattice with oxidant like
air:

2l ]+0,—2[0] )

3.5. Kinetic model

Using above mechanism a suitable kinetic model was derived.
Rate of oxidation of the 1-octanol, —ra, (molgcat~th-1) is
derived as follows:

dXA
—TpA = ———— = R1Pp (1 — x4)0 6
A AW ) Pl XA) ©
where, 6=degree of catalyst surface occupied by
the oxygen kj=rate constant for the 1-octanol
oxidation reaction, molgcat-Th-Tm?N-1 Pa, =

partial pressure of 1-octanol at starting of the reaction,
N/m2 xp=fractional conversion of 1-octanol at given
W/Fpo value (-), W=weight of the catalyst, g, Fa, =
molar flow rate of reactant, 1-octanol, mol/h

Rate of re-oxidation of the catalyst is given by the following
Eq. (4):

—To, = kQPOZ (1 - 9) (7)

where, k,=rate constant for the reaction for re-

oxidation of the catalyst, molgcat?h™1m?N-1 Pa =

0.04

0.03 1 Y/ R2=09753

o

o

o
.
*

0.01 .

Simulated rate , mol.gcat ' h!

0 0.01 0.02 0.03 0.04 0.05

Experimental rate of reaction , mol. gcat™! h'!

Fig. 15 - Parity plot for experimental vs. simulated rates.

partial pressure of oxygen, N/m? 1—(¢=degree of catalyst
surface unoccupied by the oxygen.

Atsteady state conditions, %YA =-—To, (8)
From Egs. (6)—(8),

R1Pa, (1 —xp)0
w = koPo, (1 — 6) 9)

Simplifying Eq. (9) in terms of 9, and substituting the values
of 9 in Eq. (6), the following is obtained:

dXA 1

AT AW/FA) T 1y [k1Pa, (1 — xa)] +0.5/ [k2Po, | 10

If change in partial pressure of oxygen is considered as
small and rate of regeneration of lattice surface through avail-
able oxygen from gas phase is very fast, second term in the
denominator remains constant and Eq. (10) reduces to:

A= dxa _ 1 (1)
d(W/Fag) 1/ [kaPay(1—xa)] +0.5/C
where C = koPo, = Constantand hence,
s d(\;i;;?Ao) Ty (0%;1;2;121?;: (i)* Xa) 12
Eq. (12) is further simplified to:
dxa R1Pa, (1 — Xa) 13)

—TA = —_
AT AW/Fay) ~ 1+ CRiPag(1 — xa)

where, k; =apparent rate constant, mol gcat- ' h~tm? N-1

0.5
C = < = Constant.

A nonlinear regression analysis was carried out by using
Langrange-Marquade method (Polymath 5.1). The values of
rate constants were extracted as at different temperatures.
A parity plot of experimental vs. simulated rates at differ-
ent temperature is given in Fig. 15. There is an excellent
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Fig. 16 - Arrhenius plot for 1-octanol oxidation.

fit between the observed and calculated values of rate data,
thereby proving the validity of the Mars-van Krevelen mech-
anism. The Arrhenius plot was made to get the activation
energy for the 1-octanol oxidation as 14.39kcal/mol (Fig. 16).
This value also suggests that the vapour phase oxidation of
1-octanol using 10% Ag-OMS-2 catalyst is intrinsically kineti-
cally controlled.

4, Conclusions

Vapour phase oxidation of 1-octanol to 1-octanal is com-
mercially attractive and the use of a novel catalyst was
investigated in this work. Cryptomelane type octahedral
molecular sieve type 2 (K-OMS-2) was modified by substitut-
ing K with Ag inside its framework using different loadings
of Ag. The catalyst activity showed significant improvement
with increases in Ag loading from 5 to 15%, w/w. All catalysts
were characterized to understand the activity and selectiv-
ity. 1-Octanol oxidation with air at atmospheric pressure with
10% Ag-OMS-2 shows the highest selectivity for 1-octanal.
Toluene to 1-octanol molar ratio plays a key role in improv-
ing selectivity for 1-octanal. The catalyst is stable and can be
regenerated without difficulty and its fidelity is maintained
during regeneration. Reaction conditions were optimized and
kinetic study was carried out. The optimized conditions are:
W/Fao=20gh/mol, 523K, toluene to 1-octanol molar ratio- 4:1,
WHSV-16.74h~1, air flow rate- 6L/h, air pressure- 101.3kPa.
The reaction follows the Mars-van Krevelen mechanism. The
activation energy for air oxidation of 1-octanol found was
14.39kcal/mol using 10% Ag-OMS-2. This work provides a bet-
ter catalytic process than reported so far and it is a green
process.
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