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ABSTRACT: The oxidation of benzyl alcohol in the liquid phase was studied over manganese
oxide catalyst using molecular oxygen as an oxidant. Manganese oxide was prepared by a
mechanochemical process in solid state and was characterized by chemical and physical tech-
niques. The catalytic performance of manganese oxide was explored by carrying out the oxi-
dation of benzyl alcohol at 323-373 K temperature and 34-101 kPa partial pressure of oxygen.
Benzaldehyde and benzoic acid were identified as the reaction products. Typical batch reactor
kinetic data were obtained and fitted to the Langmuir-Hinshelwood, Eley—Rideal, and Mars—
van Krevelene models of heterogeneously catalyzed reactions. The Langmuir-Hinshelwood
model was found to give a better fit. Adsorption of benzyl alcohol at the surface of the cat-
alyst followed the Langmuir adsorption isotherm. The heat of adsorption for benzyl alcohol
was determined as —18.14 k] mol~!. The adsorption of oxygen followed the Temkin adsorption
isotherm. The maximum heat of adsorption for oxygen was —31.12 k] mol~'. The value of acti-
vation energy was 71.18 k] mol™!, which was apparently free from the influence of the heat of
adsorption of both benzyl alcohol and oxygen. © 2015 Wiley Periodicals, Inc. Int ] Chem Kinet
47: 447-460, 2015

INTRODUCTION

The oxidation of organic compounds in the liquid

Correspondence to: Muhammad Saeed; e-mail. pksaeed2003@ phas_e Is (.)ne of the most importarjt and Wi(_jely used
yahoo.com. ' ’ ‘ reactionsin laboratory-scale organic synthesis as well
© 2015 Wiley Periodicals, Inc. as in large-scale chemica industrial processes [1,2].
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Many processes with different reagents and methods
are available for the oxidation of organic compounds.
Stoichiometric oxidants such as peroxides or high ox-
idation state metal compounds such as permanganate
and dichromate are frequently used reagentsfor oxida
tion purposes. But these reagents are expensive, toxic,
and produce large amount of wastes and hence separa-
tion and disposal of the waste increases the number of
steps [3,4]. When these oxidation reactions are scaled
to tons instead of grams, the use of these stoichiomet-
ric oxidantsis not an attractive option. For these kinds
of oxidation reactions, an aternative and environment
friendly oxidant is desirable. An ideal oxidant for any
large-scal e oxidation reaction isthe one which has low
price, high quality (purity), nontoxic, and easy avail-
ability. Molecular oxygen isthe one which qualify this
criterion [5]. It is easily available as it is present in
air, and the only by-product produced from it is wa
ter. There are a few points, however, which make the
use of molecular oxygen challenging: first, athough
molecular oxygen has a high oxidation potential, it is
not very reactive toward organic molecules and sec-
ond the reactions where molecular oxygen is present
are often radical reactions, which are hard to control.
To make an efficient use of molecular oxygen as an
oxidant, an appropriate catalyst is needed, which can
activate the oxygen molecules for an appropriate reac-
tion. Both homogeneous and heterogeneous catalysts
can be used for these transformations. However, with
homogeneous catal ytic reactions both the reactants and
catalysts are present in one phase and from an engi-
neering viewpoint, a major disadvantage of this arises
from the difficulty in separating the products from the
catalyst, which increases the number of steps [6-9].
Therefore, the use of heterogeneous systems would
be superior to homogeneous counterparts due to the
easier separation of products and catalysts and reuse
of catalysts. Metal oxides and supported metal oxides
have been proposed as effective heterogeneous cata-
lysts for the oxidation of organic compounds. In many
cases, alumina- and zirconia-supported metal oxides
of precious metals such as Pt and Pd have shown high
activity for the oxidation of organic compounds. From
the economical point of view, using oxides of non-
precious transition metals like manganese (Mn), as
heterogeneous catalysts for the oxidation of organic
compounds, using clean oxidants such as molecular
oxygenisof great importance[10-13]. Many synthetic
routes can be applied for the preparation of Mn-based
catalysts such as pulsed laser deposition, sol—gel route,
reduction-oxidation route, gel hydrothermal oxidation,
homogeneous precipitation, staged oxidation process,
cobalt salt decomposition, and mechanochemical pro-
cess. The later one is a novel one for large-scale syn-

thesis, in which manganese oxide can be obtained in
the solid-state displacement chemical reaction, either
during milling or heat treatment. This mechanochem-
ical process for the synthesis of manganese oxide is
suitable for the large-scale synthesis due its simplicity
and low cost. In thiswork, the synthesis of the Mn cat-
alyst, which is much cheaper as compared to precious
metal catalysts, by the mechanochemica process and
its use as a catalyst for the oxidation of benzyl acohol
in the liquid phase has been investigated.

EXPERIMENTAL

Preparation of Catalyst

For the preparation of catalyst, the method of Li et
al. [10] was modified [11]. Solid manganese chloride
and potassium permanganate were first ground at a
2:3 mol ratio in an agitated mortar at room tempera-
ture for 30 min and then heated for several hours and
ground again. After grinding, the reaction mixture was
kept at 373 K for 24 h to complete the reaction. The
resultant solid was washed with distilled water to re-
move the untreated precursor materials. After washing,
itwasdried at 383 K for 24 h. Theresultant black pow-
der was designated as the unreduced manganese oxide
catalyst. A portion of thissamplewasreduced at 573 K
under the flow of molecular hydrogen at aflow rate of
100 mL min~?, for 2 h. The resulted powder was des-
ignated as a reduced manganese oxide catalyst.

Characterization

The prepared catalyst was characterized by the de-
termination of oxygen content, surface area, particle
size, XRD, FTIR, and SEM analyses as described ear-
lier [11].

Oxidation Protocol

The liquid-phase oxidation of benzyl alcohol was car-
ried out in a magnetically stirred round-bottom Pyrex
glass three-necked batch reactor of 50 mL capacity,
provided with a reflux condenser and mercury ther-
mometer. Reaction temperature was maintained by us-
ing a hot plate. For atypical reaction run, the reactor
was charged with 2 mmol benzy! alcohol and 1.6 mmol
methyl benzoate as an internal standard, in 10 mL of
n-octane as a solvent. After getting the required tem-
perature (363 K), 0.1 g of catalyst was added to the
reactor. The flow of oxygen was kept at a flow rate of
60 mL min~!, while stirring the reaction mixture con-
tinuously at the agitation speed of 800 rpm. Moisture
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was removed from oxygen by passing it through a
moisture adsorbent. This drying of oxygen is neces-
sary because it affects the selectivity of the reaction
products. We have noted that if molecular oxygen is
not dried before entering to the reactor, formation of
benzoic acid in addition to benzaldehyde can be ob-
served even at the beginning of the reaction. In case of
dry conditions only, benzal dehyde was detected as the
reaction product at the start of reaction. Beforeentering
to the reactor, molecular oxygen was saturated with a
solvent by passing it through the saturator containing
a solvent at condenser temperature. This saturation of
oxygen with the solvent minimizes the loss of solvent
with flow of oxygen from the reaction mixture. The
catalyst was separated from the reaction mixture with
Whatman glass microfiber filter No. 1825 055 using
glass syringes. Analysis of the reaction mixture was
carried out by a UV—vis spectrophotometer (Shimadzu
UV-160A; Tokyo, Japan) and GC (Clarus 500; Perkin
Elmer, USA) equipped with a Flame ionization detec-
tor (FID).

RESULTS AND DISCUSSION

Comparison of Reduced and Unreduced
Manganese Oxide as Catalyst

For comparison of catalytic activity of reduced and
unreduced manganese oxide, separate experiments
were carried out at 363 K by taking 2 mmol benzyl al-
cohol in 10 mL n-octane using reduced and unreduced
manganese oxides as catalysts. About 98% and 50%
conversion of benzyl alcohol was achieved at a batch
time of 2 h using reduced and unreduced manganese
oxide as catalysts, respectively. Asreduced manganese
oxide was more active catalyst, therefore it was used
asacatayst in al subsequent experiments.

Manganese Oxide as a Catalyst or Oxidant

As manganese oxide can be used as stoichiometric ox-
idants for the oxidation of alcohols, therefore it should
be confirmed that whether the manganese oxide in the
present investigation acts as a stoi chiometric oxidant or
as acatalyst. For this purpose, separate reactions with
2 mmol benzyl acohol were carried out under the flow
of molecular nitrogen and oxygen. Traces of oxygenin
nitrogen gas were removed by using specific oxygen
traps (C. R. S. Inc.; 202223). The results revealed that
conversion of benzyl acohol under the flow of molec-
ular nitrogen was less (31.5% of 2 mmol) as compared
to the conversion under the flow of molecular oxygen
(82.3% of 2mmol) in 1 hat 363 K. Thelow conversion
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of benzyl acohol in the presence of nitrogen could be
due to the oxygen from the lattice taking part in the
reaction; however, this reduction of manganese oxide
could be limited to a few surface layers as there is no
difference in the XRD pattern of the unused and used
catalysts as described earlier [11].

In another experiment, the amount of benzyl alco-
hol was doubled, ailmost same conversion of benzyl
alcohol was achieved under flow of oxygenin 2 h as
was in 1 h. These results strongly indicated that the
present manganese oxide acts as a catalyst for the oxi-
dation reaction between benzyl alcohol and molecular
oxygen. Furthermore, evidence for the catalytic role of
the manganese oxide was obtained by the dependence
of benzyl alcohol conversion on the partial pressure
of oxygen. The conversion of benzyl alcohol was re-
duced from 82.3% to 53% when the partial pressure of
oxygen was reduced from 101 to 34 kPa. Finaly, the
used catalyst was washed, dried, and reused for the ox-
idation of benzyl alcohol under the flow of molecular
oxygen. |t was observed that the used catalyst has same
catalytic performance as a fresh catalyst. From these
observations, it could be concluded that manganese ox-
ide in the present case acts as a catalyst rather than a
stoichiometric oxidant.

Effect of Mass Transfer

The oxidation of benzyl alcohol using manganese ox-
ide as a catalyst in the present caseis atypical slurry-
phase reaction having oneliquid reactant (benzyl alco-
hol), a gaseous reactant (oxygen), and a solid catalyst
(manganese oxide). Truekinetics of any multiphasere-
actionislikely to be masked by the effect of masstrans-
fer. Hence, before investigating any oxidation kinetics,
it is needed to eliminate any mass transfer limitation
that might exist. The effect of mass transfer limitation
may either be external or internal masstransfer limita-
tion. The effect of external mass transfer on the rate of
reaction can be investigated by studying the effect of
speed of agitation on the rate of reaction (conversion).
The dependence of the rate (conversion) of the reac-
tion on speed of agitation shows the existence of mass
transfer limitation. To investigate the effect of speed of
agitation on the oxidation reaction, conversion of ben-
zyl alcohol at various speeds of agitation in the range
of 50-900 rpm at 363 K for 20 min was studied. The
effect of agitation on conversion is shown in Fig. 1,
which shows that initial conversion of benzyl alcohol
increases with increasing agitation speed, showing a
mass transfer regime from 50 to 450 rpm. The later
part of the graph shows that the increase in agitation
speed above 500 rpm has no effect on the conversion,
indicating that the oxidation of benzyl alcohol is most
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Figurel Effect of masstransfer on the oxidation of benzyl
alcohol. Reaction conditions; BzOH 2 mmol/10 mL solvent,
catalyst 100 mg, temperature 363 K, pressure of oxygen
101 kPa, time 20 min.

probably free from the external mass transfer limita-
tions, i.e. the reaction has taken place in a kinetically
controlled regime. This is the region of our interest,
and all the subsequent experiments were performed at
800 rpm. A Polytetrafluoroethylene (PTFE) coated stir-
rer bar was used for stirring.

For theinternal masstransfer limitations, the Thiele
modulus (¢) can be used, which provides a convenient
nondimensional measure of the importance of inter-
nal diffusion on the rate of reaction (conversion). If
the Thiele modulus for a reaction is less than 1, it is
considered that the said reaction is free from interna
mass transfer limitations [4]. The Thiele modulus can
be calculated by the following expression:

¢ = L\/g )

where L is the length of pore (in meters) of the bulk
catalyst, D is the coefficient of diffusion of benzyl
alcohol, and k is the initial rate for benzyl alcohol
disappearance. Taking the length of the pore (L) equal
to the maximum particle size (50 um), the initia rate
(K) 4.55 x 102 min~1, and the diffusion coefficient
(D) for benzyl alcohol as 2.8 x 107° m? s~ [4], the
Thiele modulus (¢) is0.06, which is much less than 1.
The small value of the Thiele modulus indicates that
the rate of reaction isnot limited by interna diffusion.
Thusonthebasisof the effect of agitation ontherate of
reaction (conversion) and the Thiele modulus, we can
confidently assume that in the present conditions the
oxidation of benzyl acohol catalyzed by manganese
oxide isakinetically controlled reaction.

Time Profile Investigation

The time course study of manganese oxide catalyzed
oxidation of benzyl alcohol was monitored periodi-
cally. This investigation was carried out by suspend-
ing 0.1 g catalyst in 10 mL n-octane, 2 mmol benzyl
alcohol, 1.6 mmol methyl benzoate, and passing oxy-
gen through the reaction mixture with a flow rate of
60 mL min~t at 1 atm pressure. It was observed that
only benzal dehyde was detected asthereaction product
in beginning of the reaction. Once the benzyl alcohol
wasamost compl etely converted (~98%) to benzal de-
hyde, then formation of benzoic acid started (Fig. 2a).
The effect of reaction temperature on the progress of
the oxidation of benzy! alcohol was studied in the tem-
perature range of 323-363 K. Conversion of benzyl
alcohol increased from 39.4% to 95.6% in 120 min
with an increase in temperature from 323 to 363 K
for 0.1 g of manganese oxide and 2 mmol benzyl a-
cohol in 10 mL solvent. Time profile investigation at
various temperatures is shown in Fig. 2. In all experi-
ments, reaction conditions were kept the same except
temperature.

Kinetics Analysis

Therates of heterogeneous catal ytic reactions are com-
plex, because adsorption of the reacting species on the
surface of the catalyst, reactions between the adsorbed
species and desorption of the products take place si-
multaneously. Basically, the catalytic reactions are de-
scribed with surface concentrations; however, the ef-
fect of surface concentrations on rates of reactions can
be eliminated by using simplifying assumptions, such
as quasi-equilibrium and quasi—steady-state hypothe-
ses[14]. Thekineticsof the oxidation of benzyl alcohol
in the present case can be expressed as the power rate
law,

Rate = k'[BZOH]"[0,]" @)

where k is the rate constant and m and n are the reac-
tion orders with respect to benzyl alcohol and oxygen,
respectively. This representation has limited utility for
mechanistic elucidation; however, it can be used to ob-
tainapreliminary dependency of therateof thereaction
on the concentration of benzyl alcohol and oxygen. At
constant partial pressure of oxygen, the rate expression
becomes as

Rate = k'[BzOH]" ©)
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Figure 2 Time profile for the oxidation of benzyl alcohol (a) at 363 K, (b) at different temperatures. Reaction conditions:
BzOH 2 mmol/10 mL n-octane, catalyst 100 mg, agitation 800 rpm, pressure of oxygen 101 kPa.

where

k' = k[O]" 4
Equation (3) can beintegrated to thefollowing equa-
tion:

—In(1 - X) =kt (5)
where X is conversion of benzyl alcohol at batch time
t. Equation (5) was applied to time profile data for
the oxidation of benzyl alcohol at various tempera-
turesasgivenin Fig. 3. Thelinearity of plotsindicates
the first-order dependence of the oxidation rate on the
concentration of benzyl alcohol. The values of the rate
constants (k') were calculated from the slopes of the
graphs and are listed in Table I. However, such repre-
sentation has limited utility. Hence, we have followed

International Journal of Chemical Kinetics DOI 10.1002/kin.20922

the approach of fitting experimental data to one of the
three possible mechanisms of heterogeneous cataly-
sis[2,15-18]:

i. The Langmuir—Hinshelwood mechanism,
ii. The Mars-van Krevelen mechanism,
iii. The Eley—Rideal mechanism.

According to Langmuir—Hinshelwood mechanism,
the reaction proceeds in two steps. In the first step, the
reactants adsorb on the surface of the catalyst followed
by areaction between adsorbed reactantsto form prod-
uctsin the second step. For manganese oxide catalyzed
oxidation of benzyl a cohol with molecular oxygen, the
rate expression can be written as

Rate = k08,0160, (6)
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Figure3 Application of the first-order kinetic expression to time profile data at different temperatures from Fig 2.

Table I First-Order Rate Constants Determined from
Fig. 3

T (K) K (min~1) R2

323 0.0102 0.9709
333 0.0191 0.9974
343 0.0385 0.8269
353 0.0760 0.9288
363 0.1483 0.9580

where 6,04 and 0o, represents surface covered by
benzyl alcohol and molecular oxygen, respectively.

Adsorption of benzyl alcohol and oxygen on the
surface of catalyst may take place either according to
Langmuir, Temkin, or Freundlich adsorption isotherm.
The Langmuir adsorption isotherm may be either com-
petitive or noncompetitive. For competitive adsorption,
the rate expression can be written as

Kpz01[BZOH] K0,[O5]
"(1+4 Kgzon[BzOH] + KOZ[OQ]Z + Kp[P])?
@

Rate = k

where KgzoH, Ko,, and Kp represent adsorption coeffi-
cient for benzyl alcohol, oxygen, and products, respec-
tively. The value of n can be 1 or 0.5 for molecular or
dissociative adsorption of oxygen, respectively.
Adsorption/desorption processes in the above steps
are fast enough to be assumed at equilibrium. This
assumption helps to simplify the above expression

Kg701[BZOH] Ko,[O2]}

Rate = &,
(1+ Kszon[BZOH] + Ko,[02]%)?

®

At constant partial pressure of oxygen, the rate ex-
pression can be written as

_ ab[BZOH]
RAle = (1 bBZOM)? ®

where a, b, and c are k; Kop[O2], Kgzon, and 1 +
Koz[O2], respectively.

Similarly, at the constant concentration of benzyl
alcohal, the rate expression is

ab[O;]

M PEToN) o

In case of noncompetitive adsorption of benzyl al-
cohol and oxygen, the rate expression can be written
as

Kg20n[BZOH] Ko,[O2];
(1+ Kez01[BzOH])(1 + Ko,[O2])

Rate = k, (11)

Equation (11) can be simplified by keeping the con-
centration of benzyl alcohol or oxygen constant. At
constant partial pressure of oxygen, Eq. (11) can be

International Journal of Chemical Kinetics DOI 10.1002/kin.20922
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transformed to Eq. (12)

ab[BzOH]

Rate= ———— 1 _
1+ b[BzOH]

(12)

Similarly at the constant concentration of benzyl
acohol, Eg. (11) can be transformed to Eq. (13):

ab[O;]

Rate = ———
1+ 5[07]

(13)

Considering the Temkin adsorption isotherm, the
rate expression becomes

Rate = k, (K1 1n K5[BzOH])(K11n K5[O;]) (14)

whereK; andK; areconstantsrel ated to heat of adsorp-
tion, which decreases linearly with surface coveragein
this case.

For the constant concentration of oxygen and benzyl
alcohol, Eqg. (14) can be smplified to Egs. (15) and
(16), respectively:

Rate = k, (K1 In K5[BzOH]) (15)

Rate = k, (K1 In K5[O;]) (16)

A plot of In[BzOH] or In[O,] against the rate gives
astraight line.

Similarly, considering the Freundlich adsorption
isotherm, the rate expression becomes

Rate = k,-KBZoH[BZOH] ]171 KOZ[OZ] ]1}1 (17)

where Kg o4 and Ko, are the adsorption coefficient for
benzyl acohol and oxygen, respectively, and n (>1) is
aconstant.

This equation can be simplified by keeping oxy-
gen/benzyl alcohol constant and lumping together all
the constants as below.

Rate = k, Kgyon[BzOH]Y" (18)

Rate = k, Ko,[02]"/" (19)

A plot of In[BzOH] or In[O;] against Inrate givesa
straight line.

Like the Langmuir-Hinshelwood mechanism, the
Mars-van Krevelen mechanism also comprises two
steps. In thefirst step, the | attice oxygen of the catalyst

International Journal of Chemical Kinetics DOI 10.1002/kin.20922

oxidizes the substrate molecule and hence produces a
partially reduced catalyst. In the second step, the re-
duced catalyst isreoxidized by molecular oxygen. The
rate equation for the Mars—van Krevelen mechanism
can be given by the following expression:

_ kl[BZOH]kz[Oz]Z
~ Bka[BzOH] + k2[O2]7

Rate (20)

Inthisequation, k; and k, represent therate constant
for the oxidation of benzyl alcohol and reoxidation of
the partially reduced catalyst, respectively. 8 is the
stoichiometric coefficient for oxygen, whichisconsid-
ered as 0.5. The above expression can be simplified
by considering oxygen or benzyl alcohol constant as
discussed in the Langmuir—Hinshelwood mechanism.
For the constant oxygen and benzy! alcohol rate can be
expressed by expressions (21) and (22), respectively:

a[BzOH]

Rate = [BZOH] 1)
__a[0y]
Rate = b 0 (22)

According to the Eley—Rideal mechanism, the
gaseous reactant get adsorbed on the surface of the
catalyst while the second reacts with the adsorbed re-
actant from the fluid phase. In the present case, oxygen
isadsorbed at the surface while benzyl acohol remains
in the fluid phase.

Therate expression for the Eley—Rideal mechanism
can be given by Eq. (23)

Rate = k, 6o,[BzOH] (23)

Considering the Langmuir adsorption isotherm, we
get

Ko,[O2],

Rate = k, —————
1+ KOz[OZ]Z

[BzOH] (24)

At theconstant partial pressure of oxygen, theabove
equation can be transformed as

Rate = a[BzOH] (25)

Similarly in case of the constant concentration
of benzyl acohol, Eg. (25) can be transformed to
Eq. (26):

Rte — a[Oy]

1+ b[0] (29)
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Figure4 Applicability of noncompetitive Langmuir—Hinshelwood model (Eqg. (12)) to time profile data by nonlinear least-
square analysis at 101 kPa pressure of oxygen and various temperatures: (&) 363 K, (b) 353 K, (¢) 343 K, (d) 333 K, and

(e) 323 K.

The time profile data at various temperaturesin the
range of 323-263 K at 101 kPa partial pressure of
oxygen from Fig. 2 was subjected to kinetic analysis
using a nonlinear regression analysis according to the
above models, using Curve Expert 1.3 software.

Equation (12) fitted best to the data at constant par-
tial pressure of oxygen (101 kPa) and different temper-
atures. This equation was applied to time profile data
in an integral form (EqQ. (27)) asgivenin Fig. 4.

t=(B*(02—-x)*%(@4+bx(0.2-x))

+ 2%1In(0.2/x))/(2 % a * b) @27

International Journal of Chemical Kinetics

The values of noncompetitive Langmuir—
Hinshelwood constants were determined using
Curve Expert 1.3 software and are listed in Table 1.

Effect of Partial Pressure of Oxygen

The effect of the partial pressure of oxygen on the
oxidation of benzyl acohol was investigated in the
range of 34-101 kPa with a constant initial 0.2 M
benzyl alcohol concentration at various temperatures
in the range of 323-363 K. For the determination
of various partial pressure of oxygen, nitrogen was
admixed with oxygen having the total flow rate of

DOI 10.1002/kin.20922
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Table II Kinetic Constants Determined by Nonlinear
Least-Square Analysis According to
Langmuir-Hinshelwood, Noncompetitive Model

(Eq. (12)) at the Constant Oxygen Partial Pressure of
101 kPa

kKo, po, =K

4= TFKo,po, = *r b = KgzoH,
T(K) (mol L~ min—1) (L mol—1) R?
323 0.0102 0.4271 0.998
333 0.0191 0.3529 0.997
343 0.0385 0.2979 0.999
353 0.0760 0.2615 0.999
363 0.1483 0.2237 0.997

60 mL min~! as described earlier [4,11,16,17]. It
was found that with the increase in partial pressure
of oxygen conversion of benzyl alcohol increases as
shown in Fig. 5. The time profile data at various par-
tial pressures of oxygen from Fig. 5 was subjected to
kinetic analysis according to L angmuir—Hinshelwood,
Mars-van Krevelen, and Eley—Rideal mechanism as
discussed earlier. The Langmuir—Hinshelwood mech-
anism was applicable where adsorption of benzyl a-
cohal at the surface of catalyst takes place according
to the noncompetitive Langmuir adsorption isotherm,
from which rate coefficients and adsorption coeffi-
cient of benzyl alcohol were determined (Table I11).
It is evident from Table Il that the values of &
depends upon the oxygen partial pressure and temper-
ature as well. Using the Arrhenius equation by plot-
ting In (k) versus UT at various oxygen partial pres-
sures (Fig. 6) gives the apparent activation energies
(Table V), which are free from the effect of the heat of
adsorption of benzyl alcohol (AHg,0n). The apparent
activation energies depend on the partial pressure of
oxygen.

At constant partial pressure of oxygen, Eg. (6) can
also be written as

Rate = k. 0sz0H (28)

From the comparison of Egs. (6) and (28), it is
obvious that

k. = k.00, (29)

This is the reason that the apparent activation en-
ergies (Ey) increase with the increase in the oxygen
partial pressure (Table V). Considering that the appar-

ent activation energy is

Eq = E, + AHy (30)

International Journal of Chemical Kinetics DOI 10.1002/kin.20922

where E; and AHyy represents the true activation en-
ergy and heat of adsorption, respectively. Since the
adsorption is exothermic in nature in this case, there-
fore the apparent activation energy islessthan the true
activation energy by the amount of the heat of adsorp-
tion. Obvioudly, it can be concluded that the heat of
adsorption of oxygen decreases with anincreasein the
partial pressure of oxygen, a situation that arises due
to the nonhomogeneous nature of the oxygen adsorp-
tion sites. It was proved that the Langmuir adsorption
isotherm for oxygen adsorption was not successful.
Similarly, the Freundlich isotherm was also not appli-
cableto the data. The Temkin adsorption isotherm was
applicable to the data. Insertion of the Temkin adsorp-
tion isotherm in Eq. (29) for 6o,, gives

k. = k. K1In(K2po,) (31)
which could be changed to
k. = aln(bpo,) (32

Values of a and b were determined by applying
Eqg. (32) to the data by nonlinear |east-square fit analy-
sisusing Curve Expert 1.3. Vaues of a, b, and regres-
sion coefficient are listed in Table V. It shows that the
Temkin Isotherm is the best fit for oxygen adsorption
in this case. Furthermore, recalculation of the &, val-
ues using the constants a and b from Table V shows
excellent agreement with the k. values in Table V, as
givenin Fig. 7. By using the values obtained from the
Temkin isotherm the apparently true activation energy
(free from the heat of adsorption of both benzyl alco-
hol aswell as the heat of adsorption of oxygen) can be
calculated. It can be seen that the constant ain Eq. (32)
is

a = erl (33)

Considering that K1 = ﬁ, where as AHg is the
maximum value of the heat of adsorption obtained at
the lowest surface coverage, i.e. as® — 0 and « isthe
proportionality constant used for estimating the de-
crease in the heat of adsorption with surface coverage.
Therefore, dividing the value of a by the temperature

T will give

R
Z=k (34)
T aAHy

A plot of In() versus T will give the apparently
true activation energy, free from the heat of adsorption
of both oxygen and benzyl acohol as given in Fig. 8,
giving the E; = 71.8 kJmol 1, which isalmost equal to
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Figure5 Time profile data for oxidation of benzyl alcohol
conditions: BzOH 2 mmol/10 mL n-octane, catalyst 100 mg,

the value obtained previously for the vapor-phase de-
hydrogenation of cyclohexanol to cyclohexanone cat-
alyzed by Y ,03/ZrO,, using the Temkin isotherm [19].

On the other hand, the constant b in Eq. (32) is
b=bert , Where b’ isaconstant. If b’ isindependent
of temperature then a plot of In(b) versus I/T would
give the value of AHy. However, aplot of In(b) versus
1/T (Van't Hoff equation) showsthat thevalueat 363 K
has alarge deviation as given in Fig. 9a. It is probably

at various temperatures and partial pressure of oxygen. Reaction
agitation 800 rpm.

due to the fact that b’ has some contribution from the
entropy of adsorption, which has more pronounced
effect at the highest temperature.

A reasonably good straight line (R® = 0.923) is
obtained for the other four temperatures (323, 333,
343, and 353 K) giving a value of —31.12 kJ mol~*
for the heat of adsorption (AH) of oxygen (Fig. 9a).
Similarly for the determination of heat of adsorption
of benzyl alcohol, Van't Hoff equation was applied to

International Journal of Chemical Kinetics DOI 10.1002/kin.20922
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Figure 6 Application of Arrhenius eguation to the data
from Tablell.

Table IV Apparent Activation Energies Calculated

from Fig. 6

pO; (kPa) Eagp (kImol 1)
34 5251

51 60.30

68 63.07

84 64.50

101 65.41

Table V Constants Determined by Applying the
Temkin Isotherm by Nonlinear Least-Square Method of
Analysis

a=kKjy
T(K) (mol L= min~1) b=K> R2
323 0.004 0.115 0.951
333 0.010 0.061 0.941
343 0.022 0.052 0.971
353 0.050 0.041 0.973
363 0.082 0.060 0.992

Note that bothK; and K, are unitless quantities.

the adsorption constant of benzyl alcohol at various
temperatures as in Table Il as given in Fig. 9b (in
this figure average values of Kg oy @ various partial
pressures of oxygen were used). Heat of adsorption
of benzyl alcohol (AHg) was —18.14 kJ mol~1. Gibbs
free energy (AG) and entropy (AS) of adsorption for
benzyl alcohol were —35.36 kJ mol~! and 58.45 J
mol ~2, respectively. Now considering that E; = E, —
AHgyy, Where AHyy isthe heat of adsorption. Using the
values of apparent true activation energy (E; = 71.81
kJ mol~1) and apparent activation energies (Es) from
Table IV, the heat of adsorption at various oxygen
partial pressures was calculated as given in Table V1.
According to the Temkin isotherm, heat of adsorption
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Figure 7 Comparison of the apparent rate constant k;” from Table V (observed) with those calculated by using the Temkin
isotherm (the constant was obtained by nonlinear |east-square fitting).

(AHg4q) isdecreased linearly with surface coverage (6)

according to

AH,; = AH, (1 — af)

(35

However, considering that according to the Temkin

isotherm

0= A+ BIn(p)

(36)

Therefore, aplot of AHy versus In(p) must be lin-
ear with anegative slope. Figure 10 showsthat the plot

International Journal of Chemical Kinetics

of AHg versusIn(p) islinear with a negative slope. It
shows that the Temkin isotherm in this case is appli-
cable. However, in this case we are unable to calculate
the value of AHq and/or « from theintercept and slope
as the constants A and B in Eq. (36) becomes more
complicated when these are inserted in Eq. (35). Itis
also important to remember that the Temkin isotherm
isapplicable only in the middle range of surface cover-
age (# ~ 0.3-0.6); therefore, deviation in the lower
and upper regions of surface coverage is expected.
Furthermore, the apparently true activation energy (E;
= 71.81 kJ mol 1) is free from the effect of heat of

DOI 10.1002/kin.20922
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Figure 8 Determination of apparently true activation en-
ergy, free from the heat of adsorption of both oxygen and
benzy! acohol.

adsorption of benzyl alcohol and oxygen only. The ef-
fect from the heat of adsorption of the solvent and other
products (i.e., benzaldehyde, benzoic acid, and water)
could not be ignored.

The Final Kinetic Equation

From these analyses, it is evident that the following
kinetic equation (Eq. (37)) is the best fit as evident
from Tables |l and V:

Kpzon[BzOH]
1+ Ksz0on[BzOH]

Rate = k, < ) (K1In(K2po,))

(37

This is based upon the Langmuir—Hinshelwood
mechanism, where the adsorption of benzyl acohol
takes place according to the Langmuir adsorption
isotherm whereas adsorption of oxygen follows the
Temkin adsorption isotherm.

Considering that the heat of adsorption of benzyl
alcohol (AHg ~ —18 kdmol~1) is low; therefore, the
adsorption isrelatively weak. In this case, Eq. (37) can
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Figure9 Van't Hoff plot for the determination of heat of adsorption of (a) oxygen and (b) benzyl alcohol.
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Table VI Activation Energies and Heat of Adsorption
of Oxygen at Various Partial Pressure of Oxygen

pOy (kPa) Ea, (kJmol~1) AHgg (kI mol~1)
34 53.28 18.53
51 59.72 12.09
68 62.33 9.48
84 63.64 8.17
101 65.38 6.43
20
_ b y = —10.809.x+ 55.737
T 16 i R? =0.9663
S ~
= "
~
=12 T N
= ~
T 8- L
<] ~e
4 . . .
3.40 3.80 420 4.60

In pO, (kPa)

Figure10 Heat of adsorption AHggp versus In(pOo).

be modified to Eq. (38):
Rate = k,(Ksz0n[BzOH])(K1In(K2po,))  (38)

asthe Kgzon[BzOH] term in the denominator could be
ignored in comparison to 1.

CONCLUSIONS

The oxidation of benzyl alcohol catalyzed by man-
ganese oxide in the present case is purely taken place
in a kinetically controlled region, where Langmuir—
Hinshelwood type of mechanism is operative. Accord-
ing to this mechanism, the reaction proceed in two
steps. Infirst step, boththereactants, i.e. benzyl alcohol

and oxygen, are adsorbed at the surface of catalyst,
whereas in second step the adsorbed reactants re-
act and give the fina products. Adsorption of ben-
zyl acohol and oxygen has taken place according to
the noncompetitive Langmuir adsorption isotherm and
Temkin adsorption isotherm, respectively. It showsthat
the adsorption sites for benzyl alcohol are homoge-
neous in nature (AHg,on" = —18.14 kJ mol~1). The
adsorption sites for oxygen are heterogeneous in na
ture, whereasthe heat of adsorption varieswith surface
coverage by oxygen. The maximum valuefor AHg is
-31.12kJmoltat g — 0.
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