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6.1 Abstract

In this study, the catalytic deoxygenation o f oleic acid (C17H33COOH) was 

investigated over Cei-xZrx02 mixed oxide catalysts. The results showed that the 

deoxygenation o f oleic acid can be achieved via direct decarboxylation resulting in c  17- 

hydrocarbons and CO2. The Ceo.75Zro.25O2 catalyst exhibits the highest activity. The 

extent o f the activity is related to its degree o f reducibility. The evidence o f CO 

indicated that the decabonylation reaction occurs simultaneously. This reaction is more 

pronounced over more reducible catalyst at the temperature higher than 375°c as found 

in the case o f  Ceo.75Zro.25O2 and Ce02. Kinetic studies showed that the rate o f the 

catalytic deoxygenation o f oleic acid over Ceo.75Zro.25O2 catalyst follows the first order 

kinetic model and the calculated activation energy was reported at ca. 23 kcal mol'1.

6.2 Introduction

Pyrolysis o f biomass is found to be the prom ising technique fo r energy 

production. The pyro ly tic  liqu id  or b io -o il was considered to be high potential resource 

fo r applying as a diesel fuel and diesel fuel additives after treating w ith  proper 

upgrading methods [1, 2 ]. One o f d ifficu ltie s  fo r using o f b io -o il as a fuel is the high 

portion o f carboxylic acids in the b io -o il which is defined as an oxygenated compound 

(up to  36 w t.% ) [3 ]. C arboxylic acids make liqu id  very corrosive and extrem ely severe 

at elevated temperature. Moreover, the high oxygen content leads to the low er energy 

density up to 50% comparing to the conventional fuel and also im m isc ib ility  problem 

w ith  hydrocarbon fuel. In  addition, the strong acid ity o f b io -o ils makes them extrem ely 

unstable [4 ], Hence, deoxygenation o f the b io -o il is essential.

There are several techniques fo r upgrading the b io -o il by removal o f oxygen 

atoms from  the oxygen containing compounds [4 ], Among a ll techniques, the cata lytic 

cracking is regarded as the cheapest route, but facing a severe coking (8-25 w t.% ) 

problem and non-selective liqu id  products were obtained [4-7], On the other hand, the
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hydrotreating process requires com plicated equipm ents, superior techniques and excess 

o f hydrogen [4 ]. Therefore, the ca ta ly tic  deoxygenation is a prom ising  candidate route 

due to  sim ple equipm ent requirem ent, ease o f operation at lo w  pressure cond ition  and 

the reasonable cost o f reacting agent.

A  part fro m  the operational advantages, h igh  p roduct se le c tiv ity  tow ard long 

chain hydrocarbons was obtained. The selective production  o f diesel fu e l hydrocarbons 

fro m  renewable vegetable-based feeds was recently reported, where the deoxygenation 

was perform ed by the selective rem oval o f the carboxyl group [8 ].

The ca ta ly tic  deoxygenation o f ca rboxy lic  acid has been studied over both non

reducib le and reducib le  catalysts. The disadvantage o f using the non-reducible  catalysts 

such as activated alum ina is  coke fo rm ation . A m ount o f coke was increased as a 

function  o f the carbon num ber o f acids from  10.3 w t.%  (fo r C4 acids) to  25.6 w t.%  (fo r 

C 12 acids). M oreover, various non-selective products resu lting  from  the ke ton iza tion  

reaction were also obtained [9 ].

The ca ta ly tic  deoxygenation o f  acetic acid [10 ] and benzoic acid [11, 12], have 

been studied over several types o f the m eta l-oxide catalysts. A  great num ber o f m eta l- 

oxides were tested and a co rre la tion  between re d u c ib ility  and ca ta ly tic  behavior was 

found [13 ]. Ce(>2, ZnO  and Z 1O 2 e xh ib it a good ca ta ly tic  perform ance and h ig h ly  

selective reduction o f  benzoic acid to  benzaldehyde at lo w  tem perature (T  <  375°C ), 

especia lly CeC>2. A t h igher tem perature (T  >  375°C ), the obtained benzaldehyde was 

fu rthe r decomposed to  benzene and toluene by fo rm ing  CO2 and CO as m a jo r 

com ponents in  gas phase [1 4 ], Z 1O 2 was also reported to  prom ote the decarboxylation 

o f stearic acid resu lting  in  C l 6-hydrocarbons and CO 2 under the supercritica l water. The 

add ition  o f K O H  in to  Z 1O 2 was found to  prom ote the decarboxylation o f stearic acid  to  

C l 7-hydrocarbons and CO2 w ith o u t breaking o f long chain hydrocarbons [15 ]. Recently, 

the add ition  o f Z r atom  in to  the CeC>2 la ttice  can increase the therm al s ta b ility  and 

re d u c ib ility  o f the catalysts and it  has also shown to  be active in  several o ther reactions, 

in c lu d ing  partia l ox ida tion  [1 6 ], selective dehydration [17 ] and es te rifica tion  [18 ], 

Therefore, it  m igh t be expected to  increase the deoxygenation a c tiv ity  w ith  less coke 

fo rm a tion  [19, 20 ]. Hence, the aim  o f th is  con tribu tion  is  to  investigate the ca ta ly tic  

deoxygenation o f o le ic  acid over the reducib le  catalysts (Cei_xZ rx0 2  m ixed oxide 

catalysts). The k in e tic  analysis over the m ost active catalyst was purposed.
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6.3 Materials and mèthods

6.3.1 Catalysts preparation and characterizations

C eria -zircon ia  m ixed m etal oxide catalysts were prepared v ia  urea 

hydro lysis technique. The 0.1 M  o f each m etal salt so lu tions were prepared fro m  cerium  

n itra te  (C e(N 0 3 )3'6 H 20  (99.0% ), F luka), and z ircon ium  oxych lo ride  (Z rO C l2‘8H 20  
(99.0% ), F luka) using as sources o f Ce and Z r, respective ly. The ra tio  o f C e /Z r in  the 

catalyst com position was altered by va ry ing  the vo lum e o f the so lu tion  to  obta in  the 

desired com position o f catalyst. The synthesis procedure and characteristics o f catalysts 

has been reported elsewhere [19 ]. The B E T surface areas o f the catalysts were in  the 

range o f 78-122 m 2 g '1.

6.3.2 A c tiv ity  test

C ata lytic a c tiv ity  tests fo r the decarboxylation o f o le ic  acid 

(C 17H 33C O O H ) were carried out in  a stainless steel packed bed reactor (I.D . 3/8 in .). 

The am ount o f catalyst (0.10-0.70 g) was packed between the tw o  layers o f the glass 

w oo l. The reactor was placed in  an e lectrica l furnace equipped w ith  K -type  

therm ocouples. The tem perature o f the catalyst bed was m onitored and con tro lled  by 

Shinko tem perature contro lle rs. The reaction tem perature was carried out in  the range o f 

325-425°C. O le ic  acid was fed at 1.0-5.0 m l h ' 1 by the ISCO  m odel 260D  h ig h  pressure 

liq u id  syringe pum p w ith  the d ilu te  o f n itrogen gas. The flo w  rate o f n itrogen was kept 

at 50 m l m in "1 by Brooks mass flo w  contro lle rs. The ou tle t stream was condensed by 

tw o condensing traps tha t kept at room  tem perature and im m ersed in  the ice/acetone 

bath. E x it gases were on line  chrom atographica lly analyzed fo r CO and CO 2 by 

Shim adzu 8A  equipped w ith  a TC D  detector. The condensed liq u id s  were o ff-lin e  

analyzed using Therm ofrnigan Trace GC 2000 gas chrom atograph fitte d  w ith  the F ID .

The k in e tic  studies were carried out in  the same system as m entioned above. 

B y va ry ing  mass o f catalyst, the k in e tic  parameters (i.e ., activa tion  energy and pre

exponential facto r) were evalนated.
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6.4 Results and discussions

6.4.1 C a ta ly tic  deoxygenation o f o le ic  acid

The results showed that CO and CO2 were the m a jo r gas com positions 

w ith  the trace o f CH4, C2H4 and 02แ6 fo r the ca ta ly tic  deoxygenation o f o le ic  acid at 

tem peratures above 425๐c, regardless o f m ixed oxides used. S im ila r find ings were 

reported in  the studied o f decarboxylation o f naphthenic acid [21 ] and stearic acid [8, 

22], The presence o f CH4, C2H4 and C2H 6 is due to  the therm al cracking and accounted 

fo r 1.3%  o f the to ta l gas y ie ld  in  our study. I t  was found tha t y ie lds o f bo th  CO, F ig  

6.1(a), and CO2, F ig  6.1(b), gradually increased w ith  an increasing tem perature (325- 

385°C) and ra p id ly  increased at tem perature above 385°c. I t  was reported tha t CO2 was 

produced from  decarboxylation and keton iza tion  reactions [21-24] w h ile  CO was 

produced from  decarbonylation reaction [8 ]. The decarboxylation, ke ton iza tion  and 

decarbonylation o f o le ic  acid were proposed in  Eq. (6 .1), (6 .2) and (6 .3 ), respective ly 

[22],

C 17H 33COOH —» C 17H 34 + CO2 (6 .1)

2 Q 7H 33CO O H (C i 7H 33)2COO +  C 0 2 (6 .2)

C ]7H 33CO O H ->  C 17H 32 +  CO +  H 20  (6.3)

The o le ic  acid conversion (x) was calculated fro m  the CO  and CO 2 y ie lds 

and can be represented by Eq. (6.4)

O le ic acid  conve rs ion  (x )  =  ^ c° 2  ̂ T X  100 (6 .4 )
Foa

where y c o , y c02, F j  and F0A were y ie ld  o f CO , CO2, to ta l flo w  rate (m o l m in '1) and 

in le t flo w  rate o f o le ic  acid (m o l m in '1), respective ly

I t  was found that the catalytic activity for the deoxygenation of oleic acid was 
in the order of Ceo.75Zro.25O2 > Ce02 > Ce0.50Zr0.50O2 ~ Ceo.25Zro.75O2 ~ Z1O2 (Figure 
6.2) which are found to relate to the redox properties of the mixed oxide catalysts. I t  has 
been reported that the reducibity of the catalysts declines in the order: Ceo.75Zro.25O2 > 
Ce02 > Ceo.50Zro.50O2 > Ceo.25Zro.75O2 as shown in Figure 6.3.
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The results also showed that liq u id  products derived from  the deoxygenation o f 

o le ic  acid, m a in ly  consist o f hydrocarbons ranging from  C6-C 18 w ith  the h igh  se le c tiv ity  

tow ard C j 7-hydrocarbons fo r a ll studies as depicted in  Figure 6.4. These suggested that 

catalysts p re fe ren tia lly  prom ote the deoxygenation v ia  d irect decarboxylation, Eq. (6.1). 

The absence o f sym m etric ketones indicated the in s ig n ifica n t o f the ke ton iza tion  

reaction during  the course o f the ca ta ly tic  deoxygenation o f o le ic  acid.

The p lo t o f CO2/C O  ra tio  against the reaction tem perature was applied fo r the 

ind ica tion  o f dom inating reaction over the Cei_xZ rx0 2  catalysts as shown in  F igure 6.5. 

The results showed that the CO 2/CO  ra tio  is  greater than 1 fo r a ll cases suggesting tha t 

the d irect decarboxylation reaction was the dom inating reaction fo r both non-ca ta lytic 

and ca ta ly tic  deoxygenation. The s im ila r find ings were found in  the deoxygenation o f 

stearic acid over Pd/C [8 ], sulfated z ircon ia  [23 ] and activated a lum ina [24 ], The 

CO 2/C O  ra tio  m onoton ica lly  increases as a function  o f reaction tem perature fo r a ll 

catalysts except fo r Ceo.75Zro.25O2 and C e02. The CO2/C O  ra tios o f Ceo.75Zro.25O2 and 

Ce0 2  catalysts were re la tive ly  constant a fte r 385°c. Th is m igh t be resulted fro m  the 

decom position o f the adsorbed o le ic  acid through the decarbonylation reaction. The 

o le ic  acid could  be adsorbed by f illin g  the vacancy w ith  the oxygen in  the carboxyl 

group resu lting  in  the adsorbed layer and then decomposed to  fo rm  C l 7-hydrocarbons 

and CO at the tem perature h igher than 375°c. The s im ila r fin d in g  was found in  the case 

o f deoxygenation o f benzoic acid [14 ]. A m ong a ll catalysts, Ceo.75Zro.25O2 cata lyst was 

found to shows the highest y ie ld  o f the C l 7-hydrocarbons, approxim ate ly 36 w t% . Th is 

is related to  the re d u c ib ility  o f Ceo.75Zro.25O2 catalyst p ro v id ing  the h igher oxygen 

vacancy site fo r the adsorption o f o le ic acid m olecule.

For less reducib le  catalysts, CO production was in s ig n ifica n t due to  lo w e r 

oxygen vacancy sites.
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Figure 6.1 The y ie ld  o f (a) CO and (b ) CO2 as a function  o f  reaction tem perature
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Figure 6.2 E ffects o f tem perature on o le ic  acid conversion fo r the deoxygenation o f 
o le ic  acid over ce ria -z ircon ia  catalysts and non-ca ta lytic system



Figure 6 .3 CO-TPR profiles o f the Ce!_xZrx0 2 catalysts
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Figure 6.4 The d is trib u tio n  o f the liq u id  product obtained from  the deoxygenation o f 

o le ic  acid under n itrogen atmosphere at 385°c
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Figure 6.5 CO2/C O  ra tio  as a function  o f reaction tem perature fo r the deoxygenation o f 
o le ic  acid over ceria -z ircon ia  catalysts
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6.4.2 K in e tic  Studies

The k in e tic  studies were conducted on the m ost active cata lyst, 

Ceo.75Zro.25O2, fo r the deoxygenation o f o le ic  acid. The experim ents were conducted at 

three d iffe re n t tem peratures (375, 385, and 400°C ) w ith  fou r d iffe re n t mass o f catalysts 

(0.1, 0.3, 0.5 and 0.7 g) and the p lo t between acid conversion and m /F 0 ra tio  were 

presented in  F igure 6 .6 . The acid conversions in  the cases o f w ith o u t catalysts were 

included in  the p lo t. The assum ptions and s im p lifica tio n s  were made to  m in im ize  heat 

and mass transfer effects as m entioned elsewhere [24 ].

To determ ine the reaction order by the in teg ra l rate m ethod, the reaction 

order has to  be presum ed fo r in tegra ting  the d iffe re n tia l equation. A fte r in tegra tion, the 

k in e tic  representation fo r the hypothesis o f each reaction order, ท -  0, 1.0, 1.5 and 2.0, 

can be w ritte n  in  Eq. (6 .5 ), (6 .6 ), (6 .7) and (6 .8 ), respective ly.

1 0—  X  
ไท

; ท =  0 (6 .5 )

F0
;n  =  1.0 ( 6 .6 )

m  (1  -  x y / 2 ; ท =  1.5 (6 .7 )

F0 X  

m  (1  —  x )
; ท =  2.0 ( 6 .8 )

where '’’0, Fc , 111 and A were reaction rate, to ta l gas flo w  rate, mass o f  catalysts and acid  

conversion, respective ly. The p lo t X , In (l-x ), 2 /(1 -x )1/2 and x /( l -x )  versus m/Fo were 

made fo r ท =  0, 1.0, 1.5 and 2.0, respective ly. I f  the p lo t y ie lds the stra igh t lin e  w ith  the 

regression co e ffic ie n t greater than 0.995, it  can be concluded tha t the reaction order 

w h ich  we presumed was the order o f reaction. For exam ple, the p lo t fo r ท =  1.0 (a t
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d iffe re n t tem peratures) showed the stra ight lin e  w ith  the regression co e ffic ie n t greater 

than 0.995 fo r a ll tem perature studied as illus tra ted  in  F igure 6.7. Therefore, it  can be 

concluded that the firs t order was reasonable. A ll values o f the rate param eters obtained 

from  the p lo t were shown in  Table 1. M oreover, the reaction  order determ ination by the 

pow er-law  k in e tic  m odel was also applied. The p lo t o f In (-r0)  versus In (Co) was shown 

in  F igure 6.8. Then, the reaction order was determ ined from  the slope o f the line . The 

results showed that the reaction order was also 1.0 fo r a ll tem peratures.

The reaction order o f o le ic  acid deoxygenation was the firs t order w h ich  

was s im ila r to  the ca ta ly tic  decarboxylation o f octanoic acid [24 ] and m ix tu re  o f used 

palm o il and palm  o il fa tty  acids [26 ] w h ile  the reaction order o f the deoxygenation o f 

used vegetable o il was reported to  be second order [23 ].

The reaction rate (r0)  were calculated by the slope o f the p lo t o f ท -  1.0 

using Eq. (6.6). Then, the reaction rate constants were calculated b y  k =  .ะ;,/ c  1.. In  th is

case c 0 was 2 .6 2 x l0 "3 m ol r 1. A ccord ing  to  the equation !: =  A e x p i E . / R T ) ,  the

activa tion  energy and pre-exponentia l facto r were obtained from  the slope and 

in terception, respective ly, o f the p lo t o f In k  versus 1 /T  as shown in  F igure  6.9. The 

estim ated activa tion  energy was 22.8 kca l m o l'1 and the pre-exponentia l fac to r was 

1 .3 2 x l0 9 1 h '1 g c A T 1- The activa tion  energy was found to  be h igher than the activa tion  

energy o f decarboxylation o f octanoic acid (16.97 kcal m o l'1) [2 4 ], Th is m igh t be due to  

o le ic  acid has h igher m olecular mass than octanoic acid.
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Figure 6.6 The p lo t o f conversion against m/Fo ra tio



Figure 6.7 The p lo t o f In (l-x )  vs m/Fo (hypothesis o f ท =  1.0)
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T ab le  6.1 The in itia l rate ( r0) and rate constant (k) derived from  the deoxygenation o f 
o le ic  acid

Reaction Simplified rate Temperature (K) Parameter R2order expression r0a (x 10"6)

(OX

648 0.338 1.290 0.9576
F„ 658 0.847 3.233 0.9882ท = 0 '■0 = — *m 673 1.221 4.660 0.9816i 648 0.424 1.618 0.9968

ท = 1.0 658 1.111 4.240 0.9963
ไท 673 1.830 6.985 0.9925

„  _  F0 2
648 0.441 1.683 0.9539
658 1 226 4.679

8.195
0.9769
0.9596ท = 1.5 © 1

ร 1 ro
\

673 2.147

648 0.458 1.748 0.9524

ท = 2.0 IH 658
673

1.354
2.520

5.168
9.618

0.9714
0.9479

u n it: (m ol ร '1 gcAT *)

b u n it: i f  ท =  0, (m o l ร' 1 g c A T 1) ;  i f  ท =  1.0, (1 ร' 1 gcAT-1); i f  ท =  1.5, (m o l "° 5l ‘ 5 ร' 1

gCAT~'),

and i f  ท =  2.0, ( m o l112 ร', gcAT1).
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Figure 6.8 The reaction order determ ination by pow er-law  k in e tic  m odel



เท
 k

1.0

.00148 .00150 .00152 .00154

1/T (K

Figure 6.9 A rrhenius p lo t fo r the determ ination o f k in e tic  parameters
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6.5 Conclusion

In  conclusion, ce ria -z ircon ia  m ixed m etal oxide catalysts were e ffec tive  fo r the 

deoxygenation o f  o le ic  acid v ia  d irect decarboxylation resu lting  in  the selective 

producing o f C l 7-hydrocarbons and C O 2 . Am ong a ll catalysts, Ceo.75Zro.25O2 catalyst 

was found to  e xh ib it the highest ca ta ly tic  a c tiv ity  re la ting  to  its  highest re d u c ib ility . The 

k in e tic  o f the deoxygenation reaction was found to pe rfe c tly  f it  w ith  the firs t order 

k in e tic  m odel w h ich  confirm s the d irec t decarboxylation m echanism , w ith  the activation  

energy o f ca. 23 kca l m o l'1.
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