
BACKGROUND AND LITERATURE REVEIW
C H A P T E R  II

2.1 Overview of Diesel Fuel

D iesel fuel is one o f  the m ajor fuels used in the w orld. D iesel fuel is usually 
used in the on-road diesel engines o f  trucks, buses and cars and the off-road diesel 
engines that include locom otives, m arine vessels and heavy-duty  equipm ent. The 
products from  crude oil d istillation unit, light and heavy gas oil, and FCC unit, 
straight run  gas oil and light cyclic oil (LCO ), are the m ain  sources o f  the diesel fuel. 
D iesel engine is considerably  m ore fuel-efficient than gasoline engine because they 
operate at h igher com pression  ratios. Furtherm ore, m ore durable and w ider pow er 
ranges used are added to the advantages o f  diesel engine.

H ow ever, diesel exhaust is relatively not environm ental friendly. Diesel 
exhaust is com posed o f  tw o phases; either gas or particle and both  phases contribute 
to  the risk. The gas phase is com posed o f  m any o f  the urban hazardous air 
po llu tan ts, such as acetaldehyde, acrolein, benzene, 1,3-butadiene, form aldehyde and 
polycyclic  arom atic  hydrocarbons. The particle phase also has m any different types 
o f  particles that can be classified  by size or com position. The sizes o f  diesel 
particu lates that are o f  greatest health  concern are those that are in the categories o f  
fine and u ltra  fine particles. The com position o f  these fine and u ltra  fine particles 
m ay be com posed  o f  elem ental carbon w ith  adsorbed com pounds such as organic 
com pounds, sulfate, nitrate, m etals and o ther trace elem ents. The sm all particles that 
com e from  diesel exhaust are particularly  dangerous because they are coated with a 
m ixture o f  chem icals such as polycyclic arom atic hydrocarbons, nitroarom atics, 
benzene, d ioxins, and o ther toxicants. The particles act like a special delivery system 
that p laces these toxic chem icals deep w ithin  our bodies. D iesel exhaust is like a 
perversion  o f  a drug delivery system  that delivers hazardous toxicants into our lungs. 
The particles are retained in the body along w ith  the toxic chem ical h itchhikers that 
w ould otherw ise be quickly elim inated. Thus, the particles lengthen our exposures to 
the toxicants in diesel exhaust.
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To reduce the harm ful o f  diesel exhaust, the am ount o f  particle  m atters can 
be reduced by decreasing the sulfur contents o f  the fuel, raising the cetane num ber, 
and decreasing the arom atics contents. The latter tw o are in terconnected  because 
reducing the content o f  arom atics increases the cetane num ber.

2.2 Hydrogenation of Aromatics Compounds

To achieve deep arom atics hydrogenation, tw o different m ethods, that is, 
single-stage and tw o-stage hydrotreating processes have been  proposed. The single- 
stage hydrotreating process using conventional hydrotreating  catalysts (CoM o, 
N iM o, and N iW  on AI2O 3) can only w ork under severe operating conditions, such as 
m uch  h igher hydrogen pressure and h igher tem perature. H ow ever, because arom atic 
hydrogenation  is an exotherm ic reaction , there are therm odynam ic equilibrium  
lim itations at high tem perature operation. O n the o ther hand, the tw o-stage 
hydrotreating  process using m etal catalysts in the second stage can achieve deep 
levels o f  arom atics hydrogenation  under m ild  conditions, such as m oderate hydrogen 
pressure and low er tem perature. H ow ever, because m etal catalysts are easily 
po isoned  by sm all am ounts o f  sulfur, the hydrodesulfurization  catalyst in the first- 
stage reactor has to reduce the level o f  sulfur up to  a few  ppm . In addition, the
effects o f  su lfur poisoning on the tetralin  hydogenation  over y-alum ina-supported  Pt 
catalyst w ere studied by Chang and C hang (1998). The reaction  order decreased 
w ith  severe sulfur poisoning. Therefore, extensive รณdies have been perform ed to 
develop sulfur-tolerant noble m etal catalysts for the tw o-stage process by various 
petro leum  and.catalyst m anufacturing com panies. '

In particular, zeolite-supported noble m etal catalysts have been  receiving 
m ore attention  as arom atics hydrogenation  catalysts. Fujikaw a e t  a l. (2001) 
suggested  that the low er apparent activation  energy for the hydrogenation o f  
arom atics over P t/H Y  catalyst is probably  responsib le for a stronger adsorption  o f  the 
arom atics on  the B ronsted acid sites o f  the H Y  zeolite. T hey concluded that the 
acidic properties o f  the catalyst p lay an im portant role in the kinetic behavior o f  
arom atics hydrogenation. H ow ever, zeolites drastically  increase undesirable
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cracking activity , w hich  accelerates the rate o f  coke deposition  and enhances the 
y ields o f  naphtha and gas. T hese circum stances are caused by too h igh  acidity o f  
zeolite. In 2002, A rribas and co-w orkers found that the presence o f  B ronsted  acid 
sites is required  to achieve som e reactions, for exam ple, isom erization , ring opening, 
cracking and dealkylation . Furtherm ore, because zeolite is som ew hat expensive, the 
use o f  zeolites as a support is econom ically  less attractive.

N oble m etal catalysts using for arom atics hydrogenation  are usually 
activated  at re la tively  severe conditions, but nickel catalyst can be operated  at m ild 
conditions com pared  to the o ther noble catalysts (R autanen e t  a l . , 2002). M oreover, 
n ickel catalyst is cheaper than the others such as platinum  and palladium . Therefore, 
n ickel catalyst is considered  as an attractive catalyst for hydrogenation  o f  arom atics.

2.3 Steps in a Catalytic Reaction

The overall process by  w hich heterogeneous cataly tic reactions proceed can 
be broken dow n into the sequence o f  follow ing individual steps as schem atically  
illustrated  in F igure 2.1.

1) M ass transfer (diffusion) o f  the reactan ts from  the bulk  fluid  to the 
external surface o f  the catalyst pellet.

2) D iffusion  o f  the reactan t from  the pore m outh  through the catalyst 
pores to the im m ediate vicin ity  o f  the internal cata ly tic  surface.

3) A dsorp tion  o f  reactan t A  onto the catalyst surface.
4) R eaction  on the surface o f  the catalyst.
5) D esorp tion  o f  the products from  the surface.
6 ) D iffusion  o f  the products from  the interior o f  the pelle t to the pore 

m outh  at the external surface.
7) M ass transfer o f  the products from  the external pellet surface to the 

bu lk  fluid.
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Figure 2.1 Steps in a  heterogeneous catalyst reaction  (Fogler, 1992).

The overall rate o f  reaction is equal to the rate o f  the slow est step in the 
m echanism . W hen the diffusion steps (1,2,6 and 7) are very  fast com pared with the 
reaction  steps (3,4 and 5), the concentrations in  the im m ediate v icin ity  o f  the active 
sites are indistinguishable from  those in the bulk  fluid. In this situation, the transport 
or d iffusion  steps do no t affect the overall rate o f  the reaction. In o ther situations, i f  
the reaction  steps are very fast com pared w ith  the d iffusion step, m ass transport does 
affect the reaction. In system  w here d iffusion  from  the bulk  gas or liquid to the 
catalyst surface or to the m ouths o f  catalyst pores affects the  rate, changing the flow  
conditions past the catalyst should change the overall reaction  rate. In porous 
catalysts, on  the o ther hand, diffusion w ithin  the catalyst pores m ay lim it the rate o f  
reaction. U nder these circum stances, the overall rate w ill be unaffected  by external 
flow  conditions even though diffusion affects the overall reaction  rate. Som etim es, 
tw o reactan ts are necessary for a reaction  to occur, and both  o f  these m ay undergo 
the steps listed above. O ther reactions betw een tw o substances have only one o f  
them  adsorbed.

2.4 Adsorption (Satterfield, 1991 )

For a catalytic reaction to occur, at least one and frequently  all o f  the 
reactan ts m ust becom e attached to the surface. This attachm ent is known as 
adsorp tion  and takes place by tw o different processes: physical adsorption and
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chem isorption. Physical adsorption  is sim ilar to condensation. The process is 
exotherm ic, and the heat o f  adsorption  is relatively  sm all, being one the order o f  1 to 
15 kcal/g  m ol. The forces o f  attraction  betw een the gas m olecules and the solid 
surface are w eak. These van der W aals forces consist o f  in teraction  betw een 
perm anent dipoles, betw een a perm anent dipole and induced dipole, and/or betw een 
neutral atom s and m olecules. The am ount o f  gas physically  adsorbed decreases 
rapidly w ith  increasing tem perature, and above its critical tem perature only very 
sm all am ounts o f  a substance are physically  adsorbed.

The type o f  adsorption that affects the rate o f  a chem ical reaction is 
chem isorption. Here, the adsorbed atom s or m olecules are held  to the surface by 
valence forces o f  the sam e type as those that occur betw een bonded atom s in 
m olecules. L ike physical adsorption, chem isorption  is an  exotherm ic process, but 
the heats o f  adsorp tion  are generally  o f  the sam e m agnitude as the  heat o f  a chem ical 
reaction. I f  a cataly tic  reaction  involves chem isorption , it m ust be carried  out w ithin 
the tem perature range w here chem isorption  o f  the reactan ts is appreciable.

2.5 Kinetic Models (Satterfield , 1991)

2.5.1 L angm uir-H inshelw ood M odel
T he assum ptions underly ing the L angm uir adsorption isotherm  are 

retained. Further, adsorption  equilibrium  is assum ed to be established at all tim es; for 
exam ple, the rate o f  reaction  is taken to be m uch less than  the po ten tial rate o f  
adsorp tion  or desorption. The concentrations o f  adsorbed species are therefore 

. determ ined by adsorp tion  equilibrium  as given by the L angm uir isotherm . I f  two or 
m ore species are present, they com pete w ith  each o ther for adsorp tion  on a fixed 
num ber o f  active sites. R eaction is assum ed to occur betw een the adsorbed species 
on the catalyst. I f  a single reactan t is decom posed, the process m ay be assum ed to be 
either un im olecular or b im olecular, depending on the num ber o f  product m olecules 
form ed p er reactan t m olecule and w hether or not the products are adsorbed. For 
exam ple, in the case o f  bim olecular reaction,

A  + B > c
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I f  assum ptions m ade are in the follow ing:
1. A ll com pounds m ay be appreciably adsorbed.
2. The rate o f  reaction is proportional to the quantity  o f  adsorbed A

and B.
3. N o dissociation o f  A  and B m olecules occurs on  adsorption.
4. Reverse reaction is negligible.

The rate o f  reaction  w ill be expressed as:

~r = (l + KaPa+kJb‘kcPcŸ <21>

w here k  is the reaction  rate constant, K a and K B are the adsorption  constants o f  A  
and B respectively , and Pa, Pb and Pc are the partial pressures o f  A, B and c.

2.5.2 R ideal M odel
The idea w as revived in 1939 by R ideal, w ho proposed that a sim ple 

m olecular m echanism  for heterogeneous cataly tic reactions w as reaction  between a 
chem isorbed radical o r atom  and a m olecule. The latter im pacting d irectly  from the 
gas phase or held in a  deep van der W aals layer. In either case a new  chem isorbed 
species w as form ed on the surface. Specifically , E ley and R ideal (1941) concluded 
that the conversion  o f  /7-hydrogen to o-hydrogen on tungsten  and the exchange o f  
hydrogen  and deuterium  occurred betw een a hydrogen m olecule in a loosely bound 
layer and a strongly bound chem isorbed hydrogen  atom . H ow ever, it now  appears 
that the para-to-otho conversion occurs instead by adsorption  o f  a hydrogen m olecule • 
w ith  dissociation , a m echanism  proposed by B inhoeffer and Farkas (1931).

R eactions o f  this general type are referred  to variously  as Langm uir- 
R ideal, o r R ideal-E ley  m echanism s. O nly a few  reactions have been  clearly show n 
to proceed in th is m anner. The hydrogenation  o f  ethylene has been intensively 
studied and  the results on som e catalysts such as nickel under som e conditions are 
consistent w ith  a R ideal m echanism . O n o ther catalysis such as copper, a Langmur- 
H inshelw ood m echanism  seem s m ore probable.
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To formulate the Rideal mechanism for a simple reaction between A 
and B to form c , retain all the other assumptions in the Langmuir-Hinshelwood 
model and consider reaction occurring between adsorbed molecules of B and gas- 
phase molecules of A. The rate is

- r  =  k S t P A (2.2)

where 63 is the fractional surface coverage of substance B.
Performing the usual substitutions, one obtains

_ r = k P AK BP B (2.3)
1 +  K AP A + K , P g  + K c P c

If the mechanism were assumed to be reaction between adsorbed A 
and gas-phase B, an equation of the same form is obtained, but with K a replacing K b

_  r  =  k P B K A P A (2.4)
1 + K aP a + K b P b + K c P c

The mechanism expressed by Eq.(2.2) could occur either with or 
without significant adsorption of A onto the catalyst surface (Langmuir, 1921), so 
further information is needed to determine whether or not the term K aP a should be 
included in the denominator of Eq. (2.3).

••

The rate-limiting step may also be indicated by formulating the kinetic 
expression for the rate of reaction for each different, plausible rate-limiting step. 
Each formulation is then compared with experimental data, and the mathematical 
form that best fits the experimental facts suggests a possible mechanism for the 
reaction. Frequently the same mathematical form may be derived from more than 
one different postulated mechanism, in which case the parameters may have 
considerably different theoretical interpretations. Hence, the fitting o f data to a
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particular mathematical expression seldom, of itself, proves much concerning the 
true mechanism. The extent to which these approaches lead to reliable and useful 
conclusions varies greatly from case to case and calls for astute judgment on the part 
of the investigator.

Liquid phase tetralin hydrogenation on a nickel catalyst has been studied in 
2001 by Rautanen e t  a l . They proposed the mechanistic based model that includes 
competitive adsorption of tetralin and hydrogen and the dissociative adsorption of 
hydrogen is the best fit. In 1995, Smeds e t  a l. had investigated kinetics of 
ethylbenzene. They proposed a mechanistic modeling suggested that the reaction 
rate was governed by three steps of pairwise sequential addition of hydrogen atoms 
to adsorbed ethylbenzene. Also, they studied the hydrogenation of o -  and /1-xylene 
on Ni/Al2C>3 and proposed the mechanistic scheme which the pairwise o f adsorbed 
hydrogen are reacted with adsorbed hydrocarbon. However, several omissions and 
contradictory results among these papers are present. For example, in Rautanen’s 
papers he could not get rid of internal mass transfer limitations. In this รณdy it is 
presented a different strategy to approach semi empirical kinetic รณdies, an 
intermediate between the rigorous microkinetic studies and the mostly math oriented, 
with very little physical interpretation, kinetic models. It is attempted to give a 
valuable input in the determination of physically meaningful parameters that can lead 
to a better understanding of the hydrogenation of tetralin.
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