
CHAPTER 5
ACETYLENE HYDROGENATION PROCESS

5.1 Introduction
With the steady increase in the market value of petrochemicals, efficient operation of 
the acetylene-removal process has become increasingly important. Most commercial 
plants for remove acetylene are effectively convert the acetylene impurity to the desired 
specification but do not address the issue of the undesired hydrogenation of ethylene 
and deactivation of the catalyst and the process widely used is the catalytic 
hydrogenation process. Thus, this thesis is considered to study an acetylene 
hydrogenation process. This chapter describes an acetylene hydrogenation process and 
reviews a kinetic of reactions.

Figure 5.1 The acetylene hydrogenation process under study in this thesis

5.2 The description of an acetylene hydrogenation process
The industrial acetylene-removal plant under study in this thesis is the three catalytic 
fixed-bed hydrogenation reactors that connected in series with pre-heater and two
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Inter-cooler between beds. The process flow diagram shown in Figure 5.1. The bed 
reactor size is 3 m in diameter and 1.8 m in height as shown in Figure 5.2 and the 
detail specification of the reactors are:

•  The volume of reactor = 10.815 m3
•  The volume of catalyst per bed = 10.8 m3
•  The catalyst type is the palladium on an alumina support
•  The pressure drop per bed = 0.25 Kg/cm2
•  The weights of catalyst per bed = 11340 Kg

Figure 5.2 Bed reactor

The pre-heater and inter-cooler system s are the shell and tube heat exchangers 
with by-pass valves and the surface area of the heat exchanger is 256.1 m2. These 
system s are used to control the inlet bed temperature by adjust the by-pass flow.

The feed stream of an acetylene hydrogenation process is a cracked gas from 
the cracking furnaces that produce acetylene as by-product of high temperature 
pyrolysis reactions. An acetylene hydrogenation reactors must remove almost all 
acetylene from a cracked gas and the reactors effluent must contain less than 0.3 ppmv 
of acetylene in order to meet a specification of lppmv in the ethylene product. The 
cracked gas contains sufficient hydrogen to hydrogenate all acetylene to ethylene. In 
addition to acetylene, the cracking furnaces also produce methyl acetylene (MA) and a
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C3 diolefin called propadienes (PD). Both MA and PD are hydrogenated in the 
acetylene hydrogenation reactors as same as acetylene and ethylene. Approximately 80 
percent of the MA and 20 percent of the PD to propylene. The undesired reaction is 
hydrogenation of ethylene to ethane.

5.3 Kinetic of an acetylene hydrogenation reaction: A review
The old kinetic study of acetylene hydrogenation is a study about catalytic 
hydrogenation of acetylene dared back to 1899, when nickel catalyst w as studied 
(Sabatier and Senderens, 1899). Nickel is good but, for an acetylene hydrogenation 
reaction, the palladium support catalyst is better (Cremer et ฟ., 1941). The main 
reactions involve in an acetylene hydrogenation process are (Godinez e t ฟ., 1996):

1. Alkynes and diolefins hydrogenation 
Acetylene (Ac) hydrogenation
<ว2แ 2 + แ 2 —-> 4 ÀHr = -163.61 KJ/mol
Methyl acetylene (MA ะ CgH4) hydrogenation 
MA + น2 —-> C3Hs ÀHr = -164.86 KJ/mol
Propadiene (PD : CjH4) hydrogenation
PD + H2 -->  CjH6 ÀHr = -171.55 KJ/mol

2. Olefins hydrogenation
Ethylene (Eth) hydrogenation
CjH4 + แ 2 -->  CjH16 ÀHr = -130.63 KJ/mol

Many several kinetic models of acetylene hydrogenation reaction and the side 
reactions are presented continuously till today. Most kinetic results are given in a 
power rate equation from with hydrogen and acetylene pressures as the only variables. 
Some researches find that the rate of acetylene hydrogenation is zero order in 
acetylene and first order in hydrogen (McGown et. ฟ., 1977 ,and M oses et. ฟ., 1984). 
However, the rate order in hydrogen depends on the reaction temperature, for example, 
the first order in hydrogen is valid for hydrogenation at 0 - 30 c, whereas a reaction 
order of 1.4 is recorded at 125 c  (Bond and Wells, 1965).
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T h e  o n e  im p ortan t to p ic s  is  th e  m e c h a n ism  o f th e  r ea c tio n  o n  a  su rface  of 

ca ta lyst. T h e  tw o  d ifferen t a c t iv e  s it e s  o f c a ta ly s t are p r e se n te d  a n d  th is  is  an  

im p ortan t w a y  to  ex p la in  th e  s e le c t iv ity  p rop erties o f a c e ty le n e  h y d r o g e n a tio n  (M cG ow n  

et. at., 1983). T h e  h y d ro g en a tio n  o f a c e ty le n e  a n d  e th y le n e  are p r o c e e d e d  on  th e  

d ifferen t ty p e  o f a c t iv e  s it e s  (B os et. al .,1993). T h e  first ty p e  o f s i t e  is  a c t iv e  for b o th  

a c e ty le n e  a n d  e th y le n e  h y d ro g en a tio n  w ith  b e in g  s o m e  2000  t im e s  m ore  stron g ly  

a d so rb ed  th a n  e th y le n e . T h e  s e c o n d  ty p e  o f s it e  is  r e sp o n s ib le  on ly  for e th y le n e  

h y d ro g en a tio n  in  th e  p r e se n t  o f a c e ty le n e . It is  th is  s e c o n d  ty p e  o f s i t e  w h ic h  m ore  

read ily  p o iso n e d  b y  carb on  m o n o x id e  (M ich ael et. al .,1991). H y d ro g e  m a y  b e  a d so rb ed  

in  th e  form  o f h y d ro g en  a to m s. T h e  reversib le  form ation  o f th is  h a lf - h y d ro g en a ted  

in ter m ed ia te  fo llow s from  a  s tu d y  o f th e  d istr ib u tion  o f d e u ter iu m  (D) in  d e u ter a ted  

e th y le n e  form ed  in  h y d ro g en a tio n  o f a c e ty le n e  w ith  D 2 (B on d  a n d  W ells, 1966). A  

sim p lified  r e a c tio n  s e q u e n c e  co u ld  th u s  b e  w ritten:

H2 + 2* <=> 2H*

ะ1ะO + 2* <=> C2H 2**

C2H2** + H* < ^ C2H3** + *

พ * + H* O C2H4* + 2

C2H 4* O C2H 4 +  *
T h e  oth er im p ortan t term  for k in e tic  m o d el is  c a ta ly s t  a c t iv ity  profile or 

c a ta ly s t d e a c tiv ity . For an  a c e ty le n e  h y d ro g en a tio n  p r o c e ss , th e  o n e  o f u n d esired  

rea c tio n  is  th e  p o ly m eriza tion  o f a c e ty le n e  to  from  th e  g r e e n  oil. G reen  oil is  th e  

c a ta ly s t p o iso n . T h e  c a ta ly s t  d e a c tiv ity  d e p e n d e n t  u p o n  th e  a m o u n t o f th e  g r e e n  oil 

p ro d u c ed  th a t c a n  b e  w r itten  as:

0 - 1 /(1+  K̂ Gieen o il p rod u ced ) (5.1)

an d  th e  d e a c tiv ity  p h e n o m e n o n  o ccu rs  only on  th e  s it e s  re sp o n s ib le  for th e  

h y d ro g en a tio n  o f a c e ty le n e  (M ich ael et. at., 1991). H ow ever , th e  c a ta ly s t  a c tiv ity  ca n  

m o d el in  th e  d ifferen t w a y  s u c h  as:



41

-de Id t = K A p f é (5.2)

w h e r e  KD is  in  th e  form  o f an  A rrh en u is ex p r ess io n  (Corella e t. ฟ., 1988). T h e  b e s t  

k n o w n  o f ca ta ly s t  a c t iv ity  cou ld  find o u t th e  g o o d  c a ta ly tic  re a c tio n  m o d e l (Corella et. 
al., 1988).

M an y  r e se a r c h e s  report th e  k in e tic  m o d el of th e  a c e ty le n e  h y d ro g en a tio n  

rea ctio n  in  th e  s e n s e  o f th e  L an gm uir - H in sh e lw o o d  m o d e l th a t  d e v e lo p e d  for an  

a c e ty le n  reactor con tro l w ill b e  :

w h e r e  k, w a s  a  ra te  c o n s ta n t  o f th e  A rrh en u is ty p e  (N asi e t. ฟ ., 1985).
In th e  r e c e n t  years, th e  c o n c e p t  of th e  L angm uir - H in sh e lw o o d  k in e tic s  is  

w id e ly  u s e d  in  th e  s e n s e  o f th e  a c e ty le n e  h y d ro g en a tio n  r e a c tio n  a n d  th e  other s id e  

r ea c tio n s  (e .g . : W ilfred et.al., 1 990 ,M ich ael et. ฟ ., 1991, a n d  S c h b ib  et. ฟ., 
(1993,1994,1996)). For th is  th e s is , th e  L angm uir - H in sh e lw o o d  k in e t ic s  is  c o n s id e r e d  to  

u s e  to  d e v e lo p  th e  k in e tic  m o d e ls  an d  c h e c k  a g a in st  th e  in d u stria l d a ta . T h e  d e ta il of 

th e  s im u la tio n  m o d e ls  a n d  th e  resu lt are p r e se n te d  in  th e  n e x t  ch ap ter .

5.4 Kinetic of a catalyst reaction
A  ca ta ly s t  is  a  s u b s ta n c e  th a t  e ffe c ts  th e  rate o f a  rea c tio n  b u t e m e r g e s  from  th e  

p r o c e ss  u n c h a n g e d . O n th e  c h e m ic a l s id e , a  c a ta ly s t u su a lly  c h a n g e s  a  rea ctio n  rate  

b y  p rom o tin g  a  d ifferen t m olecu lar p a th  (“m e c h a n ism ”) for th e  rea ctio n . A  ca ta ly st  

c h a n g e s  on ly  th e  ra te  o f a  reaction . It d o se  n o t a ffect th e  eq u ilib riu m .

(5.3)
(5.4)

5.4.1 Steps in a catalytic reaction
T h e g en era l m e c h a n ism  of a  h e te r o g e n e o u s  ca ta ly tic  rea ctio n  c a n  b e  b rok en  d o w n  in to
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the sequence of Individual steps shown in Table 5.1 and pictured in Figure 5.3 for an 
isomerization.

Table 5.1 Steps in a catalytic reaction

Steps Description
1 Mass transfer (diffusion) of the reactant(s)(e.g., species A) from the bulk 

fluid to the external surface of the catalyst pellet
2 Diffusion of the reactantfs) from the pore mouth through the catalyst 

pores to the immediate vicinity of the internal catalyst surface
3 Adsorption of the reactant(s) onto the catalyst surface
4 Reaction on the surface of the catalyst (e.g., A------- >B)
5 Desorption of the product(s)(e.g.. B) from the surface
6 Diffusion of the produces) from the interior of the pellet to the pore 

mouth a t the external surface
7 Mass transfer of the products from the external pellet surface to the bulk 

fluid

The overall rate of reaction is equal to the rate of the slow est step in the 
mechanism. When the diffusion steps (1, 2, 6, and 7 in Table 5.1 ) are very fast 
compared with the reaction steps (3, 4, and 5) the concentrations in the immediate 
vicinity of the active sites are indistinguishable from those in the bulk fluid. In this 
situation, the transport or diffusion steps do not affect the overall rate of the reaction. In 
other situation, if the reaction steps are very fast compared with the diffusion steps, 
mass transport dose affect the reaction rate. In a system  where diffusion from the bulk 
fluid to the catalyst surface or to the mouths of catalyst pores affects the rate, changing 
the flow conditions past the catalyst should change the overall rate.

There are many variations on the theme in Table 5.1 . Sometimes, of course, 
there are two reactants necessary for a reaction to occur, and both of these may 
undergo the steps listed above. Other reactions between two substances have only one 
of them adsorbed.
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Figure 5.3 S te p s  in  a  h e te r o g e n e o u s  ca ta ly tic  reaction .

5.4.2 Synthesizing a rate law, mechanism, and rate-limiting step
T h is s e c t io n  w is h  to  d e v e lo p  rate la w  for h e te r o g e n e o u s  ca ta ly tic  r e a c tio n s  th a t  are n o t 

d iffu sio n  lim ited . T h u s th e  rem a in ed  s te p s  are :
1. A d so rp tio n  of reactan t(s) on  th e  ca ta ly tic  su rface
2. S u rface rea ctio n
3. D eso rp tio n  o f p rod u ct(s) from  th e  ca ta ly tic  su rface  

If th e  c h e m ic a l rea c tio n  is  :
A ..................... >  B +  c

a n d  if p r o d u c t c  is  n o t ad sorb ed , th e  tota l co n c en tr a tio n  o f s it e s  is

c « a  =  c v +  CAS +  CB s
w h e r e

^  total =  th e  to ta l co n c en tr a tio n  of s ite s , s it e s /w e ig h t

c v ะ= th e  co n c en tr a tio n  of free s ite s

C A , =  th e  A  s p e c ie  a d so rb ed  s it e s

C B, =  th e  B s p e c ie  a d so rb ed  s it e s
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T h e rate e x p r e s s io n  for th e  a d sorp tion  o f A  is

rAD =  kAPACv ■ k.ACA g

I*> = พ ,  - (CA A »
w ith  th e  a d so rp tio n  eq u ilib riu m  c o n s ta n t KA

Ka =  kA/k  A
T h e  rate  la w  for th e  su rfa ce  rea ctio n  is

(5.6)
(5.7)

(5.8)

rs =  ksCA,  - k sPcCBS (5.9)
rs =  ks(CA.s - (PcCBS/Kg)) (5.10)

w ith  th e  su r fa c e  re a c tio n  eq u ilib riu m  c o n s ta n t Kg
Kg = kg/kg (5.11)

T h e  rate  o f p r o d u c t B d e so rp tio n  is

rD = kDCBS - k-cftC, (5.12)
h  = y e , ร - (P jC /fy ) (5.13)

T o fin d  th e  ra te  la w , all r ea c tio n  s te p s  th a t are  n o t  th e  ra te -lim it in g  s t e p  h a v e  vary large  

rate  co n sta n t(k ) a n d  c a n  s e t

r( AD, ร, D ) /k( A, ร, D ) ~  0
a n d  th e n  so lv e  all e q u a tio n s  for rate law , for ex a m p le

(5.14)

Example 5.1 W h en  th e  a d sorp tion  o f A  is  th e  ra te -lim itin g  s te p .
B y a s su m in g  th a t  th is  s te p  is  rate lim itin g , th u s , th e  r ea c tio n  ra te  c o n s ta n t  o f th is  s te p  

(in th is  c a s e  kA) is  sm a ll w ith  r e sp e c t  to  th e  ra te  c o n s ta n ts  o f th e  o th er s te p s  (in  th is  

c a s e  kg a n d  kD). T h e  rate o f a d sorp tion  is

-I» = I»  = เ พ ,  - (Cas*»)) (5-15)
T h e e ith er  o f Cv or CAg ca n n o t m ea su re  a n d  m u s t  rep la ce  th e s e  varia b les  in  th e  rate  
eq u a tio n  w ith  m ea su ra b le  q u a n titie s  in  order for th e  e q u a tio n  to  b e  m ea n in g fu l. For 

th is  c a s e , kA is  sm a ll a n d  kg a n d  kD are large. C o n seq u en tly , th e  ratios rs/kg an d  Tp/kp 

are very  sm a ll (ap p rox im ately  zero), w h e r e a s  th e  ratio rA/k A is  re la tive ly  large. T h e  

su rface  rea c tio n  ra te  e x p r e ss io n  is

Is = พ  - (P0C ,Æ )) (5.16)



45

= CA,  - (PcCbs/Ks) «  0 (5.17)
and solve equation (5.17) for CAS

CA,  = P«Pu«s (5.18)
To be able to express CAS solvely in terms of the partial pressures of the species 
present, and then must evaluate CBS. The rate of desorption is

rD = kD(CB.s - (PBC,/KD)) (5.19)
h / K  = CBS - (PgC/Kjj) «  0 (5.20)

and then solve equation (5.20) for CBS
CB3 = PBCyK0 (5.21)

After combining equations (5.18) and (5.21), obtain
CAS = P & C J K &  (5.22)

Replacing CAS in the rate equation by equation (5.15), and then factoring Cv, obtain
I» = พ  P c W y g iC , (6.23)

And then use equation (5.5) to find Cv in term of the measurable quantities. Obtain
c t = Cv+(PcPb/KsKd)Cv+(Pb/Kd)Cv (5.24)
C ^ C /d + P ^ K ^ /K 0) (5.25)

Combining equations (5.23) and (5.25), can find the rate law for the reaction, assuming 
that the adsorption rate is the rate-limiting step, is

•I. = = พ  พ พ » ) ) C» (5 26)
_  1' (6 2 7 ,

r* 1 +  pc pB / K s K » + PB / K d
For an other case, the rate law can find by change the r/k values for approximately zero. 
And then solve all equations by the same proceeding for the solution.

5.4.3 Langmuir-Hinshelwood kinetics
The other way to find the rate law for the heterogeneous catalytic reaction is making 
assumptions and producing the rate law by used the Langmuir-Hinshelwood kinetics 
concept.
The Langmuir-Hinshelwood kinetics is:
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Langmuir-Hinshelwood model
The reactant(s) must be adsorbed on the catalytic surface and then the reaction 
between the reactant(s) occurs at the surface to form product(s) as the follow equations

A + B ----------- > c
The assumptions are :

1. The two reactants are absorbed on active catalytic sites
A + 0 ----------> 0A
B + 0 ----------> 0B

2. The rate of reaction depends on the surface concentration fraction of A and
B(#Aand 0B). The rate equation is :

-rA = k 0A0B (5.28)
3. The product c  is not absorbed.

Where
6  -  the fraction concentration of free active site 
0k -  the fraction concentration of site with A 
0B = the fraction concentration of site with B 

Using the Langmuir absorption mechanism can find the 0A and 0B as:
rate of absorption = rate of desorption (5.29)
K ® *  = * x (5.30)
k A ( l - 0 4 - < U  Pa = (5.31)

PA = k A 0 4 (5.32)
0A = (kA/k 4) PA(1 -Z « (5.33)
e, = kapa(i - I é) (5.34)

e„ = W - S f l (5.35)
i o =  et x (5.36)
T 8  = (1 -Z «  KAP4+ kbpb) (5.37)
(1-SÉ) = 1/(1+ KAP4+ KBpf) (5.38)

Replacing and in the rate equation by equation (5.28). Obtain
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Ta = k KaPaW ( 1 +  KaPaKbPb)2 (5.39)
If the product is adsorbed on catalytic surface, the reaction need the free site

near 0A and 0B for the product adsorbing. Thus the rate equation may be written in 
form as

-rA = V.0a0b{1-Y0) (5.40)
Replacing, 0A, 0B and (1-X60 in the rate equation by equation (5.40) . Obtain

' r A  =  k T O (น  KaPaKbPb)3 (5.41)

For the reaction that the reaction A must break in free atom before to form the 
product c, the rate of adsorption or desortion depend on 0 2 or 0A like :

(5.42)M < II (5.43)

0A = (KAPAf( i-E 6 ) (5.44)
x<9 = (i-X $((K Ap / B+ kbp  0) (5.45)
(1-X<9)= 1/(1+(KAPA)“ + kbp0)) (5.46)

the rate equation is
-rA = k KaPaKbPb/(1+ (KaPa)° 5 + KbPb)3 (5.47)

5.5 Collection and analysis of rate data: to determine the reaction order and rate 
constant

Four methods of analyzing data are presented: the differential, the integral, the initial 
rate, and half-life methods. The methods of half-life and initial rates require 
experiments at many different initial conditions to determine the rate order and rate 
constant. On the other hand, with either the methods of integral and differential, it 
carries out only one experiment to find the rate order and rate constant with respect to 
one of reactants.
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5.5.1 The differential method
This method is applicable when the reaction rate is essentially a function of the 
concentration of only one reactant: e.g., if, for the decomposition reaction

A --------> products
or

A+B ------- > products
= k c :

By combining the mole balance and rate law given by equation (5.48), obtain
etc.A ___ kC.
dt

After taking the natural logarithm of both sides of equation (5.49), obtain
dC.ln(-----—  ) =  Ink +  nlnCA
dt

dCAPlot In(------- - )  versus lnCA to find k  and ท and to obtain the derivative
dt

dC.

(5.48)

(5.49)

(5.50)

must
dt

differentiate the concentration-time data by graph method that involves plotting 
DC----------as a function of time, and then using equal-area differentiation to obtain
Dt

dt

ln ( -d C ./d t)

Figure 5.4 Differential method to determine reaction Oder and rate constant
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5.5.2 Integral method
To determine the reaction order and rate constant by integral method, must guess the 
reaction order, integrate the differential equation, and plot reactant concentration versus 
time. The appropriate plot of the reactant concentration-time should be linear. For the 
example reaction

A -------> products
the mole balance is

dC.A ___

dt rA

if, the reaction order is a zero order
dC-  =  - k
dt

integrating with CA= CA0 at t = 0, obtain

(5.51)

(5.52)

CA= C M-kt (5.53)
a plot of the concentration of A versus time will be linear with slope (-k ). If the reaction 
order is not a zero order, a plot will be not linear. Then we must guess a new  reaction 
order, integrate the differential equation, and plot reactant concentration versus time 
again to look for the appropriate function of concentration corresponding to rate ๒พ 
that is linear with time.
5.5.3 Method of initial rates
The method that is to determine the reaction order and rate constant by making a 
series of experiments that is carried out at different initial conditions(CA0) and the initial 
rate of reaction(-rA0) that is determine for each run. For example, if the rate law is in 
the form

■ r„ = kO„‘ (5.54)
the slope of a plot of In(-rA0) versus inCA0 will give the reaction order ท and the intercept 
will give the rate constant value k  .
5.5.4 Method of half-live
The half-life of reaction(t1/2 ) is defined as the time at takes for the concetration of the
reactant to fall to half of its initial value. By determine the half-life of reaction as a
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function of the initial concentration, the reaction order and the rate constant can be 
determined. If there two reactants involved in the chemical reaction, the experimenter 
will use the method of excess in conjunction with the method of half-lives in order to 
arrange the rate law in form

- * A  = k C A  (5.55)
a mole ๖ฟance on A is

- ^ - = - ' . , = <
integrating with c . = c . 0 at t = 0, obtain

(5.56)

f
t =

f ท V ' 1AO - 1 (5.57)
k ( n ~ i ) W ; '  c ’- ' j  kCtt- \ n - l )

The half-life time is defined as t = 1172 when CA = (1/2)CM . Substituting for CA in 
equation (5.57) gives

t  2— ะ4  "
‘t i = k ( ท - 1) น

For the method of half-lives, taking the natural logarithm of both sides of equation (5.58)

(5.58)

lnt 1. =  In------------- F ( î  — ท)!ทCA0 (5.59)
y* k(n  -  ไ)

The slope of a plot of lnty2 as a function of ZnCA0 is
slope = (l-n) (5.60)

and the intercept is
^ท—ไ
2  -  ไintercept = ]ท— --------
k(n -  l)

(5.61)

5.6 Summary
This chapter presents the reviews of an acetylene hydrogenation process, the catalytic 
reaction mechanism and the method to achieve the rate law. All of the knowledge that 
presented is used to develop the model of an acetylene hydrogenation process. The 
developed model, the simulation restats and the conclusions about the model are 
continuously presented in the next chapter.
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