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type of step(S-2) consists of insertion of CH= species in a metal-carbon bond to 

give higher carbon containing partially hydrogenated species, e.g., A.~, A3,.. etc. 

The third type of steps(S-3) hydrogenate the surface species Ai in the main chain 

to produce oleflns and hydrocarbons. The three steps, S-1.to S-3, are present 

in FTS reaction network. Oxygenate synthesis reaction network consist of the 

above three steps and step 4(S-4)~ which consists of inserting a CO ligand in a 

metal-carbon bond to produce a oxyger~ containing surface species. This oxygen 

containing species then give rise to oxygenates. 

Very little is kx(own about the slow steps in the reaction networks under 

synthesis conditions!24]. The delplot method provides a new and easy tool to 

find, first the number of slow steps and second the location of slow steps. Assume 

that all the steps 2 through 4 are. effective-first order with rate constants kl. As 

shown earlier, here the effective rank of a product P is same aS the network rank 

of the product P. The effective ra.nk of the product P can be found by using basic 

and extended delplot analysis. Let us first consider the FTS network only. The 

number of slow steps depend on whether steps 2 and 3 are fast or slow on the 

process time scale. 

Thus from table 3.3. in many cases there is a one-to'one correspondence 

between the combination of the nature of steps(e.g., S,S,F), and the network 

rank of the products. Thus bv applying delplot analysis to the hydrocarbon 

products, the network rank can be found and then the combination of nature 

of steps can be found from table 3.3. Scheme B and F give the same effective 

rank of hydrocarbon products, i.e., 1.2.3.4 for different combinations of slow and 

fast steps. Also. schemes C and H give the same effective rank of the hydrocarbons. 

The two-indistinguishable schemes in FTS reaction can be discerned by applying 

this method to oxygenates reaction network. 
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Figure 8.2: Fisher-Tropsch synthesis and oxygenate synlhesis network!23" 
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Table 3.3: Effective rank of Fisher-Tropsch products with different combination 
of slow and fast steps 

Scheme S-1 S-2 S-3 'N(H1) N(H2) l~(H3) N(H4) 

A S S S 2 3 4 5 

B F S S 1 2 3 4 

C F F S 1 1 1 1 

D F F F 0 0 0 0 

E S F S 2 2 2 2 

F S S F 1 2 3 4 

G F S F 0 I 2 3 

H S F F 1 1 1 1 

F-fast. S-slow 
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When this method is applied to oxygenate synthesis, there is one more step. 

Thus each scheme can be labelled as A1 or A2, depending on whether step 4 is 

slow or fast on the process time scale. 

Here again there is one-to-one correspondence between the combination of 

nature of steps and the network rank of products except for scheme (B1, F2) and 

(C1, H2). Thus from table 3.4 it is possible to find the number and position of 

the slow steps in the Fisher-Tropsch synthesis ~md oxygenate synthesis reaction 

network. 

3.5 Misce l laneous  Delp lo t s  

3.5.1 N o n - I n t e g e r  R a n k  De lp lo t  

A non-integer rank delplot ( y / ; r  T versus x, r ~ N) is used to find bounds 

on the order of the reaction. This method illustrates the coupling between.the 

rank of the product and the order of the reaction. The fractional rank delplot 

is illustrated using equation (3.30). An ana/ysis similar to equation (3.43) for 

non-integer r yields 

,dlB)~ 
'C~ k" x Ao -I Hm~--aT-~ jr=0 

= " x nB~ -~ x (3.70) 
(A')~= 0 , - 0  r '-~- 

As a special case., when , n = 1 and r = o,, equation (3.70) reduces to equa- 

tion (3.33). The characteristics of re.4 for all r and n are summarized in table 3.5 

on page 132. 

A k._./_, B ~ 2  C (3.71) 

The first reaction is first order with respect to A, ~vhile the second reaction is 

nth order with respect to B. The fractional-rank delplot intercept for a rank, 

r ~ 2 is zero when the order of the second reaction is greater than one. Thus 
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Table 3.4: Effective rank of Fisher-Tropsch products and oxygenate products 
with different combination of slow and fast steps 

Scheme S-4 N(HI) l~T(I-I2) ]~(H3) z (03) r (o4) 

A1 S 2 

A2 F 2 

B1 S 1 

B 2 .  F 1 

C1 S 1 

C2 F 1 

D1 S 0 

D2 F 0 

El S 2 

E2 F 2 

F1 S 1 

F2 F 1 

G1 S 0 

G2 F 0 

H1 S 1 

H2 F 1 

3 

3 

2 

2 

1 

1 

0 

0 

2 

2 

2 

2 

1 

1 

1 

1 

4 2 3 4 

4 1 2 3 

3 1 2 3 

3 0 1 2 

1 1 1 1 

1 0 0 0 

0 1 1 1 

0 0 0 0 

2 2 2 2 

2 1 '1 1 

3 2 3 4 

3 1 2. 3 

2 1 2 3 

2 0 I 2 

I 2 2 2 

1 1 1 1 

F-fast. S-slow 
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there is coupling between the rank of the product and the order of  the reaction in 

fractional-rank delplots. 

TC.4 is zero when r <: 2 and n > 1. In contrast "CA - -  oo, when r > 2 and 

n < 1. Also "CA is indeterminate,  if r > 2 and n > 1 and if r < 1 and n < 1. 

3.5.2 P r o d u c t - B a s e d  De l p lo t  

The basic, the extended and the non-integer rank delplots are reactant-based 

because the basis set in the plot of y / z  7 versus x is the conversion of the reactant,  

x. Different types of delplots can be defined by changing the basis set. The 

conversion can be based on any reactant.  However, this concept cannot  be simply 

extended to products because there is no easy way of defining conversion of the 

product in terms of observable quantities. The only condition for the ordinate in 

the delplot is that  it should be of the 0 form, so that  in the limit, the intercept is 

determined by the rate of approach to zero instead of its value at zero conversion. 

A 0 form can be defined for a product-based delplot as follows. For example, for 

a rea.ction scheme given by equation (3.72) 

A ~:--L B k---L-~" C k---L D (3.72) 

the product based delplot for a basis B is given by 

] PB = l i ~  P / A o  (3.73) 
- B / A o  

Here. instead of using conversion of a reactant as basis, the molar yield of the 

product B(yB - B / A o )  is used as a basis. Thus in general the product-based 

delplot consists of plotting y / y ~  versus YB. A ,Taylor series expansion of equation 

(3.73) ft~r product  C and D yields 

'cB = 
(B'h=0 
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Table 3.5: Results from non-integer rank delplots 

r n r C  A 

< 2  '>.1 0 

> 2  < 1  

> 2  >1  indeterminate 

< 2  < 1  indeterminate 

2 I finite 



Equation (3.74) yields 
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IC'B =0 

Similarly 

IDB =0 

Obviously here 1BB = 1. Thus the first rank product-based delplots for primary 

products is finite but the first rank product-based delplot for non-primary products 

are zero. 

and 

Continued expansions of numerator similar to analysis of equations 

(3.29) gives: 

k2 
"C8 -- k~ 

(3.2S) 

k~.k3 
3D B ~. __ 

Thus for a series of first order reactions, the rth rank primary product-based delplot 

intercept is flnite for product of rank r and zero for all products of rank greater 

than r. Incorporation of parallel paths in the networks also ~ves similar results to 

the reactant-based delplots, although the numerical value of the intercepts differs 

from the reactant-based delplot intercepts. In principle, product-based delplots 

can be also defined for non-primary products but the analysis becomes extremely 

complicated. This is because if the basis set is a non-primary product, then the 

denonfinator of equation (3.74) needs more than one Taylor series expansion. This 

repeated expansion of the denominator introduces time "'r'" in the denominator at 

each stage of Taylor series expansion, which complicates the process of evaluating 

lim~.ts. 
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3.6 Iden t i f i ca t ion  of React ion Steps 

3.6.1 I n t r o d u c t i o n  

This section deals with synthesis of reaction network. The delplot method 

can be used to simplify the problem of synthesis of reaction network, even though 

it cannot solve the problem completely. ~ There are two methods for synthesis of 

reaction network. In the first method that is the general method, the rate constants 

for each possible reaction is calculated. At present this method can be applied 

only to first order reactions, The method of ~,Vei and Prater[9] is the only method 

in this category. In the second metho,~ e, rea.ction network is proposed based on the 

chemical knowledge of the system, then a fur~ctionality for the rate expression is 

assumed. This method becomes extremely complic:',ted for multi-products systems 

even when the rate expressions are linear. For example, for a set of first order 

reversible reactions between 8 species, there are 56 reaction steps. In the third 

method, the product rank is first found, then the connecting steps between product 

are identified based on certain rules. Lee and Akella[12] have proposed a method 

in this category, that is based on successive laplace transformation of the data. 

This method applies only to irreversible first order reaction. The successive laplace 

transformation of the data makes this method cumbersome and difficult to apply to 

realistic systems. Based on the met hod proposed in the earlier section, the delplot 

method can be used to simpli~" the problem of synthesis of reaction network. The 

delplot method for reaction network synthesis can be applied .in two stages. In 

the first stage the products are separated according to their rank. At the end of 

the first st.a~e products are grouped as primary, secondary, tertiary and so on. In 

the second stage, the reaction steps from a product of lower rank to a product of 

next higher rank are identified. For example, for the network given in figure 3.1 

on page 100 with species .-k as the reactant, steps 1.2. 3 . 4 . 5 . 6 . 7  and 9 can be 

identified. The delplot method cannot identify reaction steps between products 
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of same rank and from products of higher rank to products of lower rank. Using 

the same example, steps 8:10 and 11 fall into this category and hence cannol be 

identified using delplot analysis and A as an reactant .  Step 8 can be identified if 

D is used as a reactant and step 10 can be identified if C is used as a reactant.  

By definition of the rank of the product, there cannot be any reaction steps from 

products of lower rank to products of rank higher than one more than the reactant 

in that  step. 

3.6.2 E x a m p l e  

An illustrative example is shown in figure 3.3 on page 136. In this example. 

there are two reactants A and B and five products C, D, E, F and G. The feed 

consists of A and B only. Assume that the result of the first stage, after applying 

basle and extended delplot, is as shown in figure 3.3. T h u s  C and D are primary 

products, E and F are secondary products and G is a tertiary product. Since 

this is a two reactant system there are three different ways of finding intercepts. 

The nfixed basis set is not considered here, for example, 2C.4 B. The intercepts at 

different ratio of initial concentration(e) of reactants is found. Then, the reaction 

steps between the reactants and primary products are found. 

Four first rank intercepts,  1C..~, ~DA, 1CB and .1D B can be defined. Assume 

that  the stoichiometric coefficients are unity and the reactions are first order. 

Table 3.6 on page 137 list various reaction schemes between reactants A and B. 

and primary products C and D. with its intercepts. 

Results of scheme 1 and 2 of lable 3.6 show that the intercepts corresponding 

to the reactant not being consumed in the reactions leading to primary product 

diverges. If any two intercepts are unity, then there are no cross steps as shown 

in scheme 3 and 4 of table .3.6. In scheme ,5-8 of table .3.6, there is only one 

distinct intercept independent of e, In contrast,  in scheme 9. all intercepts are 
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zero 

Synthesis of Reaction ,,Network 

Reactants 
A and B 

,,intercept 
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(y/x 2 against x) 

zero 
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finite 
intercept  

I EandF 

Figure  3.3: Strategy for use of delplot analysis in tile idel~tification of reaction 
steps in networks. 
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Table 3.6: Identification of reaction steps from reactaalts to primary products 

# ' Scheme 1CA 1 DA 
. . . . . . .  i ~ 1  , = H  , , ,  . . . . . . .  

1 
A ~ C kl k2 

1 ~ kl + k2 kl+ k2 
B D 

i _ , 1 . _ _  , , , ,  i , , , ,  _ _  

i 

2 A ~ C diverges diverges 
B ~ - ~  D 

1 i 
3 A ---I~ C 1 k--L 

B - - ~  D klE 

4 

5 

6 

7 

= =  

! 8  

9 

1 

A ---=,- D k.,..~_2 : 1 
2 kl E 

B ---b. C , ! 
1 

k3.__~E k2 A C 1 + kl kl"'-~ 
B ~ D 

1 
A ~ s  C k.._.L..~ k2 +k38 
B D kl+ k3 (kl+ k3)E 

I 

1 
A ~ D k.__L 1+ k3 

k~ ,o. k~ F.. 
B ----~ C 

, , ,  , ,, i 

1 
A 2 ,~3  D ~ +ks ~ kl 
B ~ C (kl+ k3)s kl+ k3 

i i 

A ~ - - - ~ C  kl +k4 F- k2 +k3 F" 

~ ' ~ D  (kl. k3)~ (kl* k3)~ 

1% 

diverges 

k2 
I 

k l+  k2 

k~E: 
k2 

1 

k3 +klE 
(k2+ k3) 

klF. 
k2 

k 2  
k2+ k3 

k2E 

k4 + klF-. 
(k2+ k4 ) 

1% 

diverges 

k2 
"k2+ k3 

k3~ 
1+ k-";- 

k3 +k l~  
(k2+ ks) 

kl..._.~.E 
k2 

, 

k2 + k3 F- 
(k2+ k4) 

kl...E 

El 
kl+ k2 

= , , ,  , i , , 
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functions of e. Thus, the value of the intercept and its variation with e can be 

used to discriminate t~etween rival reaction networks. An algorithm based on the 

characteristics of the intercepts in table 3.6 is shown in figure 3.4. 

Network-independent and kinetics-independent guidelines can be formulated 

from results of table 3.6. For example, if the first rank intercept (after correcting 

for stoickiometric coefficient) is, 

1CA = I 

then, C is formed only from A and A is consumed only in the reactions where C 

is formed. This is observed in scheme 3 and 4 of table 4. For first order reactions, 

if the intercept of a primary product C 

 C.4 # ]leo) 

for all j where ej is the ratio of initial concentration of reactant j to a standard 

reactant, then C is formed only from A. This is observed in schemes 5-8 of table 

3.6. 

After identifying the reaction steps between reactants and products, a sim- 

ilar procedure is used to identify reaction steps "between primary products and 

secondary products. Assume that the results of algorithm in  figure 3.4 on page 

139 yield scheme 3 of table 3.6. 

Table 3.7 shows the intercepts for various reaction schemes between primary 

producls and secondary products. Here again, the variation of second rank 

intercepts with e is used to discrin~nate between rival reaction networks. Schemes 

1-4 of table 3.7 on page 141 each have two distinct second rank intercepts 

independent of ¢. In contrast~ schemes 5-8, have one distinct second rank intercept 

independent of e. Scheme 9 has no intercepts independent of e. Thus the intercepts 

can be used to identi~" reaction steps from products of rank (r-l} to products of 
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i f l c  A __IDB =1, ~flCB =IDA' =1, 
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rio 
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if1 DB =f(¢)then 
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7 
B - - - . ~  D 

n0 

A - - - - ~  C 

B - - - ~  D 

Figure  3.4: Identification of steps from reactants to primary products. 
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rank r. Figure 3.5 on page 142 shows an algorithm used to discrinfinate between 

rival reaction networks. 

3.6.3 Overall  Scheme 

At this point the overall scheme will be summarized. Figure 3.6 summarizes 

the overall scheme of delplot analysis. Typical kinetic data consists of mole 

fractions of vazivus components as a function of process time(batch time or space 

time). This is shown in the upper left corner of figure 3.6. Then, delplot analysis 

is performed on this data as shown in earlier sections of this chapter. The delplot 

analysis yield, delplot intercepts and effective rank of the product. The next 

stage is to find network rank of the product from the effective rank. Here, prior 

knowledge of the system is needed for higher rank products. For primary products, 

the effective rank of the product is always sameas the network rank. This is 

illustrated by the straight line going from the box symbolizing effective rank to the 

box symbolizing network rank, marked with r _< 1. For higher rank products, prior 

knowledge of order of reaction is needed. However in many systems we kno~," that 

the reactions are first order or second order. After the network rank is obtained. 

additional network information can be ot~tained by monitoring the variations in 

the delplot intercepts; P~ticularly, as explained in'this section, reaction steps can 

be identified. - 

3.7 Separation of Regimes 

3.7.1 Order  of M a g n i t u d e  Analysis  

k primary product is a product that has one slow step between the reactant 

and itself on the time scale of "process time". The process time is the contact 

time. If the process time scale varies over a large range, a reaction Can be slow 

or fast in two different regions of process time(or GHSV or conversion). Thus 
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Table 8.7: Identification of reaction steps from I~rimary products to secondary 
products 

# Scheme 

A --LI~ C E 

B --~,-t,- D " ~  F 

2 A-~-~ . .C- - -~ , .  E 
B_2..~ D "~¢,~. F 

3 A-~-.~ C --2--1~ E 
~ - ~  D ,,-~-* F,, 

4 A~' I "  C "-~--~ F 
B -..?,-~ D ...L-~ E 

5 A-.J-~ C ~ s .  s E 
B J,-~- D ~ F 

B --~"-D" D F 

2~ 

k4 k2 

kl 

kl 

2F A 

k3 k2 

2E B 

k2 

kl k3g 

kl kae 

A -.Z~ C 5 ~ F  
B --2'-~ D E 

A "J-~ C ~ F 

B J ' ~ D  E 

A"-L~ C s ~  E 
B -..?,-D, D F 

k4 k2 

kl 

k3 ks k21 ~ *  k,--',E 

k¢ k2 

ks k4 k2 

kl 

k4 k2 

kl 

ks + I~ k2 

k2 k,_.....E.~ 
kf 

i 

k3 ks k2 

kl 

k2 

kl k3 E: 

. ks +~k._!¢ 

i 

k4 ksklE ~+--~ 

2 FB 

k__L 
k2 

kl I~F. 

k2 

kl k3 E - V -  

ksklS 

k= 
m 

k2 

ks ~.k3k~ 
k= k~ 

k3 k~ k2 ks k3 k2 
~ *  k,-TE 

, 

ks k3klE 

k~ k3£ - W -  

k3 +kskl g 
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i 

Figure 3.5: Identification of the steps from primary products to secondary prod: 
ucts. 
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Figure  3.6: Overall scheme of delplot analysis 
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a product  can be primary or secondary in different ranges of process time. The 

delplot me thod  can be used to identify.these regimes of t ime scale. 

A simple reaction scheme 

A kl B ~ C (3.75) 

will il' .s trate the separation of regimes. 

A is 

The  exact solution to the above scheme when the only star t ing material is 

A = .40 e-lqt  

B =  Ao x kl  x (e  -a~t - e "k~'t) 
k 2 - -  k 1 

" C = A o - A - B  

l e  A --  o 

This is also true for k2 >.> k~. This implies that C is a secondary product on a 

small process t ime scale. However if we limit the process t ime scale r :uch that 

1 1 
. . . .  (3.76} k: "~" t << k~ 

The above inequality holds when one cannot  obtain da ta  over the time scale of 

± Often one of reactions in the pathway is fast and this fast step does not affect k~' 

Expanding the exponential  terms and taking the limits 

If there are no limitations on process t ime that  can be measured,  that  is we can 

get da ta  at small process t ime scales then 

• --]¢1 e - k ~ t  - -  e - k ; t  
i V  A 

~'--'5 k2 - k l  1 - e -kit 
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the rank of the product as long as it is fast over the entire range of process time 

investigated. 

The delplot intercept calculated from the rigorous solution under the follow- 

ing conditions 

k i t  <<1 and k2t >> l is 

1 C A =  I - ]Jm k l  
kit --  0 k.~(l-  e -kit) 

k~. t - -  

~CA = 1 -  lim 1 (3.77) 
k~ - -  0 ~'2~ + (~,~.t)(k~t) . . . .  

2 
k~t -- oo 

~C'A =I - t . ~ m  

1C'..t = 1 (3.78} 

Hence C is primary product when kit << 1 and k~t >> 1. Thus if k~ ) )  kl: C is a 

secondary product when the process time scale(r) is much less than ~ and C is 

primary product when the process time scale is much greater than ~ .  

3.7.2 Singular Perturl~ation Analysis 

A more rigorous proof for the above concept is shown l~elow using singular 

perturbation theory.25.26. Here again, the reaction scheme of equation (3.75)is 

considered. The regime where product C is primary, corresponds to the case where 

the Bodenstein approximation holds for B. This is tile outer solution in singular 

perturbation theory. In the outer solution regime, the highest order derivative 

and the initial condition for B is neglected. In the regime where C is a secondary 

product, the Bodenstein approximation is no longer valid and the outer solution 
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has to be used. In the outer solution the highest order derivative arid the initial 

boundary condition for B is to considered. 

Bowen et a1.[27] have investigated the applicability of the Bodenstein approx- 

imation using singular perturbation theory. For the example illustrated above, the 

inner solution and the outer solution is derived using the singular perturbation 

theory. 

At large times, the steady state approximation holds reasonably ~'ell. The 

outer solution is applicable only after a certain critical time when the derivative 

term of equation (3.80) becomes negligible. 

First, the equations, are to be non-dimensionalized. 

and 

Let 
A 

Ao 

ko 

B~ 
. t 3 = - -  

Ao 

~ = k l r  

Thus the mass balances of A and B can be written as 

do 

d~ 

and 

Tile boundary conditions are 

I d'3 
- - - - - " 0 . - - 3  
~d~ 

a ( 0 )  = 1 

(3.73) 

(3.s0) 
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3(0) = 0  

The  solution for A is alwa.ys the  same and is 

A ° = Aoe -~  

The  variat ion of B in the ou te r  solutiolt region can be found by expanding 3 in 

te rms of -/~. 

Subst i tut ing the above expression for ~ in equa t ion  (3.80). and then col- 

lect ing coefficients of t e rm of different powers of A we get 

~0 : e - ~  

and 

~ n  "-- e - ~  

thus 
[ 

3 ° = e - (  [1  + - - -  - -  

k.~ 
where ¢ = kl 'r  , ,~ = ~ .  and A - -  ~ .  

1 1 ] 
A ).2 . . . .  

e-~ 

1-} 
A.o e -  ~ 

) . - 1  
(3.82) 

The outer  solution does not satisb' the initial boundary  condition for B..,Near 

the initial condition, that  is within the boundary layer, tile outer  solution is not 

valid. Hence the inner solution has to be f.ound. 

For the inner solution we have to define an expanded time scale ~ = A~. In 

the inner solution region, the  derivative term for B cannot  be neglected and all 
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the terms are of the same order of magnitude.  The inner solution can be derived 

as follows 

The solution for A wiU not chartge 

A i = Aoe-~; 

For B , the balance equation is 

d3 = e = ~ .  _ 8 (3.83) 
&o 

3 can again be expressed as a per turbat ion expansion with respect to .~ 

oo i 

a m 0  

Substituting the above expansion (3.84) in the equation (3.83) and equating the 

coefficients of 1 ~ ,  we get 

d's~ ( -1 )~"  
~ -  = n! - ~ (3.85) 

The boundary conditions for each function is 

3~(o) = o (3.86) 

Solving equations (3.85) with boundary conditions (3.86), we get 

. 

3~ = 1 - e - "  

31  = I - ,~ - e - "  

"3~ -- 2 -- e-~' 
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Thus  we have 

= - ~(w-l+e-')+ ~( - +_-2e -~')+ 

(3.87) 

The delplot intercept  f rom the outer  regime can be  found by taking the limit of 

the  outer  solution as ~ - -  0. But  the inner solut ion as w - -  c~ should be same as 

the  outer  solution as ~ - -  0, Here we have to take  the  double  limit of the ou te r  

solution as ~ - -  0and w - -  oo. Hence the delplot  in tercept  from the outer  so lu t ion  

is 
Bo 

IC4 = I - lim 
~--0 Ao - A °  

e-~ 
1C A = 1 - l~m (3.88) 

- -  0 ( ,x  - 1 ) ( 1  - e - ~ )  

which can be simplified to 

1CA = I - ~m 

( - 0  - +...) 

but  ,a = A~, 

thus  

*CA = I - lira 

~ - - 0  

1CA = 1 

Hence C is pr imary p roduc t  in the space l ime region where tile outer  solut ion is 

valid. 

If we take the inner  solution equations 

e i 
"ICA = 1  - lim 

~,--o Ao - A z 
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1C A = i - lim ..2 ~ . . . .  

~CA = 0 

( 3 . 8 9 )  

Thus singular perturbation theory shows that the delplot of product C has 

a finite intercept and hence product C is a primary product in the outer solution 

regime. Similarly a delplot of product C has a zero intercept in the inner solution 

regime and hence is a secondary product. Thus the delplot method can be used to 

separate regimes of space time where a given product can be primary or secondary. 

An example of a product that changes rank in two different space time regimes 

will be discussed in chapter 8. 

3 . 8  Conclusions 

In this chapter, a new method for analysis of reaction network was developed. 

This method can 

sort products according to their rank 

find the reaction rate function in simple systems 

identify reaction steps in a complex reaction network 

x 

separate regimes of time where product rank changes. 

The advantages of this method ar~ in its simplicity, the ease of application and the 

better precision of this method. Also. this method often decouples the rank of the 

product from the order of the reaction so as to serially determine the rank of the 

species, next the kinetic rate equation and third the parameter values. The concept 

of effective order and effective rank is also developed and used. Effective rank of 

the product is used to find the applicability of delplot analysis. Furthermore, a 
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simple algebraic recursive equation(EPRE) shows the coupling between effective 

rank of the product and the order of the reaction for integral order reactions. 

The disadvantages of this method are:- 

1. Often it is difficult to differentiate between small and finite intercept and 

zero intercept. Hence some times an effective product rank cannot be assigned. 

2. For higher rank product, prior knowledge of the order of the reactions is 

needed. 

3. The method becomes cumbersome for non-integer orders for higher rank 

products. 

4. This method  is not a total solution to the problem of reaction network 

and reaction rate function identification, however, it is a partial solution to an 

otherwise insolvable problem. 
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CH_~PTEIt 4 

E Q U I P M E N T  A N D  E X P E R I M E N T A L  M E T H O D S  

4.1 F low M i e r o r e a e t o r  

Figures 4.1 and 4.2 shows the flow diagram of the reactor. The details 

of the all pieces of equipment used in this reactor assembly are given in table 

4.1. There were four feed gases, three of them were high pressure lines while the 

fourth was a low pressure gas feed for test reactions at low pressure. The design 

pressure was 1000psia.. The gases have flow limit valves to shut off the gases if the 

instantaneous flow rate exceeds above a set limit. The hydrogen gas was passed 

through a filter, a line regulator and a catalytic oxygen remover followed by a 

molecular sieve trap for removing water. Hydrogen was then passed through a 

Filter, digital mass flow controller and a check valve before feeding it to the mixing 

manifold. The line filter before the mass flow controller prevents fine dust from 

entering the mass flow controller and the check flow valve prevents back flow from 

the manifold~ 

The connection between the hydrogen line and manifold was controlled by 

a diaphragm valve, which give good service for repeated use at lfigh pressures. 

The helium line was similar to the hydrogen line except that the oxygen and 

the water was simuhaneously removed in a water trap. The CO manifold has a 

carbonyt trap that cracks the Fe and Ni carbonyls formed in the cylinder, initially 

a heated charcoal trap was used. however it formed lot of carbon dioxide. Then 

a heated alkalized alunfina trap was successfully used. This was followed by a 

water removal trap. The carbon mono.'dde line after the trap was Teflon coated 

154 
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to prevent formation of carbonyls in the line. The gas manifold has ten openings. 

The pressure transducer and the rupture disc were located on the manifold. The 

low pressure gas line was also hooked up to the manifold. The entire reactor 

assembly and the analytical system is placed ~-ithin a hood. 

Tab le  4.1: Equipment details of the components of the high pressure reactor 

Equipment Model Purchased from 

Pressure t ransducer  

Back Pres. Regulator 

Mass Flow Controller 

Line filters 

Flow limit valves 

Hyd:rogen purifier 

Oxygen/Water  remover 

Rupture Disc 

Diaphragm Valves 

Check valves 

Water remover 

~uminized reactors 

PLC, 0-1000psia 

M.ity-Mire, SD-91W 

High Pres.-5850 

6184-p4FF 

Model LV 

Model B8087 

Model 98 

Model 10-61AF,t 

SS-4D4S 

SS-2C-10 

SG-6140-2 

custom-made 

Test Equipment 

Test Equipment 

Brooks 

Matheson 

Veriflo 

Engelhard 

AIRCO 

High Pres. Equip. 

Swagelok 

Swagelok 

Linde 

Alloy Surfaces 

Ttle reactor was connected to the manifold through a Teflon coated stainless 

steel line. The reactor consists of two secxion~ (figure 4.3). The top section has 

an internal diameter of 1 ."4 inch. while the internal diameter of the bottom section 

was 1 ,_'3 inch. The glass wool was seated at the cone shape section connecting he 

top and the bottom section. Typically the height of the glass wool would range 

from 1 4-1 "2 inch. The catalysl was then seated over tile glass wool. Typical 
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F i g u r e  4.1: Flow ,:tiagram of tile hi?,h pres..,.ur," r~.act~r 
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catalyst loading was 0.5-1.0gm and typical height of the catalysts bed was 1-2cm. 

The reactor was made of irtternally aluminized stainless steel. The details are 

given in table ,-1.1. Empty reactor runs under similar conditions did not show 

any reaction of carbon monoxide and hydrogen under typical reaction conditions. 

However the presence of secondary reactions cannot be ruled out. The reactor was 

periodically checked for disruption of the aluminized layer, and replaced whenever 

necessary. The reactor effluent was then passed through a high temperature valve 

and the back pressure regulator. All the reactor effluent lines were heated to 

120C to prevent condensation of products. A simple vapor pressure calculations of 

expected product distribution suggested that  under the low conversions used there 

was no substantial condensation. The pressure of the gas manifold was controlled 

by the pressure on the nitrogen on the other side of the diaphrag.m. The exit of 

the diaphragm back pressure regulator was fed to the air actuated sampling valve 

in the analytital system. Again the interconnecting lines were heated. 

4.2 Tes t  R e a c t i o n s  

Ethylene hydrogenation was performed to test the hydrogenation activity 

of the catalyst. Ethylene hydrogenation was performed on calcined and reduced 

Rh/A1203, Mo/AI~.03, AI,~O3 and Rh?Mo/AI.~O3. But more importantly the effect 

of gas phase CO on the hydrogenation activity of these catal.ysts was studied. 

Ethylene was fed through the fourth line in the gas purification system and was 

purified by passing it through a ( 'uO trap and a Zeolite trap to remove oxygen and 

water respectively. The flow rate was monitored with a mass flow controller. A 

glass reactor was used to avoid base hydrogenation activity of aluminized stainless 

steel iused in high pressure reaction runs). The catalyst was reduced under 

25scc: rain of hydrogen at 200(" for 1 2hr, 350C for 1/2 hr and at 500 c' for lhr.  

The catalyst was then cooled under hydrogen to 30C. The catalyst was contacted 

with ethylene only in the presence of hydrogen and helium to avoid poisoning of 
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the catalyst, The initial transient of ethylene was suppressed by flowing a large 

excess of helium with ethylene. The flotvrate of helium was then decreased to the 

required v~lue. The same procedure was used to avoid poisoning due to aa initial 

surge of carbon monox.ide. 

4.3 A n a l y t i c a l  S y s t e m  

The analytical system for most reactor runs consisted of a Valco air actuated 

six port injection valve heated at 130C. a Valco digital valve sequencer, a HP 5700A 

gas chromatograph equipped with a thermal conductivity detector and a HP 3390A 

integrator. "A 12 feet Porapack QS column was used. For separation of acetic acid 

and methanol. Porapack T was used. The carrier gas was purified helium, at a flow 

rate of 25cc/min. The thermal conductivity detector was operaied at 250C and 

200mA. The reported response factors[I,2] were used to calculate the water-free, 

hydrbgen-free mole fractions. An alumina column was used to separate ethylene, 

CO and ethane to analysze the reactor efIluent during ethylene hydrogenation. 

4.4 S ta t i c  C h e m i s o r p t i o n  

A Micromeritics "#I00D surface area analyzer was connected to a gas purifi- 

cation and gas feed system. Hydrogen and helium were connected to the manifold. 

A flow through cell was used to treat the sample. The catalysts was reduced under 

flowing hydrogen at 200C for 1 2 hour. at 350C for 1/2 hour and at 500C for 1 

hour. After reduction, the catalysts was outgassed for 1 hour. Then the sample 

was cooled to room temperature  and the amount  of total chemisorption and re- 

versible chemisorption was measured. An ASTM 3908 0.5%Pt/AN.O~ catalysts 

gave consistent results on this apparatus. 



4.5 F low C h e m i s o r p t i o n  

I61 

The flow chemisorption apparatus, shown in figure 4.4 consists of a glass 

reactor in a furnace, gas purification manifold, pulse injections system and a 

thermal conductivity detector. The c at;alyst was reduced under the same schedule 

a s  in reactor runs. The catalyst was then cooled to. room temperature under 

helium. Then 5#I of CO was pulsed, the inlet CO pulse was monitored as a negative 

signal on the'o'utput of the thermal conductivity detector.  The CO in the exit 

stream from the reactor was monitored to check adsorption. The CO breakthrough 

through the catalyst bed was used to suggest complete chemisorption. Thus the 

number of CO pulses needed to get a CO signal in the outlet stream gave a rough 

estimate of the CO chemisorption. The peak areas were then integrated to give 

an accurate estimate of the amount of CO chemisorbed. 

4.6 X - R a y  Di f f r ac t ion  

A Phillips 3500 automated powder diffractometer with diffracted beam 

monochrome.tot and nickel filtered Cu radiation at 45kV and 40mA was used. 

The wavelength of the copper radiation was 1.5418.~1. The sample was pressed 

onto an aluminum sample holder. Typical survey scans were from 20 = 10 - 80 

and A20 - 0.05 with count time o[ 1-10see. 

4.7 X - R a y  F l u o r e s c e n c e  S p e c t r o s c o p y  

P 

A Phillips automated x-ray fluorescence spectrometer PW1410 30 operat- 

ing in quantitative mode was used to obtain elemental analysis of rhodium and 

molybdenum. 
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Mo and Rh loadings were checked with XRF. A Phillips PW1410 80 X- 

Ray Spectrometer was used. Samples were mixed in an appropriate amount with 

orthoboric acid. The samples were ground and mixed in a ball mill for an hour. 

Cu K X'Rays and LiF(200) crystal was used. The ~Io K 3 and Rh Ka lines 

overlap. Instead of deconvoluting the overlapped peaks, the weak Rh K j  lines were 

monitored. Rh(NO3)33H~.O was tried as a s tandard.  Owing to the hygroscopic 

nature of the above salt . the results were not repeatable. Then RhC13 salt was 

used as a standard; this salt was from an old batch and the exact amoum of 

hygroscopic water in it may not be accurate. Also, MoO3 w ~  used as a s tandard 

for solid samples. There may be interference between the Rh and Mo apparent 

cross-sections. This is due to the higher absorption cross-section of Mo for X-r~.ys 

emitted by Rh than the absorption cross-section of Rh for X-rays emitted by .~Io. 

4.7.2 Effect of Particle Size on the Selection of Standards 

This section discusses the selection of standards.  The role of particle size 

in solid standards is often not appreciated. Solid standards have micron size 

particles. The average distance between the two particles is of the same order 

of magnitude as the length scale of absorption of X-rays emitted by Rh and Mo, 

e.g., for 60~m particles, separation between particles is ~ 0.12cm while the length 

scale for absorption of X-rays in the sample is ~ 0.2cm. Thus a substantial 

amount of X-rays are absorbed before it reached the other element. This is not 

true v, dth the catalysts sample because Mo and Rh are dispersed on the atomJc 

scale. Hence non-lnterference of Rh and Mo peaks in solid standards did not imply 

non-interference in the catalyst samples. In a liquid phase solution the Mo and Rh 

atoms were well dispersed on the atomic level. Hence non-interference of peaks 

should be checked in the liquid phase, Liquid samples were prepared by dissolving 
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Rh nitrate and ammonium mol3.'bdate ( molybdenum trio.vide is sparingly soluble 

in water). Liquid samples did not show any interference between Rh and .kIo 

peaks. 

4.8 X, Ray Photoelectron Spectroscopy 

A PI-II model 550 spectrometer equipped with an alunfinum anode and a 

double pass cylindrical mirror analyzer was used. The aluminum anode was 

operated at 10kV and 40mA. The double pass cylindrical mirror analyzer was 

operated at a pass energy of 50eV and 100eV for detailed scans and survey scans 

respectively. 

Survey scans were' taken for each sample and after each treatment to 'check 

for extraneous impurities in the chamber and in the sample. Magnesium was 

present in the XPS survey scans as an impurity from the previous experiments in 

the chamber. Periodic washing of the sample probe with dilute nitric acid kept 

the magnesium impurity at low level. This was necessary because the Mg Auger 

lines were close to the.Rh(3d~/2) lines for the A1 x-rays. 

The catalysts samples were ground between glass slides. The ground sample 

was then pressed into an aluminum die using a hammer. The sample was pressed 

such that it does not fall off on its own weight. Figure 4.5 on page 166 shows 

the gas treatment unit for XPS studies. Helium( UHP grade ) and hydrogenl 

UHP grade) were further purified by removing oxygen by passing them through 

a regenerated copper oxide trap attd by removing water by passi.ug them through 

a regenerated zeolite trap. Carbon monoxide was passed through a zeolite trap 

only. All the flowrates were controlled by downstream mass flow controllers. The 

temperature of the sample was heated at a rate not greater than 8C/rain. The 

fresh catalysts were first reduced at 250C and 350C for 1/2 hour each under flowing 
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hydrogen. Then the temperature was increased to 400C and the catalyst reduced 

under flowing hydrogen for one hour. 

Carbon mono:dde adsorption was done by flowing CO at room tempera- 

ture. Reactions were carried out on these catalysts by flowing a mixture of hy- 

drogen/carbon monoxide -2 ,  total flowrate of 50scc/min at 200C for 2 hours. 

Various loadings of Ya/Al20~ samples were also run for comparison. To see the 

effect of reaction, some of the used catalysts from the reaction studies were also 

investigated. Finally, the effect of sodium addition on the surface -OI-I groups 

and the role of silanes was irtvestigated. Two samples, AI~O3 and 2~. Ya;'kloO3 

were silanized. A solution of ~ 5 volume % of hexamethyl disilazane(H~IDS) in 

spectroscopic grade n-hexane was prepared. Then the samples were mixed with 

the solution. The samples were then equilibrated in the solution for six hours. 

The mixture was then heated to 70C and later evacuated for 12 hours. 

The XPS investigation was carried out to in~restigate the chemical state of 

rhodium after various treatments on the catalysts. These treatments included, 

reduction, carbon monoxide adsorption and carbon monoxide hydrogenation re- 

actions. The effect of the aniount of sodium added on the chemical state of 

rhodium was also investigated. Using the peak areas of the various elements, the 

physical state: i.e., the state of aggregation of various components, was probed. 

Finally, XPS was used to elaborate silanization reaction on sodium modified 

rhodium/alunaina. 

Also. for the silanization studies additional data was collected for Si(2pi and 

N(lsp regions. The intensity of the peaks in the carbon and rhodium region was 

lov,- in spite of the many scans collected. Hence there was a large error{_-_0.3eV) 

in the binding energies of the peaks in the carbon and the rhodium region. The 

signal/noise in the XPS peak areas was large, and hence quantitative XPS has 

substantial errors, i.e., noise and drift, up to 30%. A survey scan over 0-1000eV 
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was taken before each run. All the data  was collected at 30C under a pressure 

less than 5 :,'. 10 -8 tort. The sample holder was positioned to get the max.imum 

signal intensity. The correct alignment of the sample was checked by confirming 

the absence of two aluminum peaks; one from the catalyst support  and the other 

from the a luminum sample holder. 

4.9 T e m p e r a t u r e  P r o g r a m m e d  M e t h o d s  

Temperature  programmed reduct ion(TPR) and temperature  programmed 

desorpt ion(TPD) was performed on various sodium modified rhod ium/a lumina  

catalysts. The reducibility of rhodium, the adsorption states of hydrogen, and 

the effect of sintering was investigated. Figure 4.6 on page 168 shows the flow 

diagram of the apparatus  used for T P D / T P R  studies. The sample was heated at 

a linear rate in flowing gas with the inlet and outlet gas composition compared 

in two sides of a thermal conductivity detector. The outlet gas was dried in a 

dry ice/acetone cold trap before it was analyszed. The difference signal from the 

detector was stored on a time-sharlng computer  as a function of time. The output  

of the furnace thermocouple was also recorded to insure that  a linear heating rate 

was maintained. Hydrogen consumption was quantified by 'calibration from the 

area, in miUivolt-minutes, under the trace of the thermal  conductivity detector 

output .  

A typical run consists of loading approx.imate~' 75rag of catalysts and heating 

it at 40 degrees C/rain in 60 cc/min of 5,% H~. in .V., from room temperature  to 

about 660C. The sample was then cooled within 5 minutes to about -40C in the 

same gaseous stream. The flow was switched to pure nitrogen at this stage to do 

tempera ture  prograrmned desorptioa. The TPD data  was collected at the same 

heating rate. The peak areas, representing hydrogen uptake were within 5-7%. It 

was observed that at higher programming rates the peaks were sharper and the 
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maximum temperature was slightly shifted. For oxidation run~, the catalyst after 

TPD was cooled to room temperature in the nitrogen stream and the flow was 

s~vitched to 2% O,~ in He. 

4.10 Electron Spin :Resonance Spectroscopy 

Electron spin resonance spectra were collected on Varian E-109 spectrometer  

operating at 9.05 GHz, DPPH was used as an external standard. ESR spectra 

were recorded at room temperature  and at liquid nitrogen temperature.  Two sets 

of samples were used. The first set consisted of calcined kl.~O~ , Mo/Al.~03 , 

Rh,. AI~O~ and Rh-Mo/kl~.O3 catalysts. The second set consisted of the above 

catalysts after reduction under reduction at 200C(1/2hr), 350C(1/2hr) and at 

500C(lhr) in a flow-through cell. CO was then chemisorbed at room temperature  

on the above catalysts. The experimental set-up for the sample preparation was 

same as the one used in chemisorption described earlier. The sample cell was then 

isolated from the vacuum manifold and the sample cell was then transferred to the 

glove box. The samples were t herr transferred to a quartz sample tube and sealed 

with stopper and parafilm. ESR spectra oa these samples were collected at room 

temperature and at liquid nitrogen temperature:  The typical parameters used in 

the runs were ~ven  in table 4.2. 

TaBle 4.2: Parameters for ESR runs 

Scan range = 5.0kG 

Scan time = 8-16 nfin 

Modulation amplitude = 2.0.G 

Receiver gain = 4000 

Microwave frequency = 9.05 GHz 

Field set = 3500G 

Time constant --0.128 

Modulation frequency = 100kHz 

Microwave power = 5.0 mW 
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4.11 I o n - S c a t t e r i n g  S p e c t r o s c o p y  

A modified 3 ' I  Model .525B spect rometer  interfaced with a nfinicomputer 

was used. The nominal beam diameter  was 150tam. Typically the ion beam 

was rastered over 2.5ram x 2..Smm. Data was collected from 3ram "~ area from 

the center. The ion beam was operated at 80nA. Helium ions were used to find 

elemental compositions, while .,Neon ions were used for sput ter ing The sample was 

ground and pressed onto an indium foil, whicti was put  in the spectrometer .  The 

sample was heated to 100C to accelerate the out gassing. Since the sample cannot 

be ~reated. ISS spectra were collected only for calcined samples. 

4.12 Transmiss ion Electron Microscopy and E D X  

A Phillips EM400T electro~, microscope with a ma. 'dmum accelerating volt- 

age of 120kV was used. A STEM unlt  and a EDAX PV9100 unit was also con- 

nected to the electron microscope. The catalysts sample was first ground using 

glass slides. The copper grid. was then brushed over the sample. The sample" 

holder was then inspected under an optical microscope to check for entrained 

particles on the grid. The  copper grid was then moun ted  on she sample holder. 

4.13 Sol id-State N M R  Spectroscopy 

Two approaches were undertaken,  in the first approach,  a chenfisorption 

flow through cell was used. The catalysts was reduced under  hydrogetu evacua, ed 

and cooled. The sample was then dosed with 1 3 C ' 0  . the sample valve was closed 

and the cell was then transferred to a glove box mainta ined under nitrogen. Tile 

sample was later transferred to N),[R sample tube which was then sealed,'with 

epoxy( Devon 2-Ton Epoxy). 
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The second sample preparation method consists of attaching a N3IR sample 

tube to the sample preparation cell. The sample was treated under flowing gases 

in a manifold shown in figure 4.7. After dosing, tile sample valve was closed 

and the sample preparation cell was disconnected from the manifold. The entire 

assembtv shewn in figure 4.8 was rotated by 90 degrees so that the NY.I'R sample 

tube was vertical and the sample fell into the tube. The tube was flame sealed 

away from the constriction. It was later sealed at the constriction by a professional 

glass blower who wrapped the sample with wet asbestos so that it was not heated 

during sealing. Care was taken to keep the seal symmetrical. The samples were 

run on a Chemmagneties .x, I100S spectrometer with magic angle spinning and 

cross-polarization. Single pulse and 90-~'-180-r pulse experiments were also done. 

Typical pulse v¢idths were 5.5~sec. spectral width of 14kHz and contact time of 

8ms. The details of the spectrometer are given elsewhere'3.4~,. 

4 .14  L o w  P r e s s u r e  IR 

A Nicolet 7199 dual beam FT-IR was used. A low pressure transmission IR 

ce! I with water cooled NaC1 windows and self supporting catalysts wafer was used. 

The details of the cell and the gas manifold are given in detail elsewhere:5,6]. The 

catalysts was reduced in flowing hydrogen at 200C for 1/2 hr, 300C for 1.::2hr and 

at 400C for 3hr. Because of the temperature  limitations on the cell, the catalysts 

could not be heated above 400C. The instrument resolution was 2cm -1. 
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C H A P T E R  5 

THE E F F E C T  OF SUPPOKT,  MODIFIERS A N D  

CATALYST P R E C U R S O R  IN CO H Y D R O G E N A T I O N  

5.1 I n t r o d u c t i o n  

This chapter discusses the results of testing various modified rhodium cat- 

alysts for CO hydrogenation. Specifically. the effect of metal salt precursor, the 

support and the modifier has been studied. The aim of this exploratory research 

phase described in this chapter was to identi~" many interesting systems for fur- 

ther detailed kinetic and characterization studies. The effect of many catalyst 

preparation variables can be great and is not weLl-understood. 

Recall that  as discussed in chapter 2, most of the reported investigations of 

the ef[eet of modifiers on CO hydrogenation have been on Rh/SiO~ . Because of 

the good mechanical and crystal framework strength of alumina and because of 

the wide range of surface properties of alumina,  supported alumina catalysts are 

generally preferred. Hence supported alumina catalysts will be the primary focus 

of this thesis. However, the effect of modifiers on other supports such as MgO. 

La.~O3 . SiO~, . TiO2 and Florisil was also investigated. 

5.2 C a t a l y s t  P r e p a r a t i o n  

Extrudate  CATAPAL.~A1,.O3 obtained from Air Products was first ground 

to 60-100 mesh size. The CATAPAL AI~,O3 is made from aluminum isopropo×ide 

and is one of the purest industrial alumina available. The Ab.O3 was then air 
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calcined at .500C'. The surface area of the alumina is ~. 200m :~ gin. Rh was 

impregnated from an acidic rhodium nitrate solution obtained from Engelhard. 

Unless otherwise specified, rhodium was impregnated using Rh-nitrate solution 

and a coimpregnation technique was used. The catalyst was then air calcined at 

,500C. Again, unless otherwise specified, the catalyst was reduced under hydrogen 

at 200C for 1/2 hour. at 350C at 1/"~ hour and at .500C at 1 hour..Most of the 

catalysts preparation was done by Dr. Chakka Sudhakar. 

Rh(II) acetate::Al~.O3 catalyst was prepared by multiple impregnation of 

Rh(IT.) acetate dimer in *[eOH. The multiple impregnations were needed because 

of the limited solubility of Rh(II) acetate dimer in MeOH. The catalysts was dried 

at 80C for 12 hours. The dried catalyst is bluish green in color. Rh/AI20~ catalysts 

were also prepared from RhC13 3H~.O. to investigate the effecic of chloride precursor 

on the reactivity. Here excess of HC1 is used similar to the method reported by 
t ' DaCruz et al.-1]. The dried catalyst is brick red in color. 

Na3RhCI6/A12Oa catalyst was prepared by aqueous impregnation of Na3RhCls/ 

A1203 . similar to the method of Tamaru et a1.[21:. Also. a Rh-Na/AI203 cata- 

lyst was prepared from coimpregnation of Rh and Na using rhodium nitrate and 

sodium nitrate. This catalyst it golden yellow in color. Rh-K/AI-.03 catalyst was 

prepared by coimpregnating potassium nitrate and rhodium nitrate salts, l ~ N a  

reduced-5%Rh/Al,.O3 catalyst was prepared by impregna.ting sodium from aque- 

ous solution of sodium nit'rare onto reduced 5%Rh/Al~.O3 . Later the catalyst was 

dried at 110C for 20 hours. This catalyst was not recalcined. 

Rh Florisil catalysts were prepared by impregnating rhodium nitrate solu- 

tion on florisil. Florisil is a syt~thetic silica-magnesia gel of 60-t00mesh size. The 

florisil support is first air calcined. The silicated AI.,O~ used. was air calcined 

at 500C for 2 hours. Silicated alumina is 6% SiO~_ and the rest is 7-A1o.03 . 

MgO, MCB reagent ACS grade was air calcined before impregnating it with a 
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no-excess aqueous solution o[ rhodium to make Rh, 3.lgO catalysts. The calcined 

catalyst was light brown in color. Rh, Lao_O3 catalyst was prepared by impregnat- 

ing rhodium from a rhodium ritrate solution in ethanol, sinfitar to t, he method o[ 

Ponec et al. 131. The catalyst was air calcined at 500C for 2 hours. 

Degussa P-25 TiO~. ~va~ air calcined at 500C for 2 hours. La(.XO3h was 

used to impregnated lanthanum in titania and alumina supported catalyst. The 

calcined La/TiO~. catalyst was white in' color. I'iO~. :'Al~.O3 was prepared im- 

pregnating titanium from a solution of Ti isopropo~de in isopropyl alcohol. This 

catalyst was not calcined because the titanium propo.x.ide is volatile. Rh-Ti Al~.03 

is prepared by impregnating rhodium from rhodium n!trate solution on the riO.. 

:'A1203 produced by the above method. 

Pd/SiO2 is prepared by impregnating Pd from an aqueous solution of palla- 

dium nitrate on silica, The dried catalyst was dark brown in color. An attempt at 

coimpregnating Rh and Pd failed since it yielded a dark turbid solution. Adding 

nitric acid did not dissolve the particles. Hence Rh-Pd/$iO~. catalyst was prepared 

by sequential impregnation method. 

Rh-Mn-Mo catalyst was prepared by impregnating Mn and *Io from man- 

ganese nitrate and ammonium heptamolybda.te. The calcined catalyst was light 

yellow in color. 

Rh-Ce/Al.~O3 catalyst was prepared by coimpregnation from an aqueous 

solution of ammonium cerium nitrate and rhodium nitrate. A muhi-component 

catalyst containing Rh and Mo on titania coated florisil was prepared. The 

titania coating on florisil was W e n  by .filling up the pores of florisil with titanium 

isopropoxide, similar to the incipient wetness method. The catalyst composition 

corresponds to the 16%Ti/Florisil. The catalyst was then kept in moist atmosphere 

for 12 hours to hydrolyze the isopropox.ide. The material was then wetted with 
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water and dried at l l 0C  for 12 hours. The catalyst was then air calcined at 

500C for 2 hours. Then Mo and Rh were impregnated on this mixed oxide by a 

coimpregnation technique. The impregnated was then dried at 110C t'or 12 hours. 

and air calcined at 500C for 2 hours. Another set of Rh-Mo/TiO~ 'Florisil was 

prepared by sequential impregnation technique. 

Rh-Sn/A1203 catalyst was prepared by coimpregnating a no-excess aqueous 

solution of rhodium chloride and stanrtous chloride. The dried catalyst is purple 

in color. Rh/Co-Mo/A1203 was prepared b.v impregnating a no-excess aqueous 

solution of rhodium nitrate on Co/Mo/AI203 catalys~ obtained from American 

Cynanfid(HDS-16A). The catalyst was then dried at 110C for 12.hours and 

air calcined at 500C for 2 hours. The calcined catalyst was black in color. 

Rh-Mo/Ti02 catalyst was prepared by sequential impregnation of rhodium and 

molybdenum. First a no-excess aqueous impregnation of molybdenum from a 

solution of p H = l  was done. Then the catalyst was dried at l l0C and air calcined 

at 500C. This was followed by aqueous impregnation of rhod ium from rhodium 

nitrate solution, drying and air calcination. The color of the catalyst after rhodium 

impregnation was light orange and after calcination was dark bro~vn. 

5.3 R e s u l t s  a n d  D i s c u s s i o n s  

5.3.1 R h o d i u m  F r e c u r s o r  

Table 5.1 shows the performance of Rh/Al.,Oa catalysts prepared from 

different precursors. The reactor was operated in a differential mode. Appendix 

1 shows that there are no significant transport  llnfitations. The overall carbon 

monoxide conversion includes the water gas shift reaction. The selectivity to 

oxygenates is on a carbon dio:dde free basis. Thus the ,e,e total oxygenates given 

in the table 5.1 show the percentage of carbon converted to oxygenates based oft 

the total carbon converzed to all products excluding carbon dioxide. The %C:2÷ 
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oxygenate selectivity is the fraction of the carbon in oxygenates as ('2 or higher 

oxygenates. The secondary products such as ethers and esters are counted in terms 

of their parent molecule, e.g., dimethyl ether is counted twice as C1 oxygen.ates, 

1.:'3 of the carbon in MeOEt is counted as C1 oxygenates and 2/3 of the carbon 

in MeOEt is counted as C2 oxygenates. 

First, the catalyst prepared from nitrate salts are compared with the catalyst 

prepared from chloride salts. The activity of the catalyst prepared from nitrate 

salts(nitrate) is slightly higher than the overall ~tctivity for CO hydrogenation of 

catalyst prepared from Chloride salts(C1). Also the selectivity to total 'oxygenates 

is higher on the Cl-catalysr than with the nitrate-catalyst.  FurThermore. as seen 

from table 5.1. the ~0C2- oxygenates is slightly higher on the Cl-catalyst as 

compared to nitrate-catalyst. There are some subtle changes in the product dis- 

tribution, not listed in table .5.1. For example, the higher amount of acetaldehyde 

is formed on Cl-catalyst as compared to nitrate-catalyst,  and less "methane and 

higher hydrocarbons are formed on Cl-catalyst as compared to nitrate-catalyst.  

Then a series of exl:eriments with Rh/A1203 catalysts prepared from Rh(II) 

acetate were conducted. Rh(II) acetate is an unusual Rh(II} dimer compound that 

has a strong Rh-Rh bond. It was previously found that R,h(II) acetate is an active 

catalysts for CO insertioni4 ]. The catalytic properties of Rh(II) acetate/AN, On 

was first tested at 150C because Worley et al.!5] have found ~rom IR spectroscopy 

that Rh(II) acetate when deposited on A1203 still retains the dimer structure at 

150C. However, the catalysts prepared from the dimer was not active until about 

225C. The dimer also decomposes at around 225C. These catalysts are labelled 

as Ac. After a series of test runs, these catalysts were reduced under hydrogen 

at 500C. and this set of catalysts are labelled as AcH. There is no difference in 

the reactivity of the Ac and AcH catalysts at a reaction temperature of 250-275C. 

These set of catalysts, both Ac and AcH are less active than the Cl-catalyst. For 

example, as shown in table 5.1. at 450psi: CO/hydrogen=0.5 and at 250C, the 
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%CO conversion for Cl-catalyst is 9.1 at 1500GHSV and is 3.3~ at 1500GHSV [or 

.kcI'I catalyst and is 2.5~. at 1500GI-ISV. The total oxygenate selectivity is low. for 

example; 28-35,%. for Cl-catalyst and nitrate-catalyst but is 14-25% for the AcI-I 

and Ac catalyst. This difl~erence in the overall selectivity mav be because or' the 

increase in the operating temperature. The e~C2- oxygenates fraction of the total 

oxygenates is same in AcH, Ac , nitrate and Cl-catalyst. 

For comparison., the data using Johnson Mathey, and Engelhard catalyst are  

also listed, The Jh.I catalyst is more active but has twice the rhodium loading of 

the U Del prepared catalyst. The JM catalyst also has higher overall selectivity 

to oxygenates. In contrast, the Engelhard (EN) catalyst is much less active than 

both JM and C1 catalyst, bu~ the loading of Rh is 5-times lower than CI catalyst. 

Also, catalyst prepared from Rh nitrate crystals obtained from Johnson Mathey, 

were less active than the caealyst prepared from the Rh nitrate solution from 

Engelhard. 

These results show interesting trends when compared to the results.reported 

by Jackson et al.[6]. The catalysts reported by Jackson were silica supported 

and were not calcined. The activity trend for silica supported catalysts was. 

Cl  > Ni~  > aeet  > N i t  - ca lc ined .  In contrast the trend for alumina supported 

catalysts, reported'in table 5.1 is n i t r a t e  - c a l c i n e d  > C l -  c a l c i n e d  > A c e t a t e  ~. 

Ace i  - r edaced ,  The reasons for this drastic changes in the trend of activity is 

not clear. Changing rhodium precursor caused a two order of magnitude change 

in the activity for CO hydrogenation on Rh/SiO~ catalysts[4]. In comparison, the 

changes on Rh/AI~O:~ are much smaller. This may be because, Al~.03 unlike SiO2 

has a substantial portion of the co-ion sitting on the support which may be far 

away from the metal crystaUite. 

The total selectivity to oxygenates depends on the overall conversion. Ideally, 

the catalyst should be tested and compared at the same temperature, partial 
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Table  5.1: The effect of rhodium precursor on the performance of supported 
rhodiurn/alurnirta cat alysts 

ca.t- temp pres CO:H.~ GHSV %CO % TOT % C 2 -  Ct'~ to 

lysts C psi cony oxyg oxyg CO~ 

Nitrate 250 450 0.5 3000 

Nitrate 250 450 0.5 1500 

(3% Rb.) 

Chloride 250 450 0.5 3600 

Chloride 250 450 0.5 3600 

Chloride 250 450 0.5 1800 

Chloride 250 750 0.5 3600 

(3% Rh) 

Acetate 250 450 0.5 1-500 

Acetate 250 450 0.5 1500 

Acetate 275 -: "3 0.5 1500 

Acetate 275 750 0.5 1500 

Acetate 250 750 0.5 1500 

(3% Rh) 

Acet-H 250 450 0.5 1500 

Acet-H 275 450 0.5 1500 

Acet-H 250 750 0.5 1500 

Acet-H 250 450 0.5 1500 

Rh) 

J3[ 250 450 0.5 3333 

{5%) 

275 450 0..5 720 

(0.5% ah) 

5.7 28.9 82.4 0.9 

9.1 27.5 87.9 1.4 

6.1 31,3 $9.4 0.6 

4.8 32.1 89.7 0.5 

9.2 30.0 92.2 0.9 

5.2 33.4 88.6 0.7 

3.2 14.7 50.0 5.4 

2.5 14.7 66.9 3.1 

8.5 12.0 60.3 1.4 

10.6 13.2 69.0 1.7 

3.2 14.6 67.0 1.8 

3.3 20.7 75.5 2.7 

10.1 14.4 86.7 1.7 

4.0 26.6 87.8 1.6 

2.9 25.0 89.3 2.0 

7.6 28.9 92.5 1.8 

5.8 26.3 80.5 11.9 
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pressure of CO and hydrogen, and tile space rate adjusted to get the same 

conversion. However, because of the limitations in the space rate. the above 

conditions cannot be used for all catalysts. Hence whenever possible, the catalysts 

are compared at the same temperature, and partial pressure of carbon monoxide 

and hydrogen. The effect of conversion on the selectivity to oxygenates is then 

found from the selectivity versus conversion plots, The activity is found by the 

space required at the same temperature to get the same conversion. 

The effect of metal salt precursor on the performance of the catalysts is shown 

in figure .5.1..-ks seen from ~gure 5.1. the selectivity versus conversion plot for 

the catalysts derived from nitrate salts and from chloride salts is similar to the 

selectivity versus c6nversion plot of the ,]M catalyst. Hence very little difference 

in the selectivity was observed on these catalysts. In contrast the selectivity- 

conversion plot, shown as open symbols, for Ac and kcH catalysts lie below the 

selectivity-cortversion plot for JM, Nitrate and C1 catalysts. This suggest that the 

kc and the Actt catalysts are less selective than the Nitrate, JXI and C1 catalysts. 

5.3.2 Support 

In this subsection the effect of support on the performance of supported 

rhodium catalysts is discussed. The catalysts were compared a t  30atm and 

hydrogen/CO=2. The activity of the catalysts varied as 

TiO,- -500 > Ti02 -300 > A1203 > La.,O3 > MgO > SiO2 

The TiO~ -500 and TiO~. -300 are reduced at -500C and 300C respectively. 

Thus the Rh/TiO~. catalysts were the most active of all the catalysts. The 

selectivity to oxygenates varied a.s 

31gO > La203 > SiO~. > .-kl-.O3 = TiO~. 
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These conclusions can be reached from tlie data given in tables 5.2 and 5.3. 

In comparison. Florisil supported rhodium catalysts listed in table 5.8 have low 

activity and form only methanol. There is no MeOMe formed on any supports 

except Al~.O3 • Small amount of *[eCHO is formed on Lao.Os supported catalysts 

and very little EtCHO is formed on any support except SiOo . These activity 

results agree with other investigations[7,8!. The high selectivity at low conversions 

is puzzling. 

Here again, the selectivity versus conversion plot shown in figure 5.2 illus- 

trates the differences in the selectivities of various supported catalysts. Rh/La~.03 

and Rh/.MgO have higher selectivity to oxygenates than Rh/SIO~_ . Also Rh/Al~.O3 

has much lower selectivity to oxygenates than Rh/S iO~.  The Rb./TiO~. catalyst 

are very active as seen by the lower temperature used. i.e., 225C instead of 250C. 

The Rh/TiO~. catalysts has a higher selectivity to o.~ygenates than Rh/A1203 . 

5.3.3 Modi f i e r s  

5.3.3.1 R h / A I 2 0 3  

Table 5.4 shows the effect of addition of modifiers on the performance 

of alumina supported rhodium catalysts. Specifica.lly .Mn, Mo, Ce, Sn and Ti 

modifiers were used. ;]:able 5.5 shows the summary of the results given in table 

5.4. Addition of Mn decreases the activity of Rh/AI,.O3 slightly. The selectivity to 

oxygenates and the selectivity to C 2 -  oxygenates is not dramatically affected. In 

contrast. Wilson et al.!9 i have reported that addition of ~l'n to Rh/SiO~ increased 

the activity for CO hydrogenation. 

Also. the t i tanium modified catalysts, reduced at 300C(Ti-300) showed same 

activity as Rh/AI~.03 . The selectivity to oxygenates was slightly lower and the 

selectivity to C 2 -  oxygenates is not affected. The titania modified catalysts were 
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Tab le  5.2: Effect of support on the performartce of supported rhodium catalysts 

catalyst temp pres CO:H, GHSV ¢.'~C0 ~ TOT e"tC'2- ( '~  to 

C psi cony oxyg oxyg C02 

A1203 250 450 0.5 3000 5.7 28.9 82.4 0.9 

Al.~03 250 450 0.5 1500 9.1 27.5 87.9 1.4 

SiO~ 

SiO~. 

SiO-. 

275 450 0.5 1500 2.9 63.4 94.8 0.4 

250 450 0.5 1500 0.6 75.2 95.2 0.0 

275 750 0.5 1500 3.1 68.7 88.8 l.~ 

TiO2 -300 235 450 0.5 4500 7.6. 26.2 89.4 2.8 

TiO2 -300 235 750 0.5 4500 9.2 27.0 86.0" 2.9 

TiO~. -300 225 750 0.5 2250 12.0 30.9 87.3 3.5 

TIO.~ -500 235 450 0.5 4500 8.1 26.7 89.2 2.1 

TiO~ -500 225 450 0.5 2250 10.3 29.7 90.2 2.7 

TiO2 -500 225 750 0.5 2250 11.4 31.1 90.6 2.1 

MgO-400 

MgO-400 

MgO-500 

MgO-500 

250 450 0.5 1500 1.6 90.5 6.7 22.2 

275 450 0.5 1500 3.1 52. .) 57.2 16.0 

250 450 0.5 1500 1.4 50.7 66.3 8.4 

275 450 0.5 1500 6.7 39.6 86.9 12.9 

La~Oa 250 450 0.5 3000 1.8 76.8 14.8 0.4 

La203 250 450 0.5 1500 2.5 71.8 17.0 13.6 

La~O~ 275 450 0.5 3000 4.4 59.8 27.6 16.2 

La203 275 750 0.5 3000 5.8 66.0 23.2 13.5 
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Table 5.3: 

Support 

Sun-m~ary of the effect of support on the performaace o[" Rh catalysts 
at 30arm, hydro~en/'CO=2. 

Temp(C) GHSV %C0 cony. % Oxyg. %C2- oxyg 

AI.~03 250 3000 6 30 8 3  

Si02 250 1500 1 58 94 

Ti02-300 235 4500 7.6 26 90 

TIO2-500 235 4500 8.1 27 90 

MgO-400 250 

MgO-500 250 

1500 3.1 52 66 

1500 1.5 50 66 • 

La203 250 3000 1.8 77 15 ! 
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also reduced at -500C to convert it into the S-~IS[ state. The Ti-500 catalysts 

were much more active than the Ti-300 catalysts. I'he selectivity to oxygenates 

is increased, the %C2-  oxygenate selectiviLv is also it~creased. However, the 

amount of carbon diox.ide formed decreases. In comparison, addition of mol vbdena 

increases the activity of Rh/AI203.  The selectivity to oxygenates is increased and 

the selectivity to C 2 -  oxygenates decreases since lot of methanol and dimethyl 

ether is formed. Also, addition of Ce to RhfAb.03 decreases the activity for 

CO hydrogenation and the selectivity to oxygena.tes increases, and ~he selectivity 

to C2+ oxygenates decreases. The addition of Sn decreases the activity for CO 

hydrogenation and no oxygenates are formed. Large amounts of carbon dioxide is 

formed on ~Io and Sn modification. 

"Here again the.selectivity-conversion plot given in figure 5.3 shows the effect 

of additives on CO hydrogenation on Rh/Ab.O3. The figure clearly shows that Sn- 

modified Rh/AI~.03 catalysts are not selective to oxygenates. Also the selectivity 

to oxygenates of the Ti-modi~ed Rh/AI.~O3 catalysts is similar to Rh/AI.~03. The 

selectivity to oxygenates on the Ce-modi~.ed Rh/AI.~O3 is higher than bin-modified 

Rh/kl.~O3 , and the selectivity to oxygenates of Mn-modified Rh/AI203 is higher 

than the Rh, A1203 . The Mo-modified Rh/AI_~03 catalysts are unique because 

of the higher activity, as seen by" the lower temperature, i.e. 225C instead of 

250C. The Mo-modi£ed Rh/AI203 catalysts has a sel'ectivity-conversion plot that 

is much higher and far apart from the selectivity-conversion plot of other modifers 

on Rh/AI~.O3 and Rh/A1,_,O3 catalysts .  The above remark~ are for 1-\Iodifier:lRh 

atom only. 

5.3.3.2 R h / S i O~  

The effect of modifiers such as Mn and .XIo on Rh/SiO~ is shown in table .5.6. 

The addition of Mn and Mo to Rh/SiO:  accelerates the water gas shift reaction. 

This is evident from the increase in carbon dio:dde formed during reaction. There , 
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Effect o[ modifier( 1 modifier atom : ! Rh atom) oa alundaa supported 
rhodium catalysts 

cat& temp pres CO:H~. GHSV ~ ( ' O  ~ TOT ~ C 2 -  ( '~  to 

C psi conv oxyg oxyg CO~ 

Noae 250 450 0.5 3000 6.6 22.6 72.3 3.9 

Mn 250 450 0.5 3600 3.7 31.0 81.4 0.5 

.Xin 275 450 0.5 3600 11.6 17.6 85.5 0.9 

Mn 275 750 0.5 3600 13.5 17.9 86.6 1.2 

l:3Mn 250 450 0.5 3000 3.8 30.9 59.0 4.8 

l:3.,XIn 250 450 0.5 1500 6.4 32.T T6.7 5.9 

l:3Mn 275 750 0.5 1500 18.2 24.4 85.6 2.4 

Ti-300 275 450 0.5 3600 15.9 12.9 82.6 1.2 

Ti-300 275 750 0.5 3600 17.7 14.3 85.3 1.4 

Ti-500 250 450 0.5 3600 8.7 20.8 94.6 0.4 

Ti-500 250 750 0.5 3600 10.6 22.6 95.0 0.5 

Mo 225 450 0.5 3000 9.0 58.7 41.6 21.5 

Ce 250 450 0.5 3000 2.8 46.6 48.4 5.2 

Ce 250 450 0.5 1500 5.0 39.9 57.1 6.3 

Ce 250 750 0.5 1500 5.2 45.2 59.4 6.2 

Ce 250 450 0.5 1500 3.6 39.3 57.2 5,3 

Sn 250 450 0.5 1500 0.4 0.0 22.6 

Sn 275 450 0.5 1500 0.9 0.0 33.0 

Sn 275 T50 0.5 1500 1.1 -0.0 36.6 
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Table 5.5: Summary of the effect of modifier on the performance of Rh,:A1203 
catalysts at 30atm and 250C with 1 atom modifieril atom Rh 

Modifier Activity Selectivity 

Oxygenates C2- Oxygenate-~ 

Mn SI. Lower St. Higher Equal 

Ti-300 Equal St. Lower Equal 

Ti-500 Higher St. Lower Equal 

io Higher Higher Lower 

Ce Higher Higher Lower 

Sn Lower 0 0 
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is a large increase in the activity of the catalysts on addition of .Xrn and Mo. 

For example, at :275C. 750psi and CO;'hydrogen=l.  the conversion of carbon 

monoxide on Rh:'SiO, is 1.5% at 1500GHSV, in contrast, under si,mlar conditions. 

the CO conversion on Rh-~In-hIo,'SiO2 is 9.8% at 4800GHSV. The total oxygenate 

selectivity and the C2T oxygenate selectivity is not drastlcally changed on .Mn- 

Mo promotion. In general, the acetaldehyde-ethanol ratio decreases on _Xln-.XIo 

addition, i.e.. lot of acetaldehyde formed get hydrogenated to ethanol. 

To see whether the presence o[ silica in alumina affects the'catalytic proper- 

ties of supported Rh catalysts, a 3%Rh 0.3%Mn 0.3~.XIo/silicated Ab.O.~ catalysts 

was prepared. The catalysts showed slightly better oxygenate selectivity than the 

alumina supported catalysts but lower than the silica supported catalysts. Be- 

cause of. the acidity of the silicated A1203 . the majority of the MeOH is converted 

to MeOMe. 

5.3.3.3 R h / T i 0 2  

In view of the high activity of Rh/TiO~. catalysts for CO hydrogenation, the 

effect of modifiers on titania supported catalysts was investigated with the aim 

that the modifier would increase the selectivity to oxygenates at the same time 

still retaining the higher activity. To see the effect of SMSI state, all the TiO,. 

supported catalysts were tested after two different reduction temperatures: 300C 

and 500C. 

Table 5.7 shows the performance of modified Rh/TiO2 catalysts. Addition of 

lanthanum to Rh:'TiO2 decreases the activity for CO hydrogenation. For example. 

at 450psi. CO/hydrogen=0.5.  the ~CO conversion for Rh;'TiO~. is 10.3 at 225C 

and 2250GHSV. and the %CO conversion for Rh-La, TiO,. {La)is 5.9 at 250C and 

IS00GHSV. The total oxygenate selectivity is same in both the catalysts. The 

table shows that the tor.al oxygenate selectivity is higher for La-catalysts than for 
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Effect of modifiers on the performance of silica supported rhodktm 
catalysts 

c~ta temp pres CO:H2 GHSV ,~CO c.i TOT ~ C 2 -  C% to 

C psi cony oxyg oxyg COo. 

~'one 

.~oD.e 

None 

.~one 

None 

.~one 

250 450 0.5 3000 0.7 44.9 94.2 0.0 

250 450 0.5 1500 1.0 58.2 94.2 0,0 

275 450 0.5 1500 2.9 63.4 94.8 0.4 

250 450 0.5 1500 0.6 75.2 95.2 0.0 

275 750 0.5 1500 3.1 68.7 88.8 1.8 

275 750 1 1500 1.5 77.7 89.9 1.8 

Mn-Mo 

Mn-Mo 

Mn-Mo 

Mn-Mo 

Mn-Mo 

225 450 0.5 3600 3.8 36.5 81.2 13.3 

225 450 1 2400 3.3 57.4 84.9 13.2 

251 450 1 2~00 9.6 55.5 91.9 18.8 

224 450 1 2400 1.7 64.1 92.2 20.2 

275 450 1 2400 25.1 40.7 94.0 35.4 

Mn-Mo 

Mn-Mo 

Mn-Mo 

Mn-Mo 

Mn-Mo 

Mn-Mo 

249 450 1 1200 13.6 61.2. 94.0 22.1 

251 750 l 4800 4.0 70.5 93.4 10.7 

275 750 1 4800 9.8 50.1 93.2 21.8 

275 200 1 2400 15.9 36.7 96.2 27.9 

250 200 1 2400 4.0 49.5 96.6 13.2 

250 450 1 4800 3.1 59.5 94.2 9.3 
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R h : T i O 2  . but the conversion is also higher for Rh/TiO~. .  The water gas shift 

reaction is accelerated in Rh/La/TiO, .  catalysts compared to R h ' T i 0 2  . There 

are two sets of lanathanum modified catalysts: La-300 and La-500. These two 

catalysts were reduced respectively at 300C and 500C for 1 hour under hydrogen 

respectively. Also two other lanthanum modified catalysts were prepared. The 

second set of lanthanum modified catalysts are coded as La-300 ~ and La-500". 

This second set of catalysts were prepared by sequential impregnation of TiO,. by 

lanthana and rhodium. There is no'change in activity between La-300 and La-500. 

In contrast, there is a big difference in the reactivity between La-300 ~" and La-500". 

For example, at 250C, 450psi and CO/Hydrogen=2 and GHSV=IS00. the ~.CO 

conversions for La-300, La-500, La-3{}0" a n d  La-50O '~ are 5,1%, 5.9%. 6.0% and 

9.0% respectively..4, comparison of  the amount  of carbon dioxide formed show 

the following trends: La-500*< La-300 "~ and La-500< La-300. The reduction at 

500C reduces the amount of carbon dioxide formecl on these catalysts. The  %C2'- 

oxygenates increases with reduction a t  higher temperatures.  For example, the 

% C 2 -  o~,genates vary as La-500 = > La-300 = and L~-500> La-300. 

The activity for Rh-Ti/AI.~O3 is lower than Rh/TiO2 reduced at both 300C 

and at 500C, The total oxygenates selectivity is lower for Rh-Ti/A1203 than for 

Rh/TiO~. -300C and Rh/TiO~ -500. In contrast Rh-Mo/TiO,  is more active than 

Rh/TiO~ . The 'water  gas shift reaction is accelerated on molybdena addit ion 

to I ~ / T i O ,  . Unlike the Rh/A1203 system, the total oxygenate selectivity and 

%C2'- oxygenate decreases on molybdena addition to 'Rh/TiO~ . 

Figure -5.4 shows the selectivity-conversion plot of CO hydrogenation on 

various modifiers on Rh/TiO~ catalysts. As seen from the figure, all the additives 

except NIo lie within the same selectivity-conversion envelope, The higher selec- 

tivity of the Rh-Mo is because of the lower temperatures used. The higher activity 

of these catalysts permits the use of lower temperatures.  
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T a b l e  5.7:  Effect of modifiers on the performance of t i tania suppor ted  rhodium 
• catalvs~s 

cat- temp pres CO:It~ GHSV %CO cl T O T  L~C2- E'~ to 

[yst s C psi cony oxyg oxyg CO ~. 

None-300 235 450 0.5 4500 7,6 .26.2 89.4 2.8 

None-300 235 750 0.5 4500 9.2 27.0 86,0 2.9 

None-300 225 7 5 0  0.5 2250 12.0 30.9 87.3 3.5 

_None-500 225 450 0,5 2250 10.3 29.7 90.2 2.7 

None-500 225 750 0,5 2250 11.4 31.1 90,6 2.1 

La-300 225 450 0.5 3600 1.6 50.2 36.2 9.0 

La-300 250 450 0 5 1800 5.1' 41.5 65.6 8.9 

La-500 275 750 0.-~ 1800 16.9 25,2 86.2 9.6 

La-500 250 450 0.5 1800 5.9 48.9 83,1 4.4 

La-300 = 250 450 0.5 3600 4.9 40.1 52.0 9.6 

La-300" 250 450 0.5 1800 6.0 40.0 62.5 9.0 

La-500 = 250 450 0.5 1800 10.0 35.4 88.1 4.8 

La-500 ~ 250 750 0.5 1800 9.6 38.4 85.6 4.9 

Ti/A1203 275 750 0.5 3600 17.7 14.3 85.3 1.4 

Ti/AI.~O3 250 450 0.5 3600 8.7 20.8 94.6 0.4 

.XIo 225 450 0.5 4680 11.8 50.8 22.6 36.9 

.Mo 225 450 0.5 4680 11.4 54.7 20.3 35.5 
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lysts. 250C, CO/hydrogen = 0.5 and 30atm 
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Table 5.8 summarizes the performance of modified Rh Florisil catalysts. 

1"his is the first reported investigation of the use of florisll supported catalysts 

for CO hydrogenation. Fth/Florisil catalysts have low activity compared to the 

other supported rhodium catalysts. However. the selectivity to oxygenates is high. 

Hence. it was decided to add activity enhancing modifiers to these supported 

catalysts. Two ~tn and ~[o modified Rh/Florisil catalysts were tested. The 

composition of these catalysts were similar to the silica supported catalysts. The 

first catalysts 2.5t'~Rh 1,c"t.~In l%Mo/Flodsi l  was decomposed in helium(Mn-Mo- 

He} while the second one was air calcined by the usual approach. The .'XIn and 

.X.[o modification increases the activity of Rh/Florisil catalysts substantially. For 

example, at 250C. 450psi and CO/hydrogen=2, th.e CO conversion on Rh/Florisil 

catalyst at 3000GHS\: is 0,2%. and in comparison the CO conversion on Rh-Mn- 

.~[o/Florisil is 1.1% at 3600GHSV. The ~ C 2 -  oxygenates increases dramatically 

on .Xin and Mo modification. There are no C2_ oxygenates formed on Pdl/Florisil, 

in comparison the ~ .C2-  oxygenates on R.h-Mo-Mn/Florisil is 15-40%, Also, there 

is no substantial effect of addition of Mn and Mo on the water gzs shift reaction, 

since the fiorisil is a good water gas shift reaction. There is no substantial difference 

in the performance of the Mn-Mo catalysts and Mn-Mo-He catalysts. 

Also. in table 5.3. the data for titania coated Rh-Mn-Mo/Florisil cata- 

I,xsts are given. The first catalysts 3 ~ R h  2,e,'c.~Io/TiO2 /florisil (Mo/TiO2 -S) 

was prepared by sequential impregnation of Rh and .X, lo on TiO2 i Florisil. The 

second catalyst t.Se~Rh 6.,~.Mo/TiO~. "Florisil(Mo, TiO2 ) was prepared by coim- 

pregnation by the usual method. The coimpregnated catalyst is reactive com- 

pared to Rh A1203, and the .\[n-Mo catalysts. The ,~ total oxygenates formed is 

lower than in Mn-.Mo catalysts. Also. substantial amount of C 2 -  oxygenates are 

formed. This is one o[ the few catalysts where large amounts of C 2 -  oxygenates 
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are formed. Comparison of this catalysts with Rh Mo. TiOo. catalysts shows that 

in Rh, Mo,:TiO-... Florisil larger fraction of the oxygenates is C2-  oxygenates. In 

contrast, the activity of coimpregnated catalysts is nmch lower. The ~,~C2 .- oxy- 

genates formed on the coimpregnated catalysts is also ].ow. However because of 

the large amount of molybdentml, the water gas shift reaction is accelerated more 

than in Mo:'TiO~. -S. 

5.3,4 Alloying wi th  P d  

Since Pd catalysts are well-known to be selective in the conversion of syngas 

to methanol, Rh-Pd bimetallic was investigated to find the effect of Pd on the 

activity and selectivity of supported Rh catalysts. A comparison of the Rh/SiO2 

• Pd,SiO~. and Rh-Pd/SiO~ catalysts shows that the activity of the catalysts does 

not change appreciably in the bimetallic system, see table 5,9. The water gas 

shift reaction is slow on the bimetallic system, ttowever the fraction of C°-= 

oxygenates formed is high. The Rh-Pd/A1-.03 catalysts is much more active for 

CO hydrogenation than Rh-Pd/SiO2 catalysts. For example, table 5.9 shows that 

at 250C.. 450psi,and CO/hydrogen=O.5, the %CO conversion for Rh-Pd/Alo03 is 

8.6% at 1730GHSV and is 0.5% for Rh-Pd/SiO~ at 1500GHSV. The water gas shift 

reaction is accelerated on the alurniria supported bimetallic catalysts, the overall 

selectivity of oxygenates and the ~,C2 .- oxygenates decrease on the Rh'Pd/A1203 

than on Rh-Pd/SiO~ catalysts. No synergistic effects were observed. 

5.3,5 Modif icat loa  by Sod ium 

An exploratory series of prepared and purchased rhodium catalysts have been 

tested for CO hydrogenation with interesting results. The results are summarized 

in table 5.10 The typical test conditions for the catalysts reported in table 5.10 

are 250C, 30 arm, Hydrogent'CO=2 and 4000 GHSV. 
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Table 5.8: Effect of modifiers on the performance of fl.orisil supported rhodium 
catalysts 

catalyst temp pres CO:H2 GHS\." %C0 % TOT %C2- C''~ to 

C psi cony oxyg oxyg CO-. 

None 250 450 0.5 3000 0.2 92.5 0,0 7.7 

None 275 450 0.5 1500 0.4 82.g 0.0 18.0 

.Xln-~lo-He 225 450 0.5 3600 I,i 94.8 14.9 5.5 

.XIn-Mo- Fie 250 450 0.5 3600 I.I 86.7 33.4 7.0 

,XIn-~Io-He 250 450 I 2400 1.0 91,5 26.5 9.7 

.XIn-,Mo- He 250 750 1 2400 1.2 87.9 37.5 12.3 

Mn-Mo-He 275 750 l 2400 3,5 84.1 40.3 15.9 

XIn-Mo 

Xln-~lo 

Mn-Mo 

250 450 0.5 3000 1.7 78.5 37.3 12.6 

250 450 1 2000 1.3 82.0 46,3 17.4 

275 750 i 2000 4.0 72.0 56.5 19.2 

.Mo/TiO2 -S 

.\.Io/TiOo. -S 

Mo/TiOo. -S 

Mo/TiO~. -S 

3,Io/TiO~. -S 

_Xlo/TiO~ -S 

225 450 0.5 3000 5.1 62.3 67.1 20.8 

225 450 0.5 1500 9.3 69.2 71.7 21.8 

225 450 0.5 1500 5.6 64.7 66.6 23.0 

250 450 0.5 3000 10.6 52.3 74.2 24.2 

250 750 0.5 3000 11.6 55.3 69.3 27,8 

250 450 I 2000 7.5 62.4 77. I 27.9 

Mo/TiO'2 

.Mo/TiO~. 

Mo/TiOo. 

250 450 0,5 1800 1.4 51.4 34.6 41.9 

275 450 0"5 1800 4.3 42.3 42.2 43.2 

275 450 0.5 1800 3.9 -'6.0 44.5 39.6 



Table 5.9: 

cat alvst 

200 

Effect of alloying with palladium on tile performance of alttnlina and 
silica supported rhodium catalysts 

temp pres CO:H-., GHSV e~C'O % TOT ":~C'2- C"~ to 

C' psi cony oxyg oxyg C'O2 

Rh:' AI~. 03 275 

Rh-Pd" AI-.O3 250 

Rh-Pd/AI_~O3 250 

Rh-Pd;AN.O3 275 

Rh-Pd/'A1203 275 

Rh-Pd/AI..O3 250 

4 5 0 ' 1  2000 8.8 22.0 88.6 2.1 

450 0,5 1731 8.6 . 18.0 74.6 3.0 

450 0.5 1731 7.7 20.7 82.1 1.7 

450 0.5 3462 9.5 15.8 79,7 1.1 

750 0.5 3462 12.6 15.7 81.0 1.7 

750 0.5 3462 4.1 25.3 81.1 1.5 

Pd:'SiO~. 250 

Pd:'SiO,z. 250 

Pd/SiO~. 250 

Pd/Si02 275 

450 0.5 3000 0.2 100.0 0.0 0.0 

450 0,5 1500 0.4 100.0 0.0 4.4 

750 0.5 ,1500 0.5 100.0 0.0 6.6 

750 0.5 1500 1.2 100.0 0.0 7.6 

Rh/SiO.~ 250 

Rh/SiO.. 275 

Rh,:SiO2 250 

Rh,SiO~ 275 

Rh, SiO~ 275 

450 0.5 1.500 1.0 58.2 94.2 0.0 

450 0.5 1500 2.9 63.4 94.8 0.4 

450 0.5 t500 0.6 75.2 95.2 0.0 

750 0.5 1500 3.1 68.7 88.8 1.8 

750 1 1500 1.5 77.7 89.9 1.8 

Rh.Pd.SiO~. 250 

Rh-Pd SiO.~ 275 

Rh-Pd.'SiO~. 275 

450 0.5 3000 0.4 28.2 100.0 0.0 

450 0-5 1500 2.5 48.5 90.2 0.9 

450 0.5 1500 2.0 51.8 86.1 0.8 
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Rhodium alunzina catalysts are moderately active, for example. (J"~. CO 

conversion at the above conditions. Selectivity or CO to oxygenates is typically 

30c~, with the balance being methane. An important feature of the oxygenates are 

the tfigh amounts of C2 -  oxygenates including ethanol, acetic acid and methyl 

and ethyl acetates. 

The addition of sodium or potassium lowered the activity considerably. 

However for the highest sodium level tested, (2 wt. ~. Na) selectivity to oxygenates 

increased to 55-7.5%, though the CO conversion was only about 1% to 2..5~. The 

high temperatures and low space velocity needed to achieve reasonable conversion 

show that the Tamaru catalystsi21 5~.Rh/A120~ prepared from Na3RhCI6 are less 

active. 

Also, Na was added as NaOH to prereduced Rh/AloO3 to test the idea that 

sodium would act differently from when codeposited wit h rhodium(l:3 Na-R}. The 

activity and the seleczivity of these catalysts is similar to the catalysts prepared 

by codeposition method. 

5.3.6 Nlodification by M o l y b d e n a  

Because the addition of small amounts of molybdena to Rh/Alo.O3 (1Mo:lRh) 

gave the best performahce{see table -5.5) among various modifiers, it was decided 

that large muounts of molybdena should be added to Rh :AI~. 03 (1Mo:tRh=2-5). 

The addition of large amounts of molybdena to Rh. Al~.O3 catalysts was found to 

increase CO hydrogenation activity by a [actor of ten. Also, under standard test 

conditions the selectivizy to oxygenates is increased from about 3.5% to about 8.5"~, 

The C1, C2 oxygenates ratio is increased. C1 oxygenates include 3,IeOH, MeOY, le 

and MeOEt. The Rh/Mo/AI~_03 catalysts also show high activity for water-gas 

shift reaction. 
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Tab le  5.10: Performance of various Rh-Na Al:!Oa 

catalyst temp pres CO:H2 GHS\.  e}CO e~ TOT e~C'2- (,c~ to 

C psi cony oxyg oxyg C'O.~ 

Na3RhC18 

Na3RhCI6 

250 450 0.5 2000 0,9 21 30 24.2 

450 275 2 2000 1,5 17 <50 24.9 

Nit 

Nit 

Nit 

I:IK 

l:lK 

250 450 0.5 3000 6.6 22.6 72.3 3.9 

250 450 0.5 3000 5,7 28.9 82.4 0 .9  

250 450 0.5 1500 9.1 27.5 87.9 1.4 

250 450 0.5 3273 1.6 37.6 74.4 3.0 

250 750 0.5 3273 1.9 45.3 80,9 2.6 

l:lNa 

l:INa 

250 450 0.5 3000 2.3 33.4 85.5 2.7 

250 450 0.5 1500 4.4 29.8 85.3 2.5 

h3Na-He 

h3Na-H¢ 

250 450 0.5 3600 0.9 70.5 37.1 31.0 

276 450 0.5 3600 1.7 57.2 47.9 32.8 

l :3Na 

l :3Na 

250 450 0.5 1500 1.0 70.7 40.4 23.3 

275 450 0.5 1500 313 53.6 63.7 21.7 

I :I .3Na-R 

I : I ,3Na-R 

250 450 0.5 1500 3.1 54.6 36.7 27.5 

275 460 0.5 1500 4.5 33.2 71.2 9.6 
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Mo. AI,.O.~ tested under sinfilar conditions1250C, 30arm. hydrogen. CO=2. 

3000 GHSV) displayed low activity and only hb:drocarbons are produced. 

In Rh/Co/~lo, AI~_Os , the catalyst showed high activity, no unusual result~ 

were attributable to the presence of cobalt. Rh::TiO2 was the most active catalysts 

among the catalysts tested. The influence of catalyst composition on the selecti~,ity 

is of special interest. First, note that addition of molyhdena greatly increases the 

water gas shift reaction. Indeed. with the higher amounts of Mo, 20 to 35~ of 

CO reacted under the test conditions was converted to carbon dioxide. The water 

needed for the shift reaction came from the synthesis of hydrocarbons and higher 

alcohols. 

5.4 Conclusions" 

The effect of the support on CO hydrogenation on supported rhodium c a t -  

alysts was investigated. The titania supported catalysts reduced at 500C were 

the most active catalys~s among the differents supports used, i.e. AI.~O3 , SiO2, 

La203 , and MgO supported catalysts. However the selectivity to oxygenates was 

the ,highest on MgO supported catalysts among the different supports investigated. 

but MgO had low activity. The modified R-h/SiO2 catalysts in general were more 

selective for oxygenates but had less overall acti~-ity than modified Rh/AI~,O3 cat- 

alysts. Addition of Mo, particularly large amounts(*to:Rh=5) increased the rate 

of CO hydrogenation Rh/AI203 , Rh/TiO2 and Rh/SiO2 catalysts. The selec- 

tivity to oxygenates was also increased. Addition of Na to Rhf.k1203 decreased 

the activity but increased the C2- oxygenate selectivity. Alloying Pd with Rh in 

Rh: $i0-_ and Rh/Al~.O3 catalysts gave the best C2.-- oxygenate selectivity. The 

selectivity to total oxygenates was high on l~h.'Florisil, but the overall acti~'ity was 

low. Rh:'.Mo./TiO2 /Florisil catalysts had a good selectivity to oxygenates and a 

good overall selectivity. In conclusion, there are many interesting effects of the 
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Table  5.11: Performance of molybdena amdified Rh 'A1203 and Rh TiO~_ cata- 
lysts at 30 arm pressure and hydrogen 'C'O=2 

Catalysts 

Rh/Ab 03 

Rh; ''~ 8%Mo/AI~03 

Rh/T.5%Mo/A12Os 

Rh,. 15~Mo,'AI203 

Temp GHSV %C0 ~CO cony. to C'2- OXYG 

C cony CO~ oxyg,  

250 4000 6 I 33 80 

225 3000 9 21 59 42 

200 3000 7 24 86 1T 

250 36000 5 25. 65 27 

200 3000 7 23 91 21 

225 3000 27 37 83 14 

15%Mo/kl:O3 225 3000 <1 61 0 

250 3000 2 50 0 

275 3000 5 51 0 

Rh/.Mo/Co./AI: O3 250 3000 I () 58 94 

Rh/SiO~. 250 3000 t 0 58 94 

Rh/TiO? 225 2500 9 

Rh/6~Mo/TiO.. 225 4700 11 33 

27 

56 

90 

19 
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modifier on supported rhodium catalysts that need further detailed kinetics and 

characterization study. These investigations were carried out ~vith molybdena and 

sodium, modified catalysts and are discussed in ckapters 6 to 9. 
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CHAPTER.  6 

P E R F O R M A N C E  OF S O D I U M  M O D I F I E D  

R H O D I U M / A L U M I N A  CATALYS TS  

Recently. there has been much interest in modified rhodium catalysts for 

conversiort of syngas to higher oxygenates. Addition of alkali modifier is known to 

increase the selectivity to oxygenates. However, almost all the previous work on 

alkali modified rhod/um catalysts was done on silica supported systems. Alumina 

is a much better industrial support than silica because of its mechanical strength. 

Also the properties of alumina can be changed over a wide range by adding a third 

component. 

In this chapter, the kinetics and the performance of sodium modified 

rhodium/alumina catalysts is discussed. The chapter is divided into two parts. 

In the first part the cata, lyst preparation and the catalysts testing results are dis- 

cussed. In the second part the delplot method, developed in chapter 3, is applied to 

carbon monoxide hydrogenation on sodium modified rh0dium/alumina catalytic 

system to separate products according to their rank. 

6.1 Cata lys ts  P r epa ra t i on  

The catalysts were prepared by using Air Products CATAPAL alumina 

extrudate ground to a particle size of 60-100 mesh. The support was then calcined 

at 500C under flowing air (Matheson UHP grade) for two hours. The surface 

area of the support is approximately 200m2/gm. The Rh/AI20~ catalysts were 

prepared by using a no-excess solution impregnation technique, using a sulfate- 
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flee rhodium nitrate solution from Engelhard. The impregnated catalysts was then 

held at room temperature for two hours, dried at 110C for 12 to 16 hours, then 

calcined under flowing air at 500C for ;2 hours. Alkali was added as nitrate b v 

co-impregnation unless otherwise specified. The catalysts were reduced in the 

reactor at atmospheric pressure at 200C for 1/2 hour, at 350C for 112 hour 

and at 500C for 1 hours under flowing hydrogen. The reactor and the details 

of the procedure are described in chapter 3. Some sodium modified catalysts were 

prepared by sequential impregnation of sodium and rhodium to investigate the 

effect of method of preparation. Unless, otherwise specified, all runs test were run 

with hydrogen/CO=2 and the same amount of catalysts was used. 

6.:2 C O  H y d r o g e n a t i o n  

Catalyst testing was done in a mlcro-flow reactor described in chapter 3 

with down stream analytical system. After reduction, the catalyst the reactor was 

cooled to the reaction temperature (200-275C) and the reactor was pressurized 

to .30 a rm pressure under hydrogen. Carbon monoxide flow was started and the 

reaction was run for 12-16 hours before collecting data  to avoid initial trarisient,'.. 

6.:2.1 A c t i v i t y  

'Table 6.1 on page. 210 shows a typical set of data for sodium mcdified 

catalysts. Addition of sodium to Rh/A1._Oa decreases the rate of carbon monoxide 

hydrogenation substantially. As seen from table 6.1, addition of 1:1 atomic ratio of 

Na:Rh to Rh/klzO3 decreases the conversion from 6~ to 2.5% at 250C and 30atm. 

Also. the conversion decreased from 18% to 7% at 275C and 30atm pressure. 

The difference in the carbon monoxide cortversion decreased with the increase 

in pressure as observed by changes in conversion in the third row in table 6.1. 

The overall selectivity to oxygenates and the % C2~ oxygenate selectivity is not 
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appreciably affected. Conversion of carbon monoxide is reported on a total basis. 

Here again, the selectivity is reported on a carbon basis excluding carbon dio.,dde. 

Carbon monordde converted to oxygenates is reported as %oxygenates and the 

fraction of oxygenates greater than C1 is reported as %C2+OXYG.  

The details of activity and selectivity of rhod ium/a lumina  catalysts were 

discussed in the chapter .5. Addition of sodium to rhodium/~tluntina, decreases the 

rate of carbon mono.'dde hydrogenatidn. 

The addition of sodium decreases the overall rate exponentially with the 

amount of sodium added, see figure 6.1. This is because the sodium added first 

poisons the most active sites. As seen in Table 6.2 the overall carbon mono:dde 

conversion decreases from 6% for Rh/Al-z.O3 to 2.5% for Rh-0.67%Na/A1203 to 1% 

for P,-h-fi%Na/Al2Os at 250C and 30atm. Also, at 275C and 30atm, the overall 

conversion decreased from 18% to 7% to t.4%(corrected for GHSV) and at 275C 

and 47.5arm the overall conversion decreased from 13% to 9.4% to 1.4%. as seen 

in table 6.2. Here again, the extent of changes in the activity on sodium addition 

decreased ~siti, increase in reaction pressure. These results are consistent with 

other investigations on similar systems[1.-5i. 

6.2.2 P r o d u c t  D l s t r l b u t i o n  

Table 6.3 on page 214 shows the effect of sodium addit ion on the detailed 

product distribution. The water gas shift reaction is accelerated on addition 

of sodium as evidenced by the increase in carbon dio:ddc formed from 0.6~ to 

22%. The amount of methane and ethane formed decreases. Unlike Rh,'A!-O~ 

no propane, propane and butanes are formed. Addition'. of sodium increases the 

selectivity to methanol substantially. Unlike Rh:'Al~.Oa no ethers are formed, this 

is because the acidic sites on alumina are neutralized by addition of alkali modifier. 

The carbon selectivity to C2 oxygenates is doubled with ethanol ti,e predominant 
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Table  6.1:  Effect of addition of sodit im on carbon monoxide hydrogenat ion on 
3%Rh/AI~.O~ . h y d r o g e n / C O = 2 .  4000 GHSV. 

Cat aty.ts  Press 

a tm  

Temp % CO e% oxy- % C2- 

C Cony. genates oxyge- 

nates 

3%Rh/AI..03 30 250 6 33 80 

30 275 18 17 75 

47.5 275 13 22 75 

3%Rh 0.67%Na/ 

A1203 

30 250 2.5 35 75 

30 275 7 25 75 

47.5 275 9.4 30 85 
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Tab le  6.2: Effect of the amount of sodium added on carbon monox_ide hydro- 
genation 3%Rh/Al.,O3 , hydrogen}'CO=2. 

Catalysts Press Temp GHSY %CO .% oxy- % C 2 -  oxy- 

arm C 1,'hr cony. genates genates 

3% Rh/AI203 30 250 4000 6 33 80 

30 275 4000 18 17 • 75 

47.5 275 4000 13 22 75 

3%Rh 0.67%Na 

A1203 

30 250 4000 2.5 35 75 

30 275 4000 7 25 75 

47.5 275 4000 9.4 30 85 

3%Rh 2%Na 

AN_03 

30 250 4000 1 70 33 

30 " 275 2000 2.8 53 50 

47.5 275 2000 2.8 52 40 
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product. The carbon selectiviLv to propanol is also increased from 2.-t~'~ to 6.4~. 

Also. the amount of esters formed decreased. 

Even though the selectivity to oxygenates increases on sodium-addition. 

the productivity to oxygenates, defined as the total rate to ox~'genates decreases 

substantially. This is because of the much lower activity of the sodium modified 

Rh/AI203 catalysts and because of the high amounts of carbon dioxide formed on 

Rh-Na.,:AI:O3 as compared to Rh,' A1203. Chapter 5 shows that the hydrocarbons 

follow a Schulz-Flory distribution for CO hydrogenation on Rh.'Ab_O3 catalysts. 

Here again, the oxygenate products are C1. C2 and sometimes C3 products or any 

secondary products such as EtOAc derived from C1 and C2 products. Because 

C2 oxygenate products correspond to the Cl-component of the oxygenate SF 

distributioni6 !, there are only two data points for oxygenate SF distribution in 

these systems. Hence fitting of SF distribution was not done because of lack of 

oxygenates higher than C3. It is interesti.ng to note that unlike Cu/ZnO based 

catalysts, no isobutanol was formed in these systems. The absence of MeOMe 

in the product distribution is because of the lower acidity of the Rh-Na/AbO 3 

catalysts. Also. the high amounts of carbon diomde formed is particularly useful 

~'hen the syngas is coal-based. The optimum gasifier hydrogen/CO ratio for a 

coal-based gasifier is 0.5-1. The rate of CO hydrogenation on these catalysts is 

lowered at these high partial pressure of CO. The water gas shift reaction" not 

only generates hydrogen in-situ, thus increasing the hydrogen/CO ratio, but also 

remo~'es water from the product by converting it into carbon dio.,dde, thus partially 

solving the water separation problem. 

The selectivity to oxygenates for Rh.,'Al20s catalysts is plotted in figure 

6.2 on page 216 as a function of carbon monoxide conversion. While the curve 

is fair~" flat, the selectivity increases from 20 to 37..% when conversion decreases 

from 18~ to 2%. For selectivity comparisons between catalyst to be valid, it is 

deemed necessary to refer to equal conversions. This is frequently not done in 
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Table 6.3: Detailed product distribution of carbon monoxide hydrogenation on 
3~Rh'AI.~O~ and 3.e.'cRh 2.~Na A1..,O3 . 

3.~Rh,'Al~.Oa 3.~Rh "2~Na A1._,Oa 

Temp(C ) 250 

GKSV(1/hr) 3000 

% CO cony. 5~4 

% CO to CO~ 0.6 

c..¢ CO toOxygenates 31 

%CO to C2-= Oxygenates 89 

275 

1500 

3.3 

'22 

64 

• ~ C  selectivities to 

,Met hane 

Ethane 

Propene 

Propane 

Butane 

Methanol 

MeOMe 

MeCHO 

EtOH 

,MeOAc 

AcOH 

.MeOEt 

PrOH 

EtCHO 

EtOA¢ 

59 

3.5 

1.5 

4.0 

1.6 

0.9 

0.4 

4.2 

10.4 

4.5 

0 
. . ) :}  

2.4 

0.I 

8.4 

43 

3.4 

0 

0 

0 

i8 

0 

2.7 

2Q.4 

3.4 

2.4 

0 

6.4 

0 

0 
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the current literature on sinfilar systems. The addition o1" 1 sodium or potassium 

atom per rhodium a tom reduces the activity to about one-half and tt~e addit ion 

of 3 sodium atoms per rhodium atom to one-sixth of tile unpromoted catalysts. [t 

is remarkable that these relatively small amounts of alkali have such a profound 

deactivating effect, particularly considering the extensive Nunfina surface. As 

mentioned above, the activity decreases as if the addit ion of sodium is poisoning 

the performance of Rh ;A1'2.O3 catalyst. From the selectivity to oxygenates versus 

conversion plots, cle'arly the low conversion data (< 6%) for the sodium modified 

catalysts shows higher selectivity, while the high conversion data shows selectivity 

similar to Rh/AI.~Oa catalysts. Similar results were obtained on Ru-Na.,.'SiO,2_ by 

Gonzalez et al.17.8i. 

A more detailed examination of the changes in the product distribution shows 

that  the alkali deactivates hydrocarbon formation more than that of .oxygenates. 

This  is shown in table 6.4 on page 217 where it is shown that while the amount  

of C 2 -  oxygenates are decreasing from 1.6 to 0.2 C a toms /100  C atoms fed of the 

total carbon monoxide. In contrast on Rh-Na/SiO~ , Tamaru et at.i9 , 10] observed 

no changes in the methanat ion rate on sodium addition. However. the amount  

of methanol remains constant at 0.4 C atoms/100 C atoms fed. Using delplot 

analysis MeOH will be shown to be a primary product .  Thus, under differential 

conditions, the amount  of carbon converted to MeOH is proportional to the rate of 

conversion of carbon monoxide to methanol. Thus the rate of methanol formation 

is not affected by the presence of alkali addition. In contrast,  the rate of higher 

oxygenates and hydrocarbon formation are drastically affected. 

6.2.3 Effect of  Cata lys t s  Pre trea tment  

Although the s tandard preparation method consisted of coimpregnation. ~ r  

calcination and reduction under hydrogen, several variation of catalysts prepara- 

tion and catalysts pret reatment  were also investigated. Table 6..5 on page 220 
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Table 6.4: Effect of sodium on the product  categories in carbon monoxide hy- 
drogenation on 3%Rh/A1..O3 . 

Na:Rh % CO C in C in: C in C 2 .  C in 

atomic cony. Hydro- oxygenates oxygenate~ MeOH 

ratio carbons 

0 6 4 2 1.6 0.4 

3 0.9 0.27 0.63 0 . 2  0.4 
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summarizes the data from these runs. C'ataIs"st that were reduced without air 

calcination had the same activity as the catalyst which were calcined before being 

reduced. There was no substantial  change in the selectivity pattern at 250('. How- 

ever, the selectivity was markedly different at 275C. The reasons for these changes 

are not clear. The air t rea tment  was carried out by taking a used catalysts and 

exposing it to air. The catalysts was then rereduced at 500C. 

The effect of air t rea tment  alter use was drastic. The activity of the catalyst 

remained the same but the selectivity to oxygenates decreased substantially. At 

the same time the fraction of C 2 -  oxygenates increased. Methanol formation was 

suppressed by the air t rea tment .  The XRD results shown in chapter T, show that 

on air treatment the rhod ium crystallites grow or agglomerate. This is consistent 

with the observation that  the agglomeration of rhod ium crystallite occurred on 

air treatment and that the formation of methanol does not require an ensembte of 

sites. Tt'us, on air t reatment  larger ensembles are created that lead to decrease in 

the number of highly dispersed sites. These highly dispersed sites are responsible 

for formation of methanol.  This is consistent with the results of Arakawa et al.~l 1 i. 

in which the effect of particle size was investigated on the  selectivity to methanol.  

* .  

Table 6.6 on page 221 shows the effect of sodium addition to prereduced 

Rh/A1.,O3 catalysts. A comparisofi of table 6.6 with tables 6.1 and 6.2 shows 

that thereno  substantial effect of sequence of sodium addit ion on the performance 

of these catalysts. 

6.2.4 Se lec t iv i ty  a n d  P r o d u c t i v i t y  

Figure 6.3 on page 222 shows a plot of carbon selectivity of various C2 

oxygenates versus the carbon mono:cide cohversion. The  carbon selectivit:; to C2 

oxygenates and in particular ethanol, acetaldehyde, acetic acid and methylacetate 

decrease with conversion. The decrease in the acetaldehyde selectivity was the 
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s,'eepest, Based on a similar analysis. Underwood and BeU'I2" reported that 

acetaldehyde was the primary product for carbon monoxide hydrogenation on 

Rh La,~O3. h is interesting to note that the selectivity versus conversion curve 

for MeOAc follow the AcOH curve closely, This indicates that the formation of 

MeOAc is limited either by formation of AcOH or any precursor to AcOH, In 

contrast, the ethylacetate selectivity increases with conversion. Thus ethylacetate 

is clearly a secondary product. The clelplot method is used in the next section to 

reach the same conclusion using a qi~antitative and rigorous anal,vsis. Also, all the 

C2 oxygenate product give a ~nite asymptotic value at high conversion. 

Figure 6.4 shows the productivity of C2 oxygenate products versus conver- 

sion. The  productivity is defined as the carbon mono,'dde conversion multiplied 

by the product  selectivity. The productivity-conversion plots show the changes in 

the total amount  of product formed as a function of conversion. The productiv- 

ity of all C2 oxygenates increases with conversion. This is a direct consequence 

of the of finite asymptotic value of the selectivity-conversion plots. Here again. 

acetaldehyde has the highest change in the productivit.v-conversion plots from low 

conversion to the high conversion region. The productivity of EtOAc jumps form 

zero to a high value. 

6.3 T r a n s p o r t  L i m i t a t i o n s  

The  heat and mass transfer effects are evaluated in Appendix A and are 

shown to be insignificant under the reactor conditions used in this chapter. 

6.4 Basic Delplo*. Analysis 

In this section the basic detplot method is applied to the kinetic analysis of 

carbon monoxide hydrogenation on sodium modified Rh/Ab.03 . As explained ill 
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Table  6.5: Effect of calcination and redispersion on carbon mono.vSde hydrogena- 
tion on 3%Rh 2%Na/k1203 , hydrogen: C 0 = 2 .  

Treatment Press' Temp GHSV %CO % oxy- e'0C2- oxy- 

atm C 1/hr  c o n y .  genates genates 

reduced 30 250 4000 0.8 70 30 

without 30 275 4000 1,5 60 30 

calcination 

reduced 30 250 

after 30 275 

calcination 50 275 

4000 1 70 35 

2000 2.8 53 50 

2000 2.8 52 40 

used 30 275 

catalysts 30 275 

exposed to 30 275 

to ~ r  30 275 

re-reduced 30 275 

at 500C 30 275 

375 12.6 33 90 

750 6.0 38' 93 

1500 3.1 46 91 

2250 1.7 43 90 

3600 1.5 45 90 

3600 0.8 51 9o 
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Tab le  6.6: Effect of sodium addition onpass iva ted  3 % Rh,'AI..,O3 catalysts" 

Press Temp %C'O % oxy- % C2+ oxy- 

a tm C cony. genates genates 

30 250 2.7 61 42 

3O 25O 1.9 58 

30 275 4.3 34 73 

50 275 7.2 35 76 

50 250 1.6 57 55 

30 250 0.8 55 64 

" - 3,°'Z0Rh/Al.~O~ catalysts was first reduced, passivated, then I%N~. was impreg- 

nated from a NaOH solution. The catalysts was then dried and reduced without 

air calcination. 
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chapter 6. the de[plot method sorts products according to their r~iak. The reactant 

A. in the delplot method is carbon monoxide. The molefraction of a the product 

conversion of CO is plotted against the conversion of carbon monoxide. Figures 

6.5 to 6.10 on pages 225 to 230 shows the delplots for various products on 

carbon monoxide hydrogenation on Rh-.Na/AI.~O3 catalysts. Table 6.7 on page 

232 tabulates the products and their delplot intercepts. 

From figure .6.5 on page 225 methafie is a primary product on the time scale 

investigated. This implies that there is only one slow step in methanation on these 

catalysts. The large value of the intercept suggests the large amount of methane 

formed. The intercept is the ratio of the initial rate of formation of methane to 

the sum of all initial rates. From figure 6.6 the basic deIplot of carbon dio~de has 

a small but finite intercept. Thus carbon dioxide isa  primary product. However 

carbon dioxide is formed from the water gas shift reaction. Water is the reactant 

in water gas shift reaction, this water is formed as a by-product from hydrocarbon 

and higher oxygenate formation reactions. Many secondary reactions such as ester 

and ether formation also give water. Many of the reactions in which water is formed 

have only one slow step because the products are kinetic primary products. Thus 

CO2 is a primary product if the water gas shift reaction is fast on the process time 

scale. 

Figure 6.7 indicates that ethane is a secondary product. Thus there are two 

slow steps in ethane formation from carbon mono.,dde and hydrogen. Similarly. 

from figure 6.8 on page 228 methanol is also a primary product. Surprisingly. 

ethanol, acetic acid and acetaldehyde all have finite delplot intercepts. This 

implies that there is only one slow step for formation of of each of these products. 

This analysis does not preclude the formatidn of ethanol from acetic acid and 

acetaldehyde. This analysis only indicates that if there are any steps between 

the primary products then these steps should be very fast on the process time 

scale or else the product will not be primary products. Figure 6.9 shows the 
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Table  6.7: Delplot intercepts of products formed on CO hydrogenation on 3%Rh 
2~Na/AI203 catalysts 'at 275C. 30arm and hydrogeni C0=2.  

Product De!plot Rank vi 

Methane 0.45 

.'%leOH 0.06 

EtOH 0.125 

MeCHO 0.047 

AcOH 0.038 

CO.. 0.039 

Ethane 0 

Propane 0 

EtCHO 0 

EtOAc 0 . 

MeOAc 0.045 

prlmary 

primary 

primary 

primary 

pnmary 

primary 

secondary 

secondary • 

secondary 

secondary 

primary 

l 

l 
..) 

2 
..) 
w 

l 
..) 

3 

3 

4. 

3 
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delplot of EtCHO, propane attd EtOAc. Propane and EtCHO are non-primary 

products. T h e  delplot for EtOAc fotlows a S-shaped curve. This plot indicates 

that EtO.-kc is a+ non-primary product. Figure 6.10 is the delplot of AcOH and 

MeOAc on carbon monoxide hydrogenation on Rh-Na./Al+,Oa . The delplot curve 

for AcOH and MeOAc follow each other  closely. Both MeOAc and AcOH are 

primary products. This implies that the reaction between ,.'X, IeOH and AcOI-I is 

limited by equilibrium. The analysis is limited by the quality of the data at the 

low conversion. 

Chapter  4 shows that the sum of stoichiometrically corrected delplot inter- 

cepts should be unity. This sum is the limit of the mass balance of the reactant.  

Here the reactant is carbon monoxide. Table 6.7 lists the various delplot in- 

tercepts and their stoickiometric coefficients. Since no other observable carbon 

containing species is present, the stoichiometric coefficients are found from the 

carbon balance. Equation (6.1) shows the sum of stoichiometrically corrected 

de[plot intercepts. The sum is close to 1 within experimental limits. This sum 

provides an independent check of the delplot analysis. From table 6.7, we ge! 

'; 1 3 ~ C O  
'g-" P ~ o  ": = 1.065 
J : l  V] 

which follows rule 3 o[ basic delplot. 

(6.1) 

6.5 E x t e n d e d  De l p l o t  Ana lys i s  

The extended delplot method is useful when many products with rank 

greater than one are formed. In carbon monoxide hydrogenation on Rh-Nal Al-.Oa 

catalyst, very few products are secondary or tertiary. Furthermore, it is very 

crucial to have good kinetic data at low conversions. Here again, the conversion 

is based on carbon monoxide. Figure 6.12 on page 235 shows the second rank 
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delplot for propionaldehyde, which consists of plotting mo[efraction-conversion 2 

versus conversion. The delplot diverges to large values. First. propio:~.aldehyde is 

a secondary product and not tertiary. Chapter 4 sho~vs that a diver~ng second 

rank delplot of a non-primary product suggests that ',he product is secondary 

and the order of the second slow step is between 0 and 1 with respect to the 

reactant. Figure 6,13 on pe.ge 236 shows the second rank delplot for propane and 

ethylacetate. Propane and ethyl acetate follow the same trend as propionaldehyde 

i.e.. they are secondary products and their second rank delplot diverges. 

6.6 C o n c l u s i o n s  

This study shows the marked effect of addition of alkali modifier on the 

decrease in the reactivity of the catalysts. Sequential addition of large amounts 

of sodium follows a typical poisoning model, i.e., the semi-log .plot of rate versus- 

amount of sodium added is linear. The addition of alkali modifier to Rh/AN.O3 

decreases the rate of hydrocarbon formation more than the rat of formation of 

oxygenates. The selectivity to oxygenates was increased and there were subtle 

changes in the product distribution on addition of sodium. The data  for Rh/Al.~O3 

and Rh-Yat kl-,O3 follow the same selectivity versus conversion plot. indicating 

that the major effect of sodium addition is a decre~.se in the activity and not a 

change in prim~iry.product distribution. Large amounts of C2 oxygenates such as 

acetaldehyde, e thano l  acetic acid and methyl acetate ~vere also formed on sodium 

addition. Large amounts o[ water was formed on sodium addition. Low amount 

of ethers were formed because of the lower acidity of Rh-Na:Al.~O3 catalysts. 

Air treatment of the catalysts had a marked effect on the product distribution. 

Large amount of hydrocarbons were formed on red[spersion, and the fraction of 

C2~- oxygenates was increased, the amount of methanol formed decreased on 

redispersion. 



235 

c- 
O 

l u  

fD 

t- 

O 
0 

O 
O 

v 

O 
O m  

o 
U 
L. 

o 

0 . 9 - -  

0.6- 

• 0.3-~ z 
i 
I 

i 
[ 

I 

I 

I 

! 

0.0~ 
0.00 

* E tCHO 

T 
0.05 

! 

I 
L 

0.10 

CO conversion 

F i g u r e  6.12: Second rank delplot of propionaldehyde on carbon monoxide hy- 
drogenation on 3%Rh 2%Na/AI~O3 at 27.5('. 30a~,n and hydro- 
gen/C0"-'2. 



236 

o 
I / l  

o >. 
r" 
o 
o 

0 
fJ 

v 

0 
, - I - ,  

o 
L 

w 

o 

0 . 6  _ 

0 . 4 -  

0 . 2  - 

÷ 

• Propane 

+ EtOAc 

0 . 0 - - - 0  • . . . . . . .  [ , 

0 .00  0 .05  O. I 0 

4. 

CO convers ion 

F i g u r e  6.13: Second rank delplot of propane and ethylacetate on carbon monox- 
ide hydrogenation on 3%Rh 2%,Na/A120~ at '>7.5C, 30 arm and 
hydrogen/CO=2.  



237 

The number of slow steps on the process time scale iu between the reactants 

and each product was also found. The formation of MeOAc from kcOK and 

MeOH precursor was fast on the process time scale. In contrast, the formation of 

EtOAc was stow on the process time scale. Ethane, propane and propionaldehyde 

were non-primary products. 
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C H A P T E R  

C H A R A C T E R I Z A T I O N  OF S O D I U M  M O D I F I E D  

R H O D I U M / A L U M I N A  CATALYSTS 

This chapter discusses the characterization of the sodium modified rhodium, 

alumina catalysts. The aim of this investigation is to elucidate, the structure of 

the catalysts, the role of sodium in modi~'ing the structure of the catalyst, and its 

related implications on the reactivity of sodium modified rhodium/alumina cata- 

lysts. First the investigatiort of particle size was performed using chemisorption. 

and x-ray diffraction. Then the bonding of various adsorbed species form the in- 

situ infrared studies vrill be discussed. The next stage consists of investigation of 

the chenfical state of rhodium and sodium. X-ray photoelectron spectroscopy is 

used to find chemical state of various elements in these catalysts. Temperature 

programmed desorption and temperature programmed reduction results will be 

elaborated to give an insight into the reducibility of these systems. Lastly the 

silanization of these surface and its relevance to the stability of adsorbed carbonyl 

species is discussed. 
i 

7.1 H y d r o g e n  Chemisorption 

The dispersion of rhodium was measured using hydrogen chemisorption on 

fresh and used catalysts. The hydrogen chenfisorption was done in a static, mode 

and the results of hydrogen chero=isorption are summarized in table 7.1. CO 

chemisorption was rtot used because of lack of unique stoichiometric coefficient. 
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Tile total and 'the reversibly adsorbed hydrogen was measured after the re- 

duction or the catalysts. The irreversibly adsorbed hydrogen was then calculated. 

The ~otal hydrogen adsorbed was found by volumetric tit ration on the reduced cat- 

a.lysts. The catalysts was then evacuated for 1/2 hour to remove all the reversibly 

adsorbed hydrogen. The reversibly adsorbed hydrogen was then measured by volu- 

metric titrations. The increment in the total hydrogen adsorbed and the reversible 

hydrogen adsorbed was then measured at higher pressures. Figure 7.1 shows the 

amount of total and, reversibly adsorbed hydrogen on 3%Rh 0.67%Na/AleOa . 

Table 7.1: 

Catalysts 

Amount of hydrogen chenfisorbed on Rh-.Na/Ab.03 catal)'sts 

Treatment lrreversi ble Reversible 

Hydrogen . Hydrogen 

"/amoles/gm /zmo[es/gm 

3%Rh/A12 03 fresh 

3%Rh/AI~.O3 used 

3%Rh 0.67%Na/A1-.03 used 

3,%Rh 2%Na/ANO~ fresh 

93.1 57.5 

26.8 14.5 

23.6 14.2 

46.0 44.9 

The hydrogen chemisorption results shows a decrease in the amount of both 

the reversible and the irreversible hydrogen chemisorption on sodium addition. 

For example, the amount chemisorbed on 3%Rh 2~Na/AI.~O3 is approximately 

half the amount chemisorbed on 3%Rh/AI.~O3 . This decrease in the hydrogen 

chemisorption can be caused by (a) increase in particles size (b) blocking of 

the rhodium surface and (c) change in the oxidation state of rhodium caused 

by the addition of sodium. The next sections on x-ray diffraction, infrared 
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spectroscopy and x-ray photoelectron spectroscopy show that scheme (a} aact {c) 

are not consistent with the experimental results. 

Also. a large decrease in the irreversibly adsorbed hydrogen is  observed on 

used catalysts. This is due to deposited carbon on the surface. Sintering can be 

ruled out because XRD showed that there was no concomitant increase in particle 

size of used catalysts. These results agree'qualitatively with Blackmond et al.[l!. 

7.2 X-Ray  Diffract ion 

Different phases of mixed oxide, transition metals, and transition metal 

oxide phases are investigated in finger printing mode. Whenever a phase is 

detected, its average crystallite size is calculated from the llne broadening of the 

predominant crystaUite reflection. The theory of calculation of average crysta:llite 

Even elsewhere[2,3]. 

Table 7.2 shows the expected d values and the two-theta values of various 

phases of interest for a Cu K~ x-ray source[4 I. These phases include sodium 

~hodate, sodium oxide, sodium carbonate, rhodium, rhodium oxide, aluminum 

rhodate and "t-A1203 for a copper A'~, x-ray source. Figure' 7.2 shows the x-ray 

diffraction pattern of 3%Rh 2.%Na/A1203 catalysts which were calcined, reduced 

and use in a reactor. Typically, carbon monoxide hydrogenation was done on a 

used catalysts for 24-48 hours. In the same figure a x-ray diffraction pattern of 

3%Rh 1.14,%K/AI203 used catalysts is also plotted. The diffraction pattern does 

not show any detectable signal corresponding to rhodium oxide, rhodium, sodium 

oxide, sodium rhodate or aluminum rhodate phases. The absence of any p.eak 

implies that the particle size of any of the above phases is less titan 30.-~. 

Figure 7.3 shows the difference in the x-ray diffraction pattern of the same 

catalyst which is subjected to a oxidation/reduction cycle. The drastic changes 
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in the reactivity of the catalyst on air t reatment  was elaborated in chapter  5. 

Comparison of these two spectra clearly show a peak at two-theta o[ appro.-cimate 

41 degrees from the rhod ium crystallite (111) reflection. The metal crystallite is 

not completely oxidized on exposure to air. This implies that there is a passivation 

of the catalysts. 

Recall from chapter  6, that  the air t reatment of used catalysts gave a much 

higher selectivity to hydrocarbons. The XRD pat tern  of this catalysts before and 

after the air t rea tment  shown in figure 7.3 clearly shows that  the rhodium particles 

have agglomerated. The  presence of a detectable Rh XRD pattern after the air 

t reatment  confirms this hypothesis. X-ray llne broa, dening calculations ~ve  an 

average particle size of 120.:[. These results are consistent with .~,rakawa et al.[5] 

on Rh/SiO~ , where they observed that the selectivity to hydrocarbons increased 

with increase in particle size. 

7.3 I n f r a r e d  S p e c t r o s c o p y  

Infrared spectroscopy is a very valuable tool for determining the local envi- 

ronment around an a tom in an oscillator. A series of low pressure IR experiments 

were done to investigate the effect on sodium modified Rh/A120s catalysts of 

following parameters: 

(i) the adsorptive behavior of used catalysts as compared to adsorptive 

behavior of fresh catalysts 

(ii) the temperature  stability of the different adsorbed carbonyl species on 

the surface of the catalysts and 

(iii) the stability of these species as a function of partial pressure o[ CO. 
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Table '7.2: X-ray diffraction pattern of various phases o[ interest for Rh-Na/A[ab3 
system 

Phase d .2[ 20 

"}'-A1;03 2.663 

2.421 

2.29.4 

1.5213 

1.4335 

33.65 

37.13 

39.27 

60.87 

6 .o6 

NaRhO~ 5.67 

62 

2.50 

15.63 

34.22 

35.92 

Rh 2.20 

1.90 

1.15 

41.03 

47.88 

84.19 

Rh~.O3 2.57 

2.73 

3.68 

34.91 

32.81 

24.18 

Na~.O 1.97 

2.78 

46.07 

32.19 
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No shifts in the frequency of linear and gem-dicarbonyl species were observed 

on fresh sodium containing catalysts. 

7.;].1 S t a b i l i t y  o f  A d s o r b e d  CO Spec ies  

Figure 7.4 shows the IR spectra of CO adsorbed on 3%RhfAN.O3 and 3%Rh 

2%Na/AI~.Os at 30C after hydrogen reduction at 400C. Two sets of spectra 

are shown for each sample, one just  after outgassiag and the second one after 

10 minutes outgassing. Figure 7.3-A shows the IR spectra of CO adsorbed 

on 3%Rh/AN_O3 just after evacuation at 30C. The predominant species is the 

linear species, but a clear shoulder is seen at the gem-dicarbonyl positions. 

In contrast, no clear shoulder is seen for 3%Rh. 2%Na/AI:O3 in figure 7.4- 

C. On outgassing the sample for 10 minutes, a substantial portion of the linear 

species disappears and the gem-dicarbonyl species appears as shown in figure 7.4- 

B. In contrast, the band corresponding to gem-dicarbonyl species is very weak 

on sinfilar t reatment on 3%Rh 2%Na/AI203 . At 50C, the formation of gem- 

dicarbortyl species is accelerated. This is seen in spectra in figure 7.5. At 50C, 

after a similar treatment the IR spectra shows only gem-dicarbonyl bands on" 

3%Rh/Al~Os and a strong gem-dicarbonyl band on 3~Rh  2%Na/AI~O3 . Thus 

the stability of the linear and bridged species at 30C and 50C varies as 3%Rh 

2%Na/At203 >3%Rh 0.67%Na/Ab.O3 >3%Rh/AN.O3 and the ease of formation 

of gem-dicarbonyl species varies as 3%Rh 2%Na/Ab.O3 <3%Rh 0.67%Na/AlzO3 

<3%Rh/Ab_O3 • 

7.3.2 Effect  o f  T e m p e r a t u r e  

Figure 7.6 shows effect of temperature on the adsorbed CO species on 3,t,"¢ Rh 

2~Ya/Al~_O3 . The IR spectra at 30C shows the presence of linearly adsorbed 

species. With increase in tempera ture  to 50C substantial port ion of the linearly 

adsorbed species is converted to gem-dicarbonyl species and at 100C almost all 
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the Carboayl species is in gem-dicarbon.vl form. 

investigations on similar systems[6-8!'. 

7.~.3 Effect  of  R e a c t i o n  

This is consistent with other 

A summary of the stability of used and fresh catalysts is given in table 7.3. 

In sodium modified system at 300, the linear species is much more stable 

than on the Rh/Al~.03 catalysts at a pressure of CO of about 0.001tort. Unlike 

the the linear species on Rh/AI~,Oa catalysts., the linear species is stable at 50C 

for the Rh/Na,'AI.~Oa cat.alysts. Two other bands at 1699cm -1 and 1656cm - I  

associated with the formate species appear on sodium a, ddition. 

7.4 X - R a y  P h o t o e l e c t r o n  S p e c t r o s c o p y  

The XPS investigation was carried out to investigate the ci~emical state of 

rhodium after various treatments on the catalysts. These treatments included. 

reduction, carbon monofide adsorption and carbon monoxide hydrogenation reac- 

tions. The effect of the amount of sodium added on the chemical state of rhodium 

is also investigated. Using the peak areas of the various elements, the physical 

state, i.e., the state of aggregation of various componefits, is probed. Finally. XPS 

is used to elaborate silanizatioa reaction on sodium modified rhod.ium/alunfina. 

The x-ray photoelectron spectra was collected for Rh(3d), Na(lsl ,  C(ls),  

O(ls)  and Al(2p) regions. Also. for the silartization studies additional data was 

collected for $i(2p) and N(ls) regions. The intensity of the peaks in the carbon and 

rhodium region was low inspite of the large number of the scans collected. Hence 

there is a large error(_-0.3eV) in the binding energies o[ the peaks in the carbon 

and the rhodium region. The signal/noise in the XPS peak areas is low, and 

hence quantitative XPS has substantial errors, i.e., noise and drift, up to 30%. 
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Table 7.3: [R results for sodium modified Rh, Al:O3 

Treat- 3%Rh, kl,,O3 3%Rh 0.67~Xa: 3,e, cRh 2G'~Sa 

ment Al_~O3 AI~.O3 

1 gem-dicar bonyi linear(S) linear 

linear gem-dica.rbony[ bridged 

bridged bridged only 

2~ Sa, 

• A I . ,  03 

no band 

in 1750- 

2100 cm -1 

g-dicarbonyl g-dicarbonyll S) linear(S) 

only linear bridged 

bridged g- di carbonyl 

linear(S) g-dicarbonyl llnear 

complete linear bridged 

reversibility 

Key to catalysts treatments 

1. Catalysts is reduced at 200C' for 1/2 hour. and at 400C for 3 hours, then cooled 

to 400C under hydrogen and dosed with CO at room temperature and the sample 

is then outgassed. 

2. The sample at the end of the above treatment is heated to 150C. and then 

dosed with CO again and tile sample is again outgassed. 

3. Tile sample at the end of tile previous treatment is cooled ~o room temperature 

.under flowing hydrogen. 
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Because alun~na is an insulator, it is charged oa photoelectron eIxfission. This 

charging causes problems wi':h the precise physical and chemical interpretation of 

the spectra. As explained in Chapter 2. the spectra will be referenced internally 

with respect to the Al(2p) peak at 74.7eV. All the data reported henceforth is 

internally referenced. The peak area is measured by using a sloping baseline. 

Wherever aluminum metal is seen from the sample holder as a shoulder, the 

peaks are manually deconvoluted and the actual area from the aluntinum from 

the support measured. 

7.4.1 Chemica l  Sta te  of R h o d i u m  

Figure 7.7 shows the x-ray photoelectron spectra of Pak(3d) region of 3tT¢Rh 

2%Na/A1203 in calcined and reduced state. It is clear from figure 7.7 that 

rhodium exists in -r-3 o.-,ddation state in both calcined catalysts. After reduction 

both catalysts were reduced to rhodium metal/rkodium(I). This is seen'from the 

shift in rhodium binding energies from 310.3 eV to 307.9eV. Because of a low 

signal/noise ratio, high charging, surface heterogeneity and the small difference in 

the binding energies between Rh(0) and Rh(1 ), these two o:ddafion states cannot 

be discrin~Anated from XPS data. However. whether the rhodium is in oxidation 

state zero or one is inconsequential to thiz investigation. As mentioned in chapter 

2 and m show.n in the earlier sections on infrared spectroscopy, 'the interchange 

between RhlO) and Rh(1) depends on the gas phase environment above the cata- 

lysts. For example, the presence of carbon monoxide in gas phase converts Rh(0) 

to Rh(1). Furthermore. passing hydrogen over the catalysts changes Rh(1) back 

to Rh(0). Thus under reaction conditions, the gem-dicarbonyl species associated 

with Rht[) is not present. 

The data in table 7.4. show that there is no discernable difference between 

the oxidation state of rhodium in calcined 3%Rh/AN.03 , 3%Rh 0.67%Na/Al?O3 

and 3%Rh 2%Na/Alo.Oz There is also no change in the chemical state o[ 
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rtmdium on subsequent treatments such as reaction under carbon monoxide and 

hydrogen at 200C. 

Also. in table 7.4 are the binding energies of catalysts after use in the high 

pressure reactor. Then the reactor was cooled and the catalysts slowly exposed to 

air at room temperature. The binding energies of Rh in the used catalysts show 

that the catalysts were passivated and the entire rhodium metal crystallite was 

not oxidized. 

Shyu et al.[9] have measured binding energy shifts in Ru(3d) photoelectron 

in Ru-K/Si02 catalysts. However in this investigation, because of the low sig- 

nal/noise ratio, no such shifts were detected. 

7 .4 .2  C h e m i c a l  S t a t e  o f  S o d i u m  

Figure 7.8 shows the XPS spectra for calcined and reduced Na/AI.~O3 and 

R.h-Na/AI203 in the Na(ls) binding energy region. Peak locations are given in • 

table 7.4. The binding energy for Na(ls) photoelectron is 1071.5- 0.3 for sodium 

halides, sodium carbonates and sodium nitratesilt !. I-Iowever the binding energy 

for Na(ts) photoelectron is 1072.7 .+. 0.2eV. All the binding energies of Na(ls) 

photoelectron in Na/kl203 and Rh-Na/AI203 catalysts at an.)" loading and under 

any treatment investigated lies between 1072.6 eV and 1072.9 eV in the sodium 

o.~ide region. Thus the chenfical state of sodium is similar to that of sodium oxide. 

Also. the chemical state of sodium is not affected by various treatments and by the 

presence of rhodium. This indicates that in the catalyst, after calcination most of 

the sodium exists as a surface compound of alumina or as sodium o~de. 

Figure 7.8 shows the ,.",'a(ls) region of the x-ray photoelectron spectra of 

3%Rh 2%Na/Al~_O3 and 3%Rh 0.67%Na/A1203 in ca].cined and reduced state. 

As seen from this figure, there is no detectable change in the chenficat state of 
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Table 7.4: Effect of addition of sodium orL the chenfical state of rhodium 

Catalysts Treat meat Rh(3d~/2) Na(ls) 

eV eV 

3%Rh/A12Os calcined 310.5 

reduced 307.9 

CO-chemisorbed 308.1 

reaction 307.8 

used 307.6 

3%Rh 0.67%Na/AI203 calcined 

reduced 

reaction 

used 

310.0 

307.3 

307.3 

307.2 

I072.9 

1072.7 

1072.9 

1072.9 

3%Rh 2%Na/AI-_Os calcined 

reduced 

used 

310.3 

307.9 

307.7 

1072.9 

1072.7 

1072.7 

0.87%Na/AI:O3 

1.3%Na/AI203 

2%Na/AI:O3 

2.67~Na/AI:O3 

3.33~.Na/AI:O~ 

calcined 

calcined 

calcined 

calcined 

calcined 

1072.9 

1072.8 

1072.7 

1072.6 

1072.6 
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sodium and rhodium on changing the amount of sodium and the chemical state 

of rhodium. 

7.4.3 S i l an i za t i on  S t u d i e s  

It is clear that  the number of hydroxyl groups deternfine the stability of 

various adsorbed carbon monox.ide species on the surface. These hydroxyl groups 

are believed to play an important  role in oxidative addition of a rhodium particle 

to form a geminat .chcarbonyl species. To test this hypothesis, the surface -OH 

groups were removed by reaction it with silanes. However. it is not clear if all the 

HMDS is reacted. It is possible that part of the HMDS forms a donor-acceptor 

bond with the lewis acid site on the surface. Also, in many other studies on surface 

silanization, part of the HMDS omdizes on the surface to form silica instead of 

surface silanes. This can obviously complicates the interpretation of the results, 

since the stability of the carbon monoxide adsorbed species will change if part of 

the rhodium crystaLlite is covered. Hence ~ XPS investigation was undertaken to 

investigate the reactivity of HMDS by monitoring the N(ls)  peaks and the silica 

formation by following the binding energy of Si(2p) peak. 

Table 7.5 on page 260 shows a summary of the silanized surfaces. First 

of all there is no detectable nitrogen in the sample. [.;sing approximate atomic 

sensitivity factors, and reasonable area detectability limit, the limit of HMDS 

present is less than .-3~. of all the silane added. Typical silicon areas for x-ray 

photoelectron spectroscopy of silylated areas is approximately 300 counts. The 

minimum detectable Limit of a peak with a fwhh of around 2eV is 15 counts. 

Since same number of cycles were used for nitrogen(Is) ~ld silicon(2p) scans, the 

maximum amount of silicon as silica can be found ~.':,,m ~.i,e atomic sensitivity 

factor. This gives us the ma.'v, imum amount 'of und~.,ected silicon as 1.5 counts. 

Thus there is less than  5% of the initial HMDS rernain~ either as HMDS or gets 

converted to silica; most of the HMDS reacts to form surface silane and ammonia.  
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This proves that the disilazane reacts completely with the surface OH groups The 

reaction W e n  below was previously investigated by Zaki e.t al.'lO~ 

(CHs)zSi:'VHSi(CH~)s +2 At- OH(s) -- 2 Al - 0 - Si(CHs)s(s) - .VHs 

As shown in figure 7.9, the binding energy of silicon in both the silanized- 

A12Os and silanized-2%Na/A1203 samples was 101.1eV. This binding energy is 

close to the binding energy of silicon in HMDS (101.4eV) and in .llesSiOSil[es 

(101.6eV), The binding energy of silicon in silica is 103.4eV, which is too far away 

from the observed binding energy of silicon. Thus. silanization of the surfaces 

produces quantitative conversion of disilazanes and these silanes are stable. They 

do not form silica. Figure 7.10 shows the C(ls)  region of the x-ray photoelectron 

spectra of silarfized AI~.O.z and Na/A!~.Os samples. Unlike the other samples, here 

the carbon signal is intense. This is due to the carbon atoms in the methyl groups 

sitting on the top of the silanized surface. 

7.4.4 Photoe lectronlc  Responses 

The physical state of sodium and rhodium is investigated using the photo- 

electronic response. The photoeiectronic response of an element is defined as the 

ratio of the area of that element to the area of a sta.ndard element. Since the area 

of the catalysts is large and the pho~oelectronic meRn free path is of the order of 

t0.~, the signal is obtained from a large number of aluminum atoms. Thus alu- 

minum form a convenient element to form the basis. Oxygen cannot be used as a 

reference element because some of the modifiers are in the o:cidic form. The carbon 

signal is too weak to be used as a standard. Since the rhodium signal obtained 

from XPS is very weak and the information of the physical state of rhodium can 
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Table 7".5: Binding energies of silanized surfaces 

Catalysts N(ls) Si(2p]/2 ) O(ts) C(ls) Ref. 

silanized-A12Oz no peaks 100.1 531.8 284.6 this work 

silanized- 

2%Na/Al~O.~ 

no peaks 100.1 531.6 285.2 this work 

Silicon 98.7 

Silica 103.4 

Me3SiOSiMe3 101.6 

Me3SiNHSiMe3 101.4 

"11! 

11i 

i11] 
r '~11., 
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107 102 97 92 

BINDING. ENERGY, eV 

Figure  7.0: X-ray photoelectron spectra of Si(2p} region of (A} ..,ilanized-Al-,_O,~ 
and (B) silanized 2c'A, Na, ' Alo.O3 
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Figure 7.10: X-ray photoelectron spectra of C(ls) region of lA) silanized Al'z_O3 
and (B) silanized 2%Na/AI203 
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be easily obtained by other methods, the photoelectronic response o[ rhodium is 

not used. 

The physical state of sodium can be conveniently investigated using the 

sodium photoelectropJc response. Table T.6 on page 264 shows the sodium 

photoelectronie responses of the Na/A120~ and Rh-Na/Al~Os samples. Figure 

7.11 shows the sodium photoeleetronic response plotted against the weight percent 

sodium added. This plot is linear. The linearity of the plot indicates that the 

physical state of sodium or the state of aggregation of sodium .is same at the 

different loading of sodium investigated. The open symbols in the figure 7.11 

show the photoelectronic response for R.b.-Na/Alo..O3 catalysts. For a given sodium 

loading, the Na(ls) photoelectronic response of Na/Al_~O3 and Rh-Na/A1203 is 

same. This implies that the state of aggregation of sodium is ~n.me in Na/AI~.Os 

and Rh-Na/AN.Os . Thus the physical state of sodium is not affect by the presence 

of rhodium. Also there is no evidence of aggregation of sodium oxide on t, hese 

catalysts. Because the p'.'mtoelectronic response of sodium is not affected by 

the presence of rhodium, substantial portion of sodium is not being blocked by 

rhodium crystallites. This is consistent with the results reported by Wilson et 

al.[12], where they reported that most of sodium sits on" the alumina surface. 

According to Ratr.aswamy and Knozinger[13) the number of surface hydroxyl 

groups on a "/-A1203 support which is not dehydroxylated is greater than 5 × 

1014/cm2. For a typical density and surface area of alumina, this number translates 

to 1021 OH groups/gin of support. For a 3.3 wt. % loading of sodium, there are 

around 9 x 10 ~-° sodium atoms. Thus the number of sodium atoms is less than the 

number of OH groups. 
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Table 7.6: Photoelectronic responses of Na/AI203 and Rh-Na/AI203 catalysts 

Catalysts I~vJI.¢z IO/IAz 

0.67%Na/Al_~03 

1.3%Na/AN.O3 

2%Na/Ab.O3 

2.67%Na/AI2 03 

3.33%Na/Al~.03 

3%Rh 0.67%Na/AI~.O3 

3%Rh 2%Na/.~l,.O~ 

0.58 7.60 

0,77 6.98 

1.40 8.10 

1.94 6.51 

2.34 7.07 

0.69 

1.56 
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7.5 Tempera tu r e  P r o g r a m m e d  Methods  

The reducibility" of rhodium, the adsorption states o[ hydrogen, and the effecz 

of sintering was investigated on various sodium modified rhodium, alunxina cata- 

lysts by temperature programmed reduction(TPR) and temperature programmed 

desorption(TPD) The TPR,:TPD data was collected by Dr. S.B. Ziemecki of the 

Central Research Department at the duPon~ Experimental Station. 

7.5.1 Effect of Sod ium on the  Reducibi l i ty  of  R h o d i u m  

The rhodium is weU dispersed in all cases, as manifested by the diffuse 

appearance of the TPR profiles. Figure 7.12 on page 268 shows the TPR 

spectra of Rh-.Na/A120.a catalysts at" different sodium loadings. These catalysts 

were freshly reduced i.e., this is the TPR spectra of the first cycle of-reduction. 

The peaks for all three samples are very broad because of the heterogeneity 

of the samples and different extent of reduction of various components on the 

surface. The lowest temperature peak for 3%Rh/AI203 is centered around 190C. 

The high temperature region of the spectra contains contributions from many 

different states. In contrast with other investigationil4 ]. no attempt was made 

to deconvolute the peaks due to low signal to noise ratio and non-uniqueness of 

the fit. Inspite of the low signal to noise ratio the reproducibility of TIhR is quite 

good. The hydrogen consumption for The sodium-free catalysts was 31 mV-n~n 

corresponding to 3H::Rh. A repeat run with the same catalyst gave a hydrogen 

consumption of 3'2. m\'-min. This hydrogen consumption corresponds to rhodium 

as Rh203: this is consistcnL with the XPS experiments where rhodium is found in 

an oxidation state of-3 in the calcined catalysts. 

Figure 7.12 on page 268 shows ~hat as the sodium content is increased a 

peak at 295C becomes more pronounced. This phase may be sodium rhodate, 

However .x-ray diffraction studies do not show any presence of sodium rhodate. 
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This apparent inconsistency can be explained becaltse the particle size may be 

less than 30.11, the m.iainmm detectable limit by x-ray diffraction. The XPS 

experiments showed that the rhodium is completely reduced to metallic state. 

while the chemical state of the sod.ium is not affected by oxidation or reduction 

treatments. Thus if there is any alloying between .~odium o.-,6de and the rhodium- 

component,  it will be in the calcined state. A mixed alloy between an o.',:ide and 

an metal cannot be expected. Thus  alloying has to be checked in the calcined 

s t  a t  e .  

Figure 7.14 on page 270 shows the TPR spectra of 3 ~ R h  0.67c2.Na AI~O3 

with various treatments. The fresh catalysts shows a broad peak starting from 

120C and ending at 380C. Within tkis broad peak is the peak at 295C which in- 

creases with the amount of sodium added. After the first o.xidation treatment,  the.  

catalyst is re-reduced and the T P R  spectra was collected. The T P R  spectra of 

the second reduction showed an intense peak shifted to a well-defined maximum 

at 100C. The peak is nearly symmetrical  and has a ful! ~'idth at half height of 

apprommately 70C. However there is no substantial decrease in the peak areas. 

which implies that the same a.mount of hydrogen is consumed. When the catalyst 

was sintered, the intensity of the peak in the TPR spectra decreased substantially 

as shown in Figure 7.13. The peak shifted to  lower temperature  and the hetero- 

geneity decreased as manifested by ' the  low full width at half height of 45C. Figure 

7.13 shows the effect of oxidat ion/reduction cycle on 3~.Rh/AN.03 . As seen in 

the figure the TPI t  spectra of 3~Rh/AI.~O~ in the first cycle is very broad and 

diffuse. The TPR spectra of first reduction consists of many convoluted peaks. 

The peak with the lowest temperature  and also with the best defined profile ap- 

pears at t80C. The second reduction, similar to 3,~Rh 0.67,~.Na~Al~03 shows 

a well-defined peak centered at 100C. The full width at half height of the second 

reduction spectra is 80C. The T P R  peak areas for 3%Rh 0.67~,Na/Al.~Oa after 

different catalyst treatment is given in table 7.7. 
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T a b l e  7.7: Intensides of TPR peaks for 3':tRh 0.67':-~Sa Al_,O3 

Treat ment TPR area in mV-C 

First reduct ion 157.0 

Second r educ t ion '  101.7 

Sintered catalysts 47.6 

Le3Iaitre has listed the possible reasons for shifts in the T P R  spect ra  on 

adding a second componenti l5  I, They are 

i) The second component may form an alloy which reduces at a different 

temperature 

ii) The second component m ~ '  form the nucleating agent for the reduction 

of the first component .  

iii) The second component may generate  activated hydrogen which then more 

easily reduces the first component 

iv) The water  formed during the reduction of the second component  may 

act as a nucleating agent for the first component .  

Also. there  are other  possible reasons such as 

The second component can cover the support  and hence the mobility of the 

particle is hindered.  This is especially t rue if the particle aggregates during the 

process o[ reduction.  Also the second component  can affect the interface between 

the metal and the support and hence can change the TPR characteristics.  

tn the case of Rh-Na/AI203 the third and fourth reason can be ruled out 

because the chemical state of sodium is not changed on reduction as observed by 



272 

x-ray photoelectron spectroscopy. At this stage, the remaining modes cannot be 

differentiated based on the experimental data. 

7.5.2 Effect of S o d i u m  on H y d r o g e n  A d s o r p t i o n  in Rh-Na/Ai.~O3 

The temperature programmed desorption spectra were coUected on these 

samples to investigate the nature o[ adsorption of hydrogen and to elucidate the 

possible role of sodium in these catalysts. Figure 7,15 on page 273 shows the 

TPD spectra of samples containing various amounts of sodiun/ in Hh-Na, --k1203 

catalysts, The TPD spectra is broad and diffuse for the samples investigated. The 

peak positions do not shift on sodium addition. 

7.6 Discussions  

7.6.1 R eac t i v i t y  

The role of alkali modifier c,n supported rhodium catalysts is not clear. The 

kinetic results shown in chapter 6 indicate that the rate of CO hydrogenation 

decreases substantially ~'ith addition of sodium. The decrease in conversion follows 

a typical semi-log plot indicating the poisoning of sites. 

The selectivity to oxygenates on supported Rh catalysts is a function of the 

catalysts, temperature, partial pressure of CO and hydrogen and the conversion. 

Hence the two catalysts have to compared at the same conversion. The catalysts 

can be compared on a selectivity-conversion plot shown in chapter 5 and 6. Thus 

even though ~here is a substantial decrease in the rate of CO hydrogenation 

there are minor changes in the selectivity to oxygenates. The selectivity versus 

conversion plots for Rh-Na/Al~.O3 is similar to the selectivity-conversion plots 

for Rh./il.~O3 . Thus the overall rate of CO hydrogenation decreases, the rate 

of hydrocarbon formation and the rate of oxygenate formation both decrease. 



- -  I . J  

E 
n 
tt~ 

- T -2"7-II ' ' '\' I i  ~ .... I , , , I .... I , , , , I . . . .  l . . . .  l . . . .  

-2. It j ' 

% ,.... 

\~a:Rh-1 ( n , w )  

-2.9-'1 

-t 

-1 

-3.2--J 

.1 

Na : Rh- .~  

- 3 " 3  I . . . .  i . . . .  , . . . .  n . . . .  t . . . .  [ ' ' ' "  I . . . .  v ' ' , ,  
- l o o .  o .  ~oo .  2 o o .  300.  400 .  5 0 0 ,  600 ,  700 

T E M P  ° C  

Figure  7.15: Effect of addition of sodium oa the hydrogen TPD of Rh-Na.'AI~O.~ 
catalysts 



274 

However. the decrease in the rate of formation of h3;drocarbon is much more than 

t he decrease in t b.e rate of formation of oxygenates. These result s agree wit h those 

reported by McLaughin and Gonzalez?16; on Ru-Na, SiO~.. In contrast on Rh- 

Sa,'TiO~. , Chuaag et al.[171 observe that the rate of formation of hydrocarbons 

decreases o n s o d i u m  addition and the r~te of formation of oxygenates increases on 

sodium addition. 

7 . 6 . 2  L o c a t i o n  o f  S o d i u m  Modi f i e r  

Hydrogen chemisorption decreases on addition of sodium. It is also lower 

on used catalysts. The absence of any diffraction p~ttern on any of the used 

catalysts means that the entire de~:rease in the hydrogen chemisorption cannot be 

at tr ibuted to an increase in particle size. Two possibilities remain. Either part of 

the rhodium is in an oxidized form and hence cannot adsorb hydrogen or part of 

the rhodium surface is blocked by the sodium phase. The XPS results show that 

on reduction, rhodium is metallic. Thus the decrease in hydrogen chernisorption 

is at least partly the result of the rhodium surface being blocked by sodium oxide. 

I~ "is important  to recognize that although some of the alk',fll modifier may 

block the rhodium surface most of it sits on the alumina support: where it probably 

forms a surface compound with alumina and thus removing the surface -OH 

groups. This in tu rn  changes the stability of the various adsorbed species. For 

example, because of the decrease in the surface -OH groups on Rh-Na/AI~.Oa : 

the gem-dicarbonvl species is easily formed on Rh/.-kl-,O3 than on Rh-Na. AI~.Os 

.Sot only is the number of surface -OH groups important for formation of 

gem-dicarbonyl species but also their location around the  rhodium crystallite 

inlportant. The reaction of break-up of rhodium crystallite to form isolated gem- 

dicarbonyl species is ~ven  below. 

R h  - C O ( e r y s t a l l i t e )  -:- g ' O  -r- 2 A l  - O H  ~ -  2 A l  - 0 - Rh(g'O)~. - H z  
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Thus the rhodium crystallite slowly disintegrates into gem-dicarbonyl species. 

However only a small amount  of the aikali modifier sits on the rhodium 

crystallite. Blackmond et d.il:: have also observed a decrease in bridged and gem- 

dicarbonyl species on Cs addition to Rh/AI~.O.~ . This differences in IR spectra 

were at tr ibuted to the blocking of redispersion of Rh crystallite to Rh(CO)~. 

However the exact mode of cesium was not elaborated. The results shown in this 

chapter show ~hat. the predominant effect of addition of sodium is the removal of 

blocking of surface -OH groups. 

The XPS data on the silarfized A1203 and Na/A1203 show that all the silicon 

in the silanized sample is present as silanes. Furthermore because of absence of 

nitr(;gen signal there is no unreacted HMDS and thus there is no bond between 

the lone pair on the secondary nitrogen on the FIMDS and the Lewis acid site on 

the alumina surface. 

7.6.~ Chemical State of Rh and Na 

The XPS results show that rhodium i s completely reduced to metallic state. 

Also, there is no detectable shift in the binding energies on addition of sodium 

and on various treatments such as CO adsorption and reaction. No shifts in the 

binding energy of sodium peak is detected in Ya/Al~.O3 and Rh-Na/A1203 after 

various treatments such as reduction. CO adsorption and" reaction. Furthermore. 

the physical state or the state of aggregation of sodium is same in the presence 

and the absence of rhodium. 

The TPR data show that  rhodium is reduced to metallic state. The rhodium 

is well-dispersed. The intensity of the high temp':rature T P R  peak increases 

substantially with amount of sodium added. The hydrogen TPD spectra of 

Rh/AI203 and Rh-Na/AI.,O~ and diffuse. 
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7.6.4 F o r m a t i o n  of  M i x e d  Oxide  

Discussion of phases containing sodium, rhodium and oxygen where the 

o.x:idation state of rhodium is greater tb.an 3 is warranted at this stage. Scheer 

et al.il8! during their investigation of species formed from platinum metals and 

alkali oxide found that o~des of the type ABO~. and'A,.BO4 are formed. Here. A 

is the alkali ion and B is the plat!hum group metal ion. Most of the compounds 

formed are of the type Ao.B04 and are formed by heating a mixture of plat inum 

group metal and alkali carbonate to 1000C under oxygen for 20 hours. The only 

rhodium compound was Li~.Rh04. £iRhO2 was formed first, and rhea converted 

to £io.Rh04. For the mixed o:ddes containing sodium, only NaRhOo was formed. 

.The phase Na~Rh04 has not been reported in literature in the 30 years since the 

investigation of Scheer et al.il8 ]. The reason for absence of A~.B04 compounds 

containing Rh and Na is not clear. The possible reason for non-existence of other 

compounds of rhodium and sodium oxide may'be the ahsence of oxidation states of 

rhodium higher than -3 .  This is relevant to the current investigation, since higher 

consumption of hydrogen in a T P R  spectra can be explained by the presence of 

mixed oxides containing'one transition metal in a higher oxidation state. The 

amount of hydrogen consumed in t he  reduction of these catalysts increase with 

the amount of sodium added. However, when compared to the data of Houalla et 

a1.~19-21: the observed changes'are very small. Hence (his increase in the hydrogen 

consumption is not due to increase in the oxidation state of rhodium. 

7.6.5 E n s e m b l e  R e q u i r e m e n t  

Thus the overall effect of addition of sodium is to block the rhodium hydro- 

genation sites. This not only decreases the activity substantially but also reduces 

the size of many ensembles. A fixed number  of rhodium metal atoms in an ensem- 

ble required to form hydrocarbonsi22.23 I. However the ensemble requirement for 
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CO insertion reaction is less stringent than that for hydrocarbon sites'24". Because 

sodium blocks some of the surface sites, the number of ensembles large enough for 

~ 'drocarbon formation decrease faster than the number of sites available for CO 

insertion and MeOI-I formation. This causes drastic changes in the reactivity and 

minor changes in the selectivity. 

7.7 Conc lus ions  

The addition of sodium to Rh/A1203 decreases the rate of CO hydrogenation. 

The rate decrease exponentially with the amount of sodium added. The selectivity 

to oxygenates is increased slightly. 

Hydrogen chemisorption and XRD showsthat  addition Of sodium poisons 

blocks or poisons the rhodium crystallite. The rhodium is" in" metallic state 

under reaction conditions and the oxidation state of sodium is not changed. The 

formation of gem-dicarbonyl species is hindered due to the Lower amount of surface 

-OH groups. XPS and IR results show that hexa methyl disilazane reacts wit h the 

surface -OH groups to form surface silanes. These sil.vlated catalysts show that 

the forma.tion of the gem-dicarbonyl species is l~ndered. 
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C H A P T E R  8 

P E R F O R M A N C E  OF M O L Y B D E N A  M O D I F I E D  

R H O D I U M / A L U M I N A  CATALYSTS 

The effect of addition of molybdena on the performance of Rh/AN.O3 cata- 

lysts is investigated. First catalysts containing different loading of .X, lo were inves- 

tigated. Then, the products are separated according to their rank. The activation 

energies and the power law indices for the rate expressions were also calculated. 

8.1 Cata lys t  P r e p a r a t i o n  

The.catalysts support used was CATAPAL alumina extrudate. The alumina 

extrudate was first ground to a particle size of 60-100 mesh. The support was then 

calcined at 500C under following air ( > 99.999% purity) for two hours. The surface 

area of the support is about 200 m2~,'gm, The details of preparation of Rh/A120~ 

catalysts are given in chapter 5. A no-excess impregnation technique ~,'as used 

to support rhodium and molybdenum salts on the support.  The rhodium was 

impr,~gnated from a sulfate-fre.e acidic solution (pH=I) from Engelhard. Molyb- 

denum was impregnated using Puratronic grade ammonium molybdate from Alfa 

Products. All Rhodium was nominally 3 wt.%. 

The molybdena-containing catalysts were prepared in stages. In the first 

stage. Mo was deposited on the,alumina using a molybdena solution at a pH of 

1-2. The impregnated sample was kept at room temperature for 30-60 minutes. 

in an oven at 110C for 12-16 hours. The catalysts was later air calcined at 500C 

for 2 hours. The 2.8 wt. % Mo catalyst was prepared by coimpregnation. All 
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% Mo numbers quoted are for *[o metal by weight although tile .'XIo is present 

in an oxide form. In the preparation of 2.8 % 3,[o catalyst, a white precipitate 

was formed when .'xlo solution was added to the rhodium nitrate solution. This 

precipitate dissolved immediately on shaking. So the addition of ammonium 

molybdate solution to rhodium nitrate solution was continued drop-wise with 

vigorous shaking. After 'addition of three-fourths of the molybdenum solution, 

further addition of molybdate solution formed a precipitate that did not dissolve 

on shaking. So. small amounts of concentrated nitric acid was added. Addition of 

nitric acid dissolved the precipitate and the solution was once again clear. The 7.5 

wt. % and 1.5 wt. /~ Mo catalyst were prepared by sequential impregnation. First 

the molybdenum salts were impregnated, foUowed by drying in air at 110C and 

air calcination at 500C. Then the rhodium salt was impregnated using rhodium 

nitrate solution using a no-excess solution impregnation technique. The color of 

the catalysts on ~[o impregnatlon and after calcination was white. In contrast. 

the color o[ catalysts after rhodium impregnation was bright yellow and reddish 

brown after calcination, 

The theory of impregnation of salts from aqueous solution and its relevance 

to catalysts preparation is discussed in chapter 2. However some results from 

this theory will be discussed here. Since molybdenum forms anions in solution, 

molybdenum was impregnated first. In contrast, rhodium e~st  as hydrated cations 

in the solution, and hence adsorption of rhodium cation on alumina surface in 

an acidic solution is not thermodynamically facilitated. In the case of 15 wt. 

% .Xlo catalysts, because of the limited solubility of the ammonium molybdate, 

two successive impregnations were made with a 500C air calcination in between 

them. Before testing, all catalysts were prereduced with flowing hydrogen with 

the foUowing schedule. 200C '( 1/2 hour). 3.50C ( !/2 hour ) and at 50OC (1 hour). 

Catalyst (0..%lgm) was tested in a flow reactor system. The flow reactor is 

described in detail in chapter 4 and the procedure [or catalysts testing is described 
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in chapter 6. Unless otherwise specified, all data were obtained at hydrogen. CO 

ratio of two and a pressure of 30 arm. The knalytical system is described in de~ail 

in chapter 3. To make activity comparisons: space rates were varied at constant 

temperature to obtain equal; conversions (limited to 6 % CO conversion), then 

the conversions were obtained by normalizing to 3000 GHSV by multiplying by 

the factor: GHSV/3000. 

8.2 Performance Testing Results 

This section shows the effect of molybdena addition on the reactivity and 

the selectivity of molybdena modified rhodium/alumina catalysts. 

8.2.1 Overal l  Act iv i ty  and Select iv i ty  

• Table 8,1 sununarizes the effect of molybdena addition. The % CO con- 

versions given in table 8.1 are the total conversions. However % selectivities to 

oxygenates and hydrocarbons are % of CO converted to these products on a COo. 

free basis. The % C2-. oxyg. is the percentage of all oxygenates C2 and above. 

The Mo/alumina catalysts has very low activity for CO.eonversion and does not 

form any oxygenates. The effect of incorporating increasing amounts of molybdena 

in the Rh/alumina system is to increase the activity for CO conversion. For exam- 

ple. table 8.1 shows that the catalyst with Mo/Rh atom ratio of 2.7 (Rh/7.SMo) 

is 12 times as active as Rh/'AI.-03 . when compared at 3000GHSV and at 250C. 

The water gas shift reaction is greatly enhanced as seen by the appearance of 

CO~.. Also, the % CO converted to oxygenates( particularly methanol) increases 

sharply with increasing Mo content, rising from 29 % for Rh/AI~.O3 ti 65 % for 

Rh/7.5*lo/Al~O3 both at 250C. Oxygenates are 80 % for the Rh/15Mo/Al,O~ 

catalyst at 200C. 
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Table  8.1: Effect of addition of .~Io oil the reactivity of Rh alumina 

Catalyst T(C) GHSV %CO ~. CO cony. to (1'2- Oxyg. 

hr -1 Cortv. C O ~ .  Oxyg. " ~ of Ox.vg. 

(CO~. free) 

Rh/AI203 250 3000 5.7 1 29 82 

275 3000 12.5 1 19 87 

Rh/2.SMo/ 225 

Al.,O3 

3000 9.0 21 59 42 

3Rh/7.5Mo 206 3000 7.3 24 86 17 

AI20~ 250 36000 5.3 25 65 27 

Rh/15Mo 200 3000 6.0 27 89 12 

AI~03 225 3000 27 37 83 14 

15Mo/kl,~O3 225 

250 

275 

3000 <I  61 0 

3000 2 50 0 

3000 5 51 0 
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The results for Rh-Mo, A1.'203 . with low loading of llo,-are consistent with 

other investigations[1-8]. The Rh'-.'llo A1'2_03 catalysts derived from monometallic 

catalysts were less reactive than the conventional catalysts[5 I. In contrast, the 

catalysts derived from bimetallic cluster RhMo.~cpa(CO)6 was more reactive than 

the conventional ~catalysts[8]. 

8.2.2 P r o d u c t  Dis t r ibu t ion  

Table 8.2 shows the detailed product distribution for Rhs'AI.~O3, Y.lo/Al.~Os 

and Rh-.Xlo/Ab.O3 catalysts. There are significant changes in the product distribu- 

tion on XIo addition to Rh/AI.~O3 catalysts. For example, there is a steep increase 

in the CO2 formed from the water gas shift reaction. Also, there is a decrease in 

the C2+ oxygenate fractign of the total oxygenates The water gas shift reaction is 

helpful since this permits use of syngas with lower hydrogen/CO ratios and sim- 

plifies the product separation. The complete lack of aldehydes in the product the 

good hydrogenation capability. The increase in the ethers may be because of the 

increase in surface acidity due to molybdena addition. Decreased ester formation 

may be due to decreased acetic acid formation because of increased hydrogenation 
t 

activity. The most important observations are the drastic reduction in formation 

of methane, accompanied by a substantial increase in the oxygenates, especially 

methanol and dimethvI ether. 

Further insight can be deduced from the product distribution. The addition 

of Mo results in oxygenates with much higher percentage of methanol, l{owever. 

it is important to note that while C3 -  oxyg. has decreased the ~ ( ' 2 -  oxyg as 

a percentage of CO conversion remains nearly at the same level, even though 

catalyst activit.v has increased by greater than 10-fold by Y.Io addition. 

In comparison the product distribution for 15 % .~Io/Al~.O3 ~ves .50 % CO 

converted to CO~. and rest to hydrocarbons at 250C with a GHSV of .3000 hr -1. 
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Table  S.2: Product  distribution on CO hydrogenation on Rh-Mo AI-.O3 cata- 
[ysts 

Catalyst Rh,'AI.~O3 Rh ..~Mo.,AI.,O3 Rh 15Mo. A1203 

Tempi C) 250 225 200 250 

GHSV 3000 3000 3000 36000 

~.CO Cony. 6 9 7 5 

% CO to 

CO~. 1 22 24 25 

of CO converted, % converted to:(CO~, free basis) 

Hydrocarbons 

Methane 

Ethane 

Propane 

Butane 

Oxygenates 

.\leOI-I 

MeOMe 

MeCHO 

EtOH 

MeOkc 

HOAc 

ErCHO 

n-PrOH 

MeOEt 

EtOAc 

72 41.5 13 34 

61 35 9 26 

4 4.5 3 6 

5 1 .5  1 2 

2 0.5 0 0 

28 58.5 87 66 
¢% 
• - 13 38 16 

1 16 30 26 

2 0 0 0 

l l .  12 6 7 

3 2.$ 1 1 

0 0 0. 0 

0.4 0 0 0 

2.7 2.4 2 1 

3 12.6 10 15 

3 0 0 0 

%of C 2 -  

Oxygenates 82 42 17 27 
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The overall carbon monoxide conversion under these condition was 1.~.¢. The 

carbon percentage ill hydrocarbons is as follows: ~Iethane 61c~, ethane 297~ and 

propane 10%. 

The effect of the amount  of molybderia addition on the selectivity to oxy- 

genates is clearly seen from figure 8,1. In this figure the overall oxygenate se- 

lectivity on a carbon dioxide free basis is plotted against the overall conversion( 

including carbon dioxide). For a ~ve.n catalyst the selectivity to oxygenates de- 

creases with increasing conversion, e.g., for Rh/A1203 the selectivity ro oxygenates 

decreases from 35 .% to 20 ~ when the CO conversion was increased from 2,~ to 

18,%. The x-a,,ds is the selectivity versus conversion curve for .~Io/Al~.O3 since no 

oxygenates are formed on this catalysts. As seen in figure 8.1 the addition of 

.~Io "to Rh/Al2Oa shift the selectivity versus conversion curves to higher selectiv- 

ity. However the slopes of these curves do not change. Also there is an effect of" 

t.emperature since the selectivity versus conversion curves are shown for different 

reaction temperature. The effect of reaction temperature  on the selectivity to 

oxygenates will be discussed in detail while calculating the activation ener~es.  

Tab le  8.8: Effect of .~Io addition on Methane/Methanol  product distribution 

Catalyst %C0 to %total ' ~.C2-e Oxygenates'  Dist. %('H4 - 

CH4 oxygen oxygen C1 C2. C3 .",[eO H 

Rh. Al.~O3 60 30 82 5 21 3 65 

Rh/7.SMo/ 

AI.-,O3 

24 65 27 47 17 1 74 
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8.2.3 Approach  to S teady  State  

The initial transient properties of these catalysts show interesting trends. 

Figure 8.:?. shows the approach towards steady state of overall conversion, methane 

selectivity and oxygenate selectivity. The data in the figure are reported for CO 

hydrogenation on 3%Rh 7.5%Mo/Al.~03 at 200C, 30atm and hydrogen/CO=2. 

The initial activity of these catalysts is high as' seen" by the lfigh conversion. 

However, these data should be interpreted with caution, since the gas phase 

environment at zero time is only hydrogen and at time zero. carbon monoxide 

feed is started. Thus the gas phase may contain a different hydrogen/CO ratio 

than at steady state. However, this transient in gas phase should approach the 

steady state feed gas composition in an hour. The overall con~'ersion approaches 

a steady state within 12 hours. Subsequent steady states by changing conditions 

are approached within 1-2 hours. The methane selectivitY, also decreases w i t h  

time and reaches steady state within 12 hours. However, in contrast the percent 

decrease in methane selectivity is much lower than the percent decrease in the 

overall conversion. In comparison, the total selectivity to oxygenates increases 

~ith time on stream, but the increase is very small compared to the decrease in 

the overall conversion. This decrease in activity is similar to those reported by 

Van der Berg[9!. 

The effect of hydrogen/CO is shown in figure 8.3 on CO hydrogenv_tion on 

3%Rh 7.5%Mo/AI.~O3 is shown in figure 8.3. This set of data was collected at 

200C, 30atm and GHSV of 3000hr -r. The conversion increases with increasing 

hydrogen/CO ratio, this is true with many CO hydrogenation catalysts. Many of 

the known catalysts do not work below a Hydrogen: CO ratio of 1. 

Another way to see the initial transients is to plot the log(l-CO cony.) versus 

space-time, as given in figure 8.4. The transients in the figure are marked by an 

arrow. Also, the points at space time 2.4 show the initial transients. For example 
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Figure  8.2: Initial transients of CO hydrogenation on 3c;'~Rh 7.5:~-XIo/AI~.03 
catalysts a~ 200C: 30atm and hydrogen/CO=2. 
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Figure 8.8: Effect of hydrogen/CO ratio on the overall conversion of 3c,"~Rh 
7.5~Mo/Al.oO3 catalysts at 200C, 30 arm and 3000GHSV. 
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the point at the lowest ordinate or the highest conversion is the point at zero time. 

and the point move towards the steady state line. 

8.3 T ranspo r t  L imi ta t ionz  

From the calculations in appendix 1, the m~ss and heat transport limitations 

for CO hydrogenation on l~-Na/Ai, .03 catalysts were shown to be insignificant. 

Since the process parameters used in the Rh-,Na~Al*.Oa catalysts and the Rh- 

Mo Al~.O3 catalysts are nearly same, the calculations in appendix 1 are valid for 

the reaction study conducted in this chapter as long as the temperature is lowered 

to give differential conversions.. Hence the transport limitations are insignificant 

on CO hydrogenation oft Rh-Mo/AI~O~ catalysts under the conditions investigated 

in this chapter. 

8.4 Delplot  Analys is  

The next stage in kinetic analysis of product is to separate products accord- 

lag to their rank, i.e.. to separate the primary, secondary and tertiary products. 

A new method for separation of products according to their rank was developed 

in chapter 4. In th.is section this method is applied to the kinetic analysis of car- 

boa monoxide hydrogenation on Rh-Mo:Al~.Oa ca.talysts. The basis set has only 

carbon alonoxide since carbon monoxide is the only reactant monitored. From 

delplot analysis most of the products'are kinetic primary products. Sometimes. it 

is difficult to assign rank to the product because tile intercept may be small and 

finite. In this section first the basic delplot method will be developed, then the 

extended delplot will be applied to higher rank products. In the last subsection 

the concept of separation of regimes of product rank will be discussed. 



292 

A 

> 
E= 
0 
0 

0 
U 

I 

¢ 
e m m  

-0.05 - 

- 0 . 1 0  - 

- 0 . 1 5  i I 
0 . 0  0 . 5  1 .0  

® 

® 

@ 
@ 
@ 

I I I 

1.5 2.0 2.5 ~ 0  

space-tlme In seconds 

Figure 8.4: Log(I-CO conversion) versus space-time for ('O hydrogeilation on 
3%Rh 7.5~.Mo/Al~.O3 catalysts at 200C. 30arm and hydrogen. CO 
=2. 
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"[he basic delplot method consists of plotting mole fraction conversion 

against conversion. .% finite intercept denotes a primary product while a zero 

intercept denotes a secondary product. Figure 8.5 shows the basic delplot for 

methane. This data was coUected for CO hydrogenation.on 3%Rh 7.5%Mo/A1-O3 

catalysts at 30 atm total pressure and 200C reaction temperature. The hydro- 
E r  1 I =en: CO was fixed at 5. The space velocity was varied from 1500 to 6000 hr -1. 

The basic delplot of methane clearly shows that methane is a primary product. 

The delplot intercept for methane under, the above conditions is 0.1. This is the 

ratio of the initial rate of formation of methane to the initial rate of consumption 

of carbon monoxide. " Thus there is only one slow step in the methane formation re- 

action under the above mentioned conditions. The basic del.plot of carbon dio.,dde 

also shows a finite intercept,  this implies that  carbon dioxide is a kinetic primary 

product. This should be compared with the results from the sodium modified cat- 

alysts, where carbon diomde had a small intercept. The carbon dioxide is formed 

from the water gas shift reaction ~ven  by equation (8.1). 

CO -. H~.O = CO~. '- H2 (8.1) 

The reactant water is formed in methane formation, ethanol formation. 

ethane formation, and dimethyl ether formation. Carbon dioxide is thus formed 

sequenlia[ty: first water is formed then carbon dio~de is formed by the water gas 

shift reaction. Thus carbon dioxide can be primary product if the water gas shift 

reaction is fast on the process time scale. T, hus the water gas shift reaction is fast 

on the process time scale on the molybdena modified rhodium. 'alumina catalysts 

but is slow on the process time scale on the sodium modified rhodium/a lumina  

catalysts. The delplot intercept for carbon dioxide is 0.09. 
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Figure 8.7 shows the basic delplot for methanol and dimethvl ether on 

carbon monoxide hydrogenation with hydrogen. CO of .5. The plot shows finite 

intercept for both methanol and dimethyl ether, hence both methanol and dimethyl 
/ 

ether are primary products. Thus the formation on ethers is fast on these catalysts 

because of their higher acidity. In contrast, small amounts of ethers are formed 

on sodium modified catalysts. The large amount of methanol formed compared 

to dimethvl ether is reflected in the higher intercept for methanol as compared to 

~timethyl ether(0.45 versus 0.I5). The high hydrogen/CO ratio (5) leads to .higher 

hydrogenation of surface species and less products from recombination. This leads 

to a high methanol/dimethyl ether ratio. Figure 8.8 shows the basic delplot for 

ethanol and ethane under the above mentioned conditions. Since ethanol and 

ethane are formed in small amounts, their intercepts, if any are small, this makes 

discrimination between finite but low and zero intercepts dit~cuttl However, figure 

8.8 clearly shows that ethanol has a finite intercept. The low signal to noise in the 

analytical data at low conversions for some C2 and higher products prevents'the 

discrimination between zero and small but finite intercepL 

The delplot analys!s can be checked for internal consistency by checking the 

sum of product of stoichiometric coeffcients and the delplot intercepts. Table 

8.4 list the delplot intercepts and the stoichiometric coefficients of each product. 

For example, the delplot intercept of dimethyl ether is 0.1.5 and its stoichiometric 

coefficient is 2. The stoichiometric coeffcient here is easily found from the carbon 

balance. 

Thus the sum o[ st oichiometrically accounted delplot intercepts, ~ven in 

~'vp 1Pco = 1.00 ( 8 , 2 )  

P 
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Table 8.4: Delp[ot intercepts and stoichiometric coefficients of products formed 
on CO hydrogenation on 3/°/c Rh 7.5% -Mo,'Al~.03 catalysts at 200C. 
30 atm and hydrogen/CO=5. 

Product[ P ) Delplot Int.( 1Pco ) Type Sto. Coeff.(v/) 

"Methaae 0.1 

CO2 0.08 

Methanol 0.45 

Ethanol 0.025 

Dimethyl ether 011.5 

Ethane 0.01 

Primary 

Primary 

.Primary 

Primary 

Primary 

Primary 
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equation 18.2) is close to unity within experir.~ental limits. Hence rule 3 of basic 

delplot analysis ~ven  in chapter 4 is satisfied. 

8.4.2 Separation of Regimes 

In the last section of chapter 4, the concept of separation o[ re~mes  was 

developed and quantified..4, primary product is a product  that has only one slow 

step between the the reactant and itself, while a secondary product is a product 

which has two slow steps between reactant and itself. A reaction is slow or fast 

on the process time scale and not on a relative scale. Now. if the process time 

scale changes, then a reaction step can change from a slow step to a fast step 

or vice versa. The process time scale can be changed by looking at two different 

conversion regions. 

However. this phenomenon is not seen in many products because, in a 

reaction network, one strep is often much slower than the remaining steps. Thus to 

make one of the fast steps as a slow step, we have to use extremely smaU process 

time. At these low process time, the conversions are low and this causes analytical 

problems. However, an example of a product which changes regimes will be shown 

here. 

The basic delplot of MeOEt is shown in figure 8.9 The figure shows two 

distinct regimes. The first regime is above !.5% CO conversion ;~'here the basic 

delplot ~ves a finite intercept. In contrast, the second regime below 1.5¢,'~ conver- 

sions shows a zero basic delplot intercept. Hence _MeOEt is a secondary product 

below 1.5'-'~C'O conversion and a primary product  above 1.5..~ conversion. Regime 

1( above 1.5:~. CO conversion) consists o[ high conversion or low space time runs, 

while regime 2 consists of low conversion or high space  time runs. The above 

behavior is qualitatively and quantitatively explained using order of magnitude 

analysis and singular perturbation analysis in chapter 4. 


