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A central composite rotatab/e i,.rperDnentoi desigtt was constructed for a slatistical 
study of the wpnur phase deaik~~iation of .xyIme isoine~~s over a nickel 011 silica gel 
catalyst. A second order respotwe surface was generated and the qfect of each vari- 
able on the system was studied with the help of ridge analysis within the range of 
experimentation. For all rhe three .s.vstems investigated the eflects are compared. 
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In the study of chemical processes, the behaviour of the system in res- 
ponse to changes in the process variables such as reaction temperature, 
time factor and feed mole ratio (if the feed consists of more than one reactant) 
can be established either by one-variable-at-a-time method or by the design of 
experiments using statistical methods. Experimental designs have obvious 
advantages in that they furnish with minimum experimentation the effect 
of each variable and their interaction. Box and Wilson [3], Box and Hunter [2], 
Davies [6],  Hunter [9], Carr [4] amongst others have contributed to the 
application of stetistical techniques in this field. A preliminary study of 
the system is necessary to plan the experimental designs. This is made 
use of in the followjug studies on the dealkjlation of isomers of xyleue. 

Many investigators have studied the kinetics of dealkylation of toluene, 
xylene isomers and higher homologues of benzene. Maslyanskii and Robi- 
novich [lo], Maslyanskii et al. [ I l l ,  [12], [13], Silsby and Sawyer [171, 
Betts et al. [I], Ziinmerman and York [22], Weiss and Doelp [la], Weiss [lg], 
Weiss et al. [20], Weiss and Friedman [21], Doumani [7], Ravindram 1141 
have studied the steam and hydro-dealkylation of various hydrocarbons. - 
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But till now, no attempt. was made to establish the range of process variables 
to be employed with the different reactants. 

The man reacQons In the dealkylation of xylene isomers, can be wrltten 
as : 

C& (CHd2 + H3+C6HsCIl3 r CH4 (1) 

C6H,CH, 4- W,->C,H, + CI4, (2) 

Xylene deelkylation i s  r serieq reaction. Xylene is deallcylated to b e t  
zene, toluene being the triseahle intermediate. 

Apparatus cmd procedure.-The layout of the experimental set up used 
for the present work is shown in Fig. I .  It mainly consists of fceding devices 
for hydroc2.rbon and hydrogen, preheeters for the reactants, reactor proper 
and product collection unit. 

Flt i .  ?. Layout of apparatu.: used for dealkylation studies 

Cutubsr preprntron and properties.-lt was pointed out by Maxted 
et ul. [141, Schait and Reijm [I61 that the method of preparation of a catalyst 
has considerable influence on its activity and surface area. Thus the method 
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outlined below was followed in preparing Nickel on Silica gel' (13% Ni) cata- 
lyst in the course of this work. A known amount of the support, i.e., silica 
gel was soaked in nickel nitrate solution for about 24 hours to ensure a uni- 
form distribution. The supernatant water was evaporated on a steam bath. 
The wet cake was roasted to nickel oxide, and to ensure total decomposition 
of nickel nitrate, the catalyst was kept in a muffle furnace for about 6 hours 
at 450" C. The nickel oxide was reduced in situ. 

Reduction of the cafa1yst.-A known amount of catalyst was loaded 
into the reactor. The reactor and the preheater were maintained at  the 
desired temperature in a flowing nitrogen atmosphere. When the desired 
temperature was reached (450" C), the nitrogen supply was cut off and hydro- 
gen was passed. The reduction was continued for 5 hours to ensure complete 
reduction. The properties of the catalyst were: 

Catalyst : Nickel supported on Silica gel 

Partical size: - 48 + 65 Tyler Mesh (0.251 mnm). 

Surface area : 240 m2/g. 

Apparent density: 1.563 g/cm3. 

Bulk density : 0.92 g/cm3. 

Before starting a run, the preheaters and the reactor were heated to the 
desired temperature in a flowing stream of nitrogen. After the required 
temperature was reached, the supply of nitrogen was cut off and predeter- 
mined amounts of hydrocarbon and hydrogen were passed. After attaining 
the steady state a run was conducted for a fixed period of time. After the 
run, the reactants supply was cut off and the reactor was cooled in a nitrogen 
atmosphere and was maintained thus till a subsequent run. 

Bulk dzj4usion.-In investigations of this type one should make sure- 
that the data that are collected are in the kinetic region. Bulk diffusion 
is the main physical factor that is to be eliminated. The investigator can 
examine this aspect by performing a series of experiments varying the flow 
rate, keeping .the time .factor constant. This was done for-??-the _sys+s 
that were studied. A known quantity of the catalyst was taken and data 
were obtained at different time factors (W/F). In the second series the weight 
of the catalyst was increased by two fold and the experiments were conducted 
for the same time factors. . It was found that the conversion remained the 
same in both the cases, thereby showing that bulkdiffusion is not rate control- 
ling. 

.. . . 
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Dealkylation of xylene isomers was undertaken for a comparitive study 
of each of the isomers. Three veriebles, time factor (W/F), feed mole ratio 
and reaction temperature, were taken to be the three major factors influencing 
the dealkylation reaction. A second order design like the central composite 
rotatable design was constructed to develop a response surface to obtain 
the response of the system. Tables I and TI, give the three factors under 

TABLE I 

Factorial design for m-xylene and o-xylene 

Coded levels 
Variable Coded Unii ---- 

name -1.682 -1 0 + I  1.682 
(-4 (+a) 

Time fac.or 
(W!F) X , o r A  7 . 5  9.9 15 22.5 30 35.1 

Fced mole 
raio (hydro- 
gun : hydrocar- 
carbon X2 or B 1: 1 2.72:l  3 :  1 4 :  1 5 :  1 5.7: 1 

TABLE 11 
Factorial design for p-xylene 

Coded levels 
Variable Coded Unit 

name -2 -1 0 +I  4-2 
(-4 (+a) 

Rcanion tcmpe 
ratwe XI or A 50 400 450 500 . 550 600 

Time f a o r  X, or B 7 . 5  7.5 15 22.5 30 , 37.5  

FA mole *atio X, or C 0-5:  1 1.5: 1 2: 1 2 . 5 :  1 3:l  3 - 5 :  1 
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study, their actual and coded levels and the defined units. The design consistc 
of eight experiments forming a coinplele 2Vactorial design, supplemented 
with six experiments a t  levels + 1.682 (values o f  a )  of each variable end six 
deentre points--twenty experiments in ell. The complete design is presents 
in Table 111 with the experimental observations of each xylene isomer. 

Experinlental results o f  cornpiere composite dmign 

Response Y (% conversion) 
Design Treatment - 

No. tn-xylene :,; o-xylene % 
Total Total 

conversion conversion 

1. (1) 
7 -, a 
3. h 

4. ab 

5. c 

6. CLC 

7 .  be 

8 obc 

9. a A, 1 

10. a 1, A 

I I .  n H, 1 

12. o. 1, B 

13. a C, 1 
14. u 1 ,  C 

15. Centre 
16. Centre 

17. Centre 

18. Centre 

19. Centre 
20. Centre 



RESULTS AND DISCUSSION 

From the above data a second order equation of the type : 
k 

Y = bo + Z (bixi + &xi2) + 2 bijxixj 
<-I 1<l<P 

(3) 

can be estimated, where k is the number of factors. 

Estimation of the coej7cients.-For the three variable central composite 
design, Cochran and Cox [5 ]  gave simplified equations to  estimate the regression 
coefficients. The coefficients are presented in Table IV. 

Regression analysis.-The regression analysis was conducted on the 
responses. The sum of squares for the first and second order terms are 
obtained from the general formulae given by Cochran and Cox [51. 

TABLE IV 

- Regression CoefjScients 

. m-xylene o-xylene p-xylene Conversion 
Coefficient Total, 6 Total Total to 

' conversion conversion conversion Toluene 

b13 -2.51 0.34 -5.73 4 . 4 2  

, b23 -1.81 0.41 -0.55 -0.13 

The total sum of squares and error sum of squares (from six central 
points) arecomputed and the sum of squares for "lack of fit is obtained 



by subtraction. The results are presented i n  Table V. It can be seen from 
the results that Lhe second order equation adequately fits two systems, nemely, 
O-xylenc and p-xylene, of the three that were studied. Even in the third 
~ystem, ie., iwxylene, because the error mean sum of squares is having a 
low value and hence the high veriance ratio, the,quadratic equation is not 
adequate. Howcver, the response surface equetion can be visualised in 
a differenr manner by means of Hoerl's ridge analysis [8]. 

Source or esrimate 

-- 

E!rst order terms : 

Sums of squares 
Degrees of freedom 
Mean sums of squares 

Second order terms : 

Sums of squares 
Degrees of freedom 
Mean sums of squares 

Lack of fit : 

Sums of squares 
Degrees of freedom 
Mean sums of squares 

Error : 

Sums of squares 
Degrees of freedom 
Mean sums of squares 
Variance ratio 
5% line F-statistic 

m-xylens o-xylene p-xyiene 



In ridge analysis, a K-dimensional response surface is visualised as 
a two-din~ensional response. The interpretation of ridge analysis consists 
mainly in the explanation of several ridges (peaks and valleys) running 
from the centre of the experimental design to its bounds. This analysis has 
no beering on the number of variables. The ridge encountered in the domain 
of interest is readily generated by Lagrange multipliers. By definition, this 
utilizes a spherical search method which lends itself readily to experimental 
designs that are restricted to spherical bounded regions like the Box-Wilson 
type that was used in the present work. The response cquation (3) can be 
written as 

where X is the L~grenge multiplier 

and superscript T denotes the transpose of a particular matrix. 

Computation of the ridges.-To compute the ridges, one has to : 

(0) construct the coefficient matrix A 
(b) augment the diagonal elements with Lagrange multiplier to form 

the parametric equation of the type : 

where I is a unit matrix, 

(c) determine the eigen values (XI) of the coefficient matrix A and arrange 
them in the decreasing magnitude, 

( d )  assume various X values as dictated by the eigen values to trace the 
corresponding maximum, minimum or intermediate ridge, each time comput- 
ing (A - XI)-' and then X bector from equation (6) ,  

(e) compute corresponding R from equation (5). 

For the above computations CDC3600 computer was used 

Results.-The canonical forms along with the corresponding eigen values 
and eigen vectors are presented in Table V1. Based on these eigen values 
the ridges were calculated following the procedure outlined earlier. These 
results ere presented in Tables VII-X and Figs. 2 to 5. The figures represent 
the maximum and minimum ridges and the effect of variables at maximum 
ridge for all the systems. It can be seen that for all the systems the maxi- 
mum and minimum ridges rise and fall respectively. The effect of tempe- 
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Canonical . f o m  o f  the q~~adratic models 

Y -Y,  = A&" fX,Za2 + A3Za2 

where s' are the eigenvalues and Zs' are the associatcd eigen vectors 

m-xylene : 

p-xylene : 

YT - 37.1336 = 1.2009 2,' - 2.1902 Zaa - 4.6027 Z32 
2 1  = 0.7320 M1 4- 0-0002 M2-0.6812 M3 
2 2  = 4 . 1 0 7 4  M1 t 0.9875 M2 -0.1151 M3 
2 3  = 0.6728 M1 -+ 0.1574 M2 + 0.7229 M3 
M1 = X1 -0.7295 
M 2 =  X2-1,0061 
M 3 =  X3-0.8011 

Y Toluene - 32.9981 = 0.8689 ZZZ - 1.8061 Za"336109 ZS3 
2 1  = 0,7321 M1 -0.0939 M2 -0.6748 M3 
T,= 0.0096 M1 -0.0939 M2 -0.1272 M3 
23 = 0.6812 MI + 0.0864 M2 + 0.7270 M3 
MI = X1 - 1.3677 
M 2 =  X2-1.2668 
M3 = X3 -0.3826 
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TABLE VII 

Results of Ridge Analysis 

o-xylene : [Response : % Total Conversion] 

Yield X1 X2 X3 

Stationary point : 

0~0000 7.0471 

Mmirnum Ridge : 

Minimwn Ridge : 

TABLE VIII 

m-xylene : [Response : % Total Conversion] 

h R Yield X1 X2 X3 

Sfatiomy point : 

0,0000 7.5727 -1.8620 -5.8328 0.8558 4 . 7 5 3 1  

Maximum Ridge : 

Minimm Ridge : 
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TABLE IX 
p-xylene : [Response : % Total Conversion) 

X R Yield X1 X2 X3 

Stationary point : 
0.0000 1.4795 

Maximum Ridge : 
1 ,2049 3.6347 
1.2139 1.5361 
1.2409 1.1540 
1.3219 1.0895 

Minimum Ridge : 

p-xylene : [Response : % Conversion to toluene) 

h R Yield X1 X2 X3 

Stationary point : 
0.0000 1,9024 32.9981 1.3677 1.2658 0.3826 

Maximum Ridge : 
0.9269 9.4428 75.9245 6.1208 1.7761 6.9677 
1.0079 4.1127 41.5772 2.1460 1.2405 3.2818 
1.2509 1.8731 31,3816 0.3648 0.9418 1.5775 
1.9799 1.1462 32.7736 0.2288 0.0759 0.8736 
4.1669 0.7376 31.7045 0.3005 0.4420 0.5083 

10.7279 0.3820 30.4336 0.1878 0-2128 0.2557 

Minimum Ridge : 
- 4.7039 4.4315 8.8576 -2.9051 -1.1779 -3.1322 - 6.8909 1.5223 16.6646 4 .9425  4 .5798  -1.0455 
-13.4519 0.5235 25.4110 4 .3039  4 . 2 3 9 7  4 .3525  
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X2(mole ratio) 

-1.5 1 I I I I I 
0 0.5 1.0 1.5 2.0 2.5 3.0 

R 

FIG. 3 .  (a) Maximum and minimum ridges. (b) Effect of variables at maximiim ridges. 
P ONSE :TOTAL CONVERSION (0-XYLENE). 
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R 

RG. 4. (0) MaYhlmn ridge. (b) Effect or variables at maxirnum ridge. RESPONSE : 
'TOTAL CONVERSION (P-XYLENE). 
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'fa? M A X I M ~ M  ~ G E  
(bl EFFECT OF VARIABLES AT MAXIMUM RIDGE 

a E S P O N S E . C O N V E R S I 0 N  TO TOLUEVE (p - ry lenc )  

rature is maximutn for m-xylene. Though the time factor has an effect, 
it is not to the same extent as that of temperature. The feed mole ratio has 
little effect at this meximum ridge. 

In the case of o-xyIene the effect of time factor is maximum, the tempera- 
ture effect is much less and that of mole ratio is minimum. Figs. 4 and 5 



represent the maximum ridgc and thc effect of the three variables at  maxi- 
mum ridge fos p-xylene. In this system two responses are worked out, one 
being the total conversionand the other being conversion to  toluene. Tempera- 
ture has the maximmn effect when total convel-sion is taken as the response, 
time factor has less effect and the effect of feed mole ratio is minimum. 

From the above investigation one can conclude that for the dealkylation 
of xylene isomers, when processed individually, the effect of each variable 
can be pinpointed. In the case of nz-xylene the process can be operated at 
a higher temperature and an optimum can be rcachcd by adjusting the time 
factor. The system behaviour is well established in the experimental region. 
As discussed earlier, o-xylene, when compared with m-xylene is easily 
dealkylated even when the reaction temperature is low and again the lrue 
optimum can be obtained by adjusting the time fdctor. In these operations 
the feed mole ratio can be kept at the stoichiometric ratio. 

u : treatment in the factorial design. 

bn : regression coeficients. 

F : Flow rate of the feed; g. moles/hr. 

F : F-distribution value. 

M : Eigen Vector. 
R : Radius of the experimentation region. 
X : Factors. 

Y : Response function. 

Z : Eigen Vectors. 
X : Eigen values. 
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