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Experimental kinetic d:Lt,:t 011 the isonmiznt,ion of n-hutelle t,o isobut~etle cwer fluorin:tt,ed 
~-alumina (cont~ninilig 2.0 wt(;; F) have beeu analyzed alld n probable Lallgmuir-IIirlshel~ood 
(Hougen-\Vst,son) model in the t~emperat.~uc range fiOB.5-(iSG.5°K has been purposed based ou 
adsorption of n-but,ene cotltlolling (silrgle site). The vttlties of the equilihriun~ adsorption 
constaut for isohulcne at, different t,emperatlues t,hus obiued (by Iwnliuear least squsres 
analysis of t,he kiuet,ic da&) have I)een compared with the correspoudillg vnlues obt,aiued by 
adsorption studies utrder reaction collditiolls. The values were folurd t,o agree to withill 12’;; 
over t#he tmenrperatjure range Artdied. 
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FIG. 1. Experimental msembly. (1) Molecular sieve trap; (2) Tube containing copper bits; 
(3) Capillary flow meter; (4) Silica gel trap; (5) Fused CaClp trap; (6) Feed inlet; (7) Product 
outlet; (8) Outer heating jacket; (9) Bauxite (Auidixed heating bed; (10) Tubular reactor; (11) 
Thermowell; (12) Granular catalyst; (13) Water condenser; (14) Three-way stop cock; (15) Liquid 
product collector; (16) Soap bubble flow-meter; (17) Cyclone. 

INTRODUCTION 

Langmuir’s theory of activated adsorp- 
tion (I) and the application of this theory 
by Hinshelwood (2) to a large number of 
reactions gave rise to the extension of this 
theory to chemical engineering use by 
Hougen and Watson (3). This was followed 
by derivation of generalized rate equations 
for many types of reactions by Yang and 
Hougen (4). Since then many sophisticated 
methods have been suggested for choosing 
among rival models and for obtaining 
precise parameter estimates and these 
have been widely reviewed [see, for 
example, Bard and Lapidus (5), Kittrell (6) 
and Reilly and Blau (‘7) J. 

Kinetic studies of reactions catalyzed by 
solids based only upon overall reaction 
rates are usually not sensitive enough to 
establish a reliable model, or to permit 
discrimination among different plausible 
models as pointed out by Mezaki (8). 
Supplementary experiments to obtain the 
adsorption equilibrium constants of the 
individual components and a comparison of 
these values with those obtained from t,he 

proposed model by statistical techniques 
will enhance the validity of the rate 
equation. 

Kabel and Johnson (9) compared the 
adsorption equilibrium constants obtained 
from the proposed Langmuir-Hinshelwood 
model for the reaction, vapor phase de- 
hydration of ethanol to diethyl ether in the 
presence of cation exchange resin as 
catalyst, with those obtained from a static 
adsorption system, However, the static 
adsorption method is likely to lead to 
decomposition of the components due to 
prolonged contact with the catalyst, and 
it is therefore desirable to measure the 
adsorption parameters at reaction temper- 
atures by an independent method wherein 
the contact time between the components 
and the solid catalyst is very small. 

No experimental data are yet available 
which might form a basis for an objective 
assessment of the statistical methods of 
model discrimination and selection. The 
present work was therefore undertaken to 
fill this gap using the model reaction- 
isomerization of n-butene to isobutene on 
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a v-alumina catalyst, for the purpose. In 
summary, it was sought to determine the 
adsorption equilibrium constants for n- 
butene and isobutene from the statistical 
methods of kinetic modeling and to compare 
these values with those obtained from 
chromatographic methods under reaction 
conditions (10) without resort to kinetic 
modeling. Agreement between these two 
sets of values would impart greater re- 
liability to the kinetic method of modeling. 

PARAMETER VALUES FROM 
KINETIC MODELING 

Experimental Methods 

n-Butene [99.5% purity] prepared by 
the catalytic dehydration of n-butanol 
over basic alumina was used as the starting 
material for the isomerization reaction 
leading to the formation of isobutene. 

Fluorinated v-alumina containing 2 wtyo 
F was prepared by impregnating q-alumina 
[activated at COO’C] with ammonium 
fluoride from a solution containing the 
appropriate quantity of fluorine, drying at 
120°C for 16 hr, and activating at 400°C in 
the presence of air. 

The apparatus used in the kinetics 
experiments is shown schematically in Fig. 
1. The reactor used for carrying out the 
kinetic runs was an integral reactor of 0.75 
in. i.d. and 14 in. height, provided with a 
thermocouple well which extended from 
the top of the reactor to just above the 
wire mesh support for the catalyst. 

The other units of the reactor assembly 
were: capillary flowmcters to measure gas 
flow rates, a water condenser to condense 
liquid products, a soap bubble flowmeter 
to measure the outlet flow of t,he gas, and 
a NCL designed gas chromatographic 
unit which was connected in series with 
the reactor assembly to facilitate on-stream 
analysis of the outlet gas from the reactor. 

The temperature of the catalyst bed was 
maintained at the required constant level 
by careful control of the rate of fluidizing 

air and power input. A Chromel-alumel 
thermocouple was used for the temperature 
measurement. The thermocouple was cal- 
ibrated against a standard thermometer 
which had a least count of 0.5%. A 
portable potentiometer (with a least count 
of 0.01 mV) was used for the measurement 
of the thermocouple potential. 

The reactor was packed with -40 to 
+GO B.S. mesh freshly activated catalyst 
to a bed depth of about 15 cm and the 
heating was begun while a continuous flow 
of nitrogen through the bed was main- 
tained. After attaining the required temper- 
ature, nitrogen flow was stopped and 
n-butene flow was started. The kinetic runs 
were conducted after the attainment of 
steady state with regard to temperature, 
flow rate of reactant gas and outlet 
concentration. 

The reaction product was analyzed with 
a gas chromatograph provided with a 
thermal conductivity detector at room 
temperature with a 12 ft long column of 
silver nitrate-ethylene glycol stationary 
phase supported on Chromosorb-W-Reg- 
ular. Hydrogen gas free from moisture was 
used as carrier gas at a flow rate of 50 
cm”/min. A G-port gas sampling valve 
which allowed the venting of product, gas 
when not to be sampled was used for 
injecting a fixed quantit,y CO.5 cm? in 
this case] of the outlet gas into the column. 
Determination of the percentage of iso- 
butene was achieved by knowing the ratio 
of the area of the isobutcne peak after 
product separation and pure isobutcne, 
along with a knowledge of inlet and outlet 
rates of flow of n-butenc. A run consisted 
of product analysis at each of a series of 
flow rates wit’h other conditions remaining 
unaltered. 

In t’he organization of the experimental 
program for determining the rate param- 
eters, the following ranges of main variables 
were covered : temperature, 605.5636.S”Ii; 
reciprocal space velocity, 50-MO g hr/g 
mole. 
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TABLE 1 

JCxperitttettt~ttl Kinetic Dnh” 

Run W/P St13 I’,, u I’dI r(cxptl) r(cnlrd) 
NO. x IO? x 10a x 103 

1 2 3 4 5 ti 7 

194.0 
307.5 
450.0 

525.0 

GO1 .o 
232.0 
333.0 
503.0 

625.5 
20X.0 
300.0 
4G2 0 
640.0 

wo.0 

120.0 
279.0 

440.0 

544.0 
m9.4 

117.0 
211.7 
347.0 

47X.0 
58fi.0 
129.0 
172.0 

2mi.o 
400.0 
5Zl.O 
Mfi.0 

!J2.0 

1x0.0 
301.0 

390.0 
4fi9.3 

57.0 
144.X 
239.4 

380.7 
x0.0 

152.0 
2lx.o 

338.0 
4X8.0 

Tcmpcrnturr: (iOj.5°1i 

2.90 0.9070 0.0271 0.1492 
4.20 0.8950 0.0392 0.1301 

5.50 0.8X30 0.0314 0.1220 
O.GO 0.X72.5 O.OlilG O.ll!)(i 

6.92 O.XG90 0.004G 0.1152 
2.45 0.6830 0.0172 0.1050 
3.G8 O.G740 0.0257 0.1073 t 

5.10 O.M50 0.0367 0.1011 
5.X3 O.G590 0.0408 0.0930 
1.50 0.4(iO2 0.0070 0.0X38 
2.0x 0.4575 0.0097 0.0821 

2.x1 0.4541 NO131 0.0787 
3.19 0.4523 0.0149 0.07lG 

3 5G 0.4506 O.Olf% 0.0707 

Tcmpcreturr: (i21.0% 

5.2 o.xXlu 0.0483 0.4821 
9.25 0.8478 O.OX(i4 0.3310 

12.50 0.x174 O.llfi7 0.2838 

13.20 0.8115 0.1227 0.2432 
13.25 0.7917 0.1424 0.23Xi 

3.75 O.(i744 0.021i:j 0.3207 
6.30 O.G5li,5 0.0441 0.2974 
9. IO O.GXi!l 0.0637 0.2Gl5 

10.75 O.WS3 0 07R3 0.2243 

12.45 0.6134 0.0X72 0.2121 
2.M 0.4549 0.0123 0.1401 
3.31 0.4518 0.0154 0.137s 

4.58 0.4458 0.0214 0.1349 
5.97 0.4393 0.0279 0. 1330 
G.45 0.4371 0.0301 0.1304 
7.84 0.43OG 0.03GG 0.1277 

Temperature: (i:W~5~1< 

9.00 0.8501 00841 0.9775 

15.50 0.7894 0.1445 0.x1:04 
21.50 0.7333 0.2008 0.7121 

23.70 0.7128 0.2214 0.5!)25 
27.00 O.GX19 0 2522 0.374!1 

4.70 o.lx77 0.0329 0.X241 
10.30 0.6‘285 0.0722 0.7109 
16.30 0.5864 0.1142 O.AROG 
20.80 0.5549 0.1457 0.5457 

4.09 0.4483 0.0189 0.2548 

1.52 0.4368 0.0304 0.24G7 
9.81 0.4213 0.0459 0.22X2 

11.40 0.4140 O.OR32 0.2101 
13.43 0.4045 0.0627 0.2043 

0.1431 

0.1317 
0.12ti7 
0.1139 

0.1119 
0.1141 
O.lO(iB 

0.0992 
0.09.‘,4 

0.0x09 
0.0789 
0.07ti.5 
0.0754 

0.0743 

0.4wi 

0.3129 

0.272!J 
0.2471 
0.2434 
0.30x1 

0.2793 
0.2312 
0.23lil 

0.2217 
0.1460 

0.1429 
0.1372 
0.1317 

0.1293 
0.123X 

1 .OO!lO 

O.H3!)5 

0.7014 
o.tio32 
O.r,879 
o.xmo 

0.7511 
0 Ml5 

0.5&5X 
0.2489 
0.23GO 
0.2192 

0.21 1.5 
0.20lG 

Complete integral conversion resuks of 
the reaction rate studies are shown in 
Table 1. They include studies at three tcm- 

perature levels, 605.5, 621.0, and Wi.:i”K. 
Feed compositions include pure Autcne 
feeds and n-butene-nitrogen mixtures. 

l’lot~s of the experimental data are shown 
in graphical form in Figs. 2, 3, and 4, which 
illustrate the effect of temperature and 
space velocity upon conversion for three 
initial compositions. 

The rate of reaction was calculated by 
numerical differentiation of the data using 
xewt,on’s method from the relation, 

tlX 
f”=---- 

cl[W/F] ’ 
(1) 

where r is the reaction rate, X the fractional 
conversion, and W/F the reciprocal space 
velocity. 

Muss Transfer Considerations 

In this work the resistance due to pore 
diffusion was overcome by using small 
size catalyst particles (-40 t’o +60 B.S. 
mesh). The rate dat’a mere also analyzed 
by the method of Weiss and Rater (11). 
The results showed that the rate data were 
free from the influence of pore diffusional 
resistance. 

The mass transfer effect due to gas film 
resistance was evaluated by the method of 
Ford and Perlmutter (12) who derived the 
expression, 

AP d I11 r’/ti In c 
-=- 

Pa b ’ 
w 

by equat’ing the rates of mass transfer and 
chemical reaction under conditions of 
steady state. In the case of gas-solid 
reactions, b in the above equation equals 
0.59 for Re’ > 350 (1s) and 0.49 for 
Ite’ < 350 (14). In the present case, since 
Ile’ was found to be always less than 350, 
Eq. (2) becomes, 

AP d In r’/d ln G 
-= (3) 
Pa 0.49 . 
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Plots of In T’ vs In G (whcrc G is t,he total 
mass flow rate) were drawn for different 
values of reciprocd spncc \*elorit,y and it 
w~ls found that the slope tl In r’,!d In G and 
hence the ratio Apip,, appronchcd zero 
:wymptotically ns the mass flow rate wns 
increased. Thcreforc, in order to ensure 
t,he ahscncc of external mass transfer 
resistance, flow rnt,es were so chosrn for 
each vnluc of the reciprocal space velocity 
that Ap,!p, ww less than 0.05. 

The rcnction of n-butcne over fluorinated 
s-alumina containing 2 wt,y, F can be 
rcprcsented as 

PI PI 
where A, I3 (as well as 1, 2) represent ?z- 
hutene rind isohutene, respectively. Choucl- 
hnry and Dorniswamy (IS), however, dso 
observed t,he formation of polyisohutenc 

ant1 rcprcscntccl tlic re:wtion :w 

whew 1’ (as ncll as 3) reprcwnts poly- 
isot)utcne. 

The thermotlyn:~mic ccl~lilihrium con- 
st’ant Ii of t)lic rwersihlc st’ep was dculnt~rd 
at all the temperatures involved from the 
rcporkd thermochcmic:d data [Choudhary 
(1 (j)]. 

Eleven different IIougen-W’ntson models 
rind t’hc simple power lnw model: 7’ = 1; 
X (rj,, l1 - p, 15;:K) were considered for selert- 
ing the most, suitable one for the isomcriza- 
tion renct’ion. The power law model gave 
very large deviations (%S’yc) between the 
observed ant1 calcul:kd rates and was 
therefore reject’ctl. In t,hc case of Hougen- 
Watson models, the dues of the pnrnm- 
eters to hc used as initial guesses while 
carrying our nonlinear least scluares :mnl- 
ysis of the tl:~ta wcrc obtained from the 
linear lr:wt sclu:ws :m:klysis. The st,at,isticnl 

0.3 I I I I I I I 

100 % n-BUTENE 

0 100 200 300 400 so0 600 660 

RECIPROCAL SPACE VELOCITY RECIPROCAL SPACE VELOCITY qhr qhr 
‘R ‘R 
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FIG. 3. Conversion vs reciprocal space velocit,y plots for t,he isomerization of n-hut,ene. 

analysis of the model parameters for their 
significance and fit was performed at 9Yj74 
confidence level. 

When the models were subjected to 
nonlinear least squares analysis, it was 
found that 10 out of the 11 models con- 
sidered yielded negative values of the 
adsorption equilibrium constant which were 
significantly different from zero. The only 
model which gave positive values at all 
the temperatures studied was based on the 
single site mechanism (adsorption of n- 
butene controlling). The F test also con- 
firmed the adequacy of this of the model 
over the entire temperature range studied, 
as the calculated values of F were found to 
be less than the table values. 

The selected model could be represented 

as 
k[pnB - pi~/K] 

f"- 

1 + &BP~B ' 
(4) 

The validity of the model was further 
confirmed by comparing the estimated rates 
with the observed rates at the three 
temperatures studied, as shown in Fig. 5. 

The adsorption equilibrium constants 
for isobutene obtained from the proposed 
model for all the three temperatures are 
given in Table 2 in units of cm3/g catalyst. 

PARAMETER VALUES FROIM ADSORPTION 
MEASUREMENT UNDER REACTION 

CONDITIONS 

The objectives of the adsorption studies 
are to determine the adsorption equilibrium 
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constants for isobutene and n-butene at the 
reaction temperatures and to compare the 
values obtained with those extracted from 
the proposed Hougen-Watson model. 

Tamaru (17, 18) was among the first to 
initiate adsorption measurements during 
surface catalysis with simultaneous mea- 
surement of reaction rate. Tamaru (19) and 
Nakanishi and Tamaru (20) also suggested 
the gas chromatographic method for the 
determination of adsorption and sub- 
sequently the surface area of the catalyst 
during catalysis. Eberly (21) carried out 
high temperature adsorption studies of 
hydrocarbons on 13 x molecular sieve, 
alumina and other porous solids by a pulse 
flow technique using gas chromatography. 
He could calculate the heat of ndsorpt#ion 

0.14 

0.12 

0.10 

x 
. 

E 
tii 
6 0.08 

5 

8 

i 

: 0.06 
F 
2 

E 

0.04 

0.02 

a 

and adsorption equilibrium constant for 
benzene on &umina by this method. 
Eberly (22) also developed a method 
involving a continuous flow of adsorbate 
through a column of initially unsaturated 
adsorbent by means of an inert nonadsorb- 
able carrier gas. After saturation, the 
adsorbed material was cluted by the pure 
carrier gas alone. From an analysis of the 
composition of the effluent stream as a 
function of t’ime, hc could cnlculatc the 
adsorption isotherm for n-butenr on silica 
gd. 

Schneider and Smith (10) developed a 
method based on the theory proposed by 
Kubin (23, 24) and Kucera (25) for 
relating the moments of the eflluent con- 
centration wave from a bed of adsorbent 

,/636.5 ‘K 
I 

00 vat K n-EUTENE + 50 vol./. 1 INERT 

621.0-K 

1 605.5 * K 

100 200 300 400 500 600 660 

RECIPROCAL SPACE VELOCITY, P hr/g mO,c 

FE. 4. Conversion vs reciprod space velocit,y plots for the isomerizstioll of n-butene. 
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0 605.5 ‘K 
60 

P 621.0-K 

. 636.0 ‘K 

70 

0 
0 10 20 30 40 50 60 70 60 

r(EXPERIMENTAL1 X 105,~gmole/hr g-cot t 

D 

FIG. 5. Comparison of experiment,al rates with t,hose estimated from t,he proposed model. 

particles to the rate constants associated 
with the various steps in the overall 
adsorption process and used this method for 
determining the adsorption equilibrium 
constants, rate constants and intraparticle 
diffusivities for various hydrocarbons on 
silica gel. 

The theory proposed by Kubin [23, 24-J 
and Kucera (25) greatly contributed to the 
improvement of the theoretical treatment’ 
of gas-solid chromatography. Kubin (24) 
solved a set of differential equations which 
described the movement of an adsorbable 
substance in a chromatographic column 
and obtained explicit expressions for the 
moments of the chromatographic curves, 
c[z, 11. He described the pulse input by a 
square function (23, 24), 

c = co at 2 = 0 for 0 5 t < to*, 

c=o at 2 = 0 for t > &A, 
(5) 

where &,A is the injection time of the 
ndsorbate gas of concentration co. 

The nth absolute moment pL,’ of the 
function c[z, t] is defined as 

where 

I 

cc 

711 n = PC[Z, t]dt[n = 0, 1, 2, 3, . . .]. 
0 

(7) 

The first absolute moment pcL1’ characterizes 
the position of center of gravity of the 
chromatographic curve, which can be 
evaluated from the experimental chromato- 
graphic curves of the effluent from the 
column by using Eqs. (6) and (7). Data 
at different carrier gas velocities will give 
the moment as a function of velocity. 

Schneider and Smith (IO) correlated the 
first absolute moment with the bed length 
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of the solid pnrticlcs, interstitial carrier 
gas velocit,y, external porosity, internal void 
fraction, particle density, injection time of 
the adsorbable gas and the :tdsorpt,ion 
equilibrium constant by means of the 
following cquat,ions : 

PI’ = [I ” Cl + S,,] + [r,A/a], (S) 
l1 i 

where 

AU = cc1 - ~)b/~l[l + (/‘p,ll~)~Al* (9) 

In the present work, the method proposed 
1)~ Schneider and Smith (10) was followed 
to obtain the first absolute moment of the 
chromatographic peaks and hence the 
adsorption equilibrium constants. 

Experimental Methods 

Chromatogrnphic curves of isobut’cne 
and n-hutene on q-alumina [containing 3% 
wt F] at temperatures ranging from 574.5 
to G36.5”Ii for isohutcne and 559 to 590°K 
for n-tmtene and at atmospheric pressure 
were measured. Nitrogen was used as the 
carrier gas and the concentrations of 
isohutene and n-butcne were chosen after 
a study of the effect of their concentration 
on the first absolute moment at three 
different temperatures of study. The q- 
alumina particles used were of -40 to 
f60 B.S. mesh size CO.34 mm] and the 
interstitial velocity of carrier gas ranged 
from S t,o 35 cm/set. By a separate expcri- 
ment it was found that at the minimum 
velocit,y for each set of runs and at the 
concentration of isobutcne and n-butcne 
chosen for this study, the conversion of 
isobutene and n-butenc to each ot,her at all 
the temperatures was too small t,o measure 
even hy gas chromatography. 

Adsorbent 

The alumina used for t’his study was 
taken from the same hatch of catalyst used 
for the kinetic runs. Before each run, the 

TA13L15 2 

Adsorption CoeRicienk OII q-Alumina Cablyst from 
Kinetics and Chlc,m:rt,ographic RIeaswenlents 

‘r’lllp KS, (m3, g) Kvrs (mP/a) 

&, I’rolrl Fro~u Fro1n Fron1 
klnt*tic adsorption kinctir :lclsorptirln 

,,I,YLSUTP- studim n~wsurs- studks 

IntYlts lllerlts 

03li.5 1.30 1.64 =o 0 

(i21.0 ?A(i!l -1.30 =O 0 

003 .j ti.;X li.O.5 -0 0 
590.0 - 11.77 - 1.15 

37.4.3 - 24.90 - 1.43 

.5X).0 - - 1 .S.L 
_~.__ __--. 

adsorbent was conditioned in t#he apparatus 
for 15 hr at the highest temperature of 
study with a continuous flow of dry 
nitrogen. The physical properties of the 
alumina cat,alyst were, BET surface area, 
141 m’/g ; pore volume, 0.322 cn?,!g ; 
internal void fraction p = 0.453, particle 
density pP = 1.41 g ‘cm”. The average pore 
radius was 42 A. 

Gases 

The “ultrahigh pure” grade nitrogen 
was dried hy passing through a trap con- 
taining 5A molecular sieve and then passed 
through a tube containing copper hits 
heated to 300°C in order to remove trace 
amount of oxygen. n-Butenc [99.5% purity 
prepared by the catalytic dehydration of 
,n-hutnnol over basic alumina and isobutene 
prepared hy dehydration of tertiary butyl 
alcohol over cation exchange resin were 
dried before USC by passing through traps 
containing silica gel and fused calcium 
chloride. Mixtures of hydrocarbon and 
nit,rogen of known volumes mere obtained 
by adjusting the flow rat,es of the individual 
gases in capillary flow meters. 

Parameter [Adsorption Cotlstan,tJ Estimn- 
tion from Chromntoyrqhic Measurements 

The gas chromntographic unit used was 
a NCL designed one wit,h flame ionization 
detector. Instead of t,he inbuilt oven, 3. 
separate fluidized bed heating bath was 
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VOLX OF ISOBUTENE IN THE SAMPLE 

FIG. 6. Effect of isobut,ene concentration on the first, absolute moment. 

used in order to achieve gradientless 
conditions in the column containing the 
catalyst particles [which was essentially a 
U-tube connected to the top flange of the 
heating bath]. A 0.125 in. o.d. stainless 
steel capillary tubing was used for connect- 
ing the U-tube to the carrier gas inlet and 
to the flame ionization detector and thereby 
the dead volume in the system was made 
negligible. A six port sampling valve built 
in the chromatograph permitted injection 
of a square wave in concentration. The 
experimental assembly was similar to the 
one used for the kinetic study and shown 
in Fig. 1 except for the presence of the 
U-tube in the ffuidized bed heating bath 
in place of the integral reactor, and the 
stainless steel capillary tubing connecting 
the U-tube to the gas inlet and the flame 
ionization detector. 

A fixed quantity (0.5 ml in this case) of 
hydrocarbon-nitrogen mixture was injected 
into the U-tube through the gas sampling 
valve whenever the chromntogrnphic curves 
were to be measured. 

The U-tube (containing the catalyst 
particles) was made of stainless steel tubing 
of 0.25 in o.d. and 27.8 cm length. The 
external porosity (Y for the packing in the 
U-tube was found to be 0.38. 

It is known that in the case of nonlinear 
isotherms, the moments of the chromato- 
graphic curves will depend on the con- 
centration of the injected pulse. Hence, in 
order to be sure that the data collected in 
this work were pertaining to the linear 
region of the adsorption isotherm, a few 
injections of varying concentrations of 
isobutene were made at a fixed carrier 
gas velocity and at three temperatures of 
operation. The results are plotted in Fig. 6. 
It could be seen that up to a concentration 
of 40 ~01% of hydrocarbon in the sample 
there was no change in the first absolute 
moment. Hence, a concentration of 25 
~01% of hydrocarbon was chosen for all 
the runs to evaluate the first absolute 
moment of the chromatographic curves in 
this study. 
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Calculation oj First-Absolute Moment and 
Hence the Adsorption Epuibibriurrz Con- 
stants 

The first absolute moment of the chro- 
matographic curves were evaluated numcr- 
ically with the help of a IBM 1620 digital 
computer using Simpson’s rule. In place of 
concentration in Eq. (7), the deflection of 
the recorder connected wit#h the flame 
ionization detector at the column outlet 
was used. Eqs. (8) and (9) lead to 

calculated from Eq. (S) according to which 

[Pl’lincrt = 
[ 

1 + ‘-cyp Z/Ui, (1”) 
o! 1 

when 

KA = 0 :d toA = 0. 

It can he seen from Eq. (10) that, a plot of 

[API’ - (b&)1 

co - d/alp 
vs Z/Ui 

[API’ - (tOA/2)] P&A should yield a straight line passing through 

cc1 - 4IalP 
= - CdfJil, (10) th e origin. Such plots are shown in Fig. 7 

for moments of chromatographic curves 

where obtained at different temperatures for 
isobutene. The first absolute moments 

API’ = /JI’ - [pl’]incrt. (11) obtained for ,n-butene were found to he the 
same as for the inert gas [that is API’ = 0] 

As the flame ionization detector did not at the temperatures 6;05.5,621, and G3G.5”Ii 
respond to the inert gas, the first-absolute which indicated that the adsorption equilib- 
moments of the inert gas [pl’]irlcrt were lxium constants were zero. However, plots 

01 I I , I I I I I I I 
0.5 1.0 1.5 2.0 2-5 3.0 3.25 

'Ai 'ec , 
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of 
[AMI’ - (toa/~)l 
__-____ vs 

co - 4lalB 
X/l1 j 

as shown in Fig. S have heen drawn for 
n-hutene for three lower temperatures-at 
which the equilibrium constant showed 
finite positive values. 

1~ESULl’H ANI) I)ISCUSSION 

The adsorption cquililxium constants for 
isohutene obtained both from the proposed 
Hougen-Watson model and by moment 
analysis of the chromatographic curves 
are given in Table 2. 

One of the strong contending models, 

representing the desorption of isobutene as 
the controlling step was eliminated during 
the final selection of a suitable model as 

the adsorption equilibrium constJant, for 
n-hut’ene obtained using the abovo model 
was found to be not different, from zero at, 
all the temperatures studied. The aclsorp- 
tion equilibrium const,:mt values for 9k 
hutenc, obtained from the moment analysis 
of the chromatographic curves wcrc also 
found to he zero at the temperatures where 
a comparison between t,he two methods was 
attempted. This provides further evidence 
for rejecting this model in which the 
adsorption equilibrium constant for rl- 
hutene appears as a parameter. 

It may be that, with K,L~r = 0, one 
might also theoretically consider the simple 
power model which contains only the 
numerator term of Eel. (13). But, as 
already mentioned, this model was found 
unacceptable. 

It can bc seen from Table 2 that the 
values of K,l, and K,L,s obtained by the 
two different methods agree to within about 
127, [:Lver:qe]. Also an increase in t,he 

20 I I I I I I 

16- 

16 - 

6- 

=0 at higher trmpcrotures 

FIG. 8. Chromatography of n-but,ene on ~-alumina (dependence of the reduced 
moment on z/vi). 

first absolute 
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value of the adsorption equilibrium con- 
stant for isohutene with decreasing temper- 
ature is clearly discernible. These observa- 
tions suggest further support to the 
Hougen-Watson model proposed for the 
reaction n-butene f isobutene with q- 
alumina [containing 2 wt% F] as catalyst. 

The difference in the values of the 
adsorption equilibrium constant for iso- 
butene obtained by the two methods is 
about 1% at 605.5,“K, 14.3% at 6%l”K, 
and 20% at ci36.5”K. 

A Van’t Hoff plot based on the chromat- 
ographic values is shown in Fig. 9. It can 
be seen that the kinetic values also fall on 
the same line, except at the highest 
temperature where the values calculated 
by both the methods appear to be slightly 
lower. 

CONCLUSION8 

In this study the validity of &atistical 
methods of kinetic modeling has been 
examined by determining the parameter 

values independently from chromatographic 
studies under reaction conditions. A com- 
parison of the parameter values of the 
“best” kinetic model with the values 
obtained from adsorption studies reveals 
the following : 

1. The adsorption constants for iso- 
butenc determined by the two methods 
show agreement to within about lZOjO over 
t,he temperature range studied. 

2. The adsorption constants for n-butcne 
arc zero by both the methods in the 
temperature range 605.5 to 636.5”K, thus 
just’ifying the elimination of the class of 
models involving K,,lr in the kinet,ic 
analysis. 

3. The heat of adsorption for isobutene 
obtained from the plot of KC, [chroma- 
tography] vs l/T is 30.3 k&/g mole. The 
values obtained from kinetic data also lie 
on the same line. 

The observations suggest that a combinu- 
Con of kinetic and adsorption studies (the 
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latter at reaction conditions) using prac- 
tically the same experimental assembly 
(built around a gas chromatograph) can 
lead to the selection of an acceptable model. 
Further work is needed on other systems 
to confirm this conclusion, with the ultimate 
objective of establishing the validity of 
models obtained exclusively from kinetic 
modeling. 
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