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Several commercial aluminas, silica-aluminas and clays are characterized by calorimetric 
titration with n-butylamine and trichloroacetic acid. The heat of adsorption distributions ob- 
tained by titration are found to be sufficient measures of surface acidity and basicity in 
correlating catalyst activity towards alcohol dehydration. A correlation is obtained by 
dividing the distributions into groups of suitable acidic and basic site pairs, and assigning to 
each group a specific reaction rate by least-squares fitting with the observed rates of 
dehydration. The correlation describes well both olefin and ether formation and provides 
support for a reaction mechanism proposed in the literature. 

NOMENCLATURE 

Acidity in ith group defined in 
Table 5 
Basicity in ith group defined in 
Table 6 
Specific rate for ith group 
Rate of product formation, mol 
product/hr-g catalyst 
Experimentally observed rate of 
product formation 
Predicted rate of product forma- 
tion 
Rate of product formation forjth 
catalyst 
Effective site density in ith group 
for jth catalyst 
Amount of titer adsorbed, 
mmol/g catalyst 
Heat of adsorption, kcal/mol 
Selectivity defined in Table 2 
Experimentally observed selec- 
tivity 
Predicted selectivity 

’ Now with Chevron Research Co., Richmond, CA 
94802. 

2 To whom correspondence should be directed. 

INTRODUCTION 

Catalyst development and utilization 
requires information about the dependence 
of the catalyst activity and selectivity on 
the state of the catalyst as well as the mod- 
ification of the catalyst state due to pre- 
treatment and deactivation processes. 
Such an interrelation between pretreat- 
ment or deactivation, catalyst state, and 
reaction kinetics presupposes, above all, a 
suitable and reproducible method of cata- 
lyst characterization. Site density or sur- 
face area has served as one important 
parameter characterizing various catalysts 
but is clearly insufficient for catalysts pos- 
sessing sites of various strengths. A proper 
characterization includes specification of a 
strength parameter along with corre- 
sponding capacity parameter thus resulting 
in a site strength distribution, character- 
istic of the catalyst state. 

Acidic catalysts such as alumina, silica- 
alumina and zeolites display a particularly 
wide variation in site strength and have 
been studied by a number of different 
methods. A review of the methods for the 
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determination of the surface acidity dis- 
tribution has been given by Tanabe (I 6). 

Originally reported by Walling (19) and 
Benesi (3), a calorimetric titration of acidic 
catalysts with an n-butylamine solution 
using a variety of Hammett indicators has 
been extensively employed by many 
workers. Hirschler (8) improved upon 
these titrations by using HR indicators and 
showed that Hammett indicators fail to re- 
solve acidities of catalysts with different 
activities. Both these titrations character- 
ize the catalyst surface in terms of an acid- 
ity distribution divided into distinct groups 
of acidic strengths equivalent to the acidity 
constants of the various indicators em- 
ployed. The titer value within each group 
serves as a capacity parameter to repre- 
sent the site density possessing the corre- 
sponding group strength. 

Adsorption of a gaseous base such as 
ammonia followed by evacuation of the 
catalyst at various temperatures [Webb 
(20)] or a differential thermal analysis 
[Bremer and Steinberg (4)] has also been 
employed to characterize acidic catalysts. 
The evacuation temperature and the 
amount of base retention serve as the 
strength and capacity parameter, respec- 
tively. Amenomiya and Cvetanovic (I) 
have developed a temperature pro- 
grammed desorption technique to obtain 
site strength in terms of desorption tem- 
perature. Topchieva et al. (18) and Tanabe 
and Yamaguchi (I 5) developed calorimet- 
ric titrations to obtain the total acidity of 
various catalysts by measuring the heat of 
adsorption of a base. The heat of adsorp- 
tion and the titer values serve as the 
strength and capacity parameters, respec- 
tively. 

Although all these methods have been 
employed to characterize acidic catalysts, 
some of them show distinct limitations 
when used in certain specific cases. The 
thermal adsorption-desorption techniques 
are restricted to thermally stable gaseous 
bases and hence are useful in character- 

izing the catalysts possessing relatively 
weak sites only. Since the calorimetric ti- 
trations depend upon visual changes of 
indicator colors, they cannot be easily em- 
ployed in characterizing colored acidic ca- 
talysts. Moreover, the color changes for 
some of the Hammett indicators are not 
easily perceptible, thereby introducing un- 
certainty in results, Drushel and Sommers 
(6). 

In conjunction to their acidic sites, the 
catalysts under discussion possess basic 
sites [ Peri (I I)], which play an important 
role in certain reactions such as alcohol 
dehydration, Pines and Manassen (I-?), 
Bakshi and Gavalas (2). The character- 
ization of the basicity using calorimetric ti- 
trations has not been possible [Tanabe and 
Yamaguchi (IS)] due to unavailability of 
suitable indicators. Calorimetric titration 
on the other hand has been used success- 
fully for estimating the total number of 
basic sites of a silica-alumina catalyst, 
Tanabe (I 6). 

The most useful aspect of a catalyst 
characterization method is its ability to 
distinguish between catalysts of different 
activities and to correlate the activity with 
the capacity parameter of the catalyst. 
Development of such correlations have 
been extensively attempted for acidic cata- 
lysts using one of the methods described 
earlier. Pines and Haag (12) have inves- 
tigated the activity of aluminas in alcohol 
dehydration and hydrocarbon isomeriza- 
tion reactions and have related it to number 
and strength of acidic sites as determined 
by amine chemisorption and calorimetric 
indicators. Polymerization of olefins 
[Tarama et al. (I 7)], xylene isomerization 
and cracking of cumene [Covini et al. (S)] 
and catalytic cracking [Mone and Moscou 
(IO)] have all been investigated on silica- 
alumina and zeolites to show good correla- 
tion between the catalyst activity and the 
total acidity measured by amine titrations. 
Such correlations between catalyst activity 
and acidity have been reviewed by Tanabe 
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(16). Most of the correlations employ without further purification. Reagent grade 
either total acidity or acidity above certain benzene was dried by percolation over a 
indicator levels to represent the total molecular sieve bed before use. Anhy- 
number of active sites. The contribution of drous ammonia, supplied by Matheson 
the various sites is assumed to be the Gas Products, was used without further 
same, independent of site strength. purification. 

Since a nonuniform catalyst owes its 
activity to sites having distinctly different 
strengths, the contribution from various 
sites is not expected to be identical. 
Yoneda (22) has attempted to correlate 
activity of nonuniform catalysts for olefin 
oligomerization by employing amine titra- 
tions to characterize acidity distributions. 
Investigating a sufficient number of com- 
parable catalysts, he has obtained the rela- 
tive activity of sites having different acidic 
strength. It must be noted that most of the 
aforementioned correlations were devel- 
oped for single reactions and have not at- 
tempted to describe catalyst selectivity in 
the case of competitive reactions. 

2. Catalysts. Commercial catalysts used 
for this investigation are shown in Table 1. 
The pelleted catalysts were finely crushed 
and fractionated under dry nitrogen to pre- 
vent contamination. All catalyst samples 
were pretreated at 300°C under dry ni- 
trogen for 5 hr and stored under dry condi- 
tions before use. 

Two of the commercial catalysts, KSFO 
and AHC, were impregnated with MgO 
using aqueous solution of magnesium ace- 
tate followed by calcining at 500°C for 
4 hr. 

The present work is concerned with the 
characterization of acid-base catalysts in 
terms of their acidity and basicity distribu- 
tions and attempts to correlate their acid- 
base characteristics with their activity for 
the dehydration of methanol and ethanol. 
The dehydration of alcohols by alumina 
and silica-alumina has been studied exten- 
sively by Winfield (21), Pines and Man- 
assen (23) and Figueras et al. (7). The 
reactions have been shown to require basic 
as well as acidic sites (7), therefore the 
present work has emphasized the distribu- 
tion of both functions. Among various 
methods of catalyst characterization, cal- 
orimetric titration providing the heat of 
adsorption as a function of coverage has 
been found to be the most convenient as a 
measure of the acidity and basicity dis- 
tributions. Since the dehydration of eth- 
anol provides ethylene and ether, the 
correlation developed here includes the 
catalyst selectivity as well as its activity. 

3. Activity measurements. Evaluation of 
catalyst activity for alcohol dehydration 
was carried out in a differential mi- 
croreactor suspended in a well-mixed air 
bath. The reactor temperature was main- 
tained within -+0.2”C of the reported val- 
ues by a proportional temperature con- 
troller. Alcohol, fed by a multispeed 
infusion pump, was vaporized and mixed 

TABLE 1 
COMERCIAL CATALYSTS FOR 

ALCOHOL DEHYDRATION 

Catalyst 
code Supplier 

Chemical 
composition 

EXPERIMENTAL METHODS 

1. Reagents. Reagent grade methanol, 
ethanol and n-butylamine were used 

KSF 

KSFO 

F49 

AHC 

ALC 

T-126 

Fl 

Chemetron Corn. Acid treated 
montmorillonite 
clay 

Chemetron Corp. Acid treated 
montmorillonite 
clay 

Filtrol Corp. 74% SiO, 
17.5% A&O, 
4.5% MgO 

American Cyanamid 75% SiO, 
co. 25% Al,O, 

American Cyanamid 87% SiO, 
co. 13% Al,O, 

Chemetron Corp. Activated 
y-alumina 

Aluminum Co. of y-Alumina 
America 
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with dry nitrogen to attain the desired feed 
concentration. The reaction products were 
analyzed by a flame ionization detector 
after separation on a 10% Carbowax 20 m 
column. The details of the experimental 
setup are described elsewhere (2). 

4. Ammonia u&sorption capacity. Ther- 
mogravimetric analysis was employed to 
quantitatively obtain the ammonia adsorp- 
tion capacity of various catalysts. A 950 
DuPont TGA system was used to deter- 
mine the decrease in weight of a catalyst 
sample upon thermal desorption at various 
temperatures. The TGA assembly was 
flushed at room temperature with flowing 
helium for 2 hr and about 40-50 mg of 
powdered catalyst sample were placed in 
the sample pan of the TGA. The catalyst 
sample was heated to 500°C under flowing 
dry helium, was maintained at that temper- 
ature for 1 hr, and was subsequently 
cooled to room temperature under dry he- 
lium. The sample was then saturated with 
ammonia by passing anhydrous ammonia 
for 2 hr until no further increase in weight 
could be recorded. After discontinuing the 
ammonia flow, the TGA chamber was 
flushed with helium and the temperature of 
the sample was raised and maintained at 
150°C under dry helium until no further 
weight decrease due to ammonia desorp- 
tion could be detected. This procedure was 
repeated at 50°C temperature increments 
up to 500°C and the sample weight was 
continuously recorded. This procedure en- 
abled an estimation of the ammonia ad- 
sorption capacity of various catalysts at 
different temperatures. 

5. Rate recovery experiments. The par- 
tial recovery of activity attendant upon 
thermal desorption of a weak poison such 
as ammonia was used as another charac- 
terization of various catalysts. The catalyst 
sample was pretreated to 5OO”C, as in- 
dicated earlier, and was subsequently 
cooled to 100°C. Ammonia diluted with 
dry nitrogen was passed over the catalyst 
for 4 hr to completely saturate the sample 
at that temperature. The flow of ammonia 

was then discontinued and the catalyst was 
heated to a higher temperature under dry 
nitrogen flow. The thermal desorption was 
carried out for 2 hr after which the activity 
of the catalyst for alcohol dehydration 
reaction was measured in the flow mi- 
croreactor. This procedure was repeated at 
different desorption temperatures for all 
catalysts. 

6. Calorimetric titrations. In principle, 
calorimetric titrations involve measure- 
ments of heat of adsorption of a liquid 
reactant as a function of the amount ad- 
sorbed. In the present study the calorimet- 
ric assembly consisted of a Dewar flask 
equipped with a Beckmann thermometer, a 
magnetic stirrer and a microburette, and 
was insulated with a thick cork. About 3-5 
g of powdered, pretreated catalyst were 
placed in 100 ml dry benzene in the Dewar 
flask and stirred. The contents of the calo- 
rimeter were allowed to equilibrate with 
the surroundings for about 1 hr before the 
titrations. The temperature rise due to stir- 
ring was read at definite time intervals. 
The titrations were carried out by stepwise 
addition of aliquots (0.3-0.5 ml) of a stan- 
dardized reactant from a microburette. 
The bath temperature was read every 30 s 
for about lo- 15 min after each addition. 
The total rise in temperature was cor- 
rected for the slight contribution from stir- 
ring to give the rise due to the heat of ad- 
sorption. The latter temperature rise was 
observed to level off after about 2-3 min 
after each addition. 

The above procedure was repeated with 
subsequent increments of reactant addi- 
tions until no temperature rise due to heat 
of adsorption could be observed. The stan- 
dardized reactant solutions were 0.909 M 
n-butylamine in dry benzene for acidity 
measurements and 0.44 M trichloroacetic 
acid in dry benzene for basicity measure- 
ments. The heat capacity of the calorime- 
ter and its contents was evaluated by mea- 
suring the temperature rise in 10 min due 
to passage of a dc electric current through 
a Nichrome wire heater immersed in the 
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calorimeter. The energy input in this time TABLE 2 

interval was estimated from voltage drop DEHYDRATION ACTIVITY OF VARIOUS CATALYSTS 

measurements across the Nichrome heater 
and a 1.69 ohm standard resistor in series 

Rate of product formation” 

with the heater. Dimethyl Diethyl Percentage 

A theoretical estimation of the time 
required for liquid phase diffusion in 

Catalyst 
ether Ethylene ether xlectivity” 

(r x IO”) (r x 10’) (I x 103) LT 

porous catalysts was carried out by a pro- KSFO 30.98 105.3 29.9 14.97 

cedure described in Ref. (24) using an ef- KSFO + M’ 2s. I 62.4 24.0 11.50 
KSF 3.05 33.8 2.98 36.20 

fective tortusoity factor of 6 and porosity ~9 12.47 26.9 14.20 8.65 

of 0.4 for the powdered catalysts. The es- LAC 3.25 5.66 2.39 10.60 
AHC 2.00 1.10 1.30 4.06 

timated value of the diffusion coefficient AHC + M’ 2.69 I .oo 1.54 3.15 

was 2 x lo-” cm’/s with a corresponding T126 4.58 0.105 2.27 0.23 
F, 0.197 0.027 0.129 I .04 

characteristic diffusion time of l-2 min for 
100 pm particles. It follows that the obser- ‘I Experimental conditions: reaction temp. ZOO’C; feed methanol concn, 

vation time of 1 O-l 5 min for each incre- 
6.71 x IO-3 mollliter; feed ethanol concn, 6.64 x 10e9 moliliter. 

0 Selectivity v is defined by 

mental titer addition is sufficient for com- 
pletion of chemisorption provided the u= 

amount of ethanol converted to ethylene x loo 
total ethanol conversion 

kinetics of chemisorption is not rate lim- e Catalysts + M denote impregnated catalysts. 

iting. 

RESULTS 

1, Activity measurements. The activity 
of various commercial catalysts for dehy- 
dration of methanol and ethanol was mea- 
sured under identical conditions of feed 
concentration and temperature. The only 
products observed were dimethyl ether 
during methanol dehydration and diethyl 
ether and ethylene during ethanol dehydra- 
tion. The rates of formation of various 
products listed in Table 2 show wide varia- 
tions of activity and selectivity among the 
nine catalysts tested. 

2. Ammonia adsorption capacity. Since 
the dehydration activity of the catalysts 
tested is known to be impaired by chemi- 
sorption of ammonia and organic bases, a 
correlation was attempted between the 
ammonia adsorption capacity and the 
activity of the catalysts. The results of the 
thermogravimetric analysis of F49, AHC 
and Fl catalysts are shown in Table 3 in 
terms of ammonia retained at various tem- 
peratures. The adsorption capacity of a 
catalyst sample at a given desorption tem- 
perature is evaluated from the difference in 
weight of the sample at that temperature 

and the weight of the dry catalyst at 
500°C. The results in Table 3 indicate that 
ammonia adsorption capacity at tempera- 
tures above 250°C is in the order 
F49 > AHC > Fl. As shown in Table 2, 
the activity for both ether and olefin for- 
mation follows the same order. The result 
is not surprising since the ammonia re- 
tained at higher desorption temperatures is 
attached to the stronger sites which are ex- 
pected to make the major contribution to 
the dehydration reactions. Although reac- 
tivity and ammonia adsorption capacity 
maintain the same order among the cata- 
lysts, a quantitative correlation between 

TABLE 3 
AMMONIA ADSORFTION CAPACITY OF 

VARIOUS CATALYSTS 

Desorption 
temp (“C) 

Ammonia retained 
(mmol/g catalyst) 

F49 AHC FI 

400 0.2522 0.1582 0.1188 
350 0.5156 0.3640 0.1422 
300 0.7408 0.5974 0.2633 
250 0.9343 0.8655 0.4197 
200 1.1471 1.1742 0.6102 
150 1.4700 1 S452 0.8572 
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the two properties does not appear feasible 
in view of the fact that reactivity varies 
much more rapidly than ammonia adsorp- 
tion capacity. For example, F49 shows a 
!OOO-fold activity for olefin formation as 
compared to FI, while the corresponding 
ammonia adsorption capacity ratio is only 
two even for the strongest sites measured 
at 450°C. A further desorption at tempera- 
tures above 500°C may perhaps be 
required to provide a significant distinction 
between the two catalysts. Furthermore, 
although the catalytic activities for both 
ether and olefin formation follow the same 
qualitative order as that of acidity eval- 
uated in terms of ammonia adsorption 
capacity, the relative variations in the se- 
lectivity shown in Table 2 indicate that the 
catalyst characterization follows different 
correlative patterns for the two dehydra- 
tion reactions. 

3. Rate recovery experiments. The rela- 
tive recovery of catalyst activity attendant 
upon desorption of ammonia at various 
desorption temperatures is reported in 
Table 4 for F49, AHC and FI catalysts. 
The activity recovery at all desorption 
temperatures follows the order 
Fl > AHC > F49 for both ether and 
olefin formation, thus indicating that 
weaker sites are responsible for the activ- 
ity of F1 whereas much stronger sites are 
responsible for the activity of F49. These 

TABLE 4 
ACTIVITY RECOVERY FOR VARIOUS CATALYSTS 

Percentage activity recovery” 

F4Y AHC bi 
DerorptKln 

temp (‘C) Ethylrne Ethw Ethylenr Ether Ethylene Ether 

200 2.08 4.35 2x 97 49.00 7 I.30 x9.92 
250 2.64 4.50 32.35 66.S7 -II -1, 
300 5.62 II.60 40.00 74.79 87.04 97.67 
350 14.50 23.40 46.20 77.38 97.80 99.00 
400 26.X0 33.80 59.70 87.25 - _ 
46s 47.'0 70 00 97.80 9X.87 - - 

' Experimrntal conditian~: alcohol feed concentr;ltlOn. 6.64 x IO-', 
mollhtrr: reaction temp. xwc. 

" Data not avsilahlr 

results show the same trend with the rela- 
tive activities of these catalysts as shown 
in Table 2 as well as with the ammonia ad- 
sorption capacity as shown in Table 3. The 
relative recovery pattern for olefin forma- 
tion in comparison with ether formation 
for all catalysts tested indicate that the ef- 
fect of ammonia adsorption is larger on 
ethylene than on ether formation at all 
desorption temperatures. From the dif- 
ference in relative recovery rates between 
two successive desorption temperatures, it 
is apparent that the stronger acidic sites 
contribute more to the activity than the 
weaker sites. Any attempt at a character- 
ization of these catalysts would thus in- 
volve the intrinsic heterogeneity of the 
catalyst surface in terms of its acidity 
distribution. 

4. Calorimetric titrations. Calorimetric 
titration of solid catalysts against standard 
reagents involves evaluation of heat of ad- 
sorption from a knowledge of heat capac- 
ity of the calorimetric system and the tem- 
perature rise upon addition of a differential 
amount of the reagent to the calorimeter. 
The heat release thus calculated represents 
an average heat of chemisorption for the 
amount of reagent added. The titration re- 
sults are thus obtained as average differen- 
tial heats of chemisorption for successive 
equal additions of the reagent. The results 
for various catalysts titrated are as 
follows: 

a. ACIDITY DISTRIBUTION. The calori- 
metric titrations for acidity measurements 
are reported in terms of heat of adsorption 
of n-butylamine solution at room tempera- 
ture. A representative set of differential 
heat of adsorption curves is shown in Fig. 
1 for some of the catalysts. Invoking an 
assumption that chemisorption of n- 
butylamine on a stronger acidic site results 
in a higher heat of adsorption, the acidic 
strength of these catalysts can be arranged 
in the order KSFO > F49 > AHC > Fl. 
Since the same order is exhibited in their 
relative activities (Table 2), the acidity 
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w 
FIG. 1. Heat of adsorption versus n-butylamine 

coverage. 

measurements obtained through calorimet- 
ric titrations appear to provide a good 
method for catalyst characterization. 

In order to obtain a quantitative correla- 
tion between the acidity distribution and 
the relative activities of the various cata- 
lysts, the differential heat curves are di- 
vided into groups each of which spans a 
range of heats of adsorption as indicated in 
Fig. 1. The limits of each group are se- 
lected by an inspection of the relative 
activities of various catalysts. Table 5 
shows the acidity distributions in terms of 
groups AI-A5 of Fig. 1. Assuming that all 
acidic sites contribute to the catalytic 
activity and that the relative contributions 
depend upon the strength of the acidic 
sites, there appears to be a general qualita- 
tive agreement between the relative activi- 
ties (Table 2) and the acidity distributions 
shown in Table 5. 

The acidity distributions follow the same 
order as the ammonia adsorption capacity 
of F49, AHC and FI catalysts. The re- 
sults obtained in the rate recovery experi- 

TABLE 5 
ACIDITY DISTRIBUTIONS OF VARIOUS CATALYSTS 

Acidiw (mmolig catalyst) 

Catalyst A, A* A, A4 A, 

KSFO 0.0 0.24 0.05 0.04 0.06 
KSFO + M 0.0 0.21 0.06 0.05 0.11 
KSF 0.033 0.037 0.015 0.012 0.015 
F49 0.0 0.136 0.104 0.06 0.09 
ALC 0.0 0.02 0.22 0.08 0.13 
AHC 0.0 0.0 0.24 0.08 0.15 
AHC + M 0.0 0.0 0.22 0.05 0.07 
T126 0.0 0.0 0.0 0.168 0.184 
FI 0.0 0.0 0.0 0.0 0.20 
KSFO + 0.12 KOH” 0.0 0.115 0.055 0.05 0.08 

n Acidity groups are defined by heat of adsorption included between 

limitsasfollows:A,: 26 < -m;A,: 19 < -AH C 26:A,: I6 < -AH < 
19; A,: 14 < -AH < 16: A,: 11 < -AH < 14. 

b KSFO titrated with 0.12 mmollg catalyst KOH in aqueous S&tion 

before pretreatment. 

ments are also in good qualitative agree- 
ment with the acidity distributions of 
Table 5 in that the weaker sites of Fl 
show higher rate recovery upon thermal 
desorption of ammonia as compared to the 
AHC and F49 catalysts. 

Before proceeding further we may note 
certain properties of the acidity distribu- 
tions that are important in the group analy- 
sis given below. For all the catalysts ti- 
trated, the differential heat curves are 
concave in nature, indicating a decrease in 
differential heat of adsorption upon sub- 
sequent additions of n-butylamine. This ef- 
fect may result from either inherent heter- 
ogeneity of the catalyst surface or from the 
effect of previously adsorbed n-butylamine 
which may render the neighboring acidic 
sites weaker by induction. Since the sur- 
face induction effect would be expected to 
be different for other bases, a partial titra- 
tion of the catalyst to a known extent by a 
stronger base such as KOH, followed by 
calorimetric titration with n-butylamine, is 
generally expected to result in a comple- 
mentary acidity distribution only if the in- 
ductive effect is insignificant during these 
titrations. The results in Table 5 indicate 
that upon partial titration of KSFO with 
0.12 mmol/g of KOH, an equivalent 
number of strong acidic sites of A2 are 
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w 
FIG. 2. Heat of adsorption versus trichloroacetic 

acid coverage. 

destroyed as measured by n-butylamine ti- 
trations. The complementary nature of 
these titrations suggest that the variations 
in differential heat curve with coverage 
results from the inherent surface heteroge- 
neity and not from the surface induction 
effect of previously absorbed n-butyl- 
amine. This important issue certainly re- 
quires further investigation. 

b. BASICITY DISTRIBUTIONS. The basi- 
city measurements of various catalysts 
obtained by calorimetric titrations are re- 
ported in terms of differential heats of ad- 
sorption of trichloroacetic acid. A repre- 
sentative set of differential heat curves is 
shown in Fig. 2 for some of the catalysts. 
The variation in the differential heat of ad- 
sorption with successive additions of the 
reactant indicates the heterogeneity of the 
catalyst surface. As in the case of the acid- 
ity distributions, the differential heat 
curves for basicity have been divided into 
groups of basicities as indicated in Fig. 2, 
and the basicity distributions thus obtained 
are shown in Table 6. The presence of 
MgO in impregnated catalysts and in F49 
is evidently related to the strong basicities 
of these catalysts. In agreement with ob- 
servations reported recently by Figueras et 
al. (7), the y-alumina T126 and Fl possess 
stronger basicity than silica-alumina. 

TABLE 6 
BASICITY DISTRIBUTION OF VARIOUS CATALYSTS 

Bacicity” (mmolig catalyst) 

KSFO 0.0 0.22 0.15 0.13 0.045 

KSFO + M 0.12 0.03 0.05 0.09 0.035 

KSF 00 0.05 0.03 0.02 0.050 

F49 0.11 0.09 0.09 0.06 0.025 

ALC 0.0 0.06 0.21 0.06 0.03 

AHC 0.0 0.044 0.014 0.041 0.03 

AHC + M 0.035 0.08 0.014 0.03 0.04 

Tl26 0.066 0.064 0.06 0.06 0.04 

FI 0.04 I).045 0.144 0. I9 0.03 

II Basicity groups are defined by heat of adsorption Included between 

limits as follows: B,: II < -AH < 13; B,: 9 < -AH < II: B,: 7 C 
-AH < 9; B,: 5 4 -AH < 7; B,: 4 < -AH c 5. 

tions on AHC using different amounts of 
stepwise additions are shown in Fig. 3. 
The differential heat curves for acidity and 
basicity depicted in Fig. 3 indicate the re- 
producibility of the titrations. 

5. Catalyst characterization and group 
analysis. The qualitative agreement among 
the results obtained in ammonia adsorption 
experiments, rate recovery experiments, 
relative activities for dehydration reactions 
and the acid-base distributions obtained 
by calorimetry suggest that these charac- 
teristics could be utilized to develop a 
quantitative correlation for the activities 

3 

FIG. 3. Effect of titer increment on the heat of ad- 
sorption curves of AHC. Titer increment (mmol/g cat- 
alyst): (0) 0.120; (+) 0.0705; (A) 0.0458; (0) 

The results of acidity and basicity titra- 0.0358. 
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and selectivities of the catalysts tested. 
The surface heterogeneity suggests that 
the acid-base sites of each catalyst may 
be subdivided into groups of different 
strengths so that the catalytic activity ob- 
served for a given chemical reaction is a 
sum of contributions from all such active 
groups. 

All the active sites within a group are as- 
sumed to contribute equally to the overall 
catalyst activity independently of the cata- 
lyst considered. Thus the contribution by a 
group i to the activity of the jth catalyst is 
given by (fisij) where fi, the specific rate, 
depends on the strength of the group i, 
reactant concentration and temperature 
but not on the catalyst state. Under these 
assumptions, the overall reaction rate rj on 
jth catalyst of unit weight can be expressed 
as: 

N 

rj = C fibfj, 

i=l 
(1) 

where N is the number of effective groups. 
The site density sii for each catalyst can be 
estimated from the strength distribution 
obtained by experimental methods such as 
calorimetric titrations. The reaction rate 
data for M different catalysts under iden- 
tical concentration and temperature condi- 
tions, along with a detailed knowledge of 
their strength distributions, enable an es- 
timate of the specific rates& by the method 
of least squares provided M, the number of 
catalysts tested, is larger than N, the 
number of groups used to correlate the 
catalytic activities. 

the effective site density sij to be used for 
group analysis thus requires consideration 
of acid-base pairs of varying acidic and 
basic strengths. The acidity and basicity 
groups used for this investigation are 
shown in Tables 5 and 6 for various cata- 
lysts. Different models involving associa- 
tion of an acidic site with various basic 
groups alone or in combination are at- 
tempted to determine the effective sij. A 
set of specific rates fi is determined by a 
least-square fit for each model and the fit 
for different models are compared in terms 
of their residuals as shown in Table 7. The 
results in Table 7 imply that a model 
requiring an interaction between an acidic 
site with weak basic sites in the groups 
(II4 + B5) gives the best least square fit. 
Table 8 presents the specific rates and the 
comparison between observed rates and 
rates predicted by the group analysis. The 
agreement between predicted and ob- 
served rates is also shown in Fig. 4. The 
significant variation in the specific rates 
substantiates the assumption that the con- 
tribution to the total activity by acidic sites 
weaker than the A5 group is negligible and 
hence these sites need not be considered in 
the group analysis. The necessity of a 
weak basic site for dissociative chemisorp- 
tion of alcohol and subsequent reaction 
reported earlier [Figueras et al. (7)] is 

TABLE 7 
DETERMINATION OF BEST MODEL FIT FOR 

ETHYLENE FORMATION 

6. Group analysis for ethylene forma- 
tion. The reaction mechanism discussed 
earlier [Figueras et al. (7)] for ethylene 
formation requires a dissociative chemi- 
sorption of alcohol on an acid-base site 
pair, where strong acidity is more effec- 
tive. Since the presence of a basic site is 
necessary for adsorption and subsequent 
reaction, only those acidic sites which 
have adequate basicity in their neigh- 
borhood are effective. A determination of 

Sum of weighted 
.sij residual x2” 

Ai 0.444 
Ai x @d 0.0618 
At x (Ed + BJ 0.0045 
Al x (B3 +B, +BJ 0.630 
A< x (B,+E,+B, xBd 0.395 
Ai x Btotai 0.292 

a Sum of weighted x2 is evaluated by: 

ye = y p0b.j - rpr.j\z I. 
7 \ roh,J / 
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TABLE 8 
GROUP ANALYSIS FIT FOR ETHYLENE FORMATION 

Predicted rate by Observed 
group analysis” rate 

Catalyst r x 104 r x 104 

KSF 33.8 33.8 
KSFO 100.5 105.3 
KSFO + M 62.96 62.40 
F49 28.1 26.9 
AHC 1.11 1.10 
AHC + M 0.993 1.00 
Tl26 0.105 0.105 
F1 0.027 0.027 
ALC 5.576 5.66 

a Specific rates for best model fit are:fl = 11933.7; 
f, = 2379; f, = 63.Ol;f, = 5.608;f, = 0.614. 

reflected through a better correlative fit of 
the model using the basicity (B, + B,). 
Table 9 shows the actual contributions by 
each group towards ethylene formation. 
Comparing the relative contribution of the 
group with the highest acidic strength for a 
given catalyst to the total observed rate on 
that catalyst, it is apparent that almost all 
catalysts tested owe above 90% of their 
olefin formation activity to their strongest 
acidic group, with the exception of KSF 
and ALC catalysts. Even in these two cat- 
alysts, the contribution by their strongest 

l KSFO 

/ 
KSFO+M 

oo/$( ;. ooq ) 
75 100 125 

rob 
FIG. 4. Group analysis fit for rates of ethylene for- 

mation. Experimental conditions: alcohol cencn, 
6.64 X IO-’ mol/liter; reaction temp, 200°C. 

TABLE 9 
DETAILS OF GROUP ANALYSIS FOR 

ETHYLENE FORMATION 

Group contributions (rij x IO*) 

Catalyst j f‘a 1, f$-Fpj f$Lij fGU .f’G Sj 

KSF 27.44 6.37 0.07 0.008 0.0008 
KSFO - 99.92 0.56 0.04 0.006 
KSFO + M - 62.45 0.48 0.036 0.007 
F49 - 27.50 0.57 0.03 0.005 
AHC - - 1.073 0.033 0.006 
AHC+M - - 0.975 0.02 0.003 
T126 - - - 0.094 0.011 
Fl - - 0.027 
ALC - 4.282 1.25 0.042 0.006 

acidic group is above 75% of the total 
activity for olefin formation. 

7. Group analysis for ether formation. 
In contrast to the mechanism for olefin for- 
mation, the formation of ether has been 
suggested to involve the interaction 
between a dissociatively adsorbed alcohol 
intermediate with a surface alkoxide and 
involves two acid-base site pairs with 
strong basicity required for alkoxide for- 
mation (7). An attempt at applying group 
analysis to ether formation would thus 
require a careful consideration of the acid- 
base distributions while evaluating sij. 

Denoting by X and Y the active sites in- 
volved in the dissociative adsorption of 
alcohol to a carbonium ion and an alk- 
oxide, respectively, we must investigate 
the acidity and basicity required in each of 
the two types of sites. The simplification is 
made that the sites X must be separated to 
groups Xi due to their wide variation of 
activities while the Y sites may be consid- 
ered in a single group. Various models and 
their fit with the data are listed in Table 
10. The models of set A assume that Xi 
requires acidity alone while Y requires ba- 
sicity alone, in some optimal range. A 
comparison of the models in set A shows 
that Y = B, + BZ gives the minimum resid- 
ual error, thus establishing an optimal span 
of basicity for alkoxide formation and sub- 
sequent reaction to ether. 
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TABLE 10 
BEST MODEL FIT FOR DIETHYL 

ETHER FORMATIONS 

X, Y 

Sum of 
weighted 
residual 

x2 

Set A 

‘4% 1.0 0.349 

Al (B,) 4.008 

A, (B, + BJ 0.287 

A, (B, + B, + B,) 1.209 

A, (B, + Bz + B, + B,) 0.903 

Al B WA 0.742 

Set B 

(A,) x (B, + B,) VI) 4.02 

(4) x (B, + B,) (B, + B,) 0.409 

(Ai) x (8, + BJ (B, + B, + BJ 1.371 

Set c 

fAJ x (B, + 85, (B, + B,) x (A,) 0.0256 

(A,) x (B, + 85, CB, + B,) x (As + A,) 0.0215 

64,) x (B, + B,) (B, + BP) X (A, + A, + Aa) 0.0749 

n Sum of weighted residual is evaluated by: 

so is calculated from (X,, PI for jth catalyst 

Since association of strong acidic sites 
with weak basic sites yields better correla- 
tion for ethylene formation which also 
requires a dissociative adsorption of al- 
cohol, the models in set B of Table 10 
explore the effectiveness of the same type 
of pairs in evaluating Xi. The definition of 
Y is again based on similar interpretation 
as for the models of set A. Comparison of 
the residuals in this set suggests that the 
best-fit model is the one involving alcohol 
adsorption on acidic sites associated with 
weak basic sites in groups (B, + B5), i.e., 
Xi = (Ai, B, + B,), with another alcohol 
absorbed as an alkoxide on basic groups 
Y = (B, + B,). 

Alkoxide formation has been suggested 
to involve strong basic sites associated 
with acidic sites of suitable strength (7). 
The models in set C hence define Y as 
only those (B, + BJ sites which are as- 
sociated with an optimal acidity. The defi- 
nition of Xi is that of set B. Comparison of 
the residuals indicates that the optimal 
acidity required for alkoxide formation 

TABLE 11 
GROUP ANALYSIS FIT FOR DIETHYL 

ETHER FORMATION 

Rate” (r x 103) 

Catalyst Predicted Observed 

KSF 2.98 2.98 
KSFO 32.04 29.9 
KSFO + M 22.30 24.0 
F49 13.53 14.20 
AHC 1.267 1.20 
AHC + M 1.493 1.54 
T126 2.267 2.27 
Fl 0.129 0.129 
ALC 2.59 2.39 

n Specific rates for best model fit are: fi = 914797; 
f, = 32852.1; f3 = 6322.86; f4 = 2778.07; f, = 172.44. 

comes from (A4 +A,). It is thus suggested 
that ether formation requires interaction 
between two types of adsorbed alcohol 
molecules. One type of alcohol adsorption 
requires acidic sites associated with weak 
basic sites i.e., Xi = (Ai, B, + B5) and the 
other chemisorbed alcohol molecules re- 
quires an optimal basicity associated with 
weak acidity i.e., Y = (B, + BP, A4 + A5). 
The residual for this model is the least 
among all models in sets A, B or C. 

A comparison of the observed rates with 
the rates predicted by the group analysis 
using the best-fit model is shown in Table 
11 for diethyl ether and Table 12 for di- 

TABLE 12 
GROUP ANALYSIS FOR METHANOL DEHYDRATION 

Rate” (r x 103) 

Catalyst Predicted Observed 

KSF 3.05 3.05 
KSFO 30.53 30.98 
KSFO -t M 21.6 25.1 
F49 13.88 12.47 
AHC 2.01 2.00 
AHC + M 2.34 2.69 
T126 4.54 4.58 
Fl 0.197 0.197 
ALC 3.620 3.25 

Q Specific rates for best model fit are: fl = 937827; 
f, = 30046.5; f, = 9586.5; f, = 5613.8; f, = 263.32. 
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‘-1 A 
KSF 

30- 

b” zo- 

/ l KSFO 

l;gFo+M, , 1 
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mob 

FIG. 5. Group analysis fit for selectivity. Experi- 
mental conditions: alcohol concn, 6.64 x IO-:’ 
molkter; reaction temp, 200°C. 

methyl ether formation. The specific rates 
reported in Tables I1 and 12 show the ef- 
fect of acidic strength on 5. The agreement 
between the predicted selectivity and the 
experimentally measured selectivity in eth- 
anol dehydration is shown in Fig. 5. 

The details of group analysis showing 
the actual contributions by each group to- 
wards diethyl ether formation are given in 
Table 13. Comparing the relative contribu- 
tion of the group with the highest acidic 
strength in each catalyst, it is apparent 
with the exception of ALC, all catalysts 
tested owe above 85% of their ether for- 

TABLE 13 
DETAILS OF GROUP ANALYSIS FOR ETHYL 

ETHER FORMATION 

Group contribution (rij X 103) 

KSF 2.853 
KSFO 
KSFO + M - 
F49 
AHC 
AHC+M - 
T126 - 

Fl - 

ALC - 

0.1 I5 0.009 0.002 
30.355 1.217 0.443 
20.70 1.138 0.431 
11.393 1.677 0.440 

- 1.092 0.166 
1.349 0.139 

- - 2.123 
- - 

0.745 1.577 0.261 

0.002 
0.04 
0.055 
0.040 
0.020 
0.013 
0.144 
0.129 
0.024 

mation activity to their strongest acidic 
group. ALC owes its different behavior to 
a higher number of acidic sites in the A:, 
group as compared to the A, group as 
shown in Table 5. 

DISCUSSION 

Successful application of group analysis 
in predicting activity and selectivity of 
various acid-base catalysts indicates that 
the relative contributions from various ac- 
tive groups on a catalyst depend exclu- 
sively on the number density of sites within 
each group. The composition or pretreat- 
ment history of the catalyst is manifested 
only through their effect on the site den- 
sities in each group. The quantitative cor- 
relation of catalyst activities requires a re- 
producible method of determination of 
densities and strengths in each effective 
group of sites. 

Although ammonia adsorption capacity 
and rate recovery experiments exhibit the 
correct trend of catalytic activities, a quan- 
titative correlation fails partially due to the 
weaker basicity of ammonia giving the 
improper resolution but more so because 
the basicity distributions required for the 
dehydration activity are not determined by 
these methods. Calorimetric titrations pro- 
vide a better method of catalyst character- 
ization yielding both acidity and basicity 
distributions which can be used for quanti- 
tative correlation of relative catalytic 
activities as indicated by group analysis. 

Although the acid-base distributions of 
various catalysts are characteristics of the 
surface, they are dependent upon the 
experimental method (such as calorimetric 
titrations) employed in their evaluation and 
they can be used as a unique set of catalyst 
characteristics only when a standard 
experimental procedure is adopted. The 
division of these distributions into groups 
of different strengths is obviously not 
unique but is nevertheless suggested by a 
qualitative agreement with the relative 
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activities of various catalysts. The value of 
this division is exhibited in the successful 
prediction of the rates of both ethylene and 
ether formation using the same groups for 
all catalysts. The same groups with similar 
specific rates yield good predictions of cat- 
alytic activities for methanol dehydration. 

The models employed to determine sij in 
group analysis appear to be in qualitative 
agreement with the reaction mechanism 
proposed for the two dehydration reac- 
tions, Figueras et al (7). Ethylene forma- 
tion requires a dissociative adsorption of 
ethanol on a strong acidic site associated 
with a weaker basic site. The strong de- 
pendence of the group activity constants 
on acidity indicate that indeed stronger 
acidic sites contribute to olefin formation 
much more effectively than weaker sites. 
A model based on acidity distribution as- 
sociated with weak basic sites in the group 
(B, + B5) results in a better correlative fit 
than a model based on acidity distribution 
alone, thus indicating the necessity of 
weak basic sites for the dissociative chemi- 
sorption and subsequent dehydration. 

The estimation of the effective site den- 
sity sti from the product of site densities in 
Ai and (B4 + B5) inherently assumes a 
random distribution of acidic and basic 
sites on the catalyst surface independent of 
the catalyst composition. Imposition of 
any particular preference in their relative 
geometric distributions on the catalyst sur- 
face (such as weak acidic sites neighbored 
by strong basic sites) would lead to dif- 
ferent effective site densities sij. The 
assumption of randomicity of site distribu- 
tions leads to successful modeling of cata- 
lytic activities, etc., but is by no means 
proven by such results. 

The reaction mechanism for bimolecular 
dehydration of alcohols leading to ether 
formation requires an interaction between 
a dissociatively absorbed alcohol molecule 
with a surface alkoxide obtained from 
chemisorption of another alcohol molecule 
on an acid-base site pair. Earlier mechanis- 

tic evidence (7) indicates that a strong basic 
site is effective in alkoxide formation, 
whereas a strong acidic site is effective in 
the dissociative adsorption of alcohol and 
further dehydration. The results of the 
group analysis using various models to 
evaluate the effective site density sij in- 
dicate that the best correlative fit is ob- 
tained when sii is evaluated by the product 
of two separate combinations of acid-base 
pairs. As in ethylene formation, acidic 
sites Ai associated with weak basic sites 
(B, + B5) form one combination, while the 
other is formed by strong basic sites in the 
group (II, + B,) associated with weaker 
acidic sites in the group (A4 + AS). The 
latter combination may be interpreted to 
represent surface alkoxide formation 
which requires a strong basic site as- 
sociated with a weaker acidic site. The 
exclusion of this combination in evaluating 
sij for ethylene formation is in agreement 
with the reported observation, Knozinger 
et al. (9) that the surface alkoxide does not 
appear in the ir spectra of t-butyl alcohol 
(which forms only olefin upon dehydra- 
tion) on silica-alumina, and hence is not 
expected to be an intermediate in olefin 
formation. 

The dependence of sii for ether forma- 
tion on basic sites in the groups (B, + BJ 
associated with acidic sites in (A4 + AS) 
groups appears to explain the alkoxide for- 
mation required for the bimolecular dehy- 
dration reaction. A better correlative fit 
using this particular combination of basic- 
ity and acidity suggests that although a 
catalyst surface may exhibit basic sites 
stronger than (B, + B,), the latter are op- 
timal for alkoxide formation as well as 
subsequent reaction with the intermediate 
formed on Ai and (B, + B5) site pair com- 
bination. Each acid-base site pair combi- 
nation included in evaluation of sti repre- 
sents different chemisorption steps for the 
two alcohol molecules and the product of 
these combinations required for the best 
correlative fit inherently assumes a random 
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distribution of these combinations on the 
catalyst surface as before. 

The results of the group analysis show 
that for most of the catalysts tested, the 
main contribution to the total activity for 
both dehydration products comes from a 
single group involving the strongest acidic 
sites. The catalyst surface thus assumes a 
pseudo-homogeneous behavior for these 
reactions and explains the reason for ob- 
taining the same kinetic model for the cata- 
lysts KSFO, F49, AHC and Fl reported 
earlier (2). 

CONCLUSIONS 

Acid-base distributions obtained by 
calorimetric titrations provide a useful 
characterization of acid-base catalysts. 
These distributions may be divided into 
groups of sites of different strengths and a 
group analysis may be applied to correlate 
the total catalytic activity and selectivity 
for alcohol dehydration reactions. 

The specific rates for both ethylene and 
ether increase with the acidic strength of 
the group. The effective site density em- 
ployed for group analysis assumes random 
distribution of sites on the catalyst surface 
and allows for certain acid-base site pair 
associations consistent with a previously 
proposed reaction mechanism. 
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