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The adsorption of dimethyl ether and tetrahydrofurane has been investigated at 
150°C on macroreticular ion exchangers of the styrene-divinylbenaene type contain- 
ing -SO,H, -PO(OH), or -P(OH), groups. Dual site adsorption without dissociation 
is suggested on the basis of the analysis of adsorption isotherms and the investigation 
of the effect of the number of acid groups on the initial adsorption values. The 
adsorption coefficients found can be used to express the acid strength of the ion 
exchangers interacting with gaseous molecules at elevated temperature ; the relative 
logarithmic values for the ion exchangers, respectively, with -SO,H, -PO(OH), and 
-P(OH), groups were 0; - 1.64; and -2.51 (from dimethyl ether adsorption). These 
results are consist,ent with those calcu!ated from ethyl acetate adsorption [Komers 
and Tomsnov&, Collect. Czech. Chem. Commun. 37, 774 (1972)l. On the basis of the 
adsorption data. the relative basicitirs of the adsorbed molecules could also be 
compared. 

INTRODUCTION 
Using dimethyl ether and tetrahydrofurane 
as well as the previous data (7) concern- 

Styrene-divinylbenzene copolymers con- ing the adsorption of ethyl acetate, we have 
taining acid suhstituents have been used in tried to test the capability of the method. 
our Laboratory as models of solid catalysts 
with equivalent active centers in several NOMENCLATURE 

kinetic studies (I-4). With these catalysts A adsorbatr 
it is useful to know two main quantities by AI, A2 fragments formed by dis- 
means of which the catalyst acidity can bc sociativc adsorption of 
expressed: the number of the acid centers the substance A 
and their, at least relative, acid strength. cA, cA,, cAI surface concentrations 
The determination of there quantities prr- (mmol/g) of the ad- 
formed in the liquid medium [as, e.g. (5, sorbed substance A and 
6) 1 need not necessarily bc valid for the the fragmclnts A, and AZ, 
dry ion exchangers when they catalyze re- respectively 
actions of gaseous reactants. In the present ct. CL, concent,rution (mmol/g) 
work an attempt has been made tr, deter- of fret active centers, of 
mine the arid strength of the functional the corresponding type 
groups of the organic ion exchangers by cL total concentration of 
means of the adsorpt’ion of bases from the act ivc crnt ers . ) i.c., of 
gas phase; in order to achieve a well-defined acidic functionnl groups 
difference in the adsorbing power of the of ion exchanger 
various ion exchangers such as those con- (mmol/g) 
taining -SO,H, -PO(OW)? and -P(OR), Q,” total concentration of 
groups, the use of weak bases is preferable. all functional groups of 
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ion exchanger (acidic and 
neutralized) (mmol/g) 
adsorption coefficient of 
the substance A (Torr-r) 
experimental adsorption 
coefficient of the sub- 
stance A adsorbed ac- 
cording to the model c 
(Tori-‘) 
experimental adsorption 
coefficient of the sub- 
stance A adsorbed ac- 
cording to the model c 
on the original (cL =cLO) 
ion exchanger containing 
the acidic groups only 
(Torr-I) 
vacant active center 
vacant dual adsorption 
site consisting of two 
adjacent active centers 
partial pressure of the 
substance A (Torr) 
relative value 
sum of squared devia- 
tions of the measured 
adsorbed amount from 
that calculated accord- 
ing to the corresponding 
model 

minum hydride ; the apparatus used was 
described earlier (8). Sulfonated macro- 
reticular styrene-divinylbenzene copolymer 
(S) (25% divinylbenzene) was a com- 
mercial product of the Research Institute 
for Synthetic Resins and Lacquers, Pardu- 
bite, Czechoslovakia. By partial neutral- 
ization of the sulfonic groups with potas- 
sium hydroxide the ion exchangers 
containing 73.5% (0.75 S) and 32.5% (0.35 
S) of the original acid groups were prepared 
(4). According to previous work (4, 9) we 
can assume that the distribution of the 
potassium ions in the polymer mass is uni- 
form and that the surface concentration of 
-SO,H groups is proportional to their bulk 
concentration. The surface area (of about 
55 m”/g) and the pore size distribution of 
the sulfonated ion exchangers were not 
affected by the neutralization degree (10). 
The preparation of the other sorbents with 
-PO (OH) 2 groups (PO) and with -P (OH) 2 
groups (P) and the properties of all the 
sorbents used have been described elsewhere 
(4, 10). Pore size distribution measurements 
revealed that the prevailing pore radius of 
the macroreticular ion exchangers used was 
of about lOO-17OA. 

number of acidic groups 
in the neighborhood of 
a given center in a dis- 
tance appropriate for a 
dual site adsorption of 
the substance A 
total number of func- 
tional groups (acidic and 
neutralized) in the ap- 
propriate distance from 
a given center 

Apparatus and Procedure 

EXPERIMENTAL METHODS 

Materials 

The measurements of dimethyl ether 
adsorption were performed at 150°C in a 
standard volumetric apparatus as described 
before (10). With the ion exchangers PO, 
P and 0.75 S the adsorption was measured 
up to the equilibrium pressures of about 30 
Torr, while with the ion exchangers S and 
0.35 S the highest pressure used was 500 
Torr. In the latter case, the sample was 
then evacuated by a diffusion pump for 24 
hr at 25°C and a new isotherm was taken 
at 150°C; the difference between the two 
isotherms was considered to correspond to 
the strong adsorption [see e.g. (11) 1. The 
adsorption of tetrahydrofurane was mea- 
sured gravimetrically using a quartz spring 
balance of the McBain type at 150°C; the 
measurements were made up to the pres- 
sures of 16 and 36 Torr, respectively. The 
apparatus was described in a previous 
Paper (7). 

Dimethyl ether (reagent grade, 99.8%, 
Fluka AG, Buchs SC, Switzerland) was 
degassed repeatedly in a liquid nitrogen trap 
before use. Tetrahydrofurane (reagent 
grade, VEB Laborchemie, Apolda, GDR), 
was repeatedly distilled, degassed and dried 
using sodium bis (2-methoxyethoxy) alu- _ _ 
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RESULTS AND DISCUSSION 

In the interpretation of the experimental 
data, three different models were used (all 
of them assuming equivalence of the active 
groups in each ion exchanger) : (a) the 
Langmuir concept of the single site ad- 
sorption without dissociation leading to the 
isotherm equation (1) : 

CA = CLKAPAI(l + K*p*), (1) 

(b) the concept of dual site adsorption in- 
volving total dissociation of the molecule 
defined by Eq. (2) : 

A(g) + 21 d A,(ads) + AB(ads). (2) 

In the case of dissociation into two unequal 
fragments [probable with organic molecules, 
see also (12)] the equation of the isotherm 
becomes (3) : 

cA. = CA2 = CA 

= 'k(KAPA)1'2/[1 + 2(KAI)A)1'2]. (3) 
(c) the concept of the dual site adsorption 
without dissociation of the molecule [see 
also (1s) ] which is less commonly used: 

A(g) + l2 * A(ads). (4) 

In this case, we can derive from the 
equilibrium equation K, = cA/pAcL2 [if we 
accept that CL? = CZ (-5-D) (da) ; see (14) 1 
and from the active sites balance the iso- 
therm Eq. (5) : 

CA = 2 K.~sPAcL/[~ + (1 + 4 KAS~A)~“]’ 
= 2 K'APACL/[~ + (1 + 4 K'AI)A)~'~]~, (5) 

where K’A = KAs. 
Using Eqs. (1)) (3) and (5) we first 

treated the data concerning dimethyl ether 
strongly adsorbed on the sulfonated ion 
exchangers S and 0.35 S at pressures up to 
500 Torr. The results obtained by non- 
linear regression (15) indicated that the 
overall range of the surface coverage can- 
not be unambiguously interpreted by any 
of the above-mentioned simple concepts. 
Therefore, the initial adsorption data up to 
20 Torr corresponding to the surface cover- 
age of about 0.2 were treated separately. 
As is evident from Fig. 1 and Table 1 good 
agreement was achieved between the 
calculated and experimental results with the 

FIG. 1. Adsorption isotherms of dimethyl ether 
on ion exchanger S (A) and 0.35 S (B) at 150°C. 
The points represent experimental values (CA in 
mmol/g ; PA in Torr), the curves are calculated 
for models (a), (b) and (c) according to Eqs. 
(l), (3) and (5), using the optimum values of 
constants obtained by nonlinear regression method 
of experimental data. 

models a and c whereas model b assuming 
the dissociative adsorption could be re- 
jected. A similar statistical evaluation of 
adsorption data on tetrahydrofurane mea- 
sured on the ion exchangers S, PO and P 
up to the surface coverage of 0.2-0.3 
revealed the preference of the models a and 
c and the nonsuitability of the model b 
again (Table 1). 

The discrimination between the two well- 
fitting models a and c (both assuming either 
single or dual site adsorption without dis- 
sociation) could not be made on the basis 
of adsorption isotherm analysis only. How- 
ever, measuring the adsorption on the ion 
exchangers with varying number of sulfonic 
groups made the discrimination possible. 
Only the data concerning the initial surface 
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TABLE 1 

NONLINEAR EVALUATION OF THE SUITABILITY OF THE: ADSORPTION MODELS USED~ 

Values of the sum of squared deviations Q in the adsorption of 

Dimethyl ether on ion exchangers Tetrahydrofurane on ion exchangers 

Model S 0.35 s S PO P 

a 2.68 X 10-l 2.81 x 10-Z 3.81 x 1O-3 5.38 x 10-a 1.88 x IO-3 

; 14.53 2.60 x X lo-’ 10-l 38.5 3.41 x x 10-Z 10-Z 8.90 4.51 X x 10-a 1O-3 13.65 6.34 X X 1O-4 1O-4 3.60 2.24 X X IO- 1O-3 

Qcrit 4.22 X 10-l 6.6 x 10-Z 8.05 X 1OP 11.37 x IO-4 3.97 x 10-Z 

5 The models for which the sum of squared deviations Q is higher than the critical value of this quantity 
Qerit (calcd for 95% probability level) can be rejected (16). 

coverage were taken into account, i.e., the 
tangents of the initial part of the adsorption 
isotherms” &&/&A. From Eqs. (1) and (5) 
for PA + 0 and differentiating with respect 
to PA it can be written: 

for the single site adsorption 

dcA/tlp, = KACL = &CL'(CL/CL'), (6) 

and for the dual site adsorption without 
dissociation 

dc~/dp~ = KASCL/~ = K’ACL/~. (7) 

If the neutralization decreasing the number 
of active groups is supposed to take place 
uniformly in the whole ion exchanger mass 
(4, 16), then the s value expressing the 
number of active sites present in an ap- 
propriate distance from a given center will 
linearly decrease with the relative number 
of the acidic groups 

s = s”(cJcL”). (8) 

Inserting (8) in (7) and rearranging it we 
arrive at 

dC,/dpA = (KAs~cL~/~) (CL/~L~)' 

= W’A,OCL~!~) (cL/cL~)~. (9) 

If we plot log (dCA/dpA) VWSUS log (CL/CL’) 

the value of the slope of the logarithmic 
dependence should distinguish between the 

*The relative mean error of determination of 
the initial tangent of adsorption isotherms (when 
measured repeatedly) was k0.24 for the most 
active ion exchanger S; for the less active ones 
the relative error was lower (e.g., fO.l for the ion 
exchanger 0.35 S). 

models a and c [see Eqs. (6) and (9)]. Its 
value read from Fig. 2 for tetrahydrofurane 
is 2.08 (1.76 + 2.36, if we take into ac- 
count the relative mean error in determining 
d~A/dp,J and proves the preference of the 
dual site to the single site model. With the 
adsorption data of dimethyl ether the value 
1.7 (1.34 + 1.95) of the slope was obtained, 
which suggested that the adsorption on more 
than one site is more likely to take place 
again. 

The above treated concepts, a, b, and 
c, express only the fundamental adsorp- 
tion models differing in the number of the 
sorbent sites interacting with one molecule 
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FIG. 2. Plot of the initial values of the tangents 
of tetrahydrofurane adsorption isotherms at 150°C 
vs relative concentration of acidic groups of 
sulfonated ion exchangers. 
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of the sorbate and the assumption as to 
whether this molecule is dissociated or not 
during adsorption. The chemical nature of 
the adsorbed complex is not described by 
these models and to each of them several 
very different molecular mechanisms may 
correspond; their discussion, however, is 
beyond the scope of the present work. It 
should only be pointed out that the dual site 
adsorption of the ether or tetrahydrofurane 
molecule which proved to be the most 
probable model is feasible even though 
these molecules contain only one basic 
center, i.e., an electron-donating oxygen 
atom, since another part of the molecule 
may act as electron acceptor. There is some 
evidence for such a donor-acceptor model 
of adsorption on ion exchangtrs involving 
hydrogen bond formation, e.g., from alcohol 
dehydration and ir studies [cf. (4, 17)]. 

From the validity of Eq. (9) it follows 
that the adsorption coefficient KIA,O is 
independent of the neutralization degree of 
the ion exchanger (i.e., of the presence of 
potassium ions) ; this proves the as- 
sumption of the uniformity of active sites. 
A similar independence of adsorption co- 
efficient was found while investigating the 
tert-butanol dehydration kinetics on the 
same ion exchanger series (4). 

The adsorption isotherms both of di- 
methyl ether and tetrahydrofurane cor- 
responding to the initial surface coverage 
on ion exchangers S, PO and P differing 
in acid strength enabled us to calculate the 
adsorption coefficient values KIA ( =K,s) 
using Eq. (7). They are listed in Table 2 
together with the values for ethyl acetate 
calculated from the data measured previ- 

ously (7). The value cL = 1.145 mmol/g 
determined for the ion exchanger S from 
the dimethyl ether adsorption was used in 
this calculation. The values for PO and P 
were obtained from the value for S ion ex- 
changer by correcting it with respect to 
different surface area using the ratios of the 
cL values obtained for S, PO and P ion 
exchangers from ethyl acetate adsorption 
(7) 

The vallies of the equilibrium adsorption 
constants of a basic compound should rep- 
resent a measure of the acid strength of 
the functional groups in the ion exchangers 
series. This relatively expressed scale of 
acid strength should remain the same when 
various bases are used. As can be seen 
from Table 2 this expectation is fulfilled 
fairly well with the pair dimethyl ether- 
ethyl acetate. Slighter differences in the 
relative values of adsorption coefficients, 
particularly in the values for the P and PO 
ion exchangers were found with tetrahydro- 
furane. Nevert,heless, the order of the acid 
strength remains qualitatively the same. 
The deviation in the relative K’,\ values 
for tetrahydrofurane might be due to a 
different molecular mechanism of adsorp- 
tion though the basic adsorption model is 
the same as for dimethyl ether (cf. prrccd- 
ing paragraphs). 

For practical purposes, the logarithmic 
scale of the relative acid strength presented 
in Table 3 is more suitable. It is imme- 
diately clear from Table 3 that the differ- 
ence between the scales obtained using the 
two molecules is negligible. An attempt was 
made to confront this order of the acid 
strength with the dissociation constant 

TABLE 2 
VALUIE OF ADSORPTION COEFFICIENTS K’ A OF ~IMETHYL ETHER, TETRAHYDROFURANE AND 

ETHYL ACI<TATE AT 150°C ON ION EXCHANGERS OF I)IFFERENT ACID STRENGTH 

CXLCULATED ACCORDING TO EQ. 17) 

Ion 
f?X- Dimethyl ether Tetrahydrofurane Ethyl acetate (7) 

chang- 
er K’~(Torr-‘) K’ A,rel K’~(Torr-‘) K’ A,rel K’A(Torr-1) K’ A,rel 

S (8.7 +_ 2.1) x 10-Z 1.0 2.7 It 0.67 1.0 (2.1 + 0.5) x IO-’ 1.0 
PO (2.0 + 0.40) X 1OF 0.023 (2.0 + 0.48) X 10-l 0.074 (4.0 +_ 0.82) x 10-z 0.019 
P (2.7 +_ 0.46) x lo-’ 0.0031 (1.6 ‘r 0.36) x 10-l 0.059 (8.0 I! 1.3) x lo-’ 0.0038 
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TABLE 3 
LOGARITHMIC SCALE OF RELATIVE ACID 

STRENGTH OF THE ION EXCHANGERS 

s, PO AND P 

Ion exchanger -log K’A.A 

8 0 
PO 1.64. 1.725 
P 2.51a 2.42” 

a Determined from dimethyl ether adsorption. 
b From ethyl acetate adsorption (7). 

values published both for the inorganic 
and the organic acids relating to the 
functional groups of the ion exchangers 
under study. The most frequently reported 
values of pK for phosphoric and phosphor- 
ous acids obtained by comparable methods 
are 2.1 and 2.0, respectively (18, 19) ; for 
phenylphosphoric and phenylphosphorous 
acids the most recently reported values 
(20) are 1.90 and 1.54, respectively. The 
order of acid strength Pm > Pv resulting 
from these values, though they are fairly 
close to each other, is different from that 
in Table 3. This, however, does not seem 
surprising if we take into account the 
rather different conditions of the adsorption 
measurements and the different chemical 
structure of the acids in the styrene-divinyl- 
benzene ion exchanger. A direct potentio- 
metric determination of the acidity of the 
ion exchangers S, PO and P (4, 16) led to 
the same acid strength sequence as shown 
in Table 3. It. is worth mentioning that the 
kinetic data of tert-butanol dehydration in 
the gaseous phase (4) on the same ion 
exchanger series led to the activity sequence 
identical with the order of acid strength 
S > PO > P and that straight-line depen- 
dence was achieved by plotting the loga- 
rithm of the rate constant vs the acid 
strength scale from Table 3. 

The adsorption measurements of different 
bases on acidic ion exchangers allowed US 
to compare their relative basicity under the 
conditions used. In spite of some anomalous 
behavior of tetrahydrofurane, the order of 
the adsorption coefficient values (Table 2) 
remained always as follows : tetrahydro- 
furane > ethyl acetate > dimethyl ether. 
The results, e.g., for the ion exchanger S, 

led to the following values of relative 
basicity for the mentioned series of com- 
pounds : 31: 2.4 : 1 (corresponding to 2.5 : 
1.4: 1 in the relative pK scale). This order 
is consistent with the pK values found in 
the literature (22) for tetrahydrofurane 
and dimethyl ether (in relative values 2.75 
and 1). The pK value of ethyl acetate can- 
not be involved for comparison because it 
was determined by a different method (dd). 

CONCLUSIONS 

Two aspects of the present study should 
be emphasized : 

1. The possibility to vary the number of 
active sites in a controlled manner offered 
by the ion exchangers can be made use of 
in elucidating some adsorption mechanism 
problems ; it may also serve for similar 
purposes in kinetic studies of catalytic re- 
actions (4, 17). 

2. The adsorption of weak bases from 
the gas phase can be used to characterize 
the acidity of substituted organic polymers 
at elevated temperatures. The results of 
this study were used for correlating kinetic 
data of some gas phase reactions catalyzed 
by ion exchangers with their acid strength 
(4,23,24). 
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