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In the earlier study of the adsorption of propylamines on alumina it was suggested that the cat­
alytic decomposition of propylamines on 7-alumina accompanied by stop-effect involves the blockage 
of the adsorbing centres by ammonia and by propylene formed. The present work contributes to the 
elucidation of this complex phenomenon by the study of the adsorption of ammonia on 7-alumina, 
using electronic recording microbalances CAHN D-200. The kinetic model was suggested, taking 
into account that the ammonia molecule may be bound to basic centres by one, two, and even by 
three hydrogen bonds consecutively, and to the acidic centres by its lone electron pair on the nitro­
gen atom. This model has been used for the evaluation of the experimental data. The fitting of the 
model to the isothermal parts of the adsorption-desorption curves was joined with the deconvolution 
of the temperature-programmed desorption data. The results suggest that ammonia occupies both 
acidic and basic sites during the desorption stage, so supporting the previous assumptions. 

Electronic recording microbalances, which are des-
tinated primarily for the experimental evaluation of 
equilibrium adsorption capabilities of various sor-
bents, we are using also for the study of the dynamic 
behaviour of slower processes, which are accompanied 
by weight changes. From the previous work [1], which 
was aimed at the study of the adsorption and des­
orption of propylamines on alumina, we know that at 
temperatures above 300X1 the catalytic decomposi­
tion of propylamines to propylene and ammonia oc­
curs. The aim of the present work is to contribute to 
the elucidation of this complex phenomenon accompa­
nied by the stop-effect [2] by the study of the adsorp­
tion of one of the reaction products of this process, 
namely, the sorption of ammonia on 7-alumina. For 
this purpose, this model describing the whole process, 
i.e. adsorption and desorption at 320°C, followed by 
the temperature-programmed desorption (TPD) has 
been suggested and tested experimentally. 

The course of the adsorption-desorption curve has 
atypical shape. The prevailing amount of the ammonia 
is adsorbed (and desorbed later on) during the initial 5 
min. Then, both adsorption and desorption slow down 
distinctly, and the equilibrium is not achieved within 
the reasonable time period. Only part of ammonia ad­
sorbed is removed during the desorption. It is possible 
to remove the strongly bound remainder of ammonia 
only during the heating up to 450 °C when performing 
TPD. 

T H E O R E T I C A L 

According to the published results [3—6], IR spec­
tra obtained during studies of the adsorption of ammo­
nia on 7-alumina suggest the existence of at least three 
different types of species adsorbed on basic Broensted 
sites and of one adsorbed on Lewis acid sites. Regard­
ing these results, the model is here suggested, tak­
ing into account that the ammonia molecule may be 
bound to basic sites В by one, two, and even by three 
hydrogen bonds consecutively, and to the acidic sites 
A by its lone electron pair on the nitrogen atom 

NH3 + В = NH 3B 

NH3B + B = NH 3 B 2 

NH 3 B 2 + B = NH 3 B 3 

N H 3 + A = NH3A 

(A) 

(B) 

(C) 

(D) 

The kinetics of these four chemical reactions is ex­
pressed by the following differential equations 

d[NH3B]/di = *![NH3][B] - M N H 3 B ] -
- Afc[NH3B][B] + M N H 3 B 2 ] (-0 

d[NH3B2]/di = fe[NH3B][B] - M N H 3 B 2 ] -
- fe[NH3B3][B] + M N H 3 B 3 ] (2) 

*Presented at the 26th International Conference of the Slovak Society of Chemical Engineering, Jasná 
dolina, 24—28 May 1999. 
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d[NH3B3]/dí = fe[NH3B2][B] - MNH3B3] (3) 

d[NH3A]/dí = A;4[NH3][A] - M N H 3 A ] (4) 

The concentrations of the adsorbing sites on the sur­
face of the alumina are bound by mass balances 

[В] = ев - [NH3B] - 2[NH3B2] - 3[NH3B3] (5) 

[A] = cA- [NH3A] (6) 

The integration of the set of eqns (1) to (6) may be 
done under the initial conditions 

t = 0, [NH3B] = 0, [NH3B2] = 0, 

[NH3B3] - 0, [NH3A] = 0 (7) 

For the description of the transient isothermal adsorp-
tion-desorption experiments used, ammonia pulse 
should be defined as 

0 < t < 2 h, [NH3] = const > 0; 

^ 2 h , [NH3] = 0 (S) 

This MODEL I has been used for the evaluation of 
the experimental data. 

E X P E R I M E N T A L 

P r o c e d u r e 

The measurement of adsorption and desorption 
of ammonia on 7-alumina was performed using the 
recording microbalances CAHN D-200. The measur­
ing range up to 150 mg was used, ensuring the preci­
sion of the measurement to 0.1 /ig. The initial sample 
mass of alumina was chosen near the maximum of the 
range, i.e. at 150 mg. The temperature of the sample 
was measured by thermocouple of type К positioned 
near the sample pan in a sample tube of balances. 
The mass, temperature, and time data were recorded 
by personal computer in 10 s intervals. 

The activation of the sorbent has been performed 
in a manner usual in studies of the stop-effect of alkyl-
amines on alumina [2]. The 7-alumina sample was 
heated to 450 °C in a stream of the wet air (freed 
from carbon dioxide by bubbling through the satu­
rated solution of barium hydroxide) and maintained 
at this temperature for 30 min (с/. Fig. 1, area A). 
After switching from air to pure dried argon stream 
(15 to 15.5 dm3 h " 1 ) , the activation of the sample 
continued for next 3 h keeping the temperature un­
changed (Fig. 1, area B). Then the temperature was 
lowered to 320 °C (using the industrial temperature 
controller, Model T48, Red Lion Controls, U.S.A.), 
the value which was used throughout the whole study. 

'A 

! 1 

B^HtJ D 

1 / 
\/ > 

E F 

О 2 4 6 8 10 

t/h 

Fig . 1. The whole course of the mass (m) and temperature (0) 

changes with time (t). 

After reaching stable weight reading (Fig. 1, area 
C), the adsorption of ammonia was started (Fig. 1, 
area D). Using the four-way valve, the stream of pure 
argon was switched to the one of a mixture of argon 
and gaseous dry ammonia. The flow of the mixture 
was kept at the same value as that of pure argon used 
before. Partial pressure of ammonia in the mixture 
was kept at 41 kPa. After 2 h of adsorption, the de­
sorption was started by replacing the mixture by pure 
argon, again of the same flow. The desorption was 
performed for 2 h (Fig. 1, area E). Then, the upper 
limit of 450 °C and the heating rate 2°C m i n - 1 was 
set at the temperature controller, and TPD continued 
under the stream of pure argon, its flow unchanged 
(Fig. 1, areaF). 

Theoretical models were fitted to the experimental 
data using the software package Scientist version. 2.01 
for Windows, MicroMath Research, U.S.A. 

RESULTS A N D D I S C U S S I O N 

The above model of the isothermal adsorption and 
desorption involves 10 adjustable parameters. By fit­
ting the model to experimental data, the values of 
these parameters were found with good precision, with 
the exception of the rate constant of desorption from 
Lewis acid centres, /^4 (see Table 1). The uncertainty 
in determining this constant is obviously due to almost 
horizontal course of the curve describing the desorp­
tion of the component concerned (see Fig. 3, part A). 

The values of the equilibrium constant (calculated 
from the ratio of rate constants as given in Table 2) 
suggest that the strength of the bound of ammonia 
molecule to alumina increases with increasing num­
ber of its hydrogen bonds, and, moreover, that the 
strength of the bound to Lewis acid centre is even 
higher. 

Further information about the bound of ammonia 
to alumina may be obtained from the TPD experi­
mental data. First, we tried to interpret the TPD data 
alone. Usually, the peaks of individual components are 
obtained during the following of the process of their 
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Table 1. Parameter Values Found according to the MODEL I 

Parameter 

* i 

*ы 
b 
*Ь2 

кз 
къз 
k4 

къ4 
CA 

ев 

<73 
94 

Numerical value a 

3.753317 
0.052728 
4.992086 
0.00195 
0.30273 
0.000115 
0.045037 
<5.5 x Ю - 6 

0.000334 
0.001663 

0.000108 
0.000312 

Error/% b 

2.10 
2.99 
4.99 
3.68 
6.13 

10.30 
3.03 

see the text 
0.79 
0.77 

12.1 
4.18 

a) For value units see Symbols, b) = 100 x standard deviation 
of the numerical value/numerical value. 

noise was not feasible to remove by the Fourier filtra­
tion, since ambiguous results were obtained, depend­
ing on the threshold of the filtration chosen. Therefore, 
the models describing the TPD process were fitted 
directly to the summary experimental data, and the 
peaks of individual components were obtained during 
the numerical integration of the models. 

Generally, the summary TPD curve may be de­
convolved in several ways. First, the simplest model 
assuming the desorption of only one component 
(MODEL II) was compared with the model assum­
ing two components being desorbed under TPD ex­
periments (MODEL III). In the former case, the rate 
of desorption of the component 1, Ri is given by the 
equation 

Ri = -dq/dt=-b(dqi/dT) = 
= Alqlexv(-E1/{KT)) (9) 

Table 2. Equilibrium Constants of Adsorption 

Parameter Numerical value a Error/ %b 

Ki 
K2 

K3 

КЛ 

71.18 
2560.11 
2623.52 
>8200 

3.65 
6.68 

11.98 
see the text 

a) Ki = ki/кы. b) For value units see Symbols, c) See Table 1. 

desorption, e.g. by a Chromatograph or mass spec­
trometer. In our case where the decrease of the sum of 
masses of sorbent and sorbate during the programmed 
heating is experimentally followed, similar peaks could 
be obtained by the derivating the summary curve ob­
tained. As it can be seen from Fig. 2, the summary 
TPD curves are fairly smooth. Their derivating, how­
ever, yielded the peaks almost lost in the noise. That 

which may be numerically integrated at initial condi­
tions 

t = 0, T = 593 K, <7i = (7oi (10) 

And in the second case, where e.g. components 3 and 
4 are desorbed under TPD, the system of the following 
differential equations describes the situation 

R3 = -dq3/dt = -b(dq3/dT) = 
= A3q3exp(-E3/(RT)) (11) 

R4 = -dqA/dt = -b(dq4/dT) = 
= A4qAexp(-E4/(RT)) (12) 

where the total observed desorption rate R is given by 
the sum of rates R3 and R± 

R = R3 + it4 (13) 

0.0005 5e-6 

0.0000 0e+0 
600 620 640 660 680 700 720 600 620 640 660 680 700 720 

TI K TIK 

Fig . 2. a) Fit of MODEL II; b) fit of MODEL III. Circles - experimental data, lines - calculated. Some experimental points 
omitted for the sake of legibility. 
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Table 3. Parameters Calculated 

Parameter 

Ai 
Ei 

901 

according to MODEL II 

Numerical 
value a 

5.41 x 103 

9.14 x 104 

4.51 x К Г 4 

Error/% b 

13.27 
0.81 
0.22 

Parameter 

A3 
Es 
Ал 
E4 

Q03 

<ľ04 

according to MODEL III 

Numerical 
value" 

1.084 x 106 

1.142 x 105 

1.045 x 10 1 1 

1.902 x 105 

1.875 x 1 0 " 4 

2.446 x 1 0 " 4 

Error/% 6 

45.07 
2.17 

673.13 
20.78 
12.49 
9.58 

a) For value units see Symbols, b) See Table 1. 
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Fig. 3. The joint fit of MODEL I (a) and of MODEL HI (b). Circles - experimental data, lines - calculated. Some experimental 
points omitted for the sake of legibility. 

and the system is integrated under initial conditions 

T = 593 К, q3 = доз, Чл = (/04, q = <7з + <74 (14) 

The former one showed to be more appropriate from 
the point of view of statistical reliability, as it might 
be expected, since the latter model has twice as high 
the number of adjustable parameters (see Table 3). 

Besides of purely statistical approach to TPD 
curves, it is possible also to utilize the knowledge ob­
tained during the previous, isothermal stage of the 
adsorption-desorption experiment. As it can be seen 
in Fig. 3, part A, after 2 h of the desorption at 320°C, 
two components remained evidently on the sorbent. 
The two-component MODEL III of the deconvolution 
of the summary TPD curve is therefore more appropri­
ate with regard to these findings. In order to decrease 
the uncertainties following from increased number of 
the parameters in this model, the values of concentra­
tions of the components, г;0з, <Zo4 (as they were found 
by the MODEL I at the end of the second hour of de­
sorption), were overtaken into the MODEL III. Only 
four unknown parameters were now fitted using this 
model. 

The results so obtained are listed in Table 4. The 

Table 4. Results according to MODEL III with Reduced Num­
ber of Parameters 0 

Parameter Numerical value6 Error/% c 

A3 

Es 
Ал 
Ел 

7.03 x Ю 1 0 

1.71 x 105 

2.26 x 108 

1.53 x 105 

288.49 
8.87 

268.26 
10.15 

a) Numerical values qos = 1.08 X 1 0 - 4 and qoл = 3.12 x 10~4 

used (see the text), b) For value units see Symbols, c) See Ta­
ble 1. 

values of the preexponential factor are still statisti­
cally uncertain. Nevertheless, the orders of the values 
themselves are much nearer to that expected from the 
literature [7—10] than those obtained for the single 
peak MODEL II. This observation seems to support 
the two-component model of the TPD process. 

The values of preexponential factor and of activa­
tion energy of the desorption process allow to calcu­
late the values of desorption constants at 320 °C, the 
temperature of isothermal adsorption-desorption ex­
periment. The values so obtained, i.e. кьз = 5.71 x 
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10~5 s _ 1 and кь4 = 6.85 x 10~6 s~l are in fair agree­
ment with those obtained according to MODEL I (c/. 
Table 1). The agreement between the MODEL I and 
MODEL III is further illustrated in Fig. 3, where both 
the isothermal adsorption-desorption process (part A) 
and the TPD data (part B) are given. 

Apart from the experiments described, various 
other influences on the system were investigated. The 
adsorption-desorption isothermal and TPD curves 
were recorded after various manners of the activation 
of sorbent, during the repeated adsorption on alumina 
reactivated several times, at various temperatures (in 
the range 130 to 400 °C) of the isothermal adsorption-
desorption, at ammonia partial pressure ranging from 
3 to 98 kPa. The MODEL I together with MODEL III 
fitted well to all the experimental data so obtained. 

C O N C L U S I O N 

The model for the adsorption, isothermal desorp­
tion, and TPD of ammonia on 7-alumina was sug­
gested, involving both the consecutive formation of 
bounds between basic Broensted sites of the adsor­
bent via hydrogen bonding with H atoms of ammonia 
molecule, and the formation of the bound between the 
lone electron pair of ammonia molecule and Lewis acid 
sites. The model fits well to the experimental data. 

The results obtained are of importance for the un­
derstanding of the mechanism of the catalytic deam-
ination of aliphatic amines on 7-alumina, accompa­
nied with the so-called stop-effect. Namely, here it 
was proved that ammonia is present at the surface 
of alumina even after its removal from the gas phase. 
Moreover, the present results suggest that ammonia 
occupies both acidic and basic sites during the de­
sorption stage. The presence of ammonia during the 
deamination reaction on the surface of the sorbent we 
assumed earlier [1] when trying to interpret our ob­
servations on stop-effect. The present results support 
this opinion. 

SYMBOLS 

[A] concentration of free acid centres mol g _ 1 

A\, A-2, A}, A4 preexponential factor of desorp­
tion of components s 

[B] concentration of free basic centres mol g - 1 

[NH3] concentration of ammonia in a gas pha­
se mol d m - 3 

b rate of heating K s - 1 

CA , ев maximal concentration of acid and basic 
centres, respectively mol g _ 1 

- 1 

E\, E-2, E3, E4 energy of desorption of compo­
nents Л moľ"1 

K\, K4 equilibrium adsorption constants dm3 mol" l 

K-2, K3 equilibrium constants g mol - 1 

hi, fei adsorption rate constants of components 
1, 4 dm3 mol - 1 s - 1 

ta, h rate constants of components 2, 3 
g mol - 1 s'"1 

Mil МУ2 , Мзз, Мэ4 desorption rate constants of com­
ponents 1, 2, 3? 4 s~L 

[NH3B], [NH3B0], [NH3B3] concentration of am­
monia sorbed at one, two or three basic 
centres mol g~l 

[NH3A] concentration of ammonia sorbed at acid 
centre mol g _ l 

<7oi initial concentration of adsorbed compo­
nent 1 mol g - 1 

qi concentration of adsorbed component 1 
mol g" ' 

(7оз, <Zo4 initial concentrations of strongly adsorbed 
components mol g~l 

гуз, Q4 concentrations of strongly adsorbed com­
ponents mol g - 1 

Ri desorption rate of adsorbed component 1 
mol g - 1 s~L 

#3. R4 desorption rates of strongly adsorbed 
components mol g" 1 s" 1 

jR gas constant (8.31451 J m o l _ i K~ l) 
t time s 
T thermodynamic temperature К 
в Celsius temperature °C 
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