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Simultaneous TG and D T A  were used to investigate the phenomena  of adsorpt ion,  
desorption and surface reactions of ammonia  on NaX and X type exchanged zeolites 
and silica-alumina gels (Ketjen) treated with sodium hydroxide. On the basis of the 
quantitat ive results it is possible to give an interpretat ion of these surface phenomena  
and to establish the existence of various active centres on the surface of the catalysts. 
In  the case of the adsorption of ammonia  on silica-alumina gels, the quanti ty of 
adsorbed ammonia  is much smaller than  on silica-alumina gel treated with sodium 
hydroxide. 

In the preceding work a measurement technique and an apparatus were described 
for thermogravimetric investigations of adsorption and surface phenomena 
occurring on the surface of solid catalysts. 

Introducing a series of modifications to the Derivatograph enables us to measure 
the adsorbed quantity and to analyse the desorbate obtained from the samples 
investigated. The results of the examinations of water adsorption on zeolite cata- 
lysts and some amorphous alumina, silica and silica-alumina gels also containing 
sodium ions were described previously [2]. 

The results revealed the existence of specific water adsorption on zeolites. 
In the present work, the results of investigations of ammonia adsorption using 

the same method are described. 
The numbers of acid centres on solid surfaces and their character are often 

defined by adsorption of  ammonia. The strength and the character of the centres 
may also be defined by means of additional investigations in the IR or by the 
adsorption of amines of various basicities [4, 5]. 

In this work we set out to determine the number of acid centres and the changes 
in their strength and character depending upon the temperature. 

Experimental 

A description of the apparatus and measurement techniques was published 
elsewhere [1 ]. 
e 

The catalysts were also prepared in the previously-described manner [2]. These 
were X-type ammonium-sodium zeolites which, as a result of activation, changed 
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into sodium-hydrogen forms. NaHX-9.1 means the degree of exchange of sodium 
by ammonium ions. In the case of the silica-alumina catalyst (Ketjen) treated with 
sodium hydroxide, the quantity of sodium was 0.025 mole Na+/100 g of gel. 

R e s u l t s  

The NHa adsorption investigations were performed with a temperature rise of 
about 6~ and for the selected NaX zeolite isothermally. 

The isothermal investigations were intended to determine the maximum adsorp- 
tion (equilibrium) of ammonia on the catalysts and to compare this with the 
quantities adsorbed under non-isothermal conditions. These data were necessary 
to check whether the results obtained from thermogravimetry could be compared 
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Fig. 1. Comparison of NH~ desorption from isothermal measurements (curve 2) and with 
a temperature gradient of 6~ (curve 1) 

with the results of adsorption performed by static or chromatographic methods. 
The next problem was whether the chromatographic methods would be compet- 
itive with the described method. Fig. 1 shows the difference in the amount of 
ammonia adsorbed on NaX zeolite within the range 2 5 - 2 5 0  ~ Curve 1 connects 
points obtained from the adsorption investigations by thermogravimetry (with 
the given temperature gradient). The data obtained from the isothermal investiga- 
tions (measured after 200 min) are shown in curve 2. From the curves it is evident 
that the differences are small, not exceeding 10% at the lowest temperatures, 
or 6 % at the higher temperatures. 

The investigations were carried out under a high adsorbate pressure, at about 
600 torr. 

All measurements were carried out in the presence of an inert gas (dry argon), 
in view of  the fact that the investigations on the Derivatograph could be performed 
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only under atmospheric pressure in a semiopen system. Figure 2 presents thermal 
curves of NH3 adsorption on zeolite. 

Ammonia adsorption starts at room temperature and achieves its maximum 
at temperatures of about 40-  50 ~ multistage water and ammonia desorption then 
begins, which ends at about 600 ~ In the DTA curve an exothermic effect is ini- 
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Fig. 2. TG, DTG and DTA curves of NH 3 adsorption-desorption (NaX) zeolite 

tially observed (within the range of adsorption), corresponding to an adsorption 
heat of about 7 - 9  kcal/mole. The heat was determined by measurement at the 
peak of the exothermic effect. Calibration of the DTA curve was performed on 
the basis of the effects accompanying melting and phase changes of standard 
(benzoic acid, KNO3, K2SOa). 

The results of NH3 (TG) adsorption, calculated as the number of ammonia 
molecules per unit cell of zeolite, are given in Figs 3-6 .  

In these plots, the curves of NH3 desorption for NaX zeolite are compared 
with the respective curves for X-type ammonium zeolites at various degrees of 
exchange. The investigations of ammonia adsorption were carried out with the 
proton forms of these zeolites. 

The zeolites being tested for adsorption contained certain quantities of water. 
The quantities of water and the course of dehydration were also determined by 
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thermogravimetry. Afterwards the curves of ammonia desorption were obtained 
by subtraction of one curve from the other (desorption of NHa + H20 and 
desorption of H20), assuming that both adsorbates (H20 and NH3) desorb inde- 
pendently of  each other. The basis for accepting such an assumption was the 
results of the measurements of NH3 adsorption for NaX zeolite containing 
various quantities of water. 
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Fig. 3. NH 3 adsorption on X-type zeolites. Quantity of NHJu.c. as a function of temperature 

The plots in Figs 4 -  6 present the course of NH3 desorption from the surface 
of sodium and hydrogen forms of X-type zeolites as functions of temperature and 
the quantity of desorbed water. The ratios of the molar quantity of ammonia to 
the molar quantity of water on the catalyst surface is indicated by the index e. 
This shows how many molecules of ammonia there are on the zeolite surface at 
a given temperature per molecule of water. 
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where X = quantity of adsorbed NHa (rag), and 
Y = quantity of water on zeolite surface (rag). 

The axes give the numbers of adsorbate molecules (NH3, H20) per unit cell of 
zeolite (which are comparable with the numbers of NHa moles for 1 g of  catalyst). 

The amount of adsorbed NH3 in the unit cell (u.c.) can be calculated from the 
equation: 

Molecule NH3 M~ Y 

u.c. ZMa 
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where X = amount of  adsorbed NH3 (mg); 
Mz = molecular weight of zeolite; 
Ma = molecular weight of adsorbate; 
Z = weight of  dehydrated catalyst sample. 

From the plots presented it is seen that ammonia desorption from the zeolite 
(as a function of temperature) proceeds in two stages. The stages are shown by 
straight lines. 
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Fig. 4. NH3 adsorption on X-type zeolites. Index e vs. temperature 

The limit of these two stages is shown by the minimum in the curve of the depend- 
ence of the index e on temperature. These minima, specific for various zeolites, 
occur within the range 200-280  ~ In the first stage ammonia desorption proceeds 
at a higher rate, as shown by the slope of the straight line section. The second stage 
is slower. The curve c~ = f ( T )  decreases to a certain minimum with the increase 
of temperature, after which it rises rapidly (for NaHX-48.2 zeolite (Fig. 4) a sub- 
sequent fall of  the curve to the value achieved at the minimum is observed within 
the range 400-600~ The courses are characteristic for the NaX, NaHX-9.1 and 
NaHX-48.2 zeolites. The quantities of ammonia adsorbed for 1 g of  zeolites are 
comparable for the first two catalysts, but the NH3 adsorption reaches only half 
of the value in the case of the NaHX-48.2 zeolite. However, in that zeolite about 
40 % of  the crystal structure has been destroyed. 

The NaHX-61.2 catalyst (with a specific surface of 11.6 m2/g * and a destroyed 
structure of about 90 %**) behaves differently. In the curve of ammonia desorp- 

* The specific surface areas was found by the B point method. 
** The degree of crystalline structure was found by X-ray diffraction [3]. 
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tion for this sample there are local extrema not observed for other zeolites. The 
amount of adsorbed ammonia is about six times smaller than for NaX zeolite, 
when the specific surface area is ca. 80 times smaller. The curve ~ = f(T) shows 
almost no tendency to fall within the range 110-240 ~ so that the quantities of 
desorbing ammonia and water are constant. Above 240 ~ the ~ value increases 
rapidly as with other zeolites. 

u 
5 

:zT 10( 
z 

80 

60 

40 

20 

/ 
y, i 

~"~" I I I ~ o - /  i D,- 
5 10 15 20 25 

molecules H20/u.c 

Fig. 5. NH3 adsorption on X-type zeolites. Quantity of NH3/u.c. as a function of the quantity 
of water 

Plots of the dependence of ammonia desorption and of the index ~ on the 
quantity of outgoing water (Figs 5 and 6) indicate certain convergences. The 
curves of ammonia desorption within the range 4 0 -  70 ~ are segments of  a vertical 
line. Therefore, the ammonia desorption from the zeolite surface for that temper- 
ature range is not connected with water desorption. Within the range 9 0 - 2 2 0  ~ 
for the NaX zeolite, three stages of water desorption are observed with a lack of 
ammonia desorption, and then two stages with a constant ratio of desorbing 
NHa + H20. For the NaHX-9.1 zeolite similar, but four straight segments are 
observed within the ranges 120-  140 ~ , 140-  160 ~ , 180-200 ~ and 200 -260  ~ . 
From the NaHX-48.2 zeolite ammonia is desorbed at a constant rate within the 
range 90 - 200 ~ (as a function of the increase of temperature at the rate of 6~ 

For the above-mentioned catalysts within the range 200 ~ (260 ~ for NaHX-9 .1 ) -  
500 ~ ammonia desorption as a function of water loss was steady. Plots for the 
index c, are anilogous with the curves of desorption, but from 200-260  ~ they 
show a tendency to rise. Such curves for NaHX-61.2 zeolite have different courses 
than in the case of sodium or proton-form zeolites (NaHX-9.1 and NaHX-48.2). 
The desorption exhibits a decreasing curve within the range 4 5 - 1 2 0  ~ but in all 
the remaining temperature ranges there is a certain kind of plateau. Similarly, 
in the initial range of temperatures, the curve for e is not a decreasing function. 
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Table 1 

Adsorption of ammonia on zeolites and silica-alumina 

79 

Catalyst 

Ke t jen  
Ke t j en  t r ea t ed  

wi th  s o d i u m  
hyd rox ide  

N a X  
NaHX-9 .1  
N a H X - 4 8 . 2  
N a H X - 6 1 . 2  

Adsorption, _ ~ Adsorption, 
mmole NHs 10- emmole NH3 

g. eat. m ~ surf. 

0.70 

4.39 
7.79 
8.24 
4.18 
1.43 

0.105 

0.905 
0.83 
0.88 
0.90 

12.32 

Adsorption, 
molecule NH3 

1 atom Na 

17.56 
1.29 

1.49 
1.25 

0.54 

Temperature 
of maximum 

adsorption, ~ 

120 

40 
40 
40 
40 
40 

For  a comparison with amorphous catalysts, investigations were carried out 
on completely amorphous silica-alumina (Ketjen) without or with deposited sodium 
hydroxide in an amount  of  0.025 mole on 100 g of gel. The pure Ketjen material 
proved to be a catalyst having a very low number of  acid centres, with a maximum 
NHa adsorption at 120 ~ while with those silica-aluminas treated with sodium 
hydroxide a strong NH3 adsorption was observed even from 40 ~ (similarly to the 
zeolites). An exothermic effect accompanying the adsorption raised the system 
temperature up to 40 ~ The results obtained are shown in Table 1. 

For  silica-alumina containing 0.025 mole Na + per 100 g of  gel the NH3 adsorp- 
tion calculated per 1 g of  gel and per 1 m 2 of surface is similar to that of  the 
NaHX-48.2 zeolite, the crystal structure of  which was destroyed by about  40 %. 

The quantities of  sodium calculated per 1 g of  gel are about  40 times larger 
in the case of  NaX. The NaX zeolite adsorbs more ammonia  per unit mass than 
the amorphous gel treated with sodium. 
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Fig.  6. NH~ a d s o r p t i o n  on  X- type  zeoli tes.  I ndex  ~ as a func t ion  of  the q u a n t i t y  of  w a t e r  
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Calculated per sodium atom, the ammonia adsorption is near that for NaHX- 
48.2, while the NaHX-9.1 zeolite shows much more acidity and affinity for 
ammonia. 

Conclusions 

The results of ammonia adsorption on zeolites of sodium and proton X type 
prove the occurrence of several kinds of ammonia bonds with the zeolite surface. 
The strengths of these bonds vary, as shown by the fact that the desorption appears 
stepwise over a wide range of temperatures and at various rates. 

Every stage corresponds to a certain binding strength of NH~-sodium cation, 
or NH~-Broensted centre, by which a molecule of water can also be adsorbed. 
Curve-analysis indicates that there are about 20 strong acid sites and the same 
number of medium acid centres in one cell of NaX zeolite. For the NaHX-9.1 
zeolite the number of each type of site is about 18. As the degree of change in- 
creases, the number of medium acid centres decreases, but the number of strong 
acid centres decreases only insignificantly. A certain number of strongly acid 
centres are maintained independently of the exchange of sodium and of partial 
loss of the crystal structure. 

The number and types of acid centres in zeolites depend on the activation tem- 
perature. 

From the above it appears that the amount of ammonia adsorbed does not 
depend on the quantity of adsorbed water (within the range 2 0 - 4 0  molecules 
of H20 per unit cell), but is the amount adsorbed when the catalyst is cooled aftel 
preliminary activation and dehydration. The desorption curves for zeolites con- 
taining various amounts of water exhibit no differences. 

In pure silica-alumina gel (Ketjen) there is a very small number of acid centres, 
which rises rapidly after the deposition of sodium ions on the surface. The numbers 
of acid centres for gels doped with sodium hydroxide and for zeolites are of the 
same range as regards specific surface area. 
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RI~SUMt~ - -  La  t he rmograv i m6 t r i e  et l ' ana lyse  t h e r m i q u e  diff6rentielle on t  6t6 appl iqu6es  si- 
m u l t a n 6 m e n t  ~. l '6 tude  des p h 6 n o m 6 n e s  d ' ad so rp t i on ,  de d6sorp t ion  et de r6act ions  en sur face  
sur  des  z6olites 6changeuses  d ' i ons  de type  N a X  et X ainsi  que  su r  des gels de  s i l ice-a lumine  
" K e t j e n "  trait6s par  l ' hyd rox ide  de s o d i u m  en pr6sellce d ' a m m o n i a q u e .  Les  r6sul ta ts  quan t i -  
tat ifs  pe rme t t en t  de p ropose r  u n e  in te rpr6 ta t ion  des p h 6 n o m 6 n e s  de sur face  et d '6tabl i r  l 'exis- 
tence  de p lus ieurs  cent res  actifs 5. la  sur face  des ca ta lyseurs .  DaMS le cas  de l ' ad so rp t i on  de 
l ' a m m o n i a q u e  sur  les gels de s i l ice-alumine,  la quan t i t6  d ' a m m o n i a q u e  adsorb6e  est b e a u c o u p  
p lus  faible que  sur  les gels de s i l ice-a lumine trai t6s pa r  l ' hyd roxyde  de sod ium.  

ZUSAMMENFASSUNG - -  Simul t ane  T G  u n d  D T A  w u r d e n  zur  U n t e r s u c h u n g  yon  Adso rp t i -  
ons- ,  Deso rp t i ons -  u n d  Ober f l / i chenersche inungen  an  Zeol i ten  der I o n e n a u s t a u s c h t y p e n  
N a X  u n d  X, sowie an  mi t  N a t r i u m h y d r o x i d  in G e g e n w a r t  yon  A m m o n i a k  behande l t en  
S i l i k a - A l u m i n i u m o x i d - h y d r o x i d - G e l e n  " K e t j e n "  eingesetzt .  A u f g r u n d  der  quan t i t a t i ven  
Ergebn i sse  ist es m6g l i ch  eine D e u t u n g  der Oberf l i ichenerschei l lungen zu geben  ulld die 
Ex is tenz  verschiedener  ak t iver  Zel l t ren  a n  der  Oberfl~iche der K a t a l y s a t o r e n  festzustel len.  
Bei der A d s o r p t i o n  y o n  A m m o n i a k  an  S i l ika-Alurn in iumoxid-Gele l l  ist  die M e n g e  des ad-  
sorb ie r ten  A m m o l l i a k s  viel ger inger  als an  S i l i ka -Alumin iumox id -Ge len ,  welche mi t  N a t r i u m -  
hyd rox id  behande l t  wurden .  

Pe3toMe - -  O,~illoBpeMeHrlO 6r~i~iri i, iCliOym30BaliI~i TepMorpaBrlMeTprt~ ri D T A  ~Jlfl lelCCJIe,aoBarlla~ 
~[B.rleHIIleI~ a~cop6rm, ~ecop6ttrm ri p e a r u I ~  lla noBepXHOCTrI rla N a X  I~ X TnlIa I/IOHHO-O6MeHHBIX 
ILeoJIaTax ~i CtL~IItKo-aJIIOMOFeJI~IX Trlna "KCTbeH"~ ofipa6oTaHIi-blX FH~pooKI, ICt,IO aaTpH~ B llpn- 
C y T C T B I ' I H  aMM~ara. H a  OCHOBaHH/,I KOJI/,IqeCTBeHHI, IX pe3yJII, TaTOB, Ilpe~RcTaBklJIOCt, BO3MO)KHbIM 
I, IHTeprlpeTttpOBaTb IIOBepXHOCTHble ~lBYlenMa tl yCTaHOBHTb rlaJi~i,~rle pa3~rlm~l~iX aKTI'IBHt,IX ILeHT- 
poB I-Ia IIOBepXrlOCTH KaTaJII,I3aTOpOB. B c2Iy•ae a~icop6imi~ aMMrtaKa Ha c~iJi~iKo-aJiK)MJ, IreJIflX, 
KOYII, tqeCTBO a~cop6rlpoBarntoro aMMilaKa HaMItOrO Meni, me,  qeM I~a anlOMO-C~inrli(arene 06pa-  
60TaHI-IOrO r~7IpoorHcbIO HaTpI, Ifl. 
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