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peri ments had been isolated from Vinca minor and Amsonia tabernac- 
montana. Stock solutions prepared from vineamine (the main alkaloid of 
Vinca minor) and vineadifformine (the main alkaloid of the Amsonia) 
were used in methanolic and different aqueous methanolic media for the 
determination of alkaloid capacities of the resins under static [12, 13] and 
dynamic [14] conditions. Laboratory scale preparative experiments were 
carried out with Varion KS-200, KS and KSM resins and the ratio of 
extract materials to alkaloids bound on the ion exchange columns, as well 
as the brake-through and saturation capacity were measured [14]. The 
rate of ion exchange on H-cycle Varion KSM resins of different particle 
size was studied in methanolic and 90, 80, 70% aqueous methanolic ex
tracts of both plants [16]. A rapid photometric method was developed to 
follow the ion exchange and for the determination of alkaloids [17. 18].

Experimental results and their evaluation

In water-miscible organic solvents, the alkaloid binding capacity of 
an ion exchange resin depends on the water content of the medium. Our 
experiments were carried out with stock solutions of vineamine dissolved 
in 0, 10, 20 and 30% (bv vol.) aqueous methanol, and with the alkaloid 
mixture isolated from Vinca minor.

This mixture was dissolved in methanol containing 0, 5, 10, 15, 20, 
25, 30, 40, 50, 70, 80 and 90 vol-% water. Each 100 ml samples were put 
into a jacketed, thermostated glass flask of 120 ml capacity, together 
with 1.5 g cation exchange resin in H-cycle, then the mixture was agitated 
by a magnetic stirrer until the equilibrium. The alkaloid contents of 0.1 
ml samples taken 5,10 and 20 minutes after the stirrer had been started 
were determined photometrically by the Tropeoline 000 indicator [17, 18] 
or by the picric acid [16] method. The results of these experiments are 
illustrated on Fig. 1. 7%.
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fig u re  1. The changes in alkaloid capacities (Q, mg/ml) of different cation exchange resins 
in aqueous m ethanol; Varion K S -2 0 0  (1), Varion KS (2), Varion KSM (3).



APPLICATION OF CATION-EXCHANGE RESINS FOR BINDING
Vinca and Amsonia alkaloids

L. DÉCSEI and B. ZSADOX

Departm ent of Chemical Technology,
Budapest, Múzeum krt. H — 8., H — 1088.

Summary

Alkaloids of Vinca minor and Amsonia tabernaemontana ( Apocynaccae) 
were extracted with methanol. The alkaloids were isolated from the metha- 
nolic extract with strongly acid cation-exchange resins (Varion KS —200, 
Varion KS and Varion KSM: Hungarian products). Alkaloid-capacities of 
the resins were determined in methanolic solution and in different methanol- 
water mixtures.

A more detailed study was made on the rate of ion exchange of the 
inacroporous Varion KXi\i resins with different particle sizes. The rate 
constant of the ion exchange, the volumetric distribution quotient and 
the half-time of ion exchange were calculated and the equilibrium alkaloid 
capacities of different resin fractions were determined.

Tt was found that the rate of ion exchange in methanolic extracts 
can be described by a first order kinetic equation, and the rate constant of 
the reaction is a linear function of the reciprocal square of the diameter of 
resin particle, according to the equation: k = k„ + A/d2.

Introduction

Alkaloids and other organic bases can be isolated from alcoholic, 
aqueous-alcoholic and other organic solvents by cation exchange resins. 
The isolation of morphine is well known from butanolic [1 — 3], benzene- 
butanolic [4], methanolic or aqueous methanolic [5 — 8 and 70% ethanolic 
solutions [9]. Atropine was similarly isolated from benzene solution [4], 
Cad ¡/«-alkaloids from ethanol [10], strychnine and quinine from 50% 
ethanol [11].

Our investigations concerning the isolation of alkaloids having indole 
skeleton from methanolic extracts of Vinca minor and Amsonia tabernae
montana were published earlier in several parts [12 — 16, 19 — 21].

For the isolation (binding) of medically important alkaloids from 
methanolic extracts of Vinca minor and Amsonia tabernaemontana (Apo- 
cynaceae), the following, Hungarian made cation exchange resins were 
used: Varion KS-200, KS and KSM. Standard alkaloids used for the ex-



As can be seen on Fig. 1, by increasing the water content of the medium» 
at 15% water concentration the alkaloid capacity reaches a saturation 
level, which fact can be interpreted mainly by the swelling equilibrium of 
the resin which set in.

The curves of Fig. I. illustrate the alkaloid capacity values measured 
with the stock solutions containing pure vincamine or alkaloid mixture 
isolated from Vinca minor, since the capacity values measured in the stock 
solutions of pure vincamine or in those of alkaloid mixtures are identical.

Plant extracts contain, however, in addition to the salts of alkaloids 
with organic acids also inorganic salts and non-ionic ballast materials 
which can bind to the resin ionically or adsorptively and so they decrease . 
its alkaloid capacity. The amount and ratio of cations and ballast materials 
depend, in turn, on the plant and even on its habitat, on the time of har
vest and on the conditions of extraction. Our relevant experimental data 
are listed in Table 7.

Table 1
Isolation of tin* alkaloids by Varion KSM/H resin from each 30 1 m ethanolic extract of 

1 kg Vinca minor samples of different habitats (resin: 0.32 — 0.03 mm fraction) (14)
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Methanolic extract Alcaloid capacity of the resin

dry material 
content 

(g)

alkaloid related to
sample

content
(g)

purity
<%>

in the extract 
(mg/ml)

\incam ine stock 
solution 

(%)

I 287 4.12 1.09 12.16 27 .6 4
2 278 4.48 1.60 13.10 29 .77
3 250 4 .85 1.94 16.05 36 .4 8

As can be seen from Table 7, the ratio of alkaloid content to the total 
extract content was different in extracts of Vinca minor samples from differ
ent habitats, the alkaloid capacity of the resin also varied and it was only 
28 — 37% of the value measured in the methanolic stock solution of pure 
vincamine. The decrease in capacity is obviously connected with the ion 
exchange of inorganic cations in the extract and with the partial adsorption 
of ballast materials, occupying a certain proportion of active surface of 
the resin.

In operations with cation exchange columns, the optimal choice of 
the size of packing and of flow rate is very important, because they affect 
the ratio of alkaloids and ballast materials bound on the columns, as well 
as the alkaloid capacity of the resin. Our experimental results obtained 
with the methanolic extract of Amsonia tabernaemontana are presented 
in Table 2.



Tablv 2
Change in the ratio  of alkaloids and ballast materials bound from the m ethanolic extract 

of Amsonia tabernaem ontana in the function of the size of resin-bed.

(5 d Ec s e i a n d  b . z sa d o n

11. III.

D iam eter (height ratio  of the resin-bed ......... 1:72 1:24 1:4.67
L inear flow ra te , cm /m in ................................... 25.31 12.43 4.06
Alkaloid capacity  (mg/ml) ................................. 16.30 17.30 21.00
P u rity  o f alkaloid on the resin (% ) ............... 7.75 8.20 19.20

* th e  values given are averages of five m easurem ents with ±  2%  scattering.

As can be seen from the table, the alkaloid capacity varied between 
1G —21 mg/ml with one litre methanolic extract of Amsonia tabernae
montana on 10 ml Varion KSM/H resin with particle size of 0.32 — 0.63 
mm and with different packing sizes (I, IT and III), at a flow rate of 150 
tnl/h. At the same time, the purity of alkaloid bound to the resin increases 
with increasing diameter and decreasing height of the package.

The particle sizes of Hungarian made Varian KS cation exchange 
resins vary in a broad region between 0.05 and 1.20 mm. Thus the rate of 
ion exchange of different grain sizes has a certain distribution. Considering 
this and in order to achieve a more uniform action of ion exchange co
lumns, the commercially available Varion KSM/H resin was divided into 
9 fractions. Each fraction was used in identical (static) conditions for 
binding alkaloids from methanolic and aqueous-methanolic media and 
the data so obtained served for the determination of equilibrium capacity 
of each resin fraction, the volumetric distribution quotient, the half-time 
and rate constant of ion exchange.

Since an extract of a plant is a rather complex system, the rate of 
ion exchange of the alkaloids can be described only approximately. In a 
given system, the rate of ion exchange depends on several parameters. 
Among them, the rate of diffusion of the protonated alkaloid cations plays 
a decisive role. This rate of diffusion is not the same in the solution as in 
the boundary layer forming on the grain surface or as in the pores of the 
grain [22]. The particle sizes of the medium crosslinked (containing 8 — 
12% divinyl benzene) Varion KS and Varion KSM cation exchange resins 
exclude the pore diffusion of large alkaloid molecules, therefore they can 
reac t  only with the functional groups on the resin surface. The manufac
turing conditions of ion exchange resins, however, do not warrant a mono- 
disperse distribution of pores, so the pore diffusion of the protonated al
kaloid cation must be considered to a certain extent, expecially in the 
case of Varion KSM macroporous ion exchange resin. Thus the rate of 
ion exchange of the protonated alkaloid cation bound on the cation ex
change resin in the methanolic plant extract is influenced by the diffusion 
both in the boundary layer on the surface and in the pores of the grain. 
In the given case, it must be also taken into account that the particle size



of the resin, i. e. its swelling changes during the ion esxchange process. 
Namely, the grain becomes hydrophobic when binding the alkaloid and so 
it will contract, and, in turn, it swells during the elution of the alkaloids. 
This fact must be taken into consideration, especially when working with 
ion exchange columns.

Since in the methanolic extract of a plant the determination of many 
quantitative parameters is complicated or even impossible because several 
unknown substances are present, the rate of ion exchange of a mixture of 
known and unknown alkaloids can be studied only with the assumption of 
some simplifying conditions. Such a simplification is, for example, to assume 
that only the diffusion in the boundary layer of the surface is rate deter
mining, since the pore diffusion is less possible.

On the basis of our experimental observations and data, all the same 
quantitative parameters could be found, which are — with the strict con
trol of certain experimental conditions — suitable for the calculation of the 
rate constant of ion exchange process and for the comparison of the ra
tes of ion exchange of different particle size resins.

Our series of kinetic measurements were carried out with the metha
nolic extracts of Vinca minor [12 — 16] and Amsonia tabernaemontana 
[19 — 21], and with different particle size Varion KS/H and Varion KSM/H. 
The proceeding of ion exchange was followed by the decrease of extinc
tion of the samples taken from time to time.

The results of our measurements showed that the temporal decrease 
of C alkaloid concentration is proportional to the alkaloid concentration 
belonging to the given moment:
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where the k proportionality factor is the rate constant of ion exchange. 
Since, however, a linear relation exists between the alkaloid concentration 
and the corresponding extinction, the latter can be used in the calculations 
instead of the concentration value. Accordingly, as the ion exchange pro
ceeds, for the temporal change of E extinction can be written:

( I )

(II)

This is the differential equation of the decrease of extinction, where E 
denotes the extinction of the sample taken in the moment t. By the sepa
ration of variables in eq. (II), and subsequent integration of the equation 
we obtain:

( H I )

The solution of eq. (Ill) for the initial conditions of the experiment,
i.e. if t — 0, then E = E0, is as follows: In E0 — q. Substituting this into eq. 
( FIT), we get:

(IV)



Plotting of the function In E = f(t) according to eq. (IV) gives a 
straight line, its slope is the rate constant k of the ion exchange process. 
Transformation of eq. (IV) results:

E = E 0e~x< (V)
W ith resins of different particle sizes, a set of curves decreasing expo

nentially with the time is obtained, corresponding to eq. (V) (Fig. 2.J. 
The numbering of the curves from 1 to 9 is equal to that of resin samples 
listed in columns b and r in Table 3.
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Figure 2. The decrease of E  extinction of alkaloids w ith the tim e in methanolic ex tract of 
Vinca minor, using different fractions of Varion KSM/H resin.

For the experimental control of the above equations, uniform volume 
samples were taken from the ion exchange system and the logarithms of 
their extinctions (In E) were plotted against the time, corresponding to 
the eq. (IV). As can be seen from Fig. 3. straight lines were obtained. The 
intersection of the ordinate gives the logarithm of extinction of the initial 
solution (extract): In E(r Tn the cases of the methanolic extracts of Vinca 
minor, the total alkaloid concentrations of the extracts were adjusted to 
give the same extinction value. This was determined also photometrically, 
its value: E0 = 0.450 at 1 cm thickness of the sample. The scattering of 
the measured value was ±4%.

As can be seen in Fig. 3, the calculated and experimental En values 
are in good agreement within the limits of experimental error (±4%). 
That is the experimental prove of the assumption that the ion exchange 
rate of alkaloids in methanolic extracts are mainly determined by the 
rate of diffusion in the boundary layer of resin grain surface. The rate 
constant calculated by this method is suitable for the description and com
parison of ion exchange rate of cation exchange resins with different grain 
sizes.
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Figure 3. Time dependences of In E  values of alkaloids in th e  m ethanolic ex trac t o f Vinca 
minor; function In E  = f(t); x: measured; calculated values (see eq. IV).

The dependences of kd. relative rate constants of different particle 
size Varion KSM/H resins on the d average particle diameter are illustrated 
in Fig. 4.

Figure 4. Dependence of k ion exchange ra te  constant of alkaloids in the methanolic ex trac t 
of Vinca minor on d average particle size; function k =  f(d).

Analysing Fig. 4, it can he seen that the kd = f(d) function can he 
divided into three sections regarding the rate of ion exchange. The resins 
in the fractions I (0.18-0.30 mm) and III (0.50-1.10 mm) have an ion 
exchange rate depending linearly on the particle size, while the dependence 
of ion exchange rate of the resins in fraction II (0.30 — 0.50 mm) is non-



linear. Thus, in the latter region the surface diffusion plays a determining 
role as well as the inner macro-pore diffusion.

Since the rate constant (k) of the resins in fractions I and III can he 
calculated with good approximation by the Y  = a+bX  linear relationship, 
the constants of the equation can he determined and interpreted as follows:

k = k„ + A/d2 (VI)
where k„ is the intersection of the ordinate on the Fig. 5, i. e. the limit 
of the rate when it becomes constant upon increasing the grain size, while 
A, the slope of the straight line, is a constant in connection with the pore 
diffusion.

As can be seen on the Fir/. 5. the plot of k = /(1/d2) is a straight line 
within the limit« of experimental error.

10 D Ë C SE I A N D  B. Z S A D O N

Figure 5. Dependence o f k  on 1/d2, function k =  f ( l/d 2), determ ination o f*  ~  in th e  metha- 
nolic ex tract o f Vinca minor (see eq. VI).

In Table. 3, some characteristic parameters and their changes with 
the particle size are summarized (column c). In column d, the volumetric 
capacity values corresponding to the equilibrium (swollen) state can be 
found in mg/ml. These values slightly decrease with the increasing particle 
size, obviously because it is more and more difficult for the alkaloid cation 
to penetrate into the pores of the larger resin grains. This effect is expressed 
better by the decrease of rate constant k (column e) and is illustrated bv 
Fig. 4.



Table 3

Characteristic param eters of different particle size Varion KSM /H resins in the m ethanolic
extract of Vinca m inor L.
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Num
ber

Frart ion region 
(mm)

Average
grain

diameter
(mm)

Equilibrium
capacity
(mg/ml)

Rate con
stant 

k X 10-

Volumetric
distribution

quotient
(Md)

Half-time 
of ion- 

exchange 
(min)

Time of 
reaction 

(min)

a 1) <• d e f g h

i 0 .1 7 - 0 .2 0 0 .1 8 5 4 .43 8 .0 4 454 8.62 50
2 0 .2 0 - 0 .2 4 0 .2 2 0 4.41 6 .3 0 407 11.01 60
3 0 .2 4 - 0 .3 4 0 .2 9 0 4 .3 9 3 .4 5 368 20 .12 90
4 0 .3 4 - 0 .4 0 0 .3 7 0 4.41 1.97 328 3 5 .1 6 150
5 0 .4 0 - 0 .5 0 0 .4 5 0 4 .4 0 1.42 300 48 .9 0 210
h 0 .5 0  — 0 .65 0 .575 4 .2 8 1.15 264 60.22 2 2 0
7 0 .6 5 - 0 .8 0 0 .725 4 .29 1.09 243 63.83 230
8 0 .8 0  - 1 . 0 0 0 .9 0 0 4 .24 1.00 223 68.65 250
0 1 .0 0 - 1 .2 0 1.100 4 28 0 ,92 216 75 .10 270

Dry material 
(g)

Total alkaloid 
(g)

Purity
(%>

E x tr a c t  ............................... 610 20 3 .3 0
S o lu tio n  a f t e r  io n

e x c h a n g e  ....................... 403 — —
E lu a te  ................................. 55 19.95 3 6 .3 0

In the column /  of the Table 3, the values of Md volumetric distribu
tion constant can be seen. Md is the ratio of the equilibrium volumetric 
capacity of the resin and the alkaloid concentration of the equilibrium 
solution. Column g contains the half-times of the ion exchange while in 
column h the reaction times of the ion exchange are listed.

Table 4

Composition of the m ethanolic extract and 0.8 N m ethanolic hydrogen chloride eluate  o f
Amsonia tabernaem ontana

Preparative experiments

For the preparative experiments, 1.5 kg of dry Amsonia tabernaemon
tana was extracted in a Soxhlettvpe extractor by 16 litres of methanol 
during eight hours. The extract was then evaporated to a volume of ten 
litres. This solution was led through a set of ion exchange columns (4X360 
ml Varion KSM/H resin) with a flow rate of 900 ml/h, then the columns 
were washed with methanol. The alkaloids were eluated 0.8 N methanolic 
hydrogen chloride solution (flow rate: 240 ml/h), or methanol-concentrated 
ammonium hydroxide mixture (8.5:1.5 v/v, flow rate: 120 ml/h).



In both cases, about 08-100%  of the alkaloids could be eluated. The 
resulting solution was about five times more concentrated than the initial 
one. At the same time, the purity of the alkaloid in the eluate showed an 
about tenfold or twelwefold increase.

The Varion KSM/H cation exchange resin could be used under the 
above conditions about 45 — 50 times without any observable change in 
its form or capacity.

The experimental results obtained in the processing of 1.5  kg Amsonia 
tabernaemontana are summarized in Table 4.
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PREPARATION OF CYCLODEXTRIN-POLYMERS IN BEAD FORM 
AND CONTROL OF THEIR CHARACTERISTICS BY THE PARAMETERS

OF PREPARATION*

Й. FENYVESI*, 15- ZSADON. .1. SZKJTLI* and K. TÜDŐS

D epartm ent o f Chemical Technology B udapest, Muzeum krt. 0 - 8 . ,  H — 1088.
* Chinoin Pharm aceutical W orks, B udapest, E ndrődi Sándor u . 3 8 -4 2 .,  H — 1020.

Summary

A procedure was developed for the well reproducible preparation of 
erosslinked cyclodextrin-polymers in bead form. Systematic studies were 
made, how to control the characteristics of the product (chemical compo
sition, swelling and particle size distribution) by the variation of the con
ditions of preparation. The knowledge of these relations allows to choose 
reaction parameters according to the desired properties of the product. Cyc
lodextrin —polymers prepared in bead form can be effectively used lor 
the isolation of substances from aqueous solutions or, especially as packing 
of chromatographic columns, for separation ol substances in aqueous solu
tions. In the isolation or separation, the ability of cyclodextrins to form 
inclusion compounds has a significant role.

Introduction

As it is known, cyclodextrins are non-reduetive cyclic dextrins built 
up from D-glucose molecules linked together by a-l,4-glycosidic bonds. 
a-Cvelodextrin (a-t'D) consists of six, /3-cyclodextrin (/3-CD) of seven and 
y-cyelodextrin (у-CD) of eight glucose units [1]. The coronal molecules of 
cyclodextrins can reversibly bind other molecules in the form of inclusion 
complexes, which have various possibilities ol application, e. g. prepara
tion of medicines with prolonged effect, flavour and vitamin complexes, 
solution of separation problems, etc. [2].

fn spite of their importance, cyclodextrins could not come so far into 
general use because of their high price and low availability. Recently, the 
Chinoin Pharmaceutical Works produce cyclodextrin in industrial scale. 
That made us able to deal with the research of practical applications of 
cyclodextrins, especially the preparation methods of cydodextrin-poly- 
mers and their uses at the Department of Chemical Technology of the Eöt
vös Loránd University, in cooperation with the Chinoin Works.

* This paper was compiled from some parts  of a thesis prepared by  É. Fenyvesi a t  
the D epartm ent o f Chemical Technology in 1978.



Cyclodextrins can be transformed by suitable polyfunctional reagents 
into macromolecular products, in which the complex-forming ability of 
cyclodextrins is combined with the properties of polymers. Literature, 
types, analysis and applications of cyclodextrin-polymers were surveyed in 
a previous paper [3]. In the following, our results are summarized in the 
preparation of crosslinked bead polymers containing cvdodextrin.

Experimental materials and methods

The ehromatographieally pure a-CD, /LCD and y-CD used for the 
preparation of polymers were Chinoin products.

Ethyleneglycol-bis (epoxypropyl)-ether was synthetized from ethy
leneglycol (Reanal) and epichlorohydrine (Fluka) [4].

Poly( vinyl-acetate) used was of Mowilith 70 tvpe (Hoechst). In some 
cases, polv(vinyl-alcohol) of Rhodoviol 16/20 type was also incorporated 
in the product.
Preparation of bead polymers

For this purpose, a cylindrical double-walled, thermostated reaction 
vessel of 200 ml volume was used with stirrer ( Fig. I).

In our present investigations aimed at the elucidation of relations 
between the experimental parameters and the properties of the product, 
the following general procedure was used:

In a solution of poly (vinyl-acetate) (PVAc) in toluene (70 ml) alkaline 
cyclodextrin solution (12 ml) was dispersed with stirring and heating. The 
concentration of PVAc in the toluene solution was 0.02 — 0.08 <r/ml, while 
the aqueous solution contained 0.02-0.04 g/ml NaOH and 0 .f-0 .7  g/ml 
cyclodextrin. In some cases also polv(vinyl-alcohol) (0.05-0.1 g/ml) was 
added to the aqueous solution.

\\ hen the temperature of the emulsion reached 80 °C, the crosslinking 
ethyleneglycol-bis (epoxypropyl)-ether was added (4 -  10 ml) and the stirring 
was continued with constant speed for 3.5 hours, while the temperature 
was also kept constant.

The stirring and heating were then ceased, the mixture was sedimented 
and the upper liquid decanted. The polymer product was washed with 
toluene, then with acetone and water, finally it was dehydrated by acetone- 
water mixtures of increasing acetone concentration, then dried at 105 °C 
for two hours. The product consisted of tiny, white or yellowish beads, 
which weighed 10 —12 g, it was fractionated by sieving when needed.
/ investigations for the characterization of CDP

The particle size distribution, gel bed volume ( Vb) waterregain (WR), 
cyclodextrin and P \ A content of CDP were examined as described earlier 
[5].

Results and their evaluation

1' or the sake of brevity, the experimental results are discussed on one 
single example, the preparation of polymers from /3-cyclodextrin. Poly-
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Figure J . Laboratory device for the  preparation of bead polymers.



mers were prepared also from a-and y-cyclodextrin, for their preparation, 
however, the same general relations are valid as for the preparation of 
/S-CDP.

Cyclodextrin is dissolved in a polar solvent and the bifunctional com
pound linking the cvclodextrin rings together is dissolved in a non-polar 
solvent immiscible with the polar one. By stirring the reaction mixture or 
by adding a tenside or protective colloid the polar phase is dispersed to 
tiny drops. The linking reagent diffuses into the drops and the reaction 
leading to crosslinked CDP beads takes place.

Alkaline aqueous solution is used as polar solvent and poly(vinyl- 
acetate) solution in toluene is used as non-polar phase. The crosslinking 
agent is ethyleneglycol-bis(epoxypropvl)-ether which is capable of react
ing with alcoholic OH-groups. The epoxide groups can hydrolize under 
the reaction conditions and they can attach to further diepoxv molecules 
through the OH-groups formed. Consequently, the cross-linkages formed 
between the cvclodextrin molecules can be of different lengths.

The structure of these polymers is modified by the fact that the poly- 
(vinvl-acetate) applied as protective colloid can hydrolize, and the result
ing poly(vinyl-alcohol), being soluble in the aqueous phase reacts with 
the crosslinking agent. Thus the products contain some per cent poly- 
(vinyl-alcohol) too. With given concentrations of the base and of cyclo
dextrin, the PVA concentration of the product depends on the PVAc 
concentration of the toluene phase ( Fig. 2).

10 E . F E N Y V E S I, B . Z S A D O N  A T  A L .

Figure 2. Dependence of PVA content (Cp v a ) ° f  /?— CDP on th e  PVAc concentration (C pvac
of th e  toluene phase.



More PVA will incorporate into the bead polymer also in the case 
when the concentration of the base is kept constant and the cyclodextrin 
content and proportionally the diepoxyde content of the reaction mixture 
are decreased ( Fig. 3).
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Figure ■'!. Dependence of the am ount o f PVA incorporated into /9-CDP on the ¡3— CD con
centration of the aqueous phase. The toluene phase contained 0.06 g/m l PVAc, th e  aqueous 

phase contained 0.04 g/ml XaOl 1.

If the aqueous phase initially contains PVA, its concentration will be 
naturally even higher in the product, it can reach as high as 10— 15%. Be
tween certain limits, the PVA content advantageously affects the swelling 
and elasticity of the CDP beads, at too high PVA content, however, they 
can turn soft and sticky.

By suitable choice of the reaction parameters, bead polymers with 
the desired swelling, cyclodextrin content and particle size can be obtai
ned.

The swelling of CDP beads can be characterized by the volume of 
swollen gel bed (F6), and by the waterregain (WR), i. e. the quantity of 
remained water after centrifuging. These parameters vary analogously.

Fig. 4 shows the swelling of the polymer (values of Vh and as a 
function of the CD concentration in the aqueous phase during the prepara
tion of CDP. The swelling decreases with increasing CD concentration and 
conversely. Nevertheless, at too low CD concentrations (in our example 
< 0.3 g/ml) the product obtained is soluble in water.

Applying low CD concentration, CDP with good swelling can be pre
pared if its PVA content is increased by addition of PVA. In this way,

2  ANNALES — Sectio Chimica — Tomus XV.
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Figure 4. Dependence of gel bed volume ( Fj) and w aterregain ( IF/j) o f f)— CDP on th e  (i— 
CD concetration of aqueous phase of the  reaction mixture.

insoluble product of regular bead —shape can be obtained even when using 
as low as 0.14 g/1 CD concentration. The waterregain (W R) of the product 
is 4 to 6 g/g, and its gel bed volume can be varied between 10 and 20 ml/g 
by the suitable choice of PVA concentration (see Fig. 5). Incorporation of
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Figure 5. Dependence of swelling properties (1  ̂ and 11^) of fi — GDP on th e  PVA concen
tration  of the reaction m ixture a t  different f l -  CD concentrations (in th e  aqueous phase): 

0.14 g/m l (x); 0.33 g/m l (o); 0.50 g/ml (zl).

2*



a high molecular weight additive makes thus possible to obtain good 
swelling crossl inked beads in spite of the fact that the increase of additive 
concentration by itself should result in the decrease of swelling.

2 0  E . F E N Y V E S I, B . Z S A D O N  A T  A L.

Figure 0. Dependence of swelling properties (Vb and W¡¡) of /J-CDP on the molar ra tio  of 
diepoxyde and fi-CD a t 0.50 g/mi (x) and 0.67 g/ml (o) concentrations (in the aqueous phase

of th e  reaction mixture).



In addition to the facts mentioned above, the swelling changes with 
the ratio of crosslinking agent and cyclodextrin, as can be seen on the 
example of Fig. 6.

Finally, by the suitable choice of the concentrations of CD, PVA and 
diepoxyde, the gel bed volume (Vb) can be varied between 4 and 20 mg/1 
and the waterregain (WR) between 1 and 6 g/g.

There is possibility to prepare polymers with different CD contents. 
Experience shows that cvclodextrine incorporates into the products app
roximately in the same ratio as it was in the initial mixture related to the 
diepoxyde coupling agent. Thus, between certain limits, bead polymers of 
the desired composition can be prepared by starting with suitable ratio of 
these two components. The cyclodextrin content, however, cannot be 
adjusted independently of swelling and with the decrease of the relative 
amount of diepoxyde the gels obtained are more and more soft. Practi
cally, the CD content of the product could be varied this way between 38 
and 79%.

The particle size and particle size distribution of bead polymers, 
which depend also on several parameters, are also important for the user. 
I t  is influenced, for example, by the size of the reaction vessel in which the 
polymer has been prepared, by the speed of the stirrer, by the volume of 
reaction mixture and bv the concentrations of both phases. Most suit
able way of controlling is to vary the speed of the stirrer or the concentra
tion of protective colloid. For example, Fig. 7 shows the particle size distri
bution measured in dry and swollen states of three products prepared 
with different PVAc concentrations.
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Figure 7. N um ber — distribution of th e  particle size of/?-CDP a t  th e  following PVAc con
centrations: 0.04 g/ml ( ---------- ). 0.0(5 g/m l ( ----- ) and 0.08 g/m l ( . . . ) ,  in the toluene phase

of reaction m ixture, in d ry  s ta te  (left) and swollen with w ater (right).



With the use of experiences outlined above, a procedure was devel
oped for the preparation of crosslinked cyclodextrin — polymers in bead 
form [6]. With our procedure, polymers containing a-CD, ß-CT) and y-CD 
can be reproducibly prepared. The products quickly swell in water, they 
keep their form and elasticity in swollen state, they are stable against 
microorganisms even in wet form, characteristics do not change after se
veral dryings and swellings.

Cyclodextrin-polymers prepared in bead form can advantageously be 
used for binding some components from aqueous solutions in order to their 
enrichment or purification of the solution, and especially as packings of 
chromatographic columns for separation of substances in aqueous solu
tions. In the latter case, in addition to adsorption, complex formation 
also takes place, increasing the efficiency of the separation, as it was pro
ved by our recently published results [5]. With the use of /l-CDP for ex
ample, aromatic amino acids could be effectively separated from one anot
her and from aliphatic amino acids.

The investigation of further uses of cyclodextrin-polymens is in prog- 
ess in  our laboratory.

R EFE R E N C E S

1. Cramer, F .: Chem. Ber. 84, 851 (1951).
2. Szejtli, J .:  S tärke 29, 26 (1977).
3. S z e j t l i , Fenyvesi É ., Zsadon B.: S tärke 30, 127 (1978).
4. Cohen, S . G., Haas, H . C.: J . Am. Chem. Soe. 75, 1733 (1953).
5. Zsadon, B ., Szilasi, M ., Oita, K ., Tüdős, F ., Fenyvesi, É ., Szejtli, J .:  Acta Chim. (Buda

pest) 100, 265 (1979).
6. Szejtli, J . ,  Fenyvesi, É ., Zoltán, S ., Zsadon, B., Tüdős, F .: Hung. P a ten t Appl. C l— 1845 

(1978).

2 2  E . f e n y v e s i , b . z s a d o n  a t  a l .



INVESTIGATION ON THE PYROGALLOL-B ROM ATE-ACID 
OSCILLATORY CHEMICAL SYSTEM*

T. HABON, E. KŐRÖS

D epartm ent o f Inorganic and A nalytical Chemistry,
B udapest, Múzeum krt. 4/B , H — 1088

Summary

Chemical oscillations occur during the uncatalyzed oxidation of a 
number of phenol and aniline derivatives with acidic bromate. One of 
these systems, the pyrogai loi-br ornate-acid reaction was thoroughly in
vestigated and compared with the well-known Belousov — Zhabotinsky 
systems. The concentration range of oscillatory behaviour was determined, 
the activation energy of chemical oscillation calculated, the effect of some 
inhibitors as well as oxygen and light studied, and the critical bromide 
concentration was measured. I t was found that the non-bromide controlled 
oscillation occurred in this system similarly as in the Belousov — Zhabo
tinsky ones. Consecutive oscillations could be generated by adding metal 
ions of high redox potential (e. g. Mn2 + ) to the “exhausted” uncatalyzed 
oscillatory system.

Introduction

The most simple and widely studied periodic chemical phenomena 
are the solution-phase oscillatory chemical reactions. Up to the present 
only a few homogeneous oscillatory chemical reactions are known. They 
are listed briefly in the following [1]:

1. Decomposition of formic acid in concentrated sulphuric acid 
(Morgan, 1916);

2. Iodate-catalyzed decomposition of hydrogen peroxide (Bray — 
Liebhafskv, 1921);

3. Oxidative bromination of aliphatic polycarboxylic acids and poly- 
ketons by acidic bromate in the presence of a catalyst (Belousov — 
Zhabotinsky, 1958);

4. Disproportionation of dithionite ion in aqueous solution at ele
vated temperature (Rinker, 1965);

5. Manganese(II)-catalyzed oxidative iodination of malonic acid 
with a mixture of acidic iodate and hydrogen peroxide (Briggs — 
Rauscher, 1973);

* The paper is based on th e  diploma work of Miss I. H abon.



(5. Decomposition of ammonium nitrite in aqueous solution above 
50 °C (Degn, 1976);

7. Uncatalyzed oxidative bromination of many aromatic compounds 
(phenol, aniline and their derivatives) with acidic bromate (Kőrös — 
Orbán, 1977) [2, 3].

Thorough investigations have started recently on the uncatalyzed 
oscillatory systems with the aim to learn more about their chemistry and 
to elucidate a detailed mechanism, ft has been supposed that the two sys
tems both containing bromate ions — the so called bromate oscillators —, 
the Belousov—Zhabotansky and the uncatalyzed reactions have many 
common features. In order to prove this, the behaviour of the BZ system 
and one of the uncatalyzed oscillatory systems (the pyrogallol-bromate- 
acid) has been compared.

Before presenting the experimental results the most important fea
tures of the BZ reaction, the basis of the comparison, are summarized- 
briefly [4].

The overall reaction is the catalytic oxidative bromination of an orga
nic reducing agent with acidic bromate. The reaction proceeds with the 
alternating occurrence of two kinetic states. During the first kinetic state 
among other products bromide is formed:

cat.
BrOg + organic compound----► Br~ 4- oxidation and bromination

products. However, above a certain concentration of the bromide 
ion (called the critical bromide concentration) this reaction is switched 
off and the second kinetic state emerges:

BrOj" 4- Br-  -f organic compound------ ► brominated derivatives.
This is characterized by the consumption of bromide ion. The critical 

bromide concentration depends — both according to kinetic considera
tions and experimental results — on the actual bromate concentration of 
the system:
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The bromide ion is the so-called control intermediate of the reaction. 
During the reaction processes occur with high rate of heat evolution, rapid 
changes in redox potential and bromide ion concentration followed bv 
less pronounced changes. So, the reaction can be regarded as a series of 
autocatalytic reaction bursts. Considering the chemical oscillation as a 
monomolecular reaction, and using the frequency of the oscillation as a 
first order rate constant, the activation energy of chemical oscillation can 
be calculated using the Arrhenius equation [5]. For most of the HZ systems 
studied so far, the activation energy values fall between 65 and 75 
k J / mol.

Extensive investigations have been carried out about the influence of 
temperature, light, oxygen and different inhibitors on the behaviour of the 
reacting BZ systems.



Experimental section

All experiments were performed in stirred solutions at constant tem
perature in a closed system. The reaction was initiated by adding the pvro- 
gallol solution to a mixture of sulphuric (perchloric) acid and bromate. 
The redox potential change was monitored with a Pt-electrode, the bro
mide concentration with a bromide selective sensor. As a reference elec
trode Hg/Hg2SO.,, K2SO., was used. For the calibration of the bromide 
ion-selective electrode solutions were used with potassium nitrate back
ground electrolytes. The decrease in the oxidizing power of bromate was 
measured by the iodometric titration of samples withdrawn at various 
phases of the reaction.

All reagents were of analytical grade.

Results and discussion

First the concentration ranges were determined, within which the 
oxidative bromination of pvrogallol proceeds in an oscillatory manner. 
Oscillations occur only in those cases, when the initial concentration of 
the bromate is at least twice that of the pvrogallol. The concentration of 
the organic compound should be between 0.01 and 0.2M, and that of 
sulphuric acid between 1.5 and 3M. For perchloric acid this value is bet
ween 2 and 4M. At different compositions the number and frequency of 
oscillations were different. From the temperature dependence of the fre
quency 64 — 66 kJ/mol was obtained for the activation energy of chemical os
cillation. This value is in good agreement with those measured for the HZ 
systems [6]. This supports the idea that the activation energy in bromate 
oscillators is a thermodynamic parameter characteristic only of bromate. 
The nature of the organic compound is irrelevant.

The similarity between the HZ and uncatalyzed systems is further 
emphasized by the fact that identical ions and molecules are inhibitors of 
the oscillation, and in similar concentrations.

Halide ions even in low concentrations [Cl- ]~ 1 0 -4 M, [Hi ' J~ 
I0~3 M, [I_]~ 5 -10 -4 M) decrease the oscillation frequency and in higher 
concentrations [Cl— ]~ 10—3 M) they quench the chemical oscillation.

Bromine is also an inhibitor, since the bromination reaction produces 
bromide ions.

Ethanol, like other aliphatic alcohols increases the frequency in 10~TV1 
concentration, and in higher concentrations (above 2.10-2M) it terminates 
the oscillation.

Oxygen and light have practically no influence on the HZ reactions, 
however, their effect is considerable on the pvrogallol, bromate and acid 
system suggesting a more important role of free radical intermediates in 
the uncatalyzed oscillatory reaction.

By continuous monitoring of the bromide ion concentration with a 
bromide selective sensor its critical concentrations was measured. The re
sults showed, that also in the pvrogallol-bromate-acid system it depends
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on the actual bromate concentration. The actual bromate concentration of 
the reacting system was measured iodmetrieallv. However, this method 
does not yield highly accurate results, as some of the oxidation products 
of pyrogallol also oxidize iodide. They are present, however, in low con
centrations and for this reason iodometrv gave acceptable values for the 
decrease in the oxidizing power of the reaction mixture ( Fig. 1.)
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expression is valid in the pyrogallol system, so the critical bromide con
centration is very close to the values measured in the BZ systems [6].

I t  has been reported recently that chemical oscillation occurs in the 
BZ systems even when the actual bromide concentration is kept at a very 
low level by the addition of silver ions [7]. Under such circumstances a 
new type of potential oscillation was observed, characterized by higher- 
frequencies and smaller amplitudes when compared with the bromide- 
controlled one.

Fig. 1. [Bi--]crit and percentage in oxidizing power during the oscillatory reaction o f
pyrogallol and brom ate

Composition: 0.G4M pyragallol, 0.1M brom ate and 1.5M sulphuric acid 
fB r-Jcrit; (a) 2 .6 .10 -’; (b) 1.7.10-’ ; (c) 1.3.10"’
Oxidizing power %
0 100
1 SI
2 76
3 74
4 73
5 72

I t was found that



The existence of this non-bromide controlled oscillation might support 
some doubts about the role of bromide ions as control intermediates in 
the oscillatory reaction. However, further considerations show that this 
fact can be explained on the basis of the mechanism proposed earlier [4]. 
After a rapid decrease in bromide concentration caused by the addition of 
silver ions the reduced form of the catalyst reacts with bromate, and its 
oxidized form can be reduced by the organic compound. During these 
reactions bromide ions are produced continuously from the brominated 
organic derivatives and react with silver ions. After the total amount of 
silver ion is precipitated in the form of silver bromide, the bromide-control
led oscillation is brought into action again.

The non-bromide controlled oscillation occurs in the uncatalyzed 
systems only at higher acid concentrations or at higher temperatures ( Fig.
2.). In less acidic solutions [H2SO,,] < 2M silver ions are inhibitors for the 
oscillation.
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Fig. 2. The effect of silver ion on the pyrogallol-brom ate-sulphuric acid reacting system.
Composition: 0.05M pyrogallol, 0.1M brom ate and 2.5M sulphuric acid.

|  addition  of Ag +

From the results discussed above, it seems to be rather probable that 
also in uncatalyzed bromate oscillators two kinetic states are realized 
through a bromide-control mechanism. The role of the metal ion in the 
BZ systems is taken over by the aromatics in the uncatalyzed ones. During 
the reaction various quinones, bromoderivatives and oxidatively coupled 
products are formed, their identification and determination is one of our 
further tasks.



Consecutive oscillations

It has been also of interest to look into the effect of the catalysts of 
the BZ systems on the pvrogallol-bromate-aeid reacting system.

The BZ catalysts were added to the system at different phases of the 
reaction: before the start of the oscillation, during the oscillation and after 
termination of oscillation.

Adding redox systems of low redox potentials [Fe(phen)|+ ~  1 V, 
Ru(dipy)|+ ~  1.2 V] to the pvrogallol-bromate-aeid solution at any phase 
of reaction, further oscillations could not be recorded.

The redox potential of the Ce3+/Ce4 + couple in sulphuric acid solu
tion is 1.44 V. If  cerium(III) ions are present in the system before the start 
of the reaction in a concentration of 3.10~3M, a rather irregular oscillation 
occurs with high amplitude and low frequency. By adding cerium(III) 
ions to the reaction mixture after the termination of oscillation, the oscilla
tion starts again with a very low frequency.

The uncatalyzed oscillation, followed by a restarted oscillation in an 
already “exhausted” system induced by metal ions of high redox potential 
is called consecutive oscillations.

Most experiments have been carried out with the Mn'2+/Mn3+ redox 
system (redox potential 1.51V). If adding manganese(II) ions to the re
action mixture before the start of the oscillation, it was observed, that the 
potential curve became similar to the bromide ion curve, and bromine 
evolved in considerable amount from the very beginning of the reaction. 
Tt is supposed that the accumulation of bromine follows a step function.
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Fit/. ■'!. Consecutive oscillations rein itia ted  by M n(ll). Composition: 0.02M pyrogallol, 0.1M 
bronm te and 1.75M sulphuric acid.

J a d d i t io n  o f 'M n ( lI )



Adding the manganese(II) ions after the termination of oscillation to 
the system, the oscillation immediately restarts, and the evolution of 
bromine is observable ( Fig. 3).

Earlier experiments on bromate oscillators showed that bromine is 
an inhibitor for the oscillatory process [8]. However, no change in the 
number of oscillations could be observed if the bromine concentration was 
reduced by a dropwise addition of sodium thiosulphate. It seems, that bro
mine is not an inhibitor for the restarted oscillation.

The experimental results can be explained as follows. Manganese(II) 
reacting with bromate is oxidized to manganese(III) with the simultaneous 
evolution of bromine. The organic compounds of the system are able to 
reduce manganese(III) and the reaction between manganese(II) and bro
mate starts again. The cycles are repeated until bromate is consumed:
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If  brominable organic compounds are present, the evolving bromine imme
diately brominates them. After the termination of the uncatalyzed phase 
of the reaction, when brominable organic species are no further present, 
bromine accumulates in the system. The organics present, however, can 
be oxidized by manganese(IH) and the above cycle may start again.

It is most likely that the unexpected phenomena experienced in con
nection with the consecutive oscillations will contribute to the discovery of 
novel bromate oscillators.
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Introduction

The study of the dynamical behaviour of chemical plants is of great 
practical importance. Processes like starting and stopping of operation, 
control or dinamical interactions must be studied in order to know their ef
fect in the plant. Great advantage can be taken from the computer simula
tion which provides the necessary informations without any loss of produc
tion or other risk of intervention. However, while abroad range of program 
packages exists for steady state simulation — see for instance the SIMUL 
(2), most commonly known in Hungary — the dynamical behaviour was 
mostly studied for single devices and relatively few systems were built up 
(e. g. DYFLO (3), DYNSIS (4), PRODYC (5), REMUS (6) etc.). Primarily 
for educational purposes, the creation of such a dynamical simulator was 
undertaken by eight students in the Chemical Cybernetics Laboratory of 
the Eötvös Loránd University in 1977 — 78. Four of the students continued 
working on the system which is detailly described in ref. 1. Further results 
are presented in refs. 7 and 8. Not only the creation of the system served 
teaching aims but the ready system as well is hoped to find applications in 
education.

Modelling principles — algorithms

General Principles
In the course of dynamic simulation new distributions (of temperature 

and of concentrations) are calculated from initial distributions and boun
dary conditions. The package is built up of different operating unit modules, 
which can be deduced from a general one describing a complex double 
stream device in which chemical reaction takes place as well.

* Research Laboratory  for Inorganic Chemistry of the H un. Acad. Sci.
** Central Research In s titu te  for Chemistry of th e  H un. Acad. Sci.
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The material and heat balance results a set of partial differential 
equations. I t  is applied with the following simplifying conditions:

1 The model is one dimensional,
II the fluid is incompressible and its density is independent of the 

temperature therefore the flow velocity is constant.
I l l  the walls of the operating units are isolant,
TV the apparatus has constant cross section and hold-up.

Thus, e. g. the concentration of one of the components ( j) in one of the 
phases (indexed by (1) is described by the following partial differential 
quation:
accumulation in time = accumulation by convection + accumulation bv

transfer from the other phase + accumulation 
by reaction + accumulation by diffusion
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A similar equation can be set up for the heat balance; a partial differential 
equation for temperature can be deduced from it (9).

Omitting the member of reaction from the right side of eq. 1 one 
gets the model of the double stream device (heat exchanger and extractor), 
omitting all the equations for the second phase one gets the description of a 
reactor, while the model of a tube (where only convection takes place) is 
formed by also deleting the reaction term.

Apart of these typical units the system comprises algorithms for mix
ing unit, for purge and for control units. Both temperature and concentra 
tion can be controlled by the flow rates: the temperature when a valve 
regulates the flow rate of the heating liquid of the heat exchanger, the con
centration when the flow rate of the recycling liquid is regulated. The val
ves are directed by IT D-type( proportional-integral-differential) regula
tors.

The above mentioned device algorithms form the basis for the DYSIM 
package. A main organizing program unites them into one system with 
eight function routines calculating different physical — chemical proper
ties (e. g. enthalpy, density etc. (1) (and with twelve ancillary routines), 
e.g. routines connecting the main program to the peripheries of different 
drawing programs — showing either the distribution of temperature or 
concentration along an apparatus, or the distribution in the time at a given 
point of the plant).
Algorithm for Operating Units

Nonlinear partial differential equations, like eq. 1, having no analy
tical solutions must be solved numerically. Thus the discrete approxima-

( 1 )



tion of the distributions of temperature and concentration — which are in 
reality continous concerning the two variables (x, t) — can be obtained.

The simpler and less accurate explicit scheme of the method of finite 
differences is applied here, where the new state can be directly calculated

DYSIM PROGRAM 33

from the old one:

where x = i/l.r, t = kAt
This way of calculation means that

— the device is divided into compartments of length of zlx,
— in a given compartment the new value of a parameter, i. e. the 

value after a time At, will be function of the old values in the very 
last and the previous compartment.

Implicit methods, widely used for modeling single units, can not be 
applied since this would require to solve a system of simultaneous equa
tions for the whole plant whenever recycle is implied. The explicit scheme 
and the modular structure make an arbitral!y arrangement of devices 
possible.

The condition of numerical stability of the scheme is (10):

When both zJx, /It —0, the convergence is assured but the engineer 
purposes to obtain practical results for relatively big /lx, not infinitesimal 
compartments. Then, near to equality instability can be observed, thus 
the value of the fraction must be increased:

w ith  0 < k <  l.
By k = 0.7 stability is well obtained, but the response functions 

on the entering unit functions in the case of plug flow become distorted 
and of S-form. Though this reminds of diffusion, there is no direct correla
tion between the factor of diffusion I) and k.
Thus a method was searched which satisfies two conditions:

— it is based on the explicit scheme,
— it can reproduce important limit-situations for the chemical engi

neer — such as plug flow for instance — with relatively big Ax 
values.

In this method the result of individual partial processes (convection, 
transfer, reaction and diffusion) was calculated separately, i. e. the change 
in the concentration for instance is given by:
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The individual processes are taken into account in the case of reaction 
and transfer with ordinary differential equations. On the other hand the 
solution of the partial differential equation of the convection is known: 
the substance advances with a given velocity.

Thus it is not difficult to assure numerical stability by providing diffe
rent schemes for the different individual processes.

The diffusional member results from a partial differential equation, 
called the Pick equation. When calculating . lc,yff with the method of 
finite differences the scale of time ( It) can he diminished, if necessary for 
stability, independently from the other physical processes.
Realization

As eight students started to work at the same time the roles and the 
tasks had to be divided. The package was realized on three hierarchy le
vels:

— at the bottom routines for physical-chemical properties were made,
— others prepared the modules for different operating units using 

simulated (“empty”) routines instead of the functions of the physi
cal-chemical properties: they tested these algorithms by separate 
driving programs,

— while at the top the main organizing program was finished with 
“empty” routines for the operating units.

Having well defined the connecting points and the streams in these 
points the parts could be united.

Example
The plant, the flow-sheet of which is drawn on Fig. 1., consisting of a 

pipeline reactor, of two-streams devices (heat exchanger and extraction 
column), of tubes, of a mixing unit and a purge was simulated.

After having calculated the evolution of the steady state, then having 
determined the constants of the regulators (7), one can examine the distur
bance caused bv a sudden increase in the reagent concentration (Fig. 
2.).

As it can be seen on the figure, the heat controller unit restitutes the 
set value, while the disturbance is greater than that could be compensed 
by the “valve” even in its completely opened position.

CONCLUSION
A program package for the dynamical simulation of a reeyclie chemi

cal plant containing typical devices was prepared and, as presented, some 
dynamical effects are well simulated with it. However, this package not 
yet corresponding to concrete technology can only be considered as the 
first step to the dynamical simulation. The continuation would be first 
the amelioration of this package by equipping it with the routines of ref. 
11 and then to approach it to reality by simulating more complexe devices 
and plants.
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NOTATION

A  in terfacial area, m a/m 3
C concentration, km ol/m 3
H  hold-up
i integer num ber
k integer num ber
K m ass tran sfe r coeff., m/s
m H enry ’s constan t
niQ num ber o f com ponents in G phase
Q flow -rate, m3/s
6’ cross section, m 2
t tim e, s
w linear velocity, m /s
x  ax ial distance, m
r reaction velocity, K m d/m 3s

IN D E X

G G phase
j com ponent
S interfaeial area for m ass transfer
L L  phase
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Fig. 2. Q ualitative illustration o f regulation in th e  network: th e  effect o f the sudden change 
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/:  Tem perature of fluid before entering the  reactor (point 5 of Fig. 1.)
2: Tem perature of heating  fluid entering th e  hea t exchanger (point 12 o f Fig. 1.)
3: Concentration of reagent in th e  fluid before entering  th e  reactor (point 5 o f B’ig! 1.) 
4: Concentration o f  product in the fluid entering the ex trac to r column (point 7 of

Fig- L)
j: Concentration of reagent in the entering stream  o f the mixing unit (point 1 o f 

Fig. 1.)
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ON BOUNDARY CONDITIONS FOR HYPERBOLIC REACTORS

by
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B udapest, Múzeum krt. 6 — 8, H — 1088

Abstract

One-phase one-dimensional hyperbolic models of chemical reactors 
are discussed. The nature of equations and their boundary values are dis
cussed and are shown to be in accordance with the physical behaviour 
of such reactors.
1. INTRODUCTION

The basic formulae for modelling chemical reactors are the so-called 
balance equations. In most cases in chemical engineering practice they 
describe the balance of mass, energy, momentum and moment of mo
mentum in reacting continua. These equations from the mathematical 
point of view form a system of first order partial differential equations. To 
make this system closed one has to state so-called constitutive relations.

For example the well-known Tick’s first law is a relation of this sort. 
If it is substituted into the equation of mass transport a second order para
bolic partial differential equation, Pick’s second law is obtained. From 
the physical point of view this equation has a non-convenient feature: it 
involves infinite speed of propagation for the different types of disturban
ces. This physical impossibility was noted by Maxwell at first f 1 ] (for detail
ed references see for example Gyarmati [2]. Several authors proposed to 
replace Fields first law and the analogous ones by other equations wihich 
not show this phenomenon. The most general suggestion was made by 
Gurtin, Pipkin and Chen [3], [4]. We will make use of a simpler constitutive 
equation which is suitable for our purpose. As the system of equations is 
hyperbolic, we used this adjective in the title of this article. The hyper
bolic diffusion (phenomenon of relaxation) according to the published 
results is significant at low temperature [5] and when eddy diffusion is 
present [6]. In this paper only the one phase hyperbolic diffusional models 
of reactors are dealt with.
2. TH E SY ST E M S OF EQUATIONS FOR ONE PH ASE REACTOR

For the sake of simplicity only the one dimensional case will be treated 
here. As a further simplification, the balance of momentum will not be 
discussed and it is supposed that the velocity of convection (v), the density



of mass ( q) and the specific heat (Cp) are constants and the equations are 
stated, for the case of one component only.

The two remaining balances:

4 0  J .  H O L D E R IT H  A N D  P . B E T !

(1)

(2 )

Here c means the concentration, T  the temperature, J c and J T the 
conductive fluxes, qc and qT the density of sources of mass and energy 
respectively; t the time, x the length coordinates.

The constitutive relations for the fluxes are:

(3)

(4)

Here D is the coefficient of diffusion, A is that of the heat conduction, 
Tc and T T parameters are the relaxation time coefficients, both measured 
in seconds. The change of character in these equations is due to them. 
When Tc -= T r -- O the usual Fick and Fourier equations are obtained. 

Introducing the following notations

(5)

(6)

we can rewrite the (1) — (4) system into the following form:

This system is called hyperbolic if all eigenvalues of A are real and distinct 
[7]. Tn our case one can easily verify that this condition is fulfilled. The (6)



system with the necessary initial and boundary conditions is considered to 
be the model of the one-dimensional reactor with the above mentioned 
simplifications.
3. I N I T I A L  AND BOUNDARY CONDITIONS

The initial conditions are the same as in the case of parabolic models: 
c(.r, 0) = y>(x), r€ (0 ,l) where y>(x) is a given vector function. There is a 
great difference of the boundary conditions between the parabolic and hy
perbolic cases. In the case of parabolic equations the general form of boun
dary conditions is the following [7]:
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(here a(i) and ¡3(1) are given functions | a| -f \ ft\ ^  0). The well-known 
Danckwerts boundary conditions [8] are special cases of this general form.

For hyperbolic equations to gain well-posed problems other types of 
boundary conditions must be stated. Not only the derivative type condi
tions are not good but the number of boundary conditions are determined 
by the characteristics. For the sake of brevity the problem is discussed 
only in the case of an isothermal reactor.
For this case the model equations are the following:

(?)

(8 )

Introducing the following notations:

one «rets the following:

(9)

( 10)

From (10) we get the canonical form of the equations by a linear transfor
mation. For this one must compute the eigenvalues of A (lc12 =

= ?; zp ] /  — , the corresponding eigenvectors



(Here E =  Z 1 BZ and u = Z 1 f.)
Tlie boundary conditions must be fitted to the (11) canonical form. The 
number of left-hand side boundary conditions is equal to the number of 
positive eigenvalues the number of right-hand side boundary conditions 
is equal to the number of negative ones. Because =- 0, there are three 
cases.

1. Tf /,'j > 0 then for both variables (u\, w.,) one must state boundary 
conditions for r = 0, for the right-hand side one should not state 
any of them. If

where Z = | x,. x2]. The new variables are introduced by the following 
transformation: Z -1 c = w and we get the canonical form of (10):

4 2  J .  H O L D E R IT H  A N D  P . FffiTI

(ID

that is the velocity of convection is greater then a given critical 
value. The effect is propagating only into the direction of a = 1. 
the speedy convection is “blowing out” the diffusion phenomenon 
in complete accordance with the physical facts.

The boundary conditions

( 12 )

With this conditions we supposed that in front of the reactor there 
is plug flow so the inlet concentration is equal to that one at the 
boundary.

2. If k1 = 0 i.e. v = jA ^, then the value of «•, is determined comple
tely by the initial condition, for v:x there is no need of any boundary 
condition at all. The value of v:2 must be given at or = 0

I r >  -  l [ c+  A ,/j . There is an equivalent way of using this

datumnamely to give the value of the summary flux /  = vc + J  
(I = 2v-tv2). But of the value o f . / the same can be said as in the 
previous case.

3. IfTq-cOi.e. t’< l / - ^ - . There is a return effect, in some considera
tions this case is similar to the parabolic case. ;r.,| x_:0 and JCj |x „, must 
be given. In another way at both boundaries homogeneous conditions2
can be stated as 2  wi =  b, a; (i = 1,2) can be chosen in 

1 = 1



such a way that the summary flux I  = vc -f •/ should be given at 
the boundaries.
This problem (as there is no better suggestion yet) can be handled in 
a similar way to the parabolic case. Supposing that I is continuous 
at the boundaries the value of it can be guessed from the solution of 
the stationary model. The mathematical model comprising the 
above mentioned conditions is the following:
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(13)

(Because in the first and third zones [8] there is no reaction.) 
For the third zone (1 < ,r «=: + <»)

(14)

which means that only the trivial solution j  = 0 can be regarded because 
j ( x ) is not bounded.
So at x = 1 j \ x =\ = 0, c |x= j =  constant.
From (13) and (14) one gets:

(15)

The general solution of (15)

where B is constant . 
From this

should be given at the left-hand side boundary.
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HIERARCHIC MODELLING OF THREE-PHASE FLUIDIZED 
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Summary

The hierarchical approach to the construction of multi-level models 
of multi-phase chemical reactors was further developed in [9]. A structural 
scheme of a hierarchical model for three-phase fluidized bed reactors in
volving possible hierarchical levels was proposed in [8]. On the basis of 
that structural analysis and using the approach proposed by the first aut
hor in [9], the authors of the present work give the construction of a hier
archical model of a three-phase fluidized bed reactor which describes the 
stationary processes in each level of the hierarchy.

Introduction

Three-phase fluidized bed catalytic reactors belong to the class of 
multiphase reactors in which the interaction of three phases takes place: 
a gas, a liquid and a finely dispersed catalyst. The complex pattern of 
hydrodynamic flow of the phases and the complex nature of physico-chemi
cal processes occuring in three-phase fluidized bed (TFB) necessitate the 
use of a hierarchical approach to construction of the mathematical model of 
such a reactor.

The hierarchical approach, which was first formulated by Boreskov 
and Slinko [1 —3], is successfully used in modelling catalytic heterogeneous 
processes in gas phase and the reactors for them [4, 4]. In the literature 
there have been also studies devoted to the construction of a hierarchical 
model of gas-liquid reactors [6, 7]. A structural scheme of a hierarchical 
model for a TFB reactor involving possible hierarchical levels was first 
proposed in [8]. However, this work did not reveal clearly the relation 
between the partial models representing the levels of the general hierarchical 
model.

The hierarchical approach to the construction of multi-level mathema
tical models of multi-phase reactors was further developed in [9]. In this 
work much attention was given to the problems associated with the reali
zation of a simple inner relation between the levels of hierarchy. On the
* In s titu te  of Catalysis, Novosibirsk, USSR



basis of an earlier structural analysis [8J and using the approach proposed 
in [9] the authors of the present work give the construction of a hierarchi
cal model of a TFB reactor wich describes the stationary processes in each 
level of the hierarchy.

Structural analysis

The technological process observed in a TFB reactor is a result of a 
chemical reaction and transfer processes which occur simultaneously in 
three different domains (so-called “structural units”) differing significantly 
in size:

a) inside the pores of a solid catalyst particle and in the liquid adja
cent to it;

b) inside one bubble of the gas and in the suspension adjacent to it;
c) in a macroscopic volume consisting of the three phases (the reac

tor).
I t  is clear that for a chaotically moving solid particle or gas bubble 

the physical entities represented by the words “domain” or “structural 
unit” have a stochastic meaning. They cannot be characterized by their 
geometric shape and well-defined time and spatial coordinates. Neverthel
ess, each structural unit can be associated with a “mean” linear size wit
hin which significant changes of physicochemical and hydrodynamic 
parameters are observed for example, flow rate and concentration gradients 
characterizing the process which takes place in this unit. Considering firstly 
that the mean dimensions of the solid catalyst particles dispersed in the 
liquid are much less than those of the gaseous bubbles formed when the 
gas is bubling through the liquid and secondly that the dimensions of an 
industrial reactor are much greater than the mean size of a gaseous bubble, 
we can assume that the relations between the characteristic linear dimen
sions of the above domains are as follows:
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Basie levels of the hierarchy

Unequalities (1) make the basis for formulating the general hierarchi
cal model! of TF B consisting of three partial models (levels) which describe 
physico-chemical and hydrodynamic processes on the scales la (micro
level), lh (middle level) and lc (macrolevel).

According to the partial models of the microlevel and middle level, 
the three-phase system is assumed to consist of two phases: a gaseous and 
a so-called “pseudoliquid” one. Although a pseudoliquid consist actually 
of the liquid outside the catalyst, the liquid filling the catalyst pores, and 
the skeleton formed by solid particles, it is assumed that its properties and 
behaviour (for example, catalytic activity, hydrodynamic flow, turbulent 
transfer) can be described by continous functions and effective constants

( 1)



in the whole region up to the interface gas) pseudoliquid. Discrete proper
ties of the pseudoliquid will show up only in the partial model of the micro- 
level.

Postulating the validity of some hypotheses proposed in [9], our 
approach to the construction of a hierarchical model of TFB is formulated 
as follows: each point of the domain of the higher-level (HL) partial model 
corresponds to the whole domain of the lower level (LL). It means that 
the values of the HL distribution functions at this point are set equal 
to some functionals obtained from the corresponding distribution func
tions of the LL model. Thus, the relationships required for closing the 
system of differential equations of the HL model is found as a relationship 
between the functionals obtained from the corresponding functions of LL 
model.

The above mentioned approach will be illustrated on the example of 
a system of heterogeneous catalytic reactions proceeding in a liquid phase 
inside the catalyst pores under steady-state isothermal conditions. The 
reactions and the reaction products are assumed to be present partially in 
the gas phase and partially in the liquid phase. It is also assumed that the 
reaction rates are the known functions of the composision of the liquid 
inside the catalyst pores.

Macrolevel modell

The domain of the partial model of the macrolevel is equal to the vo
lume of the reactor. Assuming a one-dimensional two-phase quasihomoge- 
neous diffusion model, the equations of material balance can be written as 
follows:
In the region R  = [0, Z]
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(2 )

(3)

(4)

where z£ R
The boundary conditions are:

(5)

( 6 )



It is assumed that the linear flow velocities and the volume fractions 
of the phases (<pitv ¡) are known either from the solution of the correspon
ding equations of hydrodynamics or from empirical correlations.

According to the above-mentioned general method of organizing the 
inner relationships between the levels of the hierarchical model, the rela
tionship between the macrolevel and the middle level is represented in the 
following form:
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(7)

(8 )

(9)

(10)

(ID

and accordingly

where

The aim of modelling in the middle level of the hierarchy is to find the 
explicit relationships between the functionals (9— 11). For tins purpose we 
construct the partial model of the middle level.

Middle level model

The domain of the partial model of the middle level is equal to the 
volume of one “average” bubble and the amount of suspension (pseudoli
quid) corresponding to it. For the sake of simplicity, in describing the 
mass transfer with a chemical reaction in pseudoliquid phase around the 
gas bubble we shall use the so-called “plane model" which takes into acco
unt convective transfer along the interface and diffusion in the normal 
direction. The mixing inside the gas bubble is assumed to be ideal.

Thus, the partial model of the middle level is written as follows:
In the region R = [0, Ls ] © [0. Ln ]

(12)

where
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The boundary conditions are:

(13)

(14)

(15)

The linear velocity v2 and the turbulent diffusion coefficient I)2 are the 
functions of the coordinate i?. Within the framework of the present study 
they are assumed to bo given.

The functionals (9) —(11) for the plane model (12) have the following 
form:

(16)

(17)

(18)

The relationship between the middle level and the microlevel of the 
hierarchic model is established in the following form:
Since (|, 7]) — R therefore

(19)

(2 0 )

(21)

where

The aim of modelling in the lower level is to find the relationship 
between the functionals Q* and C2. For this prupose we shall construct the 
partial model of the microlevel.
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Microlevel model

The domain of the partial model of the microlevel is assumed to be 
equal to the volume of one “average” catalyst particle and the liquid 
corresponding to it. As in the case of the middle level, for describing the 
transfer processes with a chemical reaction we use a plane model of con
vective and conductive transfer:

In the region li = [0, X]®[0. Y J
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where (x, y) Ç it
The boundary conditions:

(2 2 )

(23)

(24)

(25)

The functions v2, D2 and 0 , are given as follows: Tn the region 0 s  y rs P: 
v2 — 0; D2 = Deif =  const.

The density of the source q2 is assumed to be the known linear func
tion of the concentrations of the components of the liquid phase inside 
the catalvst pores:

(26)
In the region P -&y-&Y \ K = 0; = v2{y)\ J)2 = D2(y)
The explicit form of the functions v2 and II, is considered to be known.

The specific form of functionals (20), (21) for the plane model (22) 
is as follows:

(27)

(28)

Because of the explicit dependence of the density function of the sour
ces, given by equation (26), on the concentrations, the partial model ol 
the microlevel is given by a closed system equations. This means that this 
level is the basis of the hierarchy on which the whole multilevel model is 
constructed.



By solving the equations of the partial model of the microlevel it is 
possible to find the relationship between the functionals (27) and (28) 
sought for. I t  was prooved theoretically [10] and illustrated by numerical 
solution of the system of equations (22) for reaction A — B — C [11] that 
with the linear relationship between q2 and C2 the relationship between 
Q„ and C., will be also linear:
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(29)

(30)
or

i. e. the density of the source in the model of the middle level will be also a 
linear function of the concentrations.

By means of equation (29) the partial model of the middle level be
comes closed. Thus, by solving the system of equations of the partial model 
of the middle level it is possible to find the explicit relationships between 
the functionals (1G) and (18), and (1G) and (17) which are necessary for 
closing the system of equations of the partial model of the macrolevel. 
From equations (17), (19) and (29) it follows that:

i. e. the rate of chemical reaction on the partial model of the macrolevel 
will be also a linear function of the concentrations.

The relationship between J12 andC2 was studied in [10] on the basis of 
model (12) taking into account (31). I t was shown that the relationship
between J and C2 is as follows:

Result

By means of relationships (31) and (32) the system of equations of the 
partial of the macrolevel becomes closed permitting us to solve it and to 
find, depending on the aim of the modelling, the desired functionals which 
are the final result of the modelling of the reactor. By this the problem ol 
the modelling of the reactor. By this the problem of constructing a hier
archical model is completed. The next problem consists in theoretical and 
numerical analysis of the partial model with the aim of determining the 
dependence of the constants B, a and /5 on the parameters of the partial 
models. In conclusion, it should be ¡jointed out that the inner relationships 
between the levels of type (8) and (19) as well as the relationships between 
the functionals of type (29) -(32) are invariant of the specific form of the 
partial models.

4*



Symbols used

ai2 ~ specific interfacial surface area;
B — matrix of the constants depending on the parameters of the 

model of the microlevel;
C, — concentration vector in i-th phase;

D, — turbulent diffusion coefficient in i-th phase;
F — interfacial surface area;

J 2 — the density of the source of the component per unit of inter- 
facial surface area due to the exchange between phase;

K — matrix of kinetic constants;
Ls L n — characteristic linear dimensions of the domain of the partial 

model of the middle level;
n — vector normal to the interface gas/pseudoliquid:
P — one half the width of the catalyst grain;

q12 — the density of the source of the component in the liquid due 
to the reaction;

K — volume equal to the domain of the partial model
v{ — linear velocity vector of i-th phase;

x, y — coordinates along and normal to the surface of a solid par
ticle;

X. Y — characteristic linear dimensions of the domain of the partial 
model of the microlevel:

z — coordinate along the length of the reactor;
Z — reactor length;

a, ¡5 — matrices of the constants depending on the parameters of 
the partial model of the middle level;

i,r) — coordinates along and normal to the interface gas/pseudoli- 
quid.

Subscripts: “1” — gas phase
“2” — liquid (pseudoliquid) phase 

“12” — on the interface gas/pseudoliquid 
Superscripts: “0” — boundary (initial) value of the variable

— equilibrium value of concentration
— index denoting that the variable and the function 

belong to the middle level;
’ * ” — index denoting that the variable and the function 

belong to the macrolevel.
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Results obtained from studies on the electrochemical reduction of 
aliphatic oxo compounds, further aliphatic compounds containing C — OH 
bond in allyl position or in a position with respect to an oxo group are 
reviewed. Formation of hydrocarbons were observed in all these cases. 
On the basis of polarization measurements, product analysis the possible 
paths for the formation of hydrocarbons are discussed.

Despite the spectacular development of organic electrochemistry in 
the last twenty years there are significant lacks in our knowledge concern
ing the electrochemical behaviour of some simple organic compounds. For 
instance, ten years ago it was almost generally accepted that simple ali
phatic oxocompounds cannot be reduced at platinized platinum electrode in 
acid media, and the C — OH bonds cannot be the subject of reductive split
ting. The revision of the validity of these views was started by one of us 
(G. H.) ten years ago [1 ] — [8 ].

In the present communication the results obtained from systematic- 
studies with different oxocompounds and with alcohols containing the 
C —OH bond in special position (as allyl position or in a position with re
spect to an oxo group) are summarized.

The compounds studied are listed in Table 1. In all cases studied the 
formation of hydrocarbons was observed even they were the main pro
ducts of the reduction. In Table 1 main the constituents of the hydro
carbons formed are given. The compounds figuring in Table 1 may be 
divided into the following groups:
I. Aliphatic oxocompounds
1.1.1. Aldehydes
1.1.2. Ketones
1.2. Aliphatic dioxocompounds 
T.2.1. Dialdehydes
1.2.2. Diketones
II. Aliphatic compounds containing C — OH bond in special position 
II. 1. C — OH bond in allyl position
11.2 . C — OH bond in a position with respect to an oxo group.
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Table 1

Compound Hydrocarbons formed References

C H 3C H O c a r ,  (95% ) 4
C H 3C H 2C H O C3H 8 (96% ) 12
C H 3 — C — C H ,

II
o

C3H 8 (99% ) 1, 2, 12

C H 3 - C - C . H 5
II
o

n  —C ,H 19 (99% ) 3, 1 1 - 1 3

C H a — C — C3H ,
II
0

n  — C5H 12 (98% ) 3

C2H 5 — C — C2H 5
IIo

n — C5H 12 (98% ) 3

C H 3 - C H - C - C H 3
I II 

CH3 o

C H 3- C H - C H , - C H ,
1

C H 3

3

O H C - C H O C2I I 6 ( 9 5 - 9 7 % ) 5
C H 3 - C - C - C H 3

II I!
O o

C4H,o ( 9 0 - 9 8 % )  
C6H 12 ( 1 - 1 0 % )

7

C II3- C - C H . - C - C H 3
II ' II 0 o

n — C3H I2 ( 9 5 - 9 9 % ) 8

C H 3 -  C -  C H , -  C H , -  C -  C H ,
II ■ II o o

n - C , H 12 ( 9 2 - 9 5 % ) 8

C H , =  C H - C H j - O H C3H 8 ( 7 0 - 8 0 % )
C H , =  C H - C H 3 ( 2 0 - 3 0 % ) 6, 20

C H 3 - C H  =  C H - C H .O H C ,H 10 ( 8 0 - 8 5 % )
cis, /C H 3 -  C H  =  C II -  C H 3 (15 -  2 0% ) 
t r a n s  \C H 2 =  C I I - C H 2- C H 3

6

H O C H jC H  =  C H - C H .O H C4H 10 (96% )
cis, ( C H , - C I I  =  C H - C H 3 
t r a n s  I C H , =  C fl -  C H , -  C H 3 (1 -  3 % )

6
HC =  C - C H .O H C3H S ( 6 0 - 7 0 % )

C H , =  C H - C H 3 ( 3 0 - 4 0 % ) 6
H C  =  C - C H - C H ,

I
O H

C4H 10 6

H O C H j- C  =  C - C H .O H C4H ,o (97% ) 6
H O C H .- C I I O C*H, ( 9 5 - 9 7 % ) 5
C H 3- C H - C - C H 3

I II
O H  o

C4H 10 (98% ) 7



The results obtained hitherto will be briefly presented according to 
this subdivision.

Concerning experimental methods and detailed experimental results 
we refer to previous communications [ 1 ] — [8 ]. I t  should, however, be under
lined here that all measurements were carried out in acid media (1 mol/dm3 
H2S(), or HCIO,) thus the statements and conclusions made in this paper 
refer to acid media, only.

I. Aliphatic oxocompounds
I. 1. MONOOXOCOMPOUNDS 
T. 1.1. A ldehydes

Acet- and propionaldéhydes were studied. Polarization curves obtain
ed in the case of acetaldehyde is shown in Fig. 1. The slope of the lgi vs.
E plot is a b o u t----mV-1, for propionaldéhyde -— mV-1  was found.

60 '  80
The polarization behaviour allow to assume that the reduction takes place 
via a radical mechanism [9], i. e., the hydrogen atoms adsorbed on plati
num take part in the reaction.
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h'vj. /. Polarization curve lor 0.3 mol dm ~3 acetaldehyde.

In both cases gaseous products were observed. They proved to be 
ethane and propane, respectively, i. e., the following brutto reactions may 
Vift crivfin*



At the beginning of the electrolysis the current efficiency with respect to 
the hydrocarbon is not far from 100%. As a result of ageing processes 
both the current measured under potentiostatic conditions and the current 
efficiency with respect to the hydrocarbon decrease. The latter phenome
non is connected with the formation of ethanol. (Ethanol cannot be reduced 
under these experimental conditions. The problem of the simultaneous 
formation of alcohols and hydrocarbons will be discussed later in the case 
of ketones.)
I. 1.2. Ketones

The impossibility of the reduction of simple ketones at platinum elec
trode in acid media has been considered as an evidence for a long period 
[10]. The first results attesting the formation of hydrocarbons in the course 
of the reduction of acetone and 2 -butanone at platinum electrode were 
presented by Hemptinne and coworkers [11 ] — [1 2 ]. These observations were 
confirmed and extended to others ketones in the course of the last ten 
years [ 1 ] — [3 ]. Polarization curves obtained in the case of acetone are shown 
on Fig. 2. Similar curves were obtained for 2-butanone. A limiting current 
section may be observed in these cases. For other ketones as 2-pentanone, 
3-pentanone, 3-methvl-butane-2-one no limiting current was found [3]. 
Both hydrocarbon and alcohol are formed in the course of the reaction
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The 11 ydrocarbon /alcohol ratio in the products strongly depends on the 
experimental conditions and on the pretreatment of the electrode. In the 
case of acetone a very high current efficiency may be attained with respect 
to the formation of propane (98 — 99%). With lengthening of the carbon 
chain of the ketone the formation of secondary alcohols becomes more 
pronounced. For the interpretation of the polarization curves obtained in 
the case of acetone the following considerations were suggested [2 ].

On the basis of the experimental results the rate of the reaction result
ing in propane may be given by the following equation

(1)

where cA is the concentration of aceton, B and I) are constants, and Er 
is the potential of the electrode on rhe scale. Bv transformation of this
equation the

( 2 )
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Fig. 2. P o ten tio s ta tic  
polarization curves a t  
d ifferen t acetone con
cen trations. (1) 0.14; 
(2) 0.3; (3) 0.45; (4) 0.6;

(5) 1.1 m ol d m - ®.

relationship may be obtained. it = BcA is the limiting current observed
experimentally. From the slope oi Igi-7- — l) vs. Er. plot —  mV ' 1 was

( i J 40
found for b. ( Fig. 3.) It may be shown that in the case of a median is 
involving the following steps

liFig . 3. E  values p lo tted  against lg — — 1 values in the  case of acetone.
i
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the b value calculated is - — mV-1 which fact advocates in the favour of
40

the mechanism proposed. On the other hand, it is a fundamental question 
whether the reactions resulting in hydrocarbon and alcohols are indepen
dent or not.

I t is evident that the alcohol cannot he an intermediate in the reaction 
resulting in hydrocarbon.

There are several experimental evidences attesting that the reactions 
leading to alcohol and hydrocarbon have a common intermediate. For in
stance, in the literature there are studies on butanone where both the

t'iy. 4.
a) Current o f electrohydrogenation plotted against time for 2*butanone. o Overall current; 

-f cu rren t corresponding to  bu tane  form ation; x current corresponding to  2-butanol 
form ation;

h) values o f Fig. 4/a expressed as ra tes o f ketone consum ption. The curve w ithout dots is 
the resu ltan t ra te  curve.



current and the product distribution were examined simultaneously [11] — 
[13]. These investigations related to ageing processes taking place under 
given experimental conditions, are shown in Fig. 4/a. According to Fig. 
4/a, under potentiostatic conditions the current passing through the system, 
when plotted against time, shows a monotonous decrease, and in parallel 
to this, also the amount of the formed hydrocarbon decreases. At the same 
time the quantity of secondary butanol formed will be gradually greater 
and it will finally become the sole product of the reaction. The decrease 
of the current is explained by the deactivation, or ageing, of the electrode. 
On calculating, from the current vs. time curves corresponding to the 
various products, the rates of formation of butane and butanol, respec
tively, referred to butanone consumed in the reaction, the curves in Fig. 41b 
are obtained. I t appears from this figure that no significant change takes 
place in the rate of butanone consumption, though appreciable variations 
occur in the product composition.

Similar results were obtained in the case of acetone as it shown bv the 
results figuring in Table 2.

Table S
Changes in the rate of the electrohydrogenation of acetone and isopropanol to propane 

ratio  (a) as a function of time
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t
(hrs) X (A)

w*
(moj/s)

0 0.18 0.165 4.6 X 10-7
0.5 0.26 0.16 4.6 x 10~"
1 0.42 0.155 4.7 X 10-7
1.5 0.50 0.15 4.6 X 10-7
2 0.66 0.145 4.7 X 1 0 “ 7
2.5 0.88 0.142 4.8 X 1 0 -7
3 1.22 0.13 4.6X  10~7
3.5 1.80 0.125 4.7 X 1 0 -7

On the basis of these results it is rather difficult to suppose that the 
rates of the reaction of butanone via two independent routes would be the 
same. On the basis of Fig. 4/b it is more likely that the initial steps, and 
presumably also the rate-determining step, are identical in both cases. The 
change observed in selectivity would then be due to the fact that the branch 
of the reaction leading to the hydrocarbon is gradually suppressed for 
reasons unknown as yet.

The following reaction scheme was proposed by Hemptinne and co
workers [13] for the branched reaction (the notations of the authors cited 
is used here)
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I. 2. DIOXOCOMPOUNDS 
I. 2.1. Reduction of glyoxal

Formation of ethane was observed according to the

equation. Acetaldehyde was found as intermediate. The following reaction 
scheme may be proposed for the reduction

ft will be shown later that the reduction of glycolaldéhyde leads to ethane 
via acetaldehyde intermediate. This fact advocates in the favour of the 
assumption of the reaction path involving glycolaldéhyde.
I. 2. 2. D iketones
a ) Biacetyl

The behaviour of biacetyl is determined by the very fact, that the oxo 
groups are in a position. The first step of the reduction is the formation of 
neetoine according to the react ion



The further reaction steps are inhibited by the presence of biacetvl. I t may 
be shown that the reduction of acetoine takes place only after the transfor- 
nation of the main part of biacetyl in the solution phase. There is a signif
icant difference in the adsorbability of biacetvl and acetoine and the 
former displaces the latter from the surface of the electrode. In accordance 
with this two sections may be observed with respect to current and gas- 
evolution in an experiment aiming the total conversion of a given amount of 
biacetyl at constant potential. This is shown by Fig. 5. Depending on the 
experimental conditions the 30 — 80% of biacetyl may be converted into 
butane. (The Fig. 5. cf. on the page 65.)

For the reactions taking place in the system the following scheme may 
be given.
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«

b) Acetylacetone and acetonylacetone
In these cases the oxo groups are in (i and y positions, respectively. 

The oxo groups are presumably attacked separately as no significant inter
action exists between them.

The concentration of acetonylacetone and the volume of gas evolved 
change monotonously in the course of the reduction of a given amount of 
acetonylacetone as it is shown by Figs 61a and 6/b. The Figs, and 6/b cf. on 
the page 66.) The following scheme may be given for the reduction of ace
tylacetone



fi4 G. HORÂNYI

Similar scheme may be given for the enolized form of acetvlace- 
tone as in the case of this compound a significant part of it may be present 
in its enolized form. It is, however, questionable whether the reductions 
starts from the enolized form or not.

II. Reductive cleavage of C — OH bonds 

II . 1. CLEAVAGE OF C -  OH BONDS IN  ALLYL POSITION

The investigation of the kinetics and mechanism of the electrocataly- 
tic reduction of si mple unsaturated organic molecules on platin um electrodes 
in aqueous media has been the subject of several studies (see for exam
ple refs. [14] — [19]). In the course of these processes the saturation of the 
double bonds i. e. the formation of the corresponding saturated compounds 
was observed generally. In the simplest cases (for example in the case of 
the reduction of ethylene or acrylic acid [16], [17] a radical mechanism 
was proposed for the interpretation of the phenomena observed. Tt is 
assumed that the reaction between adsorbed hydrogen and adsorbed un
saturated organic is the rate determining step resulting in an adsorbed 
radical which reacts again with adsorbed hydrogen completing the satura
tion process. The reduction of allyl alcohol in acidic media constitues a 
very interesting exception to the general rule treated above, as formation 
of propane and propane was observed by Manzhelei et al. [2 0 ] in the course 
of the electroreduction of allyl alcohol. This observation was confirmed by- 
other authors, too [21], [2 2 ]. (It is of interest that formation of a gaseous 
product was observed by Shlygin et al. [23]. after immersing a platinized 
platinum electrode saturated with hydrogen in acidic allyl alcohol solution 
but they assumed that the gas bubbles were formed from adsorbed hydro
gen displaced by allyl alcohol.) The formation of propene suggests that 
the primary reaction is the hydrogenolysis of the C —OH bond and pro-
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Fig. 5.
a) Consumption of b iaeetyl (1) and the volum e of gas evolved (3) in fuction o f th e  charge. 

Curve 2 obtained b y  calculation assuming th a t th e  form ation of aeetoine is th e  only 
reaction.

b) C urrent (1) and  gas volum e (2) as function o f charge in th e  case of to ta l conversion of a 
given in itial am ount o f b iacetyl. (E  =  40 mV)

5  AN MALES — Sectlo Chlmica — TomusXV.
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Fig. 0.
a) E lectroreduction of acetylaeetone. Volume of gas evolved (1), cu rren t (2) as a function o f 

charge passed through th e  system.
b) Concentration of acetylaeetone in function of charge passed through th e  system  in the 

course of th e  electroreduction; current (1); concentration (2).



pane is formed as a result of the hydrogenation of propene. Thus the reac
tion resulting in gaseous products may begiven by the following steps:
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There are several problems to be clarified concerning the detailed mecha
nism of the first step but first of all it is fundamental question whether 
the hydrogenolysis process, the reductive cleavage of the C — OH bond is a 
specificity of allvl alcohol or it may be considered as a general phenomenon 
occurring in the case of compounds containing OH groups in allyl position.

In order to answer this quest ion the study of the reduction of 2-butene- 
— l-ol (crotvl alcohol) and 2 -butene-1,4-diol are reported. The former 
compound contains one, the latter two —OH groups in allyl position 
(CH3-C H  = CH—CH,OH, H O -C H 2-C H  = C H -C H 2-O H ).

In addition to this some informative reduction studies with triple 
bond containing alcohols as propargvl alcohol, 2-butvne-l ,4-diol, 1-butyne- 
3-ol were carried out.

There were problems with determination of steady state polarization 
curves as a slow continuous ageing (decrease of the current at constant 
potential) was observed at each potential studied. This phenomenon is 
well known from other reduction studies, too, and it is presumably connect
ed with strong destructive chemisorption of the organic species. Bearing 
in mind this problem the plarization curves were taken so that the electrode 
was not held at a given potential more than 5 — 10 minutes. The measure
ments were started at low potentials and after the attainment of 160 — 200 
mV the opposite run was made.

Despite of this procedure there were differences between the plariza
tion curves obtained in the two runs. This is shown by Figs 7/a and 7/6.

On the basis of these figures it may be stated that in lgi — E  represen
tation there is no linear relationship in the whole potential range studied.

2 • 3 RTThe existence of a linear Tafel relationsphip with aslope o f ---------
F

may be assumed only in a section at low current densities. In this respect 
there is a similaritv to the behaviour of other unsaturated compounds

2 • 3 RT[16], [17]. According to [17] the Tafel slopes o f-----------are characteristic
F

of a mechanism involving a rate determining step between adsorbed hydro
gen and adsorbed organic.

In all cases studied evolution of gaseous products was observed. As 
the potential of the electrode in the plarization studies was more positive 
than that of the equilibrium hydrogen electrode at 1 atm pressure the 
gas evolution cannot be explained by the formation of H, bubbles^/The 
equilibrium H., pressure would be 0.1 atm at 30 mV and 0.01 atm  icfS 60

iBsnfilo1!  V*' 
mia ;tnonl 

5*
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'#) ’Polarization curves o f ero ty l alcohol (0.2 M) in M HCIO,. (1) Decreasing potentials, (2) 
110 Increasing potentials, (3) A fter holding th e  electrode at 100 mV for 2 hours. 
b) Polarization curves of 2-butene-1,4-diol (0.15 M) in HCIO.,. (1) Decreasing potentials. (2) 

Increasing potentials.



mV.) The result of the gaschromatographic analysis of the gases in the 
case of butenols is shown in Table 3. Table 3. demonstrates that both

Table 3
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Compounds E
mV

Gaseous products, %

1-butine cis-2-butene trans-2-butene butane

2 - b u te n e -  l-o l 30 4.1 7 .9 7.2 79
(c ro ty la lc .) 50 2 .0 5 .8 5 .2 S5

100 4.1 S.7 7.2 78

2 - b u te n e - 1,4 -d io l 30 1.3 1.7 1.0 95
70 0.3 1.0 0 .6 96

saturated and unsaturated hydrocarbons containing four carbon atoms 
are formed. The main product was butane. Some methane, ethane, propane 
and higher hydrocarbons were found among the products in very low 
concentration. On the basis of these results it may be stated that the cleava
ge of the C — OH bond occurs in the case of the compounds considered, thus 
their behaviour does not differ significantly from that of allyl alcohol.

In the case of the reduction of propargyl alcohol, 2-butyne-l,4- 
diol no alkynes were found among the gaseous products (propargyl alcohol: 
propene 34%, propane 63%, 2-butyne-l,4-diol: butane 97%). This means 
that the cleavage of the C —OH bond is a secondary process which is 
preceded by the formation of double bond containing species.

Fig. 8. Volume of gas evolved vs. charge curves in the case of'crotyl alcohol. E xperim entally  
found: (1) 50 mV; (2) 70 mV; (3) calculated.



In Fig. 8 the volume of the gas evolved is plotted against the charge 
passed through the system in the case of crotvl alcohol at two different 
potentials [70 mV (1), 50 mV (2)]. Curve (3) drawn by dotted line is a cal
culated one from the data figuring in Table 3. for 70 mV. This curve would 
be obtained if the formation of a mixture of butenes and butane (in the 
ratio given by Table 3.) were the only process taking place on the surface of 
the electrode. I t  follows from the comparison of curve 1 and curve 3 that 
the main reaction in the reduction process is the formation of gaseous 
products. The current efficiency with respect to this reaction is more than 
90 — 95%. In the case of 2 -butene-l ,4-diol the main component of the 
gaseous products is butane (95%). The formation of butane is, however, 
in significant extent accompanied by other reactions resulting in non gas- 
eons products, only 60% of the charge is consumed in the reaction resulting 
in butane.

On the basis of the experimental results the main processes occurring 
in the course of the olectroreduction of crotyl alcohol may be given by the 
following scheme
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I t  is of interest that three butene isomers are formed in the course of 
the reaction.

A possible explanation of this phenomenon may be given on the basis 
of previous results reported in the literature concerning the isomerization 
of crotyl alcohol.

Young and coworkers in 1939 first suggested [24] the possibility that 
crotyl and a-methyl allvlalcohol could be isomerized in the presence of 
acid to an equilibrium mixture. This has been confirmed by further studies 
[25]. According to [25] the following equilibrium should be taken into 
consideration:

trans-crotyl alcohol — a-methvl allvlalcohol 
— cis-erotyl alcohol

Accepting the assumption that the isomerization reaction precedes 
the reduction process the following scheme may be given for the processes 
taking place at the electrode:
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In the case of the reduction of 2 -butane- 1 ,4 -cUol the amount of the 
unsaturated hydrocarbons is no more than 2 -  4% in the gaseous products.

Tt may be assumed that the first step in the reaction resulting in hydro
carbons is the formation of crotvl alcohol. The 2-butene- 1,4-diol used in 
our experiments was the cis isomer thus the schematic representation of 
the first steps of the reduction may be given bv the following reactions:

Starting from crotyl alcohol the formation of hydrocarbons may be de
scribed by the scheme given above.

In the case of triple bond containing compounds the experimental 
results suggest that the formation of gaseous products is connected with the 
reduction of the double bond containing species formed as intermediates. 
The following reaction scheme may be given in the case of propargyl al
cohol :

As the current efficiency with respect to the gaseous products is no more 
than 60 — 70% the reaction paths resulting in alcohols cannot be neglected.



Summarizing our considerations it may be stated that the reductive 
cleavage of C —OH bond in allyl position may be realized in a number of 
cases. I t should, however, be underlined that the clarification of the mecha
nism of this process should be the subject of further studies. There is no 
possibility to draw unambiguous conclusions from the steady state polar
ization curves as they reflect the consecutive and simultaneous processes 
taking place on the electrode. (In addition to this there are problems with 
The reliability of the polarization measurements, as mentioned previously.) 
ohe mechanism proposed in [2 0 ] for allyl alcohol is a rather speculative 
tne.

According to [2 0 ] the
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steps should be taken into consideration where by H^ 8 and H",s are 
denoted the polarized forms of hydrogen atoms adsorbed on the sur
face of the electrode.

There are, however, other more probable possibilities to assume a 
reaction via carbonium ion mechanism.

For instance the acid-catalyzed racemization and isomerization of 
optically active a-methylallyl alcohol was interpreted in terms of a carbo
nium ion mechanism [25].

Cations are formed from the protonated alcohols:

Both the formation of hydrocarbons and isomerization are acid-catalvzed 
processes. This fact suggests the involvment of protonated form in the 
reduction.

For example:

This reaction sequence may also bo given starting from adsorbed R — OH., . 
Another possibility is for instance, the assumption of the direct discharge 
of R —OH+ cation, resulting in the R radical.

II. 2. CLEAVAGE OF C -O H  IJOND SITUATED IN a  POSITION W ITH RESPECT TO 
AN OXO GROUP

Glycolaldehvde and acetoine were studied. Formation of ethane and 
butane, respectively were observed in the reduction processes and the



corresponding oxo compound were found as intermediates. Thus the re
duction processes mav he given by the following simple schemes:
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These reactions are involved in the reduction of the corresponding dioxo- 
compounds which were discussed in a previous section.
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HIGH TEMPERATURE MASS SPECTROMETRIC INVESTIGATION 
OF TUNGSTEN-BROMINE AND TUNGSTEN-BROMINE-OXYGEN

SYSTEMS

O. K A PO SI, A. POPOVIC+ and J . M A R SEL +

D epartm ent of Physical Chem istry and Radiology, B udapest, Puskin u. 11—13, H —1088

Summary, Tlic reaction products obtained by the bromination of 
tungsten oxides, metallic tungsten and tungsten hexacarbonyl were studied 
bv means of the Knudsen effusion mass spectrometric method. Tlie frag
mentation of VVBr20 2, \ V B r \ Y B r „  \VBr5 and W2Br6 were determined, 
the appearance potentials of ions present in higher intensities were measu
red and the heats of formation of this ions and the average W — Br bond 
strength calculated. The sublimation enthalpies of the compounds and 
the thermodynamic parameters for the 2YYBr4(g) =  YV2Br6(g)-i-Br2(g) and 
\\'Br6(s)= \\’Br1(s) + l /2 Br2(g) reactions were determined.

The reaction between tungsten and bromine has been studied in the 
temperature interval between 1000 — 1500 K by means of a Knudsen 
double cell connected to a mass spectrometer. At a pressure of bromine 
between 800 — 6000 Pa in the reaction cell only WBr1(s) is formed while 
at higher pressures formation of W2Br0(g) could be observed as the result 
of a secondary gas-phase reaction. The thermodynamic data of reactions 
and compounds were determined.

1. Introduction

Tungsten oxyhalides and halides gained particular importance by the 
discovery and wide-spread utilization of the halogen-filled incandescent 
lam]) [1, 2, 3, 4]. This directed research in high temperature chemistry 
to the tungsten-halogen and tungsten-halogen-oxygen systems. However, 
results in this field have failed to furnish sufficient experimental data on 
the chemical transport reactions taking place in halogen lamps and rele
vant to the description of the heterogeneous equilibria between the tung
sten helix and the gas phase [5, 6 , 7]. The most recent thermodynamic and 
kinetic calculations [8 — 1 0 ] use the data of Brewer’s classical table [11] 
or the table of Janaf [12], which do not include the most recent experi
mental data.
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Experiments on the tungsten-fluorine system has given an insight 
into the reaction mechanism [13, 14] and provided important thermochemi
cal data [15]. The transport reaction mechanism between tungsten and 
chlorine [16], i. e. the evaporation behaviour and mass-spectrometric 
fragmentation of tungsten-chloride compounds was also investigated [17]. 
Extensive kinetic data are available for the tungsten-bromine-oxygen 
reaction [18 — 2 0 ] and thermodynamic and thermochemical data for 
tungsten oxybromide compounds [21—28].

Among the tungsten bromides one finds indirectly determined data 
for the heat of formation of YYBr6(s) and \VBr5(s) [2 0 ]. and vapour pressure 
values of \\ Br- determined by means of a micromembrane manometer 
[30]. Evaporation behaviour of W Br5 and W'Br, was investigated mass 
spectrometrical 1 v bv B. Meinders and .1. H. Dettingmeijer [3] and <). 
Kaposi et. al. [32]. This paper summarizes recent experimental results 
obtained for tungsten-bromine and tungsten-bromine-oxygen systems.

2. Experimental

in all experiments a single focusing Nier-type mass spectrometer 
equipped with a Knudsen cell was used. The resolving power was about 
BOO and was sufficient for the separation of ions formed from monomeric 
tungsten bromides. The mass scale was calibrated in the usual manner by 
means of the perlluorokerosene. Comparison of the calculated and recorded 
isotopic distribution enables different mass regions to be identified. In 
addition, mass spectra of dimeric tungsten bromides with high mass num
bers were recorded and several peaks identified by “peak matching” with 
a double focusing mass spectrometer (CEC 21 —11 (1C). The ion source 
and the chamber containing the Knudsen cell were bakeable up to 350 °C. 
After a few hours of heating two oil diffusion pumps ensured a vacuum 
of 1 0 -3  Pa in the ion source region.

The ionization efficiency curves were recorded manually, using neon 
as an internal standard. The accelerating voltage of the ionizing electrons 
was measured by means of a Fluke —Type 8300A digital voltmeter. The 
ionization curves were evaluated by the elect,ron energy distribution diffe
rence method (EDD) of Winters et al [33].

All Knudsen cells used in our evaporation experiments were made 
from tungsten (12 mm long with a diameter of !) mm and an orifice of 0.2 
mm diameter). The ratio of the geometrical surface area of evaporation 
material to the effusion hole, at the beginning of the experiment, was 
greater than 2000 to 1. Due to the high vapor pressure of the substances under 
investigation, the vaporization experiments were performed at a relatively 
low temperature of 400 to 500 K by heating the cells with a tungsten 
resistance wire. According to our investigation (see below) in this tempera
ture region tungsten is inert with respect to the materials studied. Tem
peratures were measured with a chromel-alumel thermocouple. The E. 
M. E. was measured with a precision of ±  0 .002  mV, corresponding to 
± 0 .0 5 °(\ The estimated uncertainty in quoted temperatures is ±1% .
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The tungsten bromides and oxybromides to be investigated were 
prepared bv the bromination of high purity tungsten wool, WO, and W03 
[34, 35]. The analytical grade bromine used for the calibration of the apa- 
ratus and for bromination was first distilled through P2( )5 in a glass vacuum 
system at —18 °C. This system was joined to a quartz reaction tube and 
after freezing the bromine at —196 °C the system was evacuated to 10-4 
Pa. Next, after thawing, the bromine was frozen and the system evacuated 
again. After several condensing ( — 196 °C) and pumping-thawing cycles, the 
solid bromine was of a purity admissible for the reaction.

For preparation of \VBr20 2, W02 was placed in the reactor heated in 
the tube furnace to 260 °C [27]. The necessary Br2 pressure in the reaction 
space was ensured by the condensing-thawing cycles. The orange, crystal
line \VBr20 2 formed by the reaction precipitated in the cooler sections of 
the tube.

W'Br.,0 was prepared in the same manner, [27] with the difference 
that the reaction space was filled with tungsten wool on which \V0 3 had 
been dispersed, and the reactor was heated to 400 °C. The W'Br.,0, formed 
in this manner consisted of dark brown, crystalline needles.

Tn the preparation of tungsten bromides special attention was paid 
to the removal of oxide impurities from the surface of the tungsten wool 
subjected to bromination. To this end, prior to bromination, the tungsten 
wool was heated in a hydrogen stream at 1000 °G for two hours. During 
the transport reaction, \V+ Br2, the temperature in the middle of the tube 
furnace was 650 °C, and at its two ends 270 °C. After about 10 subsequent 
condensation—thawing cycles, the bulk of the tungsten wool (ca 5 g) had 
reacted yielding a black, crystalline product. The end-product was sublimed 
in the electric furnace, in which the temperature at the middle and at the 
two ends was 250 °C and 30 °C, respectively.

For the synthesis of tungsten (VI) bromide, VV(CO)6 was brominated 
by the mehod of Crouch et al. [36], with the exception that the reaction 
space was cooled below —20 °C to avoid decomposition of the grev-brown 
product.

Since tungsten oxybromides and bromides are highly sensitive to 
oxygen and atmospheric moisture [37], the ampoules were opened and 
the Knudsen cell filled in an argon filled dry-box.

For calculation of the thermodynamic data of reaction, it is necessary 
to convert the ion current values measured in the mass spectrometer into 
the partial pressure of gases in the Knudsen cell. There is a well known 
simple correlation between the ion intensity / + and the gas pressure p of a 
neutral particle [38]:

p = k / + T

where k is a constant depending on the overall efficiency of the instrument 
and the properties of the molecular species.

For determination of the factor k in Equation (1) and thus the abso
lute pressure of the system investigated, the total vaporization technique
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was unusuable because of the extremely hygroscopic nature of tungsten 
bromides which make the exact weighting of the materials impossible. For 
the calculation of the third law heat of reaction the absolute bromine pres
sure as a function of temperature should be known. Using bromine for 
calibration purposes, whose pressure vs. temperature data are accurately 
known from the literature [39], the uncertainty of the relative ionization 
cross sections and the electron multiplier gain can be avoided.

For calibration purposes and reaction studies of the tungsten-bromine 
system double compartment Knudsen cell was developed ( Fie/. 1.).
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Fig. 1. Double com partm ent K nudsen cell assembly.

Compartment 2 of the Knudsen cell containing bromine for the hetero
geneous reaction was thermosstated in the temperature interval between 
-43 to + 15 °C, providing a known bromine pressure between 850 to 186.102 
Pa [39] in the system. The upper part of the cell containing the tungsten 
wool for bromination, was maintained at a higher temperature. The dia
meters of the effusion orifice were 0,1 and 0.03 mm, while the diameter of 
the connecting tube between the two compartments was considerably grea
ter (about 3 mm). As was shown by A1 iIne [40], the total pressure in such 
an arrangement is constant and governed by the lower temperature part of 
the system.

During bromination of the tungsten wool the temperature of the 
reaction chamber was raised continuously at a rate of about 10°/min 
while the bromine pressure was kept constant. A weighted amount of
0.280 g tungsten wool with a surface of about 21,5 cm2 was placed inside 
the cell. The consumption rate of tungsten at 1500 K and at the highest 
bromine pressure used was ~ 1 mg/min. Preliminary experiments indica-



ted that the minimum bromine pressure required to detect any reaction 
product was about 800 Pa.

The gaseous reaction products effusing from the Knudsen cell were 
analysed mass spectrometrically and the ion intensity — temperature cur
ves registered with a X — Y plotter. For identification of the neutral vapour 
species from which the observed ions originate ionization ( I P) and appe
arance potential ( A P ) measurements were made.

3. Results and Discussion

■3.1. Heat of sublimation of W Br./)., and W Hr/)
The mass spectra of the vapour above solid YV Br20 2 and \VBr40 have 

been given elsewhere [27]. According to these data the composition (mass 
spectra), of the vapour phase in the Knudsen cell at 400 K agrees with 
those of other authors [2 2 , 23, 25]. Determination of the ionization (TP) 
and appearance potential (AP) enabled us to calculate the heats of forma
tion of ions of high intensity [41]. The AP values in Gupta’s publication 
[25] are in good agreement with our experimental values (Table I and I I ) .  
From the ionization potential measurements the average YV — Br and YV — O 
bond strength in Wbr20£ and YY'BrJ ions was determined [27]. The 
average bond strength in the YY’Br20? ion. Z)(YV02Br — Br), is 211,5 
kJ/mol and Z)(WBr20 —0 ) is 581 kJ/mol. The value of YVBr40 + ions for 
D(YY’OBr3 — Br) is 575 kJ/mol and for /4(YVBr, — O) is 692 k.J/mol, respecti
vely.

Tabic I .
Mass spectrum  and appearance potential data for gaseous W Br20 2 (at 300 K)
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m /e
I o n ic

s p e c i e s
R e la t i v e  
i n t e n s i t y  
a t  4 0  eV

A p p e a r a n c e  p o t e n t i a l  
(eV )

P r o b a b le  p r o c e s s
J H y ( i o n )
k J /m o l

O u r  r e s u l t K e f  (251

370 W B r„0 + 100 11,4 J: 0,2 11,4 ± 0 ,2 W B r.,0 ..-W B r.,0  + 535
360 WBr..O + 6 W B r + + 0  

WBr,+ + 2 0344 W Br+ 11,6
297 W BrO  + 88 13 ,6± 0 ,2 13,0 +  0,4 WBrO,+ +  Br 606
281 W BrO + 36,7 19,8 +  0,3 20,0 ± 0 ,8 W B rO +B r +  O 953
265 W Br + 20,2 25,7 ± 0 ,5 — W B r+ +  20 +  B r 1274
216 WO + 17,0 15,8 +  0,5 — WO +  +  2Br 702
200 WO + 24,0 21,3 +  0,5 — W O + + 2 B r  +  0 986
184 VV + 10,4 W+ + 2 B r +  20
160 Br+ 1,6
81 H B r + 3,2
80 B r + 13,6

JH «  (W B r,02 (g)) =  -5 9 0 ,6  kJ/m ol [121



Table / / .

Mass spectrum  and appearance potential data for gaseous W B r,0  (at 400 K)
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m /e
I o n ic

S p e c ie s
R e la t i v e  

i n t e n s i t y  
a t  4 0  eV

A p p e a r a n c e  p o t e n t i a l  
(e V )

P r o b a b le  p r o c e s s
IIIJ  io n  
k J /m o l

O u r  r e s u l t s K e f  [25  ]

520 W B r,() + 1.2 m .3 + 0 .3 W Br40 - W B r 40  +
504 WBrjf 0.5 W B i+O
441 W B i,0  + 100.0 10.5 +  0.2 10.3 +  0.2 W Br30+B i- 431
425 W B r* 7.5 17.9 +  0.4 18.1 +  0.5 W B r + + ( ) + B r 899
360 WBr..O + 39.2 14.5 +  0.2 14.4 +  0.5 W Br.,0+ + 2 B r 711
544 W Br+ 16.4 20.9 +  0.4 21.4 +  0.5 \VBr+ +  O +  2 Br 1183
2S1 W B rO  + 14.7 1S.3 +  0.5 18.1 +  0.8 W B iO + + 3 B r 961
265 W B r+ I2.S 26 .1+ 0 .5 — W B r+ +  0  +  3Br 1459
200 WO + 5.9 W O ++4B i-
184 w + 7.0
160 Br.,+ 17.0
81 H B r+ 5.3
80 B r + 23.7

I Ho (VVBij ()(g)) =  — 404 .S k .r/m ol [12]

The temperature dependence of \VBr2()+ ion intensity was measured 
and the logarithm og shuttered ion intensity, R\n(I+T), was plotted vs. 
1 /T. Since i +T  is proportional to the absolute vapour plressure [45], the 
heat of sublimation can be calculated according to the Causius - Clapey- 
ron equation:

(2 )

The ion current intensity of VV Bi-gO, was measured in the tempera
ture range from 364 to 390 K and the Clausius —Clapevron line was com
puted by a linear regression ( Fig. 2.).

The heat of sublimation calculated from Fig. 2 is 139,6±2 kj/mol at 
378 K. and using the heat capacity data from the literature [24], we get 
141.3± 2 k.I/niol at 298 K. (Since there is only a slight temperature depen
dence of the heat of sublimation, the literature data obtained at different 
temperature can be compared directly.) Reported enthalpy values are 
145 kj/mol [42], and 153 k.J/mol at 298 K [24] from tensimetric measure
ments, and 149,6 kJ/mol at 298 K from Knudsen effusion measurements 
[25].

The heat of sublimation of \\ Br,(J(s) was determined by second-law 
log (T.r/wBr3o + )  vs. ¡¡T plots (the \VBr30 + ion is the base peak of the 
VVBr.jO spectra [38, 43]. The value of AHS was 110 ,4±2  k.J/mole at 370 
K, and 112,4± 2  kJ/mole at 298 K calculated from molar heat data [24]. 
Reported enthalpy values from Knudsen effusion measurements are
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Fig. 2. C lausius— Clapeyron plot for th e  tem perature  dependence o f W Br20 ^  ion intensity.

123,3 kJ/mol at 410 K. 124±4 kJ/mol at 380 K [25], 116,6±2  k,J/mol at 
530 K from tensimetric measurements [42] and 106,6 k.J/mol obtained from 
static pressure determination at 545 K [44].
3.2. Mass spectrometric investigation of the products of the react ion lT(s) 4- /?r2(g)

The reaction products in the vapour phase exhibited different ions 
with very high mass numbers (m/e > 800). The identification of these 
ions was therefore performed by means of a double focusing mass spectro
meter. After the identification of the peaks, the vaporization parameters 
were investigated with a low resolution mass spectrometer equipped with 
a Knudsen cell.

The WBr4 ion appeared with the highest intensity in the mass spec
trum. The ion with the highest mass number was \V2Brj[, while the highest 
detected monotungsten bromide ion was WBri. Fragment ions originat
ing from tungsten oxybromides appeared with a fairly high intensity in 
the spectrum, with WBr30 + giving the most intense peak (\VBrJ/'WBr30  + 
~ 10). After one hour heating at 330 K the oxybromide and pentabromide 
impurities disappeared from the spectrum.

After sublimation of the oxybromides and WBr5, the mass spectrum 
of the product, consisting of \V Br , and W2Br6, was recorded with a double 
focusing mass spectrometer. The mass spectra of \VBr4(g) and W2Br6(g) 
are given in Table (III) and Table ( IV) ,  respectively. The theoretically
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calculated isotopic composition of W2Br6 corresponds to the value obtained 
from the mass spectrum.

Tabic i n .
Appearance potentials and heats o f form ation for positive ions produced from

W Br, (g) (at 350 K)

8 2  O. K A P O S I, A . P O P O V IC  A T  A L .

m /e Io n
R e l a t i \ e

a b u n d a n c e  
a t  3 0  eV

A p p e a r a n c e
p o t e n t i a l

e V
P r o b a b le  p r o c e s s

.iH yr(iO n)
k J /m o l

504 W B r+ 44.3 8.2 ± 0 .2 W Br4 -  W B r/ 694
425 W B r3+ 100.0 11.2 +  0.2 W B r/ +  Br 869
344 W Br+ 50.3 15.1 ±  0.3 W B r /+ 2 B r 1133
265 W B r + 65.4 19.4 ± 0 .3 W Br+ +  3Br 1434
184 W + 85.0 23.1 ± 0 .3 W + +  Br 1676

zlHo(Br) = -  111.6 kJ/m ol [12]
¿lH»(W Br4(g) =  — 154.6 kJ/m ol using Br2(gj as reference s ta te  |8] 

ou r resu lt used for calculation is — 153.4 kJ/m ol 
JH o(W B r4(s) =  —245 kJ/m ol (present result)
¿lHsubl(W Br4)34Q^ =  152.6 kJ/m ol (present result)

Table I  V.
Appearance potentials and heats of form ation for positive ions produced from 

W zBr6(g) (at 370 K)

m /e I o n
R e la t i v e  

a b u n d a n c e  
a t  3 0  eV

A p p e a r a n c e
p o t e n t i a l

e V
P r o b a b le  p r o c e s s

/ iH y ( io n )
k J /m o l

848 W zBr,+ 54.0 9.0 ± 0 .2 W 0B r6 -  WoBiV 644
768 W jB r / 100.0 1 1 .0 ± 0 .2 W jB r5+ +  B r 727
688 W „Br4+ 3 1 . 4 15.2 ±  0.3 W „Br4+ +  2B r 1012
608 W ,B r3+ 43.8 1 9 .5 ±  0.3 W 2B r /  +  3B r 1313
528 W ..B .+ 20.4 W 2B r+  +  4 B r
448 W „Br+ 13.1 W »Br+ + 5 B r
368 W  + 6.0 W +  +  6 B r

J H J  (W jBr6(g))360̂  =  —224.5 kJ/m ol (present result)

Low values of IP  (WBrJ) of 8.2 eV and /P(W2Br+) of 9.0 eV (Tab
les I I I .  and I V .) indicate molecular ions quite unambiguously. According 
to literature data [34, 35, 46], during the bromination of tungsten at 450 
to 530 °C, WBr5(g) is formed, which is reduced under the influence of the 
temperature gradient by \V (the temperature in the reaction vessel varies 
between 630 °C and 330 °C) to give yields of 10% WBr4(gl. Our experi
ments indicate that under the conditions applied for the bromination of



W
tungsten the reaction WBr5(g)-— ► WBr4(g) proceeds with a far higher 
efficiency and tlie major product is W Br4(g).

The ionization efficiency curves for ions formed from \VBr4(g) 
( Fig. 3.) and WBr6(g) did not show any noticeable discontinuities that 
would arise from the presence of lower valency tungsten bromide species, 
which means that molecules with mass numbers lower than WBr4 and 
W2Br6 are unlikely to appear in the gas phase. When tungsten is bromina- 
ted, the formation of WBr4(g) is accompanied by the formation of W2Br6(g) 
(see below) observed as an intense W2Brg ion peak in the mass spectrum. 
This species, which contains a stable metal-metal bond, originates from 
the cluster compound. Such clusters with metal-metal bonds are formed 
from compounds containing quadrivalent or lower valency tungsten [35, 
46]. Similarly W2C10, an analogue of W2Br7, was detected mass spectro- 
metrically by Rinke and Schafer [47]. The presence oi W2Cl(t  ions was 
demonstrated only when \VC14, but not \\'CT3, was evaporated.
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Fig. Ion in tensity  curves for W Br4+ and  its fragm ents vs. electron energy (for clearness 
experim ental points in the  vicinity o f thresholds are indicated only).

From the temperature dependence of the ion current of WBrJ, the 
enthalpy of sublimation for WBr4(s) was determined. The temperature 
dependence of the ion current of W Br4 was measured in the temperature 
range between 333 K and 355 K at 40 eV. The calculated enthalpy of subli
mation (see Eq. 2) was 152,6 ±2 kJ/mol.

6*



On raising the temperature of the Knudsen cell to 360 K, new (teaks 
appeared in the mass spectra originating from VV2Br6(j?), and Br2(g), as a 
result of the following reaction:
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This assumption is supported by the appearance of an intense Br£ 
(teak in the spectrum showing a shutter effect, indicating its origin from 
the Knudsen cell. The appearance potential of Br.j was determined to be 
10.9 ±0,2 eV, which corresponds to the ionization potential of Br2 [48, 49]. 
Thus, there is strong evidence that Br2 is formed by chemical reaction and 
not by electron fragmentation of a tungsten bromide.

Due to the lack of data needed for third-law calculations, i. e., abso
lute entropies of species, relative ionization cross sections etc., the second 
law treatment for calculating the heat of reaction (3) was used. The equili
brium constant for reaction (3) is proportional to (7w»Br+c xT)(lBt+„ xT)/ 
m  W B r+6 x T ) ~ .

Table V.
Experim ental data for the reaction 2W Br.,^) a  W .B r ,.^  -  Br.,( „)

(3 )

103
T 1» d +WBr4 T> 103

ln<I+ W2Bro T> 103
~~T

ln ( l+Br2 T)

2 .7 7 3 1 .170 2 .7 9 8 1.061 2 .7 8 8 1.483
2. i o2 1.332 2 .789 1.232 2 .783 1.530
2 .752 1.493 2 .7 7 7 1.364 2 .7 7 9 1.671

1 2 .7 4 2 1.678 2 .7 6 6 1.623 2 .775 1.731
2 .7 1 9 2 .0 3 9 2 .750 1.921 2 .773 1.788
2 .713 2 .072 2.7-15 2 .0 8 9 2 .768 1.867
2.701 2 .4 9 4 2 .7 4 0 2 .2 0 2 2 .760 1.972
2 .691 2 .585 2 .732 2 .3 6 0 2 .755 2 .004
2 .6 7 9 2 .884 2 .7 1 0 2 .7 2 2 2.751 2.1 1 1
2 .664 3 .1 3 5 2 .6 9 6 3 .0 4 2 2 .743 2 .233
2 .643 2 .4 4 0 2 .6 6 9 3 .523 2 .7 1 9 2.561
2 .636 3 .5 4 6 2 .6 5 6 3 .6 9 5 2 .714 2.58!)
2 .634 3 .783 2.641 4 .0 7 5 2 .6 9 7 2 .973

The logarithmic plot of this quantity versus 1/T is shown in Fig. 4., 
obtained from Table V. From the slope of the curve, AH"r (360 K) was 
obtained as -9,2 + 2 kJ/mol. From /IHy (\\TBr4( >), according to Hess 
law, using Br2(() i t s  a reference state -92,4 k.J/mol. and from / IH[’ (Br2(g)) 
of value 30,6 kJ/mol [12], the calculated value for Illy (\V2Br6(g)) was 
found to be -224,5 kJ/mol. This value, together with the measured appe
arance potential data, was used for the calculation of the heats of forma
tion for the ions from \V2Br8 (see Table I V ).
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Fig. 4. Second-law plot lor reaction 2W B r4(g)=rW!B rc(gj + Biyg). T his curve results from  
a linear com bination of the slopes o f the  W B r + , W2Br0+ and  B r i  in tensity  vs. 1/T curves.

From the reaction \V Br,(g) + e —■ YV + + 4 Br( > the average bond 
strength may be obtained from

(4)

where the ionization potential of tungsten IP(\X+) is 8.1 eV [41J, and the 
appearance potential of tungsten AP(W + ) is 23.1 eV (Table ITT). From 
these values the average XV — Br bond strength for WBr, is 362,4+10 
kJ/mol.

3.3. The vaporization of tungsten hexabromide

rfhe appearance potentials for the ions and mass spectrum of tungsten 
hexabromide are given in Table, V I. As may be seen from Table V I , the 
ion with the highest mass number was WBid and no YYBig was detected. 
The YY'Brj is the most intense ion in the mass spectrum. The low value 
of the ionization potential of \VBrs (8.3 eV) suggests that WBi t  is not a 
fragment of WBr8 but the molecular ion. This means that WBrc(s) vapori
zes bv decomposition to WBr-(s) and Br2(o).



Table V I .
Appearance potentials and heats of form ation for positive ions produced from  WBr.(„^

(at 400 K)

8(5 O. K A P O S I, A . P O P O V IC  A T  A L.

m/e Ion
R elati\e 

abundance 
a t 30 eV

Appearance
potential

eV
Probable process JH/ (i0n,^ i

(a) (b)

584 w b ; 13.4 8 .3 +  0.2 W B r5 - W B r + 579 614
504 W B r4+ 100.0 10.0 +  0.2 W B r4+ +  B r 623 660
425 W B r3+ 49.6 13.4 +  0.2 W B r3+ +  2B r 840 879
344 W B r/ 34.9 16 .6+ 0.2 W B r /  +  3B r 1037 1074
265 W B r + 23.1 20.9 +  0.3 W B r+ + 4 B r 1338 1375
184 w + 11.0 25 .0+ 0 .3 W + + 5 B r 1618 1055

JH °f (W B r5{s) =  -3 1 1 .4  k j/m o l [12] 
zlHsubl. 360 (W B r5) =  128 kJ/m ol (th is work)
(a) value for .'lll'j (W Brs (sj from  Ref. [29] considered
(b) va lue  for zlll® (W Br. (s) from Ref. [12] considered

At the same time, the Br^ peak also appeared in the mass spectrum 
The measured appearance potential for Br2 was 10.8 ±0.2 eV, indicating 
that Br2 is formed by chemical reaction and not by electron fragmenta
tion. On the basis of these experimental facts we propose, in agreement 
with Slichukarev et al. [20], the following reaction for the decomposition 
of WBr„:

(5)

Calibrating our instrument as described before and measuring p&r„ 
as a function of temperature, from the slope ( Fir/. 5) of the pgro vs- 1 /T 
plot, the heat of the assumed reaction (5) was calculated as 80,6 ±4 kJ/mol. 
This result represents the mean value of seven independent measure
ments.

Using absolute entropy and heat capacity data for WBr6(s), \VBr5(s, 
and Br2(g) from JANAF’s table [12], we get AS?.loK to be 37.3 gibbs/mo 
for this reaction. The measured absolute pressure of Br2(g) in equilibrium 
over the solid phase at 340 K is 4,12 Pa. The calculated is 14,2
kJ/mol and the third law reaction enthalpy is 67,3 kJ/mol. The disagre- 
ment between the second and third law enthalpy values is greater than 
the experimental error. Since it is difficult to obtain exact thermochemical 
data by the second-law treatment if the enthalpy change is relatively 
small and the temperature range is limited, we tend to accept the third- 
law AW value for reaction (5).

The enthalpy of sublimation of WBr5(s), was determined by second- 
law plots of ln(T.r/wBr>\|) vs 1\T. Five independent sets of data gave an 
average value of 127,9 + 4 k.J/mol for the enthalpy of sublimation differ
ing from Shchukarev’s result which is 112,5 k.J/mol [12]. Their low AHS
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Fig. 5. Pressure o f B iv„\ as a function of [103/TJ for th e  reaction  VVBre(s) =  W B r5,s\ +
'/2 B r2(3)

value could be explained as a result of the method used i. e. the total press 
sure method, which does not distinguish WBr5(g) and Br2(g).

Using the value of /dH®(WBr5(s)) from the literature [12] and values 
from Table VI for the sublimation enthalpy of W Hr5(s) and the appearance 
potentials for positive ions produced from WBr5(g), the heat of formation 
of the ions could be calculated (Table VI). The calculated value for zlHJ 
(\V+) is very near the literature value of 1618 kJ/mol [41]. After total 
sublimation of WBr5 was performed, small amounts of WBr2(s) (as proved 
by X-ray analysis) remained in the cell. Preparation of WBr6 from W(CO)4 
[36] resulted in W : Br ratios 1 : 5,84 and lower, indicating the presence of 
small amounts of WBr2.

From the ionization potential (8.0 eV) and the measured appearance 
potential of tungsten (25.0 eV), the calculated average W — Br bond 
strength in WBr5 is 326,8 ±12 kJ/mol. This means that the W — Br bond is 
somewhat stronger in WBr4 than in WBr5. This can be understood if we 
bear in mind that the increasing number of bromine atoms in the mole
cule results in an increasing spatial repulsion between the bromine atoms, 
and thus in a decreasing W — Br bond strength.



3.4. Mass spectrométrie investigation of reaction between tungsten and bromine
In the first experiment the temperature of the cell was raised conti

nuously and intensities of WBr4+, WBr£, WBr.f, YVBr + , \V+ and BrJ 
ions were monitored simultaneously. The relative intensities of ions ob
tained and corrected for isotope abundances are shown in Fig. (j.

8 8  O . K A P O S I, A . P O P O V IC  A T  A L.

Fig. d. Ion intensities o f WBr.f and its fragm ent ions as a function of tem perature.

It can be seen from Fig. 6. that ions originating from the reaction 
product appear at about 1000 K with a detectable intensity. The ion inten
sities increase up to about 1270 K and than decrease. Above 1500 Iv no 
ions could be detected. The same experiment was followed in the pressure 
interval of bromine between 800 to 184.7-102 Pa. Curves obtained at a 
slightly faster rate of temperature change in the opposite direction overlap 
completely with the former only in the high temperature region.

Coincidence of extremes in ion intensity curves for all various frag
ments together with the appearance potential measurements proves that 
\VBr1(j?) was the only gaseous species in addition to Br2(£;) if the total pres
sure in the system was maintained below 60- If)2 Pa.

At higher pressure \V2Br^ and its fragments appear in the mass 
spectrum with about two orders of magnitude lower intensity than the 
YVBrJ, as a consequence of the secondary gaseous phase reaction (reac
tion 3).



According to our experiments it was concluded that the onlv net 
reaction which took place when tungsten is brominated at a bromine pressu
re of 800 — 60.102 Pa and temperatures from 1000 to 1500 K. is the follow
ing:
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(6 )

This conclusion is strongly supported by the measured AP values indicat
ing that VYBrJ" is the only molecular ion.

To transform the measured ion intensities into partial pressures the 
following relations were used:

(?)

(7a)
The symbols in the equations are defined as follows:

A — factor depending on the geometry of the Knudsen cell
at — ionization cross section
yi — multiplier yield
)]j — isotopic correction factor
AK — electron energy, i. e., the difference between the applied energy 

and the ionization potential
F Bro — the sensitivity of the mass spectrometer to bromine vapour

Both relations are strictly valid only for molecular effusion. In our 
system hydrodynamic flow prevails. It has been shown [50] that this so- 
called proportionality rule was not affected in the case of pure hydrodyna
mic flow. Using this relation, the equilibrium constant for reaction (6) 
will be

(8)

In order to calculate the free energy change for reaction [6] it was 
necessary to evaluate the first 3 terms in this expression. The first one is 
the relative multiplier gain for all the different ions that collide in the 
multiplier. Here the M-1/2 rule was used [51] and the mass of all the dif
ferent fragments produced from the W Brl(g) molecule were taken into acco
unt. In the second term, the additivity rule of Mann’s atomic cross sections 
was considered [52] and AP and IP  measurements were used for the assess
ment of the third term. The calibration constant KBr2 was measured 
according to equation (7a) before each measurement at 900 K. i. e. below 
the detection limit for reaction products.

After converting the measured ion currents into pressure data, the 
p —1 curves can be constructed (Fir/. 7) for the reaction eomponenst. 
From Fig. 7. a qualitative conclusion could be drawn, indicating an in-
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Fig. 7. P artia l pressure dependence of Hr, and iVlfr, as a function ol tem perature.

crease of equilibrium constant with temperature up to about 1270 K and 
a decrease beyond this temperature. This would be in contradiction to the 
predicted exothermic character of WBr4(g) formation [8]. For interpreta
tion of the experimental results and to establish in which temperature 
region a true thermodynamic equilibrium exists, McKinley’s mass spectro
métrie kinetic measurements made on the similar nickel-bromine system 
[53] should be considered. Namely, adsorption, surface diffusion, chemical 
reaction and desorption are the consecutive steps in the tungsten-bromine 
heterogeneous reaction. According to experimental studies [53 — 56] at 
high temperatures, surface reaction between halogens and metals leads 
to highly volatile metal halides. Thus, over the large bromine pressure 
range, the reaction may proceed on a sparsely covered tungsten surface. 
As McKinley pointed out [53], the dissociative adsorption of bromine on 
the hot metal surface is the rate determining step in such a reaction. As 
the temperature increases the ratio of adsorbed bromine atoms to reflected 
bromine molecules is increasing. At a definite temperature, equilibrium 
conditions could be reached if the pumping speed through the orifice is 
smaller than the rate of the chemical reaction [57], i. e. the gases remain 
sufficiently long in the reaction chamber in order to reach the equilibrium 
pressure. Below 1270 K we could not reach this condition even if the dia
meter of the effusing orifice was 0.03 mm. Above this temperature, equilib
rium occurs instantaneously and the measured pressure of the reaction 
components is the equilibrium one. With this partly speculative explana
tion for the mechanism of the tungsten-bromine heterogeneous reaction, 
the equilibrium constant above 1070 K calculated from the measured ion 
intensities was reproduciblv independent of the initial bromine pressure.



Table VI I .

Second law  heats, free energy change and entropy change a t 1317 K  for reaction (6)
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No
Orifice diameter 

(mm)
Initial

l>Br2 X103l>a
I I .  law heat 
¿H°,317 K  

kJ/mol
¿G°1317 K 

kJ/mol
1S°|317 K

e.u.

i 0 .03 8.5 - 1 5 6 .3  ± 7 .5 - 3 7 . 2 - 2 1 . 5
2 0.03 8.5 -  150.5 ± 3 .3 - 4 0 . 5 - 1 9 . 9
3 0.1 5 .2 — 1 5 7 .2 ± 3 .8 - 3 4 . 2 - 2 2 . 3
4 0 .03 5.2 -  148.8 ± 4 .2 - 3 6 . 4 - 2 0 . 4
5 o .o3 3.1 - 1 5 6 .8  ± 3 .3 - 3 3 . 9 - 2 2 . 3
6 0.1 0 .9 — 150.5 ± 6 .2 - 3 3 . 5 - 2 1 . 3

A v e ra g e  = -  153.4  ±  7.1 - 3 5 . 9  ± 2 .5 - 2 1 . 3  ± 1  e . u .

7 0 .03 11.8 - 2 1 3 .0 - 2 3 . 4
8 0 .03 17.7 - 1 9 6 .5 - 2 1 . 7

Table, V II  shows second law heats for reaction [6] obtained from eight 
independent runs according to the Van’t  Hoff relation

(9)

together with the measured free energy changes from the relation /IG(|  = 
= —11T In Kp. Entropy changes at 1317 K were calculated using the rela
tion :

( 10)

I t can be noticed that the last two values for AW} are distinctly higher. 
This can be attributed to the high pressure sampling. I t was shown in the 
literature [58, 59], that the sampling process becomes more or less free-jet 
expansion as occurs when the pressure inside the cell is sufficiently high. 
There are a number of important consequences of direct free-jet sampling,
i. e., mass separation [60, 61], homogeneous nueleation and kinetic effects 
[62]. That means that above a definite pressure (in our case above 9.103 Pa) 
the above mentioned phenomena prevail and pressure calculations based 
on equation 3 lead to erroneous results.

From the data in Table VII the mean values for dHJ317K, H('J317K 
and dS?317K of -153,4± 7 k.J/mol, -35,9±2,5 kJ/mol and -21.3+1 e. u., 
respectively, could be calculated. Quoted uncertainties are standard devia
tions of the first six independent experiments.

Owing to lack of data on the heat capacity and absolute entropy of the 
gaseous WBr4 molecule, one can only estimate their approximate values 
using similar compounds for comparison. Table VIII shows heat capaci



ties, <S'¥3uoK and <S’S9tj/< for some gaseous tetrabromides from JANAF’s 
tables [63].

Table V I H .
PgSOOK’ 1̂300 K* ^291* K'  values for T ilir1(gj, Z rB r|(g), I’l)BrJ(g) molecules

9 2  O . K A P O S I. A . P O P O V IC  A T  AL.

Cl>°800K ■'/ni,,t S%8/< C- 11 i>°i300/c e ‘ u* .Mol. mass

T iB r4 (g) 106.(5 96.2 132.4 360
ZrBr4 (g) 107.0 09.2 13(5.5 420
P bB r, (g) 107.4 101.7 139.4 527

T(K) iG0^  k.l/mole III. law 
iH°298 kJ/mol -  jfef

1291 2(5.1 - 3 5 . 0 -  153.0 21 ,9
1317 22 .0 -3 3 .(5 -  154.2 21.9
1343 1(5.9 - 3 1 . 6 — I54.(j 21 .9
13(59 12.4 28 .6 -  153.8 21 .9
1395 9.3 25 .9 153.8 21 .9
1422 7.0 2 3 .0 153.0 21 .9

Using a mean value for I.S'y317 of -21.3± 1 e. u. for reaction [6] and 
absolute entropy data for YV(s) and Br2! , from JANAF’s tables, the value of 
138.8±1 e. u. for S03onK WBr4(?) could be obtained. This value is in ex
cellent agreement with the S°l300K PbBr.1(g) given in Table VIII.  PbBr, is 
the best compound for comparison as far as the molecular weight is con
cerned.

Supposing that Cp and absolute entropy values for W'Br,,,,, and 
PbBr,1(g) are essentially the same, one can use in the first approximation 
the same free energy functions for both molecules.

Table IX  shows calculated third law heats. I H ^ 1 were obtained from 
the third measurement in the Table VT1. as values for l//°3l1l7K and /JGJ317K 
show the best agreement with the average.

Table IX .
Third law heats and K^ values in tem perature interval from 12i)l — 1422 K

Average = — 1 5 3 .8 ± 0 .5 8  k J/m o i

Assuming 1 Cp ~ it, the average value of — 153,8±0,58 for l//og,41 
indicates very good agreement with the second law heat for reaction [6]. 
For all other calculations [27. 32] —153,4±7,1 kJ/mol obtained from the 
second law averages was used for . IH% which includes a more reliable 
limit of error. Using this value, together with the literature value for 
l//y(Br2(g)) = 30.5 kJ/mol [63] and the sublimation enthalpy of \\'B r1(s) --



= 152,6 k.J/mol (measured by us), the calculated heat of formation of 
\VBr4(s) is —244,5 kJ/mol and AH°f(\VBr4(.> = — !*2, k.J/mol. Agreement 
between these data and those calculated theoretically by Neumann and 
Knatz [8] using the Sirtl method [04]giving/1//'/(\VBr4(g) = —93,6 k.J/mol, 
is very good. From the value for zl//(/(\V Br1(g), and the measured AP (W + ) 
as 23,1 eV for \VBr1(g), the calculated /l//?(\\ +) is 1676 k.J/mol. This latter 
value is very near the spectroscopic value for +) of 1618 k.J/mol
[41 ]. On the other hand, a value of — 148, k.J/mol for /l//?(WBr4(s) derived 
from Sehukarev’s indirectly determined data [30]. différés appreciably 
from our result.
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RRDE TECHNIQUE TO STUDY METAL DISSOLUTION
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Summary

The application of RRDE technique has been studied to disclose the 
mechanism of metal dissolution. The existence of stepwise mechanism 
can be established by means of relationship A - f “1/2. It is possible to 
study the mechanism and to determine the kinetic parameters of multistep 
processes on the basis of spontaneous processes occurring in the system 
containing metal M and its positively charged Zj or z2 ions.

The overall process of metal dissolution may consist of several reaction 
stops. If the charge transfer takes place in two or even more consecutive 
reaction steps the stepwise mechanism of metal dissolution is obtained.

The determination of the nature and amount of this intermediate may 
serve as evidence to prove the stepwise mechanism. To determine the inter
mediate and to study the mechanism of the multistep process the rotating 
ring disc electrode technique (RRDE) can be used with good result 111, 
[ 2 ].

The disc electrode is made of the metal to be investigated and the 
ring of inert material such as platinum. The soluble electroactive inter
mediate formed on the disc electrode undergoes reduction or oxidation on 
the surface of the surrounding ring electrode which is isolated from the 
disc.

ft is important to note that the detection of the intermediate does not 
prove beyond any doubt that a stepwise mechanism has occurred since 
intermediates can be formed by parallel reactions, too. The purpose of this 
paper is to demonstrate the results obtained by RRDE technique applied 
for the studying of the mechanism of anodic and spontaneous dissolution. 
Consider the following reaction routes for the metal dissolution, where Eq 
(I, II) represent the stepwise mechanism, while Eq (I, III) stand for the 
parallel reaction routes.

I
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II

III

and

where n( is the number of elementary charges transferred in the i-th indi
vidual step; ka and kkj are the rate constants depending exponentially 
on the electrode potential. J/~* + ..-ions formed in the first process in the 
stepwise mechanism can he oxidized into M z- +-ions at the ring electrode 
13]. If the solution does not contain J/*'1 +-ions forming in stepwise mecha
nism, the limiting current of oxidization of these ions on the ring electrode 
can be determined by the equation already known as follows:

( 1)

where /•, is the radius of the disc, N  is the geometric factor of the KKJJh, 
/ is the current intensity on the disc, <■., is the concentration of ions M2s + 
in the bulk of the solution, A, and A'2 are the rate constants of the diffusion 
of ions M2' + and .l/’= + . respectively. The equation for X, is the follow
ing

where F is the Faraday constant, I), is the diffusion coefficient, t) is the 
kinematic viscosity of the solution, o> is the angular velocity, f is rotation 
per minute. As can be seen, X, is proportional t o / 1'2.

Assuming that no Mz*+-ions are present in the bulk of the solution 
the expression (1) has a more simple form.

The analysis of /// /? —/ " 1/2 curves is a well-known method for the 
disclosure of the reaction mechanism [4]. We intend to show here some 
problems of the application of this method in case of stepwise mechanism.

Considering both direction of reactions I, II  or assuming that case 
when the reaction (i) takes place only in the forward direction, then the 
expression I /Iw can be described as follows:

( 2 )



The plot of I¡IR ill the function o f d o e s  not give a straight line 
in this common case the curves deviate toward the abscissa and they 
meet in one point, as the Fig. I shows.
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Fig. 1. Theoretical curves for T/I ̂  as a function o f f “ 1/2.

If the section of the curves between the points were
substituted by a straight line we should reach a false conclusion since the 
straight lines intersect the ordinate a t different points, just as in case of 
parallel reactions (I, HI) or in case of parallel and stepwise mechanism. 
(I, II, III) [4], [5]. Therefore, if the extrapolated curves belonging to 
various electrode potentials do not intersect the ordinate at the same 
points, utmost care and circumspection is needed when drawing the con
clusion.

Let us examine the relationship more closely. When X x »  kk, and 
X 1 ~  X2 then the expression gives a straight line and from the slope of 
the curve the anodic rate constant of the second step (ka,) corresponding 
to various electrode potentials can be calculated. The method was used 
for calculating in our studies of the anodic dissolution of Indium in the 
solution of perchloric acid and sodiumperchlorate. These experimental 
results are demonstrated in the Figure 2.

7  ANNALES — Sectio Chimica — Tomus XV.
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Fir/. 2. A graph of I / I p  as a function o f f -1/2 for Indium  electrode.

When the former conditions are not fulfilled, i. e. and â-*2 are com- 
parable then the presentation of the expression does not give
a straight line. We have tried, however, to make the relationship linear,

(3)

(4)

where

At fixed potential A gives a straight line when plotting against/1/2.
It is remarkable that this relation between A and f ' n gives a straight 

line only in case of a stepwise mechanism. With this method we can there
fore distinguish between the stepwise mechanism and the parallel reaction 
one.

I t can be seen from the relationships A —f ' 2 that the rate constants 
of the second step can be determined from the parameters of the straight 
line i. e. from the values of the intersept and slope of this line. We have 
used these relationships to study the mechanism of anodic dissolution of 
copper in perchloric acid.

If the experimental data for the solution of perchloric acid are repre
sented in the form of / / / R- / ~ 1/2 we do not get a straight line at fixed 
potential. This is to be seen in the Figure 3. But if we represent our experi-
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Fig. 3. P lo t o f I / J R vs. f - ' / 2 for copper electrode.

mental data in the form of A —/ '  2 on the basis of Eq. 3. then a straight 
line is obtained at constant potential as it can be seen in the Figure 4.

This result show that copper dissolves according stepwise mechanism, 
in such a medium as well, and the diffusion rate and the catodic rate 
constants of the second step are comparable.

Further on we wish to show another method which is also suitable to 
determine the kinetic parameters of multistep processes.

The kinetic parameters can be calculated on the basis of spontaneous 
processes induced by own ions in the system which contains metal M and 
its positively charged z, or z2 ions [6]. If there is no equilibrium in this 
system and the concentration of 3/*2 + ions highly exceed that of the 
equilibrium while the concentration of M z' + ions is practically zero, then

7*
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Fig. 1. Plot ol’ A vs. f*/2 for copper electrode.

spontaneous processes occur on the disc electrode. The two consecutive 
electrode processes proceed so that the reaction (I) takes place mostly in 
the forward direction and reaction (IT) in the backward direction. Thus, 
metal M is dissolved and Mz- + is reduced to M z' +. Using the Eq. 1 (the 
oxidation limiting current of the intermediate on the ring) and considering 
the fact that now a spontaneous process takes place i. e. substituting /  = 
0 and rearranging the expression of the limiting current we get the follow
ing expression.

where
(5)

(6)
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(?)

and

Each component in term A., is either known or measured. In order to 
determine the related values of I R and c2 at constant electrode potentials, 
the limiting current and the potential on the disc electrode at different r. 
p. m. and at different concentration of c2 were to be measured. Using these 
experimental data A2 can be presented at constant electrode potential in 
the function of the reciprocal value of th e /-1/2. The intersept of the straight 
line gives the reciprocal of kk„.

The slope of the line may depend on the electrode potential. Let us 
examine the cases of this dependence on potential. Tf II, is independent of 
the electrode potential then the second term of the slope is smaller than
1. i. e. the cathodic rate constant of the second step is greater than the 
anodic one (&*2 s®* ka„). In this case the lines 2 belonging to differ
ent potentials coincide.

In contrast with the former case, if the quotient of the rate constants 
of the second steps is greater then 1. then the slope is changing with the 
potential. Since the rate constants depend exponentially on the electrode 
potential, the relationship of electrode potential (A’) —lg R, must be linear 
with a slope value of 58/w2 mV.

But if the two components in the expression of the slope are of the 
same order of magnitude then the values of the rate constants of the second 
step are nearly the same. The dependence of the slope of the line falls in 
between the two marginal cases.

By means of the spontaneous processes induced by its own metal 
ions, the rate constants of the first step can also be determined. Using our 
former results the following relationship is obtained [7]:

( 8 )

(9)

( 10)

where

and

In this case the value of ka, can be calculated from the intersept, while 
the line includes the value of kkJkar We would like to emphasize that 
here, in the function o f / _12 the quantity proportional to the reciprocal of 
the limiting current has been represented but when calculating the rate 
constants of the second step the quantity is proportional to the quotient
C2^R-



By means of the method described here we have investigated the 
kinetics of spontaneous processes on the copper electrode in solution of 
HC1 and HCIO.! containing cupric ions. In every experiment the concetra- 
tion of Cu+ was nearly equal to 0.

Figure 5. shows the experimental results obtained in the solution of 
H('l. The plot of A2 against / “ ' 2 at fixed temperature yiels a straight line 
starting in the origin. This fact means that ickt »  1. It should be noted 
that at fixed temperature the experimental data belonging to different 
potentials give the same line that is why the slope of the curves is indepen
dent of the potent ial. The fact that the slope of the curves is independent of 
potential indicates that l'k2 % This result is in accordance with the 
well-known experience that the anodic dissolution of copper takes place by 
formation of cuprous ions only.
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Fig. 5. P lo t o f Aj against f ~ '/2 for copper elect rode.

When plotting ,4, as a function of / - 1/2 in the solution of MCI at 
fixed temperature, a straight line is obtained again, the relationship can 
be seen in the Fig. 6' but the curves do not take their start in the origin. 
In this case the value of k0l can be determined from the intersept and the
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Fig. (i. P lo t of' A, against { - 'I -  for copper electrode.

ratio kkjka, from the slope of the line. As it is expected the slope of the 
curves increases when the potential becomes more negative. The results 
obtained in a solution of HC10., have similarly been analysed.

In the solution of perchloric acid the influence of temperature on the 
values of rate constants has been studied. In the Figure 7 the results ob
tained in 3 mol HCIO, solution at 10 °C are plotted. The coordinates are 
the same in the former case. The rate constants of the second step can be 
determined from the diagram. Experimental data obtained in the same 
solution but at a temperature of (50 °C are to be seen in the Fig. 8. The 
values of the anodic and cathodic rate constants of the second step have 
been calculated at temperatures of 10 °C and 60 °C.

These results indicate that by increasing the temperature by 50 °C 
the cathodic rate constant of the second step (kit,) grows by two orders of 
magnitude while the anodic rate constant grows (/'„,) only by one order 
of magnitude.

As to the effect of the temperature on the rate constants of the first 
step, if the temperature is increased by 50 °C the cathodic rate constant is 
growing to a smaller extent as compared to the anodic arte constant.
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These results prove the experience according to which the equilibrium 
of the system which consist of copper, cuprous and cupric ions in a solution 
of HC10, is shifted to the direction of Cu+-ion formation when increasing 
the temperature.
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Summary
Some series of a-poly-L-glutamic acid-y-(2-dimethylamino-ethyl)- 

amide with alternating macromolecular properties were prepared using a 
special apparatus. The influence of the poly cations on the active transport 
of erythrocytes and the connection between the reaction parameters and 
the optical rotatory power of the products were investigated.

Considerable influence of the synthesis parameters on the biological 
activity of the polycations was demonstrated. Polvcations made under 
mild conditions to be potent transport inhibitors.

Racémisation effects connected with the reaction parameters were 
also investigated, increasing racémisation was observed parallel with elevat
ing temperature and prolonging reaction-time.

Introduction
Earlier we described a method for the preparation of several types of 

side group modified a-polv-L-glutamic-acid derivatives [1, 2]. These poly
mers showed different biological activities, highly depending on their mac
romolecular parameters (viscosity, reaction parameters etc.) [3, 4]. I t 
seemed reasonable therefore to prepare chemically near homogenous com
pounds differing from each other only in their macromolecular properties 
(average molecular weight, molecular weight distribution, etc.) Our starting 
material was the oc-polv-L-glutamic-acid-y-(2-dimethylamino-ethvl)-amide 
(III). I t  was prepared from a-poly-E-glutamic-acid-y-alkyl-esters (I) by- 
means of side group modification with 2-dimethvl-amino-ethvlamine (II) 
[1].



A fractionating method was developed earlier by us to prepare a series 
of such analogous compounds with alternate macromolecular properties [5] 
but these process was quite laborious and time-consuming. Since the cha
racteristics of these polymers are deeply influenced hv the parameters of 
the sidegroup modificating reaction, it seemed reliable to synthetise some 
series with alternate macromolecular properties, from parallel reaction. 
However, using the established laboratory technics, this method seemed 
even more tedious than the fractionation process.

Method

A new method, called Gradient Mapping Series (GMS) was invented 
several years ago by A. Tejfalussv [G] in order to simplify the organisation, 
execution and evaluation of great experiment series.

With a relatively simple apparatus (for details, see Experimental) it is 
possible to perform a simultaneous synthesis of as many as 225 parallel 
compounds at 15 different temperatures. Theoretically using complex 
mathematical apparatus it is possible to devise a programmed reaction se
quence with highly controlled parameters and well defined products.

Nevertheless, applying the simplest setup, many samples of polymeric 
(or any other) material can be obtained and examined in a relatively short 
time and with small work investment, using this method.

©MS method is suitable for both chemical and biological measurements 
and for solving technological problems as well. Although the accuracy of 
the individual measurements are seomwhat less as compared to the tradi
tional way, the “net” arrangement of the GMS system provides a great 
reliability for the total experiment.

Since our biological experiments needed sets of polycation fractions 
with quite narrow molecular weight distribution, the GMS method seemed 
ideal to construct these compounds.

Two series of polycations included 35 and 32 samples were synthetised 
for biological and optical investigations respectively. 12 different reaction 
temperatures were employed in the first case and 3 in the second. Details 
can be seen in the following parts.

Investigations

The. influence of the polycations on the active transport in red blood cell.s
Applying the above mentioned “synthetisator” a 35 membered series 

was synthetised and the effect of the macromolecules on the alkali ion 
transport of red blood cell membrane was studied. The inhibition of the 
active transport concomitant with the coagulation of the cells was obser
ved.

Our experiments showed that the parameters of the synthesis influ
enced the biological activity of the macromolecules in a great extent, 
ft can be seen from the results represented on Fig. I. that the probably
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PREPARATION OF POLY-L-GLUTAMIC ACID DERIVATIVES 109



less degraded samples (made on lower temperature, or permitted to react 
for shorter time) possessed coagulating activity. The most degraded poly
mers (synthetised at higher temperature or with longer reaction time) had 
neither coagulating nor inhibiroty activity and, finally, the medium ones 
(made under medium conditions) had inhibitory activity for the active 
transport.

Dependence of optical rotatory power of the polycation» on the parameter* of 
the synthetis

Since our preliminary experiments with the above mentioned 35 
samples gave promising results (see Fig. 2.) efforts were devoted to eluci
date a possible connection between the reaction parameters and the optical 
rotatory power of the polycations. Side group modification reactions of an 
a-polv-J,-glutamic-acid-y-methyl-ester and an a-poly-L-glutamic-acid-y- 
benzyl-ester sample were carried out on three different temperatures and 
for 4 — 8 different reaction-times at each temperature. Results are summa
rised on Fig.s 3 and /.

From the investigations, it is evident, that the optical rotatory power 
of all samples decreaesed by elevating the temperature, or the reaction 
time. In one case alone was total racémisation observed; all the other 
samples arrived to a certain limit in decreasing the optical rotatory po
wer.

'fhe fast initial decrease of the optical rotatory power is probably due 
to the chemical reaction i. e. the optical rotatory power of the staring poly
ester was twice as much as that of the polvcation in dichloroacetic solu
tion.

Experimental

The “synthetimtor” apparatus
The so called “svnthetisator” is, in fact, a special thermostat wich 

contains 225 holes for dials ( 15 lines, 15 holes in each line). The temperature 
of the individual lines increases in 5 °C steps. The highest (or lowest) re
quired temperature can be selected freely in the 40—150° interval. Then 
the temperature gradient between the lines forms automatically accord
ing to the above mentioned steps.

The side group modificating reactions was carried out in home-made 
2 ml vials, fitted to the “synthetisator”. For better agitation the whole 
equipment was mounted on a joggling machine.

Preparation of the polycations
To 40 nig (approx. 0.28 mole) of a-poly-L-glutamic-acid-y-methyl- 

or-y-benzyl-ester <>.71 ml of 2-dimethylamino-ethyl-amine was added in 
2 ml vials. (The ester: amin ratio was 1 : 21.)
After sealing off. the vials were put on to the holes for the proper time.

1 1 0  A . K Ô T A I E T  A L.
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Fig. 2. O ptical ro ta to ry  power of th e  polycat ions. Axes are the sam e as Fig. 1. Assuming 
th a t the larges m easured optical ro ta to ry  power is 100%. A means 90— 100% optical ro ta 
to ry  power; B: 70—90% ; C : 50 70%; I): 30 — 50% ; K: 10 — 30% ; F: 0 — 10% optical ro ta 

to ry  power.
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Fig. 4. Optical ro ta to ry  power of th e  polycations m ade from a-poly-L-glutamic-acid-y*benzyl-ester



Having elapsed the corresponding reaction time the reaction mixture 
was worked up in two different ways:

a) For biological investigations.
Leaving the samples in the original reaction vials, they were dried 
over H2S02 in vacuo, then washed 6 — 8 times

with ether. Disappearence of the excess 2-dimethyl-amino-ethylamine 
was checked bv paper chromatography. A 0.0025 g/em3 solution of the 
samples adjusted to pH 7 was used for biological investigations.

b) For measuring the optical rotatory power. 0.5 cm3 of the reaction 
mixture was added to 4 cm3 1 N HC1, then the pH was adjusted 
exactly to 7.0 by ce HC1. Thereafter the solution was diluted to 5 ml 
by distilled water and optical rotatory power was measured in 
a 10 cm tube at 366 nm by a Polamat A instrument.
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Abstract

The Retamix (Flvgtol) process was found in laboratory and full scale 
experiments to be suitable for the intensification of periodically and stea
dily overloaded sewage treatment plants.

The possibility of powerful influence, the low investment and opera
tion (chemicals) costs and considerably increased removal of pollutants 
per unit time give the basis for further application of the method.

1. Introduction

In the last decade the continuous extention of environmental damages 
have become one of the main problems of mankind. The protection of wa
ters, the careful economics of available water reserves will soon require an 
international collaboration. One of the chief questions of the protection 
of waters is the efficient purification of industrial effluents and sewages. 
This establishment is especially valid in such cases when only a lake is 
available for the reception of purified water. As it is well known, waters 
let into lakes must meet considerably higher quality requirements than 
those let into a river. The organic and the eutrofication causing pollutants 
are even more dangerous when they are let into a warm and shallow lake, 
like Balaton [1].

One of the sources of the several pollutants getting into Balaton are 
waste waters originated in her environment. Those are mainly of communal 
origin and their quantity considerably changes during the year. During 
summer period multiple quantity of waste waters and even much more 
concentrated by pollutants often occurs. Therefore the .sewage treatment 
plants around Lake Balaton are considerably overloaded during summer 
and they are not enough suitable for waste water treatment of proper effi
ciency.

8*



2. Intensification of sewage treatment plants

In the eases described above there are two possibilities left. One is the 
satisfactory extension of existing plants. This requires considerable time, 
investment and building capacity and some harmful pollutants (e. g. 
phosphorus and nitrogenous compounds) can not be removed. The other 
possibility is to intensify the sewage treatment plants i. e. to increase the 
fficiency of existing plants by technological modifications.

The meaning of the word “intensification” is not quite uniform. We 
use this word for every solution which can eliminate higher quantity of 
pollutants per unit time in the existing plants. This has two limiting cases. 
One of them is increasing the quantity of purified water with unchanged 
water quality characteristics. The other one is improving the water quality 
of the unchanged amount of effluent. Practically both possibilities occur 
mainly together.

The intensification can be realised within a relatively short time, 
possibly by the application of prefabricated elements and equipment. 
I t  requires considerably lower investment and the savings cover the run
ning costs of the applied technology for long time.

One of the possibilities of intensification is the adaptation of a suitable 
chemical treatment into the purification technology. This intervention 
occurs often only for the sake of removal of phosphorus compounds. This 
method is used mainly in plants having two purification steps so that pre
vious, simultaneous or post precipitation is applied [2].

3. The Retamix (Flygtol) process

In both variations of the intensification the Retamix (in the western 
countries, known as “Flygtol”) process patented in several countries [3, 4) 
has been used as an efficient method. The process has been introduced 
for purification of industrial effluents and sewage by more than 20 plants 
in many countries of Europe (German Federal Republic, Switzerland, 
Sweden, England, France, Austria, Czechoslovakia). The total production 
of these plants is about 300 000 m3/day. Some of the more important plants 
are: Cellulosa Attisholz AG (Switzerland, 70 000 nr'Çdav) [5, 6]: Vastervik 
Paper Mill (Sweden, 14 000 m3/dav) [7]: Sturovo Paper .Mill (Czechoslova
kia, 60 000 nv'/day) [8]; Albbruck Paper 'Mill (GFR, 14 000 m3/dav) [9]: 
Texon Leather Factory (GFR, 14 000 m3/day); “Hainbach Gruppe” sewage 
treatment plant (GFR, 18 000  m3/day); Alginate Plant (Great Britain. 
12 000 m3/day); Peugeot Works (France, first step 25 000 m3/day). Nume
rous laboratory, pilot and full scale experiments are in progress, and the 
process is being introduced in many factories.

The application of the process gives efficient flocculation and quick 
purification, i. e. removal of the suspended solids. Tts main point is that a 
suspension of swollen (activated) and sufficiently peptized clay mineral 
having triple layer structure is added to the water containing suspended 
materials, and after thorough mixing a solution of water-soluble polymer
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is added to the suspension. The polymer can react with the clay mineral. 
Then heteroflocculation takes place, the suspended solids of the suspension 
flocculates and the floes can readily be separated from the liquid because 
of their bound and solid strusture. If the suspension contains many partic
les of colloidal size, to reduce the meeessary amount of clay minerals, pre
liminary addition of electrolytes (hydrolyzing metal salts) is parctical in 
order to change the surface charge of suspended solides [10]. For this purpose 
the addition of low molecular weight ionic polymers is also possible. Dissol
ved pollutants (e. g. phosphorus compounds) can also he eliminated from 
the sewage if they are precipitated by chemicals prior to flocculation. The 
precipitate thus formed can be removed together with the original suspen
ded solid in one stej).

The process is based on the chemical and physicochemical reactivity 
oi crystalline grains oi the swollen clay minerals having triple 1 aver struc
ture. These clay minerals have a negatively charged electrostatic surface 
due to their unbalanced rcystal lattice. They are capable of cation exchange 
[11 |, they can bind organic molecules in their lattices [12] and attached 
to organic molecules, they form clay-organic complexes [13]. These linka
ges are formed mainly by bridgings [14].

Consequently the clay minerals can be regarded as inorganic macro
molecules, which can produce chemical reactions due to their physical and 
chemical properties. If  the suspension of swollen clay minerals is disperged 
in sufficient quantity in an aqueous suspension having any surface pro
perty and grain distribution (e. g. sewage), a system is formed in which the 
character of suspended particles is determined bv the clay minerals, in 
the poly disperse system formed the grains of the clay minerals are partly- 
attached to the suspended particles, partly they remain as discrete grains. 
In the case of sufficient mixing a suspension of clay minerals is formed 
with more or less homogeneous distribution.

The collecting of the suspended particles (heteroflocculation) is effected 
by the polymer molecules capable of forming clav-organic complexes 
(Fig. I.J. (The Fig. 1 cf. on the page 118.)

The floes can be effectively separated from the water either by sedi
mentation or by flotation. The flow sheet of a sedimentation technique is 
shown is Fig. 2. As it can be seen at first the solution of the metal salt is 
added to the sewage if necessary, then the prepared day suspension and 
finally the polymer solution are mixed in. After sufficient mixing the sus
pension is led into the flocculation basin. The solid phase is separated from 
the liquid in the settling chamber. In the practice a sufficiently activated 
bentonite of high montmorillonite content is used (e. g. the commercial 
product “Flvgtol A” manufactured by Erbsloh Co.. Geisenheim, GFR), 
and the polymer is a partly hydrolysed anionic, high molecular weight (over 
10 million) polyaeryl amide. (The Fig. 2 cf. on the page 119.)

There are many publications in the literature dealing with the process 
and its applications [5 — 9]. Accounts of successful experiments using the 
Flvgtol process are given for several effluents: Klinga [15] wallboard in
dustry: Brecht, Börner. Dalpke [16], Möbius and Günther [17] on the paper
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industry; McKay [18] on the wine industry; Möbius [19] on the breweries 
Möbius and Elbert [20] on the galvanic industry.

The application of the process is accompanied by several practical 
advantages in addition to the simultaneous elimination of the reactive phos
phate and suspended materials.

1. The efficiency of existing purification units mainly of the pre-sett
ling tanks can be considerably increased without reconstruction. Sewage 
treatment plants having one or two purfication steps can be equallv inten
sified. [21].

2. In consequence of quick formation (1 -3  minutes) and settling (in 
laboratory 12 m/hour) of the floes, the strongly increased hydraulic loads 
can be compensated by small, pre-fabrieated settling tanks.

3. I he system is not sensitive to the changes in quantity and suspended 
solid content of the sewage.

4. Efficient purification can be achieved at low running cost (chemi
cals) (0.2 —0.5 Ft/m 3 water).

5. The chemicals used do not affect considerably the volume, dewa
tering and digestion of the sludge. The chemicals are not harmful to the 
environment, therefore they do not affect unfavourably the storage and 
utilization of the sludge.

There are several possibilities to intensify the existing sewage treat
ment plants. Some variations are illustrated in Fig. 3. The extent of inten
sification is to be determined by the local circumstances (desired purity, 
existing installations, reservoirs, etc.).

4. Investigations for the intensification 
of sewage treatment plants around the Lake Balaton

The Researchgroup for U'aterehemistry and Waterteehnology of the 
Department of Chemical Technology, Eötvös Loránd University has for 
years carried on investigations using the Retamix process for the purfi
cation of industrial effluents (wall board industry, dairy and sewage). The 
results of the investigations have been favourable, all sorts of waste waters 
could lie successfully purified. For example, the sewage coming to the 
plant at Angyalföld of the Budapest Sewerage Works can be very effec
tively clarified. The quality of the sewage coming into the plant in high 
amount (260 000 m3/day) shows a strong daily fuetuation depending on 
the quality and quantity of industrial pollutants. This water has high ion 
concentration (20 meq/1), medium hardness (25 (¡onnan degrees) and con
tains a lot of dissolved inorganic materials (1200 mg/1). This is favourable 
for the purification, because a considerable (95%) elimination of suspended 
solids can be achieved using small amount of chemicals. In addition to this 
high amount of COD (chemical oxigén demand ) (55 — 65%), phosphate, 
micro contaminants have been removed. The high settling rate of the floes 
formed (12 m/h in average) showed a tenfold increase related to the untrea
ted water.
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Figure -Ï.
A) Chemical treatm ent of sewage in a primary purification plant 
It) Partial chemical treatm ent sewage in a primary purification plant
C) Chemical treatm ent (by possible extension) in the primary step of a conventional activated sludge plant 
l>) Partia l chemical treatm ent of sewage in the primary step of a conventional activated sludge plant
E) Chemical treatm ent in one of the lines of a  conventional activated sludge plant
F) Chemical treatm ent in the secondary settling basins
(',) Simultaneous chemical treatm ent in the primary and in the secondary settling steps plant

1. grit chamber 4. secondary settling tank
2. primary settling tank 5. chemical dissolving (mixing) tanks and feeders
3. aeration tank 0. mixing devices connected with flocculators

Some variations for the intensification of sewage trea tm en t plants

Our experiences and the success of many foreign industrial realisations 
stimulated us to investigate the possibility of purification of the sewages 
originated around the Balaton, ft could he expected that a suitable effici
ency can be achieved also in the existing installations (possibly by a few 
modifications) of the highly overloaded sewage treatment plant.



Because of the local circumstances (overloaded plant, laboratory fa
cilities, etc.) the first laboratory examinations were carried out at hte 
Balatonföldvár sewage plant [22]. Due to the favourable results (removal 
over 90% of suspended solids, 00% of COD(di(.r ), 80% of phosphate) it 
seemed to be reasonable to carry out also full scale experiment.

This was done in summer (July— August) of 1977. with the support of 
the Hungarian National Water Authority (OVH) and by the cooperation 
of the Transdanubian Regional Waterworks (DRW ) and the Tatabánya 
Coal Mines. The intensification experiment was focused on the chemical 
treatment of the sewage in the pre-settling tanks. The following questions 
shouls be answered:

1. How can the efficiency of pre-settling tanks be increased ?
2. How does the chemically treated, pre-settled water effect the effi

ciency of the activated sludge system ?
3. Is it possible to achieve sufficient purity of the effluent water wit

hout considerable extension of the existing installations, if the plant accepts 
widely fluctuating (36—150 m3/h) amount of sewage and if its hydraulic 
loading is more than doubled ?

4. Is the treatment of the sludge formed possible on the drying beds 
of the plant ?

5. What kind of technological modification is needed for the purifi
cation and what about the rentability ?

It was found that in spite of numerous technological difficulties 
(preparation and dosage of chemicals, breakdowns, highly insufficient hy
draulic conditions of installations, lack of flocculators, bad oxygen supply 
of biology, insufficient recirculating of the sludge, etc) a suitable purity 
of the effluent could be achieved, i. e. the working of the plant could be 
intensified.

- The efficiency of pre-settling tanks regarding the elimination of 
suspended solid, COD and phosphorus increased.

The appearance of the sludge which was anaerobic before the chemical 
treatment changed within a short time and the TTC activity and specific 
decomposing ability for organics increased.

The CQD(dicr.) value of the effluent was 80 mg/l in average and the 
dissolved COD(dicr.) was 50 mg/l. The removal of suspended solids was 
94%, that of reactive phosphate was 74%.

Some characteristic quality data of the water (in average values) 
obtained during the experiment are listed in Table 1.

Although the quantity of removed sludge (mainly in the pre-settling 
tank) increased, the sludge formed could hold on the drying beds of the 
plant, it dewatered and dried with sufficient rate.

The cost of chemicals used for the process was about 0.3 —0.5 Ffc/m3 
purified water.

The experimental results in the plant at Balatonföldvár gave the 
reason of the intensification of the considerably overloaded plant in Keszt
hely. The influent of this plant is sewage mixed with slaughter-house and
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Sampling site

Influent sewage
Effluent from 
pre-sett-ling 

tank
Effluent 

from plant

Purification efficiency
%

C h a r a c t e r i s t i c s
after

presettling
after

postsettling

< o d  a .  n.g/i day f>24 292 85 53 .3 SO. 4
c h r o m a te n ig h t 404 234 91 42.1 77.4

Suspended day 307 122 31 60.3 90 .5
so lid  c o n te n t

m g/1 n ig h t 220 114 31 4S.2 99 .5
(on  0 .4 5  m  ft

f i l te r )

O r th o p h o s p h a te
c o n te n t d a y 27 .0 14.2 7.3 51 74.5
P O J -  mg/1 n ig h t 25 .6 12.0 0.6 63 74.0

dairy effluents, it contains considerable amount of dissolved and suspended 
organic pollutants. According to our measurements the C'OD((Hcr ) value 
was 760 mg/1 in average. About 58% of this is solid and 42% (330 mg/1) 
can be found in the dissolved phase. Most of the solid pollution is of colloi
dal size, it does not settle without chemical treatment. Among the organic 
pollutants a relatively high amount of protein can be found.

The sewage can be purified well by the Retamix process (using 40 
g/m3 aluminium sulphate, 50 g/m3 activated bentonite and 0.5 g/m3 poly
mer). The high quantity of colloid is destabilized by the aluminium sulpha
te, without polymer the desired heteroflocculation does not take place and 
without clay minerals only slow formation of loose floes can be observed.

The average values of laboratory purification are listed in Table 2.
T a b ic  2.

Property of sewage Influent water
Reduction in clarified 
water after 5 minutes 

settling, %

COD(dlcr.) mb/1 760 55

Suspended solid mg/1 (on 0.45.nyt filter) 262 77

Pro te in  (Folin) mg/1 260 50

R eactive P O J- mg/1 21 70

The plans for the intensification of the plant were drawn up by the 
Tatabânya Coal Mines, the reconstruction was made in cooperation with 
D R W . In ten months after beginning of the drafting the intensified 
plant could be put into operation.



'Plie plant extended to the capacity of 7500 m3/day could produce 
the required efficiency (BOD value below 100 ) during the trial operation 
in autumn of 1978, even if the load considerably exceeded the expected 
value. Essential condition of the proper working of the plant is the suffici
ent removal of the sludge formed in the system. Obviously the adequate 
treatment and storage of the sludge also should he arranged.

Finally I wish to emphasize that the technological modifications oj 
the traditional sewage treatment (e. g. by chemical treatment) require more 
expertise, attention and care from the staff of the plant. To keep precisely 
the prescriptions (preparation and dosage of chemicals, removal of sludge, 
etc.) demands much more technological discipline. Facilitation and secu
rity of the operation more and more necessitate the introduction of auto
matic technological accomplishments.

Summary

One of the possibilities for the intensification of periodically or con
tinuously overloaded sewage treatment plants is to insert a suitable chemical 
treatment into the technology.

The Retamix (Flygtol) process was found to he a good method to 
increase the efficiency of sewage plants around the Lake Balaton conside
rably overloaded during the summertime. The efficiency of pre-settling 
tanks increased regarding both the chemical oxygen demand (COD) and 
the removal of phosphorus. The decomposing ability of the biological 
sludge for organic materials became also more efficient. Application of the 
process made possible the efficient purification of double quantity of se
wage in the existing installations using a small amount of chemicals.

A purification plant was established having a capacity of 7500 m3/dav, 
which can efficiently purify sewage containing industrial (slaughter
house. dairy) effluents.
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IN V E S T IG A T IO N  O F H Y D R O G E N  B O N D ED  C O M P LE X  N H + .  N H 3 
IN  A Q U EO U S SO LU TIO N

M. M áté and L. Barcza

D epartm en t o f Inorganic and A nalytical C hem istry,
B udapest, Múzeum krt. 4/B , H —1088

Sum m ary

The formation of ammonium-ammonia hydrogen bridged complex 
lias been followed in aqueous solutions conductometrically, potentiomet- 
rically and refractometrically. All of these methods prove the existence of 
the associate in spite of the competing reactions of water. The calculated 
formation constant is not too high: K = 1.09, but significant and seems 
to be independent of ionic strenght.

The high proton donor ability of ammonium ions is well known but 
often neglected. Their hydrogen bonded interactions with various proton- 
acceptors were investigated in inert solvents, in gaseous or solid phase 
[1—8]. Data for studies in polar solvents — especially in aqueous medi
um — can be hardly found in literature. The use of water as solvent gives a 
lot of problems, as the water molecules are both powerful protondonors 
and protonacceptors, and the formation of hydrogen bonded complexes is 
hindered by competing reactions in aqueous solution. It follows that (i) 
only small stability constants can be assumed; (ii) methods of high precisity 
which are (iii) insensitive to the hydrogen bonded structure of water, are 
needed, that is some essential methods as IR  and NMR spectroscopies 
can not be used in aqueous solution.

The system under investigation

We tried to study various hydrogen bonded systems is aqueous me
dium, first of all the NH + . . . N hydrogen bonded complexes. The interac
tion NH + . . . N is supposedly not the strongest one, even the existence of 
these complexes in aqueous solution are questionable because of the men
tioned competing effect of water. As the most simple model NH] and NH3 
were choosen to the studies.

We tried to follow the formation of complex both conductometrically 
and potentiometrically, but the changes in conductivities during the comp
lex formation were very small and there were some problems connected to 
the glass eletrodes and reproducibility.



The reaction and its stability constant:

12S M. MATÉ AND L. BARCZA

could be investigated refractometrically.
There was a possibility that NH . . .Cl-  hydrogen bonded ion pairs 

form in the system, too. For this reason, to prove or to eliminate this as
sumption some measurements were carried out , too.

Refractometry as a method for determination of stability 
constant [9.10]

The experiences prove the following relationship between the refrac
tive index and concentration of a solution:

n = na + kc (1)

where n is the refractive index 
n0 is that of the solvent
/• is an empirical factor (or refractive incrementum) 
c is a concentration.

However we had to take into consideration that the concentration of 
solvent changes, too, and there are some interactions between the molecules 
of solvent and of solute, so the relationship (1) can he rewritten as

( 2 )

(3)

where
M1 is the molecular weight of solute
M s is that of solvent
c, is concentration of solution
/j is a solvation factor
<1 is the density of the solution.

It is supposed that the structure of solvent is not influenced; there is 
no change in the degree of the dissociation or association of solute; the sol
vation and density factors are constants. These postulates can be subs
tituted into eq (2 ):

(4)



and contracting the constants:
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(5)

(6 )
or generally

equations formally equivalent to eq. (1) can be constructed.
The last equation shows the additivity of refractions. If new species 

with different molar refractive index forms in the system, the function 
n =  n(c) of solution will be different from that calculated by eq. (6 ) beca
use of changes iivc, and ni.

The stability constant can be calculated from these differences.

Experimental

Solutions of NH4C1 in concentrations 0.63; 1.25; 2.50 mol.dm-3  and 
those of NH3 with the same NH ,C1 concentrations were prepared at 25.00 °C. 
The content of solutions was determined by titrating with acid solution 
of known concentration.

During the investigations, one of the solutions was pipetted into a 
vessel thermostated exactly to 25.00 ±  0.02 °C and its refractive index 
was measured with a Zeiss type dipping refractometer. Then a small volu
me of the second solution (also measured accurately and thermostated 
exactly to 25.00 °C) was mixed to this solution and the refractive index 
was measured again. The result measured is shown in Figure 1.

Figure 1.

The possibility was mentioned earlier that N H |...C 1~  hydrogen 
bonded ion pair can be also formed in our system. To clear this problem 
the refractive indices were measured as a function of [NH4 ] in NaCI — 
NH4C1 solutions of constant ionic strength, but eq. (6 ) was valid proving 
the instability of the mentioned species.
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Results

The data measured were evaluated by an iterative producere and the 
formation constants of N H J. . . NH3 species are given in Tabl. 1:

NH |C*1 cone. A'
0.63 mol-dm - 3  1.13
1.25 mol-dm - 3  1.08
2.50 mol-dm - 3  1.07

mean 1.09
These results show that (i) the equilibrium constant measured are 

independent of ionic strenght (as the activity coefficients of NIIf and 
N H J ...N H 3 ions seem to be equal and according to the definition of 
stability constant, they do not alter the equilibrium constant), (ii) the ave
rage stability constant of NH + . . . NH3 species in aqueous solution is small 
but considering the powerful competing effect of water, the 1.09 value is 
rather high.
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THE EFFECT OF CHEMICAL TREATMENT OF SEWAGE ON THE 
ACTIVATED SLUDGE OF THE SECOND PURIFICATION STEP

J . MOSER and O. LIBO R

D epartm ent o f Chemical Technology, Eötvös Loránd U niversity,
1088 B udapest, Múzeum krt. 6 —8.

Abstract

'Cite operation of activated sludge was examined in the course of two 
full scale experiments applying chemical pre-treatment (Retamix process). 
Microbiological composition, enzymatic activity, organic material decom
posing and nitrifying capacity of the sludge were studied.

The activated sludge of the originally overloaded plant was found to 
be unloaded by the considerable decrease in suspended solids (colloid) 
content of the sewage, to such an extent that the composition of the anae
robic activated sludge changed favourably within a short time. Bioindi
cator organisms indicating good operation of the sludge appeared and the 
organic material decomposing capacity increased.

Tn the course of the other full scale experiment the chemically treated 
water caused also nitrification in the activated sludge having originally 
sufficient organic material decomposing capacity.

Due to the decrease in suspended solids content of the sewage the oxy
gen supply of the activated sludge improved, therefore also the bacterial 
oxidation of ammonia could take place.

Introduction

Different possibilities of sewage purification are known. As simplest 
solution mechanical sedimentation is carried out in the primary plants. 
These plants have only slight purification efficiency. Therefore nowadays 
almost without exeption treatment plants having at least two purifica
tion steps are established. The second step is, especially in the case of lar
ge sewage quantities, biological purification. Its introduction makes pos
sible for the suitably built and operated plants to achieve sufficient puri
fication efficiency.

The purification of increasing sewage quantities, however, has been 
causing an increasing problem. At the same time the requirements con
cerning the quality and quantity of contaminants in the effluents have be
come more and more rigorous. So the increasing of the purification effi
ciency in the sewage plants has become an even more actual task. A possible
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solution for this proves to he the chemical treatment applying the Retamix 
process [1, 2 ].

The aim of this work is to study the effect of chemicals (aluminium 
sulphate, activated bentonite, polymer) used by Retamix process and that 
of the chemically treated sewage also on the operation of activated sludge 
in biological systems during full scale test. Therefore plant scale experiments 
have been carried out in Balatonföldvár (15.06 — 06.08 1977) and in the 
Budakeszi Sewage Treatment Plant (17.04 — 21.06, 1978). During these 
experiments the Transdanubian Regional W aterworks, the Budapest Se
werage Works and the Tatabánya Coal Mines participated. Both in Bala
tonföldvár and in Budakeszi sewage without industrial impurities is puri
fied. The Balatonföldvár plant was highly overloaded while the Budakeszi 
plant accepted much less sewage than its capacity. So it was possible 
to investigate the effect of Retamix process on the operation of activated 
sludge in a plant working mainly according to its capacity and in a consi
derably overloaded one. During the full scale experiments the biological 
purifying unit was continuously controlled in order to observe the effect of 
chemically treated sewage on the operation of activated sludge. Microbio
logical composition, enzymatic activity,o rganic material decomposing and 
inorganic nutrient elimination efficiency were investigated.

1. Organic material decomposing efficiency and TTC activity 
of activated sludges

In order to characterize the organic material decomposing efficiency 
of activated sludges, the daily average nutrient removal (i. e. the quantity 
of dissolved COD decomposed by 1 kg of organic sludge per day) was cal
culated from the dissolved COD values of average samples taken from the 
primary and secondary settling tanks during the different sections of the
dav, bv the following relationship: rc = . The enzvme activi-

V- X,
ties of activated sludges were determined by our modified version [6 ] of 
the well known TTC method [3, 4, 5] from the collected samples. The prin
ciple of the method is that triphenyl-formazane is reduced from the TTC 
effected by the bacterial activity. The quantity of the formazane substance 
formed depends on the mass and activity of bacteria of the activated sludge. 
The activity data are given for unit quantity of organic material in the 
sludge.

The changes in organic material decomposing efficiency and TTC 
activity of the activated sludge during the plant scale experiment in 
Balatonföldvár are shown in Fig. 1. During the chemical treatment a con
siderable decrease in suspended solids content of the sewage unloaded the 
activated sludge, it influenced favourably the dissolved oxygen content of 
aeration basin. Consequently the decomposition of dissolved organic ma
terial per unit quantity of activated sludge considerably increased. Simi
larly to the dissolved material elimination efficiency the TTC enzyme ac
tivity for the sludge also increased:
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Figure I. TTC activ ity  and nutrient removal o f th e  ac tiva ted  sludge of the Balatonfoldvdr
Sewage Plant

The nutrient decomposing ability and the activity of activated sludges 
were studied also in the Budakeszi plant having two parallel lines. During 
the plant scale experiment in one of the lines the sewage was chemically 
treated. Comparing the nutrient removal and TTC activities of the sludges 
in the parallel lines a slight increase of the mentioned values was found in 
the chemically treated one.

A significant difference was found between the organic material loads 
and consequently between the organic material eliminations of the acti
vated sludges of the Balatonfoldvar and that of the Budakeszi plant. 
During the plant scale experiment in Balatonfoldvar the amount of dissol
ved COD removed daily by the activated sludge varied between 0.7 and 
4.6 kg. in the Budakeszi plant, however, the organic material decompo
sing capacity of the activated sludges was smaller by about an order of 
magnitude, it varied between 0.02 and 0.12 per day . This great difference 
in the organic material eliminations can well illustrate the differences in the 
other properties (phosphorus and nitrogen elimination) of the sludges.

2. Inorganic nutrient removal by the activated sludges
2.1. Remold/ of nitrogen compounds

I n the activated sludge of the Balatonfoldvar Sewage Treatment Plant 
during the plant scale experiment no bacterial oxidation of ammonia took 
place. The rate of removal of the large amount of excess sludge formed 
as a result of the high organic material load exceeded the propagation rate 
of nitrifying bacteria. Thus the low age of the sludge prevented the exis
tence of nitrification.

In the Budakeszi Sewage Treatment Plant in one of the lines (further 
on: line D during the whole plant scale experiment the ammonia elimina-



tion of the activated sludge was of about 30%. In the other line (further on: 
line TI), where chemical treatment was applied in the later periods of the 
experiment, the ammonia content of the water did not decrease after pri
mary settling. The chemically treated water, however, caused nitrification 
in the activated sludge of line TT.

The plant scale experiment in Budakeszi can he divided into five 
periods:
l s( period, 17.04—19.04. original, parallel operation.
2nd period, 20.04 — 01.05 parallel operation, chemical treatment in

line II.
3rd period, 11.05 — 05.06 parallel operation, chemical treatment in line

II  (after modification of the primary settling 
tank of line II)

4,h period, 06.06 — 14.06. increase of the hydraulic load of line II. by
70%, chemical treatment.

5lh period, 15.06 — 21.06. similar to 4W| period without chemical treat
ment.

In the experimental periods during two or more days the determina
tions of total nitrogen, ammonia-, nitrite- and nitrate-nitrogen content [7] 
were carried out for the average samples of the different sections of the 
day taken from the effluents of the primary and secondary settling tanks. 
In the course of studying the efficiency of inorganic nutrient removal of 
the activated sludges, it was primarily established that the concentration 
values of the components measured periodically in the effluents of the pri
mary anti secondary settling tanks can be considered to have normal 
distribution. Then the significant character of the differences between 
the average values of each set of data was statistically investigated (90% 
significancv level). Although the comparisons were made also for the ls( 
and 5th periods characterized only by a statistically small number of data, 
mainly the comparison of average values of the 2"d, 3rd and 4th periods 
can be accepted as conclusive.

Table /a .
Average values of total nitrogen contents in samples
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After primary setting After secondary settling

Sample
taken
from

Period Mean
\alue
ing/1

Sample

v

Stall- 
dard 

de\ la
tion

Min.
value
mg/1

Max.
value
mg/1

Mean
value
mg/1

Sample
X°

Stan
dard 

dev ia- 
tion

Min.
value
mg/1

Max.
value
mg/1

L in e  1 i 24 .5 5 0 .20 18.2 34.3 18.8 5 5 .45 13.3 2().f>
2 28.9 9 5 .35 19.6 37.1 16.9 9 1.90 12.0 19.0

* 27.1 20 3 .75 20 .3 3 3 .0 18.8 27 2 .3 3 14.0 27.3

I 27 .2 5 0 .22 20 4 7 21 .5 5 1.37 2 0 .3 23.4
2 25.7 Í) 2 35 21 .7 28.7 22 .8 8 2 .9 2 17.5 25 .9

L i n e l l 3 2(>.9 25 3 .35 21.7 30 .4 13.7 26 3.21 8 .5 20.7
4 25 .2 f) 2 .3 4 21.7 28.7 10.0 6 3.82 7.7 18.2
5 25.4 0 3.92 21 .5 32.2 15.0 <1 1.88 11.7 16.8



Table lb.
Comparison of total nitrogen contents of samples
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Sample taken from
Line I

After prim ary settling
Line 11

After secondary settling

Period * * 3 1 2 3 4 5

Line I , a fte r
second, set tling

i + -

2 + __t —
* 3 + +

Line I I  a fter 
p rim ary  
se ttling

1 + +

2 + +

3 — +

4 +

5 *f

Total nitrogen removal

Period In line I In line II

nig/I % mg/l %

i 5.7 23 5.7 21
2 12.0 42 2 .9 11
3 S.2 31 13.2 49
4 _ — 14.0 58
5 — — 10.4 41

The mean values of total nitrogen concentrations measured in the efflu
ents of the primary and secondary settling tanks during the different peri
ods and the statistical study of these values are listed in Tables la  and lb. 
Significant deviations of the average concentrations are denoted by the 
sign +-.

As it can he seen the total nitrogen contents of the water samples 
taken from the effluents of the primary and secondary settling tanks in 
both lines and in every period were significantly different. The mean values 
of total nitrogen removal for the different periods are listed in Table 1. c.

Table lc

During the experimental periods 1. (without chemical treatment) and 
2 . (until having finished the modification of the primary settling tank) 
the activated sludge of line II. was considerably less efficient in eliminating 
nitrogen-containing compounds than the biological sludge of line I. In the 
3rd period, however, the nitrogen removal of the activated sludge in the



chemically treated line significantly improved and in the 4lh period it 
increased further on and its mean value reached 58%. This high total nit
rogen removal -  knowing the organic material decomposing capacity of 
activated sludges — cannot he interpreted by the incorporation of nitrogen 
into the bacterial cells, therefore it could be resulted only bv the conside
rable increase in nitrification and denitrification [8 , 9 , 1 0 .].

In the effluents of the primary and secondary settling tanks in both 
linos the efficiency of nitrification was followed by investigating the changes 
of ammonia-nitrogen content. The daily mean values of ammonia-nitrogen 
content eliminated by the activated sludge are shown in Fig. 2. The perio
dical mean values of ammonia-nitrogen are shown in Table 2a, the results 
of their statistical evaluation can be seen in Table 2b.

Table 2a
Comparison of total nitrogen contents of samples
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After prim ary settling After secondary settling

Sample
taken
from

Period Mean
value Sample

№

Stan
dard Min.

value
Max.

value
Mean
value Sample

№
Stan
dard , Min. 

l value
Max.

value
nig/l tion mg/l mg/l mg/l

1
tion ] mg/l mg/l

Line I i 20.4 5 2.99 16.5 24.1 13.2 5 3.51 8.4 18.0
2 21.8 9 1.88 19.4 25.0 15.4 9 3.23 1 1.0 21.9
3 22.4 25 3.5B 14.9 27.4 16.4 27 7.35 13.4 21.0

1 19.9 5 5.22 14.9 27.5 18.9 5 3.64 13.1 22.7
2 19.1 9 3.04 14.9 24.4 20.7 9 3.74 16.6 27.2

Line 3 22.4 26 5.34 14.5 36.1 10.2 26 3.03 4.7 17.10
II 4 19.4 9 2.08 16.3 22.3 6.7 9 2.09 3.7 9.5

5 21.2 6 2 75 17.7 24.9 11.5 r> 2.39 8.1 14.3

'/'able 2b
Comparison of am m onia-nitrogen contents of samples

Sample taken from Line 1
After primary settling 1

Line II
After secondary settling

Period 1 1 2 ! w i  1 2 1 2 i ■' 1 5

Line I, a fte r 
second se ttling

I -f +  !
1

2 + -f*

3 i + 1 *+*

Line I I  a fte r 1 _  I1 _  j

se ttling 2 l +

3 -  1 +

4 +  i
5

r
+  I



According to the mentioned tables the mean values concerning the 
elimination of ammonia-nitrogen are listed in Table 2c.

Table 2c.
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Ammonia-ni tropen rem ot a 1

l*eriorl In line 1 In Une II

ing/l O/ mg/1 %

i 7 .2 35 0 0
2 fi.4 2!) 0 0

6.0 27 12.2 54
4 — — 12.7 (55
5 - 0.7 46

As it can be seen no significant difference could be observed in the 
ammonia content of the effluents of the primary and secondary settling 
tanks during the lsi and 2nd periods in line II. There was no removal of 
ammonia, or it could be of such a small extent, which did not exceed the 
rate of formation of ammonia during the bacterial decomposition of organic 
nitrogen compounds. In the 3rd period, however, an ammonia-nitrogen 
elimination of 54% could be observed. The efficient nitrification might 
be originated by the favourable change in the dissolved oxygen supply of 
the activated sludge. The chemical treatment of the sewage unloaded the 
activated sludge of line TT. The smaller suspended material content of the 
sewage let into the aeration tank had a favourable effect on the oxvgen- 
supply of the activated sludge. Thus the dissolved oxygen content steadily 
exceeded the 2 mg/1 concentration, which is one of the basic conditions of 
nitrification, 'file other two conditions, i. e. the sufficient temperature 
and age of the sludge, had been fulfilled also in the previous periods of the 
experiment. During the experimental periods applying chemical-treatment 
in one of the lines in the 3rd period the activated sludge of line I removed 
only 27% of ammonia-nitrogen content. At the same time the ammonia 
content of the effluent of the primary settling tank decreased by 54% in 
average in the chemically treated line IT. This considerable difference 
can be interpreted by taking into consideration the biochemical oxygen 
demands and ammonia-nitrogen contents of the sewages mixed with the 
activated sludges of the two lines. According to the statistical comparison 
the ammonia-nitrogen concentrations of the primary effluents of line I and 
II did not differ from each other in this period (see Tables lb. and 2b.).

Considerable difference would be observed, however, in the biochemi
cal oxygen demands of the primary effluents. In the chemically treated 
line thus, water of about 25% smaller BOIs content but of uniform ammo
nia-nitrogen concentration was led into the aeration tank.

The BOI5/ammonia-nitrogen ratio of the sewage has a great influence 
on the quantity of nitrifying bacteria of the activated sludge related to the 
whole mass of the sludge. At the same time the mass ratio of the ammonia
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Figure 2. Ammonia-nitrogen rem oval of th e  ac tivated  sludge of th e  Budakeszi Sewage P lant

oxidizing bacteria in the activated sludge has a considerable influence on 
the rate of nitrification (obtainable) in the given system [11, 12]. Thus by 
the decrease of BOI5/ammonia-nitrogen ratio of sewage the mass ratio of 
nitrifying microorganisms and consequently the rate of ammonia oxida
tion increased in the activated sludge of the chemically treated line. The 
favourable effect of chemical-treatment on the nitrification is also proved 
by the good ammonia removal efficiency (05%) achieved during the incre
ased hydraulic load of line II (4"' period). The 5lh period was too short to 
serve as a basis for comparison, although about 30% decrease in the am
monia elimination efficiency could be observed in this period related to that 
of the previous one.

For the investigation of the previously mentioned nitrification, it was 
necessary to follow also the effect of changes in the nit rate-nitrogen content 
of the sewage on the operation of activated sludges. In the lsi, 2nd and 3rd 
periods, the activated sludge I decreased the ammonia-nitrogen content of 
the pre-settled water by about 0.3 mg/1. This quantity should have appeared 
as nitrate-nitrogen excess in the effluent water. In the evaluations of nit
rate-nitrogen contents of the average water samples taken from the prima
ry and secondary-settling tanks during the different experimental periods 
this increase in nitrate concentration could not he observed. Similarly to 
the line I, in line II  no significant differences were found in the periodical 
average nitrate concentration values of the water taken from the primary 
and secondary effluents.

Changes also in the nitrite-nitrogen concentration were followed in 
order to decide whether the eliminated ammonia had appeared in the form 
of nitrite. It could he established, however, that the nitrite-nitrogen content 
of the secondary effluents did not differ significantly from the periodical 
average nitrite-nitrogen concentration of the primary effluents.



Thus, beside the considerable ammonia removal of the activated slud
ges, neither the nitrite, nor the nitrate content increased in the effluent 
water. This can be interpreted only by the supposition that after nitrifi
cation, denitrification took jilace in the secondary-settling tanks. The dis
solved oxygen reserve of the mass of activated sludge getting into the 
secondary-settling tank was consumed by the aerob bacteria within a short 
initial period of the minimal retention time of five hours (during parallel 
operation period). Under the anaerob conditions thus formed the faculta
tive anaerob denitrifying bacteria are able to make use of the nitrate oxy
gen. The organic acids formed during the anaerobic metabolism of the ac
tivated sludge could serve as carbon source for the denitrification process. 
The denitrification was so high in the secondary-settling tank of the chemi
cally treated line that its activated sludge could reduce even the increased 
amounts of nitrate formed in consequence of the improved ammonia eli
mination efficiency and increased hydraulic load.
2.2. Reactive-phosphorus elimination eff iciency of the activated sludges

During the plant scale experiment in Balatonfoldvdr, the reactive- 
phosphorus content of the sewage was reduced by the chemical treatment 
b y about 50%, i. e. to 5 mg/1 in average. The activated sludge removed 
fu rther considerable quantities of reactive-phosphorus in addition to the 
increasing of its organic material decomposing ability. The dissolved or
thophosphate-phosphorus concentration of the effluent from the plant was 
thus averagely 1 —2 mg/1 during the chemical treatment.

The reactive-phosphorus concentrations measured in the water samp
les taken from the primary and secondary effluents during the plant scale 
experiment in Budakeszi were evaluated as described earlier at the investi
gation of nitrogen-containing compounds. Surprisingly, the reactive-phos
phorus content of (about 2.3 mg/1) the primary effluent in the untreated 
line was found to be higher by about 50% in the final effluent. Similar 
phenomenon was found also in line I I  in the period before chemical treat
ment. This presumably results from the fact that the concentration of re
active-phosphorus deriving from the organic phosphorus compounds 
and condensated phosphates, which were decomposed by the activated 
sludge exceeded the amount of phosphorus built into the bio-mass of the 
activated sludge at the very low COD removal (see chapter 1.) During 
the periods of chemical treatment, however, the activated sludge I I  was 
found to decrease the reactive-phosphorus content of the primary settled 
water. This favourable change was caused by the chemical treatment which 
decreased the organic, condensed and reactive-phosphorus content of the 
sewage. The concentration of reactive-phosphorus formed by the bacterial 
decomposition of the smaller quantity of organic phosphorus compounds 
and condensed phosphates getting into the biological tank II was lower than 
the amount of phosphorus required to the elimination of the given COD. 
Thus the decrease of original reactive-phosphorus content of the primary 
settled water could be observed. Consequently in the course of the parallel 
operated chemical treatment the reactive-phosphorus content of the efflu-
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en to f the chemically treated line was about 0.2  mg/1, while in the chemical
ly untreated line an averagely 3.4 mg/1 reactive phosphorus concentration 
of the purified water could be measured.

3. Microbiological characteristics of the activated sludges

During both plant scale experiments microscopical examinations were 
continously done by native or heat-fixed and Gram-dved samples taken 
from the sludge [13, 14, 15]. The activated sludge was characterized seve
ral times also by the Burker-chamber counting of bioindicator organisms.

in the aeration tanks of the Budakeszi Sewage Treatment Plant diffe
rent filamentous microorganisms could be observed during the whole plant 
scale experiment (Fig. 3, pictures a and b), but their photomicroscopic 
determination was not possible. These filamentous organisms loosened 
the structure of activated sludges to various extent depending on their 
considerably changing mass ratio in time.

The microscopic picture of activated sludge of the untreated line did 
not change during the parallel operation. Bioindicator organisms of the 
proper operation sludge were observable:

Vorticella convallaria (Fig. 4. picture a), Opercularia eoarctata fFig. 
i. picture b) Aspidisca sp. ( Fig. o, picture a j as well as Suctoria ( Fig. .5 . 
picture b), Nematoda and Rotatoria species occurred, (of. on the pages ] 4 2  
and 143.)

Studying the microbiological composition of the activated sludge of 
the chemically treated line before and after the chemical treatment it was 
found that the chemically treated water had not caused any unfavourable 
change in the quality and quantity of bioindicator organisms of the sludge. 
In the activated sludge II having a microbiological composition similar to 
that of line I, but containing less bioindicator indicating proper operation 
an increasing number of Vorticella convallaria and Aspidisca species could 
be observed.

During the plant scale experiment in Balatonfoldvar the chemical tre
atment caused a change in the microbiological composition of the activated 
sludge. Before starting the chemical treatment considerably overloaded 
anaerob activated sludge showed a microscopical picture of Fig. 6' (heat- 
fixed. dyed preparation). The sludge of the aeration tank contained some 
tenth of dissolved oxygen in mg/1 and consisted of mainly filamentous mic
roorganisms, no C'iliata could be observed.

The activated sludge changed totally within a relatively short time 
after the chemical treatment of the sewage. The number of filamentous 
microorganisms decreased considerably and larger, spherical floes were 
characteristic for the changed structure of the sludge. At the same time the 
organisms indicating proper operation of the sludge appeared: Vorticella 
convallaria and Opercularia eoarctata (Fig. (>, picture (>, heat-fixed and 
dyed ]¡reparation), (cf. on the page 144.)

140 J. MOSER AND O. LIBOR:
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Figure 3. a )  Photo  o f ¡in ac tivated  sludge sam ple from th e  aeration  tan k  in line I I  o f th e  
Budakeszi Sewage T reatm en t P lan t on th e  6th o f April, 1978. (140X)

Figure 3. b) P h o to  o f  a n  a c tiv a te d  sludge sam ple  fro m  th e  a e ra tio n  ta n k  in line I I  o f  th e
B u d ak esz i Sew age T re a tm e n t P la n t  on th e  2nd o f  M ay, 1978. (140X )
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Figure 4. a) Vorticella convallaria in an ac tivated  sludge sam ple from th e  aeration tank  in 
line I I  o f th e  Budakeszi Sewage T reatm ent P lant on th e  21st o f April, 1978. (140X)

Figure 4. b )  O p ercu la ria  c o a rc ta ta  in  an  a c tiv a te d  sludge sam p le  from  th e  aera tio n  ta n k  in
line I o f  th e  B udakeszi Sew age P la n t  on th e  21st o f  A pril, 1978. (140X )



E F F E C T  O F  C H E M IC A L  T R E A T M E N T  O F  S E W A G E  14 3

Figure 5. a) Aspidisca sp. in an  ac tivated  sludge sam ple from  the aeration  tan k  in line I o f 
the Budakeszi Sewage T reatm ent P lant on the 29th of April, 1978. (3 5 0 x )

Figure 5. l>) T o k o p h ry a  sp. in  a n  a c tiv a te d  sludge sam ple  from  th e  a e ra tio n  ta n k  in  lin e  I I  o f
th e  B u dakeszi Sew age T re a tm e n t P la n t  on th e  6 tli o f  M ay, 1978. (350X )
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Figure fi. a) Photo o fan  ac tiva ted  sludge sam ple from th e  aeration  tan k  of the B aletonfoldvár 
Sewage P lan t on th e  Kith of June , 1977. ( ~ 2 0 0 x )

Figure G .b) P h o to  o fa n  a c t iv a te d  sludge sam p le  from  th e  ae ra tio n  ta n k  o f th e  B a la to n fo  ldvAr
Sew age P la n t o n  tin* Kith o f  A ugust. 19 7 7 . ( ~  1 5 0 X )



Summary

Plant scale experiments were carried out to study the effect of the 
previous chemical treatment of the sewage on the operation of activated 
sludges. During the experiments performed in two sewage purification 
plants the Retamix (Flvgtol) process was applied. I t was found that in a 
considerably overloaded system (Balatonföldvár Sewage Treatment Plant) 
the chemical treatment unloaded the activated sludge by decreasing sig
nificantly suspended solids content of the sewage, thus changing favourably 
the composition, structure and organic material decomposing property of 
the activated sludge. Consequently the purified water could meet the qua
lity requirements even in the periods of multiple overloading.

The chemical treatment of the sewage had a beneficial effect on the 
operation of the activated sludge also in a plant underloaded by organic 
materials (Budakeszi). The chemical oxygen demand of the effluent did 
not improve, but it could not be expected, since the COD value of the 
purified-water was near to the possible lowest one even before the chemi
cal treatment. However the inorganic nutrient elimination efficiency 
of the activated sludge, and especially the ammonia removal considerably 
increased.
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SPECTRA DECOMPOSITION ON COMPUTER

F. NAGY and I . BALÀSHÀZY

Chemical Cybernetics L aboratory , B udapest,V III., M ûzeum k rt. C— 8. H — 1088

Summary

A method is shown for separating the components of spectra formed by 
linear combination of the same type peaks. This method essentially demands 
less amount of a priori information than to fit a curve to the spectrum at 
once. The theoretical base of the method is reviewed as the following: the 
deconvolution by Fourier-transformation, the effect of the noise of the 
measured spectrum to the quality of the decomposition is discussed, finally 
some numerical examples are published.

The article is the extended abstract of the [ 1 ] dissertation completed 
by some new results. The EMG —666  desk computer version of the prog
ram is available, too [2 ].

1. Introduction: Theory

For instrumental analysis there is a common form of the many kinds 
of spectra; getting rid of the disturbing factors:

where P  is the peak function,
A f is the area of the ith peak,
O s Wj is its width,
Ll is its location,
K is the energy.

The equation (1) can be written as follows

( 1)

( 2 )

10*



where ô(. . . ) is the Dirac-delta function, i. e. the ilh component of <S'(E) is 
the following conrolvtion:
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(3)

(4)

(5)

In the simplest case, if

we obtain that

where the sum in the square brackets bears the asked quantitative (.4,- valu
es) and quantitative (/>, values) information: this is why we want to denote 
it by Q(E). It is well-known that the Fourier-transform of (5) is a product 
instead of convolution*:

(6 )

(?)

(8 )

Let’s define the characteristic function

then we obtain from the stretch theorem 14, 51 using (7) and (6 ):

As you can see, the Q(E) Dirac-delta sum can be derived without the know
ledge of the number of peaks iV, if the linewidth W1 and the characteristic 
function are known. (Using the method of least squares, the value of N  and 
the estimation of all A n Li and If-, must be konwn.)

If the linewidths are different, our task is easy in the case when:

(9)

and is fulfilled with any IF3& Hq == 0 and IF3s  lb2 — 0, i. e. when the type 
of convolution is that of the 2 peaks of the same type. In that case, na
mely if W, is the minimal width, executing (8 ), the peaks of the same width 
become Dirac-delta functions, but the width of the broader ones decreases. 
So the peaks can be separated, one .after the other.

2 . The effect of the noise

Let’s have the measured spectrum be
( 10)

* Because o f typographical reasons we shall denote the Fourier-transform ation by 
printed F  ins teas o f w ritten  F.



where Z(E) is the noise with zero expectation value. If we put into (8 ) SM 
in case of “white noise”, because of
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(ID
and because of lim y(t) = 0, we should amplify the high frequency part
of the noise until the infinity, so the obtained QM{E) would become useless. 
So instead of (8 ) we have to use the following algorithm:

( 12 )

where G(l) is a properly chosen filter-function. (Its values must be at low 
frequency near 1, a t high ones near 0.) The SN is named narrowed spectrum. 
If the widths are different, the repeated using of (12) is inexpendient since 
the significance of the narrowed peaks is less than that of the original ones and 
side-lobes may appear.

2.1. The choosing of the f  ilter f  unction
The multiplication by the filter finetion means a convolution in the 

function of the energy:

(13)
therefore, even in case of a noiseless spectrum and hit upon width, the Dirac- 
deltas cannot be got back, however, the peaks are formed by the inverse 
Fourier-transform of the filter function. These are of (sin E)/E type in 
case of the simple 0 — 1 — 0 filter function [4] hence they may take up ne
gative values, too, having both positive and negative side-lobes.

Hence we have a contradictory requirement, one has to smooth the 
jump of the filter function to avoid side-lobes, and it must not have great 
deflection from 1 at low frequencies because in that case we lose informa
tion. Since the signal to noise ratio from t = 0 till t =  «  monotonely decre
ases G(t) has to decrease, too.

2.2. The significance of the narrowed peaks
Let’s have in the spectrum at E = 0 location a peak with area Av 

width IT,. Let the noise be uncorrelated and independent of E. The Fourier- 
transform is

where

and

(14)

( 1 5 )



Then the height of the narrowed peak a t E = 0 is
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( 1 6 )

The variance of the noise is

where |(£) is uncorrelated, with 0 expectation value and / variance hence

(IT)

(18)

The significance of the measured peak is

(19)

(P is the peak function as before). That of the narrowed one is

( 20 )

The significance loss is

(21 )

if we may allow a given T, and G depends on one more parameter (/, cut
ting frequency), the suitable /  can be calculated.



3. The effect of the digital Fourier-transformation to the decomposition

The definition of the Fourier-transformation [4]*
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( 2 2 )

(23)

the inverse:

can not be used for computing. We have to sample the (2 2 ), (23) integrals.
Have a sample of f(E) by AE = — step:

n

(24)
from which we can obtain the At = 1 sample of g(t) (t = 0, 1, 1)
r 51:

(25)

and the inverse

(26)

The {r/0, gv . . ., <7„_i} series descibes g(l) accurately if f(E) can be negleted 
out of the E£ [0, /] interval, and it does not contain waving with period less 
than ljn.
3.1. The cyclic convolution 
'The

identity will be modified on account of the finite sample.
Let’s have the sample of F[/(/?)]: (<p0, . . ., (pn-i) and that of F(p(^)]: 

{lPo> • • •> VV-i}’ respectively.
Then

(28)

* Using o th e r  d e fin itio n  th a n  th is  ap p ly  th e  d iscre te  s tre tc h  and  co n ju g a tio n  th eo rem s 
[5].

(27)
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where

where we have according to the rule of the periodic continuat ion [5 ]

that is

(29)

(30)

(31)
The rule is illustrated by Figures 1. a. and 1. b. The lesson of the cyclic con
volution thet the interval must be chosen so long that all of the peaks should 
disappear at its ends. Take care that the values of S M at the ends should be 
equal.

Figure 7 a) The convolution a t  0 can be obtained by  m ultiplying th e f(x )  and g(x) function 
values u nder each o ther. I f  we pull th e  lower infinite ribbon so, th a t  under th e  upper 0 be 

th e  lower 7, we obtain  by  m ultiplying th e  values above each o ther th e  convolution a t  7.

4. Application to Cauchy (a) and normal (b) peak functions

In the original dissertation [1] it was shown from the residuum theorem 
that from the

(32a, b)
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Figure 1 b) The cyclic convolution a t 0 can be obtained o f we rings from th e  ribbons, and  we 
m ultip lay  th e  values under each o ther. The cyclic convolution a t  0.1 we can obtain  b y  revol

ving b y  lower 0.1 under th e  upper 0 before m ultiplication.



peak functions we obtain 
the
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(33a, b)

characteristic functions see [6 ], too. 
For these (0 ) is valid:

(34a.b)
The se P  functions describe many kinds of spectra. The examples for Cauchy 
peak functions were Mossbauer spectra, for normal peaks were infrared ones 
in [1 ]. The filter function was chosen to be exponential, since the functions 
(33 a, b) are of the same type, too.

(35)

where a was examined according to the demands of part 2 . and a = 4 
was found to be the best, /  is counted from the simplified form of (2 1 ), 
to the given T  significance loss. The simplification means that we put into 
(2 1 ) instead of G(t) the

(36)

jump function, and the integrals are estimated by sums. Because of the 
lack of exactness, it is useful to repeat the decomposition with other T 
values, too.

The problem has still two parameters W 1 and T, instead of the 
3 • N  parameters demanded by the leas squares fit!

As it has already been mentioned, the beginning and the end of the 
spectrum are to be brought to the same level. It can be reached by adding 
a linear function to the spectrum so that the average of a few points at 
the head will be the same as at the tail. Otherwise we would have such 
large peaks at the edges that we could hardly see the true ones (the Gibbs’ 
ears due to the discontinuity of the finite series [7]). Since the M = 2'' 
point version of the Coolev-Tukey FFT algorithm [8 ] lias been built in our 
program the tail of the spectrum must be filled with the average of the last 
measurements.
4.1. The main services of the FUKI program

1. Separation of the baseline:
— given by the average of the first and last n il6 pouts.

2 . Estimation of the overall area:
— the overall area under peaks is the full spectrum average minus 

baseline.



3. Search for peaks (and shoulders):
the average of location weighed by the second difference [9]
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(37)

where J  and K are two signu in -change points of S N (E) following each 
other.

4. If  the found peak is significant, its half-value width is computed.
5. The transcription of FURI to the desk calculator EMG —666  is 

described in [ 2 ].

5. Results and discussion

In tbe dissertation [1 ] one Mossbauer and two infared spectra were 
decomposed.

There was a 25_1 planned numerical experiment (simulated spectra) 
with an experiment in the centre with the following 2 -level factors.

1 . peak location
2 . area
3. width
4. narrowing width
5. significance loss

Based on the 17 spectra of each peak type one linear model was obtained 
for the Cauchy and the normal peak, respectively.

On the following figures (Figures 2 ., 3., 4.) some new results are drawn: 
how the 2-peaks spectrum changes in the function the T  significance loss

Symbol* used
Aj area of the ith peak
D2 {. . .} second central moment
E energy
AE sampling energy interval
/ ( . . . )  arbitrary function
{/,•} sample from a function
F Fourier transformation
F -1  inverse Fourier transformation
g{. . .} arbitrary function
{<7,} sample from a function
G filter function
h{. . .) arbitrary function
{/i,} sample from a function
HM(0) height of the measured peak
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Figure 2. The effect o f th e  significance loss (7') on the resu ltan t shape.
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H N(0) height of the narrowed peak 
i imaginary unit
i running index
/ cutting frequency of the transformed spectra
j  running index
■J(t) jump function
k running index
K any integer
/ running index
L. location of the ith peak in energy units
M number of measured ]>oints

expectation value
n number of sampling points
N  number of peaks
P ( . . .) peak function
Q(E) absolute narrow spectrum (spectral lines)
•sm significance of the measured peak
sN significance of the narrowed peak
S(E) ideal spectrum
SM(E) measured spectrum
S n(E) narrowed spectrum
t dual of energy (sometimes called “frequency”)
7' significance loss
Wi width of the ith peak
.r integration variable (energy)
7j( E) noise
y. exponent in the filter function
y(t) characteristic function (Fourier transform of the peak func

tion
F  half-value width
5 ( . . .) Dirac-delta function
At sampling interval (dual energy)
A2. . . second difference
v exponent of 2 in the FFT algorithm
;(/) transformed noise
rr Ludolph-number
a variance
{9 ,} sample of a Fourier transformed function
{ip,} sample of a Fourier transformed function
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MASS SPECTROMETRIE INVESTIGATION OF GAS EMISSION FROM 
TUNGSTEN DURING SINTERING

M. R IE D E L . K. BALTHAZAR-VASS nnd L. L E L IK

D epartm ent o f Physical Chem istry and Radiology,
B udapest, Puskin u. 11 — 13, H — 1088

Introduction

It is well-known that the powder metallurgy is used for the production 
of several kinds of metal with a high melting point. Its last phase is based 
on the heating of the metal powder extruded into a suitable form almost 
up to the melting point. During this process, the powder is transformed 
into a solid metal structure. Frequently the heating is done directly by 
electric current. This way the purity and a considerable homogeneity of 
the metal produced can also be ensured. This method is the so-called sin
tering. The procedure mentioned above is adopted for the production of the 
doped tungsten used in the light-source industry [1—3].

The mechanism of sintering is not clarified in details. It is known only 
on the grounds of indirect measurements that the additives and the con
taminants partly evaporate during the heating up to about 1500 °C. I t  is 
supposed that the role of the additives is very important from the point 
of view of sintering and recrystallization of tungsten. I t  is expected that 
investigation of the connection between the heating-up and the gas release 
could give useful information on the process of the sintering, the structure 
of the formed metal and on the structure modifying role of the additives.

There are only a few references in the literature in connection with 
this question [2 , 4, 5, 6 ]. The purpose of our work was the quantitative 
investigation of the gas emission from tungsten during its sintering in 
vacuum in order to draw some conclusions for the mechanism of the pro
cess.

Experimental
The investigations were carried out bv programmed heating technique 

and by mass spectrométrie detection [7, 8 ]. So it was possible to study the 
fine structure of the mechanism of the outgassing. For the modelling of 
sintering of tungsten the samples were heated instead of inert-gas atmos
phere in vacuum, so the reaction between the components of the sample 
and the gas could be avoided. The heating was done up to 1600 °C, since the 
release of the gases from the metal being responsible for the structure 
modifications was expected within this temperature-range. 11

11 AXXAT.ES _  Sectio Chlmica -  Tomus XV.



Before the investigations, the pressed samples were heated in hydro
gen atmosphere up to 1000  °C to increase their mechanical stability. The 
total quantity of K2(), Si02 and Al2( )3 in the dopants was 1 %.

The experimental equipment can be seen in Fir/. 1. The tungsten samp
le (1) (0,5 mm2 cross section) was put directly in front of the ion source 
of the quadrupole mass spectrometer, type NZ —850 (4), and it was heated 
by electric current (2), adjusted manually, with a linear rate of 50 K/min 
from room temperature up to 1600 °C. The temperature of the sample was 
measured by Ft — Pt/Rh thermocouple (3). The speed of heating was choo- 
sen according to the speed of the pumping (6 ) system (100 dm3/s). To avoid 
desorption the. vacuum chamber was cooled (5).
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Fig. 1. E xperim ental set-up. 1. sam ple, 2. heating  cu rren t lead-in, 3. therm ocouple, 4. quad- 
rupole mass spectrom eter, 5. cooling, (5. to  vacuum  pumps.

During the heating programme the mass spectrum was recorded con
tinuously in the mass number range m/e =  1 — 100 with a 1 0 -,i Pa actual 
partial pressure detection limit.

The ion current-temperature curves of the evaporating species ( Figs. 
2 — 5) were plotted from the temperature dependences of the mass spectra 
its an average of about in measurements.

Results

The release of many species (H,, H20, 0 2, C( )2, K) from tungsten samples 
was observed during its sintering. As to the temperature dependence of the 
ion current, it can be said that the emission curve of most of the species 
has more maxima, suggesting consecutive release steps. The same result 
was found at the investigation of the emission of metal vapours during the 
sintering between 1000  and 2200  °C by atomic absorption method, too [4].

The hydrogen comes out of the groundmetal in two emission steps 
characterized by maxima of the curve at temperatures (Tm) 100  °C and 
1400 °C at the given speed of heating ( Fig. 2.) Sometimes a third peak was 
observed at 700 °C, too.
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Fig. 2. T em perature  dependence ol' emission o f hydrogen from tungsten  during heating.
(The peak m arked w ith  dashed line appeared only occasionally)

The emission-curves of C02, C and 0„ in the dependence of the tem
perature are given in Fig. 3. From the comparison of the values of Tm it 
can be stated that the C seems to be a fragment of the CO,, (cf. on the page 
164.)

'flic evaporation of oxygen is characterized by one narrow peak at a 
relatively low temperature. So the appearance of the oxygen is not a re
sult of the mass spectrometric fragmentation, but is an independent pro
duct of desorption.

The curve of the vi/e = 28 is very complicated and varies hardly 
reproduciblv with the temperature. In Fig. 4. the result of one single measu
rement is shown to represent the complex behavior of the emission. Kno
wing the quality of the additives, we can suppose that, at mass number 28, 
N,, CO and Si were detected. According to the low concentration of nitro
gen in tungsten (100 — 500 ppm) [5] it is supposed that nitrogen does not 
appear at higher temperatures, (cf. on the page 164.)

The emission curve of potassium is given in Fig. 5. Beside the maxi
mum measured in every case at 750 °C, another increase in the intensity 
was noticed also at 200  °C in case of several samples, (cf. on the page 165.)

In addition, water in a big quantity, iron and aluminium in traces 
appeared in the spectra as well.

In Table 1. the temperatures belonging to the emission maxima o 
each species (Tm) are given. Tm is connected with the mechanism of the 
emission and the sinternig.

n*
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rem perature  ol the emission peak m axim a and activation energies of outgassing
processes

m/e material I'm
°c

activation energy 
kJ/mol

2 H„ 100 26
(690) —

1420 162
12 e 160 _ _

560 __

--1600 __

IS H.O 85 4
1050 21

28 X.„ CO, Si 80 |
200 -  600 \ 1 3 .. .1 1 5

1600 j
32 o. 110 26
39 K (180) —

750 132
44 CO.

500 j 30
1600 —

D iscussion

The programmed heating technique has been used for the study of 
the adsorption and desorption of solid surfaces for decades [7 . 8 ]. Increasing 
the temperature of the sample according to a given programme (linear, 
exponential, hiperbolic etc.), the different components of surface and bulk 
of the solid desorb and appear in function of temperature (and of time) in



the desorption spectrum, in sequence of activation energy of their release 
from the solid. Generally, the stronger the component is bonded, the high
er its temperature of release is. The programmed heating method can be 
coupled also with mass spectrometry for getting mass analysed desorption 
spectra. Recently, this technique has been used for the studies on gas re
lease of ion-implanted specimens, from which conclusions could he drawn 
as to their original structure [9 — 11]. We expected, therefore, to obtain 
quantitative data about the gas release during sintering of tungsten pow
der by the mass-analysed thermal desorption method.

The shape of the gas release curve — showing one or by chance more 
maxima — is determined both by the Arrhenius-equation and the concen
tration decrease in the sample during the process [12]. The rate of emission

( —— ) can therefore he experessed bv the following equation in case of
d/J

reaction of n,h order:
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( 1 )

where c, E, s are the concentration of the emitted component, the activa
tion energy of the process and the pre-exponential factor, respectively. 
T  means the temperature of the sample, which is a function of the time (t) 
according to the annealing program applied. On the other hand, the rate 
of the emission is proportional to the ion current detected by the mass 
spectrometer:

(2)

In case of a reaction of first order and linear heating up, from the equations 
(1) and (2 ) a relation can be obtained between the activation energy and the 
temperature of the peak maximum in the emission spectra

(3)

where /3 means the heating rate. The solution of equation (3) is difficult 
because it is transcendental and the numerical value of s is not known. 
For that reason approaching methods have been published recently for the 
calculation of the activation energy [12, 13, 14 ]. On the basis of the mathe
matical analogy to the thermoluminescence patterns, the value of E can he 
calculated with good approximation by the formula:

(4)

where T, 2 is the half width of the thermal peak, and 
a — 2.52

in case of process of first order [12].



Supposing that the hrutto order of the processes of the gas evolution 
during sintering is one, the activation energies of the emission of the diffe
rent materials have been calculated by equation (4) and are listed in Table 1.

From the values of the activation energies (E =  4 . . .  40 kJ/mol) we can 
conclude that most of the emitted materials had been bonded before the 
sintering in the pressed tungsten rod by ad- or chemisorption and desorb 
directly during annealing. Besides, however, processes of higher activation 
energy (120. . .170 k.J/mol) can be observed in case of hydrogen, carbon 
and potassium. This needs the assumption of the existence of other emis
sion mechanisms, too. At the multistep outgassing processes of the ion- 
implanted oxides and metals the diffusion and recrystallization also in
fluence the rate of the thermal gas release [11]; similar effect was obser
ved in case of alkali ion emission of doped tungsten and molvbdenum, too 
[15].

Since the rapid shrinkage of pressed tungsten powder starts over about 
700 °C [5], at higher temperatures the foreign materials on the surface of 
tungsten grains close gradually, producing possibly inclusions, too. On the 
basis of the similarity of emission curves of implanted and sintered sarn
ies, and in the knowledge of rate and activation energy of diffusion proces
ses in tungsten [15. 16], we can suppose that in the higher investigated 
temperature range of sintering (1300. . . 1900 K, i. e. 30. . .50% of melting 
point of tungsten) the surface and grain boundary diffusion is the rate de
termining among the successive processes of the outgassing. Also the inclu
ded potassium, possibly the silicon and the hydrogen, bonded during the 
reduction of oxides, leave the tungsten matrix by such mechanism. In con
nection with the appearance of carbon dioxide at high temperatures we 
can suppose that the carbon impurity of tungsten reacts with the relatively 
high oxygen content (about 1% [5]) of the samples, and the carbon leaves 
during sintering in form of C02 and CO. This assumption is supported by 
the observation that the carbon leaves the tungsten in form of CH, at 
about 1300 K during sintering in hydrogen atmosphere [5].

At even higher temperature (1900 — 2800 K) in the second step of the 
sintering, we hope to get information about the connection between the 
emission of different materials and the development of the final crystalline 
structure of tungsten. Furthermore, we can conclude that these studies, the 
modelling of sintering by programmed desorption mass spectrometric meth
od, can significantly contribute also ti the solution of such important 
questions as the mechanism of the activated sintering [17].

Summary

Programmed thermal desorption method combined with mass spec
trometry was used for the study of the emission of volatile components 
during the modelling of sintering of pressed tungsten powder. From the 
activation energies calculated from the desorption curves conclusions could 
be drawn on the mechanism of the emission and on the localization of foreign 
elements before and after the sintering.

G A S  E M IS S IO N  F R O M  T U N G S T E N  1 6 7
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PEPTIDE COUPLING WITH SIMULTANEOUS ACTIVATION. 
p-NITROPHENYLESTERS AS TEMPORARY PROTECTING GROUPS

GY. SZÓKÁN, | A. K Ó T A ~  GY. D O B Ó ,J .  K ÖK ÖSI and A. SCHW ARTZ 

D epartm ent o f Organic C hem istry, B udapest, Múzeum k rt. 4/B , H -  1088

Summary

Benzyloxycarbon vl-glutamyl peptide p-nitrophenyl-esters were pre
pared from protected p-nitrophenyl-glutamate as carboxyl component and 
aminoacid or peptide p-nitrophenyl-esters as amino components by diffe
rent kinds of peptide coupling methods. Mixed carbonic anhydride and 
azide methods gave good results. The p-nitrophenyl-esters existed as tem
porary protecting groups, so the peptide couplings proceeded together with 
simultaneous activation. The conditions and applications of the procedure 
are discussed. The peptides having one or more active ester groups were 
used to form amides bv their aminolysis with derivatives of ethvlamine.*

Introduction

It is well known, that ester bonds may be cleaved by ammonolysis or 
aminolysis. These properties are used in peptide chemistry for the synthesis 
amides, hvdrazides and in the case of suitable esters so called active one for 
the formation of peptide bond [1]. In our first paper [2 ] the synthesis of 
basic amides of glutamic acid (II) was reported by aminolysis of a, y and 
d i - p- n itro phenyl -esters of protected glutamic acid (I,, n = 1) with different 
kinds of diamines. These reactions are summarized in Fig. 1. The aminoly
sis of p-nitrophenyl-esters with diamines proceeded in good yields. In the 
case of oligopeptides consisting of basic units (IT. n — 2, 3, 4, 5) there are 
two possibilities for the svnthesis of starting p-nitrophenvl-esters (I. 
n = 2. 3, 4, 5):

1. polyactivation of an oligoglutamic acid as starting material (it will 
be published elsewhere), and

2 . at first to build peptides from glutamyl derivatives containing 
p-nitrophenv lesters at the suitable positions.

The second step would be in both cases the aminolysis. It means, that 
in order to get oligopeptides containing as many p-nitrophenvlester groups 
as necessary for the reaction with amines, we have to use active ester tem-

* A bbreviations used in th is paper hollow the rules of the IL 'PA C —Il.'B  Commission 
on Biochemical Nom enclature. See. .1. Biol. Chem. 247, 977 — 983 (1972). All am ino acids 
arc o f th e  L-eonfiguration.



[7 0  G Y . S Z O K A N  A T  A L .

porary protecting groups, in this ease the peptide couplings will proceed to 
gether with simultaneous activation of the other carboxyl groups not par
tic ip a tin g  in peptide bond.

Certain conditions permit the use of activated esters as carboxyl 
protecting groups [3]. listéis with a higher degree of activation, than 
methyl or ethyl esters are at an intermediate level between activated 
esters and carboxyl protecting groups. They are not sufficiently activated 
to give rise to side reactions during peptide synthesis. Their main advantage 
is the ready amide (or hydrazide) formation. The phenyl esters [4, 5] and 
ethyl-thiolesters [6 ] are useful for this purpose, if we use truly activated 
ester (for example ]>-nitrophonylester) as temporary carboxyl protecting 
group, the coupling method employed must prov ide a higher degree of ac
tivation than the activated ester or it will not be possible to prevent side 
reactions: the aminolvsis of p-nitrophenvl-esters, cvelization and so on
m -

On the one hand, the esters can be arranged with respect to their acti
vating properties in approximately the order [3,8—13]:
O Et<O Bzl<O .M e<()Ph<Sl>h-<(K'H2CN<ONp<OSu<OPCT>< 0P1*T
The level of activity is demonstrated bv the values of infrared stretching 
frequencies for the carbonyl groups in carboxyl derivatives. (See Table 7.) 
The activity is increasing downwards.

On the other hand, in order to utilize amino acid or peptide component 
containing active ester as temporary carboxyl protecting group, it is ne
cessary, that the coupling reaction employed proceeds rapidly compared 
with the aminolvsis of the active p-nitropheny lester group. Normally the 
complete acylation of peptide amino group by p-nitropheny lester in gene
ral requires 12 — 48 hr at room temperature. With the mixed carbonic 
anhydride procedure, the reaction is usually over in 1 2 hours. It is un
likely, therefore, that a competitive acylation involving the p-nitropheny!



Table 1.

Characteristic infrared absorption frequencies for carbonyl groups in activated glutam yl 
carboxyl groups compared w ith other derivatives, (for IR  spectra Zeiss U R  10 Spectrom eter 
was used: the compounds were benzyloxyearbonyl-a-and y-glutam ates prepared by our

laboratory)
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()

-C  OK

FREQUENCY
vc=0

(cm -1)

ACID H 1 7 1 5 -2 0
PR O TH CTI N(3 CH3 1 7 2 5 -3 0
G RO U PS CHX 'fH. 1 7 3 5 -4 5

CHX 'HX ’l 1740
Ph 1 7 5 0 -0 0

ACTIV E Np 1 7 5 5 -0 5
ESTER S Su 1 7 0 5 -7 0

PCP 1780 -  85
M IX E D /C H ; ,

COCHX'II
• \ C H S

A N H Y D R ID E 1780 and  1820

in L euclis-anhydride 1805 and  1S70
in -C'ONH (peptide bond) 1050 -  05
in -CONK (Z) 1 0 9 5 - 1705

group will interfere with the coupling reaction. This is further indicated by 
the fact that dicyclohexylcarbodiimide, which requires some 4 hr for comp
lete reaction, has been used successfully in some cases for coupling with 
amino acid-p-nitrophenvlesters [14]. An alternative approach would be 
the use of active esters which are substantially more reactive than the 
p-nitrophenvl derivatives for the coupling stages. Examples of such com
pounds are the 2,4-dinitrophenvl-, tri and pentachlorophenvl-, N-hidroxy 
succinimide-esters, which can couple generally within 1—2 hours. The 
time values depend on the quality of amino acid residues, too. The acylazi- 
des, acylehlorides acylate also very rapidly [8 ].

Using the given possibilities Goodman and Slueben [14] and Goodman, 
Schmitt and Y phantis [15] found at first, that a benzylox vcarbonyl-amino 
acid (III) could be coupled directly with an amino acid-p-nitrophenylester 
(TV) by the mixed carbonic anhydride procedure and sometimes by dicyclo
hexylcarbodiimide, too. 'Phis reaction, in which the p-nitrophenvl acts as a 
protecting group, depends on the fact, that the coupling proceeds at a 
considerably greater rate than the aminolysis of p-nitrophenylester gro
ups:



LUbke and Schroder (1(5] and Iselin and Schteyzer | 17] showed that dipepti
de derivatives (V) prepared in this way are optically pure. Several other 
protected peptide active esters, but containing DL-residues only, have been 
obtained similarly [18]. The new tactics was applied by Huguenin, 
■Jarjuenoud and Unison mus [19. 2 0 ] for the synthesis of di, and tripeptide 
active esters (V. VTI) in the sequence of biologically active materials:

R "  R '  R R "  R ' R
I I I  I I I

Z XHCHCOOH - K2NCHCONHCH( O O N p Z  XHCHCOXHCHCOXHCHCOOXp 
I I I  V I V II

'fhe procedure was introduced generally as so called “backing-off”-method 
for preparation of protected peptide active-esters. It was than extended to 
the stepwise synthesis of a complete series of sequential polypeptides bv 
l)e Tar [21, 2 2 ], Steimrt [23 — 25]. Fraser [2 0 ] and their coworkers. Re
cently trichlorophenylesters [27], pentachlorophenylesters [7, 28 — 31 |. 
N-hydroxysuccinimidesters [ 32, 33], 8 -hydroxyquinolylester [34] and
pentafluorophenvlester [35] have been used as active temporary protec
ting group.

For the coupling reactions with these compounds mixed carbonic 
anhydride [14, 15, 23 — 31], azide [30, 37], dicyclohexvl-carbodiimide 
121,22, 38, 39] and more active ester [9, 40] methods were used.

In the all cases active esters were at the ( '-terminal end and the peptide 
chains were lengthened from C-terminal residues of amino acids.

Results and discussion

In our investigations the use of active ester temporary protecting 
groups has been extended to the stepwise synthesis of a complete series of 
oligoglutamyl peptides with 1. 2, 3,. . ., 0 p-nitrophenylester groups at a 
and y position (II) and not only at theC, but at the if  terminal residue too 
[41. 42]. Dipeptides containing glycine [41] and tyrosine residues [45] 
were also synthetized by this procedure.
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Fiy. 2. nipoptirlc* d e riv a tiv e s  from  bonzy loxycurborily -v-p-n itropheiiy l-g liitum uto  (VIJ1).



I 'll  order to test this possibility by means of a simple model synthesis, 
at first glycinesters and alkvlglutamates, then p-nitrophenvlglutamates 
(2, 41] were subjected to couplings with (\’I IT) benzyloxycarbonvl-y-p-nit- 
rophenyl-L-glutamate (Fig. 2)\

1 )icyclohexyIcarbodiimide, mixed an hydride, X-ethoxvcarbonvl-2 - 
ethoxy-1, 2-dihydroquinoline [43], azide and X-hvdroxysuccinimide es
ter methods were applied successfully for the couplings and compared at 
the same time. Table 2. contains a list of dipeptide active esters, which

Table t>.
Benzyloxyearbonyl-dipeptide-p-nitroplienylesters (The m ethods are given in Experim ental. 
Rotations were m easured at concentration 1.0 in ethylacetate and *dim ethylform am ide)
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COMPOUNDS M E T H O D S YIELDS
(%>

M. P.
(C°)

Z-Glu(ONp)GlyOEi DCCI 36 131 -  132 -  15.1°
MCA (35 132 -  15,3

DCCI 25 152 -  14.1
Z-Glu(O.Vp)GlyOMr MCA GO 153 — 154 -  14.4

E E D Q 55 151 -  153 —
A Z ID E 40 153 —

Z-Glu(ONp)Glu(OBzl)2 D C C I 42 129 -  12,8
MCA 08 130 -  13,0

Z-Glu(ONp)Ghi(OB/.l) DCCI 20 120 (!)
/ L  ONp MCA 72 1 4 3 -1 4 4 - 2 0 ,9

DCCI — m ix tu re —

OSu by-product was isolated
Z-G lu(0  X p)Glu(() X |>),, MCA 78 Ш - 1 8 0 -  30,8*

E E D Q 70 1 7 9 -1 8 1 -  30,0*
A Z ID E 45 1 7 8 -  179 -  30,2*

Z-G lu(()Xp)Tyr( KOI ] MCA 41 1 0 8 - 1 7 0 -  19,9*

Z-Glu(ONp)Tyi(OBzl) MCA Г.5 1 3 3 -1 3 5 -  12.9
/  (_ «/.1 E E D Q SI 1 3 3 -  134 -  13.0*

were synthetized. From the comparison the mixed carbonic anhydride 
(MCA) seems to be the most satisfactory method. During the synthesis 
isobutylchloroformate and X-methyl-morpholine or triethvlamine were 
used for the activation. The amino components were liberated during the 
coupling gradually by the same tertiary bases from their hydrochloride or 
hydrobromide salts. The reactions have been carried out in a variety of 
solvents. Anhydrous acetonitrile was found to be particularly satisfactory 
because the endproducts precipitated from the reaction mixtures. The high 
crystallinity of the p-nitrophenvl derivatives facilitates their purification. 
p-Nitrophenyl-esters show a characteristic (TV absorption at 268 — 270 nm



different from that of p-nitrophenol (400 nm). This facilitates determination 
of the rate of aminolysis or hydrolysis and gives possibility to detect the 
purity of endproducts according to De Tar [21]. Racemization does not 
occur to any significant extent because of the acidic component is a benzvl- 
oxyearbony 1 -aminoacid [23, 41].

'Idie traditional mixed carbonic anhydride method could be substituted 
by the use of N-ethoxy-carbonyl-2-ethoxy-l, 2-dihydroquinoline (EEDQ) 
[43]. This reagent allows the coupling of acylaminoacids with amino acid 
esters in high yield, simple operation and without racemization, too. The 
mechanism of carboxyl group activation by EEDQ involves the transient 
formation of a mixed carbonic anhydride intermediate [431. The azide 
coupling technique proceeded with the use of the t - b u t  ylo x year bony 1 - 
hydrazyl (XU) blocking group for the protection of the terminal carbox
ylic acid group [44]. We employ this blocking group in conjunction with 
the benzyloxy-carbonvl group. Treating the derivative (XTJI) with trifluo- 
roacetie acid or hydrogen chloride in acetic acid, removes the t-butyloxv 
carbonyl group without affecting the benzvloxycai bonvl groiqi yielding a 
hydrazide (XTV), which can subsequently be used in an azide reaction. The 
azide reaction involves a homogeneous non-aqueous medium and azide 
forming agents such as isoamyl or t-butyl-nitrite and the coupling proceeds 
without the isolation of azide (XV). Details of the synthesis can be seen 
from Fig. -i:
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r  iff. •>. Acyiazifut meincKi.

Summarizing the results, according to the experimental data p-nitro- 
phenvl groups could be functionated as temporary protecting group in all 
positions. The couplings proceeded in right direction bv mixed anhydride, 
EEDQ and azide technique. Dicyclohexvlcarbodiimide (DCCT) method was 
suitable only with p-nitrophenylester as carboxylic component, but in



other case not. The activités of dicyclohexylcarbodiimide complex and 
N-hydroxysuccinimidester of ben zyloxy car bony l-p-nitropheny 1-glutamate 
were not enough for total right coupling, side reactions proceeded too, 
liberating p-nitrophenoi. The side reactions were attributed to the possible 
formation of pyroglutamyl-ring, diketopiperazine derivatives or cyclic and 
linear polypeptides because of aminolysis of active ester groups [7]. f t is 
well known that y-glutamate and dipeptide esters can easily lie cyclizod to 
form pyroglutamyl ring, and diketopiperazine, respectively. A sido reaction 
indicates itself because of p-nitrofenol liberated: its yellow colour can be 
seen in the reaction mixture and on the chromatogram too. In some cases 
byproducts were isolated [42 J: the li ce p-nitrophenol reacted with the acti
vated N-tcrmina! component producing the suitable acvlated amino acid 
p-nitrophenylesters.

To the synthesis of a complete series of oljgoglutamylpeptides (I, n = 
= 2 . 3, 4, 5) the peptide chain was lengthened from C-terminal residue 
[42]. The stepwise synthesis started with the preparation of di-p-nitro- 
phenyl-glutamate hydrobromide (XV, v =  2 ). The benzylox y carbonyl 
protecting gioup was removed in every step with 2N hydrogen bromide in 
acetic acid in the usual way. Where possible the resultant peptide p-nitro- 
phenylester hydrobromides were recrvstallized, but in a number of cases 
the products were hygroscopic and were used after washing and drying 
directly for the following coupling stages with mixed carbonic anhydride 
method [42 |. The peptide chain was built up as shown:
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Fig. •/. Stepwise synthesis o f benzyloxycai-bonyl-oligopeptide-p-nitrophenylesters.

'l’lie good reactivity of peptide and amino acid p-nitrophenylesters in 
aminolysis resulted a lot of y-amides in reasonable yields. The reaction 
proceeded with equivalent amines calculated for the number of p-nitro- 
phenvlester groups [2 , 41, 42]. Table 3. contains a list of compounds, which 
were synthetized by this method.



Table It.
A m ides p repared  by am ino lysis o f  th e  su itab le  p -n itro p h en v lestc r
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STAR TIN G  a c t iv e  e s t e r s AMINES

M. P. 
o f

AMIDES
(C°)

Y IE LD S  
( ' , )

55Glu(OXp)Gl.vOMK H„NCH „CH..X (CH 9 9 -1 0 1 80
Z-Glu(OXp)GÍu(OBzl)., H.>X('H.X'H..X(CI1.I), 11 1 -1 1 2 83
Z-G lu(0 Xp)Glu(OBzl) H.,X<' IIX H .X  (CH3)„ lf .S -  169 9x

/ L  ONp
Z-Glu(OXp)Glu(OXp)., H„XCH..CH.,X(CH.i)., 1 9 2 -  193 89

Z-Glu(OBzl) H ;X (’H,,CH2N H , 1S1 -  183 78
/L  ONp 

Z-Glu(OBzl)
/ L o .\p H jXCH jCH.XÍH 1 1 3 -  114 90

Z -G lii(O X p)l’yr(OB/.l) H .,X O H /'H ,SH 1 8 8 - 189 73
/L  B/.i

Z-Glu(OXp)GlvOKt H„NCH,CHsSH 1 7 2 - 174 SI
Z-Glu(OBzl)

/L  ONp (H jN C H jC H jp S ), 86 -  88 75

Z-Glu(OBzl) H,NGH..CH„X(C„H,)o 83 -  85 65

/ L ONp
Z-Glu-OH H jN CH .CH jX H  Z 158 78

/ L ONp
Z(Glu)3(OXp), H,NCH..CH.,N(CH,)., 2 0 0 -2 0 1 91
Z lG luj^O X p). H ,N CH .,(H „X (CH 1)., 2 0 8 -2 0 9 85
Z(Glu).,(OXp)c H.,NCH..CH..N(CH 2 1 8 -2 2 0 82

The experimental results give the chance, that the applied strategy and 
tactics with temporary active protecting groups help us to solve additional 
synthetic problems not only in the field of sequential polypeptides and 
glutamine peptides, but at branched peptides arid multichain polyaminoa- 
cids, too.

Experimental

All melting points were uncorrected. The compounds were checked on 
thin layer chromatography. TLC was carried out on Merck’s silicagel. For 
infrared spectra Zeiss UR 10 Spectrometer was used.
Determination of p-nitrophenylester-gron />■s-
1.0 mg sample of compound containing one or more p-nitrophenvlester 
group was dissolved in 25 ml of 0 .1N sodium hydroxide at room temperature 
during some hours. The absorbance of this solution was measured at 40 0  
nm by UNICAM SP 700 spectrophotometer. Recrystallized p-nitrophenol 
was the suitable reference standard with molar extinction coefficient: 
18 400.



Preparation of benzyloxycarbonyl-peptiile p-nitropheny fastern (II, Table 2.)

(A) by mixed carbonic anhydride method (MCA)
A solution of the benzyloxycarbonyl-y-p-nitrophenyl-glutamate (VIII 2.01 
g, 5 mmole) and triethylamine (0.70 ml; 5 mmole) in anhydrous acetonit
rile (35 nil) was cooled to —20° in salt-ice bath, and isobutylchloroformate 
(0.70 ml; 5 mmole) was added dropwi.se with vigorous stirring. After a furt
her 20 min. at this temperature the aminoacid or peptide p-nitrophenvles- 
ter salt (hydrobromide or hydrochloride; 5 mmole) was added, followed 
by the dropwise addition of a cold solution of triethylamine (0,70 ml; 5 
mmole) in acetonitrile (5 ml). Stirring was continued for 1 hr at — 20 °, 
and the mixture containing precipitated end-product allowed to reach 0° 
gradually during further 1 hr. The mixture was diluted with 300 ml 0.5 N 
HCI. The solid product was collected, washed with dilute HCI, water, dried 
over P20 5 in vacuo and finally recrvstallized. If oil product was obtained, 
it was extracted with ethyl acetate, washed with N HCI, water, 4% sodium 
bicarbonate, water and finally dried over sodium sulphate. The solution was 
evaporated and recrystallized.

( B) by N-ethoxy-carbonyl-2 -ethoxy-l, 2-dihydroquinoline (EEDQ)
To a solution of benzyloxycarbonyl-y-p-nitrophenyl-glutamate (VIII; 
0.402 g.; lmmole) and aminoaeid-ester (1 mmole, freshly prepared from its 
hydrochloride or hydrobromide salts with equivalent amount of N-methyl- 
morpholine) EEDQ (1 mmole) was added a t 0°. In the case, when amino- 
component contains p-nitrophenyl group too, the reaction time is 4 hr 
at —5°. 'fhe mixture was poured into dilute HCI. The precipitated product 
was collected, washed, dried and finally recrvstallized.

(C) by dicvclohexycarbodiimide (DCCI)
To a solution of benzyloxycarbonyl-y-p-nitrophenvl-glutamate (VIII; 2,01 
g; 5 mmole) and aminoaeid-ester (5 mmole) in anhydrous acetonitrile (30 
ml) DCCI (1.05 g; 5 mmole) was added at 0° with stirring. After one hour 
the reaction was allowed to warm to room temperature and proceeded for 
additional 3hr. The white precipitate (dicvclohexylurea) was filtered and 
washed. The combined filtrate was evaporated under reduced pressure at 
20°. 'fhe residue was taken up in 50 ml of ethylacetate, extracted with N 
HCI, water, 4% sodium bicarbonate (until the organic layer was colorless), 
water and finally dried over sodium sulphate. The dried solution was eva
porated and recrvstallized.

(D) by acylazide-method
Benzyloxycarbonyl-a-hvdrazidyl-y-p-nitrophenyl-glutamate hydrochloride 
(XIV; 0.45 g. 1 mmole) was suspended in 5 ml of acetonitrile and cooled to 
-15° in an acetone-drv ice bath. 2 ml of 2 N hydrogen chloride in tetra- 
hydrofurane (4 mmole) and isoamylnitrite (0.14 ml; 1 mmole) was added to 
the reaction mixture which was vigorously stirred until a clear solution 
was obtained with the suitable azide at —5°. The resulting solution was

12 AXNALES — Soctio Chltnica — Tomus XV.
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cooled to —40° and precooled triethylamine in acetonitrile (0.7 ml; 5 
mmole) was added to it. Then the aminoacid-ester or salt (1 mmole) was 
added at —20°, followed by the dropwise addition of a cold solution of triet
hylamine (5 mmole). Stirring was continued for 2hr between —10 and —20° 
and the mixture containing the precipitated product was dropped into 
dilute HC1. The solid was collected, washed, dried and recrystallized.

(E) by N-hydroxy-succinimid-ester (OSu)
To a solution of benzyloxycarbonvl-a-N-hydroxysuccinimide-y-p-nitro- 
phenvl-glutamate (0.5 g; 1 mmole, see the Miscellaneous compounds in 
Exp.) In acetonitrile di-p-nitrophenyl-glutamate hydrobromide (XV, 
n = 1) was added, followed by the dropwise addition of a cold solution of 
triethylamine (2 mmole) at - 10°. After 4 hr. the reaction mixture was 
poured into dilute HCI. extracted with ethyl acetate. The solution in ethyl- 
acetate was washed with N HCI. water, 4% sodium bicarbonate, water, 
finally dried and evaporated. The residue was crystallized from ethanol: 
0.9 g inp. 112 — 114° identified as by-product: benzyloxvcarbonyl-di-p-nit- 
ro phenyl-glutamate (I: « = 1) with 1R and ONp-measurements.
Peptide-p-nUrophenyl-ester-hydrobromides (XV7: » = 1 —4)
The benzyloxycarbonyl-peptide-p-nitrophenyl ester (1 g) was solved in
3 nd acetic acid and treated with 4 N hydrogen bromide in acetic acid 
(3 ml) for about 1 hr at room temperature. The pure reaction mixture was 
diluted with 100 ml ether. The precipitated hydrobromide was collected, 
washed with ether and dried for at least 4 hr. over KOH and H2S0,, in 
vacuo.
Aminolysis of peptide p-nitrophenylesters
The benzvloxycarbonyl-amino acid or peptide-p-nitrophenvl-ester (1 mmo
le) was dissolved in ethyl acetate (10  — 20 ml) or in a mixture of ethyl acetate 
and dimethyl-formamide. The suitable amine (mmole equivalent to the 
number of p-nitrophenyl groups) was added dropwise at 0°. Alter 2 hr. 
the mixture was allowed to stand at room temperature. After cooling in 
refrigerator the crystallized product was collected, washed with ether and 
recrystallized. When no crystallization proceeded, after dilution with e t
hyl acetate, the solution was purified with 5% NaHC03 and water, dried, 
evaporated. See the products in Table 3.

M ISCELLA X EO ( 'S ('OMPOUXI)K

Benzyloxyca r bony l - a - AT - hyd roxy* ucei n imide-y-p-»iirophetiyl-glvta-mate
To a solution of benzyloxycarbonyl-y-p-nitrophenyl-glutamate (1.(5 g,
4 mmole) in a mixture of 20 ml dioxane in (5 ml acetonitrile, were added 
N-hydroxysuccinimide (0.4(5 g, 4 mmole) and D('0I (0.83 g, 4 mmole). 
The*mixture was kept for 2 hr. at 0° and overnight at room temperature. 
After removal of the dicyclohexvlurea the filtrate was evaporated to yield 
0,8  g of an TLC pure oil (80%). It was used without further purification.
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Anal. C'alcd. for C23H210loN3(499.4): ONp: 27.6 Found: 26,9% Characteris
tic frequencies of IR  spectra: vc=o (COONp): 1750: rc=0 (COOSu): 1760, 
1810, 1710; rc=0 (Z): 1695 cm“1

Benzyloxycarbonyl-u.-(t-butyloxycarbonyl-hydrazidyl)-y-p-nitrophenyl- 
glutamate  (XIII)
To a solution of benzyloxycarbonyl-y-p-nitrophenyl-glutamate (0.4 g, 1 
mmole) and t-butylcarbazate (0.13 g, 1 mmole) in 5 ml acetonitrile was 
added DCCI —0.21 g, 1 mmole) with stirring a t —5°. A white precipitate 
formed almost immediately. The mixture was stirred at —5° over a period 
of 5 hr. Three drops of acetic acid were added and the stirring was conti
nued for fifteen minutes. The reaction mixture was filtered and the solid 
washed with acetonitrile. The filtrates were combined, evaporated and the 
residue dissolved in 25 ml of ethyl acetate. The solution was extracted 
with N HC1, water, 10% sodium bicarbonate, water and dried over mag
nesium sulphate. The solution was evaporated under reduced pressure lea
ving a white solid, which was recrystallized from ether-petrolether. Yield: 
0.46 g (89%) mp. 106°, [a]o* =  —7,5° (c = 2 ; ethanol) Anal. Calcd. for 
C24H2808N.1 (516.71) C 54.5; H 5.45; N 10.75; ONp 26.7 Found C 54.8; H 
5.63; N10.81; ONp 26.1%. Characteristic frequencies of IR  spectra: 
rc=0(COONp): 1760; rc=0(BOC): 1715; ¿ Ch 3( B O C ) :  1375, 1398, rc=0(Z): 
1695; yc=0( — CONHNH —): 1640; i-nh : 3280 c m '1.

Benzyloxycarbonyl-ot.-hydrazidyl-y-p-nitrophenyl-glutamate. trifluoroacetate 
(XIV«)
Benzyloxycarbonyl-a-(t - butyloxycarbonyl - hydrazidyl) -y -p - nitrophenvl- 
glutamate (XIII; 1.55 g, 3 mmole) was solved in 10 ml of trifluoroacetic- 
acid. After 2.5 hr. the solution was evaporated. The residue was precipita
ted by the addition of ether. Recrystallization from tetrahvdrofurane- 
ether yielded 1.2 g (75%) of white powder melting at 210 — 2i2°, [a]fj° :
= —29.6° (c - 2 : dimethylformamide) Anal. Calcd. for C19H2o07N4. TFA 
(530.42) ONp: 25.8 Found'25.3%.

Benzyloxycarbonyl-or.-hydrazidyl-y-p-nitrophenyl-glutamate hydrochloride 
(XlVb) '
To 4.52 g (10 mmole) of benzyloxycarbonyl-a-(t-butyloxycarbonylhydra- 
zidyl)-y-p-nitrophenyl-glutamate (XIII) a saturated solution of hydrogen 
chloride in acetic acid (60 ml) was added with stirring. The reaction mix
ture was allowed to stand overnight at room temperature, then evaporated 
in vacuo. The mixture was precipitated by the addition of ether, filtered, 
washed with ether, recrvstallized from tetrahydrofurane-ether. Yield: 
2.85 g (72%), mp. 142— 143°, [«If)0 = —41.25° (c = 2; dimethylformami
de)
Anal. Calcd. for C]9H200 7N4. HC1 (452.85) C 50.5; H 4.6; N 12.4; Cl 8 .0 : 
ONp 30.6 Found C 50.5; H 4.6; N 1 2 .8 ; Cl 8 .1 ; ONp 31.0% Characteristic 
frequencies of IR spectra: rc=o(COONp): 1765, rc=0(Z): 1710 cm-1.

ACTIVE PROTECTING GROUPS 179

12*



Acknowledgement

We wish to express our thanks to Mrs. M. Almás, Mr. I. Tóvári and Mr. 
Gy. Pintér for the qualified technical assistance; to our Microanalytical 
Laboratory, supervised by Mrs. H. Medzihradszky for the analyses and 
to Mr. F. Ruff for IR spectra and determination of p-nitrophenylester 
groups.

R E FE R E N C E S

1. Wünsch, E.: S y n th ese  von  P e p tid e n  I  —I I .  Iloubcn- Weyl: M ethoden  d e r  Org. Chem . 
(G eorg-Thiem e V erlag, S tu t tg a r t ,  1074).

2. K ótai, A ., Szókán, Gy. Bruckner, V.: A c ta  C him . A cad. Sei. H u n g . 04. 285 (1970).
3. Schröder, E., Lübkc, K .:  T h e  P ep tid e s  Vol. I .  A cad. P re ss  N ew  Y ork  1965 p. 63.
4. Klieger, E., Gibian, H .: A nn. 055, 195 (1962).
5. Kenner, G. U '.: Angew. C hem . 71, 741 (1959).
6. Taschner, E.: C ollection Czeh. C hem . C om m un. 24, 86 (1959).
7. Kapoor, A ., Gerencsér, L. W.: J .  P h a rm . Sei. 58. 976 (1969).
8. Bodánszky, -V/.: N a tu re  175, 685 (1955).
9. Kovács, J ., Mayers, G. L., Johnson, II. II., Cover, E., Ghalak, V. R.: 4. O rg. C hem . 35, 

1810 (1970).
10. Bodánszky, M ., Ondelti, M . A.: P e p tid e  S y n th esis  In te rs . P u b l . ,  1966.
11. Stick, K ., Leemann, H. G.-. H elv . C him . A c ta  40, 1887 (1963).
12. Pless, J ., Boissonnas, R. A .: H elv . Chim . A c ta  40, 1609 (1963).
13. Merz, D., Deterrnann, H.: A nn. 728, 215 (1969).
14. Goodman, M ., Sitiében, K . C.: J .  Am . C hem . Soc. 81, 3980 (1959).
15. Goodman, M ., Schmitt, E. E., YpharUis, D. A.: J. Am . Soc. 84. 1283 (1962).
16. lÀibke, K ., Schröder, E.: Z. N a tu rfo rsch . 160, 765 (1961).
17. Iselin, B ., Schzvyzer, R.; H elv . C him . A cta  43, 1760 (1960).
18. Wieland, T ., lleinke, B.: Am i. 615, 184 (1958).
19. Iluguenin, R. L., Boissonnas, R. A.: H elv. C him , A cta  45, 1629 (1962).
20. Jaquenoud, R. A., Boissonnas, R. A.: H elv . C him . A cta 45, 1462 (1962).
21. De Tar, 1). F., Honsberg, W. e t alii: J .  Am . C hem . Soc. 85, 2873 (1963); 80, 988 (1967).
22. De Tar, D . F., Vajda, T.: J .  Am. Chem. Söc. 89, 998 (1967).
23. Stewart, F. II. C.: A u s tr. .1. Chem . 18, 887 (1965); 10, 489, 1503. 2373, (1966).
24. Ledger, R., Stewart, F. II. C.: A u str. J .  Chem . 20, 2509 (1967).
25. Stewart, F. H. C.: A ustr. J .  C hem . 21, 1935 (1968); 22, 1291 (1969).
26. Fraser, R. D. B., Ilarrap, B. S. e t  alii: .1. Mol. Biol. 12, 482 (1965); 14, 423 (1965).
27. Sibnyev, V. A., Grecisko, V. S., Roroshin, K . T.: I  y, vest. A kad . N auk . SSSR , Ser. Chim . 

1067, (10), 2327.
28. Kapoor, A., Davis, E. J .:  E xperien tia  23, 353 (1967).
29. Kapoor, A .: J .  P h a rm . Sei. 50, 1532 (1967).
30. Kapoor, A ., Davis, E. J ., Graetzer, M. J .: J. P h a rm . Sei. 57, 1514 (1968).
31. Kapoor, A ., Gerencsér, L. W., Koutnik, W. R-: J .  P h a rm . Soi. 58, 281 (1969).
32. Sibnyev V. A., Chuvaeva, T. R., Roroshin, K . T.: Izv. A kad . N auk . SSSR ., Ser. K h im . 

1969 (11), 2527.
33. Kem p, D. S ., Bernstein, Rebek. J .:  J .  Am. Chem . Soc. 0 2 ,4 7 5 6  ( 1970).

18 0  GY. SZÖKÁN AT AL.



34. Jakubke, / / .  D., Voigt, .4.: B er 99, 2419 (1966).
35. K isfaludy, L ., Roberts, J . E ., Johnson, II. I I ., Mayers, G. L.. Kovács, J J . Org. Cheni. 

3.5, 3563 (1970).
36. Yusupor, T. Yu., Zegelman. A . II., Poroshin, K. T .: Doki. Akad. N ank, T adzh. SSR 12, 

27 (1969).
37. Poroshin,K . T .:  Doki. A kad. N aiik. Tadzh. SSR 12, 20 (1969).
38. Rogers, F . F .: Diss. A bstr. 2.5, 2240 (1969).
39. Rosse, G., Jeschkeit, H ., K nopf, I).:  Ber. 97. 1797 (1964).
40. K ovács,./., Mayers, G. I... Johnson, Ii. / / . ,  Cover, R . E ., Ghatak. V. R .: Chem. Comm. 1970 

53.
41. Szókán, Gy., Kótai, .4., Dobó, Gy.: A cta Chini. Acad. Sei. H ung. 65, 375 (1970).
42. Szókán, Gy., Kótai, A .: A cta Chim. Acad. Sei. H ung. 88, 137 (1976).
43. Belleau, II., M alek, G.: J . Am. Chem.Soc. 90, 1651 (1968).
44. Goodman, M ., Rosen, I. G., Sa fdy , M .: Biopolymers 2, 503 ( 1964).
45. Szókán, Gy., Acta Chim. Acad. Sei. Hung. 87, 419 (1975).

A C T IV E  P R O T E C T IN G  G R O U P S  181





DYNAMIC SIMULATION OF TWO-PHASE SYSTEMS

S. VAJDA and F. O LTI

Chemical Cybernetics L aboratory , B udapest V III . Múzeum krt. (i—8. H — 1088

Summary

The study of the dynamic behaviour of chemical plant lias recently 
been receiving growing attention. In the usual method for dynamic simula
tion of two-phase systems the variables characterizing the fluid flow are 
assumed to be known a priori and constant. Because the hydrodynamics 
is strongly connected to heat and component transfer this assumptions 
cause big differences between the model and the reality. In this paper we 
propose an approximate method extending the commonly used simulation 
procedure for one-dimensional distributed-parameter systems fl ] to hydro- 
dynamic phenomena. The various forms of mass, momentum and energy 
conservation equations are far from being applicable to real problems [2, 3, 
4 , 5 ,6 ]. We applied a number of assumptions and reached simultaneously 
solvable mass, enthalpy and monentum balance equations, in which the 
parameters are computed by well-known empirical correlations.

Derivation of the momentum balance equations

A multi-phase system can be considered as a field which is subdivided 
into single phase regions with moving boundaries that separate the con
stituent phases from each other. Any intrinsic property i/> associated with 
the two phases is considered to be a function continuously differentiable 
except at the interphaces. The phases are distinguished by characteristic 
functions which are defined as

Í1 if (x, t) is occupied bv the /d1'-phase (1)
r, 1 I
0 elsewhere

where k — G, L in a gas-fluid system. Then a general property of the 
/d''-phase is given by

Microscopic transport equations may be given for single-phase subregions 
in terms of the variables y>k [2 , 3]. One-dimensional models for engineering

( 2 )



applications are obtained by area averaging over a cross-section of a duct 
with the variables
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(3)

where S is the cross-section area. The cross-section area »S',, occupied by the 
A'"1-phase is given by

(4)

Now the second average which is important is the intrinsic phase average

(5)

In contrast to the phase average, the intrinsic phase average is formed by 
integrating only over the /■"'-phase. We introduce the local void fraction 
0  defined as

(6)

I t may be readily verified that

The averaging (3) of the microscopic continuity equations yields one- 
dimensional mass balances 112]. For a duct of constant cross-sectional 
area S  in steady-state

(')

(8)

where r  is the vapour generation rate per unit lenght. I n Eq. (8 ) and (!>) 
the radial distributions of the phase densities are neglected, thus n, = (n,), 
assumed to hold.

An accurate specification of phase-to-phase and phase-to-wall inte
raction terms in the momentum equations is at present beyond the state-of- 
the-art. The need for this detailed description is avoided by using a mo
mentum equation for the two-phase mixture given by

( 10)

where



rw and P w denote the two-phase shear stress and the perimeter, respec
tively. Deriving Eq. (10) radial variation of the phase pressures is neglected 
and its equality is assumed, thus
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3. ORDINARY D IF FER EN TIA L EQUATIONS FOR STE AD Y- 
S T A T E

Introducing the phase mass flow rates

and the overall mass flow rate

the mass conservation law for the mixture is given by

Eq. (8 ) is written as

Equations (8 ) and (9) may be combined to yield

where from the equation of state

To effect closure of the momentum equation (10), a common technique 
is to use empirical correlations for the wall sheat stress rw and void fraction 
<p in terms of flow rates, fluid properties, and geometry [7 , 8 , 9 ]. In this 
paper the method will be applied to a flowboiling system with co-current 
flow. For this case a correlation for the distribution parameter C„ [ 1 0 1 is 
commonly used instead of a correlation for the void fraction. The parame
ter Cn is defined as

(ID

( 12 )

(13)

(14)

(15)

( 16)



Note that available void fraction data may be converted into correlations 
for Cn by the use of relation
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(17)

For flow boiling systems, C0 must have near-zero values at the start of the 
significant void region, since in this region the void is concentrated in the 
low-velocity near-wall region [11 |. At the other extreme C0 must appro
ach unity as the average void approaches unity.

Eq. (8 ) may be rewritten, introducing Eq. (14) and (\„ to abtain a 
void nronatation equation

(18)

Assuming flat velocity profiles within the phases, thus

and eliminating the flow velocities on the left hand side of Eq. (10) by (11) 
differentiating the product of variables and using Eq. (14), (15) , and (18) 
a nressure-nronaeration equation of the form

is abtained. In Eq. (19) CF>, C„,G. Cr and are influence coefficients’ 
which express the effect of friction, phase change, temperature change 
and gravity on the pressure gradient.

However, we have to note that Eq. (18) is senseless for <p = 0 a s ( ’o(0) = 
= 0 is a reasonable assumption by (17) [11 ]. In order to avoid this difficulty 
the variable y is defined as

(19)

( 2 0 )

and an equation is derived from Eq. (8 )

Note that having a value of ?/, the void fraction r/ may be uniquely 
determined by solving the nonlinear equation <jC0{</ 1 = >/■ but no differen
tial equation for qi can be given.

( 21 )



Based on the value of y, some simplifications of the acceleration term 
on the left hand side of Eq. (10) are required, given as
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where the simplifications

justified by the data given in 111 ] and

were used. The simplified acceleration term (22) is true for the limiting 
cases, as it is equal to

Differentiating (2 1 ), an approximate pressure-gradient equation of the 
form (19) is obtained by the influence coefficients listed as follows.

where /Ip is the two-phase pressure drop [0 , 7 , 8 ]

(23)

4. NO N-STEAD Y EN TH A LP Y CONSER V AT ION EQUATION

Assume the mass flow rates and pressure distribution to be known. 
Then the distribution of temperature and the amount of liquid evaporated 
per unit length is determined solving the non-steadv enthalphv equation
r n .

(24)



where the radial distributions of phase enthalpies and temperatures are 
neglected, thus
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and the equality of phase temperatures is assumed

and h denotes the enthalpy of two-phase mixture per unit volume

The enthalpy h may he given in terms of the temperature T  and com
position. For one component two-phase mixture

(25)

(26)

(27)

(28)

Thus enthalpy equation becomes

For the region of the equipment with one phase flow

For two-phase flow section the temperature is assumed to be boiling 
point temperature corresponding to the actual pressure value. Supposing 
that

where is the molar liquid density and IIn, is the molar evaporation 
enthalpy. In our approach the local change in the value of void fraction 
(f affedted by heat transfer is considered.

Now the. amount of liquid evaporated per unit length is given in terms 
of the local change in the value of void fraction <f affected by heat transfer 
;is

(29)



•J. CA LCULATION OF PH YS1CAL PROPERTIES
The reliable and rapid calculation of the physical properties such as 

densities, heat capacities, enthalpies, boiling points etc. has great im
portance both in the calculation of pressure drop and enthalpy-balance. 
In our package the generalised thermodynamic correlation based on three- 
parameter corresponding states, proposed by Lee and Kesler [2 ] was 
used. From the point of view of computer use the bottle-neck in the above 
method is the calculation of compressibility factor. To avoid time-con
suming and unaccomodating iterative solution of nonlinear modified BWTt 
equation of state, the z(Tr, Pr) function was represented as a three-di
mensional double-cubic spline function. The calculation of the spline 
function coefficients is a hard work, but when we have all the necessary 
coefficients the calculation of the compressibility factor z at given reduced 
temperature T r and reduced pressure Pr is a single calculation of the value
of a polvnominal. The calculation of the ■ 2 ■ and —— is the same.

№ r dpr
The authors are grateful to Mr. P. P. Valko for the co-operation in 

this work resulting in the physical property calculation package.

NOTATION
A heated surface per volume m2/m3, Eq. (24), (26), (28)
A heated perimeter
C0 distribution parameter, Eq. (16)
C influence coefficients in Eq. (19)
<j gravitational acceleration m/sec2
h enthalpy J \m3
IIcv evaporation enthalpy .J¡mol.
M relative molecular mass
p pressure N/m-
Pw perimeter of the system m
T  temperature K°
l time sec
v velocity m/sec
W mass flow rate kg ¡sec
x three dimensional space
V =
z compressibility factor
z axial position m
a heat transfer coefficient, -I¡ml Ks
¡1 l>hase characteristic function
Ap pressure change N/m2
At time-step size sec
P  amount of evaporated liquid kg\m sec
(-) angular Orientation of the channel measured from the ho

rizontal
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<! void fraction
o density kg/m3
o average density kg /m ,3
o(m> molar density moljm3
r shear stress N /w?2

SUBSCRIPTS
G gas phase
/. liquid phase
W wall
* surroundings
b boiling
r reduced
Ip two phase
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THE STUDY «F THE ELECTROCHEMICAL REDUCTION OF 
TETRAZOLIUM SALTS

M. V ARGEK , GY. FARSANG and S. BALOGH*

D epartm ent o f Inorganic and A nalytical Chemistry, Budapest . Múzeum ki t. 4/B , H — 1088
H ungary

Introduction

The tétrazolium salts are an important group of compounds, in the 
field of histochemistry. They are mainly used to identify reductive spots in 
biological systems. Generally the colourless tétrazolium salts can be reduced 
by forming intensively coloured products (formazans). The latter ones eit
her can be used for qualitative tests, cr when dissolved in a proper organic 
solvent quantitative spectrophotometric measurements can be carried out. 
The electrochemical behaviour of tétrazolium salts were investigated 
mainly in aqueous or hidroorganic solvents ( 1 — 3).

The present work represents a further step in the research work carried 
out earlier, with the 2, 3, 5 triphenyl tetrozoliumchloride (TTC) and its 
formazan, in hidroorganic medium (4). This work has been carried out by 
the 3-biphenyl-2,5-diphenyl tétrazolium chloride (BTC), and its formazan; 
1-biphenyl-3,5-diphenyl formazan (BF).

The aim of this work is to give a deeper insiqht into the redox pro
cesses taking place in the course of elektrochemical reduction of tétrazolium 
salts and formazans in hidroorganic medium, and to give a proper explana
tion of the connection between theses processes and the colour change me
chanism of these type of redox indicators.

Experimental

Materials:
3-biphenyl-2,5-diphenvl tétrazolium chloride (BTC)
1-biphenyl-3,5-diphenvl formazan (BF)
Lithiumhydroxide alt. (Iteanal)
Methyl-alcohol alt. (Reanal)

* “Kunnal” Fine Chemical W orks B udapest, H ungary



Instruments

Polarograms were recorded by the Radiometer PO 4g type polarograph 
connected with a Metrohm type E 44 1R compensator. The usual three 
electrode arrangement has been used for compensation of IR drop. The 
working electrode was a DMK with DLT 1 mechanical drop timer. Capil
lary characteristics: (freely dropping electrode in 95% methanol —5% 
water 0.1 M LiOH, open circuit m = 2.30 mg sec-1 t = 2.5 sec at 90 cm 
Hg column height). Counter electrode: Pt foil of 1 cm2 surface. Reference 
electrode: aqueous saturated calomel electrode. All potentials are given vs.
S. C. E.

Controlled potential eoulometrie measurements have been carried out 
by using Tacussel ASA SHT 4 Type potentiostat and fQ 5N type integrator, 
used for the integration of current time function. W orking electrode: Mercu
ry pool. Counter electrode: approx. 5 cm long Pt wire of 1 mm diameter 
placed into a half cell containing the base eletrolyte used and separated by 
sintered glass disc. Reference electrode: aqueous saturated calomel elec
trode. Cyclic voltammetry: HMDE Radiometer type P 958 B at low 
polarisation rates, and DME at high polarisation rates were used. In the 
latter case the Chemtrix Type SSP 2 Oscillopolarographic Analyser System 
has been used, for recording the CV curves. Polarographic and CV experi
ments have been carried out in the 1.10-4 — 1.10-,rM concentration range. 
At C. P. C. experiments 10~4 M quantity of electroactive material has been 
electrolysed. All solutions were deoxigenated by N2 gas stream.

Results

The polarographic and voltammetric behaviour of the compounds 
(BTC, and BF ) has been investigated in 95% MeOH 5% H2() 0.1 M 
LiOH base electrolyte.

The typical plarographic behaviour of BTC. BF  and their reduction 
products is shown on Fig. 1.

The curve “a” was recorded in the solution of BTC. Curve “b” can be 
recorded either in the solution of BF or following the controlled potential 
electrolysis of the solution of BTC at A’, potencial.

Curve “c” was recorded after C. P. electrolysis of the solution 
of BTC at A’., potential, or of the solution of BF at the same potential. 
The colourless BTC solution after carrying out the C. P. electrolysis at 
El potential becomes intensively red. but continuing the electrolysis at 
A2 potential the solution becomes colourless. The red BF  solution elec
trolysed at A’2 potential is changing also colourless. The data of polarograp
hic measurements carried out in the 1.10-4 —1.10~3M concentration range 
are summarized in Table 1.

The eoulometry at controlled potential gave the overall number of 
electrons exchanged per molecules. At each limiting current regions (Ev E., 
and E3 potentials) the overall n values equal of two according to the eolulo- 
metric experiments.
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Fig. 1. The i-V curves recorded a t  DM E in th e  presence o t  a)  BTC; b) l i  /■’; c )  B H . Concen
tra tio n : 1.10-*A1 d m -3 A ,; /£,; and E 3 are potentials applied for carry ing ou t controlled 
p o ten tia l eolom etry /'.’,y, ,, E ,j, 3 and /Jo , ox are h a lf  wave po ten tia ls ic: cathodic

curren t, ia: anodic current.

Table 1.
I’o laro g rap h ic  ch arac te ris tic s  o f BTC

B T C
c o n c e n t r a 

t i o n
M -dm -3

E . /*  1 
V

v s  • S C E

E  t /2 ‘2  
V

\ s - S C E

i.I i
/< A

ido
M

it! I
c

id  •> 
(?

i d t 

id  2

1 • 10-« - 0 . 3 9 - 0 . 6 9 0 .7 8 0 .8 0 0 .7 8 0 .8 0 0 .9 8
2 • 10-> - 0 . 4 3 - 0 . 6 7 1.56 1.50 0 .7 8 0 .7 8 1.00
3 • 10~> - 0 . 4 4 - 0 . 6 7 2 .2 4 2.11 0 .7 5 0 .7 0 1.06
4  • 10—* - 0 . 4 4 - 0 . 6 8 3 .08 3.08 0 .7 7 0 .77 1.00
0 -  10-* - 0 . 4 5 - 0 . 6 8 3 .72 3.90 0 .7 4 0 .7 8 0 .9 5
8 • 10-« - 0 . 4 6 - 0 . 6 8 6 .00 5 .84 0 .7 5 0 .7 8 1.03
1 • 1 0 - 3 - 0 . 4 7 - 0 . 6 9 7 .44 8 .16 0 .7 4 0 .81 0.91
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Fig. 2. The cyclic voltam m etric curves of BTC (upper curve) and B F  (lower picture) recorded 
a t m ercury electrode. Base electrolyte: M eOH—H 20  (95:5/0.1 M LiOH solution. The con

centration  of electroactive compounds: 1.10“ 4 M. d m -3.



The cyclic voltam metric behaviour of BTC and B F  is shown on Fig. 2. 
It was interesting to observe at the CV experiments carried out at HMDE 
at low polarisation rates that in the colorless solution of BTC not only in 
the region of the first wave, but that of the second one also, an intensive red 
colour developed around the surface of the mercury drop. After changing 
the direction of polarisation this colour dissappeared only at more positive 
potentials then Ei/2 (1).

Discussion

The reduction mechanism of TTC  and its formazan T F  in aqueous 
medium was investigated systematically firstly by B. Jámbor (2).

These results showed, that the TTC  can be reduced polarographically 
bv showing a quite complicated picture dependent on the pH.

7/. Campbell and P. (). Kane (3) denied the existence of anodic oxi- 
dabilitv of T F  and the eletrochemical reversibility of TTC jTF  redox 
system contrary to the results published by B. Jámbor.

/.. Ladányi, et al. carried out controlled potential coulometry followed 
polarographic measurements in hidroorganic medium and succeded to 
indentify some of the reduction products. They proved that both the 
TTC IT F and TF jB H  systems are chemically reversible redox systems, 
but are irreversible electrochemicallv because of the slow electron exchange 
rate of both steps. (4)

The results of the present investigations can be summarized as follows 1
1. The BTC can be reduced at mercury electrode in MeOH — H20  

(95:5) — 0.1 M LiOH base electrolyte in two successive steps. 
The product of the first step is BF  meanwhile a benzhidrazidine 
type derivative is formed in the second step ( B I l).

2. In the solution of BF  an anodic and a cathodic wave can be re
corded. The anodic wave is well defined and well separated from 
the anodic dissolution of mercury. This one is especially important 
because this derivative is the first one where this well defined anodic- 
wave was observed and undisturbed by the mercury dissolution 
current.

3. The C. P. C. oxidation of BF  a E3 potential results BTC  quantita
tively. This proves, that the electrochemical ring closure can 
be carried out, and at the same time this is a definite proof for the 
chemical reversibility of the BTC I BF  redox system at mercury 
electrode.

4. The benzhidrazidine type derivative produced in macroscale elec
trolysis at E2 potential, can be reoxidised either to formazan (at 
El potential), or to the corresponding tetrazolium salt; BTC  (at 
E3 potential).

5. It follows from points 3 and 4, that both redox systems are beha
ving chemically reversible.
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6. On the base of these results the reduction mechanism of the BTC 
occurs in two successive two electron steps. In the second stop 
however in the presence of BTC a synproportional reaction must 
be taken into account and this one plays an important role in the 
reduction mechanism of tetrazolium salts.

The reaction scheme can be summarized in the following reaction 
steps:

1 9 6  M . V A R G E K  E T  A L .

The synproportional reaction leads to equilibrium but the equilibrium 
is shifted .strongly towards the formation of formazan, because of its low 
solubility.

7. The synproportional reaction plays an important role when the 
tetrazolium salts are used for quantitative measurements of reducing 
compounds. Though there is the possibility of the reduction of 
tetrazolium salts to colourless benzhidrazidine type compounds, ¡us 
far as the terazolium salt reagent remains in excess, only the strongly 
coloured formazan is formed owing to the synproportional reac
tion between BTC and B Il.
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Sum m ary

The electrochemical reduction mechanism of 3-biphenyl — 2,5-diphenyl 
tetrazolium chloride (BTC) and its formazan 1-biphenyl — 3,5-diphenyl 
formazan has been investigated, by polarographv, cyclic voltammetry and 
controlled potential eoulometry.

The experimental work showed, that in the course of the electroche
mical reduction of BTC at mercury electrode the corresponding formazan 
( BF)  and a benzhidrazidine type compound are formed in two successive 
well separated two-electron waves. Both steps are chemically reversible 
as cyclic voltammetry and controlled potential eoulometry proved and 
BTC IB F and BF/BH  redox system are electroehemically slow systems. 
Direct evidence has been given for the possibility of electrochemical ring 
closure at the C. P. C. oxidation of BF  at mercury electrode by producing 
the corresponding tetrazolium salt.

The importance of a synproportionul reaction which takes place bet
ween BTC and BII is shown in the reduction mechanism of BTC. This re
action has an important role in the application of tetrazolium salts for 
quantitative measurements of reducing compounds especially in the field 
of histochemistry.
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EFFECT OF SURFACTANTS ON WETTING DYNAMICS IN 
SOLID/LIQUID/LIQUID SYSTEMS

IC. W OLFRAM , ZS. E K L K R  and J . P IX T fiR  

Depart ment of Colloid Science, I I — 1445 B udapest 8, P . O. B. 328.

Summary

The displacement from glass surface of (a) paraffin oil bv water and 
aqueous sodium alkyl sulfate C H and C18) solutions, and (b) n-hexane 
and paraffin oil by glycerol was investigated. Two steps of the overall pro
cess can be clearly distinguished from each other: (i) the rupture of a rela
tively thick film of the nonpolar liquid adjacent to the solid surface, and
(ii) the subsequent spreading of the displacing (tolar liquid over the bare 
solid surface. It was found that step (i) is raj)id and its rate depends chiefly 
on the viscosity of the liquid to be displaced. Step (ii) is by at least one or
der of magnitude slower and it is primarily affected by the concentration 
and the chain length of the surfactant. Sodium hexadecyl sulfate solutions 
were found to be autophobic.

Introduction

Displacement of a liquid phase by a second immiscible liquid from a 
solid surface is a phenomenon of paramount importance for many practical 
processes. One of them is tertiary oil recovery, i. e., flooding of the oil field 
by aqueous surfactant solutions [1] in order to get the oil displaced from 
the porous rocks where it is trapped by capillary forces.

The purpose of the present work [2] has been to perform experiments 
on some simple model systems is order to get information on the mechanism 
and kinetecs of displacing a nonpolar liquid by water from a polar surface 
and on how this process is affected by surfactants.

Experimental

Materials. Microscope glass plates were used as the polar soid surface’ 
and paraffin oil as well as n-hexane as the nonpolar liquid to be displaced" 
The surfactants employed were sodium dodecyl sulfate, SDS, sodium 
tetradecyl sulfate, STS, and sodium hexadecyl sulfate, SHS. Further data 
are to be found in T a b le  l .



Table 1.
Som e p a ram e te rs  o f  (he m ate ria ls  used

2 0 0  E . W O L F R A M  E T  A L.

Material Purification
ltelativc

molecular
mass

Density
1 0  “ 3  k j j  n i  3

Viscosity 
1 0  - 2  K’K I l l  “ 1

S ' 1

Jntcrfacial
tension
against
water

m N m " 1

¡ m  _mol in 3
lie fra rth e

imlex

P a r a f f in  o il P h . H g. 
V I. 
p u r i ty 0.8735 0.122 5 3 .5 +  1.9 1.4750

n - H e x a n e a tm o s p h .
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Methods. The experimental -set up ( Fir/. 1) consists of a rectangular 
cell which is filled tip with the nonpolar liquid, a holder for the glass plate 
and a camera. The measuring cell is surrounded with a closed glass vessel 
of constant temperature. 100 mm3 drops of the polar liquid were released 
from the orifice of a Hamilton microsvringe, that was placed in a height of 
40 mm above the glass surface, to fall through the oil and reach the solid 
surface. This procedure ensured that the droplet exerted the same pressure

Fig. /. Experim ental set up. I t  optical bench, f t  holders, C  cam era, I.S  light source, V const
an t tem perature  vessel, M r m easuring cell, M s  microsyringe, glass p late, L x droplet of

polar liquid, I.n nonpolar liquid.



in each experiment when coming in contact with the film of the non polar 
liquid adjacent to the solid. Therefore, the time which elapsed from the 
first contact of the drop with the plate until the sudden change of the drop 
shape could be taken as a relative measure of the stability of the nonpolar 
liquid film. Subsequent temporal changes of the meridian profile, the con
tact angle and the radius of the circle-shaped contact area of the solid/li- 
quid interface were detected by taking photographs in regular time inter
vals.

Results and discussion

Glass/water/paraffin oil and glass/aqueous surfactant solutions /paraf
fin oil systems.

Fig. 2. shows the characteristic features of the contact radius vs. 
time plots for the pure water/oil displacement. As can be seen, the oil film 
stability is in the order of some ten seconds, and the rupture of the oil film 
is followed by a relatively slow spreading. The constant value of the radius 
is reached within one minute or so. In Fig. 2 the continuous vertical line 
represents the mean time of the breakdown of the oil film, whereas the 
dotted lines represent the limiting values that can be measured.

D IS P L A C E M E N T  W E T T IN G  D Y N A M IC S  2 0 ]

Fig. 2. G lass/w ater/paraffin  oil system.

The same kind of plots are shown in Figures 3 to 7 for aqueous >SI)S' 
solutions of various concentrations. As expected, the spreading ability of 
solutions of the same surfactant increases when the concentration be
comes higher. The oil film stability increases with the chain length of the 
surfactant at the same concentration, but the variation with chain length 
of the spreadability is not unambiguous due to the peculiar behaviour of 
SHS solutions. This can be observed particularly with the solutions of 0.2



cM concentration. After breakdown of tlie oil film, droplets of these soluti
ons first spread and the contact radius becomes higher than that of the 
SDS and STS solutions, but the initial spreading is followed by a decrease 
of the radius. It was also observed that SHS droplets, unlike those of the 
other surfactants, do not adhere, moreover, they move rather freely over 
the solid surface, and the drop comes in contact with practically the whole 
of the glass surface available, and then the migration ceases.

2 0 2  E. W O L F R A M  E T  A L .

Fig. 3. G lass/surlactunt so lu tion /parallin  oil system. SOS, 1 STS, □  SHS. <■ 0.10 cjV).

Fig. t. As Fig. 3 bill, e - 0,20 cM.
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This phenomenon can obviously be explained by what was called the 
autophobic effect by Zi.sman [3]. There is no adsorbed surfactant on the 
surface at the moment of the breakdown of the oil film but the glass gets 
covered by oriented molecules. The droplet lying on the top of such a layer 
has a lower adhesion energy to that part of the surface than to those parts 
which remain still uncovered. As a result, the drop will move from covered 
to uncovered regions and this movement sto ps if the whole of the surfance 
becomes a low-energy surface. The process of this hydrophobization can 
take as long a period as weeks, as is seen in Table 2.
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T im e dependence o f th e  a d v an c in g  co n tac t angl
i n  p a r a f f i n

Table 2.

e ( 0 a) o f  aqu eo u s so lu tions on  g lass 
oil

\  t
15 m in 1 d a y 2  d a y s 7  d a y s 1 0  d a y s 3 0  d a y s

C/CA I ^ \

0.10 40.2 +  7.2 49.8 ± 7 .8 58.3d: 5.7 72 .5+11.7 70.7 ±  12.9 09.7 ±  13.9
0.20 27.3+  7.8 32.5 ± 0 .0 40 .2+  1.5 i .>.5 +  3.3 S 9 .e± 4 .I 109.0 ± 1 3 .9
0.25 20.7 ±  1.7 3 1 .0+ 3 .2 52.8 +  4.0 79.2 ± 2 .0 93.7 ±  3.4 112.0± 14.5
0.30 28.7 +  5.2 33.8 +  5.5 0 8 .7+ 3 .4 92.0 +  9.1 101.5± 8.1 124.3± 9.0
0.50 30.2 +  2.8 4 1 .7+ 1 .3 85.14; 3.7 112.0 ± 5 .8 123 .2±  5.2 151.2+ 9.1

It is interesting to compare the concentration dependence of the break
down time (th) with that of the advancing contact angle ((-)„) over a broad 
range of concentration up to 10 times the rM (i. e. the c. m. c.). As Fig. 8 
shows, for N D S  solutions, there is a relevant interrelation between the two 
parameters such that between c/cM = 0.5 and 1.0, lh has its highest value 
and 0 a has its lowest value. When <• becomes higher than cM, lb sharply dec
reases and Oa suddedly increases. The latter goes through a maximum at 
about c = 2  cM. it is to be noted, however, that whilst the lowest value of 
the breakdown time (at c = 10 r vl) becomes even less than that for pure 
water, the contact angle at this concentration is still higher than for c =0. 
These results can be at least qualitatively interpreted by assuming that 
above the c. m. c. a second layer of the surfactant molecules with reversed 
orientation forms, rendering the surface more wettable again. (Separate 
experiments carried out with the same systems but using capillary tubes
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Fig. S. Glass/SDS solution/paraffin  oil system . O advancing 
contact angle, □  tim e o f oil film breakdow n.

[4] showed that, unlike the advancing contact angle, the receding contact 
angle is practically invariant over the same concentration range.)

< Jlass/glycerol/n-hexane and glass/gylcerol/paraffin oil systems
As water is known to interact with glass by hydrogen bonding forces, 

it was replaced by glycerol which is somewhat less polar but still represents 
a polar liquid and does not interact with the glass surface. On the other 
hand, n-hexane was chosen as the nonpolar liquid instead of paraffin oil, 
for it is less viscous and it was hoped to get information as to the influence 
of hydrodynamic properties on the displacement, particularly on the stabi
lity of the nonpolar liquid film. The results of Table 3 confirm this expec-

Table -i.
Liquid/liquid interfacial tension (y12), final contact angle ((-)e) and breakdow n tim e ( th)

Systems mN in 1 den *sse<-

G lass/glycerol/n-hexane ....................................
G lass/gylcerol/paraffin o i l ..................................

31.3
31.0

45
40

<  1
50 -  80

tation. Whereas the interfacial tension and the equilibrium contact angle 
(i. e., that value which does not vary over a long period of time) remain 
invariant when paraffin oil is replaced by 11-hexane, there is a dramatic 
change in the time of breakdown. The sudden drop of lh to less than 1 se-



cond clearly shows the role of the viscosity within the film, for the rupture 
of the film is obviously to be understood as the squeezing out of the liquid 
owing to the hydrostatic pressure of the drop over it. In this context, it 
is worth mentioning that for glass / water/n - he xane systems no finite time 
for the breakdown can be measured: the rupture occurs in the very moment 
of the contact. This leads to the preliminary conclusion that the viscosity 
of the displacing liquid, too, could be relevant but this assumption needs 
further examination.
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