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COMPARATIVE BIOAVAILABILITY STUDIES OF FOUR COM-
MERCIAL NITROFURANTOIN PRODUCTS

PANAYOTIS E. MACHERAS
Laboratory of Pharmaceutical Chemistry, Athens University, 104 Solonos street, Athens (144),
Greece.

(Received September 23,1982)

Summary

The relative bioavailability of nitrofurantoin in four commercial products marketed in
Greece was examined in 4 subjects using a Latin square design. The urinary excretion
method was used and the data obtained were analysed according to a one-compartment
open model. Analysis of variance was performed on all parameters calculated. Statlstlcally
significant differences were found between the products examined. Dissolution tests were
performed and in vitro - in vivo correlations were developed. These findings prove that the
tested products can not be utilized interchangeably.

Key words : Bioequivalence, in vitro - in vivo correlation, analysis of variance.

Introduction

It is well known that the compliance of commercially available products with
the compendial requirements does not necessarily imply their bloequlvalence15
This problem is most acute in Greece where a list similar to that of Food and Drug
Administration ® for the drugs requiring bioavailability testing has not been issued.
Consequently, bioequivalence regulations are not applied and relevant studies have
not been reported. It was therefore of primary importance to perform a bioequiva-
lence study for products marketed in Greece to provide the indispensable infor-
mation for appropriate prescription.

Nitrofurantoin was chosen as a model drug since it exhibits bioavailability
problems’® and a total of 46 dosage forms (27 companies) are commercially
available on the Greek market. Four formulations (3 tablets, 1 capsule) were
examined and dissolution tests were undertaken to establish any correlation of in
vitro-in vivo data.

Materials and Methods

Nitrofurantoin products were obtained directly from the manufacturers prior to
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December, 1981. Specifications of the formulations are given in Table I. Analysis
of 6 tablets or capsules of each brand detected no significant difference in
nitrofurantoin content.

Dissolution test

The rotating basket method was used for the dissolution studies. One tablet or
capsule was placed into a 250 mesh screen basket and the whole was immersed in
1 lit. beaker containing 400 ml of the dissolution medium (HCI 0.1 N or phosphate
‘buffer pH 7.2). The basket was rotated at 60 rpm at 3 cm distance from the bottom
of the beaker. The whole assemply was maintained at 37°in a constant temperature
bath. Samples of 5 ml were collected at 5,10,20,30,40,50,60, .and 70 min. Five
milliliters of dissolution medium maintained at 37° was added to the beaker after
each sample was removed. Each 5 ml sample was filtered (millipore 0.45 pm) and
1.0 ml aliquot was diluted to 10.0 ml with purified water. Absorbance was read at
380 nm against a blank of the corresponding diluted dissolution medium.

Bioavailability study

Two male and two female volunteers took part in the study. Their ages ranged
from 28 to 35 years with a weight range 49-70 kg. Each subject gave a written
informed consent. The volunteers were instructed to refrain from taking any other
drug a week before and during the trials. Each subject ingested a 100 mg tablet or
capsule of a nitrofurantoin product every 72 hr in accordance with the assigned
schedule (Table I).

TABLE I : Latin square design for the evaluation of nitrofurantoin bioavailability.

Day
Subject 1 4 7 10
1 A B C D
2 D C A B
3 C D B A
4 B A D C

Key: A =Funit, tablets lot 81010, Ladrug Laboratories, Athens. B =Furonitran tablets, lot
14, Defarmi Laboratories, Athens. C =Macrodantin capsules (nitrofurantoin in macrocry-
stals), lot 105. D = Furadantin tablets lot 103. Brands C and D are prepared in Greece by
N. Petsiavas A.E. under the supervision of Morton Norwich Products Inc.

Because the biovailability of nitrofurantoin is greater when taken with food®
but many patients have a tendency not to take their medications as prescribed by
the physician, the dose was administered in the morning 1 h after a light breakfast
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of 150 ml milk and 50 g of bread. Since the urinary excretion method has been
suggested ' as the preferred method for the determination of nitrofurantoin
bioavailability, urine samples were collected at 0,1,2,3,4,6,8,12,24 h, ensuring each
time complete emptying of the bladder. In order to stimutate urine output, 150 ml
of water were ingested after each urine collection. All samples were frozen to
ensure stability of drug and convenience of analysis. The samples were allowed to
thaw immediately before use. The ammounts of drug in urine were determined
according to the method of Conklin and Hollifield ' as modified by Mendes et al 2,

Results and Discussion

Dissolution studies. The results of the dissolution tests are presented in Fig 1 and
2. For the plotting a correction factor ' was taken into account. At both pH used
the products A and B showed remarkably higher dissolution profiles to those
obtained from C and D. The rapid dissolution of the products A and B was in
accordance with their fast disintegration ' (< 1 min) in 0.1 N HCl in comparison
to the 7.5 min. found for D. As far as the product C is concerned the low dissolu-
tion rate was expectéd since the drug is in macrocrystalline form. The change of the
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FIG. 1 : Dissolution profiles for nitrofurantoin at pH 1.0. Each data point is the mean of three
determinations. Key : {-brand A, & brand B, © brand C, ® brand D.



66 P.E. MACHERAS

dissolution profile for brands C and D depicted in Fig | and 2 is probably
attributed to formulation factors.

100+
CUMULATIVE
PERCENT

I
DISSOLVED o 0

¢

)

—
//
-
//
e

/

/

MINUTES

T T

20 40 60

FIG. 2 : Dissolution profiles for nitrofurantoin at pH 7.2. Each data point is the mean of three
determinations. Key : see Fig. 1.

Bioequivalency. Since no appreciable amount of drug was found in the 24 h
specimen for all treatments and subjects the total amount excreted in urine over 12
h was proved sufficient to describe the extent of nitrofurantoin bioavailability.
Figure 3 presents the cumulative amount of nitrofurantoin recovered as unchanged
drug in urine versus time. It can be seen that the product C has a lower
biovailability than the other formulations. In parallel, Fig 4 shows the mean
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excretion rate profile of the formulations. Product C is the only exhibiting a sort of
sustained release action.
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FIG. 3: Mean cumulative percent of nitrofurantoin excreted versus time. Each data point is the
mean cumulative percent excreted for all four subjects. Key : see Fig. 1.

The experimental results obtained were further analyzed according to a one-
compartment open model using the equation (2) which is valid instead of the
known relationship * (1) for the special case k =k, (see Appendix),

X,=F [1 —-k—l_—k— (kaekt—k e’kat)jl )
X.=F[1 —(1 +Kt)eKt] 2

where X, is the percent of drug excreted in time t, F is the percentage of total
drug excreted, k, is the absorption rate constant, k is the elimination rate constant,
and K is the common value of the-two rate constants e:g. k =k, =K. The use of
the simpler equation (2) was made for two reasons. Firstly, nitrofurantoin exhibits
rapid absorption and excretion while the elimination half life is essentially
independent of the dosage form !9 In addition, the results quoted by Mendes et al 12
and the excretion rate profile given by Mattok et al’ indicate the validity of
approximation k =k, Secondly, equation (1) involves three parameters F, k, k,
not identifiable- using the method of non-linear least squares. Admitedly each
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FIG. 4 : Mean excretion profiles of nitrofurantoin products. Key : see Fig. I.

parameter can be separately calculated from the experimental data, namely, F from
the cumulative amount excreted (Fig. 3) while k or k, by standard graphing
procedures. However, each calculation is accomplished with an accuracy involving
a standard error s, sy, s, for each parameter. If one of the three parameters, say
F, is chosen and imposed on the model, it follows that sp will be transfered to the
other two parameters. Therefore, to avoid biased estimation of the parameters the
approximation quoted was used as a better simulation of the in vivo process.

The experimental data were subjected to computer non-linear least square

method of analysis using the program NONLIN ¢ to obtain the best estimates for
the model described by equation (2). The values obtained for F-and K as well as for
the peak excretion time to, (eq.3) and the peak excretion raté Q (eq. 4)

where D represents the dose, are given in Table II.

1

tmax = E
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TABLE NI : Values of the parameters of nitrofurantoin formulations.

Formulation F2, % K2, hr! t2 ., hr Q2, mg/hr
A 47.05(4.94) 1.10(0.56) 1.12(0.57) 18.62(8.81)
B 44.98(5.65) 0.94(0.42) 1.19(0.41) 14.99(4.72)
c 32.24(6.92) 0.54(0.11) 1.90¢0.40) 6.45(1.80)
D 41.61(4.06) 1.07(0.31) 1.02(0.40) 16.09(3.87)

a : Mean values of four subjects with standard deviation in parentheses.

Analysis of variance was performed on the four parameters estimated and the
results obtained are summarized in Table III. The tabulation of variance reveals
that the formulations are different in- terms of E, t ., and Q. Also, the subject
variability seems to be significant for t,, while no period effect was observed.

TABLE III : Analysis of variance (ANOVA). Critical Fisher’s { for 3 and 9 degrees of
freedom at p:0.05 is 3.86.

Variance - f test

Source of variation F K t max Q

Formulations (3)* 171.6 (7.187)  0.263(2.689)  0.635(5.354)  111.8 (4.775)
Subjects (3) 49.15(2.059) 0.307(3.145) 0.461(3.885) 48.87(2.087)
Residual (9)2 23.87 0.098 0.119 23.42

a : Degrees of freedom.

Since significant f ratios were detected a further analysis of variance was applied
comparing all possible couples of formulations. Significant difference (p = 0.05) in
drug parameters calculated for the brands studied was found, Table IV. Brand C
was significantly different from D for all parameters calculated, and from A for the
parameters F and t.,, In addition brands A and D were significantly different in
terms of F. The differences for the parameter F observed between the pairs of
brands C-D and A-C could be attributed either to formulation factors or to a
different extent of food influence on the bioavailability of drug. However, the
dissolution profiles depicted in Fig. 1 and 2 indicate that the differences between
brands A and C as well as between A and D, most likely arise from formulation
factors. It has been proved? that food enhances the bioavailability of nitrofurantoin
more intensively when ingested in macrocrystalline than in microcrystalline form.
Since similar dissolution profiles were found for brands C and D (Fig. 1 and 2), a
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TABLE IV. Significant differences in drug parameters for the brands studied.

Brands

Parameter Aand B Aand C Aand D Band C Band D C and D

F N.S * * N.S N.S *

K N.S N.S N.S N.S N.S *
tmax N.S * N.S N.S N.S *
Q N.S N.S N.S N.S N.S *

Key : * = significant at 0.05 level, N.S = not significant at 0.05 level.

study was undertaken coadministering brands C or D with breakfast to find out if
bioavailability of brand C can be attributed to the 1h non-compliance interval.
The bioavailability design was the standard, two period crossover for four subjects
and two formulations. All other conditions and methods were indentical with those
described above. Examination of the results obtained for period, intra-and inter-
subject wariability did not reveal any statistically significant difference. The
experimentally calculated mean cumulative percent of drug excreted for brands C
and D was 33.87% and 44.10% respectively. These values show a similar increase,

1004 CUMULATIVE
PERCENT
DISSOLVED o0

80~

204 7 rd

" o~
P T

T N ¥ T
10 20 30 40 50
CUMULATIVE PERCENT EXCRETED

FIG. 5 : Correlation of mean cumulative of nitrofurantoin excreted-in 1.0, 2.0, 3.0 and 4.0 h
following the oral administration of nitrofurantoin brands with mean cumulative percent
dissolved in 10, 20, 30 and 40 min in pH 7.2 (---) or pH 1.0 (—). Key : see Fig. I
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namely 5% and 6% respectively when. compared with the corresponding values
given in Table II. It is concluded therefore that bioavailability differences between
brands C and D are caused by formulation factors and not from variations in drug
food interaction. Accordingly, the dissolution test did not ideally reflect the rate of
drug absorption. Thus, product D appears to have been made available much more
rapidly for absorption than product C (Fig. 3) but this could not have been
predicted from the in vitro test, (Fig. 1,2).

. Nevertheless, the multiple point in vitro-in vivo correlation depicted in Fig. §
was excellent (R>0.95) for all brands. It should be noted however, that the
intercepts on the in vitro axis for brands A and B are 76% and 579% respectively at
pH 7.2 while for C and D are near zero. Since intensity factors or lag time
corrections were not employed and in vitro test conditions were indentical for all
brands studied, the high intercepts on the abscissa for brands A and B are not due
to improper agitation. It is quite apparent therefore that the rapid release of drug
from brands.A and B is atributable to formulation factors. v

An overall correlation for the percentage of total drug excreted versus the
cumulative drug dissolved at 1h, resulted. in a correlation coefficient of 0.90 (Fig.
6). This value can be considered as reasonable in terms of the small number of
brands utilized and their diversity in manufacturing procedures.

1004
PERCENT

DISSOLVED
AT 1 HR

804

204

10 20 30 40 50
PERCENT EXCRETED -TOTALLY

FIG. 6 : Correlation of percent excreted totally in urine versus the percent dissolved in pH 7.2
at 1 hr for the four nitrofurantoin brands studied. Xey : see Fig. I

The results obtained gave a clear view of the remarkable differences between the
brands studied. Thus, brands A and B did not meet the dissolution specification for
nitrofurantoin of USP XIX: “Between 25% and 60% of the labelled amount in the
tablets dissolves at one hour”. Though, USP XX simply states that not less than
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25% of the drug dissolves in 60 minutes. In the light of the official recommenda-
tions, the reformulation of brands A and B is advisable. Moreover, brand C just -
passed the in vitro test (Fig. 2) which was reflected in a significantly lower bioavai-
lability than brands A and D (Table IV}: Brand D is in accordance with the in vitro
test criteria evert though the. dissolution tests (Fig. I and 2) ant1c1pated for-a lower
bioavailability. The latter was found to'be 41 61%, quite similar to 41.48% reported
previously 2 for the same product marketed in USA. However, the analysis of
variance (Table V) proved that brands C and B can not be used interchangeably.
The same is apparently applied to the pairs of brands A and C as well as A and D
(Table 1V).

Appendix

The amount of intact drug in plasma (as percentage of the total drug) X ; under
the conditions of k =k,=K is described!” as:

X ,;=FKte Xt

while the urinary excretion rate is given by the equation:

dX _ 2 e Kt
FT =KX ,=K"Fte
The last equation can be integrated for t =0, X =0 and t=t, X =X, to yield,
‘ Kt+1 ¢ )
=K2F|:—e'Kt L—z—)] or X,=F[l—-(1 +Kt)e k]
K 0
ITepiinyn

vykpitiky ueAétny e ProdiaBeoudtyrac tecodpwv okevaoudtwv Nitpopovpay-
ToIVNG.

H Nitpopvpavrtoivn givarl éva and to @dppoka Tov mepovctdlet kopavouevn
Brodiabeopdtnta petald yMuikd 100dLVAp®V CKELACUATOV. TTn HeAETN auTH
npocdlopiotnke pe T MEBOSO NG ovpikig amékkpiong M ProdiabecipudTnTa
TEGOAPOV CKEVACHATOV VITPOPOLPAVTOIVIG Tou kvkAogopodv otnv EAAnvikn
ayopd. To meipapatikd dedopéva avoribnkoav pe ™ péHodo tov pun ypoppikdv
ghayiotov teTpaydvev Baciopévn oe éva OTAOTOINUEVO [OVOSLOUEPLOUATIKO
povtéro. Ot mopduetpol Tov vroAoyiocTnkov, vroPindnkov oe avdivomn Tng
mowkiiiag (ANOVA) anokaivmrovtag tnv Pro-avicobduvapia (bio-inequivalence)
v tpio Ledyn okevacudtov.

Yveyetiopol in vitro - in vivo £€30G0V LYNAOVE CLVTEAECTAG CURPRETAPOATG.
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Laboratory of Physical Chemistry of the Faculty of Physics and Mathematics, University of
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(Received Octobér 8, 1982)

Summary

The polarographic and thermodynamic behaviour of the complex ion Pb(OH)3 in
aqueous-‘methanol, aqueous-acetonitrile and aqueous-dioxane solvents — for different
concentrations of the organic solvent —is studied.

The dissociation constant (K) and the coordination number (p) values of the complex
are, in each case, calculated by means of the half wave potential values shift. It is proved
that the variation of pK against the % v /v concentration of the organic solvent is influenced
by the chemical factor (solvation phenomena) as well as by the physical factor (dielectsic
constant of the medium). These two factors in the case of H,0 —CH 3;0H and H,0 —CH;CN
solvent systems act competitively; at low concentrations of the organic solvent the influence
of the chemical factor predominates and so there is a decrease of the complex stability, while
at higher concentrations the influence of the chemical factor vanishes and only the influence
of the physical factor remains effective, thus causing an increase of the complex stability
with increasing organic solvent % v/v concentration. For the latter, the complex pK is
linearly dependent upon the reverse dielectric constant of the medium.

In the case of aqueous-dioxane solutions, due to the non perceptible change in the extent
of solvation with the addition of dioxane, the influence of the physical factor is retained even
at low concentrations of dioxane.

Key words: Polarography, complex ion Pb(OH)3, stability constant, aqueous-organic solvents.

Introduction

It is well known that the study of complex metallic ions with the polarographic
technique is based on the fact that the half wave potential of the depolarizer
reduction in the presence of the ligand, (E 1/2)compi.» is shifted to more negative
values compared to that in the absence of the ligand, vis (E /) fec

From these shifts and from the concentrations of ligand we can calculate the
formation (stability) constant or the dissociation (instability) constant and the
coordination number (p), i.e. the composition of the complex 274
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iese-calculations are valid only when the oxidation or reduction process of the
complexiion. ‘the droppmg mercury electrode (D.M. E) proceeds revers1bly3 ~7 In
this casé the following equation is valid:

0,0591 0,0591
AE = (El/2)comp1_(El/2) free _n— logK _p'__H_IOg[L] )

The equation (1) represents a straight ﬁhe according to the fori.nulay:

y =a-+bx, where y=AE,,;, x=log[L],

0591 0,0591
a=‘—0—r—l—logK and b=-p--—n—

Thus from the diagram of the AE,,, values against logarithm of the ligand
concentration [L] (since the electron number value, n, is known) it is. possible
to calculate both the dissociation constant, K, and the coordination number p, of
the corresponding complex.

The equation (1) is valid supposing that the diffusion coefficient of the complex
ions is similar to that of the free ions. If this is not true, then the corresponding
diffusion coefficients should also be introduced in the equation (1); so the equation
(1) takes the following form:

0,0591 ] / D compl 0,0591
2 n o8 D free P n Og[ ] ( )
o]/ Deompl. - (i) comp.
The ratio = s easily calculated because it is equal to——-——-( d.)compl ,
D free * (1d)free

provided that the solvent system, the temperature and the capillary characteristics
are the same and also the complex and free ions concentrations are equal.
~ However, if the depolarizer reduction takes place irreversibly, in order to use
equation (1), we should previously calculate the values (E/2)comp. and (E 1 2)ree
corresponding to a reversible reaction. This is possible as far as the part of the
polarographic wave corresponding to the commencement of the electroreduction
can be considered as reversible regardless of the fact that the overall reduction is an
irreversible one. This part of the polarogram corresponds to the reduction of the
depolarizer ions which are in the interfacial region of the D.M.E., before the
diffusion from the bulk starts8.

Thus after the logarithmic analysis of the irreversible polarogram (i.e. plotting

the E values against log T3 ) by extrapolating the straight line which corre-
a— >
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sponds to the reversible part of the wave, we can find E[5; value from the cut of the

extrapolated straight line with the zero current line (fig. 1).

-075 -080 -085 090
E/ Volt

FIG. 1 : Logarithmic analysis of a polarogram with [Pb**1= 10 M and [OH ] =0,6 M in the
presence of 0,4 M KNO ; (I=1) in aqueous - isopropanol solution 10 % v/v in isopropanol.

So by calculating in this way the E5; values for the irreversible waves we can
use again equation (1) to find the K and p values.

- In the present work we wanted to investigate the polarographic behaviour of
the simple complex ion Pb(OH)j in aqueous-organic solvent systems which are
widely used in modern Electrochemistry, such-as the aqueous-methanol, aqueous-
acetonitrile and aqueous-dioxane solutions, for different concentrations of the
organic solvent. The purpose of this study was to determine the influence of the
chemical factor, that is the extent of the solvation phenomenon. We also wanted to
determine the influence of the physical factor (i.e. the influence of the medium
dielectric constant) on the reduction potential and on the thermodynamic stability,
or the pK, of this simple complex ion, which is widely used for the electrolytic
deposition of -lead on various metallic and other electrode surfaces.

Experimental

For the study of the complex Pb(OH); in the above mixed solvents a Metrohm
Herisau polarograph, type Polarecord E 261 was used. An Ag/AgCl electrode as
well as a S.C.E. (saturated calomel electrode) were used -as reference electrodes.
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The substances and the solvents used in the overall experimental study, with
their purity degree and manufacturing company, are presented below:

a) Pb(NO;3), . rein kristallisiert Y Merck
b) KNO3 R reinst (puriss) , Merck
c¢) KOH ", titrisol solution ,  Merck
d) KCI ' , reinst (puriss) , Merck
e) CH,;OH . puriss p.a. , Fluka A.G.
f) CH;CN , puriss p.a. , Fluka A.G.
g) (é_—_/b , depurato : , Carlo Erba

All the solvents used were of high purity grade (puriss p.a.); on the other hand, |
where that was necessary (dioxane), a chemical refining process and evaporation
under low pressure conditions was carried out (b.p. of dioxane: 101 °C).

During the experimental process the cell with its content as well as the reference
electrode were sunk in a thermostatic bath having constant temperature
t=25%0,1 °C (by means of a Haake thermostat).

The solutions used had final ionic strength equal to 1 (I = 1), so that even high
concentrations of the ligand could be added. So the ligand concentration was
always higher (100 to 1000 times) than that of the depolarizer (Pb *1), which is
necessary to keep the bulk and interfacial concentration practically constant.
Evidently the ionic strength of every solution was practically equal to the sum of
the ligand and the supporting electrolyte concentrations.

Results and discussion

At the beginning, the polarographic behaviour of the complex Pb(OH)3 was
studied in aqueous solutions, in order to compare our results with those of Lingane
and VIéek, who also studied this reduction in aqueous solutions °~1°

A series of measurements from different solutions with constant depolarizer
concentration, [Pb(NO ;),] =10 M, was obtained. PqtassiQm nitrate was used as
supporting electrolyte. In order to study the influence of the ligand concentration
on the E |, potential of the depolarizer, increasing quantities of sodium Hydroxide
were introduced in the solution starting from a system' with zero "ligand -
concentration and always keeping the solution ionic strenght equal to unit. .

In table I the values of E |, as well as those of AE ), corresponding to the
ligand concentrations (OH") for the different solutions are provided.

In. fig. 2 the positions of the polarograms corresponding to the solutions N© 1

- to 8 of table I are also provided as an example.

These polarograms are electrochemically reversible, as this is also proved by
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TABLE I : E,/; and AE |/, values for the different concentrations of ligand (OH") in
aqueous solutions. [Pb**]=10"3 M, ref. electrode: Ag/AgCl, t=25 °C:"

N° sup.electrolyte ligand log Cou- Eipn AE 1/»
concentration (M) concentration (M) Volt Volt
1 l 0 — -0,365 —_
2 0,95 0,05 -1,301 -0,634 -0,269
3 0,90 0,10 -1,000 -0,665 -0,300
4 0,80 0,20 -0,699 -0,691 -0,326
5 0,50 0,50 -0,301 -0,730 -0,365
6 0,30 0,70 -0,155 -0,743 -0,378
7 0,20 0,80 -0,097° -0,750 -0,385
8 0 1 0 -0,755 0,390
10+ ' B
B8+ L
3
} 6+ L
4 L
24 i
0 r — T
-0,25 -045 -0,65 -0,85 1,05

E/Volt

FIG. 2 : Shift bf,E 172 of Pb** with increasing concentration of the ligand (OH") in aqueous
solutions. Coy- 1) 0. 2) 0,05, 3) 0,1, 4) 0,2, 5) 0.5, 6) 0,7, 7) 0.8 8 I M.
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their logarithmic analysis. In other words the log
of the potential E.
The logarithmic analysis of the polarogram N° 2 is shown, as an example, in
fig. 3.

1, . .
s always a linear function

05 | L
b
0 ) -
-05 :
-l .T
ki
-14 L
o
8
-1,5 L
_2 4 -
-055 -0,60 -085 970

E/ Volt

FIG. 3: Logarithmic analysis of a polarogram with [Pb*™*] = 107 M and [OH"] = 0,05 M in the
presence of 0,95 M KNO; (I=1) in agueous solution.

The slope of the straight line in this diagram is equal to — 0,029 029 Volt-! and

it corresponds to an t,\ele(;tron number equal to 2.
So the following reaction will take place:

Pb*™t + 3 OH"

Pb(OH);

Qe”
Pb
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* The values of AE,/, plotted against logCoy- , fig. 4, give a straight line, as
provided by the equation (1). '

~This straight line has -a linear correlation coefficient:
r2=0,999, a=-0,392 and b=-0_,094.

-0'40 - b
pur
e -035-
> 0
N
X
(]
<
-030+ -
-025 T T T T
-1 -05 o] 05
log Co H™

FIG. 4 : Dependence of AE;;; on logCop- for the values of table I

This fact proves that the reduction observed on the electrode surface corre-
sponds to that of the free lead ions, which are continuously produced from the
complex dissociation.

t Therefore by -means of the above equation we can calculate the dissociation

.constant and- the coordination number of the complex examined, in aqueous
solutions. That is:

:_p_OLnS9_1_ =-0,094 and because n =2, then:
0,094-2 )
—0,0T =3,1873.

On the other hand : a= 0’(:1591

log K.=-0,392 or

__ 02 _ e 12
log«'K—‘ 0.0591 =-13,27. So‘.K—5,42 107" and pK=13,27.
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The value logK =-13,27 (for ionic strength equal to 1) is in satisfactory
agreement with the value logK =-12,8 calculated by Lingane, as well as with the
value logK =-13,95 obtained by extrapolation to zero ionic strength, Vléek !°.
On the other hand the coordination number is equal to 3.

In the aqueous-methanol solutions the behaviour of the above complex was
studied for the following % v/v concentrations of CH;OH : §, 10, 15, 20, 25 and
30. ) ‘

The study for higher concentrations was not possible because of solubility
problems of the depolarizer Pb(NO3), as well as of the supporting electrolyte
(KNO ;). )

The logarithmic analysis of all polarograms recorded proved that the polaro-
graphic behaviour of the complex Pb(OH)3is absolutely reversible for the overall
methanol concentrations used, just as it happens in the aqueous solutions.

In table II the values of E;,, and AE |, as a function of the ligand (OH")
concentration for aqueous-methanol solutions 5 % v/v in CH ;OH are provided.

In fig. 5 we show the dependence of AE;, on logC oy~ for the values of
table II.

‘TABLE II : Ej and AE |/, values for the different concentrations of ligand (OH") in
aqueous-methanol (5 % v/v CH30H) solutions [Pb**] =103 M, ref. electrode:
Ag/AgCl, t =25 °C.

Neo sup.electrolyte ligand log Con- E,n AE 1/,
' concentration (M) concentration (M) Volt Volt
| 0 — -0,325 —

0,9 0,1 -1,000 -0,610 -0,285

0,8 0,2 -0,699 -0,640 -0,315

0,7 0,3 -0,523 -0,660 -0,335

0,5 0,5 -0,301 -0,680 -0,355

0,4 0,6 -0,222 -0,690 -0,365

0,3 0,7 -0,155 -0,695 -0,370

G0 N U bW —

0 1 0 -0,710 -0,385

In table III the results of the complex study in aqueous-methanol solutions,
that is the K and p values for the different concentrations of CH ;OH are also
tabulated.

Finally in fig. 6, using the values of table III, the dependence of the complex pK
on the % v/v concentration of CH ;OH in the solution is shown. In the same figure
we also provide the dependence of pK on A (1/g), =(1/e,—1/¢gy,),for the
various methanol concentrations employed. In the above figure &5 and €, are the
dielectric constants of aqueous-methanol and aqueous solution respectively.
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- 0'4 0 - L
é -035 - s
X
L:J- v,
<
-0304 :
-025 L— . r r '
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FIG. 5 : Dependence of AE,;; on logCoy- for the values of table II.

TABLE III : Polarographic and thermodynamic data of the complex Pb(OH)j3 in aqueous -
methanol solutions. t =25 °C.

% v/v 1
K pK € A ( —)-104 n p
CH;0H e/

5  873-10°1 13,06 76,78 3 2 3
10 2,04 .'10-13 . 12,69 74,65 7 2 3
15 2,58-10713 12,59 72,53 11 2 3
20 2,04-10°13 12,69 70,40 15 2 3
25 1,89-10713 12,72 68,27 19 2 3

2 3

30 1,28-10°13 12,89 66,15 24

The polarographic behaviour of the complex Pb(OH); was also studied in
aqueous-acetonitrile solutions for the following % v/v concentrations of CH;CN :
25,5,75,10, 15, 20, 25. '

The study for higher concentrations of CH ;CN was not again possible because
of solubility problems of the depolarizer as well as of the sypporting electrolyte.

The logarithmic analysis of all the polarograms recorded for the. different
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pK

3

pK
=

o 5 10 5 20 25 20 0 5 10 15 20 25

9 Y, CHy0H a [-:-].104

FIG. 6 : Dependence of pK on the % v/v concentration of CH3OH and on A(1/¢) for the
various methanol concentrations.

concentrations of CH;CN showed that the polarographic behaviour of the
complex is reversible up-to 15-% v/v in"CH ;CN;while-at -higher ‘concentrations-it
becomes irreversible. Thus, for the concentrations where the polarographic waves
are irreversible, we followed the process described at'a preceding part of this work
for the calculation of E[5} value and the slope b (which correspond to a reversible
process) in order to calculate the K and p values from equation (1).

In table IV we provide the results of the complex study in aqueous-acetonitrile

solutions for the different concentrations of CH ;CN.

TABLE 1V : Polarographic and thermodynamic data of the complex Pb(OH)3 in aqueous -
acetonitrile solutions. t=25°% C,

% V/V 1
K pK 3 A (—)-104 n p

CHCN ¢
2,5 9,36-10714 13,03 77,70 1,4 2 3
5 1,62-10°13 12,79 76,55 2 3
7,5 2,21-10°13 12,66 76,16 4 2 3
10 ‘ 1,28-10°13 12,89 74,25 7,4 23
15 8,66+10°14 13,06 73,46 9 2 3
20 3,97-10714 13,40 71,67 12 2 3
25 1,23°10-14 13,91 69,88 16 2 3

Using the values of the table IV, in figure 7 the dependence of the complex pK
upon the solution CH3;CN concentration as well as upon the A(l/¢g) values for
the different concentrations of CH3;CN is shown.

The polarographic behaviour of the complex Pb(OH)3 was finally studied in
aqueous-dioxane solutions for the following % v/v concentrations of dioxane:
5, 10, 15, 20, 25.
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FIG. 7 : Dependence of pK on the % v/v concentration of CH 3;CN and on A(1/¢) for the
various acetonitile concentrations.

Because of the same reason (solubility problem of the depolarizer and the
supporting electrolyte) the study for higher concentrations of dioxane was not
possible.

The logarithmic analysis of all the polarograms recorded for the five concentra-
tions of dioxane shows that in this case the polarographic reduction of the complex
takes place quite irreversibly. So following the above process the El’/“'zV value and the
slope b of the reversible part were calculated for all the waves, before the use of
equation (1) for the calculation of the complex K and p values. ’

In table V the results of the complex study in aqueous-dioxane solutions for

the different concentrations of dioxane are given.

TABLE V : Polarographic and thermodynamic data of the complex Pb(OH)3 in aqueous -
dioxane solutions. t =25 °C,

% v/v /
K pK g A < —>~104 n p
dioxane &

5 2,13-10714 13,67 74,49 7 2 3
10 4,48-10715 14,35 70,25 15 2 3
15 3,70-10°16 15,43 65,98 24 2 3
20 3,87-1017 16,41 61,73 35 2 3
25 2,73-10°18 17,56 5747 47 2 3

Using the values of table V in fig. 8 the dependence of the complex pK upon the
solution dioxane concentration as well as upon the A(1/¢) values for the dif-
ferent concentrations of dioxane is shown. :
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FIG. 8 : Dependence of pK on the % v/v concentration of dioxane and on A(1/t) for the
various dioxane concentrations.

After the overall experimental study of the polarographic behaviour of the

complex Pb(OH)3 in mixed, with different organic solvents, aqueous solutions we
come to the following general conclusions:
" In the case of aqueous-methanol and aqueous-acetonitrile solutions (for the
latter-only up to 15 9% v/v concentration) the addition of the organic solvent does
not-cause.any change to the thermodynamic reversibility of the electroreduction,
while’in the-case of aqueous - dioxane solutions it causes a remarkable change of
the. electrode reaction from electrochemically reversible to an irreversible one.
", ‘Geénerally“the introduction of the organic solvent into the solution causes a
‘change .to ‘the complex thermodynamic stability. This change of the complex
thezmodynamic stability with increasing concentration of the organic solvent in the
solution is influenced both by the chemical factor (change of the solvation extent)
as well as by the physical factor (change of the medium dielectric constant). These
two factors in the case of aqueous-methanol and aqueous-acetonitrile solutions,
with a relatively low concentration of the organic solvent, act competitively. So, in
the case of the mixed solvent systems H,0O — CH ;0H and H,O0 — CH;CN, at
low concentrations of the organic ‘solvent, the influence of the chemical factor
predominates and there is a decrease of the complex stability, while at higher
concentrations the influence of the chemical factor vanishes and only that of the
physical factor remains effective thus causing an increase to the complex stability
with increasing organic solvent % v/v concentration. On the other hand the pK de-
pendence upon A(1/¢) is satisfactorily linear, just as the Born equation generally
foresees for the ionisation of electrolytic substances in mixed aqueous-organic
solvents with different dielectric constant values!!-13.

In the case. of aqueous-dioxane solutions, because of the non perceptible
change of the solvation extent, there is no influence of the chemical factor and so
the pK change with increasing dioxane concentration is exclusively influenced by
the physical factor and it is linearly dependent on A(l/g) for the overall
concentrations range studied.

Thus, in general, we can say that the influence of the chemical factor — where
it appears — on the complex pK takes place always at low concentrations of the
organic solvent, while at higher concentrations the influence of the physical factor
predominates.
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In fig. 9 we show the thermodynamic stability of the complex ion Pb(OH)3in
the different solvent systems studied,

20

164

A [—-H a0t

FIG. 9 : Dependence of the complex pK on A(1/¢) for the various concentrations of the organic-
solvent in the various mixed solvent systems studied (— aqueous, ® © ® aqueous-acetonitrile, xxx
aqueous-methano! AAA aqeuous-dioxane solutions)

The experimental study has proved that the complex Pb(OH)j3 is in the
aqueous-dioxane solutions thermodynamically more stable than in the other mixed
solutions. It should be emphasized that in the aqueous-dioxane solutions the
reduction potential of the complex shifts to very negative values.

On the other hand, in the aqueous-methanol solutions the thermodynamlc
stability of the complex is almost the same with that of the aqueous solutions; that
is, the pK values are about. similar to that of the aqueous solutions.

Finally it must be mentioned that, at the point where the influence of the
chemical factor vanishes and that of the physical factor emerges, the product
id.ﬁ (n: viscosity coefficient) is constant in all cases studied. This fact means that
the radius of the depolarizer ionic components remains constant '.

Hepiinyn

IoAapoypagixs; ka1 Oepuodvvapixt; uedétn tov ovunidrkov 1wWvroc Pb(OH); o¢
voatoueBavolikd, vdatoaxerovitpilikd kar vdatodolavikd SwaAduara.

Meietdtar nokapoypaq)ucﬁ K01 BEPHOBUVOIKTY CUUTEPLIPOPA TOU GUUTAS-
xov 16vrog Pb(OH); oe vdatopebavorikd, V3ATOAKETOVITPIALKG Kat vEaTodioka-
ViKG S1aAVTIKGE GLOTHHOTA Y10 SIAQOPES MEPLEKTIKOTNTEG OE OPYaAVIKS SoAvT.
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Ynohoyifovrar yia k60e mepintmon PACEL TV LETOTOMICEMY TMV TIRAV TOL
duvoptkov Pcov KOHOTOG, 1) TIUY THG oTabepds dlootdoems Tov- cuprAdkov (K)
Kot Tov appod cvvappoyng (p) avtov. Alamictdveror 6Tt 1 petaforr Tov pK
ovvaptrioel g % v/v. TePLekTIKOTNTag o8 opyavikd darvtn ennpedletal téoo
and o YNUKS napdyovto (@oivopeve emOLOALTOOEDS), 660 Kol and TO PUGLKS
napdyovta (SiniekTpiky otobepd TOL uscou) O1°3%0 avtol napdyovrz—:g oV
nepintoon tov UScxrouseavohm)v Ko oéqxoamrovalhxwv Gucrnparwv SpOUV
AVTOYOVICTIKA. ZTLg p.ucpsg naptammormsg oe OpYEVIKO JLOADTH brepioydet
enidpaon Tov yNUIKOD TAPEYOVTA Kal EyOovpe EAGTTMON TNG otabepdTnrag Tov
ocupunAdkov, evéd oTlG HeYAAOTEPEG TEPLEKTIKOTNTEG. TOvEL T : smfipacsn OV
XNHLKOD Tapdyova Kol veicTaTOL POVO EKEIVN TOL (pocsucoo TopayovIa Kol TéTE
éxovpe adEnon g oTafepdTNTOg TOL G unkomoo'“us v avénon g % v/v
TEPLEKTIKOTNTOG OF opyavuco StaroTn. Ttig naptsml ¢TNTEG TOL TEvEL va dpa o
xnuucog napayovrag Kou l)(plG‘EOL‘L‘O.l povo 0. (pucsucog napayovtag o pK oV

ctofepds Tov SLOAVTLKOD coctnuatog

v mepintoon tov vdatodioavikdv SioAuvpdtov, Aoy un  aeOnTig
UETOPOATIC TNE EKTEOE®C TNG €MBLOAVTOCE®C pe TNV TpooHnkn tov do€aviov,
ekdnhdvetal and Tig pIKpéG akopum meplekTikdTnTeg oe droédvio 1 enidpaon pévo
TOU QLGIKOV TOPdyoVTO.
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CONCENTRATION AND STORAGE OF PEROXYACETYLNITRATE
(PAN) FOR MOBILE FIELD MEASUREMENTS IN TROPOSPHERIC
AIR

SOTIRIS GLAVAS AND ULRICH SCHURATH
Institut fiir Physikalische Chemie der Universitat Bonn Wegelerstrasse 12, D-5300 Bonn. W.
Germany

(Received October 25, 1982)

Summary

It is demonstrated that PAN in ambient air can be concentrated by cryotrapping, and
stored at liquid nitrogen temperature. The analysis of PAN is performed after warming the
evacuated sampler to room temperature by GC-ECD. In the warm sampler, which contains
about 0.t ml liquid water, PAN is lost at a rate of approximately 2.4 X 10 s°!, which is
similar to the first order rate constant for homogeneous thermal decomposition of PAN in
the gas phase. Therefore, hydrolysis of PAN in the wet sampler seems to be of minor
importance. The concentration procedure is suitable for field measurements of very. low
PAN concentrations expected to be present in clean tropospheric air. Some preliminary
results on PAN mixing rations sampled in Bonn, Athens and Patras are reported.

Key-words: Air cryosampling, Photochemical Air Pollution, Peroxyacetylnitrate (PAN).

Introduction

Peroxyacetyl nitrate (CH3;COO,NO,, PAN) is a typical secondary air pel-
lutant present in photochemical smog!. Its phytotoxic effects on sensitive crops are
well documented?, but little is known about its long term effects on man and
animals: PAN seems to be equally or less toxic than ozone3, but occurs in
photochemical smog at mixing ratios 20 to 50 times less than ozone*. In spite of
this unfavorable ration, PAN is a less ambiguous indicatorof photochemicat air
pollution than ozone, which is also a_ natural constituent of the atmospheric
boundary layer, at mixing ratios between 20 and about 40 ppb in the clean
troposphere . This makes the distinction between “anthropogenic” and “natural”
ozone rather ambiguous. However, because of analytical and calibration pro-
blems®78 in the analysis of PAN in air by gas chromatography with electron
capture detection (GC-ECD), ozone has become the preferred indicator of photo-
chemical smog.
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Recent one-dimensional model calculations®.10, based on worldwide measure-
ments of ethane, ethene, and NO,, predict that PAN is also present as a trace
constituent in clean tropospheric air. Due to the increased stability of PAN at low
temperature |12 its mixing ratio is expected to increase with altitude, and exceed
that of all other NO, compounds in the cold upper troposphere. So far, the predi-
cted PAN concentrations (0.09 to 0.36 ppb in the upper troposphere) have not been
verified by field measurements. The sensitivity of currently available ECD’s would
probably be adequate for its detection '3, but the PAN measurements which have
been reported in the literature were restricted to air samples collected in the imme-
diate proximity of an immobile GC-ECD. Also, no suitable technique has been
reported by which PAN can be sampled in the field, stored undecomposed, and
transferred to a laboratory for analysis.

We have tested a simple but promising sampling technique meeting the
requirements for remote field measurements, and present preliminary data on PAN
concentrations in air samples collected at Bonn, Athens, and Patras.

Experimentral

Air samples were injected into a dual column HP 5710A GC by means of gas
tight glass syringes with teflon plungers (Precision Sampling Corporation, 2 to 5
ml volume). The GC was equipped with two identical glass columns.of 60 cm
length and 1.5 mm id., filled with 4.8 % QF-1 .and 0.18 9% diglycerol on
chromosorb G-AW-DMCS (80-100 mesh). At a column temperature of 30.0 -°C
and a carrier gas flow rate of 30 ml min-!, the PAN peak appeared 2.1 min after
injection. One column was connected to a commercial ECD (HP, Nickel-63
constant current - variable pulse frequency mode). The detector temperature was
35 °C, and Argon containing 5 % CH , was used as carrier gas. The second column
was followed by a catalytic NO, converter, consisting of a heated quartz tube of
104 mm length and 3 mm i.d., filled with a mixture of molybdenum powder and
coarsely ground spectrally pure graphitized carbon. The converter was conditioned
with hydrogen at 335 °C for several hours, after which time nitrogen was used as
carrier gas. At 335 °C, NO,, organic nitrites, PAN, and other organic nitrates were
100 % converted to NO with very little peak broadening. The NO peaks emanating
from the converter column were measured with a dedicated chemiluminescence NO
detector of special design. This GC-NO ,-detector 4, which will be described in
more detail in a future publication, is highly specific for convertible organic
nitrogen compounds, NO, and NO,. Furthermore, it is strictly linear, and exhibits
equal sensitivities for equal volume mixing ratios of all fully convertible nitrogen
compounds. It could thus be calibrated conveniently with known concentrations of
any of the above-listed compounds; usually a few 100 ppb NO or i-pentyl nitrite
in nitrogen were used for calibration. The sensitivity of the ECD for PAN was then
obtained by comparison, injecting identical air samples of roughly 20-100 ppb
PAN into both columns, and measuring the exact PAN concentration with the GC-
NO,-detector.
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A HP 3380A integrator/plotter was used for both :detectors. Alternatively,
concentrations were calculated from peak heights when the integrator failed
because of detector noise, or gave unreliable results due to an ill-defined baseline.
The sensitivity of the GC-NO ,-detector allowed 2 ppb PAN to be measured in=5
ml air, under the experimental conditions given. The signal-to-noise ratio of the
ECD was more than 2 orders of magnitude higher, but background peaks of other
electron capturing trace gases raised the practical detection limit in ambient air to
about 0.1 ppb in 2 ml samples.

PAN in synthetic or ambient urban air was generated in cylindrical glass flasks
of 4 liter volume, or in an evacuable all glass smog chamber of 425 liter volume, by
irradiating air spiked with NO , and trans-2-butene with fluorescent UV lamps.
The PAN concentrations obtained ranged from a few ppb up to several ppm,
depending on the precursor concentrations.

The sampling procedure by which PAN in ambient air could be concentrated
and stored for later analysis, which was tested in this work, is extremely simple:
Cylindrical pyrex flasks of 100 ml volume, with a teflon stopcock and a vacuum
tight silicone rubber septum, were immersed in liquid nitrogen. When the stopcock
was opened, air started to condense in the pyrex flask. The procedure was
terminated after 20 to 30 minutes by closing the stopcock. This time sufficed to
collect 10 or more liters of air. The sample was transferred to the laboratory, where
the liquefied air was gently pumped off, while keeping the flask fully immersed in
the liquid nitrogen. It takes about 20-30 minutes to remove the volatile liquid. The
amount of air collected is measured with a wet gas meter connected to the exhaust
of the vacuum pump. The evacuated sample may be stored at liquid nitrogen
temperature. For analysis, the pyrex flask is rapidly warmed to room temperature
by flowing tab water, brought to atmospheric pressure with pure nitrogen, and
analyzed directly by injecting a series of samples into the GC with gas tight
syringes. Typical chromatograms of an ambient air sample which was concentrated
99 fold, are shown in figure 1. In the series of chromatograms obtained from
one concentrated air sample, corrections were applied for sample dilution- by
repeated extractions of 2 to 5 ml air from the 100 ml flask. Typical concentration
factors for ambient air samples ranged from 50 to 200.

Results and discussion

Linearity of the ECD

With the GC-NO,-detector as reference standard it was possible, for the first
time, to measure directly the sensitivity of the ECD down to 2 ppb PAN, which is
the detection limit of the reference detector. This is in ‘contrast to other calibration
procedures reported in the literature, which have to rely on dilution of
concentrated PAN samples >%7. We found the sensitivity of our ECD to be constant
(£ 5%) at 35° C between 1000 and 2 ppb PAN (1 ml samples). Increasing the ECD
temperature to 100°C reduced the sensitivity by a factor 4 at low PAN
concentrations, presumably due to thermal decomposition. Above 100 ppb PAN
the sensitivity of the hot ECD started to increase, reaching about half its low



92 S. GLAVAS, U. SCHURATH

PAN

NOx

PAN

ECD

.

DETECTORS SIGNAL

1 1 1 1 1 1 i i I

012 34 012 34 TIME, min
FIG. 1 : Gas chromatograms obtained with the ECD and the GC-NO ,detector of an. air
sample containing 6 ppb in the concentrate. The corresponding mixing ratio of PAN in ambient
air is 0.06 ppb.

temperature sensitivity at 1000 ppb. To eliminate these problems, all measurements
reported” below were done at a constant ECD temperature of 35 °C.

Evaluation of the sampling technique:

In field studies of stable trace gases like the halocarbons, grab sampling of air in
stainless steel containers, for later analysis in the laboratory, has been quite
successful. PAN, however, which exists in equilibrium with its radical fragments in
the gas phase,

kl_
PAN === CH ;C00,+NO, (1,-1)
-1

k,=27X10%s at 298 K,

cannot be stored in the gas phase at ambient temperature, because heterogeneous
and homogeneous reactions of CH ;CO 3, in competition with reaction (-1}, result in
irreversible decomposition. This can be avoided by cryosampling, provided that the
frozen trace gas can be recovered quantitatively for GC analysis.

When ambient air is sampled by condensation at - 195°C, as described in the
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experimental part, approximately 0.1 ml ice is formed for every 10 liter of
condensed 4ir, yielding an equivalent amount of liquid water when warmed to
room temperature for analysis. Expecting that the liquid water would cause PAN
.to hydrolyze in the sampling flask, several attempts were made to dry the air while
it was being cryotrapped. It was found, however, that most if not all of the PAN
was lost in the drying tube.

As it became clear that'water could not-be removed from the cryosamples; the
disappearance rate of PAN was measured in wet pyrex flasks after warmup of
cryotrapped air samples. It was found to be surprisingly slow, proceeding at a first
order rate of typically 2.5X 10*4s-!. This is very close to the rate constant k,
for the irreversible, first order decay of PAN in the gas phase at room temperature
(see above), which is observed in the presence of NO. Since NO is likely to be
present in the wet pyrex sampler, it is quite possible that hydrolysis is in fact a
negligible loss process for PAN in the sampler.

We then proceeded to show that our very simple cryotrapping method can be
used for quantitative analysis. For the purpose, ambient air in the smog chamber
was spiked with PAN in the concentration range 1-44 ppb, by injecting highly
concentrated PAN samples which were prepared separately in a 4 liter pyrex flask
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FIG. 2 : Plot of PAN recovered after the concentration procedure versus PAN measured
directly.
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by the photochemical method. After measuring the PAN concentration in the smog
chamber, between 2 and 10 liters air were cryotrapped in a pyrex sampler. It was
shown by further analyses that PAN was stable in the smog chamber during this
procedure. The concentrates were treated as described in the experimental part, and
analyzed by a series of injections into the GC. The results were evaluated by
plotting the PAN recovered (= concentration in the pyrex sampler, divided by the
concentration factor) versus PAN in the smog chamber, as shown in figure 2. The
slope of the straight line, which fits the data within experimental scatter, is
somewhat less than 45°, indicating that, on the average, 12 % PAN are lost in the
whole procedure.

The reproducibility of the method was tested by collecting five -ambient air
samples in five pyrex samplers which were simultaneously exposed on a roof. The
concentrates were analyzed using both the GC-NO ,-detector and the ECD. The
results of the test are listed in Table I. The scatter of the data is considered to be

TABLE 1 : Reproducibility test. All five samples were collected simultaneously on
27 September, 1982. -

Sample No. Ambient mixing ratio of PAN (ppb); analysis
by GC-NO -detector, by ECD
1 0.025 0.042
2 0.038 0.051
3 0.059 0.038
4 0.048 0.051
5 0.044° 0.043

mean values and devia-
tions from the mean: 0.043 £ 0.016 0.045 1+ 0.006

acceptable, in view of the low PAN concentrations present in the atmosphere,
which was below our detection limit for direct analysis of air without preconcentra-
tion, but resulted in substantial peaks on both detectors after concentration (cf.
figure 1). Since the evaluation of the PAN peak seen by the ECD is limited by
background structure on the baseline, due to other trace gases with similar
retention times (probably solvents used in neighbouring University Institutes),
rather than by detector noise, considerably lower PAN concentrations can be
measured in clean air by the concentration technique.

Although it can be assumed that samples stored at liguid nitrogen temperature
are stable, the following rigorous test was made: A cryotrapped ambient air sample
was warmed to room temperature for analysis, then rapidly immersed in liquid
nitrogen again. This procedure was repeated on two consecutive days. The analyses
yielded 0.060 ppb; 0.060 ppb; 0.062 ppb for the PAN concentration in the ambient
air which had been trapped. '
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Field measurements

The first part of Table II lists a number of field measurements dating from 9
days in August and September 1982. The ozone concentrations, wind directions

TABLE 1 : Field measurements of PAN concentrations in Bonn, W. ~Germany, and in
Athens and Patras, Greece.

area ' Date and time Ozone PAN wind direction and
of sampling (ppb)  (ppb) speed (m/s)
Bonn 18.08.82 16:00 43 0.10 SW 4.2
18.08.82 18:20 35 0.09 SW 32
19.08.82 15:30 48 0.17 WNW 4.0°
20.08.82 08:08 n.d. 0.05 SW 2.8
21.08.82 15:00 n.d. 0.11 w 4.2
23.08.82 11:00 n.d. 0.09 SSE 3.0
24.08.82 13:45 30 0.12 \Y 2.3
24.08.82 15:30 35 0.12 w 1.6 .
26.08.82 08.20 0 0.04 S 2.1
©22.09.82 15:15 n.d. 0.11 NNW 2.5
27.09.82 08:50 35* 0.03  SSE 3.4
27.09.82 08:50 35t 0.04 SSE 34
27.09.82 10:50 28 0.05 ESE 3.0
27.09.82 10:50 28 0.03 ESE 3.0
27.09.82 14:00 40 0.05** SE 33
Athens 14.09.82 17:00 n.d. 0.48 sunny, moderate to
15.09.82 16:00 n.d. 0.34 strong wind from
- 16.09.82 13:30 n.d. 0.78 N to NNW
Patras 17.09.82 13:45 n.d. 0.07 moderate to strong

wind fromr NNW, sunny

*ozone measured at 10:15
*faverage of five simultaneously taken samples.

Sampling sites : Bonn, Institut fiir Physikalische Chemie, University of Bonn.
Athens, Propylea, Acropolis.
Patras, Laboratory of Inorganic Chemistry, Downtown Patras.

and wind speeds are also’ given for the sampling time. The measuring period was
sunny or slightly cloudy, with moderate to strong winds blowing predominantly
from the W and SW. Air from-these directions is advected over rural areas, and is
usually very clean. Accordingly, the PAN and ozone concentrations were always
very low, probably close to the rural background concentration in late summer.
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The highest PAN and ozone values were measured on 19 August, probably due to
advection of slightly more polluted air from the NW.

Table II also includes PAN mixing ratios in ambient air sampled in Athens and
in Patras, Greece. The samples were permanently stored in liquid nitrogen in a
dewar, and were transferred to Bonn by car for immediate analysis. The very low
PAN mixing ratio in Patras, similar to the values in Bonn, is consistent with the
low level of pollution in air advected from the NNW. The PAN mixing ratios found
in Athens, though systematically higher than the other data, were sampled on clear
windy days with efficient vertical mixing, and thus should be considerably lower
than PAN mixing ratios during more typical photochemical smog episodes.

Summary and Conclusions

We have reported a simple concentration procedure for the measurement of
PAN in ambient air. The method was evaluated with respect to reproducibility and
PAN recovery, using a novel GC-NO ,-detector for calibrations of the ECD in the
ppb range. The concentration procedure lowers the detection limit for PAN into
the ppt range, and makes feasible the collection of samples in the field, far away
from the laboratory where the analyses are carried out.

IMepiinyn

Zounikvoon kal diatipyon deryudtov vitpikol-vrepolvaketviiov (Peroxyacetylini-
trate) PAN, yia uetpioeis tov atuoopaipikol aépa Haxpud omé To epyactiiplo.

Iapovoidletar puéBodog cvpmikveong derypdtov PAN otov atpoceoaipikd
aépo, Tov SeVTEPOV MHETE TO 6Lov Mo oNpPaVIIKOD SEVTEPEVOVTOG PATOYNULKOD
ofe18wTikoy, oe younhi Bepuokpacia kot daTrpnon avTOV TV SelyHdTOV OF
vypd dlwrto.

H avéivomn tov PAN yivetol petd t 8€ppavon tov deiyparog ot Beppoxpa-
oia Swpotiov kol AviAnom Tou SelYMOTOANATN, HE OGEPLA Y POUPATOYPOQia HE
aviyveuty -ouhhoyric miektpoviev. Zto Beppd derypatornmin mov mepléxel
nepimov 0,1 ml vypd vepd, n amdreie PAN yivetar pe tayxvtnia mepinov
2,4 X 10 571, mov eivon mapaninioia wpog T otabepd TayvTNTAG TPATNG TAEMG
Mg opoyevovg Beppikric Sidonacng Tov PAN otnyv depia gpdon. Zuvendg n vépo-
Avom-tov PAN, otov Setypatoknntn ¢oivetar va eivar acripavin.

H péfodog ocupundixveons eivar KaTdAAnAn yio petpriceig mediov ToAD xaun-
Xdv Tipdv PAN tng t6éng pepikdv ppt, ot kabapd tpomoceaipikd aépa, GAAE
KOl Y10 SetypHatoAnyicg pokpud and To epYUcTIpLlo 6TOL EIVaL EYKATECTNUEVOS O
a£PLog Y POUATOYPAPOG.
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O1 derypatornyieg éyvav PBaocikd otn Bévvn, Avt. Teppaviag, otnv ABfva.
kot ITatpa. "Oleg ot peTpricelg £yvav kAT and HETEMPOAOYLIKEG CLVOTIKEG TTOL
dev guvoolboav 1N dnpovpyic eoToxNULKob VEEous. O peyahitepeg TIHEG TOL
petprinkav foav otn Bévvn 0,16 ppb, otnv Abrjva 0,78 ppb kot otnv Ildtpa
0,07 ppb.
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Résumé

Une. série nouvelle d’oxydes mixtes de cuivre, magnanese et terre rare de formule
génerale TCu;,Mny,, Oy (T =terre rare ou yttrium), a structure dérivant de celle de
~ la perovskite (a==7,30 A, groupe d’espace Im3, Z=2), a &té synthétisée sous pression.
La composition est fortement influencée par la température et la pression utilisées
pour la synthese. Le paramétre de substitution d’ions Cu?* par des ions Mn3* en
synthese hydrothermale varie entre x = 0 pour 500 °C/3kbar et x = 0,75 pour 750 °C/Ikbar.
Le résultat est attribué a l’action cristallochimique de la pression.

Key words: High pressure synthesis, Hydrothermal synthesis, Rare-earth perovskites, Magnetic
oxides.

Introduction

Les composés de formule générale [AC;]B4O |, possedent une structure qui
constitue une déformation cubique de la structure du type pérovskite avec un
parametre de maille double de celui de la perovskite (a== 7,30 A, groupe d’espace
Im3, Z=2). Le doublement du paramétre de maille est dd & I'ordre entre les
cations A et C, lui méme provenant de ’enchainement particulier des octagdres
(BOg); en effet les chaines d’octaddres se propégent en zig-zag, ’angle d’inclinaison
par rapport a la droite étant voisin de 20° Cette disposition des octaédres entraine
‘une distorsion importante de 3/4 des sites, & coordination XII de la structure
perovskite idéale: les cations C dans les composés [ AC ;] B 4,0 |, occupent des sites
a coordination de quatre voisins formant un carré.

Ce type de coordination convient parfaitement a des cations tels que Cu?* ou
MnZ (spin haut), bien connus pour leur tendance 4 donner naissance & un effet
Jahn-Teller coopératif important. C’est ainsi que deux sous-series (C=Cu?*ou
Mn ) ont été préparées jusqu’ & présent !0, Les sites A, & coordination XII sous
forme d’icosaédre, peuvent €&tre occupés par tout cation ionique important, ou
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meme des lacunes!!, indépendamment de sa charge, I’équilibre électrostatique
pouvant &tre assuré par la valence du cation B.

Dans le présent travail est exposée la synthése des composés de la série
[TCu;]Mn40, (T = terre rare ou Y). L’existence de solutions solides entre les
deux sous-series (C = Cu2* ou Mn ) étant déja signalée !4, une étude systéma-
‘tique a été menée sur la /possibilité de synthese de composés de formule
T(Cu3, Mn ) Mn4,, Mn3;)O, par ajustage adéquat des conditions de tempéra-
ture et de pression utilisées lors de la synthése. Les perovskites [AC;]B,O |, pré-
sentant des propriétés magnétiques d’un intérét technologique certain 79121413
recherche de composés non stoechiométriques a été entreprise en vue de I’étude de
Iinfluence de la terre rare et de la concentration en cuivre et manganése sur les
propriétés magnétiques de la série.

Synthéses sous haute pression et caractérisation aux rayons X

Dans le cas on une réduction du cation destiné & occuper le site B de la formule
[AC;]1B 4O, n’est pas a craindre, on peut procéder a la syntése des composés
correspondants par frittage du mélange des constituants dans des proportions
stoechiometriques a des températures voisines de 1000 °C. C’est le cas en
particulier de la série des titanates ! et rhuthéniates !5 cuivriques. Par contre, une
réduction de Mn#* étant attendue aux températures nécessaires a la synthese, nous
avons été conduits 4 appliquer une pression pour élargir en température le
domaine de stabilité de ce cation.

Toute la série des manganites cuivriques de terres rares a été obtenue par
calcination du mélange de I'oxyde de terre rare avec CuO et MnO, dans. des
proportions stoechiométriques a des températures entre 1000° et 1200 ©C sous 50
Kbar dans un appareil de type Belt X. Le milieu oxydant provient de la réduction
de 1/3 des ions Mn* en Mn3* pour satisfaire I’équilibre de la formule.

Tous les composés ont été examinés aux rayons X 4 'aide d’une chambre a
focalisation de Guinier utilisant la radiation K, du fer. Un étalon de Si a été
incorporé afin d’ éliminer les erreurs dues 4 une imprécision dans la détermination
de I’ origine. Tous les clichés ont été indéxés dans une maille cubique centrée. Les
paramétres de maille affinés sont consignés au tableau I. Sur le méme tableau sont
fournis les parameétres de maille de la série de composés préparés par synthése
hydrothermale & 600 °©C/1,5 kbar. Sur le tableau II est présenté un diagramme de
rayons X d’une préparation typique de YCu3Mn 4O ;; & ces conditions de synthese.

Préparation en synthése hydrothermale

La recherche des conditions optimales de synthése hydrothermale a été
entreprise sur les composés contenant le néodyme et I yttrium. En utilisant comme
produits de départ les oxydes correspondants dans des proportions stoechiometrig-
ques, différents solvants, tels que H.O, HCl, HNO; et HCIO; ont €té essayés. La
synthese, effectuée & 600 °C et des pressions comprises entre I et 2 kbar dans des
tubes scellés d” or, fournit le composé recherché avec un rendement médiocre. Les
meilleurs rendements (15 - 20%) ont toutefois été obtenus avec comme solvant I’
eau distillée additionnée d’ acide nitrique, quand le pH de la solution était inférieur
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TABLEAU I : Paramétres de maille des composés de.la série [TCu3]Mn,O |,

Paramétreo de maille
en A (£0,001)

Oxyde de T.R. HP! SH?
La,0, 7,355 7,322
CeO> 7,319 7,299
PreOq 7,320 7,293
Nd,O3 " 7,340 7,305
Sm,0; 7,298 7,295
Eu,05 7,292 7,284
Gd,05 ' 7,278 7,282
Tb,05 7,255 7,253
Dy,03 7,256 7,266
Ho,0; 7,250 7,262
Er,0; 7,249 7,262
Tm,03 7,246
Yb,05 7,237 7,253
Lu,0;3 7,237 7,248
Y,0;, 7,252 7,263

(1) HP : 1000°- 1200°C/50 Kbar, frittage
(2) SH : 600°C/1,5 Kbar, synthése hydrothermale.

TABLEAU II : Diagramme de rayons X (chambre de focalisation 360 mrh, AFeK,) d’une
préparation de YCu3zMn4O [, & 600°C/1,5 Kbar.

hki Iob dob dcalc
110 w 5,138 5,136
200 vwW 3,631 3,632
211 m 2,965 2,965
220 vs 2,568 2,568
310 m 2,298 2,297
222 m 2,097 2,097
321 m 1,9611 1,9414
400 s 1,8153 1,8160
411 }

vw 1,7128 1,7121
330 .
332 VW 1,5483 1,5487

422 Vs 1,4831 1,4827
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a 4, et avec HClO ;. Les phases parasites les plus importantes étaient le spinelle
CuMn,0, et les oxydes de départ CuO et MnO,.

L’ ‘ensemble de ces observations indiquant (a) une protection insuffisante des
ions Mn* contre la réduction, (b) la mauvaise solubilité des oxydes et (c) I’
importance du pH acide, une deuxie¢me série de syntheéses a été effectuée en utilisant
comme produits de départ des sels censés plus solubles, tels que TCl 3, CuSO 4.5H,0

ou CuCl, et KMnO,. Dans ce milieu, trés oxydant en raison de la réduction des ions
Mn7* en Mn*4" et Mn?, des rendements de 1’ ordre*de 709% ont été obtenus avec
comme solvant I’ eau distillée. Il n’ a pas été nécessaire d’ adjoindre du HNO;, I’
acjdité du milieu étant assurée par les sels cuivriques en solution. Il a été trouvé que
la.f composition du melange de départ pouvait varier dans des limites assez larges,
sans influence sur le rendement, & condition que le CuSO4.5H ,0.s’ y trouve en exces.

L’ influence sur le rendement de la température et de la pression utilisées n’ est
pas négligeable quoique son importance se manifeste’ surtout sur 1’ état de
cristallisation. Les meilleurs résultats ont été obtenus pour des températures de
synthése entre 600° et 750 °C, cette derniére température conduisant a un produit
formé de cristaux cubiques de plusieurs dixitmes de mm pour Y, quelques
centitmes de mm pour Nd. La pression, liée a la température, ne peut pas étre
inférience a 1.kbar pour les températures du haut de gamme (700°- 750 °C) alors
qu’ 4 500 °C la synthése peut etre réalisée & 800 bar. Enfin, le rapport
solvani/soluté s avére trés décisif sur ' état de cristallisation. Les meilleurs
résultats ont été obtenus pour une composition typique.

0,001 mol (TCl;+ 3CuSO,.5H,0 +3KMnO,) : 0,5 cm? H,0

Dans toutes les expériences de synthese hydrothermale avec I’ yttrium la
pression a été appliquée dés la température ambiante et maintenne a sa valeur
lors de la montée en température. Les produits de synthése ont été isolés par tri
magnétique et purifiés par lavages successifs dans I’ acide oxalique et le chlorure d’
ammonium.

Composition des produits

Le parametre de maille, déterminé a I’ aide de clichés de rayons X sur chambre
a focalisation, varie dans des limites assez importantes selon les conditions de-
température et de pression, aussi bien pour les échantillons fabriqués en synthése
hydrothermale que pour ceux obtenus par frittage sous haute pression (fig. 1,2). Ce
resultat semble indiquer que la composition du produit varie en fonction de la
température et de la pression de préparation. En effet, I’ ion Mn?3, de rayon
ionique 6 comparablé” & celui deé”Cu?* et susceptible de donner naissance & des
polyedres de coordination déformés par effet Jahn-Teller, pourrait remplacer
partiellement I’ ion Cu?* dans les sites C de la formule [AC3]}B 40O j,..La.formule du
produit doit, dans ce cas, s’ ecrire T(Cu 32_+,(Mn1+) (Mn%,Mn3;,) O, Le paramétre
de sa maille est trés sensible au parameétre de substitution x en raison de la taille
tres différente des ions Mn 3* et Mn#* occupant les sites octaedriques de la structure
Mn3*:1r=0,64 A; Mn#*:1r=0,54 A). Une augmentation de la température de
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FIG. | : Paramétres de maille des échantillons de NdCu ;Mn 40 ;5 préparés en synthése hydro-
thermale (®) et sous haute pression () en fonction de la température de préparation (entre
paranthéses la pression en Kbar).

synthése, favorisant la réduction de Mn#, conduit 4 un produit riche en Mn ** ayant
une maille plus volumineuse. C’ est précisément ce que I’ on observe aussi bien pour
le composé du néodyme que pour celui de I’ yttrium. Quant a I’ influence de la pres-
sion appliquée, incertaine pour le composé du néodyme, elle est trés nettement
marquée pour le composé de I’ yttrium: par son effet protecteur sur le degré d’ oxy-
dation de Mn#* elle conduit & des mailles plus petites.

Les expériences complémentaires de synthése hydrothermale du composé de Y
sous une pression de 80 Kbar ont toutes abouti 4 un produit ayant un parametre de
maille identique, aux erreurs expérimentales prés, a celle du produit fabriqué a
500 °©C/3 Kbar (a =7,252(1)A, fig. 2). Le méme paramétre de maille a été obtenu
pour les produits fabriqués par frittage des oxydes sous trés haute pression (50-80
Kbar). La possibilité d’ obtention de la composition nominale YCu3zMn4O
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FIG. 2 : Parametres de maille des échantillons de YCu 3;Mn 4O ;; préparés en synthése hydro-
thermale et saus haute pression en fonction de la température de synthése (en paramétre la
pression en Kbar):

(x = 0) dans les autoclaves courants de synthése hydrothermale (P < 4 Kbar) a ainsi
été établie.

Ces résultats ont été complétés par analyse chimique a I’ aide de la microsonde
de Castaing effectuée sur des monocristaux cubiques de YCu;Mn 40 |, de 0,1 mm

TABLEAU III : Composition des composés Y(Cu3_,Mn,)Mn 40 (; en fonction des condi-
tions de préparation

Exp Conditions a Composition at %
T°C P Kbar A(to0,00) Y Cu Mn X
IX 500 3 7,253 4,8 14,8 20,4 0,06
VII 500 3 7,252 4,9 15,0 20,1 0,01
HPD 900 50 7,254 5,1 14,6 20,4 0,08
II 600 1,5 7,264 4,7 13,1 22,2 0,41
v 750 2 7,270 54 11,7 22,9 0,51

VI 750 1 7,275 53 11,1 23,5 0,75
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de coté (tableau III). Il en ressort que: (a) les produifs possédant le paramétre de
maille minimum correspondent 3 la composition nominale; (b) le parametre de
substitution peut atteindre un maximum x = 0,75 pour la préparation a 750 °C/1
Kbar; (c) les produits ayant le méme parametre de maille correspondent a la méme
composition. Cette dernitre constatation permet de tracer la courbe de la figure 3,
reliant la composition au parametre de maille.

7,280
Y{Cuz  Mn )Mn O, +
7270
<
o
7,260
[o]
P
0
7270 J
02 0,4 0,6 08
X ————

FIG. 3 : Variation du paramétre de maille des solutions solides Y(Cuz  Mny)Mny0 ;3 en
fonction du paramétre de substitution x.

Discussion

La variation du paramétre de maille en fonction du numéro atomique de la
terre ‘rare (fig. 4) présente une allure réguliere, aussi bien pour les produits
fabriqués par frittage a4 haute pression que pour ceux fabriqués par synthése
hydrothermale. Cependant, des anomali¢s importantes apparaissent pour les
composés de Ce, Pr et Tb dont les parametres de maille sont sensiblement
inférieurs 4 ceux que I’ on serait en droit d’ attendre. Une explication & cela peut
&tre fournie par la variation du paramétre de maille avec la composition chimique:
le potentiel d° oxydoréduction plus important pour ces terres rares conduit, pour
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les mémes conditions de préparation, a4 une formule moins riche en Mn3* et un
parametre de maille inférieur.

Ce Nd Eu T  HoY Tm Lu

7,350

all) —

7300

7250

I ) ] 1 !
La Pr Sm Gd Dy Er Yb

FIG. 4 Variation de la maille des composés TCu 3 Mn 4O ;, préparés en synthése hydrothermale
(SH : --0-) et sous haute pression (HP :—#—) en fonction du numéro atomique de la terre rare.

L’ obtention de la composition nominale YCu;Mn 4O ;; nécessite 1’ application
d’ une pression de 3 Kbar a la température de 500 °C. Un défaut de pression et/ou
une augmentation de la température de synthése conduit & une réduction
importante de I’ ion manganése sur les sites octaédriques B de la structure. Par
contre, le composé ThCu;Mn,O,, préparé a 600°C/1,5 Kbar, possede la
composition nominale® Trés vraisemblablement, I’ apparition d’ ions Mn3* en
exces dans YCu;Mn 4O |, préparé sous les mémes conditions est liée au rayon moyen
du cation destiné & occuper le site B. Dans ThCu;Mn 4O ;,le site B contient des ions
Mn3* et Mn#*en proportions égales et le rayon de |’ ion moyen de ce site est de 0,59
‘A. Or, pour le composé “YCu;Mn,O ;,” préparé a 600 °C/1,5 Kbar le parametre
de substitution x =0,41 et le rayon de I’ ion moyen du site B est r = 0,57 A. Pour
CaCu;Mn,O 2 préparé dans les mémes conditions le rayon de I’ ion moyen sur le
site B est r =0,56 A. Ce résultat est en tres bon accord avec ce que nous détermi-
nons, compte tenu de la légére mais non négligeable influence du rayon du cation
en site A sur les dimensions de la maille. Nous estimons que la pression nécessaire
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pour obtenir la composition nominale YCu;Mn 4O |, a2 600 °C doit-&tre de I ordre
de 10 Kbar. '

Si la pression appliquée, 4 une certaine température, est inférieure.a celle
nécessaire pour I’ obtention d’> une composition déterminée, la taille du cation en
site B s adapte par réduction partielle de Mn# en Mn3* La compensation des
charges impose alors la présence d’ ions Mn3* sur le site C. Cette adaptation par
réduction a manifestement lieu dans toute la séric de composés TCu3;Mn40 5.
Elle est impossible dans CaCu;Ge,0}]; ¢ est pourquoi la préparation de ce
composé ne peut se faire que sous tres haute pression (50 Kbar). C’ est également le
cas de CaCu;Cr 07, ot la réduction de Cr#* en Cr3* est possible mais I’ introdu- -
ction de Cr3* sur le site C est malaisée car cet ion n’ est pas connu pour donner
naissance a un effet Jahn-Teller coopératif.

Alors qu’ une pression de 50 Kbar est suffisante pour la fabrication du composé
de Y stoechiometrique, cette méme pression s’ avere nettement insuffisante pour le
,composé..correspondant de Nd.. En. effet..ce. dernier.fabriqué.a 1200.°C/50..Kbar
posséde une maille supérieure a celui fabriqué a 600 °C/1,5 Kbar (fig. 2) et son
écart de la composition stoechiometrique doit &tre important. Ce phénomeéne est
trés vraisemblablement lié 4 1a taille du cation occupant le site A. L’ ion Nd3* ayant
un rayon ionique plus important que Y 3* doit provoquer une légére dilatation des
octaédres BO . Dés lors I’ introduction du méme cation sur le site B nécessitera une
pression plus importante pour le composé de Nd. A température égale, la pression
nécessaire pour fabriquer un composé avec un parametre de substitution x donné
sera d’ autant plus grande que le rayon de I’ ion T 3* est grand. Le composé de Nd
fabriqué dans les conditions extrémes de synthe¢se hydrothermale en autoclave
(500 °C/3 Kbar) ne doit pas &tre stoechiométrique.

Summary

Synthesis under pressure of a new series of rare earth perovskites with formula
TCu3_an4+x0 12

A new series of mixed oxides of copper, manganese and rare earth, formula TCu; Mn4., 04
(T =rare earth or yttrium) with a perovskite-like structure (a=7,30 A space group Im3, Z =2)
has been synthesised under pressure. The composition is strongly influenced by the synthesis’s
pressure and temperature. The substitution parameter of CuZ* jons by Mn3*, for samples

prepared by hydrothermal synthesis, varies between x = 0 for 500 ©C/3 Kbar and x = 0,75 for
750 ©C/1 kbar. The result is attributed to the crystal-chemical action of the pressure.

Mepidnym

Zvbeon wnd micon prac véac oepdc TEPOLSOKITOV omaAviY YaIdy HE YHUIKO TUTO
T'Cu ;3 Mn 45O p3

H «puvotolliky dopy tov evdoewv yevikod ynuikov tomov |AC; | BL,O |,
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anotEkel pig. Tapapdppoon e dounig tOmoL mepoPokitn pe otabepr) kKuyelidag
(a==7, 30 A) Stk bowa - ané: avtv-tov mepofokitn. O dumracracpndg ogeiretan
otmv TéEn-avapeoa ota katidvta A kat C: ta 6vta C Bpickovtal oe BEceig pe
apbué ovvralng IV oe popoi TeTpaydvou, cUVIAEN TOL TMPOCEEPETAL Yia
KatdAnyn and katidvia mov mpokorodv mapapdpewor tov timov Janh-Teller
(Cu?*, Mn3)HI0,

Mo ved ceipd pktdv ofeldiov yaikov, poyyaviov kot Aavlaviddv pe xnpkd
tomo TCu3;Mn 40, (T = omndvia yoio 1§ OTTPLO) TOPACKELACTIKE G CLVOT|KEG
vynirig mieong (800°—1200°C/20—80 kbar) kot pe v3pobepuikn cdvbeon (500°-
750°C/1-3 kbar). H cuppetpia Tovg givor kuPikn kat 1 owespn ™m¢ Kuwehidog
TOoLg Kvpoivetor and a=7,237 A (T=Lu) péypr a=17,355 A (T=La) (mwv. ). H
o100epr tng kuweridag e€aprdral, Yo TNV 3o omAvia yoio, and T cuvirikeg
nigong - Beppokpaciog mov ypnoiporotidnkav (mv I11), ysyovog £vOEIKTIKS TOL
OYNUOTICHOV CTEPEDV JLOAVRAT®OV TOV TOTOL T(Cu3_XMn3+) (Mn ,+an4_X)O 1> H
¥k avéivon édeike 6t (o) delypota mov mapoackevdfoviar oe 500 °C/3 kbar
£youv TN pikpdTepn Kuyelida kol avriotoryobv oe x = 0, (B) 10 T0600T6 Mn G610
deiypa avkdaver pe ™ Beppokpacio obvbeong kar eratTdvVETOL PE TNV TiEoT, (Y) N
péyiotn vnokatdotacn Cu and Mn ovuBaiver ya 750 °C/1 kbar, oe mococto
25%, (8) Seiypota pe v idta kuyerida éxouvv tnv ide cvotaon, yEYovog TOL
EMITPENEL TNV TOPOOKELY] SELYUGTov cheyylpuevng odotoons He kotdAAnin
gmloyn Tov cuvdnkdv mieong-Beppokpaciag.

Toykpion pe dAho péEAN NG owoyévelng MIKTOV oEewdiov tov  ThHMOL
AC;B 40,3121 gmrpénel tnv epunveia Tov amOTEAECUOTOS ME TT YNUIKH
dpdom Tng migong, N onmoia, eEacpariloviag TNV gl0aywy KaTiovVTog tKpdTEPTS
aktivag otn 6féon B emtpémer i Sartnpnomn vynidtepov pécov Pabuov
ofeidwong ywo 1o payydwvio. :
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Introduction

The use of gas storage to increase the storage life of fruits, mainly apples and
pears, packaged in plastic films is a common practice today 2. Furthermore gas
storage has been employed recently to accelerate the ripening process of products
such as bananas®*°.

On the other hand, attention has been focused on the possibility of increasing
the storage life of several oxygen-sensitive drugs, packaged in blister plastics. In all
the above cases the permeability characteristics of the plastic films used, have been
determined using various methods®"#%!1, The common feature of these methods is
the use of the «permeability cell»® an apparatus enabling the determination of gas
permeability values of no more than two plastic films simultaneously.

The proposed modified method in this paper employs a series of glass mason
jars instead of the permeability cell, which enable the determination of gas
permeability values of 10-~15 samples simultaneously.

Experimental

Principle of method
Pouches, formed from the plastic films are placed in an appropriately closed
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system. The respective gas (CO,, O,) is then passed through the system and the
amount permeated into the pouch is quantified using Gas Chromatography.

Description of Method

Rectangular pieces of films (16 X 12)cm were cut from the respective rolls
supplied by Enviro Systems Inc. N.J. U.S.A. and pouches having a surface area of
(7 X 10)ecm were constructed by heat sealing all four ends of film pieces. An inert
plastic spacer made of styrene foam was introduced into the pouch before sealing,
to aid sampling with a syringe. A silicon septum was then formed on one side of
the pouch in order to monitor gas composition changes inside the pouch.

A Varian 3700 gas chromatograph equipped with a thermal conductivity
detector was used for the quantification of CO, concentration within the pouch.

Initial CO, concentrations (W/V) inside the pouches were established by
flushing 100% N, gas through the pouches. Following flushing and initial reading,
the pouches were placed into a series of glass Mason jars (Figure 1) of 1 1t capacity,
1 pouch per jar, the jars were sealed and 100% CO, gas flushed continuously
through the system to maintain the CO, level outside the pouches at 100%.
Samples were taken at predetermined intervals by disconnecting one jar from the
system, opening it, removing the pouch, and withdrawing 0.5 ml samples through
the septum using a 0.5 ml gas tight syringe, equipped with a one way luer lock
valve. The sample was introduced into the gas Chromatograph and the response
was recorded.

gas in

FEage s

Ll T

N cylinder

=) nal |00
| \ S N

glass mason jars plastic Douches

spacers

FIG. 1 : Scheme showing the assembly of Mason jars, containing the plastic pouches, for
the measurement of CO, permeation rates of plastic pouches.

Quantification of CO, was accomplished using a standard curve, constructed
daily by injecting known aliquots of various concentrations of 100% CO,.

Gas chromatographic conditions were as follows :

Column : Silica gel 2m X 0.6 cm st. steel, 60-80 Mesh
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Column Temperature : 125°C
Inj. port » : 130°C
Detector » 1 225°C
Carrier gas : Helium 30 ml/min.

Procedure to determine the volume of the pouch

After measuring the % CO, concentration inside the pouch at time (t;), a
known volume of 1009% CO, was introduced into each pouch, the content was
manually agitated and a new 0.5 ml sample was withdrawn and introduced into the -
G.C. The new response resulted from the increase of the initial concentration of
CO,. The volume of the pouch was determined using equation I.

Results-Discussion

Equation (1) wasVdeveloped for the determination of the pouch volume,

assuming that —‘ﬁ =1, or V, >VCO2
. P 2

where Vo, C,-Cy i
Vo, Veo, 100 M

Vco, = Volume of 100% CO, injected into the pouch (ml)

p = Volume of pouch (ml)
C, = 9% CO, concentration (g/ml) inside pouch before introduction of 100 CO,
C, = 9% CO, concentration (g/ml) inside pouch after » of 100 CO,

The permeability values were calculated as follows :
w
At time t; the G.C. response is converted to 9% CO, concentration C; <7>
using the standard curve.

a ;100
(o) =amt. of CO, perm. into pouch at time t; =C; X 1072 XVyorC;= v

P
The same calculations are carried out for sampling times t,,t3... Next the plot amt.

of CO, permeated versus time is constructed. Finally the permeability value is
calculated as the ratio :

slope of curve (ml/day)

Perm. Val. = -
erm. va Area of pouch X-P.Pressure difference-(m>.atm)-

Comparison of the method proposed with the «permeability cell» method® was
accomplished for three of the film samples provided and results shown in Table I,
correlate fairly well between the two methods.
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TABLE I : CO, permeability values of films# 1004,1019 and 1001 using both the «pouch»
method and the «permeability cell» method.

CO; permeability values (in ml/m?. 24hrs.atm)

Film N2
proposed. «pouch» method «permeability cell» method
1004 6.8 7.7
1019 20.5 22.8
1001 66.8 72.9

Lower Permeability values calculated for the «pouch» method are probably
owed to the relatively high permeation rate of the silicon septum to CO,. Once the
pouch is pinched twice or more by the needle the CO, content of the pouch de-
creases during the procedure of sampling.

Results of the CO, permeability measurements from twelve different film
. laminates tested, using the proposed method, are summarized in Table II
Permeability values are expressed in ml/m?. 24 hrs.atm. Each value is the mean of
duplicate measurements.

TABLE 1I : CO, permeability values of various film laminates using the proposed «pouch

method»
laminate composition CO, Permeability value

Film N2  from inside — out (ml/m? 24hrs.atm)

Mean Rel. Width
1001 PET/Saran/MDPE 66.8 10.3
1002 PET/double Saran/LDPE 18.8 9.6
1003 PET/Alum. foil/Surlyn/Polyurathane ~0 0
1004 PET/Saran/Epoxy/Saran/Surlyn 6.8 10.3
1019 Polyester/double Saran 20.5 10.7
1020 Polyester/Saran/Surlyn/PE 29.1 8.9
1030 LDPE/PVA/Polyester ~0 0
1032 AC/LDPE ~0 0
2001 HDPE/PET/LDPE 394 12.7
2002 EMA/LDPE/PP/LDPE 1440 13.6
5010 PE/PP/LDPE/EMA (blister package) 14061 15.7
5020 Surlyn/PP/LDPE/EMA (blister package) 13722 15.8

PET = Polyethylene terephthalate
MDPE = Medium density polyethylene
LDPE = Low density polyethylene
HDPE = High density polyethylene
PP = Polypropylene

PVA = Polyvinyl alcohol

AC = Acrylonitrile
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‘In conclusion, it is stated that the method described above can be used inter-
changably with the «permeability cell» method, for any film, providing that a
pouch can be formed from the plastic film material.

The obvious advantage of the proposed method is that it is inexpensive and it
can handle a great number of film samples simultaneously.

Abstract

In recent food and drug packaging applications, a wide variety of plastic films is
being used, each one possessing its own specific barrier properties.

The type of films selected for each application will be determined by the nature
of the specific product being packaged. Moisture and oxygen sensitive foods and
drugs will need a low oxygen and water vapor permeability material to provide
increased protection or a longer «shelf life» to the product. In this paper a
modification of the «permeability cell» method, for the determination of CO,
permeation rates in various plastic films is proposed.

Hepidnyn

An Ay uébodog mpoadiopiouod tng O1amepaToTHTAS TAATTIKADY UEULPAVDY TOD YXpHOI-
HOT0100VTAl OTH OVLOKEVATIO TPOPIUWY KAl apuiKwy

211¢ oOYYPOVEG EQUPLOYEG TNG CLOKEVUGING TPOPLU®V KOl PAPUEK®OV ¥ PTOL-
pomoteital peydin molkiiio TAACTIKOV LAMKOV ovokevaciog, To kabiva pe
avotnpd kabopiopévn T dtamepardtntd tov ota aépia (0,,CO0;) kat Toug
. VOpaTHLOVG.

H emiloyr] tov vAikob mov Ba ypnoipomoinbeil otnv ke nepintwon eEaptd-
Tal and ™ evomn Tov mpoidvtog mov Ba cuokevactel. Tpdoua Kot eappaka gvai-
cnrto 670 0ELYSVO KoL GTOVG LEPATIOVG OTALTOVY VALKG TOAD YaunAng dtanepa-
ToTNnTOog Yoo va avEndel xatd To duvatov o «ypodvog Lwng» Tov TPOIGVTOC.

IV gpyacia avth mpoteiveTol o oYeTKG anir] péBodog, «yia tn péTpnon
¢ Sanepatotntag oe CO, kat O, dagdpov Tractikdv vhikev (films), Tapa-
rayr g Mon ypnowonoovpévng debvidg pebddov «tov KLTTGPOL dLamEpaTod-
mMTag».
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