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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. Statistically 
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 compendia1 requirements does not necessarily imply their bioequivalence '". 
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 
problems7,8 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 m1 of the dissolution medium (HCl 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 m1 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 m1 sample was filtered (millipore 0.45 pm) and 
1.0 m1 aliquot was diluted to 10.0 m1 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. 

Subject 1 4 7 10 

Key: A =Funit, tablets lot 81010, Ladrug Laboratories, Athens. B =Furonitran tablets, lot 
14, Defarm 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 food9 
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 m1 milk and 50 g of bread. Since the urinary excretion method has been 
suggested1•‹ 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 m1 
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 ' l  as modified by Mendes et all2 

Results and Discussion 

Dissolution studies. The results of the dissolution tests are presented in Fig I and 
2. For the plotting a correction factor l3  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 l 4  ( < l min) in 0.1 N HC1 in comparison 
to the 7.5 min. found for D. As far as the product C is concerned the low dissolu- 
tion rate was expected 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 : 0 brand A, 4 brand B, 0 brand C, brand D. 
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dissolution profile for brands C and D depicted in Fig 1 and 2 is probably 
attributed to formulation factors. 

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. 

CUMULATIVE 
PERCENT 
EXCmTED 

0 

HOURS 
I l 1 
4 S ia 

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. I .  

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 relat i~nship '~ (1) for the special case k = k a  (see Appendix), 

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 =-ka=K. The use s f  
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 'O. In addition, the results quoted by Mendes et a1 l 2  

and the excretion rate profile given by Mattok et a17 indicate the validity of 
approximation k = k,. Secondly, equation ( l)  involves three parameters F, k, ka 
not identifiable using the method of non-linear least squares. Admitedly each 
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FIG. 4 : Mean c\-crrr~onprofiles of nitvofurantoin 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 F, s k, S k, for each parameter. If one of the three parameters, say 
F, is chosen and imposed on the model, it follows that s F 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 NONLINI6 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 t,,, (eq.3) and the peak excretion rate Q (eq. 4) 

where D represents the dose, are given in Table 11. 
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TABLE I1 : Values of the parameters of nitrofurantoin formulations. 

Formulation Fa ,  % Ka, hr-l tLax9 Q a, mg/hr 

A 47.05(4.94) 1.1 O(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 111. The tabulation of variance reveals 
that the formulations are different in terms of F, tmaX and Q. Also, the subject 
variability seems to be significant for tmaX while no period effect was observed. 

TABLE I11 : Analysis of variance (ANOVA). Critical Fisher's f 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)a 171.6 (7.187) 0.263(2.689) 0.635(5.354) 1 1 1.8 (4.775) 
Subjects (3)a 49.15(2.059) 0.307(3.145) 0.461(3.885) 48.87(2.087) 

Residual (9) a 23.87 0.098 0.1 19 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 proved9 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. I and 2), a 
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TABLE IV. Significant differences in drug parameters for the brands studied. 

Brands 

Parameter A and B A and C A and D B and C B and D C and D 

F N.S * * N.S N.S * 
K N.S N.S N.S N.S N.•˜ * 

N.S tmx * 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 Ih non-compliance interval. 
The bioa~ailability 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 vaxiability 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, 

CUMULATIVE 
DERCENT 
DISSOLVED 

L.--+ /@--U- 
/-- 

H--- 

0 ,f - /A-- /  

40 

0 0' ,/' 

20 o/ /+ 

1 l I 

10 20 3'0 40 SO 
CUMULATIVE PERCENT EXCRETED 

FIG. 5 : Correlation of mean cumulative of nitrofurantoin ekcreted 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 11. 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. 5 
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 57% 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. 

An overall correlation for the percentage of total drug excreted versus the 
cumulative drug dissolved at lh, 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. 

DISSOLVED 
AT 1 HR 

10 80 30 40 SO 

PERCENT EXCRETED TOTALLY 

FIG. 6 : Correlation of percent excreted totally in urine versus the percent dissolved in pH 7.2 
at I hr for the four nitrofurantoin brands studied. Key : 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 IVJ Brand D is in accordance with the in vitvo 
test criteria even though the dissolution tests (Fig. 1 and 2) ariticipated for a lower 
bioavailability. The latter was found to be 41.6 l%, quite similir to 41.48% reported 
previouslyi2 for the same product marketed in USA. However, the analysis of 
variance (Table IV) proved that brands C and D 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 IV). 

Appendix 

The amount of intact drug in plasma (as percentage of the total drug) X, under 
the conditions of k = k, = K is described l 7  as: 

while the urinary excretion rate is given by the equation: 

The last equation can be integrated for t =O, X = O  and t = t, X = X t  to yield, 

H Ntzpocpupavzolvq sivat 6va an6 ~a cpcippam nou napouotcijst ~upatv6psvq 
Pto6taOeotp6zqza pezaE6 X ~ ~ L K &  to08uv6pwv O K E U ~ U ~ ~ T W V .  Czq peh6~q U U T ~  

npoo6 top io~q~e  p& Tq p60060 TqS O U ~ ~ K G S  a n 6 ~ ~ p t o q ~  I/ P ~ o ~ L ~ @ E ( T L ~ ~ T ~ T ~  
T ~ o o ~ p w ~  O K E U ~ O ~ ~ T W V  V L T ~ O ~ ~ O U ~ ~ V T O ' ~ V ~  XOU K U K ~ O ~ ~ O ~ O ~ V  oTqV Ehhqvt~fi  
ayopci. Ta ns tpapamd 6~6op6va avahO0q~av PE ~q pi0060 TWV pq ypappt~KGv 
shaxiozwv ~ ~ z p a y h v o v  PaotopSvq o~ iva anhonotqpivo povo6tapsptopaztK6 
povziho. Ot napcipezpot xou unohoyiorq~av, uno~hl jOq~av 0s  avcihuoq z q ~  
n o t ~ t h i a ~  (ANOVA) ano~ahdnzovza~ zqv Pto-av~ooD6uvapia (bio-inequivalence) 
yta Tpia jeOyq o~suaopcirwv. 

Cuox~ztopoi in vitro - in vivo 66woav u ~ q h o 6 ~  ouv~shso~ciq oupp~m~ohf iq .  
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POLAROGRAPHIC AND THERMODYNAMIC STUDY OF THE COM- 
PLEX ION Pb (OH); IN AQUEOUS - METHANOL, AQUEOUS-ACE- 
TONITRILE AND AQUEOUS -DIOXANE SOLUTIONS 

D. JANNAKOUD AKIS AND N. MISSAELIDIS 
Laboratory of Physical Chemistry of the Faculty of Physics and Mathematics, University of 
Thessaloniki 

(Received Octob& 8, 1982) 

Summary 

The polarographic and thermodynamic behaviour of the complex ion Pb(0H)j  in 
aqueous - kethanol, 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 (dielectric 
constant of the medium). These two factors in the case of H 2 0  -CH 3 0 H  and H 2 0  -CH3CN 
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)i, 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 is shifted to more negative 
values compared to that in the absence of the ligand, vis (E 

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 2-4. 
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"%We calcplations are valid only when the oxidation or reduction process of the 
compl6x"on the dropping mercury electrode (D.M.E.) proceeds re~ers ib ly~-~.  In 
this case the following equation is valid: 

The equatlon (1) represents a straight line apcording to the formula: 

y = a + bx, where y = AE X = log[L], 

0,059 1 0,059 1 
a =  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 
(l) takes the following form: 

(id) compl. 
is easily calculated because it is equal to 

(i d)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 (I), we should previously calculate the values (E l/Z)compl. and (E 1/dfree 
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 startss. 

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

the E values against log by extrapolating the straight line which coke- 
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sponds to the reversible part of the wave, we can find E:; value from the cut of the 
extrapolated straight line with the zero current line (fig. 1). 

FIG. 1 : Logarithmic analysis of a polavogram with [ ~ b + + ]  = 10-3 M and [OH-] = 0,6 M in the 
presence of 0,4 M KN03 ( I= I) in aqueous - isopvopanol solution 10 % v/v in isopropanol. 

So by calculating in this way the E:; 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); 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)i 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(N03)2 , rein kristallisiert , Merck 

b) KN03 , reinst (puriss) , Merck 

c) KOH , titrisol solution , Merck 

d) KC1 , reinst (puriss) , Merck 

e) CH30H , puriss p.a. , Fluka A.G. 

f) CH3CN , puriss p.a. , Fluka A.G. 

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 f 0,l 'C (by means of a Haake thermostat). 

The solutions used had final ionic strength equal to 1 (I = l), 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 (Pbtt), 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(0H)j  was 
studied in aqueous solutions, in order to compare our results with those of Lingane 
and VlEek, who also studied this reduction in aqueous solutions 9 - ' 0 .  

A series of measurements from different solutions with constant depolarizer 
concentration, [Pb (NO 3)d = 10J M, was obtained. Potassium 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 ,j2 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 o  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 , / 2  and AE 112 values for the different concentrations of ligand (OH? in 
aqueous solutions. pb++] = 1 0 j  M, ref. electrode: Ag/AgCl, t = 25 OC. 

No sup.electrolyte ligand log C OH- E 1/2 AE 1/2 

concentration (M) concentration (M) Volt Volt 

FIG. 2 : Shift of El/2 of Pb++ with increasing concentration of the ligand (OH-) in aqueous 
solutions. COH-: I )  0, 2) 0.05, 3) 0.1, 4) 0,2, 5) 0,5, 6) U, 7, 7) 0.8, 8) 1 M. 
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i 
their logarithmic analysis. In other words the log -is always a 

ld-1  
of the potential E. 

The logarithmic analysis of the polarogram No  2 is shown, as 
fig. 3. 

linear function 

an example, in 

E/ Vol t  

F I G .  3 : Logari'thmic analysis of a polarogram with [Pb++] = 10-3 M and [OH-] = 0.05 M in the 
presence of 0,95 M KNOj (I= I) in aqueous solution. 

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

it corresponds to an electron number equal to 2. 
So the following reaction will take place: 
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The values of AE plotted against logCoH- , 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. 

FIG.  4 : Dependence of AE1/* on logCOH- 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. 

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: 

0,059 1 
b =-P-- =- 0,094 and because n = 2, then: 

n 

0,0591 
0 A  the other hand : a =------ log K.=- 0,392 or 

n 

0,392 -2  
log K = -  

0,059 1 
=- 13,27. So : K=5,42.10- '~ and p K =  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, Vl:ekl0. 
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 3 0 H  : 5, 10, 15, 20, 25 and 
30. 

The study for higher concentrations was not possible because of solubility 
problems of the depolarizer Pb(N03)2 as well as of the supporting electrolyte 
(KNO 3). 

The logarithmic analysis of all polarograms recorded proved that the polaro- 
graphic behaviour of the complex Pb(0H); is absolutely reversible for the overall 
methanol concentrations used, just as it happens in the aqueous solutions. 

In table I1 the values of E 1/2 and AE ln as a function of the ligand (OH-) 
concentration for aqueous-methanol solutions 5 % v/v in CH 30H are provided. 

In fig. 5 we show the dependence of AE112 on l o g C 0 ~ -  for the values of 
table 11. 

TABLE I1 : E ln and BE 112 values for the different concentrations of ligand (OH3 in 
aqueous-methanol (5 % v/v CH30H) solutions [Pb++l= loJ M, ref. electrode: 
Ag/AgCl, t = 25 O C .  

No sup.electrolyte ligand l " g C o ~ -  E1/2 AE 1/2 

concentration (M) concentration (M) Volt Volt 

In table I11 the results of the complex study in aqueous-methanol solutions, 
that is the K and p values for the different concentrations of CH30H are also 
tabulated. 

Finally in fig. 6, using the values of table 111, the dependence of the complex pK 
on the % v/v concentration of CH 30H in the solution is shown. In the same figure 
we also provide the dependence of pK on A (l /&),  =(I/&,-I/&,),for the 
various methanol concentrations employed. In the above figure E, and E ,  are the 
dielectric constants of aqueous-methanol and aqueous solution respectively. 
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FIG. 5 : Dependence of AE112 on logCoH- for the values of table II. 

TABLE I11 : Polarographic and thermodynamic data of the complex Pb(0H); in aqueous - 
methanol solutions. t = 25 'C.  

The polarographic behaviour of the complex Pb(0H); was also studied in 
aqueous-acetonitrile solutions for the following % v/v concentrations of CH 3CN : 
2,5 , 5 , 7,5 , 10 , 15 , 20 , 25. 

The study for higher concentrations of CH $N 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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FIG. 6 : Dependence of pK on the % v/v concentration of CH30H and on A ( l / & )  for the 
various methanol concentrations. 

concentrations of CH3CN showed that the polarographic behaviour of the 
complex is reversible up-to 19% v/v in CH3CN, 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;;; 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 CH3CN. 

TABLE IV : Polarographic and thermodynamic data of the complex Pb(0H)j in aqueous - 
acetonitrile solutions. t = 25 C. 

Using the values of the table IV, in figure 7 the dependence of the complex pK 
upon the solution CH3CN concentration as well as upon the A(l/c) values for 
the different concentrations of CH3CN is shown. 

The polarographic behaviour of the complex Pb(OH)y 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 CH3CN and on A ( l / c )  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 E:; 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(0H); in aqueous - 
dioxane solutions. t =25 OC. 

% v/v 
K 

dioxane 

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 ( ~ / E )  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(l /&)  for the 
various dioxane concentrations. 

After the overall experimental study of the polarographic behaviour of the 
complex Pb(0H) 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 % v/v concentration) the addition of the organic solvent does 
not cause any change to the thermodynamic reversibility of the electroreduction, 
while' in the- &se of aqueous - dioxane solutions it causes a remarkable change of 
the. electrode reaction from electrochemically reversible to an irreversible one. 

FeneralIyi-the introduction of the organic solvent into the solution causes a 
change to the complex thermodynamic stability. This change of the complex 
thermodynamic 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 2 0  - CH 30H and H 2 0  - 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 (l/&) 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 "-l5. 

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(~/E)  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. 

/ I  ___I 
5 10 15 20 25 30 0 1 0 2 0 3 0 4 0 M  

Dioran A [$].to4 

18- 

X 16- 

14- 

12 
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In fig. 9 we show the thermodynamic stability of the complex ion Pb(0H); in 
the different solvent systems studied. 

20 I 

FIG. 9 : Dependence of the complex pK on A(I/&)  for the various concentrations of the organlc 
solvent in the various mixed solvent systems studied (--- aqueous, o o oaqueous-acetonitrile, xxx 
aqueous-methanol AAA aqeuou~dioxane solution$ 

The experimental study has proved that the complex Pb(0H); 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 thermodynamic 
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 
i,.fi (v: viscosity coefficient) is constant in all cases studied. This fact means that 
the radius of the depolarizer ionic components remains constant 16. 

IloAapoypapzlclj lcaz 8quodovapzlclj p&zg zoo o v p d d ~ o o  zbvzoq Pb(0H); o& 
u d a z o p ~ 8 a v o ~ ~ o i .  obazoa~~rovzzpzAz~ci Kaz udazobzo~avz~d GzaAo'pa~a. 
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Y n o h o y i ~ o v z a ~  yta K&O& nepinzwoq pkost zov p ~ z a r o d o e o v  zov ztphv TOU 

6uvaptK06 plo06 Kdpazoq, ?l 'Ctp4 Tq< ozaoepci< 6 t aozc ioeo~  TOu ~ ~ p n h 6 ~ 0 u  (K) 
 at TOU aptOp06 ouvappoyTj~ (p) auzoO. Atantozhvszat 6zt q pezapohTj zou pK 
ouvapzTjoet z q ~  % v/v n & p t & ~ z t ~ 6 z q z a <  oe  0pyCivtK6 Stah6zq &TCqp&ci<&za~ r6oo  
a n 6  r o  ~ q p 1 ~ 6  nap6yovta (cpatv6psva emFtahurOoew~),  600 K a t  (xn6 TO cpuot~o 
mpciyovza ( 6 t q h e ~ z p t ~ T j  ozaO~pci TOU p6oou). Ot 660 auzoi nap6yovze< ozqv 
~ C E ~ ~ ~ T W ~ I ]  zWV u ~ a z o p ~ ~ a v o h t ~ ~ v  Kal ~ ~ G O ~ K E T O V ~ T ~ ~ ~ ~ K ~ V  ouai'qpcizov zpouv 
avzayywvtoau~6. Czt< p t ~ p k g  T C E ~ L E K T ~ K ~ T ~ ~ E ~  G& O P ~ ~ V L K ~  gtah6zq p & p t o ~ 6 & t  ?l 
rni6paoq zou ~ q p t ~ o 6  nap6yovzb K M  k ~ o u p s  &hcizzwpq zq< ozaosp6zqzaq zou 
G U ~ X ~ ~ K O U ,  &V& D T q  p&jahIjzs@< T C & ~ ~ K T ~ K ~ T ~ T E ~  T C C ~ ~ E E  4 .&TLi6paoq TO" 

~ q p t ~ o 6  x a p 6 y o v ~ a  KUL ucpiozazat p6vo E K E ~ V ~  ZOU ( P U ~ L K O ~  napciyovra  at z6ze 
~ X O U ~ E  aOE,qoq zq< o z a ~ ~ p 6 z q z a ~  TOP o i p n h 6 ~ 0 G  ME zqv adkqirq r q <  % v/v 
T C E ~ ~ E K T ~ K ~ T ~ T C I ~  G& O ~ Y C ~ V ~ K ~  6tahOzq. &l< T C E ~ L E K ~ ~ K ~ T ~ T E S  TCOU TCa6&t V a  6pCt 0 

~ q p t ~ 6 <  TCap6yovTa~  at 'ucpiorccrat p6vo o cpuot~6q ~~apciyovzai;  TO pK zou 
o u p x h 6 ~ o u  ~ i v a t  ypa@pt~Tj  ouv6pzqoq zou avdozpocpou zqq F t q h s ~ z p t ~ T j <  
ozaOspci< ~ o u  Ftahuzt~oG ouozTjpazoq. 

Czqv n ~ p i n z o o q  TWV U ~ ~ Z O ~ L O ~ ~ V ~ K ~ V  61ahup&zov, h6yw pq at0Oq~Tjq 
pe~apohTj< zq< & ~ z 6 o s o <  zq< ~ n t 6 t a h u z h o e o ~  p& q v  TCpoobjKIl zou 6tokaviou, 
E K S ~ ~ ~ V E T ~ L  ~ 7 ~ 6  Tt< p t K ~ k <  ~ 1 ~ 6 p q  T C E ~ L & K T L K ~ Z ~ T E <  OE 6 t05&~10 q &TCi8pao?l p6vo 
zou cpuot~o6 napciyov~a.  
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CONCENTRATION AND STORAGE OF PEROXYACETYLNITRATE 
(PAN) FOR MOBILE FIELD MEASUREMENTS IN TROPOSPHERIC 
AIR 
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Institut fur Physikalische Chemie der Universitat Bonn Wegelerstrasse 12, 0-5300 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 0.1 m1 liquid water, PAN is lost at a rate of approximately 2.4X 1 0 . ~  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 (CH C 0 0  NO 2 ,  PAN) is a typical secondary air pol- 
lutant present in photochemical smog l .  Its phytotoxic effects on sensitive crops are 
well documented2, 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 ozone4. In spite of 
this unfavorable ration, PAN is a less ambiguous indicatorof photochernica1 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 
troposphere5. This makes the distinction between "anthropogenic" and "natural" 
ozone rather ambiguous. However, because of analytical and calibration pro- 
b l e m ~ ~ , ~ , ~  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 calculations9Jo, based on worldwide measure- 
ments of ethane, ethene, and N O ,  predict that PAN is also present as a trace 
constituent in clean tropospheric air. Due to the increased stability of PAN at low 
temperature 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 1 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 
m1 volume). The GC was equipped with two identical glass columns of 60 cm 
length and 1.5 mm id., filled with 4.8 % QF-l and 0.18 % diglycerol on 
chromosorb G-AW-DMCS (80-100 mesh). At a column temperature of 30.0 OC 
and a carrier gas flow rate of 30 m1 min-l, 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 OC, and Argon containing 5 % CH was used as carrier gas. The second column 
was followed by a catalytic NOx 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 OC for several hours, after which time nitrogen was used as 
carrier gas. At 335 OC, NO 2, 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-NOx-detector 14, which will be described in 
more detail in a future publication, is highly specific for convertible organic 
nitrogen compounds, NO, and NOz. 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. 



MEASUREMENT OF PEROXYACETYLNITRATE 9 1 

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 
m1 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 m1 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 m1 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 szfmple which was concentrated 
99 fold, are shown in figure I .  In the series of chromatograms obtained from 
one concentrated air sample, corrections were applied for sample dilution by 
repeated extractions of 2 to 5 m1 air from the 100 m1 flask. Typical concentration 
factors for ambient air samples ranged from 50 to 200. 

Results and discussion 

Linearity of the ECD 

With the GC-NOx-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 5 , 6 3 7 .  We found the sensitivity of our ECD to be constant 
(+ 5%) at 35' C between 1000 and 2 ppb PAN (I m1 samples). Increasing the ECD 
temperature to ~OOOC 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 
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FIG.  1 : G m  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 O 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, 

k l  
PAN ==== CH $00 2+ NO 

k - l  
( ] , - l )  

cannot be stored in the gas phase at ambient temperature, because heterogeneous 
and homogeneous reactions of CH &O 3 in competition with reaction (-l), 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 O C ,  as described in the 
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experimental part, approximately 0.1 m1 ice is formed for every 10 liter of 
condensed air, 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 2.5 X 10-4s-'. This is very close to the rate constant k l  
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 

DIRECTLY MEASURED,ppb 

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 sampIer. 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 4 5 O ,  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 I : 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 

mean values and devia- 
tions from the mean: 0.043 t 0.016 

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 a t  liquid 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 11 lists a number of field measurements dating from 9 

days in August and September 1982. The ozone concentrations, wind directions 

TABLE I1 : 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 ( P P ~ )  @pb) speed (mh)  " 

Bonn 18.08.82 
18.08.82 

19.08.82 
20.08.82 
21.08.82 
23.08.82 
24.08.82 
24.08.82 
26.08.82 
22.09.82 
27.09.82 
27.09.82 
27.09.82 
27.09.82 
27.09.82 

Athens 14.09.82 
15.09.82 
16.09.82 

Patras 17.09.82 

SW 4.2 
SW 3.2 
WNW 4.0 
SW 2.8 
W 4.2 
SSE 3.0 
W 2.3 
W 1.6 
S 2.1 
NNW 2.5 
SSE 3.4 
SSE 3.4 
ESE 3.0 
ESE 3.0 
SE 3.3 

sunny, moderate to 
strong wind from 
N to NNW 

moderate to strong 
wind from NNW, sunny 

+ozone measured at 10: 15 
++ average 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 I1 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. 

Z u p n f i ~ v w q  Kaz Gzazljptpq G~zypaizwv vzzpz~ofi-un~po~ua~~~uAiou (Peroxyacetylni- 
trate) PAN, yla pxplja~zg zou azpoa~azpz~of i  aipa pa~puai and TO ~pyaazljpzo. 

IIapouota~srat pi80605 oupn6~vwoq~  6 ~ t y p a ~ w v  PAN OTOV cl~poOcpatptK6 
aipa, rou 8 ~ 6 r ~ p o u  PET& 20 6 6 0 ~  nto oqpavr t~06 ~ E U ~ E ~ E ~ O V ~ O ~  cpwro~qpt~06 
0 ~ ~ 1 6 ~ ~ 1 ~ 0 6 ,  OE ~ a p q h t j  ~ E ~ ~ o K ~ c ~ O ~ C I  KC11 61CX~flpqOq aurhv T o V  6Etyp6~6N O E  

uyp6 &6wro. 
H avkhuoq rou PAN yivsrat psrci rq Oippavoq rou 6 ~ i y p a r o ~  OE O ~ p p o ~ p a -  

oia 6opariou  at avrhqoq .cou 6~typarohtjnrq, PE aipta ~p~paroypacpia  PE 
avt~vEurtj ouhhoytj~ qhs~zpoviov. Cro g ~ p p 6  6~typarohtjnrq nou ~ E ~ L ~ X E L  

n~pinou 0,l m1 uyp6 vsp6, q anhheta PAN yivcrat p& r a y h q r a  mpinou 
2,4X 10-4 S-', nou ~ i v a t  napcmhtjota n p o ~  rq  ora9epci r ax6rq ra~  npOrq~  r a t q ~  
rq5 O ~ O ~ E V O ~ ~  g&~ptKtj< 6tcionaoq~ TOu PAN Orqv ci&pta cpkoq. C U V & ~ &  qu6p6- 
huoq .cou PAN, ozov 6~1ypazoXtjnrq cpaiv~~at  va ~ i v a t  aotjpavrq. 

H pi90605 o u p n 6 ~ v w o q ~  &ivat ~azkhhqhq  yta p ~ r p t j o ~ t ~  n~6iou noh6 ~ a p q -  
hhv ztphv PAN r q ~  rktq< p ~ p t ~ h v  ppt, OE ~ a g a p 6  aponoocpalpt~6 af pa, ahha 
 at yta G~typcurohq\lris~ p a ~ p u k  an6 TO ~pyaorflpto 6nou ~ i v a t  ~ y ~ a z e o r q p b v o ~  o 
akptoq ~pwparoypcicpo~. 



MEASUREMENT OF PEROXYACETYLNITRATE 97 

Ot G~typazohqyAq iytvav p a o t ~ k  ozq Bbwq, Auz. l%ppavia<, ozqv A0fiva 
Kat H15zpa. 'Ohs< ot p ~ r p f i o ~ q  iytvav ~ a z w  an6 p ~ ~ ~ m p o h o y t ~ i <  O U V ~ ~ ~ K E <  nou 
6&v ~uvoodoav ~q Gqptoupyia cpozo~qpt~od vicpou<. Ot peyahdz~ps~ ztpi5 nou 
pszpfi0q~av fioav ozq Bdvvq 0,16 ppb, ozqv A0qva 0,78 ppb K a t  ozqv llazpa 
0,07 ppb. 
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Une sCrie nouvelle d'oxydes mixtes de cuivre, magnankse et terre rare de formule 
gCnerale T C U ~ , M ~ ~ + ~ O  12 ( T =  terre rare ou yttrium), 21 structure dirivant de  celle de 
la perovskite (aC7,30 A, groupe d'espace Im3, Z=2), a CtC synthCtisCe sous pression. 
La composition est fortement influencke par la tempCrature et la pression utiliskes 
pour la synthkse. Le paramktre de substitution d'ions cu2+ par des ions ~ n ~ +  en 
synthese hydrothermale varie entre X = 0 pour 500 OC/3kbar et X = 0,75 pour 750 OC/l kbar. 
Le rCsultat est attribuC i l'action cristallochimique de la pression. 

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

Introduction 

Les composts de formule gtntrale [AC3]B40 12 posskdent une structure qui 
constitue une dtformation cubique de la structure du type p$ovskite avec un 
paramktre de maille double de celui de la perovskite (a= 7,30 A, groupe d'espace 
Im3, Z =2). Le doublement du paramktre de maille est dfi B l'ordre entre les 
cations A et C, lui m&me provenant de l'enchainement particulier des octakdres 
(B0 6) ; en effet les chaines d'octakdres se propagent en zig-zag, l'angle d'inclinaison 
par rapport B la droite ttant voisin de 209 Cette disposition des octakdres entraine 
une distorsion importante de 3/4 des sites, A coordination XI1 de la structure 
perovskite idkale : les cations C dam les composks [ AC ] B 4O 12 occupent des sites 
B coordination de quatre voisins formant un carrt. 

Ce type de coordination convient parfaitement B des cations tels que Cu2+ ou 
Mn2+ (spin haut), bien connus pour leur tendance B donner naissance B un effet 
Jahn-Teller cooptratif important. C'est ainsi que deux sous-series (C =Cu2+ou 
Mn3+) ont t t t  prtpartes jusqu' B prtsent '-l0. Les sites A, B coordination XI1 sous 
forme d'icosakdre, peuvent etre occupts par tout cation ionique important, ou 
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meme des lacunes Il, independamment de sa charge, l'equilibre electrostatique 
pouvant etre assure par la valence du cation B. 

Dans le present travail est exposee la synthese des composes de la serie 
[TCu3]Mn40 12  (T = terre rare ou Y). L'existence de solutions solides entre les 
deux sous-series (C =Cu2+ OU Mn3+) etant deja signalee I2-l4, une etude systema- 
tique a ete menee sur la ,possibilite de synthese de composes de formule 
T(CU 3; ~n Xf) ( ~ n ; ? , ~ n  ::,)O par ajustage adequat des conditions de tempera- 
ture et de pression utilisees lors de la synthese. Les perovskites [AC 1]B40 12 pre- 
sentant des proprietes magnetiques d'un interet technologique certain 4,5, 7-9, I2 - l4  la 
recherche de composes non stoechiometriques a ete entreprise en vue de l'etude de 
l'influence de la terre rare et de la concentration en cuivre et manganese sur les 
proprietes magnetiques de la serie. 

Syntheses sous haute pression et caracterisation aux rayons X 
Dans le cas ou une reduction du cation destine a occuper le site B de la formule 

[AC3] B 4 0  ,2  n'est pas a craindre, on peut proceder a la syntese des composes 
correspondants par frittage du melange des constituants dans des proportions 
stoechiometriques a des temperatures voisines de 1000 OC. C'est le cas en 
particulier de la serie des titanates et rhutheniates I4,l5 cuivriques. Par contre, une 
reduction de Mn4+ etant attendue aux temperatures necessaires a la synthese, nous 
avons ete conduits a appliquer une pression pour elargir en temperature le 
domaine de stabilite de ce cation. 

Toute la serie des manganites cuivriques de terres rares a ete obtenue par 
calcination du melange de l'oxyde de terre rare avec C u 0  et M n 0 2  dans des 
proportions stoechiometriques a des temperatures entre 1000•‹ et 1200 OC sous 50 
Kbar dans un appareil de type Belt X. Le milieu oxydant provient de la reduction 
de 1/3 des ions Mn4+ en Mn3+ pour satisfaire l'equilibre de la formule. 

Tous les composes ont ete examines aux rayons X fi l'aide d'une chambre a 
focalisation de Guinier utilisant la radiation K a  du fer. Un etalon de Si a ete 
incorpore afin d' eliminer les erreurs dues a une imprecision dans la determination 
de 1' origine. Tous les cliches ont ete indexes dans une maille cubique centree. Les 
parametres de maille affines sont consignes au tableau 1. Sur le meme tableau sont 
fournis les parametres de maille de la serie de composes prepares par synthese 
hydrothermale a 600 O C/1,5 kbar. Sur le tableau II est presente un diagramme de 
rayons X d'une preparation typique de YCu3Mn40 12 a ces conditions de synthese. 

Preparation en synthese hydrothermale 

La recherche des conditions optimales de synthese hydrothermale a ete 
entreprise sur les composes contenant le neodyme et 1' yttrium. En utilisant comme 
produits de depart les oxydes correspondants dans des proportions stoechiometriq- 
ques, differents solvants, tels que H 2 0 ,  HCl, HNO et HClO3 ont ete essayes. La 
synthese, effectuee a 600 OC et des pressions comprises entre 1 et 2 kbar dans des 
tubes scelles d' or, fournit le compose recherche avec un rendement mediocre. Les 
meilleurs rendements (15 - 20%) ont toutefois ete obtenus avec comme solvant 1' 
eau distillee additionnee d' acide nitrique, quand le pH de la solution etait inferieur 
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TABLEAU 1 : Parametres de maille des composes de la serie 0 C u 3 ]  Mn4 0 l2  

Parametre de maille 
en A (+ 0,001) 

Oxyde de T.R. HP ' SH 

La2•‹3 7,355 7,322 
Ce0 2 7,319 7,299 

Pr60 1 1  7,320 7,293 

Nd203 7,340 7,305 

Sm203 7,298 7,295 

Eu203 7,292 7,284 

Gd203 7,278 7,282 

Tb407 7,255 7,253 

DY 2 0 3  7,256 7,266 

Ho203 7,250 7,262 

Er203 7,249 7,262 

Tm203 7,246 

Yb203 7,237 7,253 

Lu203 7,237 7,248 

y 2 0 3  7,252 7,263 

(1) HP  : 1000•‹- 1200•‹C/50 Kbar, frittage 

(2) SH : 600 OC/1,5 Kbar, synthese hydrothermale. 

TABLEAU II : Diagramme de rayons X (chambre de focalisation 360 mm, hFeK,) d'une 
preparation de YCu3 M n 4 0  l z  a 600•‹C/1,5 Kbar. 

hkI Io, d o b  dca~c 
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a 4, et avec HC103. Les phases parasites les plus importantes etaient le spinelle 
CuMn ,O4 et les oxydes de depart Cu0  et Mn0  2. 

L' .ensemble de ces observations indiquant (a) une protection insuffisante des 
ions Mn4+ contre la reduction, (b) la mauvaise solubilite des oxydes et (c) 1' 
importance du pH acide, une deuxieme serie de syntheses a ete effectuee en utilisant 
comme produits de depart des sels censes plus solubles, tels que TC1 3, CuSO 4. 5H 2 0  

ou CUCI, et KMnO 4. Dans ce milieu, tres oxydant en raison de la reduction des ions 
Mn7+ en Mn4+ et Mn3+, des rendements de 1' ordreCde 70% ont ete obtenus avec 
comme solvant 1' eau distillee. Il n' a pas ete necessaire d' adjoindre du HNO 3, 1' 
acidite du milieu etant assuree par les sels cuivriques en solution. Il a ete trouve que 
la~composition du melange de depart pouvait varier dans des limites assez larges, 
sans influence sur le rendement, a condition que le CuS04.5H 20. S' y trouve en exces. 

L' influence sur le rendement de la temperature et de la pression utilisees n' est 
pas negligeable quoique son importance se manifeste' surtout sur 1' etat de 
cristallisation. Les meilleurs resultats ont ete obtenus pour des temperatures de 
synthese entre 600 O et 750 OC, cette derniere temperature conduisant a un produit 
forme de cristaux cubiques de plusieurs dixiemes de mm pour Y, quelques 
centiemes de mm pour Nd. La pression, liee a la temperature, ne peut pas etre 
inferience a 1 kbar pour les temperatures du haut de gamme (700 O -  750 OC) alors 
qu' a 500 OC la synthese peut etre realisee a 800 bar. Enfin, le rapport 
solvant/solute s' avere tres decisif sur 1' etat de cristallisation. Les 'meilleurs 
resultats ont ete obtenus pour une composition typique. 

0,001 mol (TC13+3CuS04.5H20+3KMn04) : 0,5 cm3 H 2 0  

Dans toutes les experiences de synthese hydrothermale avec 1' yttrium la 
pression a ete appliquee des la temperature ambiante et maintenne a sa valeur 
lors de la montee en temperature. Les produits de synthese ont ete isoles par tri 
magnetique et purifies par lavages successifs dans 1' acide oxalique et le chlorure d' 
ammonium. 

Composition des produits 

Le parametre de maille, determine a 1' aide de cliches de rayons X sur chambre 
a focalisation, varie dans des limites assez importantes selon les conditions de- 
temperature et de pression, aussi bien pour les echantillons fabriques en synthese 
hydrothermale que pour ceux obtenus par frittage sous haute pression (fig. l,2). Ce 
resultat semble indiquer que la composition du produit varie en fonction de la 
temperature et de la pression de preparation. En effet, 1' ion Mn3+, de rayon 
ionique l 6  comparable a celui de Cu2+ et susceptible de donner naissance a des 
polyedres de coordination deformes par effet Jahn-Teller, pourrait remplacer 
partiellement 1' ion Cu 2+ dans les sites C de la formule [AC 31 B 4 0 12. La formule du 
produit doit, dans ce cas, s' ecrire T(CU:-;M~~,') (M~:.;M~::,)O 12.  Le parametre 
de sa maille est tres sensible au parametre de substitution x en raison de la taille 
tres differente des ions Mn 3+ et Mn 4+ occupant les sites octaedriques de la structure 
(Mn3+ : r = 0,64 A; Mn4+ : r = 0,54 A). Une augmentation de la temperature de 
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FIG. 1 : Parametres de maille des echantillons de NdCu3Mnr  prepares en synthese hydro- 
thermale ( O )  et sous haute pression (A) en fonction de la temperature de preparation (entre 
parantheses la pression en Kbar). 

synthese, favorisant la reduction de Mn4+, conduit a un produit riche en Mn 3+ayant 
une maille plus volumineuse. C' est precisement ce que 1' on observe aussi bien pour 
le compose du neodyme que pour celui de 1' yttrium. Quant a 1' influence de la pres- 
sion appliquee, incertaine pour le compose du neodyme, elle est tres nettement 
marquee pour le compose de 1' yttrium: par son effet protecteur sur le degre d' oxy- 
dation de Mn4+ elle conduit a des mailles plus petites. 

Les experiences complementaires de synthese hydrothermale du compose de Y 
sous une pression de 80 Kbar ont toutes abouti a un produit ayant un parametre de 
maille identique, aux erreurso experimentales pres, a celle du produit fabrique a 
500 OC/3 Kbar (a = 7,252(1)A, fig. 2). Le meme parametre de maille a ete obtenu 
pour les produits fabriques par frittage des oxydes sous tres haute pression (50-80 
Kbar). La possibilite d' obtention de la composition nominale YCu Mn 0 12 
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FIG. 2 : Paramktres de maille des echantillons de YCu3Mn 4 O 12 prepares en synthese hydro- 
thermale et sous haute pression en fonction de la temperature de synthese (en parametre la 
pression en Kbar): 

(x = O) dans les autoclaves courants de synthese hydrothermale (P < 4 Kbar) a ainsi 
ete etablie. 

Ces resultats ont ete completes par analyse chimique a 1' aide de la microsonde 
de Castaing effectuee sur des monocristaux cubiques de YCu3Mn40 12 de 0,I mm 

TABLEAU III : Composition des composes Y(Cu3-,Mn ,) Mn 4 0  12 en fonction des condi- 
tions de preparation 

EXP Conditions a Composition at % 
TOC P Kbar A(IO,OOI) Y Cu Mn x 

IX 500 3 7,253 4,8 14,8 20,4 0,06 
VI1 500 3 7,252 4,9 15,O 20,l 0,Ol 
HPD 900 50 7,254 5,1 14,6 20,4 0,08 
II 600 1,5 7,264 4,7 13,l 22,2 0,41 
IV 750 2 7,270 5,4 1 1,7 22,9 0,5 1 
VI 750 1 7,275 5,3 1 1,l 23,5 0,75 
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de cote (tableau III). Il en ressort que: (a) les produits possedant le parametre de 
maille minimum correspondent a la composition nominale: (b) le parametre de 
substitution peut atteindre un maximum x =0,75 pour la preparation a 750 O C A  
Kbar; (c) les produits ayant le meme parametre de maille correspondent a la meme 
composition. Cette derniere constatation permet de tracer la courbe de la figure 3, 
reliant la composition au parametre de maille. 

FIG. 3 : Variation du parametre de maille des solutions solides Y(Cur,MnJ Mn4 0 1 2  en 
fonction du parametre de substitution x. 

Discussion 

La variation du parametre de maille en fonction du numero atomique de la 
terre rare (fig. 4) presente une allure reguliere, aussi bien pour les produits 
fabriques par frittage a haute pression que pour ceux fabriques par synthese 
hydrothermale. Cependant, des anomalies importantes apparaissent pour les 
composes de Ce, Pr et Tb dont les parametres de maille sont sensiblement 
inferieurs a ceux que 1' on serait en droit d' attendre. Une explication a cela peut 
etre fournie par la variation du parametre de maille avec la composition chimique: 
le potentiel d' oxydoreduction plus important pour ces terres rares conduit, pour 
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les memes conditions de preparation, a une formule moins riche en Mn3+ et un 
parametre de maille inferieur. 

FIG. 4 :Variation de la maille des composes TCuiMn 4 O rzprepares en synthese hydrothermale 
(SH : - - O  -) et sous haute pression (HP :-t) en fonction du numero atomique de la terre rare. 

L' obtention de la composition nominale YCu3Mn40 12 necessite 1' application 
d' une pression de 3 Kbar a la temperature de 500 OC. Un defaut de pression et/ou 
une augmentation de la temperature de synthese conduit a une reduction 
importante de 1' ion manganese sur les sites octaedriques B de la structure. Par 
contre, le compose ThCu3Mn40 12 prepare a 600 OC/1,5 Kbar, possede la 
composition nominale Tres vraisemblablement, 1' apparition d' ions Mn3+ en 
exces dans Y Cu Mn O 12 prepare sous les memes conditions est liee au rayon moyen 
du cation destine a occuper le site B. Dans ThCu 3 M n 4 0  121e site B contient des ions 
Mn3+ et Mn4+ en proportions egales et le rayon de 1' ion moyen de ce site est de 0,59 
A. Or, pour le compose "YCu3Mn40 ,;' prepare a 600 OC/1,5 Kbar le parametre 
de substitution x = 0,41 et le rayon de 1' ion moyen du site B est r = 0,57 A. Pour 
CaCu Mn 0 1; prepare dans les memes conditions le rayon de 1' ion moyen sur le 
site B est r =0,56 A. Ce resultat est en tres bon accord avec ce que nous determi- 
nons, compte tenu de la legere mais non negligeable influence du rayon du cation 
en site A sur les dimensions de la maille. Nous estimons que la pression necessaire 
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pour obtenir la composition nominale YCu Mn 0 12 a 600 OC doit etre de l'.ordre 
de 10 Kbar. 

Si la pression appliquee, a une certaine temperature, est inferieure a celle 
necessaire pour 1' obtention d' une composition determinee, la taille du cation en 
site B s' adapte par reduction partielle de Mn4+ en Mn3+. La compensation des 
charges impose alors la presence d' ions Mn3+ sur le site C. Cette. adaptation par 
reduction a manifestement lieu dans toute la serie de composes TCu3Mn40 12. 

Elle est impossible dans CaCu 3 Ge4 0 1: ; c' est pourquoi la preparation de ce 
compose ne peut se faire que sous tres haute pression (50 Kbar). C' est egalement le 
cas de CaCu Cr4 0 f2 ou la reduction de Cr 4+ en Cr 3+ est possible mais l' introdu- 
ction de Cr3+ sur le site C est malaisee car cet ion n' est pas connu pour donner 
naissance a un effet Jahn-Teller cooperatif. 

Alors qu' une pression de 50 Kbar est suffisante pour la fabrication du compose 
de Y stoechiometrique, cette meme pression s' avere nettement insuffisante pour le 
compos,e corresp.andant de Nd. En- effet, ce. derniex Jabriquk a 1200 O C/5O.-Kbar 
possede une maille superieure a celui fabrique a 600 OC/ 1,5 Kbar (fig. 2) et son 
ecart de la composition stoechiometrique doit etre important. Ce phenomene est 
tres vraisemblablement lie a la taille du cation occupant le site A. L' ion Nd3+ayant 
un rayon ionique plus important que Y 3+ d ~ i t ' ~ r o v o ~ u e r  une legere dilatation des 
octaedres BO 6. Des lors 1' introduction du meme cation sur le site B necessitera une 
pression plus importante pour le compose de Nd. A temperature egale, la pression 
necessaire pour fabriquer un compose avec un parametre de substitution x donne 
sera d' autant plus grande que le rayon de 1' ion T 3+ est grand. Le compose de Nd 
fabrique dans les conditions extremes de synthese hydrothermale en autoclave 
(500 OC/3 Kbar) ne doit pas etre stoechiometrique. 

Summary 

Synthesis under pressure of a new series of rare earth perovskites with formula 
TCu3,Mn 4,O 1 2. 
A new series of mixed oxides of copper, manganese and rare earth,$rmula TCu3-xMn4+x012 
(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 Cu2+ ions by Mn3+, for samples 
prepared by hydrothermal synthesis, varies between x = 0 for 500 OC/3 Kbar and x = 0,75 for 
750 OC/1 kbar. The result is attributed to 'the crystal-chemical action of the pressure. 
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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 Furthermore gas 
storage has been employed recently to accelerate the ripening process of products 
such as bananas 334,5. 

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 6,7,8,9,'0. The common feature of these methods is 
the use of the <<permeability ce1b6 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 (COz, 0 2 )  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 1O)cm 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 CO2 concentration within the pouch. 

Initial CO2 concentrations ( W N )  inside the pouches were established by 
flushing 100% N Z  gas through the pouches. Following flushing and initial reading, 
the pouches were placed into a series of glass Mason jars (Figure 1) of 1 It capacity, 
1 pouch per jar, the jars were sealed and 100% CO2 gas flushed continuously 
through the system to maintain the CO2 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 m1 samples through 
the septum using a 0.5 m1 gas tight syringe, equipped with a one way luer lock 
valve. The sample was introduced into the gas Chromatograph and the response 
was recorded. 

, cylinder r"' 
containing 

0 0 %  c .  (j 0 
l /' 

glass  mason j a r s  ' )ouches p l a s t i c  
1 spacers 

FIG. 1 : Scheme showing the assembly of Mason jars, containing the plastic pouches, for 
the measurement of CO2 permeation rates of plastic pouches. 

Quantification of CO2 was accomplished using a standard curve, constructed 
daily by injecting known aliquots of various concentrations of 100% COz. 

Gas chromatographic conditions were as follows : 
Column : Silica gel 2m X0.6 cm st. steel, 60-80 Mesh 
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Column Temperature : 125OC 
Inj. port >> : 130•‹C 
Detector >> : 225OC 
Carrier gas : Helium 30 ml/min. 

Procedure to determine the volume of the pouch 

After measuring the % CO2 concentration inside the pouch at time (t l), a 
known volume of 100% CO2 was introduced into each pouch, the content was 
manually agitated and a new 0.5 m1 sample was withdrawn and introduced into the 
G.C. The new response resulted from the increase of the initial concentration of 
CO2. The volume of the pouch was determined using equation I. 

Results-Discussion 

Equation (1) was developed for the determination of the pouch volume, 
v P 

assuming that E 1, or V, >VCO, v, + vco,  

where : v CO, 
- c2-cl 

v, + vco,  - 100 

VCo, = Volume of 100% CO2 injected into the pouch (ml) 

V, = Volume of pouch (ml) 
C = % CO2 concentration (g/ml) inside pouch before introduction of 100 C02 
C2  = % CO2 concentration (g/ml) inside pouch after ,, of 100 CO2 

The permeability values were calculated as follows : 

At time t l the G.C. response is converted to % C02  concentration C 1 

using the standard curve. 
U. l00 

(u I )=amt .  of CO2 perm. into pouch at time t l = C I  X 109 XV,  o r c l  = - v, 
The same calculations are carried out for sampling times t2,t 3 . . .  Next the plot amt. 
of CO2 permeated versus time is constructed. Finally the permeability value is 
calculated as the ratio : 

slope of curve (ml/day) 
Perm. Val. = 

Area of pouch X -P.Pressure differenoe (m 2 .  akm) 

Comparison of the method proposed with the .<permeability cell,, method6 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 : CO2 permeability values of films# 1004,1019 and 1001 using both the .pouch. 
method and the <<permeability cell*, method. 

CO2 permeability values (in ml/m2. 24hrs.atm) 
Film N g  

proposed .pouch>. method <<permeability cell. method 

Lower Permeability values calculated for the <<pouch,, method are probably 
owed to the relatively high permeation rate of the silicon septum to C 0  2. Once the 
pouch is pinched twice or more by the needle the CO2 content of the pouch de- 
creases during the procedure of sampling. 

Results of the C02 permeability measurements from twelve different film 
laminates tested, using the proposed method, are summarized in Table 11. 
Permeability values are expressed in ml/m2. 24 hrs.atm. Each value is the mean of 
duplicate measurements. 

TABLE I1 : CO 2 permeability values of various film laminates using the proposed <*pouch 
method*, 

laminate composition 
Film N S  from inside - out 

CO2 Permeability value 
(ml/m .24hrs.atm) 

Mean Rel. Width 

PET/Saran/MDPE 
PET/double Saran/LDPE 
PET/Alum. foil/Surlyn/Polyurathane 
PET/Saran/Epoxy/Saran/Surlyn 
Polyester/double Saran 
Polyester/Saran/Surlyn/PE 
LDPE/PVA/Polyester 
AC/LDPE 
HDPE/PET/LDPE 
EMA/LDPE/PP/LDPE 
PE/PP/LDPE/EMA (blister package) 
Surlyn/PP/LDPE/EMA (blister package) 

PET = Polyethylene terephthalate 
MDPE = Medium density polyethylene 
LDPE = Low density polyethylene 
HDPE = High density polyethylene 
PP = Polypropylene 
PVA = Polyvinyl alcohol 
AC = Acrylonitrile 



PERMEABILITY METHOD FOR PLASTIC FILMS 115 

"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 ir 
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 CO2 
permeation rates in various plastic films is proposed. 
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