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STUDY IN THE LABORATORY OF THE ONE-STAGE WATER 
EXTRACTION OF SUGARS FROM KORINTHIAN RAISINS 

KONSTANTINOS M. SIPITANOS AND ATHANASSIOS D. PAPARGYRIS 
Laboratory of General and Inorganic Chemical Technology. University of Thessaloniki. Greece. 
Received 22-3-78 

Summary 

The one-stage water extraction of sugars from Korinthian raisins was studied 
experimentally for the determination of the optimum conditions to be applied. It was found 
that for obtaining the best results from this extraction it was necessary to keep certain 
conditions concerning: 

the currants weight to water volume ratio, 
the extraction temperature, and 
the extraction time (duration). 
The optimum extraction conditions were accomplished by determining the sugars as 

well as the nitrogen compounds in the extract. 
By keeping constant one parameter each time thk other two were studied. The 

obtained results are presented in Table 4 and in Figures, 3, 4 and 5. 
The changes observed above the optimum conditions are subject to discussion. 
In the case of extraction of nitrogen compounds, the currants weight to water volume 

ratio was kept constant in all series of experiments, viz. 1 5 ,  while the temperature changed. 
The extraction time varied while the temperature was kept constant for each experiment. 
The results obtained are presented in Figures 6 and 7. 

Key words: Korinthian raisins, One-stage water extraction, Currants, Extracted sugars, 
Optimum extraction temperature and time, Ext~acted nitrogen compounds. 

Introduction 

Customarily, part of the annual produce of currants in Greece (Korinthian 
raisins variety), although edible, is not consumed as such, but is rather used as raw 
material for the production of sugar extracts, alcohol, raisin qyrups and vinegar. In 
this way the producers succeed in making useful the whole amount of their product.' 

None of the other raisin producer countries (U.S.A., Australia, etc) face such 
a problem, since their product is consumed as edible in local and international 
markets, but in Greece the problem remajns vital for the producers and the national 
economy. It is reported that more than 40% of the 1971 currant produce was 
industrialized and about 58% was exported abroad as edible.2,3 

According to 1966 statistical documents, Greece is at the top of the 
Korinthian raisins world production covering 84% of the total.4 

In spite of the significance of the problem, and as far -as we know, no 
systematic work on water extraction of sugars from currants has appeared in local or 
international bibliography. 
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Composition of Currants 

It should be noted that currant composition is influenced by many factors such 
as soil, cultivation techniques, climatic conditions, etc. 

The averagC composition of Korinthiah raisins is givens in Table 1. 

TABLE 1. Composition of Greek Korinthian raisins. 

Percentage on natural Percentage on dry 
currant basis currant basis 

Acidity in sulfuric acid 1,305 _ 1,591 
Acidity in tartaric acid 1,997 2,434 
Sugar 66,l 80,58 
Tannic substances 0,757 0,923 
Total ash 1,892 2,307 
E~tracted solid matter 75,30 91,79 
Insoluble matter 6,739 8,215 
Water content 17,961 
pH (log of dry currants 
in 1 lit of water) 3,65 

TABLE 2. Results of chemical analysis of Korinthian raisins used. 

Percentage content Method used14 

Reducing sugars 71,O' LANE-EYNON 
Water content 15.0 Conventional 
Ash 
Nitrogen compounds 

lj62 Classic 
0,42 KJELDAHL 

K.TELDAHL-MATVEEF 

*In Tables 2, 3, 4, 5, 6, and 7 all, values are means of five replications. 

It has been found, after six hours extraction, that the average content of 
currants in water insoluble materials is 4,86-7,97%, in potassium 0,708-0,95%, in 
caleiym 0;05-0,078%6 and in proteins 2,3-2,6%72s It hasalso been found that during 
dryin&.vitanins A and C are destroyed, while vitamins B are not affe~ted.~ 

6 -  - 
As far as the sugars are concerned it can be said that they consist maihly of 

fructose and glucose with a ratio of about 0,92'. .Pectin substances, contained in 
Korinthian currants, i.e. polygalactouronic acid products, are about 0,85%1•‹ and 
they are found in their cell  wall^.^,^'^^^ The amount of the tandic sestances present 
has been found to be 0,3-2%, it has also been found that they are constituents of the 
currant skin.13 

With regard to proteins, it is reporkd14 that during"dehaturation, breaking off 
of their cm% bonds takes place, which rekults in free x~tqtian oE the, protein 
molecde,ctnd the polypeptidic chains are unrolling and unfolding. 
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Experimental work 

Particle size and chemical analysis of currants 
For the experiments of the present work currants of 1972 harvest were used. 
The mean diameter of the currants was determined granulometrically by 

screening,15 and the result taken was 7,5 mm. 
The findings from the quantitative analysis of the currants for reducing 

sugars, water content, ash and hitrogen compounds are presented in Table 2. 

Extraction apparatus 
The extraction experiments were carried out by using the apparatus shown in 

Figure 1. 
It consists of a 1 lit double wall glass flask E, into which the currants are 

placed. For the temperature regulation of the extraction experhpents water is 
circulated by a thermostat from A to B. F, C,and D are thermometer, pipe for the 
addition of the extraction water, and extract outlet pipe, respectively. 

I 
MTRACTION APPARATUS OPERATING POSITION OF T K  

MTRACTION b P P a T L S  

FIG. 1 

Determination of optimum extraction conditions 
In order to determine the optimum extraction conditions, i.e. a) the optimum 

currants weight water-volume ratio, b) the optimum extraction temperature and c) 
the optimum extraction time (duration), first the optimum currants weight 
water-volume ratio was determined and then keeping constant this ratio the 
determination of b) and c) optimum followed. 

~etermination of optimum currants weight water-volume ratio 
In determining this ratio 100 g of currants were extracted at 72•‹C for 1 hour, 

while the volume of water used was varied. The results are presented in Table 3. 
Plotting of the amount of extracted sugars against the used volume of 

extraction water is given in Figure 2. 
.It can be seen (Table 3) that for 100 g of currants, if the amount of extraction 

water from 100 m1 increases the amount of extracted sugars also increases tilI the 
volume of extraction water reaches the value of about 500 ml. A farther increase of 
the amount of the extraction water beyond this value has no significant effect on the 
extracted amount of sugars. 
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Determination of optimum extraction temperature and time 
For the determination of the optimum extraction temperature and time in all 

the experiments 100 g of currants and 500 rnl of extractio? water were used. For 
each series of experiments the temprature was kept constant but the time of the 
extraction varied. 

The results are given in Table 4. 
Plottings (a) of the amount of extracted sugars against extraction time at 

constant extraction temperature, (b) of the amount of extracted sugars against 
extraction temperature at constant extraction time and (c) of the extraction time 
against extraction temperature at constant amount of extracted sugars, are given in 
Figures 3,4 and 5, respectively. 

TABLE 3. Effect of extraction water volume on the amount of extracted sugars. 

Extraction water volume (ml) Extracted sugars, g 

*Means in a column followed by the same letter are not different at the 1% level of significance. 

I : , 
100 200 300 LOO 500 600 700 800 900 IOW 

EXTRACTION WATER, ml - 
FIG.  2: Amount of extracted sugars in relation to extraction water volume at 71 O C  temperature for 1 
hour extraction time. 



TABLE 4. Effect of the extraction duration on the amount o f  extracted sugars at various extraction temperatures. m 

Time Quant~ty et extracted sugars at various temperatures (g) 

25•‹C 35•‹C 45•‹C 50•‹C 57•‹C 60•‹C 6 5 T  71•‹C 75•‹C 78•‹C 80•‹C 83•‹C 86OC 90•‹C 93,S•‹C (h4  
0 

1/6 7,21 a 8,61 9,02 9.42 9,77 10,Ol 10,40 10,61 a 11,22 11,61 12,07 15,81 a 16,32 16,43 16,51 a z 
1/3 8,52* 10,32 10,78 11,OO 11,lO 11,21 11,86 12,52 15,31 17,OO 18,03 19,OO 20,08 21,31 22,36 
1/2 10,95 b 12,65 12,98 13,02 14,Ol 15,32 18,23 20,OO b 21,20 22,70 23,06 23,87 b 24,41 2430 25,02 b 

1 16,79 c 18,07 18,30 18,51 19,02 20,OO 22,87 24,69 c 26,94 27,03 27,72 28,93 c 29,lO 29,51 29,62 c 
22,21 23,96 26,12 28,40 29,08 30,07 31,22 32,30 32,52 32,60 33,12 33,30 33,43 33,76 34,17 

2 
2 
3 26,20 d 28,64 31,42 34,21 35,Ol 37,53 37,98 38,33 d 36,21 35,63 37,51 37,70 d 37,92 38,OO 38,27 d 

F 
4 29,49 32,Ol 35,93 37,61 40,42 42,51 42,57 42,62 40,31 3834 42,27 40,49 42,32 43,OO 42,47 E 
5 32,40 e 36,OO 39,13 40,72 43,81 46,51 47,41 50,78 e 43,lO 41,02 43,29 42,27 e 44,61 44,71 46,Ol e 
6 34,72 38,67 42,44 44,82 47,23 50,03 51,04 54,16 45,03 42,40 44,02 43,91 45,31 45.50 49,02 9 
7 37,20 f 41,OO 47,12 47,90 50,21 53,OO 53,92 57,51 f 47,21 43,60 45,51 44,50 f 45,62 46,OO 51,51 f ' g 
8 38,90 43,26 48,Ol 50,43 52,OO 55,501 56,15 58,OO 48,73 44,46 46,OO 44,68 45,67 46,43 53,02 
9 40,90 g 45,29 50,20 52,51 54,20 57,51 58,41 59,09 g 50,50 44,92 46,12 44,70 f 45,72 46,71 56,Ol g 

42,51 47,91 52,21 54,30 55,71 59,02 59,80 60,05 52,OO 45,60 46,20 44,76 45,83 46,83 57,42 
8 

10 E 
12 46,Ol h 50,03 55,46 57,31 58,41 61,71 61,89 62,02 h 54,72 46,61 46,50 44,81 f 45,89 47,12 60,12 h 
15 49,03 i 53,Ol 5731 59,22 60,40 62,51 62,60 6230 h 57,60 47,20 46,50 45,OO f 46,OO 47,20 62,OO i 5 
20 53,lO J 57,09 59,OO * 60,20 6135 63,75 64,77 64,91 i 60,09 47,57 46,51 45,03 f 46,02 47,22 63,17 i 
30 53,12 j 57,12 59,Ol 60,61 62,95 64,21 64,79 65,Ol i 60,02 47,59 46,61 45,Ol f 46,02 47,21 64,02 i 2 
40 53,17 j 57,lO 59,05 60,79 63,05 64,51 64,81 65,Ol i 60,07 47,60 46,61 45,03 f 46,02 47,23 64,OO i 

53,17 57,13 59,07 60,79 63,07 64,50 6481 65,Ol 60,07 47,60 46,60 45,04 46,Ol 47,22 64,06 
!a 

45 e 
E 

'Means not followed by a letter have not been analysed statisticaily (Tables 5, 6 and 7) Z m 



EXTRACTICN TIME, h - 
FIG. 3 :  Extraction isotherms 

701 

FIG. 4: Extraction isochronous 

As can be seen from Table 4, Figure 3, in the case of constant temperature 
extraction the amount of extracted sugars increased with extraction time up to a 
value, above which there was no significant change. It may be said that in this time 
the extraction process reached the state of equilibrium. The required time for this 
equilibrium to be reached was about 20 hours for the extraction temperatures of 25, 
35, 45, 50, 57, 60, 65, 71 and 75•‹C. 

Between the temperatures of 75•‹C and 86•‹C the time required for this 
equilibrium to be reached decreased: it was approxiniately 15,8,7 and 6 hours for 
the temperatures of 78, 80, 83 and 86"C, respectively. 

At the temperatures of 90•‹C and 933•‹C it was observed that the time 
required for the equilibrium to be reached increased again, and it was equal to 8 and 
3 0 hours, respectively. 
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FIG. 5 :  Extraction isobars. 

Under constant extraction time and up to 2 hours the amount extracted sugars 
increased by increasing the temperature from 25 to about 93,5"C (Fig. 4). From 2 to 
45 hours extraction time the amount of extracted sugars increased by increasing the 
temperature up to about 71•‹C, then it decreasedfrom 75 to about 83•‹C and finally it 
increased again from 86 up to about 93,5"C. 

Determination of extracted nitrogen com~ounds " 
For this determination experiments were carried out at constant extraction 

temperature within the r$hge of 25 to 933•‹C. The extraction time was for all 
experiments constant and equal to 25 hours. The currants weight water-volume 
ratio was in all cases equal to 1:5: The results are given in Table 5. 

Plotting of the amount of extracted nitrogen compounds against extraction 
temperature is given in Figure 6. 

Extraction experiments were also carried out under constant extraction time 
equal to 1, 5, and 25 hours at temperatures of 50, 71, 83 and 93,5"C each time. 

The results from the extraction experiments are given in Table 6. 
Plotting of the amount of extracted nitrogen compounds against extraction 

temperature is given in Figure 7. 
The results of the nitrogen compounds extraction experiments showed that: 
1) For 25 hours extraction time an increase in the extraction temperature 

from 25 up to 50•‹C was followed by an increase in the amount of extracted nitrogen 
compounds (Table 5). Then for the extraction temperature region above 50 and up 
to 71•‹C the extracted amount of nitrogen compounds gradually decreased. By 

'increasing the temperature above 71 and up to 83•‹C the amount of extracted 
nitrogen compounds was increased again, and, finally, for extraction temperature 
higher than 83 and up to about 93,5"C the amount of extracted nitrogen compounds 
was again decreased. 



162 K.M. SIPITANOS - A.D. PAPARGYRIS 

TABLE 5. Effect of the extraction temperature on the amount of extracted nitrogen compounds. 

Extraction Amount of extracted Extraction Amount of extracted 
temperature Nitrogen compounds temperature Nitrogen compounds 

"C (mg N) "C 6% N) 

TABLE 6. Effect of the extraction temperature at various extraction durations on the amount of 
extracted nitrogen compounds. 

Extraction Amount of extracted Amount of extracted Amount of extracted 
temperature Nitrogen compounds Nitrogen compounds Nitrogen compounds 

"C in 1 hour, mg N in 5 hours, mg N in 25 hours, mg N 

TABLE 7 .  Effect of extraction temperature on the pH values of after-extraction-currants pulp. 

Extraction tempera- 
ture "C eH 

2) In the case of extraction under constant temperature, equal to 50,71,83 
and 933•‹C in each series of experiments and for extraction time 1,5 and 25 hours, 
the amount of extracted nitrogen compounds was increased with temperature 
(Table 6). 

The difference of the amount of extracted nitrogen compounds between 1 
and 5 hours extraction decreased as the extraction temperature increased. 
Generally a similar pattern was also observed for the amount of extracted nitrogen 
compounds difference between 1 and 25 hours extraction. This difference was 
almost the same for the temperatures of 71 and 83•‹C. 

3) In one hour extraction experiments, there was observed a gradual increase 
in the amount of extracted nitrogen compounds as the temperature increased from 
50 to 71 and then to 83"C, while the corresponding value at 933•‹C was about the 
same with that received at 83•‹C. 

4) Under constant extraction time equal to 5 and 25 hours, in each case, an 
increase of the amount of extracted nitrogen compounds took place until extraction 
temperature reached 83•‹C and then a decrease followed the temperature of 93,5"C. 
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851 10 M 50 70 90 
EXlRACnON TEMPERATURE. OC --+ 

FIG.  6 :  Amount of extracted Nitrogen compounds for 25 hours extraction time in relation to 
temperature. 

20 30 LO 50 M 70 80 90 
EXTRAC7lON TEMPERATURE. "C - 

FIG.  7 :  Isochronous of amount of extracted Nitrogen compounds in relation to temperature. 

5 )  The plottings of the amount of extracted nitrogen compounds and sugars, 
for 25 hours extraction, against extraction temperature (Figure 8 )  showed that at 
temperatures 71, 83 and 93,5"C the amount of extracted sugars was maximum, 
minimum, and maximum, respectively, though the amount of extracted nitrogen 
compounds was minimum, maximum, and minimum, i.e. when the amount of 
extracted sugars was maximum, the amount of extracted nitrogen compounds was 
minimum, and vice versa. 
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After-extraction-currants pulp p H  change in relation to extraction temperature 
The pH measurements were carried out by using a METROHM E396B 

pH~meter with compound ialomel-glass electrode type EA120X. The pulp used 
was produced by pulping the currants which had been extracted for 25 hours at 
different extiaction temperatures. The observed pH values for 25, 71, 83, and 
933•‹C are given in Table 7. 

Plotting of extraction temperature against pH is given in Figure 9. 

Discussion 

The-results of this experimental work are as follows: 
1) In the case of constant time extraction and up to 2 hours the amount of 

extracted sugars increased when temperature increased from 25 to about 93,5"C 
(Table 4). This may be due to the following reasons: 

a) To the increase of the denaturation velocity of the protoplasmatic proteins 
as the extraction temperature increased. A consequence of this fact is that diffusion 
is enhanced as in the case of sugarbeet6.16 

b) To the increase of the mobility of sugar molecules with increasing 
temperature, and 

c) To the expansion of cell wall and currants skin pores. A variety of other 
factors may also be at work here. 

2) In the case of constant extraction time higher thhn 2 hours the amount of 
extracted sugars increased when the temperature increased from 25 to 71•‹C. This 
fact also may be due to the reasons mentioned above. 

3) In the case of constant extraction time higher than 2 and not greater than 
45 hours a decrease in the amount of extracted sugars was observed as the 
temperature increased from 71 to about 83•‹C then a further increase in 
temperature up to about 93,,5"C resulted again in an increase in the amount of 
extracted sugars. . , 

The decrease of the amount of extracted sugars in extraction temperatures 
from 71 to about 83•‹C is probably caused by: 

a) The inhibition of the diffusion of sugars because of the differentiation of 
structure of the protoplasmatic proteins, which takes place at long heating periods 
at these temperatures.17 

b) The jellyfication of sugars, caused by the presence of pectins, under proper 
pH values of cell juice.'' 

c) The loss of inflexibility of cell membranes and skin of currants, which is 
acceptable for sugarbeets.lg There may also be other reasons determining this 
decrease. 

As far as the amount of extracted nitrogen compounds is concerned the 
experimental results are as follows: 

25 hours extraction 
1) When extraction temperature increased from about 25 to 50•‹C, an inc~ease 

in the amount of extracted nitrogen compounds was noted which is probably due to 
the increase of mobility of protein molecules with temperature. This phenomenon 
seems to rule over all other factors in this case, because the protein denaturation, 
which inhibits the extraction, takes place at small velocity for these temperatures.19 

2) When extraction temperature increased from about50 to 71•‹C the amount 
of extracted nitrogen compounds decreased. This may be due to the velocity 
increase of protein denaturation witith temperature.lg This phenomenon may be 
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0 20 40 60 80 100 
EXTRACTION TEMPERATURE, OC 

FIG. S: Comparison of  the amounts of  extracted sugars and nitrogen compounds. 

PH OF DRY RAISINS 

FIG. 9: pH change in relation to extraction temperature. 

considered counterpoise to and of greater magnitude than the increase of protein 
mobility. If this is true the result is the gradual decrease of the amount of extracted 
nitrogen compounds in this temperature range. 

3) When extraction temperature increased from about 71 to 83•‹C an increase 
in the amount of extracted nitrogen compounds was again observed. 

The following probable causes may be considered in attempting an 
explanation of this phenomenon. 

a). The increase of protein molecules mobility which rules over the 
denaturation effect. 

b) The change of protein molecules shape. 
c) The enlargement of cell walls and currant skin pores. 
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It may be said that these phenomena take place before the loss of inflexibility 
and blocking of cell walls and currant skin, because of jellyfication which is caused 
by sugars, in presence of pectin substances under favorable pHvalue of currant cell 
juice. 

4) When the extraction temperature increased from about 83 to 93,5"C the 
amount of extracted nitrogen comounds decreased again. This is probably due to 
complete coagulation of proteins, because the large micelles that are formed cannot 
pass through cell walls and skin of currants. 

Conclusions 

1) In the case of extraction temperature 71•‹C, for 1 hour, and with constant 
amount of currants, the amount of extracted sugars increased with the amount of 
extraction water, till the ratio of currant weight to water-volume reached the value 
1 :5. When the value of this ratio decreased the amount of extracted sugars did not 
change significantly. Therefore it may be concluded that the optimum currants 
weight to extraction water-volume-ratio under the mentioned extraction conditions 
is about 15. 

2) Working with 1:5 currants weight to extraction water volume ratio and 
under constant temperatures the amount of extracted sugars increased with 
extraction time. The amount of extracted sugars reached a maximum, depending on 
temperature, after which a further increase in extraction time resulted in no 
significant change in the amount of extracted sugars. The extraction time for 
maximum amount of extracted sugars to be achieved depended also on 
temperature, and for 71•‹C it was about 20 hours. 

3) The amount of extracted sugars from 100 g currants under 20 hours 
extraction time and temperatures of about 50,57,60,65,71 and 93,5"C was 60.20, 
61.85, 63.75,64.77,64.91, and 63.17 g, respectively. Since the total sugar content 
of the currant samples used was 71%, the corresponding percentages of these 
amounts are 84.71, 87.11, 89.80, 91.23, 91.42, and 88.97. 

The amount of extracted sugars from 100 g of currants under 30 hours 
extraction time and at 93,5"C was 64.02 g, that is 90.17% of the total amount of 
sugars. 

Generally it may be conluded that the maximum amount of sugars that can be 
extracted by using only one extraction may be achieved by observing the following 
optimum extraction conditions: 

a) Currant weight to water volume ratio: 1:5. 
b) Extraction temperature: Between~60 to 70•‹C. 
c) Extraction time: About 20 hours. 
4) With respect to the amount of nitrogen compounds CO-extracted with 

sugars at 25 hours extraction time and at temperature of 71,83, and 93,5"C, it was 
found that the maximum values of nitrogen compounds correspond to minimum 
ones of sugars, and vice versa. 
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Summary 

The investigation of the interaction of Fe I11 and Cu(1L) with toluoquinone and 0 oligomeric products of its oxidative condensation is extended here to more complicated 
polymeric species, having a closer resemblance to the natural humic acids. This resemblance 
is reflected in the electronic, vibrational and ESR specta, as well as in some properties 
relavant to their function in nature, such as the acidity, complex formation capacity etc, and is 
attributed to specific similarities in structure. 

Key words: Humic acids, oligomeric and polymeric species, oxidative condensation, complexes. 

Introduction 

The general obje~tives of the investigation have been formulated in the first 
paper of this series1 (Part I) where we reported our findings on the interaction of 
Fe(II), Fe(II1) and Cu(I1) with toluoquinone and its oligomeric products of 
oxidative condensation. These products are known components in the soil.233 In this 
paper we extend the investigation to more complicated polymeric ligands. In the 
line connecting the two extremes, namely the natural systems (soil, natural waters, 
sediments etc.) on the one hand and "pure" chemistry on the other, Part I lies closer 
to "pure" chemistry, whereas Part I1 lies closer to the natural end of the line. This 
means that in Part I1 the restrictions imposed by the system are more severe and 
hence the treatment is inherently less vigorous. 

Experimental 
"Artificial" humic acid. The artificial humic acid* used in this work is 

obtained by the spontaneous condensation of toluoquinone in acid solutions. 
Three to five m1 of concentrated HS04 are added to 100 m1 of a saturated 

solution of toluoquinone, containing ca 2g toluoquinone. The mixture is condensed 
.at low temperature to ca 25 ml. The dark-gray precipitate formed is filtered, washed 
with cold water toremove S04'-, toluoquinone and toluohydroquinone, and is dried 
under vacuum. 

Abreviated AHA. The component of humic substance of a natural source (soil, lake deposits 
etc.) which is soluble in dilute alkali but insoluble in acid, will be abbreviated NHA (Natural 
Humic Acid) and the Component of humic substance of a natural source whichis soluble both in 
dilute alkali and acid will be abbreviated NFA (Natural Fulvic Acid). , 
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Typical Analysis of the product 
C 67.77, H 4.55, 0 27.47 (oxygen from the difference) corresponds fairly 

well to the formula 

(C 68.85, H 4.91, 0 26.23) 

The concentration of the acid vary from 0.5 to 9 N and instead of sulphuric, 
hydrochloric or phosphoric acids can be used. The same product is also apparently 
obtained from the oxidative condensation of toluohydroquinone in alkaline 
so lu t io~s .~ ,~  The condensation of hydroquinones in acid solution is generally more 
difficult. 

Polymerization products analogous to those obtained from toluoquinone and 
by an analogous procedure were laso obtained from simple o- and p- benzoquinone 
and from ethylquinone (ethyl-p-benzoquinone) The analyses gave: 
polymer from o-benzoquinone C 62.65, H 4.78 0 32.57 
polymer from p-benzoquinone C 66.01, H 4.56 0 29.43 

' polymer from ethylquinone C 70.69, H 5.74 0 23.57 
The corresponding calculated values on the basis of the general formula: 

The analysis of the various mixtures depends on the initial amounts of the 
reagents used and on the method of preparation. Typical compositions together' 
with the IR spectra etc are given in the results (vide infra). 

OH 0 

Titrations: Aqueous solutions of AHA (0,5-5%) are acidic (pH - 4.3) and 
with 0,IN NaOH they give titration curves with one dominant break. 

Total and phenolic acidity were determined following the methods developed 
by Blom, Edelhausen and Van Krevelen6 and by Brobks and Starnhe117 as modified 

.X 

for R = H C 66.05, H 4.62, 0 29.35 
for R = C2H5 C 69.56, H 7.24, 0 23.18 

Mixtures of AHA wirh copper and iron salts. Mixtures containing AHA and 
Cu(I1) or Fe(II1) in various initial ratios were prepared as follows: 
(a) Copper (11) nitrate (C~(N03)~.3  H2O) was added to a suspensibn of AHA in 

water or dilute alkali. The precipitate was filtered, washed with water and dried 
under vacuum at 80•‹C. Its color varied from dark green to brown, depending on 
the composition. 

(b) The metal salt [Cu(NO3)2.H20 or Fe(N03)3.5H20] was added to a 
homogeneous solution of AHA in a water-methanol mixture (90:lO). The 
solution was then condensed on a steam bath and the precipitate formed 
filtered, washed with water and dried under vacuum at 80•‹C. 

(c) The acid (H2S04) condensation of toluoquinone was done in the presence of 
Cu(I1) or Fe(II1). 
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by Schnitzer and Gupta.' In the first of these methods the sample is treated with 
calcium acetate and-the released hydrogen ions are titrated potentiometrically 
(glass-calomel electrodes) with 0.1N NaOH to PH 9.8. In the second method the 
sample is treated with barium hydroxide and the,excess base is titrated with 0.5M 
HCI to pH 8.4. In the blank experiments the solutions did not contain AHA but the 
procedure followed otherwise was exactly the same to that folloerd for the samples. 

The calcium acetate method presumably measures the acidity due to the 
carboxylic groups whilst the barium hydroxide method measures the total acidity. . 
Phenolic acidity is obtained from the difference. Solutions of AHA containing 
known amounts of Cu(I1) or Fe(II1) were also titrated with O.OIN NaOH. 

Instruments and Analysis.The same instruments were used for performing 
the elemental analysis and taking the electronic and vibrational spectra as in the 
previous paper of the seriel. ESR spectra of powder samples were taken with a 
Varian ESR spectometer at a modulation frequency of 9055 GHZ. Spin content 
was estimated by comparison with diphenylpicrylhydrazyl. 

Copper was determined, as previously, gravimetrically as CuSCN and/or 
CuO and electrolytically, and iron gravimetrically as Fez03. 

Results 

Acidity. The results of the titrations of the artificial humic acid are given in 
Table I. This table also contains values for typical soil humic acids, for comparison 
purposes. 

The reliability of the "standard" methods used was assessed8 by applying 
them to a number of pure carboxylic acids (Table 11). The curves of Fig. 1 were 
obtained by titrating with NaOH AHA solutions and AHA solutions containing 
Fe(II1) or Cu(I1). At relatively small metal ion to AHA ratios there are minor 
inflexion points but one break dominates (Fig. Ia); at larger metal ion to AHA 
ratios more breaks are clearly seen (Fig. Ib). The behavior is analogus to the 
behavior of natural humic acid9. 

F I G .  1. Titration curves of solutions of AHA with 0.01M NaOH. A11 solutions contained 0.025g of 
AHA dissolved in 250 ml of water (curves 1,1), 2ml Cu(N03)2 0.02 M (curve 2), 5ml Cu(N03)z 0.01 M 
(curve 2), 2ml Fe(N03)3 0.01 M (curve 3) and 5 ml Fe(N03)3 0.01 M (curve 3) 
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FIG.  2. Electronic spectra of I: AHA (this work), LI: NHA (ref 10) and 111: NFA (ref 10). ~bsorbance in' 
arbitrary units. 

FIG.  3. Comparison of IR spectra of I A H A  (this work), IIsNHA (ref 10) and 111 NFA (ref 10). 

Spectra. UV and visible spectra of our artificial hurnic acid are compared in 
Fig. 2 to the spectra of natural hurnic andfulvic acids. The minimum for AHA at ca. 
400 nm is essentially the onset of the strong absorption in the UV. The 
corresponding onsets of the absorption of NHA and NFA lie also in this region. 

IR spectra of NHA and NFA'O and a typical spectrum of AHA are shown in 
Fig. 3. 

Representative spectra of mixtures containing AHA and Fe (111) are given in 
Fig. 4. The corresponding initial compositions and analyses of the products are 
given in Table 111. Fig. 4 includes spectra of mixtures of Fe (111) with natural fulvic 
acids.'' Fig. 5 gives the IR spectra of the products obtained by condensation in the 
presence of copper sulphate (Table IV). These products are hard, resin-like and 
they show a characteristic sharp absorption in the UV around 340 nm (Fig:6) 

The spectra obtained by adding Cu(I1) after condensation resemble very 
closely those of the Fe(II1) mixture depicted in Fig. 4, but they are distinctly 
different from the corresponding spectra obtained by adding Cu(I1) before 
condensation (Fig. 5). 
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FIG. 4. IR spectra of mixtures containingFe(II1) and AHA or NHA. Ratios ofFe(II1) over AHA (see 
Table LU,). I1 1 :2, ZZI 2:2, N 3:2, V 4:Z. Ratios of Fe(ILI) over NFA (from ref 1l):a without Fe(III), b 
1:1, c 3:1, d 6:l. 

FIG. 5. IR spectra of the products of condensation of toluoquinone in the presence of Cu@) (see Table 
W). Rafios of Cu(ll) over toluoquinone 11 2:3, III 3:3, IV 6:3, (I blanc, without CU@) ). 

FIG. 6. Details of the electronic spectra of the product of condensation of toluoquinonein thepresence 
of Cu(II) (Table W). 
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FIG.  7. Tdcal  ESR powder specgra of: I AHA (this work 11 Unhydrolyzed hT54 from Switzerland 
(ref. 12) and 111 hydrolyzed NHA from England (ref. 1 4  

The ESR spectrum of AHA resembles also closely the analogous spectra of 
natural humic acids (Fig. 7) and spin concentrations are comparable12 (Table V). 

The g value corresponding to the inflection at 3219.5.G is 2.0100. 

Discussion 

It is important to point out from the outset that in a multisomponent system 
such as that studied here, direct and simple correlation of properties (e.g. spectra) 
and structure is virtually impossible. Yet, if we want the knowledge gatherednot to 
remain in the form of uncorrelated fragments wemust try tosystematize it and since 
direct correlation between properties and structure is unattainable, the obvious 
alternative is indirect correlation. The method used here is based on a double 
comparison: to the simpler related systems (monomer, dimer, etc.) reported 
previously1 and to the available data for natural products. Moreover, in making this 
com~arison we have concentrated on the properties which are relevent to the 
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function of humic acids in the natural environment, and more specifically to the role 
they play in the ecology of the soil or natural waters. 

The acidity data clearly show that the total number of acid groups obtained by 
the barium hydroxide method is a lower limit, whereas the number of carboxylic 
groups obtained by the calcium acetate method is an upper limit. 

The deviation from theoretical values should mainly be determined by the 
number and the positions of the hydroxyl groups.: 

These conclusions are based-on the data for ponomeric qarboxylic acids 
(Table 11) and for our artificial humic acid (Table I) which does not c~nta in  carboxyl 
groups, but it is reasonable to extend them to natural humic acids as well. 

The titration curves of humic acid-metal ion mixtures (Fig. l), especially 
those obtained with excess metal ion, indicate fairly strong interaction persisting in 
solution. In the first paper of this series it has been concluded that the dimer and 
trimer of toluoquinone can'form with metal ions polynuclear chelated complexes 
through properly positioned hydroxyl and carbonyl groups, The titration data 
suggest that this conclusion may be extended to the polymer. Moreover, the 
resemblance of the curves for artificial and natural humic acids is consistent with the 
assumption that natural h d c  acids can form real comp!exes *as well. This 
resemblance appears even more intriguing if one recalls that our artificial hurnic 
acid differs from the natural products in the degree and/or the kind of condensation, 
the nature of the active polar groups, and the complexity. Yet, it seems that what is 
qualitatively more important in complex formation capacity, is the relative 
positions of the active groups. 

Proper relative positions for chelate formation may be regarded as the 
common feature all humic acids, more or less, have and expIains to alarge extent the 
remarkable similarity in their function in the environment in spite of the many 
differences in their composition and origin. Polar groups (e.g. -OH, -C=C, -COO-, 
-S03H, -NH2 erc.) in places favoring chelation are expectedto increase the capacity 
for complex formation. In the changes having this effect one can classify 
condensation (e.g. compare toluoquinone with its dimer or trimer1) hydroly~is ,~~~~" 
aminolysis, sulfonation, oxidation etc. 

In contrast, any change resulting in a decrease of neighboring acfiv'e groups, 
such as furan ring formation, esterification, formation of species with active groups 
remote from each other etc., are generally expected todecrease complexfor'ma6on , 
cap@ y. 

The understanding of the factors affecting complex formaiion capacity has 
also practical value. The issue at stake here is essentially understanding the way tBat 
humic acids participate in the mechanism of metal ion &ansport in the environment. 
More specifically it can help in selecting the kind of treatment natural sources of 
humic acids, such as lignite, should be subjected to, if we want'to increase their 
effectiveness in this repsect, and use them e.g. as fertilizers. It can also give ideas for 
the mobilization of trace and troxic metals through the sewage systems or the 
streams and their transport or immobilization in certain aquatic environments. The 
UV and visible spectrum of AHA is considerably red shifted and broader relative to 
the dimer and trimer1 but strikingly similar to those of NHA and NFA (Fig. 2). The 
red shift and broadening can be attributed to the higher degree of condens4tion. 
The spectal similarity to the natural products can be attributed to a corresponding 
similarity in the kind and distribution of chromophores. The spectrum of AHA is 
obviously dominated by the sirongly sbsorbing condesed benzene rings rather than 
the substituents, and that seems to be the case in the natural producrs too. The 
spectrum in this region is very insensitive to the usual substituents in hurnic acids. 
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Moreover, the overlap of the absorptions from the various condensation products 
present in the multicomponent system precludes any attempt to discern peaks and 
attribute them to individual species. .. 

Yet, the overall shape of the spectrum still contains considerable indormation 
regarding the kind and distribution of strong absorbers. 

The situation in the IR region is quite similar (Fig. 3). The spectra of AHA, 
NHA and NFA have a bsoad countour line instead of well resolved peaks but they 
are still useful: not because one can discern group frequencies but rather because 
they have absorptions in the regions expected on the basis of the spectra of the 
monomer, dirner and trimer. Moreover although we cannot talk about 
displacement of group frequencies upon complexation, we can still see (Figs 4 and 
5)  some gradual changes in shape, which do not prove complexation but are 
certainly consistent with it. We can also state that the products obtained by 
condensation in the presence of a metal ion (Fig. 5 )  are of a different nature than the 
products obtained by mixing the metal salt after acid polymerization (Fig. 4). This 
statement is further supported by the different plysical 'appearance (hardness, 
colour, etc.) and the sharp peaks in the UV (Fig. 6) which are only observed with 
mixtures obtained by condensation in the presence of metal ion. In the 
condensation process the metal ion can act as a Lewis acid, but it probably also 
forms bridged polynuclear structures. In nature both condensation paths are in 
principle possible. . 

Finally, our artificial humic acid also resembles natural humic' acids 
(especially the hydrolyzed ones) in its ESR spectrum (Fig. 7) and free radical 
content (Table V). The spectrum indicates low symmetry and/or contribution from 
two species. The high value of g can be attributed to the small extent of 
condensation. 

TABLE I :  Activity of Artificial and Natural Humic Acids 

Total acidity 

Substance - ~ 0 0 ~ ( r n e ~ . g " )  (meq g-') Ref. 
r 

Humic acid 

Gray wooded O-HA-1 3 .O 8.7 9 

Gray wooded 0-HA-2 ' 2.8 8.9 8 

Podzolic 02-HA-1 2.2 5.7 - 16 

Podzolic 02-HA-2 2.7 not determined 8 

Fulvic acid 

wooded O-FA 8.5 14.2 9 

Gray wooded B2-FA 9.1 11.8 . 17 

Potzolic Bh-FA 9.1 12.4 16 

'~rt8icial Humic Acid 3.4 8.45 

* This work " 
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TABLE 11: Acidity data for some aromatic carboxylic acids 

Acid 

Total number of acid 
COOH groups per molecule groups per molecule 

Found by Found by 
Calculated the Ca (oAc)~ Calculated the Ba(0H)z 

o-phthalic 

l,2,5-benzene- 
tricarboxylic 

1,2,4,5-benzene- 
tetracarboxylic 4.0 4.0 4.0 4.0 

Salicylic 1.0 1.0 2.0 2.0 

2,4-dihydroxy- 
benzoic 1.0 1.9 3.0 1.6 

Gallic 1 .O 2.5 4.0 3.8 

2,5-dihydroxy 
benzoic 1 .O 1.3 3 .O 1.9 

TABLE 111: Representative mixtures of AHA with F~(III)(~) 

Initial iron and carbon Iron and carbon analysis 
percentage in reaction 

mixture(b) 
of the product 

(a)  See Fig. 4 
@) From the amounts added initially 

I corresponds to the blank 

TABLE IV: Representative mixtures of AHA with ~u(l l ) (~)  

Initial copper and carbon Copper and carbon analysis 
percentage in reaction of the product 

mixture (b) 

(a) See Fig. 5 
(b) from the amounts added initially 
(C) I cowesponds to the blank 
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TABLE V: Comparison of free radical content of artificial and natural humic acidis 

Sample 10-~' spins .g1 

A. Artificial humic acid 10 

B. Podzolic, B soil horizon, California 
Medecino Country 
soil (2% humic acid) . 0.02 
Part extracted into ethanol-benzene 1.0 
water soluble fraction 0.8 
alcohol soluble fraction 15.0 
Fraction soluble in ethanol-water mixture 2.2 

C. Podzolic, B soil horizon, England 
(Delawere Forest, Chesire) 
humic acid 0.2 
humic acid hydrolyzed for 3h ' 0.5 
humic acid hydrolyzed for 4h 0.9 

D. Commercial sample (Fluka, Buchs, S.G.) 
humic acid 0.7 
humic acid hydrolyzed for 3h 0.5 

MEilkzy zy"s Xqp~ias  z6v Xovp~x6v 'O&hw. II. 'AAAyjl~n~6pdo.s~~ Fe(II1) xai 
Cu(II) p2 noAvp~pLs 2jnoxazaoZOiz~~ nod ~ E ~ L ~ X O V Y  d~vy6vo. 

'H  Beevva zfjg hhhyhex~6e&oeog zofi Fe(II1) xa i  Cu(I1) p8 F ~ Y  aohovox~v6vq 
xai  &hha bh~yopeeq n~o'i6vza zqg ~ E E L ~ C O T L X ~ ~ ~  ovpnvxvCi)o~C;)S zqg n a e o v o i ~  
856ov,' E ~ E ~ T E ~ V E Z ~ L  08 a6zfiv E66 zfiv Eeyaoia xai  (58 n o h v n h o x G a ~ ~ a n o h v y s ~ ~  
p6pa ,  no* po~a<ovv X E Q L ~ ( S ~ ~ E @ O  p8 cpvo~xh ~ o v p ~ x h  ovozaz~xh z6v E6acpi32r 4 
z6v I%&ZOY. 'H 6p0~6zqza a6zfi nod &no6i6&za~ 08 ovyxex~~p6vsg X O L V ~ S  60~65,  
&v-cavaxh&za~ ozh 4henzeov~xh rg&opam (ox. 2) xa6bg xai  cizh . qdropa'ta 
2inee66eov (ox. 3) xai  ESR (IIiv. V, ox. 7), Erhhh x d  06 heiopkveg i6~6zyzeg no6 
B~ovv oxboy p8 zbv ~ 6 h o  XO* z a i ~ o v ~ ~ h  XOWJLX~ bE6a ozfi cpGoq, Bnog n . ~ .  4 
8@zqa& zovg xai  oi ~ a e a x z q e ~ o z ~ x 8 g  zovg 6p.66~5 (IIiv. I, 11, OX. l), j) ixav6zqa6 
zovg v& o ~ q p a z i ~ o v v  oGpnhoxa, xhn. 
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Summary 

Preliminary experiments'show that in the presence of artificial or natural humic acids, 
V(I1) in alkaline solutions reduces dinitrogen to ammonia. The existencein the humic acid of 
active groups in relative positions allowing chelate complex formation is a necessary 
prerequisite for the reduction. Provided that this condition is fulfilled, nitrogen fixation by 
mixtures containing V(I1) and humic acids should to a large extent be independent of the 
composition and origin of these acids. The preliminary resultsreported here are compared to 
results from other systems which have been reported in the literature and are interpreted on 
the basis of a tentative generalized mechanism. 

Key words: Humic acids, chelate complexes, dinitrogen fixation - reduction. 

Introduction 

The numerous studies on nitrogen fixation have been reviewed by several 
One of the objectives of these studies is the simulation in the laboratory 

of the action of nitrogenase by non-enzymatic model systems. Nitrogenase has been 
isolated6 from various soil microorganisms, both symbiotic and free-living. 
Underlying this effort is the assumption that biological nitrogen fixation via 
nitrogenase is the only path available under mild natural conditions. Here we 
explore the possibility for non-biological nitrogen fixation in the soil by a path 
involving hurnic acid without direct participation of microorganisms. The necessary 
background infromation has been reported in the first two papers7-' of this series, 
where we studied the interaction between some metal ions and toluoquinone as well 
as the successive products of its oxidative 2,5 or 2,6 condensation to an artificial 
humic acid and made a comparison with natural humic acids. 

The selection of the appropriate reducing metal ion was based on the work of 
Nikonovag*l0 who demonstrated that vanadium (11) complexes with monomeric 
aromatic ligands having hydroxyl groups in neighboring positions (e.g. catechol, 
pyrogallol, gallic acid, 2,3-dihydroxynaphthalene, chromotropic acid, etc.) can 
reduce nitrogen. 

Our artificial humic acid is riot monomeric, and instead of having two or more 
neighboring hydroxyl groups, it has in neighboring positions one hydroxyl and one 
carbonyl group. 

Natural humic acids also contain carboxyl groups. Yet, in spite of the 
differences, we find that both artificial and natural humic acids can play a role 
analogous to that of the ligands investigated by Nikonova. 
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Experimental 

Materials: The preparation and/or purification of toluoquinone, toluohydro- 
quinone and the dimer, trimer, polymer, etc. of toluoquinone, have been 
des~r ibed.~,~ Here, in addition to these ligands we also tried several other 
commercially available hydroquinones, namely hy+-oquinone (p- 
dihydroxybenzene), resorcinol (m-dihydroxybenzene), catechol (o- 
dihydroxybenzene), 5-methylresorcinol (1,3-trihydroxybenzene). We also used 
protocatechuic acid (3,4-dihydroxybenzoic acid) and the polymers obtained from 
o- and p-benzoquinones. 

Anhydrous VC12.2CH30H was prepared from VC13.6H20. Ten grams of 
VC13.6Hz0 were dissolved in 500 m1 of ethyl or methyl alcohol and acidified slightly 
by passing gaseous HC1. 70 m1 of pure benzene were then added and the mixture 
distilled. The remaining VC13 contained 0.08% water. 200 m1 of a saturated solution 
of VC13 in freshly distilled alcohol (containing traces of iodine) were acidified with 
dry HC1 (g) up to 10% in HCl and electrolyzed (12-15V, lA,  25-30 h) in a 
deaerated cell having a porous container to prevent mixing of the chlorine produced 
with the V(I1) solution. A platinum plate acted as a cathode and a carbon rod as 
anode. The inert atmosphere was sustained by purging the cell with oxygen-free, 
dry argon. Solid VC12.2CH30H can be obtained by removing the alcohol by 
distillation under high vacuum, but in most expreriments the solution was used as 
such. 

Solutions of VC12 in water-alc.oh01 mixture were obtained by a similar 
procedure, except that in this case one can use concentratedinsiead of gaseous HCl. 

Some solutions of V(I1) in hydrochloric acid media were also obtained by 
reducing the cooresponding V(II1) solution with magnesium metal or zinc 
amalgam. The organic reagent was most of the times used in alkaline solution. After 
mixing with the acidic vanadous solution care was taken to have pH values in the 
range from 8 to 11. Fine adjustments were made with dilute aqueous or alcoholic 
hydrochloric acid or sodium hydroxide solutions. 

Natural humic acid (NHA): We used two samples of natural humic acid 
obtainef from the Soil Research Institute, Canada Department of Agriculture, 
Ottawa. We also separated two similar samples from Greek soil by amodification of 
the method developed by Schnitzer and Gupta.12 Two kg of a forest soil sample 
were treated with ca. 7.1. of 1.5N NaOH at 50•‹C. The mixture was vigorously 
shaken for 8 hours in an argon atmosphere to avoid possible oxidation by air. The 
solution was then filtered and the filtrate, after being condensed, was passed 
through an ion exchange resin to remove cations and then evaporated to dryness at 
50•‹C. The yield is small: (2 g from 2 kg of soil. Analysis: C 51.80, N 3.60, H 4.65. 
The sample used was retreated with' few m1 of warm NaOH 1N in order to be sure 
for the absence of any NH3 traces. 

General experimental procedure and analysis 

A stream of nitrogen (1 atm) was passed through a series of purification traps, 
then through the reaction vessel and finally through another series of t r a b  for 
analysis of the products. Only glass or polyethylene tubing was used for the 
connections. Nitrogen was purified by successively passing it through -traps 
containing pyrogallol (in alkaline solution), V2+(,,,, a Katalyzator R-3-11 
(purchased fromB.A.S.F.), anhydrous CaC12, and silica gel. Thexeaction vessel was 
fitted with a syringe to admit the V(I1) solution and with a thermometer. A 
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thermostat was used to control the temperature. The products were analyzed by 
passing through two traps filled with dilute hydrochloric acid (pH - 3) also 
containing an indicator. The first of these traps was also connected to a PH meter. 
Usually, any ammonia produced remained in the first trap, but in a few cases traces 
were also detected in the second trap. 

Formation of ammonia is indicated by the change in pH and the color of the 
indicator in these two traps. It was further confirmed by adding alkali to the solution 
of the traps and then mildly heating. Gaseous ammonia was detected with an 
acid-base indicator, or by the Nessler reagent. In some cases it was also collected 
and titrated. Detection of hydrazine was done with p-dirnethylaminobenzaldehyde. 

Results and Discussion 

The results of the experiments performed are summarized in Table I. Each 
run in this Table represents several experiments in duplicate or triplicate, under 

, different conditions of pH, temperature etc. The time of purging nitrogen through 
the reaction mixture was typically 24 hours. All experiments were also successfully 
performed using ethanol instead of methanol. 

Although the experiments were of a semi-quantitative nature it can still be 
stated that the yields, under otherwise identical conditions, were generally higher at 
higher temperatures and higher in methanol rather than in mixed methanol-water 
solvents. 

Hydrazine was detected only in the first stages of run No. 4, but under the 
conditions of our experiments it is further reduced to ammonia. 

Mixtures of V(I1) with toluoquinone, toluohydroquinone, hydroquinone, 
o-benzoquinone, or resorcinol and its methyl derivatives gave no indication of 
nitrogen fixation. The corresponding experiments were performed in methanol, at a 
pH range between 9.5 and 10.5 and a temperature range between 25 and 30•‹C. In 
these experiments vanadous ion was prepared elec~olytically. These negative 
results can be taken as blanks for the experiments in which nitrogen was reduced. 
Nevertheless, seveal other blanks were also performed in which nitrogen was 
passed through mixtures containing only the organic component or only V(II), or 
the organic components mixed with V(II1) instead of V(I1). Only in the blanks of 
vanadous prepared by reduction with magnesium metal were ammonia and 
hydrazine detected. In all other cases, including vanadous solutions (without the 
organic component) prepared electrolytically or by reduction of V(II1) with Zn-Hg, 
results were negative. 

Alkaline vanadous solutions prepared by reduction with magnesium contain 
Mg(OH)z, which is coprecipitated with V(OH)2 and it is known13 that vanadous in 
magnesium hydroxide gels can reduce nitrogen. With electrolytically prepared 
V(I1) the reaction mixtures shown in Table I are homogeneous even at the higher 
p H  used. The behavior of V(I1) which was obrained by reduction with zinc amalgam 
is similar to that of V(I1) obtained electrolytically, except that there is 
coprecipitation of zinc and vanadous hydroxides containing small amounts of the 
organic compound. 

Under the conditions of our experiments, therefore, in the presence of 
monomeric compounds having hydroxyl or quinone groups i n  meta-, or 
para-positions to each other, V(I1) does not reduce dinitrogen. In contrast, this 
reduction takes place if the monomeric compounds have oxygen donor groups 
ortho- to each other. It is particularly interesting that polymeric products, even 
those obtained from inactive para-monomers, are active. Condensation obviously 
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TABLE I :  Reaction mixtures yielding reduction(a) of nitrogen to ammonia 

Run Mixture pH range Temperature Solvent 
range (C") 

1 V@), cat echo^(^) 9.5-10.5 25 - 60 methanol, methanol-water (2:l) 
2 V(II), pyrogallol(b) 9.5-10.5 25 - 35 methanol, methanol-water (2:l) 
3 V(I1 , protochatechuic 9.5-10.5 25 - 55 methanol 

acidJ1 -- - 
4 V(II), artificial humic 9.5-11 25 - 60 methanol, methanol-water (2:l) 

acid from toluoquinone 
5 V(II), artificial humc 9.5-10.5 25 - 60 methanol-water (2:l) 

aced from o-benzoquinone 
6 V(II), natural humic acid 9.5-10.5 25 - 60 methanol-water (1:2, 1:1, 2:l) 

(a)~ixtures  of V(I1) with toluoquinone, toluohydroquinone, hydroquinone, o-benzoquinone, resorcinol and its methyl 
&nvatives gave no indicat~on for nitrogen fixation. 

Confirming Shilov et al. loc. cit. 
(")~ccom~anied by decarboxylation 

increases complex formation capacity by bringing active groups in relative positions 
allowing chelation and the evidence strongly suggests that this is the common 
characteristic distinguishing active from non-active compounds. The results further 
show that hydroxyl groups can partly be replaced in this capacity by quinone or 
carboxylic groups. 

The significance of this s im~le  conclusion is obvious. Most of the comDonents 
in the complicated mixtures described by the collective name "natur2 humic 
substances" have neighboring active groups of this sort. It would then seem that 
nitrogen fixation under the appropriate conditions is quite a general property of 
these mixtures, to a large extent independent of composition and origin. 

The mechanism of the non-enzymatic reduction of dinitrogen by V(OH)2, 
which is known to be a powerful reducing agent, has been discussed by Denisov et 
a1,14 Lorenz et a1,15 and by Zones et a1,16 basically within the context of their 
experiments with V(OH)2 -Mg(OH)2 gels. On the basis of their systematic 
investigation Zones et alconvincingly conclude that the reaction proceeds through 
a vanadium-nitride-type intermediate formed by a two-electron oxidative addition. 
This intermediate is subsequently hydrolyzed to cis-diimide, N2H2 and transformed 
further to hydrazine. Diimide is formed even in the absence of Mg(OH)2, but in that 
case it decomposes into the elements, the becomposition being catalyzed by base,17 
as well as by V(I1) and V(II1). 

The basic premises of this mechanism and particularly the intermediate 
formation of diimide could also be used for explaining the results reported here. 
These results, however, clearly indicate that complexation - in fact chelation - is 
an important factor in stabilizing the intermediate reduction products and/or in 
reducing them further eventually all the way to ammonia. Mg(OH)2 is therefore by 
no means unique in promoting nitrogen reduction. It is only a special case within the 
more general context explored here and e l s e ~ h e r e , ~ . ~ ~  which includes 
heterogeneous as well as homogeneous systems, hydroxyl, carbonyl and/or 
carboxyl complexing agents, solid host lattices, monomeric and polymeric ligands. 
The limited specificity of Mg(OH)2 among the hydroxides so far investigated is 
probably due to its ability to provide an immediate environment around V(I1) 
resembling the environment provided in the more general case by the active 
complexing agents. 
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MEilkzq z f j ~ x q p i a s  Z ~ Y  X O V ~ L X ~ Y  d & o ~  III. I ~ Q O X U Z ~ Q X Z L X ~ S  n a ~ a z q ~ t j m ~ ~  &ni 
z f j ~  divayoyfj~ zoB 6~a&ikov d i d  V(II), n a ~ o v u i a  X O V ~ L X ~ Y  d~kwlr. 

IQoxazaexz~xh xe~e6paza  ~ E ~ X V O V Y  &L naeovaiq Z E X V ~ T ~ V  3 cpuo~x6v 
~ o u p i x 6 v  6&v zb V(I1) (58 hhxah~x& 6~crh.lrpaaa hvaye~  zb Gi&<ozo a8 hypwvia. 
"YnaeEq Eveey6v 6pa6ov 08 xazdrhhqheg 6koe~g, no+ vh En~z~knouv oxqpaz~opb 
xqhtx6v oupnh6xc1~ p8 zb V@), E ~ Y ~ L  bnaeaizqzq xeoCn66eoq y ~ &  zqv hvcryoyfi. 
'Ecp' ijoov 4 x@ovn66~oq adz? Sxnhqeoika~, q 6Sopevoq zo6 &i$xou hnb piypaza 
no+ XEQL~XOUV V(I1) xai  xovp~x& b&h ~ Q ~ G E L  ak peydlho (3a6pb v& ~Evai 
&ve&?ezqzq hnb zfi adv6eoq xai  zqv neokhevoq z6v b&ov aBz6v. 

T& neoxazaexz~xh hnozehkopaza no+ X E Q L ~ Q & ~ ~ O Y T C L L  E66 ouyxeivovzai 
p& zh &nozehkopaza hnb &hha ovozfipaza no+ hvacpS~ovza~ ozfi piph~oyeacpia 
xai Eepqve6ovza~ p8 $&oq Evav m6avb yev~xb pqxav~op.6. 
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Summary 

The keactions of benzonitrile oxide and 2,6-dichloro-benzonitrile oxide with some 
trimethylsilyl enol ethers gave through a regioselective 1,3-dipolar cyclo addition 
5-trimethylsilyloxy-~2-isoxazolines which were converted to isoxazoles by treatment with 
hydrochloric acid. Silyl enol ethers prepared from aldehydes gave 4-substituted isoxazoles 
while those prepared from ketones gave 5-mon0- or 4,5-bis-substituted isoxazoles. The 
structure of the new isoxazoles is confirmed by their spectral data ('H-NMR, MS). 

Key words: 5-~rirneth~lsil~lox~-~~-isoxazolines, regioselectivity, 1,3-dipolar cyclodddition, 
nitrile oxides, substituted isoxazoles preparation-spectroscopy, silyl enol ethers. 

Introduction 

The isoxazole ring is mainly synthesized through the long known methods of 
condensing 1,3-dicarbonyl compounds, a-acetylenic ketones or aldehydes with 
hydroxylamine and also directly through the reaction of nitrile oxides with* 
 acetylene^.',^ Isoxazoles are also synthesized via the appropriate, more or less 
stable, A2-isoxazolines prepared through the reaction of nitrile oxides with 
enamines? enol derivatives5 and other olefins substituted in the a-position with a 
suitable leaving g r o ~ p . ~  A2-isoxazolines can also be converted to isoxazoles by 
~xidation.~ 

Recently8 we have studied reactions between the nitrile oxides l(a,bj and 
the trimethylsilyl enol ethers CH3COCH=C(OSiMe3)CH3, CJ%5COCH= 
=C(OSiMe3)CH3, 2a, 2e and found that in all cases a regioselective 1,3-dipolar 
cycloaddition of the nitrile oxide to the dipolarophile occurs, leading originally to 
the formation of the corresponding 5-trimethylsilyloxy-A2-isoxazolines 3. The 
isoxazolines 3 (with R = CH3CO- or C6H5CO- and R' =CH3), prepared from the 
above first two dipolarophiles, were generally unstable and converted ta the 
corresponding iso_xazoles 4, before their isolation, while isoxazolines 3(a,Y,j) (Table 
I), prepared from Za, Ze,'were stable. . *I 

It is now reported that these stable isoxazolines can be easily converted to the 
corresponding isoxazoles by short treatment with methanolic hydrochloric acjd an$ 
also that the reaction between nitrile oxides and trimethylsilyl enol ethers c*aii be 
finally utilized for the preparation of isoxazoles, alkyl- or arpl-substituted inrhe4; 
or 5- or both positions of the isoxazole ring, depending on the trimethyJsiljtlen01" 
ether used. 
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Results and discussion 

In this paper we wish to report a convenient synthesis of isoxazoles 4(a-j)via 
the corresponding 5-trimethylsilyloxy-A2-isoxazolines 3(a-j) (Table I), according 
to the following general reaction sclieme: 

la:X=H 2a:R=H, R1=GH5 
b:X= 2,6-Di-C1 b:R=R1 =CH3 (cis:trans 30:70) 

c:R=H, Rt=C2H5 
d:R=C2H5, R' = H  (cktrans 60:40) 
e:R-R' =-(CH2)4- (>98%)' 

Silyl enol ethers are easily prepared in good yields by several methods 
through the silylation of carbonyl  compound^.'^ Trimethylsilyl enol ethers 2(a-e) 
were prepared by treatment of the corresponding ketone or aldehyde with 
triethylamine and chlorotrimethylsilane9 and were used in the reactions studied in 
the form of isomeric mixtures. In all reactions the nitrile oxide 1 was added in excess 
(two equivalents). In method A the benzonitrile oxide lawas prepared in situ, while - 
in method B freshly prepared 2,6-dichloro-benzonitrile oxide 1 bwas used. Method 
B gave generally better yields (Table I). Compounds 3 were isolated from the 
reaction mixture by column chromatography in a crude form, usually as mixtures 
with some of the corresponding furoxan (dimerization product of 1) and were 
converted to the corresponding isoxazoles 4 directly, during the separation 
procedure or upon short heating with 10% HCI in methanolic solution. It is 
interesting to note that the reaction of the cis: transisomeric mixture of the silyl enol 
ether 2d with the nitrile oxide l a  resulted probably to the formation of only one 
isomer for the corresponding A2-isoxazoline 3g and not to a mixture of the two 
possible stereoisomers, as it is indicated by the 'H-NMR spectrum of the 
cycloaddition product. The same was also observed in the reaction between 2dand 
l b. The 'H-NMR spectra (in CC141 of products 3g and 3h showed for their CS-H 
proton only one doublet at 6=5.97 (J=6.5 Hz) ,and 5.87 pprn (J=6 Hz) 
respectively. 

The prepared known isoxazoles, with exception of isoxazole 4b(see Tables I, 
11), are identical to those reported in the literature, while the structure of the new 
compounds' 4 is confirmed by their spectral data (IH-NMR, MS). Compounds 
4(a,b,d,f) show in the 'H-NMR spectra a peak at 6 = 6.0 - 6.5 pprn (Table 11), 
characteristic for their C4-H proton,"""13 compounds 4@,h) show a peak at 6 = 
8.20 ppm, characteristic for their C5:H p r o t ~ n l ~ , ~ ~  and co&pounds 4(c,e)show two 
equal singlets at 6 = 2.4 and 2.0 pprn for the protons of their two methyl groups. 
Although the 'H-NMR spectrum of compound 4b differs significantly to that 
reported in the literature14 (Table 11), we consider that the observed chemical shift 
for its C4-H proton at 8 = 6.53 pprn is in good agreement with the proposed 
structure, since the same proton of compound 4a resonates at 8 = 6.73 ppm. Table 
I1 shows that the same difference is also observed in chemical shifts of the C.4-H 
proton of isoxazoles 4f (6 = 5.98 ppm) -- and 4 6  (6 = 6.22 ppm). 



TABLE I. Isoxazoles 4 prepared from 1 and 2 via the corresponding 5-~rimeth~lsil~1ox~-~~-isoxazolines 3. 

P r e p a r a t i o n  of 3 C o m p o u n d s  4 
Starting Method X R R' Yielda m.p. Molecular Calculated/Found 

I 
(%I formula Materials P" 

Reaction Recryst. %C %H %N 
1 2  time (h) Solvent Lit.m.p. (b.p.) 

2 z 
. . . . . . . . . . . , . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . , . . . . . . . 

2a A H H (3-b 45 142-143" ClsHuNO .- % 
CCL 

H C6H5 36 58-59" 
CCh/P. Ether 

CH3 CH3 5 oil (GLC)' 

H C2H5 35 oil (GLC)' 

CH3 CH3 . 32 95-96" 
CH30H 

H CzHs 46 oil (GLC)' 

CzHs H 4 oil (GLC)' 

CzHs H 12 oil (GLC)' 

c ~ ~ H ~ ~ N o ~  
oil (GLC)" 
C I I H ~ C I ~ N O ~  

a: Total yield of 4 based on dipolarophile 2 used. 
b: A mixture of 2b:2c in the 80:20 ratio was used. 
c: See experimental, preparation of compounds 4. 
d: Isoxazoles 4c and 4d were prepared in mixture and separated by column chromatography. Isoxazole 4d was eluted first. 
e: Isoxazoles 4e and 4f were prepared in mixture and separated by column chromatography. Isoxazole 4f was eluted first. 
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Compounds 4(a-j) gave in their mass spectra the expected molecular ion 
( ) with a high relative intensity and in some cases as the base peak (Table 11). 
The general fragmentation process of the compounds studied resembles that 
reported for similar i s o ~ a z o l e s , ' ~ ~ ~ ~  involving in the case of the 5-substituted 
isoxazoles 4(a, b,d,f) and the 4,5-dimethyl-isoxazoles 4(c,e) mainly the loss of the 
substituent R' (M - R' peak), the loss of the radical RIC=O (M - RICO peak) and 
the formation of the cation R'-C= 0' and in the case of the 4-substituted isoxazoles 
4(g,h) the loss of R (M - R peak), RC = C = 0 (M - RC= C =  0 peak) and CO (or 
C2&) (M -' 28 peak). Loss of stable neutral fragments (C2H4) was observed in 
compounds 4(i,j) where the 4- and 5- positions of the isoxazole ring are bridged by 
an aliphatic side chain. 

From the reactions studied it is evident that the pronounced directional effect 
of the trimethylsilyloxy group in the 1,3-dipolar cycloaddition of nitrile oxides to 
trimethylsilyl enol ethers can be utilized for the preparation of suitable substituted 
isoxazoles, via the corresponding 5-trimethylsilyloxy-A2-isoxazolines. Silyl enol 
ethers prepared from aldehydes lead in this way to the formation of 4-substituted 
*isoxazoles, while those prepared from ketones lead to the formation of 5-mono- or 
4,s-bis-substituted isoxazoles. 

TABLE 11. NMR and MS spectral data of Compounds 4(a-j). 

Compound 'H-NMR (CC14) ' MS 
6 PPm m/e (relative intensity, ion) - 
7.95-7.32 (m, 10H); 
6.73 (S, lH,  C4-H). 

7.97-7.30 (M, 8H); 
6.53 (S, lH,  C4-H).a 

7.75-7.30 (m, 5H); 2.32 (S, 3H, 
CS-CH3); 2.06 (S ,  3H, C4-GH3). 
7.88-7.32 (m, 5H); 6.22 (S, lH, 
C4-H). 2.80 (q, 2H, J=7.5 Hz). 
1.36 (t, 3H, J=7.5 Hz). 
7.37 (br.s, 3H); 2.42 (S, 3H, 
CS-CH3); 1.78 (S, 3H, C4-CH3). 

7.34 (brs, 3H); 5.98 (S ,  lH ,  
C4-H); 2.87 (q, 2H, J=7.5 Hz), 
1.38 (t, 3H, J=7.5 Hz). 
8.18 (br.s, lH,  CS-H); 7.77-7.32 
(m, 5H); 2.60 (q, 2H, J=7.5 Hz), 
1.23 (t, 3H, J=7.5 Hz). 
8.29 (br.s, lH,  C5-H); 7.40 
(br.s, 3H); 2.30 (q, 2H, J=7.5 
Hz); 1.13 (t, 3H, J=7.5 Hz). 

7.83-7.30 (m, 5H); 2.87-2.48 
(m, 4H); 2.03-1.69 (m, 4H). 

7.37 (br.s, 3H); 2.92-2.63 
(m, 2H); 2.45-1.67 (m, 6H). 

221 (63, ), 193 (6), 144 (16,-M - CsHs), 116 
(4, M - CsHsCO), 105 (100, CsHsCO), 77 (54, CsHs), 
51 (16). 
289 (32, ), 254 (11, M - Cl), 212 (11, M - CsHs), 
184 (4, M - CsHsCO), 105 (100, CsHsCO), 77 (45), 
51 (12). 
173 (100, ), 158 (45, M - CH3), 131 (24, M - CH2CO) 
130 (36, M - CH3CO), 77 (26), 51 (14), 43 (14, CH3CO) 
173 (87, ), 145 (31), 144 (100, M - CzHs), 117 (15) 
116 (39, M - CzHsCO), 77 (58), 57 (12, CZH~CO), 
51 (28). 
241 (100, ), 226 (91, M - CH3), 199 (64 M - CHzCO) 
198 (53, M - CHsCO), 174 (17), 173 (22), 172 (27), 
171 (28), 43 (49, CH3CO). 
241 (31, ), 226 (7, M - CH3), 212 (100, M - CzHs), 
184 (22, M - CgHsCO), 173 (14), 57 (8, CzHsCO). 

173 (59, ), 158 (99, M - CH3), 146 (16), 145 
(15, M - 28), 144- (36, M - CzHs), 130 (62), 118 (71), 
104 (21, M - CzHsC=CO), 103 (28), 77 (100). 
241 (60, ), 226 (100, M - CH3), 214 (9), 213 
(13, M - 28), 212 (13, M - CzHs), 206 (15, M - Cl), 
198 (49), 178 (67), 173 (12), 172 (20, 
M - CzHsC=CO), 171 (13). 
199 (100, ), 198 (60), 171 (18), 170 (44), 143 
(75), 130 (20), 129 (23), 119 (46), 117 (15), 103 
(35), 102 (21), 101 (22), 77 (68), 75 (40), 51 (32). 
267 (100, ), 239 (9), 238 (7), 232 (36, M - Cl), 
213 (29), 211 (45), 204 (64), 198 (25), 174 (18), 
173 (13), 172 (26). 

a:   it.'^ B = 7.35-6.65 (m, ArH), 6.10 ppm (S, lH, C4-H) (in CDC13) 
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Experimental Part 

M.p's. are given without correction and were determined with a Kofler 
hot-stage apparatus. 'H-NMR spectra were obtained in carbon tetrachloride with a 
Varian A-60A spectrometer with tetramethylsilane as internalstandard. The mass 
spectra were obtained with a Hitachi Perkin-Elmer RMU-6L mass spectrometer; 
the ionization energy was maintained at 70 eV. Earlier reported procedures were 
used for the preparation of the benzhydroximic acid chloride,19 2,6-dichloro- 
benzonitrile oxide2' and trimethylsilyl enol ethers 2(a-eJ9 Compounds 2a7 2d, 2e 
were prepared by silylation of acetophenone, butyraldehyde and cyclohexanone 
respectively, while compounds 2b and 2c were prepared as a mixture in the ratio 
80:20 by the silylation of butanone. Compounds 2band 2dwere prepared and used 
in the form of cis:trans isomeric mixtures given in the reaction scheme. 

General Procedure .for the preparation of 5-Trimethylsilyloxy-d2-isoxazolines 
3(a-j). 

Method A: In this method the benzonitrile oxide lawas prepared in situfrom 
benzhydroximic acid chloride. To a stirred and ice-cooled ethereal solution (70 ml) 
of benzhydroximic acid chloride (18 mmoI) and dipolarophile 2 (9 mmol) a 
stoichiometric amount (18 mmol) of triethylamine in ether (30 ml) was added 
dropwise during 1 h. The reaction mixture was stirred for further 2 h under cooling 
and then for 1 0  h at room temperature. The triethylamine hydrochloride was 
filtered off, the filtrate was partly concentrated under reduced pressure and 
petroleum ether was added to precipitate most of the produced furoxan. The 
furoxan was filtered off, the soIvent was evaporated and the residue was 
chromatographed over silica gel, using hexane / ether gradient elution. 

Method B: An ethereal solution (50 ml) of freshly prepared 
2,6-dichloro-benzonitrile oxide l b  (18 mmol) and the dipolarophile 2 (9 mmol) 
was heated under reflux (30 - 48 h). The reaction was monitored by T.L.C. The 
solution was partly concentrated, petroleum ether was added to precipitate most of 
the produced furoxan and the mixture was then worked-up as in method A. 

In both methods some furoxan was usually eluted very close to, or along with 
the cycloaddition product 3. The content of each fraction was checked by 'H-NMR 
Generally compounds 3 were more or less slowly converted to the corresponding 
isoxazoles 4 during the separation and purification procedures as well as during 
prolonged standing. 

General Procedure for the Preparation of Isoxazoles 4(a-j). 
In a methanolic solution of the above isolated crude compounds 3 10% 

hydrochloric acid was added and the mixture was heated for 10 min at 60" C .  The 
cooled reaction mixture was diluted with water and extracted with cfiloroform. The 
water-washed and dried (Na2S04) extract was*evaporated and the residue was 
chromatographed on silica gel using light petroleum ether/ether (85: 15) mixtures 
as eluent; each fraction was checked by 'H-NMR. Theliquid products 4c, 4d7 4fand 
4h, listed in the Table I, were further purified by G.L.C. on a Silicon SE 30,,2'/4 ft 
column at 162", 177", 177" and 175" C respectively, while the liquid 4gwas also 
purified by G.L.C. on a similar 4 ft column at 155" C. 
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Summary 

By equilibrating,repeatedly the same soil sample with fresh portions of a dilute 
ammonium salt solution, a wide range of ammonium concentrations in the soil phase can be 
achieved, with little variations in the total ionic concentration of the outer solution. Changes 
in the activity coefficients of the ions in the solution are thus minimized, and by considering 
the repeated equilibrations as a series of ion exchange equilibria an equation is derived which 
can be used to plot the experimental data in a linear'form. The maximum amount of 
ammonium that can be retained by the soil, and the relevant ion exchange equilibrium 
coefficient can be determined from such a plot. 

The method is applied to 4 soil Orders and it is shown that the experimental results 
conform to the equation derived. The exchange equilibrium coefficients and the maximum 
retention capacities of the various soil Orders studied were found to be characteristic of each 
Order, thus providing a new parameter for soil evaluationin relation to ammonium fertilizers 
application. 

Key words, Repeated equilibrations in soils, Ammonlum in soils, Ion exchange in soils. 

INTRODUCTION 

When a soil sample is in contact with an ionic solution ion migration occurs 
from one phase to the other, and this phenomenon has been the object of numerous 
inverstigations, since it has a great theoretical and practical importance, e.g. in 
fertilizing soils. In most of the cases studied the theoretical analysis of the results has 
been based either on the notion of adsorption at a solution-solid interphase, or on 
ion exchange equilibria between the two phases in contact. Adsorption at a 
solution-solid interphase is usually described by the Freundlich equation, but this 
has the disadvantage of not providing the means to calculate the adsorption 
maximum. This is why equations of the Langmuir type are usually employed, and 
these permit the calculation of the adsorption maximum. However, the assumptions 
underlying the Langmuir equation (localized monolayer on a uniform surface with 
no lateral interactions etc.) are rarely met in soils, and therefore the use of such an 
equation seems rather unrealistic, being only an empirical method to analyze the 
experimental data. Curved Langmuir plots have often been interpreted as 
adsorption on two types of  site^.'.^,^ 



194 H. VRETTA / KOUSKOLEKA and N.A. KATSANOS 

Various equations describing ion exchange equilibria have been derived and 
these have been reviewed by Helfferich; while their applicability to soils discussed 
by Babcock.' The main problem here seems to be the variation of the equilibrium 
coefficient (equilibrium quotient) with the total concentration of the solution and 
with the ratio of the amounts of the competing ions. This is usually attributed to the 
variation of the activity coefficients of the ions in the outer solution and in the solid. 
Thermodynamic equilibrium constants can be calculated as described*by Gaines 
and T h ~ m a s . ~  

We were interested in the ability of Greek soils to adsorb ammkium from 
solution, and it occured to us that by repeated equilibrations of the same soil sample 
with fresh portions of the same dilute ammonium salt solution, a wide range of 
ammonium concentrations in the soil phase can be achieved with little variations in 
the total ionic concentration of the outer solution. Under these conditions changes 
in the activity coefficients of the ions in the solution are minimized, andif the change 
in the ratio of the activity coefficients of the competing ions in the soh complex is 
small, the repeated equilibrations mentioned above can be used to determine both, 
the maximum amount of ammonium which can be retained by the soil and the 
relevant equilibrium coefficient. This can be done by considering the repeated 
equilibrations as a series of ion exchange equilibria, and deriving on this basis an 
equation to analyse the experimental data. 

Theoretical 

Consider the constituent RA of the soil, containing the exchangeable cation 
A with valence z, in contact with a solution of an ammonium salt. We assume that 
adsoprtion of solvent and of negative ionsfrom solution by thesoil is negligible, and 
that the following ion exchange equilibrium is established with eachfresh portion of 
ammonium salt solution: 

z NH'4 + RA = A"+ + R(NH4)z (1) 
The equilibrium coefficient for the nth equilibration, expressed in terms of molar 
concentrations for the outer solution and equivalent fractions for the solid, can be 
written as 

where: 
C = initial concentration of each portion of ammonium solution 

(mol. 1.'); 
Xnl = decrease in the initial concentration of the ammonium solution 

in the nth equilibration (mol.1-l); 
(NNH~)~ ,  (NA)~  = equivalent fractions of the ions NH+4 and A"+, respectively, in 

the solid after the nth equilibration (dimensionless). 
The equivalent fraction (NNHJ~ can be set equal to the expression 
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where 
n 

Z X, = cumulative concentration of ammonium removed from the n portions of 
, = 1 solution after n equilibrations (mol. t l);  
V = volume of each portion of solution (I); 
W = weight of soil sample (kg); 
q = number of equivalents of exchange sites per kg of soil, which is equal to the 

maximum amount of ammonium that can be retained by the soil (m01 
NH+4 per kg soil). 

By substituting in Eq. (2) ~ - ( N N H ~ ) ~  for (NA)~, and the R.H.S. of Eq. (3) for 
(NNK)n, one obtains after rearrangement 

W 'n 

z K(q-)" v Z X, 
, = l  

(4) 

Thus, if K does notchange appreciably from one equilibration to the other, we can 
choose a suitable value for z (1,2 or rarely 3) and plot the L.H.S. of Eq. (4) versus 
2 XI, obtaining a straight line. The slope and the intercept of this line will permit the 
tomputation of q (W, and K by means of the relations: . L 

W V 'intercept slope I " 
'I (V) = - , andK = slope z (intercept)".' 

The value of q is then calculated from the known ratio w/V (kgll). 

Soil Samples 
The soil samples were from selected Alfisols (Nos. 28,29), Vertisols (Nos. 34, 

39), one Entisol (No. 54) and one Inceptisol (No 60). They were obtained from 
different regions of the Country and from the first horizon of classified profiles. 
Their characteristic properties as well as the depth from which they were obtained, 
ar,e given in Table I. 

After air drying the samples were passed through a 1000 p sieve. All 
determinations and adsorption experiments were carried out on this soil fraction. 
Determinations for soil characterization were done according to the established 
methods of soil 

The easily exchangeable NH+4 was determined asfollows. A soil sample (3 g) 
was brought in a 50 cm3 PVC centrifuge tube with 30 cm3 NH4Cl IN, pH 7.0, and 
agitated on a reciprocating shaker for 30 min. After centrifuging, the supernatant 
liquid was decanted off. This was repeated 3. times. The remaining soil precipitate 
was thoroughly washed once with ethanol and 6-8 times with aceton (till free of Cl-). 
Then the soil3was treated with KC1 2N, pH 7.0 in the same way as above. The 
supernatant phase after each centrifugation was transferred in a 100 cm3 volumetric 
flask and made to volume with KCl. The exchanged NH'4 in this solution was 
determined by the Kjeldahl method. 

Adsorption experiments 
The soil sample (3 g) was repeatedly (15 times) equilibrated in a stoppered 

PVC centrifuge tube with a portion of 0.01 or 0.02 mol. I' solution of ammonium 
chloride, so that a soil: solution ratio of 1 :5, 1: 10 and 1: 15 was obtained. The 
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TABLE I: Some soil characteristics 

Soil Soil Depth Texture Horizon Soil CaCO3 Cation exch. Easily 
sample Order (cm) paste (%) capacity exch. N H + ~  

PH (me/kg) (me/kg) 

28 alfisol 0-5 loam 7.1 0 100 7 1 
29 alfisol 5-30 loam 6.5 0 60 45 
34 vertisol 0-20 clay AP 7.0 0 328 286 
3 9 vertisol 0-20 . clay AP 7.4 0 396 390 
54 entisol 0-24 loam AP 7.4 12.8 244 75 
60 inceptisol 0-14 clay-loam Apl 7.5 17.1 336 102 

equilibration was attained by shaking the mixture on a reciprocating shaker for 10 
min. It was found by experimentation that after 6 min shaking the equilibration was 
practically complete, and that increasing the time of shaking beyond this did not 
have any effect on the results. After that, the sample was centrifuged at 3000 rpm, 
the supernatant liquid phase was transferred to a PVC bottle with a drop of phenyl 
mercuric acetate preservative to avoid ammonium oxidation. Before ammonium 
determination the extracts of every equilibration series were kept in 5" C for 24 hr. 

Ammonium was determined by the conventional steam distillation method in 
a special distillation appara t~s .~  

The distillate was received in a 2% solution of boric acid containing a mixture 
of bromocresol green and methyl red indicator, and the ammonium was titrated 
with 0.01 N sulfuric acid, solution. 

All experiments were run in duplicate. The variation of the values obtained 
were not statistically significant and were within the limits of experimental error. 
Their mean value was used in all calculations. 

Results and Discussion 

Examples of the use of Eq. (4) to plot experimental data are shown in Figure 
1. These results were obtained with soil sample No 34 (a Vertisol) by using a 
different w/V ratio in each run, and with two ammonium solution concentrations. It 
is seen from the Figure that all results conform to Eq. (4) with z = 2. In Tables I1 
and 111 we give the values of q and K, respectively, which were calculated from the 
slopes and intercepts of such plots by standard least-squares procedures. The errors 
given with each q or K value were found by the method of propagation of errors. 

The results compiled in these two Tables show that the differences in the 
values of q or K found from experiments with different soil to solution ratios, and 
with ammonium solution concentrations differing by a factor of 2, are not 
statistically significant in most cases. This indicates that the assumptions made in the 
dexivation of Eq. (4) are realized experimentally, in spite of the high heterogeneity 
of the soils. One of these assumptions, namely that adsorptionof negative ions from 
solution is negligible, was confirmed experimentally by determining the 
concentration of chloride ion in the solution phase after each equilibration with 
fresh portion of ammonium chloride solution. No change in the chloride ion 
concentration was detected. Also, the soil was found to adsorb a negligible amount 
of solvent during the repeated equilibrations. Changes in the ratios of the activity 
coefficients of the competing ions in the solution and/or the solid phase may occur, 
but these obviously lie within the fiducial limits laid by the experimental errors and 
the various computations of q and K. 
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FIG. 1. The results of repeated equilibrations of the soil sample No 34 with two ammonium chloride 
concentrations (c), plotted according to Eq. (4). 
0, *: w/V = 1/5 k g . l l ;  : w/V = 1/10 kg. T'; 

(left ordinate divided by 10): w/V = 1/15 k g . l l ;  
empty symbols correspond to c = 10.6 mmol. T', while filled-in symbols to c = 21.2 -01. 1'. 

TABLE 11: Maximum retention capacities for ammonium (q /mm01 per kg soil) of various soils, determined 
by plotting experimental data,. according to Eq. (4). Three ratios w/V (kg/l) and two ammonium chloride 
concentrations (c/mmoI. l ' )  were used. The temperature of the experiments was 2 9  C. All errors associated 
with the q values are standard errors, calculated by regression analysis 

Soil w/V =1/5 w/V = 1/10 w/V = 1/15 
sampIe z 

c = 10.6 c = 21.2 c = 10.6 c = 10.6 

28 (alfisol) 1 26 + 2 32 t 3 36 t 1 37 i- 6 
29 (alfisol) 1 22 t I 28 i 3 25 t 3 
34 (vertisol) 2 182 t 9 190 t 10 195 i- 8 190 t 20 
39 (vertisol) 2 200 t 10 - ,  - 231 rt- 5 240 t 15 
54 (entisol) 1 - 7 5 2 5  v 66 t 5 - 
60 (inceptisol) 1 - 98 t 3 70 2 10 - 

TABLE 111: Equilibrium coefficients (K) at 29C, for the exchanqe adsorption of ammonium bysoilsfrom 
aqueous ammonium chloride solutions of concentration c/mmol. r , and wNsoil to solution ratio (kg/l). The 
K values and their associated standard errors were calculated by regression analysis from plots of 
experimental data according to Eq. (4) 

w/V = 1/5 w/V = 1/10 w/V = 1/15 
Soil sample z 

c = 10.6 c = 21.2 c = 10.6 c = 10.6 

28 (alfisol) 1 0.22 t 0.01 0.090 t 0.007 0.15 t 0.01 0.11 t 0.01 
29 (alfisol) 1 0.230 2 0.008 - 0.14 t 0.01 0.15 + 0.01 
34 (vertisol) 2 9.5 t 0.9 7.9 j-- 0.7 9.5 2 0.7 8 2 2 
39 (vertisol) 2 15 t 1 - 12.7 t 0.5 9 +  1 
54 (entisol) 1 0.53 i- 0.02 0.39 t 0.02 p 

60 (inceptisol) 1 0.38 t 0.01 0.51 i 0.07 - 
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As it is seen in Table I1 the maximum retention capacities for ammonium, q, 
seem to be characteristic of each soil and are comparable to the C.E.C. and to the 
easily exchangeable ammonium (E.E.A.) of Table I. It is, however, noteworthy that 
q is found always smaller than these two parameters, and this probably reflects a 
basic difference of methodology for determining q and C.E.C. or E.E.A. For q we 
employed a certain number of equilibrations with a dilute ammonium solution, 
comparable in concentration with the ionic strength of the soil solution "in situ (ca 
10-'), and calculated its. value by a virtual extrapolation using mathematical 
relations. By contrast, the C.E.C. and E.E.A. were found by saturating the soil with 
solutions having 1-00 fold greater concentrations, and these undoubtedly influence 
the values of C.E.C, and E.E.A. found. One therefore is inclined to believe that the 
method of determining maximum retention capacities, as developed here, is more 
reliable, thus providing a measure of the fate of the fertilizer ammonium added in 
the soil. In fact, we see that the Vertisols act as a better reserve of the ammonium 
ion, preventing leaching, oxidation etc., thus permitting a better use of it by the ' 

plants. 
The equilibrium coefficient, K, for the exchange of ammonium (Table 111) 

gives a characteristic parameter of the affinity of the soil Order for binding 
ammonium. This parameter is independent of variations insoil to solution ratio and 
ionic concentration of the environmental solution. Moreover, the application of Eq. 
(4) for z = 1 or z = 2 gives information as to the kind of cations adsorbed in the soil 
complex of each soil Order. This is confirmed by determining the exchangeable 
cations of the various soils. For the cases with z = 1 the monovalent were found to 
outweigh the divalent cations, whilst when z = 2 the divalent were found in 
considerable excess. For example, for the Alfisol No 2SYthe monovalent (Na+K) 
were 5.07 and the divalent (Ca + Mg) 2.80 mmol/kg. For Vertisol No 34 the Na+ K 
were 2.63 and the Ca + Mg 9.95 mmol/kg. 

The fact that z = 1 for Entisol No 54 and Inceptisol No 60, in spite of the fact 
that these two soils contain free CaC03 (cf. Table I), seem to suggest that the 
monovalent cations of the soil complex do not exchange easily with Ca++. 
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3'WQolo'Cdlo~~~. 
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Summary 

GaSe, grown by the Bridgeman technique, was examined under an electron and an 
optical microscope. Besides the usual partial dislocations, black rings, very alike to 
dislocation loops, were attributed to the chloroform used for preparing the specimens. 
Dendritic growth was observed which was considered to be due to Se degradation by time. 

Key words: crystal growth, partial dislocations, dendrite formation. 

Introduction 

GaSe is one of the most promising materials among the A"'BV1 group 
semiconductors. Therefore it has received increasing interest in the past few years. 
It has very interesting optical properties, an expected band anisotropy and high 
photosensitivity. It exists in different crystal  modification^',^ and is built up of four 
two dimensional sheets of like atoms in the sequence of Se-Ga-Ga-Se. Strong 
covalent bonds occur within the multiple layers and only weakvan der Waals forces 
act between neighboring layers. Glide along the basal plane is easy and it occurs 
between neighboring multiple layers. 

Electron microscopy and etch-pit examination have been used to study the 
microstructure of GaSe. Dislocation  network^,^.^ growth spirals with either regular 
or irregular arms on the basal plane5z6 and high-angle twins7 have been observed. 

The aim of the present paper is to present some interesting features of GaSe, 
which arose during an electron-microscopy study of good single crystals, grown for 
optical measurements. 

CRYSTAL GROWTH 

GaSe single crystals were grown using the Bridgeman method, from elements 
of 99.999% purity manufactured by "Koch-Light". The elements, in stoichiometric 
proportion, were placed in a quartz tube which was evacuated to about 10-5 mmHg 
and then sealed off. The ampoules were made with double walls. The lower part of 
the inner tube (either 10 or 13 mm in diameter) had a conical shape about 35 mm 
long. The ampoule was put in a cold vertical furnace which was then heated up at a 
rate of about 25" C/hour, until a temperature of about 1000•‹C was reached. The 
temperature profile of the furnace is given in Fig. 1. At the start of the growth the 
ampoule was placed between the points T1 and Tz. It was held there for several 
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hours and then it was lowered down into the cooler zone at a speed of about 0.8 
mdhour .  The obtained crystals could be easily cleaved into thin plates. 

FIG. 1: Profile of the furnace temperature. 

FIG. 2: Grid of partial dislocations in GaSe, typical for a layer-structure material. 

FIG. 3: Micrographs of the same area under different diffraction condition. 
(a) Stacking fault contrast. 
(b) One set of bounding dislocations, marked by broken lines in (a), is out of contrast. g = 1210 
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Results and discussion 

A JEM 100 U electron microscope and a Reichert-Zetopan optical 
microscope were used for the examination. Usinga cellotape stripe, specimens were 
obtained by repeated cleavage of thelayeredstructure single crystal. After that, the 
glue of the stripe was dissolved with chloroform and finally the specimens were 
fished up on copper grids from a distilled-water bath. 

In the hexagonal close-packed structures (like GaSe) a dissociation of a 
perfect dislocation into two partials is energetically favourable. These two partials 
produce a dislocation ribbon and the distance between then (so-called "width of the 
ribbon") depends on the kind of dislocation and the stacking fault energy y of the 
materials. When y is quite small, it is easy to observe such dissociation by usual 
electron microscopy, otherwise special techniques are needed? Figure 2 is a typical 
micrograph of a grid of partial dislocations in GaSe. The distance between vertical 
partials (one set missing) is of the order of 1200 A, which means that GaSe is a low 
stacking fault energy material. 

Figure 3 shows another area under different diffraction conditions. Looking 
at the vertical set, the stacking fault contrast only appears in 3a, while in 3b one set 
of the bounding dislocations occurs, the second one (marked by brokenlines in 3a) 
being out of contrast. According to the g-b = 0 criterion,lOthe Burgers vector of the 
invisible dislocations must be 1/3 [1010]. Therefore they are partials in screw 
orientation. 

During the early stages of the investigation, black rings of the order of 
microns in diameter appeared. Typical examples of these are shown in Figure 4a. 
The rings affect quite heavily the stress field of the partial dislocations (Fig. 4b), 
some of which go vertically into the "faulted" region. As in some cases part of a 
possible dislocation loop (like in A of Fig. 4b) as well as lines of no contrast seemed 
to appear, we did tilting experiments to examine the case of dislocation loops with 
an inclined Burgers v e c t ~ r . ' ~ " ~  The results were negative. Stereo pictures showed 
the existence of a surface step in the region of the black line. Then we examined the 
crystals under an optical microscope, before and after the preparation of the 
specimens. The original crystals showed no rings, while these were present in the 
final specimens, as is obvious in Fig. 5. Therefore, the most reliable explanation for 
the formation of the rings is that, during the course of dissolution of the cellotape by 
chloroform, some bubbles are formed with cellotape on their surface. It is this 
cellotape which forms the rings, when the bubbles break out during the cleaning of 
the specimen with distilled water. The idea of pre-existing dislocation loops with a 
[0001] Burgers vector, which had climbed up to the crystal surface, where thesteps 
produced were "decorated" by cellotape, seems rather unlikely (see also Fig. 5). 

Finally, some short of dendritic growth has been observed, mainly near grain 
boundaries. An example is shown in Figure 6. Besides the main spots of GaSe, some 
extra spots (such as the ones at A and B) are visible, much easier on the negatives. 
The questions arose of how these dendrites were formed and what material they 
were made of. 

Figure 7 is a set of micrographs of another area. Fig. 7a and 7b are bright and 
dark field images respectively and 7c is the corresponding diffraction pattern, 
correctly oriented. The same kind of extra spots as in Figure 6b are now clearly 
visible. B-type extra spots are visible also near the 1010-type main diffraction spots, 
while a faint diffraction ring, passing over both A and B spots, can be seen. Type A 



spots are in the same directions to the main spots but B-type form an angle of 20" 
with the main diffraction spots of 1120 or 1010-type and their total diffraction 
constructs another 0001 hexagonal pattern. By indexing this pattern it was found d 
= 2,104 A, for the new 1120 spots. This value is very near to the corresponding 
value for Se (d = 2,184 A). Figure 7b was taken using spot E. The symmetrical 
features of Fig. 7a (marked by C )  are not visible on it, while bright areas are clearly 
visible. 

It is well known (see for example refs 13,14) that the origin of the dendrites 
results from the kinetics of crystal growth. Dendritic growth results from 
"competition" for regions which are "favourable", that is regions of higher 
concentration (in growth from the vapour phase or from solution) or regions of 

FIG. 4: (a) Micrograph showing black rings in GaSe. 
(b) Micrograph showing the reaction of the stress field of the partial dislocations when they approach the 
ring. 

FIG. 5.  

Black rings under an optical microscope. Notice thaf these are formed even over cracks or grain 
boundaries (ring D). 
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FIG. 6:  (a) Dendrite features in GaSe. 
\ ,  

(b) The orresponding diffraction pattern (see text for details). 

(dl 

FIG. 7: (a) Bright-field image 
(b) Dark-field image taken using spot E. 
(c) The corresponding diffraction pattern (see text for details). 

larger undercooling (in growth from the melt). On the other hand, in slow growth 
there is no shortage of such regions and hence no need for dendriticgrowth. This 
was the case during our crystal growth (cooling rate 0.8 mm/hour). 

From all these data it is concluded that selenium was released and was 
precipitated in the GaSe matrix with a morphological appearance of dendrites. 
Recently, during crystalization of amorphous GexSel.,, formation of dendrities of 
pure Se was reported.15 

This formation is more likely to be due to a time degradation rather than to 
the crystal growth itself. In support of this hypothesis is that Gouskof and Gouskof16 
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found different values for hole mobilities in crystals a and b of GaTe. Crystal a was 
measured five months after its preparation while crystal b was measured 
immediately after growth. 

There are two ways of growth, in both of them selenium has its c-axis parallel 
to the c-axis of GaSe: 

I) Microcrystalline selenium grows with a preferential orientation forming 
20" with the corresponding crystallographic direction of GaSe. Due to this, B spots 
and faint diffraction rings appear on the diffraction pattern of GaSe. Figs. 7b, c 
support this hypothesis. 

11) The selenium atoms grow epitaxially on GaSe, forming a lattice with 
crystallographic directions parallel to the corresponding ones of GaSe. This leads to 
the appearance of A spots on the diffraction pattern. Unfortunately, we did not 
manage to take any dark-field images of these spots. Nevertheless, comparing Figs. 
7a and 7c, we can find that the features of 7a, like the ones marked by C ,  have their 
sides parallel to the 1010 crystallographic directions of GaSe. 

Conclusions 

From the material presented, the following conclusions can be drawn: 
1) Because of the large distance between the partials, GaSe is a rather small 

stacking fault energy material. 
2) There are no dislocation loops. Black rings, very alike to them, were found 

to be due to the chloroform used for preparing the specimens. 
3) Due to a time degradation, selenium is released, which precipitates in the 

GaSe matrix in two ways: epitaxially, with its axies parallel to the corresponding 
ones of GaSe or as microcrystalline Se, with the c-axisparallel to the c-axis of GaSe, 
but having a and b axies preferentially forming 20" with the corresponding ones of 
GaSe. 
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