
crops are susceptible to salt injury, and 
cost of labor for repeated fertilizer applica- 
tion is high would also be good candi- 
dates. 
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The chemical nature and particle-size characteristics of commercially available rnicro- 
nutrient glasses influence the nutrient content of crops. Suitable glasses release micro- 
nutrients more steadily than slowly soluble mineral substances, thus far investigated, and 
have more ability to minimize seasonal variation in elemental content of a crop. This 
control of release increases freedom to vary application, currently a principal factor limit- 
ing use in coarse-textured soils and in commercial fertilizers. Correct levels of reactivity, 
as measured by nutrient release in ammonium acetate, and pattern of release in soil are 
considered in terms of nutrient uptake. 

IVTEREST in slo\rly soluble micronu- I trient materials developed after 
1927 lvhen Brenchley and LVarington (3) 
demonstrated that boron is essential to 
plant growth. The high sensitivity of 
plants to this element was generally 
known because boron, as an impurity in 
certain potassium fertilizers, had caused 
heavy crop damage (23. 23). Glass 
products (75, 77) as well as mineral sub- 
stances (6) were investigated during the 
1930‘s. The results indicated that 
sloirly soluble carriers would be superior 
to soluble forms under some conditions. 
However. significant use did not come 
until about 2 5  years later. Undefined 
causes of variation in nutrient content of 
crops presented much difficulty in evalu- 
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ating vegetative data. Experimental 
work was also hindered by a lack of 
suitable test materials. These obstacles 
have since been overcome and the infor- 
mation now available i sufficient tc 
permit commercial applications. 

Basic Problem 

Coarse-textured acid soils: usually lo\v 
in soluble nutrients. constitute the most 
compelling reason for development and 
use of slo\vly soluble carriers. Solublc 
nutrients when applied to sandy soils in- 
crease the nutrient content of a crop in 
early growth more than they do on loams 
or clay soils. Consequently, toxic con- 
centrations are reached in the crop, 

F O O D  C H E M I S T R Y  

especially during germination, at rela- 
tively loiv levels of application. Later 
in the season. after the applied nutrients 
ha\-e been leached from the rcot zone 
(74, 79).  deficiencies may develop. 
IVith seasonal variation in nutrient level 
being so great, rhere is little freedom to 
vary application: making it difficult to 
adjust the lelsel of a single application to 
meet the needs of crops throughout the 
groiving season. 

The basic problem is inadequate con- 
trol of dissolved supply by coarse-tex- 
tured soils. The soil, being loiv in col- 
loidal matter. has insufficient capacitl- to 
buffer solution concentration by sorption 
processes. In  addition, capillary size is 
large. and lvater solutions move down- 



Table 1. Micronutrient Content of Commercially Available Glass Carriers 
Nutrient Confent. % 

Gloss Fe Mn c u  Zn Mo B 
501. 12.3 4 .9  2 . 0  4 . 0  0 .13  2 . 0  
5020 3 . 9  9.7 2 . 0  4 .0  0 .13  2 .8  

18 .6  . .  
5 . 2  . .  
. . .  . .  
. . .  . .  

lL "Guaranteed analysis" supplied by manufacturer. 

2 . 6  
2 .8  
6 . 3  
6 . 0  

ward in the soil carrying dissolved nutri- 
ents away from the root system. The 
purpose of a slowly soluble carrier is to 
maintain dissolved supply at  adequate 
levels under these conditions. By weath- 
ering gradually in the soil? the carrier 
furnishes micronutrients in small amounts 
to replace losses as they occur. Soil 
supply need not be constant, but it 
should be held within proper range con- 
tinuously (2, 27, 29). 

Use in Commercial Fertilizers. Sep- 
arate application of micronutrients in- 
creases operating expense and otherwise 
complicates crop management. Diffi- 
culties of this kind can be avoided by 
using a fertilizer mixture containing all 
necessary nutrients. A complete ferti- 
lizer also offers more uniform distribu- 
tion of the micronutrients by virtue of the 
greater bulk of the material applied to 
the soil. 

Soluble micronutrient compounds can 
be used only at relatively low levels in 
formulating a general purpose fertilizer. 
The amounts in the fertilizer must be low 
enough to avoid toxicity at high appli- 
cation. The safe level is further limited 
by increased toxicity when the fertilizer is 
localized by drilling or banding in the 
growth of row crops (5). These factors 
make it necessary to use micronutrient 
quantities so low that they are of doubtful 
value and, indeed, under some conditions 
i t  is impossible to have micronutrient con- 
tent high enough to correct deficiency. 

The over-all problem is a matter of con- 
tending with difficulties involved in ad- 
,justing application of the micronutrients 
to crop requirement. While use in 
fertilizer mixtures tends to result in low 
application. soil conditions often narrow 
permissible range of application. In 
either case, judicious use of a truly 
slowly soluble carrier serves to compen- 
sate for these limitations. 'IVhen appli- 
cation to the soil is low. crop require- 
ment is met through more efficient utili- 
zation of the applied micronutrients. 
\\'hen application is high. low initial 
availability and dissipation during grad- 
ual release tend to prevent the develop- 
ment of toxic concentrations. Accord- 
ingly, permissible range of application is 
broadened. This property of a slowly 
soluble carrier might also be used to make 
a fertilizer formulation suitable for use 
Lvith more than one specific crop (20).  

Commercially Available Glasses 

Two general types of slowly soluble 
glass carriers have been developed- 
boron glasses and multinutrient glasses 
containing from tlvo to six elements 
essential in trace amounts for plant 
growth, Boron glasses were developed 
largely because maintenance of boron at 
suitable levels in soils is one of the most 
serious micronutrient problems. The 
multinutrient glasses of current manu- 
facture are a possible practical answer to 
the occurrence of more than one micro- 
nutrient deficiency (73 .  21). 

The nominal micronutrient contents 
of commercially available agricultural 
glasses are given in Table I .  They also 
contain as much as SOY, silica and lesser 
amounts of calcium, potassium. sodium? 
and aluminum in such ratio as needed 
for a required level of chemical reactiv- 
ity. Multinutrient glasses are presently 
ground more finely than boron glasses; 
the amount of material passing 200 mesh 
is usually about 90 and 50%. respectively. 

Nature of Dissolution. \Vhile glasses 
are often classed with mineral materials 
as slowly soluble carriers. they differ in 
the nature of their dissolution. '4ccord- 
ing to Morey (76) ~ regardless of the dis- 
solved salts present, reaction betrveen a 
glass and water at ordinary temper- 
atures will proceed until decomposition 
of the glass is complete. The end result 
is a solution of the soluble products and 
quartz. Morey further concluded that 
the term .'solubility" has no meaning in 
such a case. and all measurements which 
have been made represent "not solubili- 
ties, but rates of reaction." Possible 
confusion may be avoided by using the 
term "reactivity" to designate the tend- 
ency of a glass to release its water- 
soluble constituents. This term is also 
applied in the same sense to crystalline 
substances with low solubility ( 7 ) .  The 
pattern of release from such substances, 
however. is not likely to be the same in a 
soil as that of a silicate glass. Rate of 
release from a mineral material is con- 
trolled, fundamentally. by concentration 
of the dissolved phase in the immediate 
vicinity of the discrete particles. 

Much of the silica formed when a 
glass reacts with water accumulates as a 
fragile coating on the unreacted portion 
of the particles. Electrolytes, such as 
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Table II. Relative Reactivity of 
Agricultural Glasses 

Boron 
Dissolved, 

Material % of Total 
Grinding Passing In In 

Time, 200- ammonium moist 
Glass Hours mesh, % acetatea soilb 

176-E 2 .0  46 60 93 
176-F 2 .0  50 53 81 
176-E 0 . 5  17 40 73 
176-F 0 . 5  17 28 65 
502 . .  90 86. . .  
501 . .  90 4 6 ~  . .  

11 Boron released from glass during 16 
hours of agitation with 0.44 molar ammo- 
nium acetate? pH 4.0. 

b Boron released from glass during 9 
months in soil, as computed from uptake 
data. 

p This value, calculated from data sup- 
plied by the Ferro Corp., is for the 200- to 
325-mesh material, the standard size used 
in the testing of multinutrient glasses 126). 
The glass also releases Fe, Mn, Cu, Zn, 
and Mo! in amounts which are percentage- 
wise about the same as the amount shown 
for boron release. 

calcium or barium chloride, depress rate 
of reaction, presumably through the 
flocculation of colloidal silica a t  the re- 
active surface. Reaction rates also vary 
directly Jvith temperature and indirectly 
with pH.  However. when glasses are 
agitated tvith mild aqueous solvents, the 
amounts of an element released are a 
satisfactory index to response in crops 
(78, 26). 

Vegetative Evaluation 

Plant response studies have usually 
pertained to the effect of glass carriers on 
boron content of crops. The principal 
objectives have been to determine the 
optimal level of reactivity for a glass and 
to evaluate the benefit derived from use 
in coarse-textured soils. The test glasses 
and reference materials have been ap- 
plied to soils either by broadcasting in 
field experiments or by mixing through- 
out the soil in greenhouse studies. 

In practice. there is greater need for a 
slowly soluble carrier with more sensitive 
crops. such as cotton or soybeans. 
\$'here toxicity in early growth has been 
of prime concern, investigators have 
usually grovm this type of crop. The 
long term influence of a carrier on soluble 
suppl) has been followed largely by de- 
termining the effect on boron content of 
consecutive harvests of alfalfa. 

Moderate Reactivity. Useful glass 
carriers of boron increase boron content 
of the crop in the late season period more 
than an equal application of the nutrient 
in soluble form. Glasses of this kind are 
considered moderately reactive ( 7  7).  
The reactivity of glasses within this 
range, as measured by nutrient release in 
ammonium acetate and dissolution in 
soil. is given in Table 11. 
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Figure 1 .  Influence of slowly 
soluble boron minerals on 
boron content of a crop as 
compared to that of fertilizer 
borate (from Table II in refer- 
ence 28) 

t 
BORON APPLIED. Lb /ACRE 

Figure 2. The influence of a 
moderately reactive boron 
glass on boron content of a 
crop as compared to that of 
borax (from Tables V and 
VI1 in reference 8)  
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Uptake in Early Growth. Experi- 
mental studies have demonstrated that 
the danger of boron toxicity can be 
reduced by use of slowly soluble forms: 
either mineral (27? 28) or glass (9, 72). 
The  effect of mineral substances on 
nutrient content of a crop in early 
growth is compared to that of readily 
soluble fertilizer borate in Figure 1. 
The amount of boron that can be safely 
applied to a soil may be approximately 
doubled with colemanite. or increased 
perhaps sixfold with howlite, a naturally 
occurring borosilicate. hloderately re- 
active glasses differ in that they have 
nearly the same effect on boron content 
of a crop as soluble boron (borax) at  low 
levels of application (Figure 2). How- 
ever, the influence of the glasses on crop 
boron at  high application. when pro- 
tection against toxicity is needed. is con- 
siderably less than that of borax. These 
results indicate that boron application 
may be approximately doubled with the 
fine grind of glass 176-F or increased 
threefold with the coarse grind. The 
fine glass, having been more widely 
tested, will be used in other illustrations. 

Minimization of Seasonal Variation. 
The  long term effect of a glass on boron 
content of a crop is compared to that of 
an equal amount of soluble boron in 
Figure 3. Response to the glass, though 
initially lower, becomes greater than 
that to borax in late growth. Only 
about one half as much boron was 
needed to keep boron content of the crop 
from falling below the lowest level 
occurring with borax. Broadly, the 
effect of the glass is to minimize seasonal 
variation in crop boron (25). as indicated 
in Figure 3. 

The magnitude of seasonal variation 
becomes progressively greater as appli- 
cation of soluble boron is increased, 
whereas little change of this kind occurs 
with moderately reactive glasses. 

DECREASE AT 
HIGHEST LEVEL 

T 
___ 

ALFALFA 

LIMITATION OF 
SEASONAL 
VARIATION 

INCREASE AT 
LOWEST LEVEL 

i 3 6 9 
TIME IN MONTHS 

Figure 3. 
by slow release from a glass 

Minimization of seasonal variation in crop boron 

Application level equivalent to 40 pounds of b o r a x  per  acre (from Tables 
V and  VI1 o f  reference 8) 

Boron response to glass carriers is com- 
pared directly with that to colemanite 
under field conditions in Figure 4. The 
mineral material provides some pro- 
tection against toxicity in early growth, 
but boron content of the crop drops more 
rapidly during the season. At the end of 
6 months, the level in the crop was 
lower than that with Glasses 176-F and 
502. even though the colemanite (10.1% 
boron) contained 1.7 and 3.6 times as 
much boron, respectively. From the 
standpoint of seasonal variation, the 
respective differences between high and 
loiv values were only one half and one 
fourth as great as with colemanite. The 
results definitely confirm Winsor’s earlier 
conclusion (29) that glasses have a 
slower but more lasting effect on dis- 
solved supply of the soil. 

Results of plant response studies (3: 30) 
indicate that certain manganese, zinc, 
or iron glasses could be used satisfactorily 
as slo~vly soluble carriers of these micro- 
nutrients. The necessary study of their 
influence on uptake with respect to time 
has not yet been made. However, the 
advantage of slow release of such ele- 
ments is suggested by the results obtained 
in parallel applications of manganous 
oxide and manganous sulfate, given in 
Table 111. The principal effect of the 
less soluble oxide was to lower manga- 
nese content of the crop at  the high leveis 
reached in early growth of soybeans, 
thereby providing some reduction in 
seasonal variation. 

Relationship of Nufrienf Uptake to 
Release from Glass 

Underlying the strong moderating in- 
fluence of a glass carrier on uptake is the 
pattern of slow, but continuous, nutrient 
release. The steadiness of release can be 
discerned from relative response in a 
greenhouse study ( 8 ) .  In  Figure 5. the 
increase in boron content of alfalfa 
(boron response) obtained with a glass 
(.lROj relative to that \+ith borax (AR,) 
is plotted against time of harvest \Vith 
seasonal variation thus excluded. the 
general increase in the ratio during 9 
months attests to the continuation of 
dissolution from the glass. 

Boron uptake is favorably affected by 
suitable glasses \\.hen under stress of low 
levels of soluble suppls. The prominent 

Table Ill. Influence of Manganese 
Compounds on Manganese Content 

of Soybeans 
Mean values of four replications 

Amount Manganese Content 

Added (in P. P. M.) of 
corn- to so;/, Crop When Sampled 
pound 1b. lAcre June July August 

None . 435 283 329 
MnSOl 20 623 324 370 
MnO 20 513 324 417 
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Figure 4. Seasonal variation in crop boron with 2 0  
pounds of the carrier applied in the form of a boron 
glass (176-F), a multinutrient glass (502), and cole- 
manite (72% > 80-mesh) 

Original  da ta  supplied by N. R. P a g e  

peak at 6.6 months (fifth harvest) corre- 
sponds to the point at which boron con- 
tent of the crop was the least (Figure 3). 
The large increase in relative response at 
this time was consistent with moderately 
reactive glasses. It did not occur with 
more reactive or less reactive glasses, 
both having very low release rates in the 
latter part of the season. Thus) this in- 
fluence relates to the amount of newly 
released boron present. Neglecting vari- 
ation of this kind, the general influence of 
the glass is represented by the broken 
line curve. 

The amount of boron released from 
glass carriers during 9 months of crop 
growth \cas estimated by determining the 
circumstance under which t\co recog- 
nized relationships are obeyed. First, 
for a given general type of particle-size 
distribution (as in a group of either sieve 
fractions or grinds, but not interchange- 
ably), boron response would be approxi- 
mately proportional to the total amount 
of boron released. Secondly, nutrient 
release would be a function of the theo- 
retical geometric decrease in particle 
volume! as demonstrated by Bear and 
Allen in limestone studies ( 7 ) .  Through 
the latter relationship, the amounts re- 
leased may be related to particle diam- 
eter by the equation : 

\\here Go is the original quantity of glass 
and GI is the quantity of reacted glass, 
having respective diameters of do and d,. 
By applying this equation to sieve 
fractions and grinds of glass 176-E, the 
calculated amounts of boron dissolved at  
9 months were proportional to relative 
response when the assumed reduction in 
particle diameter was 95 microns. The 
values for the grinds of 176-E, and those 
for glass 176-F, estimated by proportion 

z 
(I 

m 

0 3 6 9 
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Egure 5. Boron response to glass carrier ( 1  76-F) relative 
to that of soluble boron (borax), and its relationship to the 
estimated amount of boron dissolved from the glass 

from relative response, are given in the 
last column in Table 11. The dissolu- 
tion curve in Figure 5 is draivn by pro- 
jection from the response curve, main- 
taining the ratio between relative re- 
sponse and dissolution established for the 
particular glass at 9 months, thus tracing 
the pattern of dissolution. 

The dissolution curve denotes "ex- 
pected" response, \vere response not de- 
pendent partly on the conservation of 
supply through slow release from a glass. 
Only the dissolved portion is subject to 
loss from the root zone through leaching 
or sorption processes. The gain in 
nutrient uptake, as the result of lower 
loss within the soil. is designated in the 
figure as the '.above normal response to 
glass.'' The magnitude of this quantit). 
depends on the balance maintained be- 
tiveen rate of loss and rate of release from 
the glass. In this case: the actual re- 
sponse curve \cas 707, greater than indi- 
cated by the dissolution curve. Under 
some field conditions, it may be several 
times as large. 

To provide significant amounts of 
newly released nutrients in late growth, 
some of the glass must necessarily remain 
unaltered in the soil. Optimal results 
were obtained in the late season period, 
\vhen the estimated amount of undis- 
solved glass boron remaining in the soil 
\vas about 5 to 207, of that added. The 
influence of more reactive glasses is much 
the same as that of a readily soluble 
carrier. Hence, optimal performance 
lies near the upper limit of the range of 
moderate reactivity. \Vhen release rate 
is reduced moderately, the ability of the 
glass to minimize seasonal variation is 
increased, which is more important than 
high efficiency under some circumstances. 
.4t the lower limit of moderate reactivity, 
a glass releases about 50% of its boron. 

Adiustment of Reactivity to Type of 
Crop 

The appropriate level of reactivity lor 
a glass carrier depends to a large extent 
on thr length of time required by the 
crop to reach maturity. Glasses re- 
leasing about 85% of their nutrients in 
ammonium acetate, p H  4.0, are often 
suitable for use \vith crops maturing 
lcithin a period of 4 months. Where 
fertilization is to cover a period of 6 to 9 
months. ammonium acetate-extractable 
nutrients should be lowered to at least 
50 or 6GYG',. For reducing toxicity 
damage. if need be: or for use in a 
multiseasonal pattern (TO)?  ammonium 
acerate- extractable nutrients ma); be 
loivered to about 30% without undue 
loss in ability to correct deficient).. 

Literuture Cited 

(1) Bear, F. E.. Allen, L. ,  I d .  Eng. 
Chem. 24, 998 (1932). 

(2) Berger. K. C., Heikkinen, T., Zube, 
E.,  Soil Sci. SOC. ;Im. Pioc. 21, 629 
( 1 957). 

(3) Eoaicn. L. C.? Vets ,  F. ,  Crauford, 
C. L.. Soil Sii. 83, 219 (1957). 

(4) Brenchley, \V. E.. Warington. K., 
A n n .  Botnnj (London)  41, 167 (1927). 

(5) Conner. S. D.? Fergus, E. N., 
Purdut Cliiv. Agr. Expt. Stn. E.vt. Bul. 
239, February 1920. 

(6) Eaton. F. M., SoilScz. 34, 301 (1932). 
( 7 )  Hill. LV, L.. J. AGR. FOOD CHEM. 5 ,  

96 (1957). 

275 (1957). 

(8) Holden, E. R.. Ibid., 7, 756 (1959). 
(9) Holden. E. R . .  Engel: A. J.. Ibid. .  5,  

110) Zbid.. 6. 303 11958'1. 
(1 1) Holden: E. R.. Hiil? \.V. L.. Zbid., 6 ,  

531 (1958). 
(12) Hortenstine, C. C.? Ashley, D. A., 

LVear. J. I.. Soil Sci. SOC. Am. Proc. 22, 
249 (1958). 

V O L .  10 ,  NO. 3, M A Y - J U N E  1 9 6 2  191 



(13) JofTe, J. D., Agr. Chem. 10, No. 3. (19) Page, N. R.,  Cooper, H. P., J. (26) \.ana, C. A,, DiGeronimo, G. E.: 
36 (1955). U.  S. Patent 2,732,290 (Jan. 24, 1956). 

(14) Kubota, J., Berger, K. C., Truog: (20) Page, N. R., Paden. w. R., &on. (27) Wear, J. I., Alabama Polytech. Inst. 
Bull. 305, 3 (March 1957). E.: Soil Sci. Sac. A m .  Proc. 13, 130 J .  46, 337 (1 954). 

(1 949). (21) Page? s. R., Paden, W. R., soil sei. (28) LVear, J ,  I., Wilson, c. M,, soil &YciCi. 
Soc. Am. Proc. 14, 253 (1950). 

Plant Physiol. 8, 305 (1933). (22) Schaal, R. B., Farm Chem. 119, 41 
(1 956). (29) Winsor, H .  W., Soil Sci. 69, 321 

Glass,” pp. 106-7, American Chemical (23) Schreiner, O., Brown, B. E., ( 1 950) 
Society Monograph Series, Reinhold, Skinner, J. J., Shapovalov, M . ,  Bur. (30) Wynd, F. L., Strommr, E. R., 
New York, 1938. 

AGR. FOOD CHEM. 3,222 (1955). 

(15) McHargue, J. S., Calfree, R. K.. 

(16) Morey, G. W., “The Properties of 
Am. 18, 425 (1954). 

Plant Ind., CT. S. Dept. Agr., Circ. 84, Llojdia 14, 40 (1951). 
117) Muckenhirn. R. J.. J .  Am. .Ync. 1-35 (1920). 
’ Agron. 28, 824 (1936). ’ (24) Skinner>’ J. J., F. E.. J .  Received f o r  review Seftember 25, 1967. 
(18) Naftel, J. A., Fajans, E. W., J .  Agr. Research 23, 433 (1923). Accejted Januarv 30, 7962. Division of 

Assoc. 0 8 6 .  Agr. ChPmists 37, .53? (25) Stewart, F. B., Axley, J. H.: Agron. Fertilizer and Soil Chemistrv, 740th Meeting, 
( 1 9 54) . J .  48, 259 (1956). ACS, Chicago, Ill., Seftember 1967. 

CHELATES F O R  MICRONUTRIENTS 

Properties of Chelates and Their Use in 
Crop Production 

J. C. BROWN and 1. 0. TIFFIN 

US. Department of Agriculture, 
Beltsville, Md. 

Precipitated iron may serve as a reserve iron supply for plants but a mechanism i s  required 
for making it available to plants. Synthetic chelating agents have been used effectively to 
extract iron from soils or as iron chelate to keep iron in a soluble form in growth media. 
The apparent stability of iron chelates differs. The capacity of plants to absorb iron from 
iron chelate depends upon the kind and concentration of chelating agent, concentration 
of iron, plant species, and for some plants, whether the plant is green or chlorotic. Chlorotic 
Hawkeye soybeans differentially absorbed iron and chelating agent. Iron supplied to 
chlorotic Hawkeye soybeans at 2 X 10-6M FeEDDHA appeared in the stem exudate as 
Fe malate. Roots and chelating agents compete for the iron in a nutrient solution. 
Roots which compete most effectively appear to have a reductive process, which affects 
the stability or availability of iron at the root. The factors which affect the availability 
of iron may or may not be a part of the actual absorption mechanism. 

MONG the important functions of A metal ions in biological systems 
is their action as cofactors in enzyme 
systems. The microelements are par- 
ticularly important and an adequate 
available supply is necessary for plant 
growth and development. Most micro- 
elements will hydrolyze and precipitate 
a t  pH 6, if they are not carried as chelate 
compounds. This is particularly true 
of iron. Agriculturally, there has long 
been a need for a soluble or available 
source of iron for plant growth. 

Synthetic iron chelates have been 
used effectively to keep iron soluble and 
available for plant growth (8 ,  73. 78. -37. 
22, 30). Four synthetic chelates are 
discussed - ethylenediaminetetraacetic 
acid (EDTA), diethylenetriaminepenta- 
acetic acid (DTPA), cyclohexanedi- 
aminetetraacetic acid (CDTA), and 
ethylenediaminedi(o - hydroxyphenylace- 
tic acid) (EDDHA). 

Properties of Chelates 

The apparent stability constants for 

FeEDTA, FeCDTA. FeDTPA, and 
FeEDDHA are 24.8. 29.3 (7),  27.9, and 
30 ( 7 7 ) ,  respectively. FeEDDHA is the 
most stable of the iron chelates. 
EDDHA, accordingly. would be expected 
to be the most competitive for iron 
in a growth medium. The capacity of 
EDDHA to chelate iron was determined 
in a nutrient solution containing variable 
concentrations of EDTA. DTPA, and 
CDTA as competitive chelating agents 
( 6 ) .  The competitive chelating agents 
were equilibrated at pH 6.5 for 1 hour 
with a complete nutrient solution con- 
taining either 2 x IO-5.M or 4 x 10-jM 
of Fe added as FeCI3. EDTA, DTPA. 
and CDTA were supplied at 0.16, 0.5. 
1. 2, 4, 6, 12. 18. or 36 x lO-jM concen- 
trations. After equilibration, 2 x 10-jM 
EDDHA was added to each of the nu- 
trient solutions. and the FeEDDHA 
(Figure 1) concentration was deter- 
mined colorimetrically at varied inter- 
vals with final measurements made after 
30 days ( 6 ) .  

The chelating capacity of EDDHA de- 
creased sharply when the concentration 

of each competing chelating agent 
reached 2 x lO-5M: EDTA < DTPA < 
CDTA. By increasing the Fe concentra- 
tion to 4 x 10-5M, 2 x 10-jMEDDHA 
competed for Fe successfully with 2 X 
l O - 5 M  EDTA, DTPA. and CDTA. In 
this case. there was sufficient iron for 
both EDDHA and the competing agent. 
An increase in concentration of EDTA, 
DTPA. or CDTA to 4 x IO-jM sharply 
decreased the amount of Fe chelated as 
FeEDDHA. The effectiveness of the 
competitors was related to the stability 
of their iron chelates: FeEDTA < 
FeDTPA < FeCDTA. Thus, chelating 
capacity of EDDHA is dependent upon 
both the concentration of the Fe and 
the competitive chelating agent in solu- 
tion. Absorption of iron by roots may 
likewise be dependent upon both the 
concentration of the Fe and the compet- 
ing ligands in solution. 

Use of Chelates 

The above chelating agents can be 
used to extract iron from soils. The 
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