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Abstract-The major mechanism by which fulvic acid removed Cu2+ from Cu2+ -montmorillonite was 
complexation, most likely chelation. This was confirmed by the use of a specific cupric ion electrode which 
showed that whereas the total Cu2+ concentration in the supernatant solutions increased with rise in pH, 
about 7 per cent of the total Cu2+ solubilized by fulvic acid occurred in the 'free' or. 'uncomplexed' 
form at pH 2'5, only 0·6 per cent was similarly distributed at pH 4·5 and 0,0009 per cent at pH 6·5. External 
surface area measurements by a dynamic BET method showed the following surface areas: 2·5 m2 g-1 
for the fulvic acid, 8·0 m2 g- 1 for the Cu2 + -montmorillonite but 16'1 m2 g- 1 for the FA-Cu2 + -montmor­
illonite complex. Electron micrographs of the FA--clay complex confirmed that fulvic acid was adsorbed 
in interlamellar spaces and on external surfaces of the Cu2 + -montmorillonite. 

INTRODUCTION 

A previous communication from this laboratory 
(Schnitzer and Kodarna, 1972), reported reactions of 
fulvic acid (FA), a water-soluble humic fraction, with 
Cuz+ -montmorillonite. The adsorption of FA by the 
clay was characterized by an increase in interlamellar 
spacing, the extent of which decreased with increases 
in the pH of the medium. Differential thermal and 
thermogravimetric analyses showed that in addition to 
interlayer adsorption, FA was also retained on exter­
nal clay surfaces. I.R. spectra indicated that p-diketone 
groups in FA reacted with Cu2+ in or on the clay 
to form acetylacetone-type chelates. This paper pro­
vides additional information on the nature of the reac­
tion between Cu2+ -montmorillonite and FA and on 
the clay-FA complexes that are so formed. In our ear­
lier publication (Schnitzer and Kodama, 1972) we esti­
mated the amounts of Cu2+ complexed by the FA by 
subtracting Itg of Cu2+ solubilized by distilled H 20 
from those brought into solution by FA. This 
approach entailed considerable uncertainty, which we 
have now overcome by the use of a specific Cu2+ -ion 
electrode, which enabled us to measure 'free' or 'un­
complexed' Cu2+ aside from 'total' Cu2 +, which we 
determined as reported previously. Thus, the difference 
between 'total' and 'free' Cu2+ gave the proportions 
of "complexed" Cuz with a high degree of accuracy. 
We also set out to obtain more detailed information on 
the physical characteristics of the clay-FA complex by 
making surface area measurements and studies on the 
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electron microscope. The results of these investigations 
are reported herein. 

MATERIALS AND METHODS 

FA ahd Cu2 + -montmorillonite 

The FA and Cuz+ -montmorillonite samples were 
the same as those described previously (Schnitzer and 
Kodama, 1972). A FA stock solution was prepared by 
dissolving 2·0 g of FA in 1 1. of distilled HzO. The pH 
of the latter solution was 2·5. 

Preparation of F A-Cu2 + -montmorillonite complex 

Twenty mg of clay were weighed into a 35 ml gra­
duated ground-glass stoppered centrifuge tube and 
suspended in 20ml of FA stock solution. When 
required, the pH was adjusted to the desired value by 
the addition of 0·2 N NaOH solution, and the final 
volume was made to 25 ml with distilled water. The 
tube plus contents were agitated on a reciprocating 
shaker at room temperature for 18 hr and then centri­
fuged at 2000 rpm for 1 hr (radius of rotation near top 
of sediment in centrifuge tube = 19 cm). The superna­
tant solution was decanted and the residue (=FA-clay 
complex) dried in a vacuum desiccator over PzOs. 

Cu z + -determinations 

'Free' or 'uncomplexed' Cu2+ (CuI) was deter­
mined on clear supernatant solutions, made 0·1 N in 
KN03, with the aid of an Orion cupric ion activity 
electrode (model 94-92). The reference electrode was a 
single-junction (Orion, model 90--01) electrode, filled 
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with 4 N KCl solution saturated with AgCl. The elec­
trodes were connected to an Accumet model 320 
expanded scale research pH meter. The electrodes were 
calibrated with standard Cu(N03h solution (Orion, 
cat. no. 94-92-06) and the calibration curve, plotted on 
semi-log paper, covered a range of 10- 1_10- 8 moles 
Cu2 + /1. Without the addition of KN03 solution to the 
supernatant solutions containing FA, periods of 3-4 hr 
were required to attain a constant electrode response. 
When KN03 solution was added, however, constant 
readings were obtained after only 5--10 min . 
. Total Cu2+ (CUt) was measured by atomic absorp­

tIon on a Techtron spectrophotometer. Since prelimi­
nary experiments had shown that the FA did not inter­
fere with Cu2 + determinations by atomic absorption, 
analyses were done directly on solutions still contain­
ing the FA. 

Surface area measurements 

External surface areas of freeze-dried FA, Cu 2 + -

montmorillonite and the FA-Cu2 + -montmorillonite 
complex were measured by a dynamic BET method, 
(Winer, 1968) using a mixture of nitrogen and helium 
gases after degassing at 70°C overnight under a con­
tinuous flow of helium. 

Investigations by electron microscopy 

Specimens were prepared by spotting 0·01 per cent 
(w/w) suspensions onto copper grids coated with thin 
films of carbon, and allowing them to dry at room tem­
perature. Dilutions of the FA and Cu2 + -montmoril­
lonite were made with distilled water. The F A-Cu 2 + -

montmorillonite was suspended in distilled water 
adjusted with dilute HCl to pH 2·5, in order to prevent 
desorption of complexed FA from the interlayer 
spaces. The prepared specimens were stored in a 
vacuum desiccator over P 2 0 S at room temperature. 
The electron microscope was a Philips EM 300 instruc 

ment operated at 80 kV. 

RESULTS AND DISCUSSION 

The nature of the F A-Cu2 + -montmorillonite interac­
tion 

Deviating from the earlier investigation (Schnitzer 
and Kodama, 1972), we halved the concentrations of 
the FA solutions and also the weights of the clay in 
order to minimize interferences in the Cu2 + measure­
ment by the specific ion electrode. As shown in Table 
1, amounts of 'free' Cu2 + (Cuf ) in the supernatant 
solutions decreased significantly as the pH increased, 
although the total Cu-content (CUt) increased. Above 
pH 3·5, close to 100 per cent of the Cu2 + was com­
plexed, attesting to the relatively high complexing 

Table 1. Amounts of Cu2 + solubilized by shaking for 18 hr 
20 mg of Cu2 + -montmorillonite with 25 ml (= 50·0 mg) of 

FA solution 

fig Cu2+ -solubilized Cuf/Cu, x 100 
pH Cu, CUI (=%) 

2·5 125·8 7·8 6·8 
3·5 193·0 4·8 2·5 
4·5 233·8 1·3 0·6 
5·5 249·8 0·2 0·07 
6·5 257·8 0·001 0·0009 

power of FA for Cu2+ (Schnitzer and Hansen, 1970). 
Increases in Cu Z + complexing as the pH rises were 
most probably due to increases in ionization of 
oxygen...containing functional groups in the FA. The 
data in Table 1 indicate that the mechanism by which 
FA removed Cu2 + from the clay was almost exclus­
ively complexation, most likely chelation. Since 20 mg 
of clay contained 540·0 flg of Cu2+, the proportions of 
Cut2+ removed by the FA range4 from 23·3 (at pH 2·5) 
to 48·7 per cent (at pH 6·5) of those in the initial clay 
samples. Thus, at pH 6·5, one treatment with dilute 
aqueous FA solution (containing 50 mg of FA) sufficed 
to remove one half of the Cut2+ in and on 20 mg of 
CuZ-saturated montmorillonite. This result demon­
strates the disruptive action that FA solutions can 
exert on naturally occurring minerals, especially at pH 
above 3·5. 

Surface area measurements 

The data in Table 2 show that the external surface 
area of the FA-clay complex was considerably greater 
than those of the untreated FA and the Cuz+ -mont­
morillonite separately. While the FA-clay complex 
exhibited a greater d001 spacing (15·1 A) than the Cu­
clay (lO·oA), it is unlikely that the increased spacing 
contributed significantly to the substantial increase in 
external surface shown by the FA-clay complex. Car­
bon analysis of the latter indicated that it consisted of 
30% FA and 70% clay. Assuming that about 1/2 of the 
total FA was adsorbed in interlayer spaces and the 
remaining 1/2 on external clay surfaces (Kodama and 
Schnitzer, 1969), and that no interaction occurred 
between the two components, then the FA would be 
expected to contribute 0·15 x 2·5 = 0·4 m2 g-l and 

Table 2. Surface area measurements 

Material 

FA 
Cu 2 + -montmorillonite 
F A-Cu 2+ -montmorillonite 
complex prepared at pH 2·5 

2·5 
8·0 

16·1 
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Fig. 1. Electron micrographs of: (a) FA; (b) Cu 2 + -montmoriIJonite; (c) FA-Cu 2 + -montmorillonite com­
plex prepared at pH 2'5; (d) enlargement taken from edges of FA-clay complex shown in (c). 

the clay 0·85 x 8·0 = 6·8 m2 g-l, for a total surface 
area of 7'2m2 g-l. Since experimentally the surface 
area of the FA-clay complex was found to be more 
than twice this value (see Table 2), it is likely that the 
adsorption of FA on the external clay surfaces was 
associated with changes in the conformation of the FA 
which resulted in an expansion of the FA surface, a 
phenomenon that we are unable to explain at this time. 

Electron microscopic investigations 

As illustrated in Fig. lea), the electron micrograph of 
the FA shows two types of particles: relatively uniform 
discs and a transparent, shapeless material. Figure l(b), 
which is the electron micrograph of Cu2 + -montmoril­
lonite, exhibits the presence of thin, flaky, tissue paper­
like material, typical of montmorillonite. The electron 
micrograph of the FA-Cu2 + --montmorillonite com­
plex (Fig. lc) shows preservation of the major mont­
morillonite features. In general, outlines in Fig. l(c) 
show more contrast than those in Fig. l(b), due, most 

likely, to interlamellar adsorption of FA. Figure l(c) 
also shows adsorption of FA on external clay surfaces. 
Figure l(d) is an enlarged electron micrograph which is 
a lattice imllge taken from the edges of a FA-Cu2+-­
montmorillonite complex. The observed periodicity of 
the lattice image ranges from ~ 13 to ~ 18A, which is 
well within the range of the 15 A doo 1 spacing observed 
by X-ray analysis (Schnitzer and Kodama, 1972). 

Thus, the information provided by electron micro­
scopy is in harIIlDny with data obtained by chemical, 
spectrophotometric, X-ray and thermal methods, all of 
which show that FA is adsorbed in interlayer spaces as 
well as on external surfaces of Cu 2 + --montmorillonite, 
and that the extent of interlamellar adsorption de­
creases rapidly above pH 3·5. 
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Resume--Le mecanisme principal par leque1 l'acide fulvique extrait Cu2+ de la montmorillonite Cu2+ 
est la complexation ou plus probablement la chelation. Ceci a ete confirme par l'utilisation d'une electrode 
specifique pour l'ion cuivrique; il a ete montre que, alors que la concentration totale en Cu 2+ dans les 
surnageants augmente avec le pH, environ 7 pour cent du Cu2+ total solubilise par l'acide fulvique se 
presente sous forme 'libre' ou 'non complexee' it pH 2,5, 0,6 pour cent seulement it pH 4,5 et 0,0009 pour 
cent it pH 6,5. La mesure de la surface externe par une methode BET dynamique donne les surfaces 
suivantes: 2,5 m2 g-I pour l'acide fulvique, 8,0 m2 g-I pour la montmorillonite Cu2+, mais 16,1 m2 g-I 
pour le complexe montmorillonite CuH-FA. Les micrographies electroniques du complexe argile-FA 
confirment que l'acide fulvique est adsorbe dans les espaces interfeuillets et sur les surfaces externes de la 
montmorillonite Cu 2 + . 

Kurzreferat-Als wichtigster Mechanismus, durch den Fulvosauren Cu2+ aus Cu2+ -Montmorillonit 
verdrangten, erwies sich Komplexbildung, sehr wahrscheinlich in Form der Chelatisierung. Dies wurde 
durch Verwendung einer spezifischen Kupferionenelektrode bestatigt, die zeigte, daB, wahrend die 
Gesamt-Cu2+ -Konzentration in der tiberstehenden Losung mit Zunahme des pH-Wertes anstieg. etwa 
7% des durch Fulvosaure in Losung gebrachten Gesamt-Cu2 + bei pH 2,5 in 'freier' oder 'nichtkomplexier­
ter' Form auftrat, nur 0.6'~;, in ahnlicher Verteilung bei pH 4.5 und 0.0009°';, bei pH 6,5 vorlagen. Mes­
sungen der auBeren Oberflachen durch eine dynamische BET-Methode ergaben die folgenden 
Oberflachen: 2,5 m2 g-I flir die Fulvosaure, 8,0 m2 g-I ftit den Cu2+ -Montmorillonit, aber 16,1 m2 g-I 
flir den Fulvosaure-Cu2+ -Montmorillonitkomplex. Elektronenmikroskopische Aufnahmen des Fulvo­
saure-Tonkomplexes bestatigten, daB die Fulvosaure in den Zwischenschichten und an den auBeren 
Oberflachen des Cu2+ -Montmorillonits adsorbiert wird. 

Pe310Me - rJIaBHblll MexaHM3M nOCpeiJ,CTBOM KOToporo <l>YJIbBMHOBall KHCJIOTa YiJ,aJIlIeT Cu2+ H3 
CU 2 + -MOHTMOPHJIJIOHHTa lIBJIlIeTCll KOMIIJIeKC006pa30BaHHe, IIOBHiJ,HMOMY, 06pa30BaHHe KJIeIIIHe­
BHiJ,HOll <l>OPMbI. 3TO IIOiJ,TBepiJ,HJIH HCIIOJIb30BaHHeM Cnel(M<I>H'feCKOro :meKTp0iJ,a H3 )!(eJIe3a COiJ,ep­
)!(amero iJ,ByxBaJIeHTHYlO MeiJ,b, KOTOPbIM nOKa3aJI, '1TO B TO BpeMlI KaK 06mall KOHl(eHTpal(HlI Cu2+ 

BO BCnJIbIBalOmHX pacTBopax nOiJ,HHMaJIaCb npH nOBblllIeHHH pH, npH6JIH3MTeJIbHO 7 % Bcero 
Cu2+, pacTBopeHHoro <l>YJIbBHHOBOM KHCJIOTOM 6blJ10 npM pH 2,5 B «cB06oiJ,HOM» MJIH <~HeKoM­
nJIeKco6pa30BaBIIIeMClI» <l>opMe, npH pH 4,5 TOJIbKO 6 % 6LIJ10 pacnpeiJ,eJIeHO TaKHM )!(e o6pa30M, 
a npH pH 6,5 - 0,0009 %. 113MepeHHS! HapY)!(HbIX rrJIOmaiJ,eM nOBepxHocTeM iJ,HHaMH'IeCKHM MeTOiJ,OM 
BET rrOKa3aJIO: 2,5 M2/r iJ,JIS! <l>YJIbBHHOBOM KHCJIOTbl; 8,0 M2/r iJ,JIlI Cu 2 + -MOHTMOPHJIJIOHHTa, HO 
16,1 M2/r iJ,JIlI KOMllJleKCa FA-Cu 2 + -MOHTMOPHJIJIOHHTa. 3JIeKTpOHHOMHKpOCKOnH'IeCKHe CHHMKH 
KOMnJIeKCOB F A-rJIHHbl nOiJ,TBepiJ,HJIH, '1TO <l>YJIbBHHOBall KHCJIOTa 6blJ1a aiJ,COp6HpOBaHa B rrpOMe)!(y­
TO'lHbIX npocTpaHcTBax Ha HapY)!(HbIX nOBepxHOCTlIX Cu2+ -MOHTMOPHJIJIOHHTa. 
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