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Abstract The ferrous iron content of two vermiculitized biotites decreased by treatment with 0.1 N salts 
of copper at 70~ from 9.1-14% to 1.8-2.6%. Presumably, interlayer copper ions acted as a catalyst (here, 
an electron carrier) for the oxidation of iron by dissolved oxygen. The oxidized iron was ejected from the 
structure and formed crystalline iron minerals, such as hematite and goethite. Weight loss determinations, 
chemical, and X-ray powder diffraction data suggest that Cu(II) ions were polymerized to hydroxy-hydrous 
compounds in the interlayer space. Poor exchangeability of the resultant complex is attributed to the for- 
mation of strong electrostatic attractions between OH groups of the interlayer complexes and silicate oxy- 
gens. 
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INTRODUCTION 

In 1958 Bassett  synthesized copper  vermiculi tes 
from biotites and vermiculitized biotite and compared 
the reaction products with copper-bearing vermiculites 
from Rhodesia. He observed that after a 6-day treat- 
ment with 1 M CuC12, the natural samples changed from 
black to golden brown. He further found, by X-ray 
powder  diffraction, that potassium from 1 M solutions 
could not replace the copper.  Although he studied the 
samples by various physical means, he failed to realize 
that structural iron is strongly oxidized in copper  so- 
lutions. The aim of  the present  study is to investigate 
the exchange properties and the nature of interlayer 
copper ions and to suggest a catalysis mechanism in- 
volving copper ions for the oxidation of  structural iron 
in vermiculitized biotite. 

EXPERIMENTAL 

Clean flakes of  biotite from Bamle, Norway,  and East  
Africa (from F. Krantz Co.,  Bonn) were wet ground and 
separated into various particle-size fractions. Small 
portions (25 mg) of the 5-20 tzm size fractions were ver- 
miculitized by replacing interlayer potassium with hy- 
drated barium ions three times with one liter of  0.1 N 
BaC12 solution. Refluxing the products three times with 
0.1 N MgCI2 replaced the interlayer barium with mag- 
nesium ions. Further  exchange with Cu, Ni, and Zn was 
carried out by using one liter of  0.1 N salt solutions. For  
exchange of interlayer copper,  the products were treat- 
ed with one liter of  0.1 N chloride salts of  K, Mg, Ca, 
and Ba. All exchanges were carried out for a period of 
8 hr on a sand bath at 70~ 

Mg and Cu contents were determined by atomic ab- 
sorption spec t rophotometer  after HF/HCIO4 treat-  
ment. Interlayer Mg was calculated by subtracting oc- 
tahedral  Mg (found in the Na-saturated form) from total 
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Mg. Dry samples were prepared by heating at 700~ for 
6 hr. H202 consumptions were found by mixing 10-20- 
mg samples with 20 ml of 4.5 N H2SO4 and 1 ml of 0.05 
N FeSO4 using a Metrohm automatic t i tr imeter (Multi- 
Dosimat). Ferrous iron percentages were calculated 
from 1-1202 consumptions. Ferrous iron was oxidized by 
treating 50-100-mg samples with 1 ml of  10% HzO2 in 
one liter of  0.1 N Mg(NOz)2 solution. This overnight 
treatment oxidized iron completely as shown by the 
analysis procedure described above. 

X-ray powder  diffraction (XRD) diagrams were ob- 
tained with a Seifert diffractometer using Ni-filtered 
CuKa  radiation. Infrared (IR) spectra were recorded 
by the KBr  disk technique on a Beckman IR-spectro- 
photometer  (Model 4220). Weight-loss determinations 
on 30-mg samples were carried out in platinum cruci- 
bles, using a period of  8 hr for each consecutive heating. 

RESULTS AND DISCUSSION 

Iron oxidation in copper solutions 

When Cu solutions came in contact with the vermic- 
ulitized biotites, a strong oxidation of iron occurred 
(Table 1). No oxidation took place in the Ni and Zn so- 
lutions. Although Cu 2§ hydrolyzes more readily than 
either Ni 2+ or  Zn z+, and generates more interlayer acid- 
ity than the other two metal ions, such reactions do not 
explain the strong oxidation of iron. Unlike Ni and Zn, 
Cu has a relatively unstable valence state of  + 1, which 
is involved in a number of catalytic reactions (Chalty- 
kyan, 1966). Catalytic action of  Cu 2§ in the Wacker  pro- 
cess, in which alkenes are converted to aldehyde,  is 
well known (Cotton and Wilkinson, 1974, p. 977). Cu- 
treated kaolinite and montmorillonite strongly catalyze 
the oxidation of ethyl alcohol to aldehyde (Albareda et 
al., 1954). Similarly, copper ions may take part  in an 
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Table 1. H202 consumptions and Fe 2+ contents of vermic- 
ulitized biotites (air-dry) saturated with various ions. 

I-I202 
Exchange consumed Fe 2+ 

ion Salt used (meq/100 g) (wt. %) 

Table 2. Copper content (water-free basis) and basal spac- 
ing (air-dry) of Cu-vermiculite from Bamle, Norway, after 
treatment with various ions. 

Exchange 
ion Cu (%) d(001) (/~) 

Bamle, Norway Without ascorbic acid 
Mg 2+ MgC12 162 9.05 Cu 2 + 12.1 14.4 
Cu 2+ CuC12 31.6 1.76 K § 11.2 14.4 
Cu 2+ CuSO4 46.4 2.59 Mg~+ 11.2 14.4 
Ni 2+ Ni(NO3)2 162 9.05 Ca2+ 11.8 14.4 
Zn z+ ZnSO4 167 9.32 Ba2+ 9.5 14.3 

East Africa With ascorbic acid 
Mg 2§ MgC12 234 13.5 K § 5.5 12.3 
Cu 2+ CuCI~ 43.2 2.41 Ba2+ 4.0 13.0 

oxidation-reduction cycle and act as a catalyst in the 
oxidation of iron. Recently, Rozenson and Heller-Kal- 
lai (1978) observed by Mrssbauer spectroscopy that 
copper treatment leads to the strong oxidation of iron 
in Wyoming montmorillonite. The oxidation of struc- 
tural iron by Cu 2+ is electrochemically possible as 
shown by standard reduction potentials (Cu 2+ + e 
Cu +, 0.158 V; Fe 3+ + e ~,~ Fe ~+, 0.770 V) (Hunsberger, 
1977). However, monovalent Cu does not persist in 
vermiculite. First, cuprous chloro complexes are rap- 
idly oxidized to cupric compounds by oxygen in air 
(Cotton and Wilkinson, 1974, p. 845). Second, low 
H202 consumptions (Table 1) indicate that, except for 
structural ferrous iron, there is no ion to be oxidized in 
the material. Hence, cuprous ions probably formed 
during the reaction as transitory electron carders, elec- 
tron acceptors being the dissolved oxygen. As ferrous 
iron was oxidized, electroneutrality was maintained by 
deprotonation of octahedral OH groups (cf. Newman 
and Brown, 1966; Veith and Jackson, 1974) and by ejec- 
tion of octahedral iron (Farmer et al., 1971) and other 
ions (Veith and Jackson, 1974). 

Based on these reactions, the following oxidation 
scheme is proposed: 

4Fe 2+ + 4 structural (OH-) ~,~ 4Fe 3§ 
+ 4 structural (02-) 
+ 4H + + 4 e 

4Cu 2+ + 4 e ~,~ 4Cu § (1) 

4Cu §  2+ + 4 e  
4H + + 02 + 4 e ~,~ 2H20 (2) 

The overall reaction is: 

4FC + + 4 structural (OH-) 
+ 02 ~- 4Fe 3+ + 4 structural (O 2-) + 21-120 (3) 

Copper ions do not appear in the overall reaction, thus 
acting as a catalyst in the oxidation of iron by oxygen. 

Infrared spectroscopy 
A strong IR absorption near 3550 cm -1 after Cu treat- 

ment of the starting material indicates that octahedral 

iron was ejected from the s tructure (Farmer et al., 
1971; Sayin et al., 1979). This band is ascribed to hy- 
droxyl groups associated with Fe3+-Fe a+ pairs (Vedder, 
1964). The ejected iron hydrolyzed and precipitated on 
the surfaces of the mineral as noncrystalline oxides 
(Farmer et al., 1971), causing absorption in the 
3400-3200 cm -1 range without a definite peak, after 
elimination of adsorbed water. Microcrystalline he- 
matite and goethite detected by Bassett (1958) as red 
and yellow inclusions in the Cu-containing micaceous 
vermiculites seem to be the crystallized successors of 
such noncrystalline iron. 

Nature o f  interlayer copper 
After treating a synthetic Cu-vermiculite (10% by 

weight) with 1 M KCI at 100~ Bassett (1958) observed 
that potassium did not replace copper and no collapse 
of the structure took place. To study the same phenom- 
enon, Cu-vermiculite was treated with 0.1 N chloride 
solutions of potassium, magnesium, calcium, and bar- 
ium. Almost no change in the XRD basal spacing and 
little change in intensities were observed. However, 
chemical analysis revealed that some exchange did oc- 
cur, the strongest being with barium (Table 2). These 
data are in accordance with the proposed deprotonation 
reaction by which copper ions are strongly held as a 
result of the elimination of the screening effect of struc- 
tural hydrogens. The treatment in the presence of a re- 
ducing agent, ascorbic acid (0.5 g), resulted in a much 
stronger but still incomplete exchange. It seems that a 
limited reconversion of oxygens to hydroxyls occurred 
and that a more positive environment was created for 
interlayer copper. Increases in K re-absorption were 
also noted with completely oxidized vermiculites (un- 
published data). 

In addition, the prevention of "water"  loss upon 
heating (Table 3) suggests the existence of strong bonds 
between oxygens of the silicate layers and water mol- 
ecules surrounding the copper ions. Sorption of copper 
in excess of magnesium (Table 4) suggests that not all 
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Table 3. Weight loss 1 of vermiculite from Bamle, Norway, 
saturated with Mg and Cu. 

Weight loss (%) 
Temperature 

(~ With Mg ~+ With Cu 2+ 

110 5.8 0.0 
220 9.1 0.0 
300 12.8 3.5 
400 14.6 2.5 
500 14.6 12.0 
600 17.8 12.0 
700 14.6 10.0 

1 Preheated to 50~ 

of the copper was present as the simple hexa-aquo ion. 
In contrast to the Mg-saturated sample, 002, 003, and 
004 reflections of the Cu-saturated sample intensified 
at the expense of 001 and 005 reflections. Bassett (1958) 
interpreted similar changes as due to increased electron 
density in the interlayer space. The increase of the 002/ 
001 ratio indicates that the vermiculite became similar 
to chlorite (1002/1001 = 1.3-3.3) with respect to the 
amount of cations per unit cell. High "saturat ion" of 
the East African vermiculite with copper ions is reflect- 
ed by a relatively high 002/001 ratio (Table 4). These 
data suggest the formation of hydroxy-aquo complexes 
of copper. 

Because almost no reduction of layer charge oc- 
curred during the H202 oxidation of iron in vermiculite 
(Veith and Jackson, 1974; unpublished data by the au- 
thor), no change of interlayer charge was expected 
when the amount of interlayer copper increased, prob- 
ably because of hydrolysis and polymerization of hexa- 
aquo copper, with first step being: 

[Cu(H~O)0] 2+ + [Cu(H20)0] 2+ 
+ 2 H20 -+ [Cu~(OH)2- 101-120] z+ 

+ 2 H30 +. 

Water hydrogens have associated with the negatively 
charged oxygen ions of silicate layers, and OH ions may 
have been electrostatically attracted to the tetrahedral 
silicate layers; consequently, the interlayer complex 
was stabilized. A similar reaction occurs with alumi- 
num (Rich, 1960) and is expected to occur with the ions 
of transition elements which form coordinate bonds in 
aqueous solutions. The high charge of vermiculite is 
probably a great advantage over the low charge of 
smectites in stabilizing the interlayer complex. Com- 
plete polymerization with elimination of water even- 
tually leads to chloritized vermiculite. 

The interlayer spacing of Cu-treated vermiculite is 
14.4/~, hence, the interlayer space is equivalent to two 
layers of water molecules. Heating a Cu-treated sample 
to 220~ caused a collapse to 11.3/~. On further heating 
to 700~ the layers contracted to 9.5 A, showing com- 

Table 4. Intensity ratios of basal reflections (air-dry) of ver- 
miculites as related to Mg and Cu content (water and cation- 
free basis) in the interlayer space. 

Interlayer ions 
Structural 

FeZ+ Mg 2+ Cu~+ 
Treatment (%) (meq/100 g) (meq/100 g) Ioo2/I0ol 

Bamle, Norway 
Untreated 18.8 214 nd 0.105 
Cu 1.85 15.6 291 0.425 
H202, Cu 0 21.4 245 0.300 
H20~, Cu 
(20-50 tzm) 0 65.8 247 0.258 

East Africa 
Untreated 19.9 221 nd 0.135 
H~Oz, Cu 0 0 563 1.264 

nd = not detected. 

plete dehydration of copper ions. The similar amounts 
of copper in the 5-20-/xm and the 20-50-/zm fractions 
indicates that the formation of interlayer complexes 
was the only important sorption reaction in silt-size 
vermiculites (Table 4). 

Retention of Cu 2+ ions in excess of the cation ex- 
change capacity in H-montmorillonite can be explained 
by the precipitation of Cu(OH)2 on the surface of the 
mineral (see, Bingham et al., 1964). An equivalent ex- 
change of copper with ammonium was found when the 
solubility product of Cu(OH)2 was not exceeded. In the 
present study the pH of the 0.1 N CuC12 solution is -4 - - -  
too low to precipitate copper from the solution. 

CONCLUSIONS 

Cu 2+ catalyzes the oxidation of structural iron by dis- 
solved oxygen in vermiculitized biotite. Cu 2+ polymer- 
izes in the interlayer space, creating strong electrostatic 
attractions between the interlayer complex and the sil- 
icate sheets forming a chlorite-like material. Chloriti- 
zation of vermiculite, with hydroxy aluminum as the 
interlayer material, is also expected to take place in 
nature in a similar manner. Percolating copper solu- 
tions in contact with Fe2+-rich minerals should oxidize 
the iron and lead to the accumulation of iron minerals, 
such as hematite and goethite. Copper is a hazardous 
pollutant in many natural waters, but it is strongly held 
by vermiculitic minerals and "deactivated" in soils un- 
less reducing conditions are encountered. These same 
reducing conditions are employed in the commercial 
recovery of copper from the sheet silicates in copper 
deposits. 
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Pe3mMe----CogepmanHe :~e~e3HcToro meJIeaa  ,lIByx BepMHKy.rlHTI4pH3OBaHHblX 6HOTHTOB yMeHblI/a.lIOCb 
noc~e o6paroTKn 0,1 N i e~nh I in  COJInMn npn 70~ n KoniieuTpai~nnx OT 9,1--14% :IO 1,8--2,6%. 
BO3MO>KHO, qTO Me~cnofirmle HOHbI MeJ1~I ~eI4CTBOBadlH KaK KaTa.rlHaaTop (B 3TOM cayqae KaK HOCHTe.rlb 
9JIeKTpOHOB) n p n  OKtlCYleHHI4 ~ e ~ e 3 a  pacTBoperml,im KnCJIOpO~IOM. OKHC~eHHOe YKe~e3o 6bI.rlO Bblrpo- 
m e n o  n3 cTpyKTypbl H orpa3oBa.rlo I(pHcTah.rlHqeCKI, le MnHepa3IbI, TaIC~Ie KaK FeMaTHT I4 FeTHT. r i o  
onpe~e~enHto noTepn Beca H 31aHHblm XHMrlqeCKOrO aHa~n3a n nopotUKOBOfi peHTrenOBCKOfi ~dppaK1J~rl 
MO~HO l lpe~qo~oraTh ,  qTO HOH Cu  2+ 6bLq HO3IHMepH314pOBaH B FH~pOKCH-BO,/~Hble coejlHHeml~l a 
Me:>lCCaOfiHOfi O631aCTi,l. [I~oxa,q O6MeHitaYi ClIOCOrHOCTb I/oJiyqeHnoro KOMrUIeKCa rlpHnnCblaaeTcfl 
o6paaoBaHum cna~,noro aJIeKTpOCTaTnqecKoro npnTa~enrlz ie~41y rpynna in  OH uea<c~Iofiabix I<oU- 
n.rleKCOB H aTOMablH Ir cnanKaTa, a TaK:>Ke HpHcyTCTBrIIO upoTonooTorpa~m,~x rpynn OH. [E.C.] 

Resiimee---Der Fe2+-Gehalt von zwei vermiculitisierten Biotiten nahm nach der Behandlung mit 0,1 n Cu- 
Salzlfsungen bei 70~ yon 9,1-14% anf 1,8-2,6% ab. Es wird angenommen, dab die Kupferionen in den 
Zwischenschichten als ein Katalysator (in diesem Fall als Elektronentriiger) fiir die Oxidation des Eisens 
durch gelfsten Sauerstoff wirkten. Das oxidierte Eisen .wurde freigesetzt und bildete Eisenminerale, wie 
z.B. Haematit und Goethit. Gewichtsverlustbestimmungen, chemische Untersuchungen, and Rfntgen- 
pulverdiffraktometeranfnahmen deuten daranf hin, dab das Cu ~+ zu Hydroxy-Aqua-Verbindungen in der 
Zwischenschicht polymerisierte. Die geringe Austauschbarkeit des entstehenden Komplexes wird anf die 
Bildung einer starken elektrostatischen Wechselwirkung zwischen der OH-Gruppe der Zwischenschicht- 
komplexe und den Sanerstoffen des Silikates zuriickgef'dhrt und anBerdem auf das Vorhandensein depro- 
tonierter OH-Gruppen. [U.W.] 

Rrsumr---Le contenu en fer de deux biotites vermiculitizres a diminu6 de 9,1-14% ~ 1,8-2,6% apr~s traite- 
ment avec 0,1 N sels de cuivre ~t 70~ On prrsume que les ions de cuivre intercouche se sont comportrs 
comme un catalyste (ici un porteur d'electrons) pour l 'oxidation du fer par oxyg~ne dissolu. Le fer oxide 
6tait 6ject6 de la structure e t a  form6 des minrraux ferreux cristallins tels l 'hrmatite et la goethite. Des 
drterminations de perte de poids, et des donnres chimiques et de diffraction poudrre aux rayons-X sug- 
g~rent que Cu 2+ a 6t6 polymeriz6 en composrs hydroxy-aquo dans l 'espace intercouche. La capacit6 
d 'rchange du complexe rrsultant est attribu6/~ la formation de fortes attractions 6tectrostatiques entre les 
groupes OH des complexes intercouche et les oxyg~nes silicates, et ~ l 'existence de groupes OH drpro- 
tonatrs. [D.J.] 
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