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The reaction of aqueous sodium dichromate, 
NazCrz07, with galena (PbS) is one of the most 
commonly observed reactions in the froth flotation 
separation of galena from other metal sulfide ores, 
the sodium dichromate acting as a modifier in the 
process. Surface studies [l, 21 have shown that the 
resulting chemical species on the galena include 
both the chromium(VI) species and the reduced 
chromium(ll1) species. While the X-ray photoelectron 
data regarding the chromium(V1) species in these 
studies were consistent with PbCr04, the assignment 
of the chromium(II1) species was not so unequivocal. 
One researcher [ 1 ] indicated that the Cr(II1) probably 
was some type of oxidation product formed on the 
surface, while yet another team of investigators [2] 
speculated that it was PbCrzO,, (a combination 
of Pb(OH)2 and Crz03) on the basis of binding 
energy data alone. This laboratory has re-investigated 
this reaction system, making detailed studies of the 
X-ray photoelectron spectra (XPS) of the reacted 
galena surfaces and comparing them to those of 
model chromium(ll1) compounds. 

Experimental 

A physical Electronics Model 555 X-ray photo- 
electron spectrometer equipped with a Mg K, 
(1253.6 eV) anode source was used for obtaining all 
spectra. The energy scale of the spectrometer was 
calibrated using the Au 4f7i2 = 83.8 eV, Cu 2p3,2 = 
932.4 eV, and Cu 3~~~ = 74.9 eV photoelectron 
lines [3]. The adventitious carbon 1s = 284.6 eV 
line was used for charge referencing. All model 
compound samples were studied as fine powders 
mounted on polymer film-based adhesive tape with 
a metallic backing, while the galena samples were run 
as both powders and freshly cleaved chips. 

*Author to whom correspondence should be addressed. 
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Fig. 1. The chromium 2p3r2.r~ photoelectron spectrum of 

galena that has been reacted with an aqueous solution of 

NazCrzO, using the reaction conditions found in Refs. 1 and 

2. 

Galena samples were obtained from Ward’s Natural 
History Establishment. Both chromium(II1) and 
chromium(V1) standards were purchased as reagent 
grade materials and used without further purifica- 
tion, with the exception of Cr(OH)3 and Cr2(COa)3* 
H20. Cr(OH)3 (possibly better formulated as Cr203* 
nH20; please see below) was prepared [4] by com- 
pletely precipitating Cr(N03)3*9H20 from aqueous 
solution using NaOH, followed by washing with cold, 
distilled water after filtration through a Buchner 
funnel and air drying on the filter bed. Cr2(C03)* 
nH20 was prepared [S] by precipitating Cr(N03)* 
9H20 with Na2C03 from aqueous solution, washing 
with cold, distilled water, and air drying on a Buchner 
funnel bed. 

The galena samples were reacted with aqueous Na2- 
Cr20, solutions in a manner ahnost identical to those 
previously used [l, 21. Instead of using an aqueous 
solution of SO2 (H2S0s, or sulfurous acid) to remove 
any oxidation products on the surfaces of the galena 
samples [I], boiling water was used. The resulting 
samples yielded spectra which showed only the 
sulfide species; no traces of oxidation products such 
as sulfur or sulfate could be detected. An increase 
in the concentration of the Cr20T2- in the reaction 
solution (while keeping the amount of galena fixed) 
above those used in [l] and [2] yielded spectra 
which were virtually identical; this is in agreement 
with results previously reported [2 ] . 

Results and Discussion 

The chromium 2p3/2,1/2 spin-orbit doublet spec- 
trum of the reacted galena is shown in Fig. 1. Each 
of the two photoelectron lines consists of obvious 
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TABLE 1. X-Ray Photoelectron Data for the Galena/Cr20,‘- Reaction and Related Cr(II1) Compounds.a’b 

Sample Cr 2P3/z Cr 2P1/2 01s c lsC Cr (2Pyz - 2P3/2) Cr 3s Splitting Cr 2p1/2 SateWed 

Galena/Cr~0~2- 577.0~Cr(II1) 586.4CrUII) 530.9 288.0 9.4 4.1-4.3 10.3 

578.8-Cr(V1) 588.4Cr(VI) 9.6 

Cr2 03 576.3 586.1 5 29.9 9.8 4.3 10.3 

Cr(OH)se 576.6 586.4 5 30.8 288.0 9.8 4.1 10.3 

Cr2(C03)3.nH20f 577.0 587.1 531.2 288.0 10.1 4.1 10.3 

aAll values in electron volts, eV. bAdventitious carbon 1s = 284.6 eV. 

dDistance (to the high binding energy side) from the main 2p1p line. 
‘Carbon line attributable to the carbonate species. 

eAlso formulated as Cr203 .nHzO.xCOz ; please see text 
and Ref. 4. ‘Also formulated as Cr203*nH2O*xCO:,;please see text and Ref. 5. 

doublets, one line in each doublet representing chro- 
mium(II1) and the other line representing chromium- 
(VI). Binding energies and spin-orbit splittings 
(Table I) for the chromium(V1) lines are in good 
agreement with an assignment of PbCr04 as previously 
reported [l] . The photoelectron data for both the 
hexa- and trivalent chromium species in that report 
are in excellent agreement with those in this study. 

The chromium(II1) portion of the spectrum, how- 
ever, represents a much more complex situation, since 
chromium(II1) with its 3d3 electronic paramagnetic 
configuration [as opposed to the diamagnetic 3d0 
state of chromium(VI)] exhibits a broader 2p core 
line, associated ‘shake-up’ satellite lines to the high 
binding energy side of the main photoelectron lines, 
and multiplet splitting of the 3s core levels by the 3d 
valence electrons [6] . Additionally, spectra character- 
istics and parameters resulting from these effects can 
be altered by factors such as sample hydration. 

The two chromium(II1) lines shown in Fig. 1 have 
binding energies of 577.0 and 586.4 eV, respectively, 
for the 2~3,~ and 2pr12 lines. These values are very 
similar to those exhibited by Cr(OH)3 and hydrated 

Cr2W3)3 shown in Table I as well as those 
previously reported for the natural mineral CrOOH 

1713 a hydrated chromium(II1) oxide. The spin- 
orbit splitting between the Cr 2p3,2 and 2pi12 lines is 
9.4 eV, within experimental error also quite close 
to the splitting of 9.8 eV exhibited by the hydroxide 
and carbonate chromium(II1) models in Table I. 
The seeming discrepancy of 0.4 eV between the two 
values can probably be attributed to the inability to 
locate the exact centroids of the chromium(II1) peaks 
accurately. While these splittings also compare favor- 
ably to that of 9.7 eV previously reported [8] for 
Cr20a, it is highly unlikely that any Cr203 formed in 
an aqueous reaction medium would be anhydrous. 

If one examines the region of the spectrum to the 
high binding energy side of the chromium 2p112 
peak, the similarities between the spectra of the 
dichromate-treated galena and the Cr(OH)3 and Cr2- 
(C03)3*nH20 compounds are even more striking. The 
‘shake-up’ satellites of each spectrum, due to 

electronic configuration interactions [6] which are 
most pronounced in paramagnetic ions such as chro- 
mium(III), are identical, found at a value of 10.3 
eV to the high binding energy side of the main 
2pi12 photoelectron line. Indeed, the chromium 
2p spectra (and associated ‘shake-up’ satellites) of 
the dichromate-treated galena and these two model 
compounds exhibit profiles which are virtually 
identical; with the exception of the small differences 
in binding energies, the spectra are superimposable 
on one another. The profile of the chromium 2p spec- 
trum of the other model compound in Table I - 
Cr203 - is also identical to that of the dichromate- 
treated galena surface. The line width (FWHM, or 
full width at half maximum) of the chromium 2p 
lines of all of these compounds is approximately 
3.1 eV, virtually identical to that reported (3.0 eV) 
for Cr203 [8]. The intensity ratio of the satellite 
at 10.3 eV to the higher binding energy side of the 
Cr 2pi12 line and the line itself is 0.18; this, too, 
is virtually identical to the value of 0.16 reported for 
Cr203 [6], strongly indicating that all of the model 
compounds and the chromium(II1) complex on the 
dichromate-treated galena surface are related to Cr2- 

03. 

The oxygen 1s binding energies reported in Table I 
give further evidence for the chromium(II1) species 
being derived from some form of hydrated 
chromium(II1) oxide such as Cr(OH)a. The binding 
energies for this photoelectron line are 530.9, 530.8, 
and 531.2 eV for the dichromate-treated galena, 

Cr(OH)a , and Cr2(C03)a*nH20, respectively. This 
represents a range of only 0.4 eV for the three 
samples, in fairly close agreement with one another. 
The three values are, however, a full volt higher than 
Cr203, further indicating that the chromium(II1) 
species on the galena surface cannot be the simple, 
anhydrous Cr203. Since the degree of hydration of 
metal oxide has been shown by other workers [8- 
lo] to strongly influence the oxygen 1s binding 
energies, it is not surprising that the binding energy 
here for the 0 1s line is this high. One worker [8] 
has shown that hydrating chromium oxides can 
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increase the binding energy up to 2 eV. This would be 
consistent with the present observations if one 
assumes that the chromium(II1) species on the galena 
surface is some type of hydrated CrzOa or derived 
from hydrated CrzOa. 

The chromium 3s multiplet splitting [6] exhibited 
by the dichromate-treated galena is approximately 
4.1 eV for all but one of the samples examined, the 
multiplet splitting in that sample being 4.3 eV. Again, 
this is in excellent agreement with 4.1 eV reported 
in Table I for Cra(COs)a*nHzO and Cr(OH)s; the 
lower end of the range of values is also extremely 
close to that of 3.9 eV reported for CrOOH [7 1. 
A small range of 0.3 eV in the splitting of different 
galena samples is not surprising in light of still other 
recent results in an investigation of hydrated iron- 
(III) oxides which have shown the 3s multiplet split- 
ting to vary almost 2 eV due to the extent of the 
hydration of the oxides [lo]. Also, it is extremely 
difficult to assign an exact splitting of the 3s level 
in the present case due to the rather low intensity 
of the two 3s lines in the spectrum of the galena 
surface, thus yielding a slightly different splitting 
for the same compound which apparently differs 
slightly from sample to sample. 

An examination of the carbon 1s line reveals not 
only the adventitious carbon line at 284.6 eV but 
also a line at 288.0 eV for the dichromate-treated 
galena sample, Cr(OH)3, and Crz(C03)s*nHz0. This 
line indicates the presence of the carbonate species, 
which undoubtedly results from chemisorption (and 
subsequent reaction) of CO2 from the reaction solu- 
tion with the hydrated chromium oxide. This 
reaction, forming a mixed hydrated oxide/carbonate 
complex, has been documented for several other 
metal oxide (and ‘hydroxide’) systems, including 
lead [l l] , uranium [9], and plutonium [12]. While 
one cannot assign the carbonate species to the 
chromium(II1) exclusively, such an association is 
reasonable in light of the chemisorption of CO* 
by all the anhydrous CrzOa samples prepared and 
studied in this investigation. Previous workers [2] 
have indicated that Crz03 often has a coating of 
Cr(OH)a, or CrOOH, on its surface which would 
act as a reaction substrate for CO,; also, Allen et 
al. [8] have shown the effects on the XPS spectra 
of aging CrzOs in open air. The extreme similarities 
in the XPS spectral parameters of Crz03 and CrOOH 
have also been compared previously [7]. Strong 
evidence has been observed for the presence of the 
analogous lead(I1) hydroxide/carbonate complex 
[l l] on the galena surface on the basis of the lead 
core photoelectron lines. 

While not totally obvious initially, the model 
compounds Cr(OH)3 and Crz(C03)a*nHz0 are indeed 
very much related chemically. Cr(OH)3 probably is 
not a true hydroxide but rather a hydrated 
chromium(II1) oxide of the type Crz03*nHz0 [4, 
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131. Similarly, Cr2(C03)s*nHz0 cannot be consid- 
ered a true carbonate but rather hydrated Crz03 
with a chemisorbed layer of COa [5]. This can best 
be generally formulated as Crz03.nHzO*xCOz, 
a mixture of both chromium(II1) oxide and carbo- 
nate. Both compounds are thus essentially chemical 
modifications of Cr*Oa, with their exact chemical 
composition varying as a function of the degree of 
hydration and carbonation. 

On the basis of the present X-ray photoelectron 
data, the reaction between galena and an aqueous 
solution of sodium dichromate yields both 
chromium(II1) and chromium(V1) species. The chro- 
mium(II1) complex is actually hydrated chromium- 
(III) oxide, Crz03.nHz0, with a layer of chemi- 
sorbed COz on the surface, thus forming a mixed 
complex of the type CrzOs*nHzO*xCOz. This prod- 
uct is a result of the hydration of chromium(II1) 
oxide which in turn adsorbs (and subsequently 
reacts with) COz. There is, however, no way of 
determining the amount of carbon dioxide adsorbed 
from the air during handling. 
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