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Abstract 

The W-vis absorption spectrum of colloidal manganese dioxide in aqueous solution is considerably modified by addition of phenol. This 
is accounted for the formation of a charge-transfer complex on the surface of the MnOz particulates. Irradiation of this system in the range 
310-590 nm leads to an enhanced reductive dissolution of the Mn( IV) species. The dependences of both the spectral change and the rate of 
the photoassisted dissolution on the phenol concentration show Langmuir-type functions, the evaluation of which gives the formation constant 
of the surface-located complex, K= 1.3 + 0.3 X 1Cr’ M- ‘. The crucial role of this compound in the photoinduced reduction of manganese 
dioxide is also confirmed by the wavelength dependence of the quantum yield. 0 1998 Elsevier Science S.A. All rights reserved. 
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1. Introduction 

Manganese is the eleventh most abundant element in the 
Earth’s crust [ 1 ] and is an important micronutrient for all 
organisms [ 21. It occurs in natural waters as insoluble Mn( III 
and IV) oxides and as soluble Mn2+ ions. Manganese(II1, 
IV) oxide minerals are thermodynamically stable in oxygen- 
ated solutions and their formation in surface waters is a result 
of bacterial activity [ 3-81. However, manganese oxide par- 
ticles and crusts in natural waters can be reduced and dis- 
solved by organic compounds with carboxyl, carbonyl, 
phenolic and alcoholic groups, increasing the mobility of 
manganese and its availability to organisms [9-l 11. A sig- 
nificant steady-state concentration of soluble Mn( II) may be 
generated as a result of the localized action of reductants at 
the oxide surface in both fresh water and seawater [9,12]. 
Dissolution of manganese(III, IV) oxides by humic com- 
pounds, as well as by high molecular weight organics of 
similar structure indicated that this process may be an impor- 
tant degradative pathway for these organic compounds in 
some environments [ 13-151. 

Experiments with both synthetic and natural Mn oxides 
showed that the enhanced dissolution rates in marine surface 
waters could be accounted for a marked stimulation of oxide 
reduction rates by sunlight [ 7,16,17]. Fulvic acids have been 
shown to dissolve manganese oxides viaphotocatalysedreac- 
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tion [ 12,181. The mechanism of photoreductive dissolution 
of Mn oxides is unknown, but it may include photochemical 
enhancement of ligand-to-metal charge transfer (LMCT) 
reactions between Mn oxides and adsorbed organic molecules 
[ 191. In order to get more insight in this field, we have studied 
the photoassisted dissolution of MnO, in the presence of 
phenol. This model system has been chosen because MnO,, 
is the predominant form of manganese oxides, and different 
phenolic compounds can also be found in surface waters. 
Phenol is an appropriate representative of them and is espe- 
cially useful for photochemical study of the possible LMCT 
reaction because it does not absorb above 310 nm, preventing 
its direct excitation and inner-filter effect. 

2. Experimental details 

Analytical grade KMnO,, MnSO, . 4H20, sodium poly- 
phosphate ( (NaPO,),) , and phenol were used for the prep- 
aration of solutions studied. Triply distilled water served as 
solvent. A stock-solution of 4 X low4 M MnO, was prepared 
by the synproportional reaction of MnO,- andMn2+ accord- 
ing to a modified version of the process described in the 
literature [ 201. In order to approach the natural conditions, 
the MnO, stock-solution contained about 20% excess (i.e., 
8 X lo-’ M) Mn2+ too. Thus, it was prepared by addition of 
75 ml solution of 5.3 X 10e4 M MnSO, to 50 ml of 4 X 10e4 
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M KMnO,. The reaction took place instantly, but MnO, was 
precipitated and settled down in a short time in the colloid 
solution. For this reason sodium polyphosphate was added to 
the MnSO, solution in the concentration of 4 X 10m4 M. This 
compound, as a polyelectrolyte, stabilized the produced col- 
loid, so it did not change for weeks. However, at the same 
time, addition of polyphosphate significantly slowed down 
the synproportional reaction because its negatively charged 
surface repels MnO,- and bonds Mn2+. Therefore, the com- 
plete conversion took several days. The reproducibility of the 
solution prepared by this method proved to be very good, 
indicating that the formed colloid MnO, particles were 
always of the same size and their distribution is probably 
monodisperse. 

The absorption spectra were recorded on a GBC UV/VIS 
9llA spectrophotometer, using l-cm quartz cuvettes. Typi- 
cally the irradiations were carried out with 2.5 ml solutions 
in l-cm cells at room temperature. During the photokinetic 
experiments solutions were homogenised by magnetic stir- 
ring. For continuous photolysis a 150-W medium pressure 
mercury arc lamp was applied with a cut-off filter to remove 
the radiation of A < 310 nm. A IO-cm water filter was used 
to remove the infrared radiation. For quantum yield deter- 
mination at different wavelengths an AMKO LTI system 
consisted of a 150-W high pressure Xe-Hg arc lamp and a 
monochromator were utilized. Incident light intensity was 
determined with a thermopile calibrated by ferrioxalate acti- 
nometry. Quantum yield measurements were carried out with 
samples of nearly 100% light absorption. 

3. Results and discussion 

3.1. Spectra and equilibrium 

The absorption spectrum of the MnO, solution in the UV 
and visible range shows two broad overlapping bands with 
maxima at 225 and 388 nm (Fig. 1, curve a). In the concen- 
tration range examined (O-4 X lop4 M) the Beer-Lambert’s 
law is prevalid in this system, and for the peak of 388 nm 
4680 f 80 M-i cm-’ was obtained as molar absorbance. 
Addition of 2 X 10e4 M phenol to this system modifies the 
spectrum to a certain extent (Fig. 1, curve b), but, concerning 
the concentration of MnO,, it also follows the Beer-Lam- 
bert’s law, with the molar absorbance of 5470+90 M-’ 
cm- ’ for the 395-nm peak. 

Since the addition of phenol caused a perceptible change 
in the spectrum of MnO,, the quantitative examination of the 
effect of phenol concentration was carried out. The absorb- 
ance increased in the range of 350440 nm with the raising 
of the concentration of phenol (up to lop4 M), and simul- 
taneously the peak at 388 nm shifted to 395 nm (Fig. 2). At 
lower wavelengths the absorbance decreased, the band at 225 
nm disappeared, and an isosbestic point arose at 351 nm, 
suggesting that Mn02 existed in two states in the solution. 
Further increasing of phenol concentration caused smaller 
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Fig. 1. Absorption spectrum of manganese-dioxide (3.2X 10m4 M, with 
6.4 X lo-’ M Mn*+) in the absence (a) and in the presence (b) of phenol 
(2X10m4M) (e=lcm). 
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Fig. 2. Spectral effect of phenol addition to 3.2X 10m4 M MnO,. Concen- 
trations of added phenol: 2 X 10m5, 4 X lo-*, 6 X lo-* and 10e4 M. 

and smaller change in the absorbance at the peak. At the same 
time, an absorption peak at about 270 nm, due to the phenol 
in the bulk solution, appeared and increased linearly to the 
concentration of phenol (not shown). Both phenomena sug- 
gest that at lower concentrations ( < 10e4 M) the added phe- 
nol is mainly bound to the MnO, particulates, probably 
forming a surface-located complex. In the case of higher 
phenol concentrations, when most of the active (suitable for 
complex formation) places are occupied on the surface of the 
MnO, particulates, more and more phenol remains free in the 
bulk of the solution. 

The plot of the absorbance at 395 nm vs. concentration of 
added phenol (Fig. 3) shows the characteristics of a Lang- 
muir-type function. Although the precise nature of the inter- 
action of phenol with manganese dioxide is not quite clear, 
it can be modelled as a complexation reaction on the surface 
sites of the MnO, particulates. Considering the formation of 
surface complexes as an equilibrium process, from the data 
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Fig. 3. Absorbance (at 395 nm) vs. C&o, plot (e= 1 cm, 3.2 X 10m4 M 
MnO,) . 
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of A,,, vs. &OH, the equilibrium constant of the following 
reaction can be determined: 

MnO,(F)+PhOH=MnO,-PhOH=MnO,(C) (1) 

‘F’ and ‘C’ in parentheses designate free and complexed 
metal centres, respectively, on the surface of the MnO, par- 
ticulates. The equilibrium constant of the above reaction is 

[Mn%(C)I 
K= [PhOH][MnO,(F)] 

(2) 

The concentration of the active sites on the surface of partic- 
ulates is much lower than the analytic concentration of 
Mn(IV) in this system. The following method, however, 
allows the determination of K regarding only the surface- 
sited Mn( VI) centres, no matter what their ratio to the total 
number of Mn( IV) centres is. Since in our system only MnO, 
absorbs light at 395 nm, its actual molar absorbance (E) can 
be expressed in terms of molar absorbances regarding two 
cases: ( 1) when the system is phenol-free (or), (2) when 
all metal-centres on the surface of particulates (i.e., all sites 
accessible to phenol) are complexed (cc) : 

&=a,&,+a,&, (3) 

where L+ and cro are mole fractions of the free and complexed 
metal-centres. IQ. (3) can be formed to 

l+K[PhOH] (4) 

This equation can be rearranged to 

E-E= 
- =K[PhOH] 
&c-E 

(5) 

The left side of this equation can also be expressed in terms 
of absorbances, 

A-A, F= - 
( 1 A,-A 

(6) 

where A, is equal to the absorbance of the solution without 
phenol, while A, represents the case of the total complexation 
of the surface sites. The latter one was estimated to be 1.81 
(on the basis of Fig. 3). The plot of F vs. [ PhOH] (Fig. 4) 
fits on a straight line running into the origin, and the slope of 
which is K. A fitting by the least-square method gave 
1.5 1 f 0.05 X lo4 M-r for the equilibrium constant. During 
this procedure the equilibrium concentration of the phenol 
( [ PhOH] ) was considered to be equal to the analytical con- 
centration ( CPhoH), which was a rather strong approach, 
although it did not cause substantial error at the higher values 
of [ PhOH] . Since the slope of the plot in Fig. 4 is basically 
determined by the points belonging to higher concentration 
values, the mentioned approach did not significantly influ- 
ence the value of K determined. Of course, this equilibrium 
constant regards only the active sites on the surfaces of MnO, 
particulates, which are accessible to phenol. Eq. (4) can be 
formed to 
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Fig. 4. Linearized representation of Fig. 3 for determination of the equilib- 
rium constant. 
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Fig. 5. Linearized representation of Fig. 3 for determination of + and ~c 
(K=1.51x104M-‘). 

&F---&C 

l+K[PhOH] (7) 

where C is the analytical concentration of MnO,, I! is the path 
length of the cuvette. Plotting the values of absorbance A 
against 1 / ( 1 + K[ PhOH] ), the points must be placed along 
a straight line, the slope of which is (or- E,-)Ct (i.e., 
A,-A,), and its intercept is E&! (i.e., A,). Fig. 5 shows 
that most of the points match conveniently the line (with 
equal scattering). Only few points, in the range 0.8 < l/ 
( 1 + K[ PhOH] ) < 1 .O, deviate perceptibly, due to the 
approach (C,,,, P [ PhOH] ) mentioned above. The good 
fitting confirms the reliability of the value of K defined above. 
The linear regression leads to the values of 4870 + 80 M- ’ 
cm-’ and 5660 & 90 M- ’ cm-’ for cF and cc, respectively, 
at 395 nm. 

3.2. Photochemistry 

Irradiation ( Ai, > 3 10 nm) of the solution containing only 
MnO, (4 X 10e4 M) did not cause any permanent chemical 
change, not even after degassing. The spectral change (Fig. 
6) of the solution containing 3.2X lop4 M MnO, and 
2 X 10e4 M phenol suggests that in the photochemical reac- 
tion Mn( IV) is reduced, while phenol is oxidized. After 60- 
80 min of irradiation, practically the total amount of MnOz 
has been used up. The final product of reduction, on the basis 
of the change in the spectrum, may be Mn( II) or Mn( III) as 
well, because Mn( II) does not absorb at wavelengths higher 
than 200 nm, and Mn(II1) shows absorption bands at 240 
and 260 nm [ 211, which, however, overlap with the bands 
of phenol and its oxidation products. The initial slope of the 
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Fig. 6. Absorption spectra of 3.2 X 10m4 M MnOa with 2 X 10M4 M phenol 
after 0-, lo-, 20-, 40-, and 60-min irradiation (Y = 1 cm). 

concentration vs. irradiation time plot was taken as the rate 
of the disappearance of MnO,. Concentrations were calcu- 
lated from the absorbances measured at 395 nm, knowing the 
actual molar absorbances. During the preliminary investiga- 
tions it was proved that in the presence of phenol, the redox 
reaction also takes place in thermal way, though one order of 
magnitude slower. When the rate of photochemical reaction 
was determined, the overall rate of the MnO, disappearance 
was reduced by the thermal rate of reaction measured in the 
solution of the same composition (in dark). 

Changing the concentration of phenol in the range O-2 
X 10h4 M, the initial rate of reaction monotonously increased 
with CPhOH, but its slope was more and more decreasing (Fig. 
7). Since a similar, Langmuir-type curve was obtained for 
the function of A,,5 vs. &on (see Fig. 3)) probably the rate 
of the photochemical reaction is directly proportional to the 
concentration of the surface-located charge-transfer complex 
formed between MnO, and phenol, i.e., 

dC/dt-[MnO,(C)] (8) 

The irradiated solutions absorbed the total amount of the 
incident light, thus the reaction rate is directly proportional 
to the mole fraction of the surface-complex. The proportional 
factor contains the intensity of the absorbed light (I,,), as well 
as the quantum yield of the redox reaction at the given wave- 
length or in the given range of wavelengths of irradiation 
( ‘P), i.e., 

dC/dt=ka,; k-(1,@) (9) 

Thus, according to the consideration above, the reaction rate 
vs. mole fraction (i.e., K[ PhOH] /( 1 + K[ PhOH] ) ) plot 
should be linear, Using K= 1.51 X lo4 M- ’ for the calcula- 
tion of the actual mole fractions, our data points were placed 
indeed along a straight line with approximately equal scat- 
tering (not shown). However, searching for the value of K 
giving the best fit of this linear regression, we could determine 
the formation constant of the surface-located complex by an 
independent, photochemical method (K = 1.10 X 1 O4 M- ’ ) . 
Using this value, Fig. 8 demonstrates the really good fit of 
our data. This value of K is in good agreement with that 
obtained by spectrophotometric method (1.5 X lo4 M- ’ ), 
and the average of them (K= 1.3*0.3X lo4 M-‘) can be 
accepted as a final result. The accordance of the spectral and 
photochemical results suggests that only those Mn( IV) cen- 
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Fig. 7. Photochemical dissolution rate of MnO, as a function of the concen- 
tration of added phenol. 

tres are photoactive to which phenol is bound. Similarly, 
formation of surface bound complexes was found to play a 
significant role in the photoreductive dissolution of different 
colloidal metal oxides in the presence of various organic 
compounds [ 19,22-241. 

In the case of constant phenol concentration (2 X lop4 M) , 
no significant change was experienced in the reaction rate by 
changing the concentration of MnO,, in the range 8 X 10p5- 
3.2 X 10e4 M (assuring the total absorption of light by using 
cuvettes of appropriate path length). This fact confirms the 
conclusion that the mole fraction of the surface-located 
charge-transfer complex is a determinant factor in the studied 
photoinduced redox reaction because it remains unaltered in 
the case of constant phenol concentration. 

For the characterization of a photoactive species, its action 
spectrum, i.e., the dependence of the quantum yield of the 
reaction on the wavelength of irradiation may serve with 
important pieces of information. The results obtained for the 
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Fig. 8. Photochemical dissolution rate of MnO, as a function of the mole 
fraction of the surface-localized charge-transfer complex (between MnO, 
and phenol, Chlnoz = 32X10-4M,K=l.10X104M-‘). 
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Pig. 9. Action spectrum of MnOz in the presence of 1.5 X 10m4 M phenol, 
(C,,o,=3.2X10-4M). 
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reaction studied in the range of 3 10-590 nm showed that the 
action spectrum (in the presence of 1.5 X lop4 M phenol, 
Fig. 9) is in close correlation with the absorption spectrum 
of MnO, (see Fig. 1). The modification in the spectrum 
caused by the addition of phenol is not drastic, partly because 
only a smaller fraction of Mn( IV) centres are accessible to 
phenol. (i.e., the surface sites). Thus, the larger fraction of 
light absorbed by the system excited MnO, units not bound 
to phenol. Since only complexed Mn( IV) centres are redox- 
active, the photoinduced reaction may operate with two dif- 
ferent mechanisms. In one of them, only the direct excitation 
of the surface-located complex can lead to ligand-to-metal 
charge-transfer reaction, while in the other one, the excitation 
of a MnO, unit not bound to phenol may also be effective 
due to an energy transfer from the excited MnO, unit to a 
surface-complex. The probability of the latter process may 
also be directly proportional to the mole fraction of the sur- 
face-complex, thus, none of these mechanisms can be pre- 
cluded on the basis of our present results. The separation of 
these possibilities needs further investigations. 

4. Conclusions 

Analysis of the UV-visible absorption spectrum of col- 
loidal manganese dioxide in the presence of phenol clearly 
indicated the formation of a complex between the Mn(IV) 
centres on the surface sites of particulates and the organic 
compound added. The rate of the photoinduced reductive 
dissolution of MnO, in this system proved to be proportional 
to the mole fraction of the surface-located complex and 
offered an independent method for the determination of the 
complex formation constant. The accordance of the spectral 
and photochemical results unambiguously showed that the 
key step of the dissolution is a ligand-to-metal charge transfer 
process involving this complex. Elucidation of the mecha- 
nism, taking both direct excitation and energy transfer into 
account, needs further studies. 
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