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Abstract

The idea of photochemical abatement of the Cr(VI) pollution has been verified by investigating the photoreduction mediated by aliphatic
alcohols under conditions mimicking the environmental ones. Effects of the alcohol nature, pH and presence of oxygen are analysed. The
time-resolved spectra are used to follow the generation of the transient chromium Cr(V), Cr(IV) and Cr(II) species and the R1R2CHOH•+
radicals. A direct interaction between chromate(VI) and an electron donor is a precondition of the photoreduction via the photoinduced
electron transfer (PET). Two pathways of the PET are identified: one-electron transfer for intermolecular and two-electron transfer for the
intramolecular systems. In the case of the alcohol mediators the option is pH-controlled.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

The photochemical oxidation of alcohols by chromate(VI)
has been known for more than 80 years. Initially, the inter-
est in the reaction resulted from searching for an optimal
procedure of alcohol oxidation by chromate(VI) in moder-
ately acidic medium. As neat chromate(VI) is photochem-
ically inactive in every of its forms existing in aqueous
solution, its photoreduction by alcohols was interpreted in
terms of the photochemical reactivity of the chromate(VI)
esters[1–5]. The thermal reactions in the Cr(VI)—alcohol—
acid systems were largely studied and several pathways were
proposed. Similar conclusions were drawn for the photo-
chemical mode. The most generally accepted mechanism
comprises of the two-electron reduction of Cr(VI) giving
rise to an aldehyde or ketone and a Cr(IV) species. The
formation of the chromate(VI) ester is mostly assumed as
condition sine qua non of the redox or photoredox reaction
series[2,3,5–8].

HCrO4
− + ROH � ROCrO3

− + H2O (1)

ROCrO3
− + kT (orhν) → CrIV + aldehyde/ketone (2)

CrIV + CrVI → 2CrV (3)

3CrV → 2CrVI + CrIII (4)
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and/or

CrV + ROH → CrIII + aldehyde/ketone (5)

The fate of the generated Cr(V) species depends strongly on
its surrounding: in some solid or organic matrices[9,10]or at
low temperatures[6] its formation could be easily observed.
In other cases Cr(V) is reduced fast into a Cr(III) species
and/or is re-oxidized to Cr(VI) (Eqs. (4) and (5)).

Recently, the chromate(VI) photoreduction has become
again the centre of interest mainly because of its relevance
to production of holographic optical elements[10], to the
Cr-induced carcinogenesis[11–13]and to the environmental
chemistry[14,15]. Moreover, at present time many systems
are recognized, in which ester formation and/or two-electron
transfer are not indispensable features of the photoreduction
[8,10,16,17].

From the environmental point of view knowledge of
chromium(VI), (photo)reduction mechanism is essential not
only for tracing Cr(VI) fate in the environment but also for
understanding its role in remediation of the pollution by the
organic compounds. The behaviour of Cr-species depends
strongly on its oxidation state: Cr(VI) is mobile and highly
toxic, whereas Cr(III) is mostly immobile and environmen-
tally friendly [18]. Reduction of Cr(VI) to Cr(III) thus leads
to drastic decrease in the bioavailability and toxicity of this
element. Known thermal pathways of Cr(VI ) � Cr(III ) in-
terconversion cannot substantiate the amount concentrations
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of the two forms found in specified regions. Especially,
significant quantities of Cr(III) determined in oxygenated
sunlit surface waters suggest strongly that the Cr(VI) re-
duction in environment proceeds not only via thermal but
also via photochemical processes[14,15].

The Cr(VI) photoreduction initiated by sunlight in natu-
ral waters was interpreted in terms of photochemical gen-
eration of such reducers as copper(I), superoxide (O2

−), or
iron(II) [14,15,19–21]. More detailed studies showed, how-
ever, that reduction by H2O2 proceeds inefficiently[22,23],
whereas Cu(I) photochemical generation in nature needs si-
multaneous presence of Cu(II) and H2O2 and the reaction
rate is strongly reduced by ligating species (e.g. EDTA or its
analogues, increased concentration of Cl−) [14]. The mostly
studied system consisted of Cr(VI) and Fe(II) added or gen-
erated photochemically[15,19,24–26]. In alkaline medium
the reaction proceeds fast, whereas the results obtained at
environmental pH values lead to acutely divergent conclu-
sions, such as ‘the reaction of Fe(II) with Cr(VI) is extremely
rapid’ or ‘the reaction is too slow to explain seasonal changes
in the Cr(VI) to Cr(III) ratio’ (for a more detailed discussion
see[20,21]). Moreover, under similar conditions, opposite
reaction, i.e. oxidation of Cr(III) to Cr(VI) induced by light
and Fe(III) was also reported[27,28].

The role of the environmental photoactivators may be
played as well by semiconductors such as TiO2 (both rutile
and anatase), WO3, Fe2O3, SrTiO3, etc. which were found
to drive the Cr(VI) to Cr(V) reduction[29–34].

All these effects stimulated us to reinvestigate the photo-
chemical reduction of chromate(VI) by alcohols using fast
photochemical techniques and continuous irradiation pro-
cedures under conditions mimicking the natural ones. We
expected to find a better mechanistic interpretation and un-
derstanding the pathways of the Cr(VI) decay in the environ-
mental self-cleaning and pollution remediation processes.

2. Results and discussion

The studied systems consist of chromate(VI) and an alco-
hol at constant pH, which under experimental condition are
thermally stable within at least 24 h. The aliphatic alcohols
(methanol, ethanol, propanol or butanol) are the basic pho-
toreducers used in this study. The results are completed by
single experiments with some other electron donors.

2.1. Continuous photolysis

The results of the continuous irradiation confirm previ-
ously reported behaviour: in neutral, moderately acidic or
alkaline aqueous solutions the redox reaction between chro-
mate(VI) and the alcohols does not proceed in the dark[34].
Under specific conditions, however, the process can be initi-
ated by switching on the radiation mimicking sunlight (λ >

300 nm) and interrupted by switching the light off.

The rate of Cr(VI) photoreduction depends not only on
the irradiation conditions but also on the alcohol nature and
the reaction medium. In the case of aliphatic alcohols the
reaction rate depends on the alcohol structure and decreases
in the series (seeTable 1):

butan-1-ol> butan-2-ol� propan-2-ol> ethanol

� methanol> 2-methyl-propan-2-ol

The behaviour resembles thus the relative rates of the thermal
reduction recorded in strongly acidic solutions[35–37]. The
length of the main chain and nature of the carbon atom
bonded to the OH group is here of relevance: the oxidation of
the primary alcohols is faster than that of secondary, whereas
for tertiary it is much slower. The Cr(VI) photoreduction
is faster when more than one OH group is present, as in
glycerine (Table 1).

Beside the alcohol nature the reaction rate is sensitive to
the solution pH value, presence of molecular oxygen and
other medium components, but insensitive to temperature
within 283–303 K. The pH effect was discussed in many pa-
pers and increasing reaction rate with an increase in acidity
was interpreted in terms of higher susceptibility of HCrO4

−
than CrO4

2− to undergo reduction and the chromate(VI) es-
ter formation[1,3–5]. The latter is difficult to prove, because
the spectral changes reported earlier as characteristic for the
ester formation[1] appeared to be confused with the pH
effect on the spectrum related to the CrO4

2− � HCrO4
−

interconversion. We observed, moreover, that the lower pH,
the higher retardation effect of Mn(II), which is known to
react selectively with Cr(IV)[38–40](Fig. 1, Table 1). This
means that besides the ester formation the increased acidity
favours generation of Cr(IV), which must be accompanied
with transformation of the chromium coordination sphere
from tetrahedral to octahedral, e.g. in reaction[41]:

HCrO4
− + 2e+ 7H+ + 2H2O → [Cr(H2O)6]4+ (6)

However, opposite to the thermal reaction, the photoreduc-
tion rate is not very sensitive to H+ concentration within
pH 2–4 (Table 1). It may point, as well, that at pH not
low enough to favour the Cr(VI ) � Cr(IV ) photoreduction
(Eq. (6)), the one-electron transfer competes effectively with
the two-electron reduction pathway.

Under these pH values the more crucial factor is the pres-
ence of molecular oxygen: the reaction is the faster at lower
concentration of O2 (Fig. 1, Table 1). O2 may be considered
as oxidant converting generated tetrahedral Cr(V) back to
Cr(VI) [42], example:

HCrO4
2− + O2 → HCrO4

− + O2
− (7)

Furthermore, molecular oxygen may act here as radical scav-
enger. The hypothesis is verified by a somewhat higher sen-
sitivity towards O2 at higher pH values. The O2 effect on
the reduction rate depends as well on the alcohol nature: in
particular, the primary alcohols are more susceptible to the
O2 suppression than with the secondary ones (Table 1). The
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Table 1
Relative rates of Cr(VI) photoreduction mediated by alcohols (in deaerated solutions at pH 4, irradiated byλ ≥ 300 nm, if not otherwise stated)

Compound Concentration (mm) Conditions kobs× 107 (s−1)

Cr(VI) Alcohol

Effect of the alcohol nature
Methanol 0.7 140 2.70
Ethanol 11.20
Propan-2-ol 17.50
Butan-1-ol 38.70
Butan-2-ol 33.32
2-Methyl-propan-2-ol 2.55

Effect of the alcohol concentration
Ethanola 0.7 17.5 0.92

35.0 2.17
175.0 7.43
350.0 14.70

pH effect
Butan-2-ol 0.35 70 pH 2.0 13.30

pH 3.0 11.20
pH 4.0 10.85
pH 7.0 1.01
pH 9.0 0.34

Effect of O2

Propan-2-olb 1.4 140 Deoxygenated 0.92
Oxygenated 0.61

Butan-1-ol 0.2 20 pH 4.0, deoxygenated 0.38
pH 4.0, aerated 0.16

Butan-2-olb 1.4 140 Deoxygenated 2.73
Oxygenated 1.45

1,2,3-propanetriol 0.7 35 Deoxygenated 3.83
Oxygenated 2.87

Butan-2-ol 0.2 40 pH 4.0, oxygenated 0.99
pH 4.0, deoxygenated 1.22
pH 2.0, oxygenated 1.31
pH 2.0, deoxygenated 1.35

Effect of added Mn+
Butan-2-ol 0.2 40 pH 4.0, 0.2 mM MnSO4, oxygenated 0.79

pH 4.0, 0.2 mM MnSO4, deoxygenated 1.10
pH 2.0, 0.2 mM MnSO4, oxygenated 0.82
pH 2.0, 0.2 mM MnSO4, deoxygenated 1.00

Butan-2-ola 0.7 35 0.014 mM Fe2(SO4)3 added 5.20
Without any added Mn+ 5.20

a Full light of mercury lamp.
b λirr = 365 nm.

latter influence can be interpreted in terms of the oxygen
contribution to oxidation of an aldehyde[43].

The origin of the medium effects observed in continuous
photolysis was elucidated by means of the flash photolysis
technique.

2.2. Flash photolysis

The chromium(VI) aqueous solutions were exposed to
laser pulses of 355 or 266 nm, i.e. radiation from its first or
second CT-band. No spectral variations were recorded until
any alcohol was added to the solution and pH was lower than

6. When these preconditions are satisfied, the time-resolved
UV-Vis. spectra show the most interesting behaviour in
two separated time intervals: within 60 ns–4�s and within
1–45 ms. Qualitatively, the spectra recorded within nano-
and milli-second resolution time are independent of the irra-
diation wavelength (355 or 266 nm). In both cases the laser
pulse causes a significant decrease in the Cr(VI) concentra-
tion and, at pH≥ 3, increase in the short-wave absorption
with λmax ≤ 230 nm (Fig. 2). Within the next 4�s upon
pulse a decrease in absorption within the 420–240 nm range
is continued, and at pH≥ 3 it is accompanied by a faster
decay of the short-wave absorption withλmax ≤ 230 nm
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Fig. 1. Effect of pH, oxygen and Mn(II) on the Cr(VI) photoreduction
rate during continuous irradiation (λ ≥ 300 nm) of 1 mM HCrO4

− and
0.2 M butan-2-ol at pH 2.

(Fig. 3a and b). Within the 1–45 ms interval the opposite ef-
fect is observed: the absorption in the whole studied range,
except that within 290–330 nm and atλ < 250 nm, increases
and the spectral changes are characterized by three isos-
bestic points at about 330, 290 and 250 nm (Fig. 4). The
spectral changes recorded within the nano- and microsec-
ond time scales are sensitive to the presence of molecular
oxygen (Fig. 5).

Fig. 3. Time-resolved spectra recorded within 60 ns to 4�s interval upon flashing by a 355 nm pulse of 1 mM HCrO4
− deoxygenated solution containing

200 mM of butan-2-ol at pH 2 (a) and pH 4 (b).

Fig. 2. Transient absorption recorded 60 ns upon exposure to a 355 nm
laser pulse of 1 mM HCrO4− deoxygenated solution containing 200 mM
butan-2-ol at pH 2, 3 and 4.

2.3. Reaction mechanism

The mechanism derived from both flash and continuous
photolysis experiments presumes that the effective photore-
duction of chromate(VI) proceeds upon excitation within its
both CT-bands provided that the anion is in direct contact
with an alcohol or other electron donor (Eq. (8)).

(HCrO4
−)alc + hν → ∗{(HCrO4

−)alc} (8)

When the prerequisite is satisfied, the photoinduced elec-
tron transfer (PET) could be effective enough to initiate the
redox process. If the contact between chromate(VI) and an
electron donor is efficient in formation of a chemical bond,
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Fig. 4. Time-resolved spectra recorded within 1 to 45 ms interval upon flashing by a 365 nm pulse of 1 mM HCrO4
− deoxygenated solution containing

200 mM of butan-2-ol at pH 4.

as in an ester, the innersphere electron transfer can comprise
two-electrons, likewise in thermal reaction (Eq. (9)); when
the interaction is weaker—the outersphere one-electron
transfer is observed (Eq. (10)). For the secondary alcohols
the PETs would thus proceed as follows:

∗{R1R2CHOCrO3
−} + 5H+ + 3H2O

→ R1R2CO+ [Cr(H2O)6]4+ (9)
∗{(HCrO4

−)alc} + R1R2CHOH

→ H2CrVO4
− + R1R2CHO• (10)

Fig. 5. Kinetic traces following a 355 nm laser pulse of 1 mM HCrO4
− and 200 mM butan-2-ol at pH 2 recorded within nano- and milli-second interval

at 360 nm (a) and 260 nm (b).

The choice of one of the two modes depends on pH, as
the higher H+ concentration favours not only esterification
but also reduction to Cr(IV) (Eq. (6)), which is accompa-
nied by reconstruction of the coordination sphere[44]. This
is illustrated inFig. 2, where the pH dependence of tran-
sient absorption recorded 60 ns upon pulse is shown: The
short-wavelength increase in absorption (λmax ≤ 230 nm),
recorded at pH≥ 3 cannot be assigned to neither form of
the reduced chromate, as all of them existing in deaerated
aqueous medium are weaker absorbers than chromate(VI)
[41,44]. The only exception is H2CrVO4

−, for which the
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absorption between 290 and 330 nm and atλ < 250 nm
is only somewhat higher than that of HCrO4

− [44]. More-
over, the decay of absorption withλmax ≤ 230 nm is faster
than that characteristic of chromate(VI). Thus, the signifi-
cant short-wave absorption (withλmax ≤ 230 nm) can be
assigned only to the R1R2CHO• radical, especially as its
appearance, according to theEq. (10), is accompanied by
a minute increase in absorption due to H2CrVO4

− (notice-
able at∼310 nm). The photoreduction of Cr(VI) to Cr(V)
in one-electron transfer was found earlier for polyvinylalco-
hol solutions at similar pH range (4–5)[10]. Generation of
Cr(V) in the chromate(VI)—alcohol—acid systems in ther-
mal or photochemical reactions was documented by its EPR
spectrum by many authors[5,16,45]but this spectroscopy is
useless for the mechanistic considerations, unless the EPR
detection is coupled with the flash photolysis.

The production of the R1R2CHO• radicals is no longer
observed at pH≤ 2, although the decrease in HCrO4

− con-
centration upon the 355 nm pulse is comparable to those
recorded at higher pH values (Fig. 2). Thus, the two-electron
transfer (Eq. (9)) should be mostly responsible for the re-
dox process at pH≤ 2. The spectral evidence for generation
of the Cr(IV) transient species is doubtful due to its weak
absorption between 420 and 250 nm[41]. The argument of
its formation is supported by the inhibiting effect of the
Cr(IV)-trapping by Mn(II), which becomes more substantial
at pH 2 (cf.Table 1). The two-electron transfer was reported
earlier as the only pathway of chromate(VI) thermal reduc-
tion [2,3,6–8]and of its photoreduction by propan-2-ol and
some other aliphatic alcohols in acidic medium[5].

The time-resolved spectra recorded within 60 ns and 4�s
(Fig. 3) show the secondary thermal decay of chromate(VI),
which at pH 2 (Fig. 3a) can be interpreted simply by the
comproportionation:

[Cr(H2O)6]4+ + HCrO4
− → 2H2CrVO4

− + 5H+ + 2H2O

(11)

whereas at pH 3 and 4 the reaction is accompanied by
the R1R2CHO• radical decay, presumably in the reaction
(Fig. 3b):

R1R2CHO• + HCrO4
− → R1R2CO+ H2CrVO4

− (12)

In accordance with the previous arguments the rate of the
thermal Cr(VI) decay at pH 2 (kobs ≈ 1 × 107 s−1) is
somewhat higher than that at pH 4 (kobs ≈ 3 × 106 s−1).
The latter is accompanied by somewhat faster decay of the
R1R2CHO• radicals is (kobs ≈ 1 × 107 s−1), presumably
because of a concurrent recombination of the R1R2CHO•
radicals.

Next process recorded within 1–45 ms time scale consists
in partial regeneration of the HCrO4− ions from the Cr(V)
transient species. At first sight it looks as should be very
complex as the protonated Cr(V) form depends on pH: the
main species are H3CrVO4, HCrVO4

2− and a mixture of
H2CrVO4

− and HCrVO4
2− at pH 2, 3 and 4, respectively.

Additionally, the Cr(V) species were reported to exist in
fast equilibrium of their tetrahedral and octahedral forms
[41,44]. Fortunately, the absorption spectra are not strongly
sensitive to the Cr(V) form within pH 2–4 and thereby the
recorded changes in absorption seem to illustrate simple
transformation of a Cr(V) into Cr(VI) species qualitatively
independent of pH within this range (Fig. 4). Kinetics of
these changes, in accordance with the earlier reports on the
Cr(V) disproportionation[41,44], points at two consecutive
reactions:

2HCrVO4
2− + 7H+ + 2H2O

→ HCrO4
− + [Cr(H2O)6]4+ (13)

HCrVO4
2− + [Cr(H2O)6]4+

→ HCrO4
− + [CrIII (H2O)6]3+ (14)

The additional support of the photoinduced two-electron
transfer comes from analysis of the O2 effect. Investiga-
tion of time dependence of transient absorption at 360 and
260 nm (Fig. 5) shows that, in the presence of O2 the initial
decrease in absorption (due to Cr(VI ) → Cr(V) reduction
in reactions (11) and (12)) is arrested (Fig. 5a) or even fol-
lowed by a small increase which reaches a maximum within
microseconds (Fig. 5b). Then, within the�s/ms interval,
the absorption is approximately constant and then increases
again in consequence of the partial reproduction of chro-
mate(VI) at the expense of Cr(V) (Eqs. (13) and (14)). This
behaviour is mostly consistent with Cr(VI) regeneration by
molecular oxygen (cf.Eq. (7)) but the transient absorption
at λ < 290 nm must originate from a new species produced
only in the presence of oxygen. Such features are character-
istic of Cr2+ (aq) which was reported to be formed in the
Cr(VI)—alcohol—acid systems in result of Cr(IV) thermal
reduction[39,46,47]:

[Cr(H2O)6]4+ + R1R2CHOH → Cr(II ) (aq) + R1R2CO

(15)

In the presence of molecular oxygen in excess, a transient
peroxo-compound of Cr(III), CrO22+, is generated:

Cr2+ (aq) + O2 → CrO2
2+ (16)

which is known to absorb strongly in the near UV, with
maxima at 290 and 245 nm[46,47].

The species decays fast, mostly in reaction[46]:

CrO2
2+ + 2Cr2+ (aq) + H2O

→ CrO2+ (aq) + Cr(OH)2Cr4+ (17)

The growing and decay of the transient absorption due to
peroxochromium(III) intermediate observed in the presence
of O2 verifies the hypothesis of photoinduced two-electron
transfer pathway in the Cr(VI)-alcohol systems.
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3. Conclusions

Considering these results, one had to conclude that the
environmental Cr(VI) to Cr(III) photoconversion proceeds
via PET between the excited Cr(VI) ion and an alcohol or
another electron donor. Depending on the mutual interaction
between the two species, controlled by the medium acidity,
the photoreaction may proceed by one or two-electron trans-
fer. This phenomenon enables to abate the Cr(VI)-pollution
within relatively wide environmental pH range.

The results certify the environmental relevance of pho-
toreduction of hexavalent chromium, which can be accom-
plished in sunlit surface waters containing alcohols or other
electron donors. This is an important task, as Cr(VI) is con-
sidered as priority pollutant and is rather resistant to chem-
ical reduction and even to bioremediation[48].

Moreover, photoreduction of the Cr(VI) species is accom-
panied by oxidation of the electron donor, what creates a
possibility of photodegradation by this way of many organic
pollutants. The additional advantage is coming from sensi-
tivity of the Cr(VI) photoreduction to the surface catalytic
effects [20,49–51,53]or to the presence of an additional
electron donors and/or acceptors: then a synergistic effect is
observed in two- or multi-component systems[50–55].

4. Experimental

4.1. Chemicals

All reagents of highest available purity were used as pur-
chased. Solutions of all reagents were freshly prepared for
each experiment using demineralized and triply distilled
water to prevent potential catalytic effect of iron and/or
other metal ion[20,21]. The reagent concentrations used
in experiments were 0.2–2 mM, in buffered solutions (pH
2–6), containing 0.04 M H3PO4, 0.04 M H3BO3, 0.04 M
CH3COOH, and NaOH. All chromium solutions were stored
in the dark to avoid light-induced reactions. Oxygen-free
and oxygenated solutions were made by 30 min saturation
of samples with argon and oxygen, respectively. All mea-
surements were performed at 293± 0.1 K, although rates of
the Cr(VI) photoreduction were found unaffected by tem-
perature changes within 183–303 K.

4.2. Instrumentation

UV-Vis. spectra were recorded in thermostated (1 cm)
or tandem (0.874 cm) quartz cells using a Shimadzu
UVPC 2100 or a Hewlett-Packard HP 8463 spectropho-
tometer. Continuous irradiations were carried out using
a high-pressure mercury HBO-200 lamp equipped with
cut-off glass filters transmittingλ < 320 nm orλ < 300 nm.
pH values were measured using a CX-741 (Elmetron)
pH-meter with a glass electrode. Pulse photolysis within
nano- to milli-second was performed using a LKS 60 Spec-

trometer (Applied Photophysics) equipped with Nd:YAG
laser pump source Surlite I-10 (Continuum), operating in
third or four harmonic (355 or 266 nm, max 100 mJ pulses,
6 ns FWHM). Absorbance changes were monitored using
a 150 W Xenon arc lamp supplied with a pulse unit, and a
photomultiplier tube 1P28. Data were recorded on a digital
storage oscilloscope HP 54522A with 0.5 ns time resolution
and transferred to a computer for subsequent handling.
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[36] F. Hasan, J. Rǒcek, J. Am. Chem. Soc. 98 (1976) 6574–6577.
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