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Photoreductive Dissolution of Colloidal Iron Oxides in Natural Waters
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  Size-separation (O.l-µ   filtration and ultrafiltration)
techniques and coulometric procedures have been used to
investigate the photoreductive dissolution of iron oxides
under conditions typical of natural waters. In the absence
of organic agents, iron oxides are solubilized to varying
degrees through photodissociation of ferric hydroxy groups
at the colloid surface. The degree of dissolution is de-
pendent principally on the chromophore concentration and
is highest at low pH and high colloidal surface area.
Naturally occurring organic materials significantly increase
the initial rate of dissolution. Despite the enhancement
by organic agents significant effects of light on net disso-
lution are only observed at low pH. Irradiation of natural
waters produces hydrogen peroxide in quantities sufficient
to markedly affect the solution-phase speciation of iron
and under certain conditions (e.g., seawater) also affects
the net photodissolution of iron oxides.

Introduction
In recent years increased attention has been given to

sunlight-induced photochemical effects in marine and
freshwater environments with a number of detailed, sys-
tematic studies providing considerable insight into the
nature and importance of selected processes (1-3). While
significant progress has been made, the complexity of the
aquatic systems of interest and the resultant difficulty in
identifying the primary and secondary photoprocesses
involved place severe limitations on the chemical entities
amenable to study. Of particular interest but of trouble-
some complexity are the effects of light on the chemistry
of iron in natural waters.

The photoreactivity of both organic and inorganic com-

plexes of iron has long been recognized, and many reports
of the effects of light on the chemistry of iron have been
published over the last 100 years (4). In addition, a num-
ber of studies on natural waters have indicated that sun-

light may be effective in inducing changes in iron specia-
tion in aquatic systems through reduction of ferric iron
species (5-8) and/or dissolution of colloidal iron oxides (8).
All of these natural water studies have been performed in
acidic lakes; however, there has also been speculation (9)
that light may be important in increasing the availability
of iron to aquatic organisms in marine systems through
dissolution of colloidal iron oxides. In this paper we at-
tempt to clarify the significance of light-induced changes
in iron speciation in natural waters through examination
of the photodissolution of colloidal iron oxides under
conditions typical of marine and freshwater environments.

We have recently reported on the effect of citrate—a
strong ferric iron complexing agent—in enhancing the
photodissolution of 7-FeOOH (10) and have presented a

simple scheme detailing the major steps involved in this
dissolution process. This scheme, which is shown in Figure
1 for an iron oxyhydroxide ^FeOOH and a ligand L,
principally involves the photodegradation of iron-organic
groups at the colloid surface resulting in the reduction of
Fe(III) with concomitant release of reduced iron to solu-
tion. Initial dissolution rates were observed to be pro-
portional to the concentration of surface-bound ligand,
=Fe(III)L. At low pH (pH =¿4) the rate was found to be

constant, while at higher pH (6.5 and 8.2), decreasing rates
of dissolution were observed as timé-dependent back-re-
actions, and changes in reactant photoactivity became
important. Interestingly, the photoreduction of soluble
and surface-bound ferric citrate complexes exhibit similar
first-order rate constant. Given the similarity in response
to light of solution phase and oxide-bound ferric citrate
complexes and the known photoactivity of soluble iron-
fulvic acid groups (11), we might expect to see an en-
hancement in photoinduced dissolution of colloidal iron
oxides in the presence of naturally occurring organic ma-
terials such as fulvic acids under certain conditions. This
possibility is investigated here through studies of iron oxide
photodissolution (a) under relatively well-defined condi-
tions at total iron and organic compound concentrations
typical of freshwaters and (b) in synthetic and real ocean
waters at concentrations more typical of marine systems.
The well-defined studies are performed on the synthesized
iron oxide, lepidocrocite (7-FeOOH), in the presence of two
freshwater fulvic acids while amorphous iron oxyhydroxide
is used in the seawater studies.

As is clear from the 7-FeOOH-citric acid study (10), the
dissolution process cannot be studied in isolation since
additional processes such as complexation and oxidation
may play an important role in determining the net disso-
lution of iron oxide. Given the known impact of hydrogen
peroxide on the aqueous chemistry of iron (12) and the
observed (possibly light-induced) presence of this powerful
oxidizing agent in natural waters (13-15), particular at-
tention is given here to its existence in the systems under
investigation and to its effect on the speciation of iron.

Experimental Section
Procedure for Well-Defined System Studies. The

procedure for investigating the photodissolution of 7-
FeOOH in the absence and presence of fulvic acids is
similar to that used previously in studies of the effect of
citrate on the photodissolution of lepidocrocite (10) and
thus is described only briefly here. All dissolution mea-
surements were performed in a 300-mL water-jacketed
glass vessel with quartz windows at both ends and access

ports enabling sample extraction. The total amount of iron
remaining in suspension and the amount of O.l-µ   Nu-
clepore filterable iron at various times after addition of 5

µ  radiolabeled 7-FeOOH to pH 4.0 and 6.5 solutions of
0.1 M NaCl containing 10 mg/L of fulvic acid were de-
termined under dark and light conditions by using liquid
scintillation techniques. Studies were typically conducted
for 165 min under dark conditions prior to investigating
the effects of light. While some uncertainty exists as to
the extent of fulvic acid adsorption to the iron oxide colloid
within this time, a majority of the available surface sites
are likely to be occupied by organic molecules (cf. the
results of studies on citrate adsorption to lepidocrocite
indicating =¿80% of adsorption capacity reached after 165
min (10)). The pH 4.0 solutions were obtained by addition
of hydrochloric acid while the pH 6.5 solutions were pre-
pared by addition of sodium bicarbonate and equilibration
with a C02/air mixture of proportion necessary to produce
the desired pH. All solutions were vigorously stirred and
maintained at 20 °C.
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SOLID PHASE

= FeOOH + L -- = Fe (III)L

Figure 1. Simple conceptual model of the major processes operating
In an irradiated system containing colloidal Iron oxide and ligand L.

The concentration of peroxides (H202 and organic
peroxides) produced on irradiation of 10 mg/L solutions
of fulvic acid in 0.1 M NaCl at various pH values (with no
added iron) was determined by measuring the extent of
the peroxidase-catalyzed destruction of highly fluorescent
scopoletin (6-methoxy-7-hydroxy-l,2-benzopyrone). De-
tails of the technique are described by Zika et al. (16). The
oxidation of Fe(II) added to 0.1 M NaCl in the absence
and presence of excess H202 was investigated at pH 4.0
and pH 6.5 by colorimetrically monitoring the concentra-
tion of Fe(II) remaining in solution over time. Initial Fe(II)
and H202 concentrations of 3 and 10 µ , respectively, were
used.

Procedure for Marine System Studies. These
studies were typically conducted in solutions containing
<10”7 M total added iron and thus required the addition
of particularly radioactive colloids in order that the con-
centration of filterable iron be measurable by liquid scin-
tillation techniques. Because of the difficulty (and ex-

pense) of preparing highly radioactive colloids of defined
structure (such as lepidocrocite) and the desire to use
colloids possessing surface area more typical of that for iron
oxides from marine waters, amorphous iron oxyhydroxide
colloids were used in all such studies. These colloids were

prepared in situ by direct addition of 69Fe from acidified
59FeCl3 stock to the system of interest. The small size of
these amorphous colloids necessitated the use of filters of
pore diameter <0.1 µ  ; thus, Amicon PM10 ultrafilters,
possessing a nominal molecular weight cutoff of 10000,
were used in all cases. Preliminary studies of the effect
of light on the solubilization of relatively high concentra-
tions of these amorphous colloids were conducted in pH
4.0 Millipore Q-water and in pH 4.0 and 6,5 0.1 M NaCl.
In these studies the concentration of Fe(II) produced on
irradiation was monitored colorimetrically. Studies in-
volving synthetic and natural seawaters were performed
at pH 8.2 (the air-equilibrated pH) and pH 6.5 (obtained
by equilibration with a 2.5% C02/air mixture). In addition
to PM10 ultrafiltration of aliquots extracted periodically
from the reaction vessel, coulometric studies of the sample
under dark and light conditions were performed as a means
of identifying the nature and concentration of photolysis
products. The details of controlled potential and
“steady-state scanning” coulometric procedures have been
given previously (17).

The effects of long-term (8 h) UV irradiation on the
photodissolution of amorphous iron oxide added to sea-
water was investigated by performing photodissolution
experiments in natural seawater before and after UV ir-
radiation of the seawater samples. The concentration of
peroxides present in the seawater samples before and after
UV irradiation was measured by using the peroxidase-
scopoletin method, and the effect of UV irradiation on the
metal binding capacity of the natural seawater was de-
termined by Cu(II)/Cu(I) amperometric titrimetry (18).

The effect of added H202 on the photodissolution of
amorphous iron oxyhydroxide added to seawater was also
investigated.

Ferrous iron oxidation studies were performed in syn-
thetic and natural seawaters at pH 6.5 and 8.2 by moni-
toring the concentrations of Fe(II) remaining in solution
coulometrically (17). An initial Fe(II) concentration of 6
nM was used, and all studies were performed at 20 °C.

Materials. The preparation and characterization of the
lepidocrocite ( -FeOOH) used has been described in detail
elsewhere (10). The  -FeOOH was radiolabeled by spiking
the Fe(II) stock used to prepare the iron oxide with B9Fe(II)
produced by electrolyzing ^lO"4 M B9FeCl3 in 10”2 M HC1
at 200 mV (relative to an Ag/AgCl reference). Preparation
of the amorphous iron oxide used in the marine system
studies has been described above. Two aquatic fulvic acids
extracted from fresh waters were used in this study. Su-
wanee River fulvic acid is the standard aquatic fulvic acid
of the international Humic Substances Society and was

supplied by the U.S. Geological Survey. The character-
istics of this material have been reported by Thurman and
Malcolm (19). Grassy Pond fulvic acid was extracted from
the surface waters of an acidic central Massachusetts lake
by using the methods outlined by Thurman and Malcolm
(20). The natural seawater was obtained from a Massa-
chusetts coastal region (Nahant) and was used without
further treatment after filtration through a 0.2-µ   Nu-
clepore membrane. The preparative procedure and
characteristics of the synthetic ocean water (SOW) mixture
used are described in detail by Morel et al. (21).

Instrumentation. Light was supplied by a Kratos/
Schoeffel SS1000 solar simulator system and provided a

reasonably well-collimated uniform beam. Appropriate
filtering produced a spectrum similar to that of 90° ele-
vation noonday sun. An intensity of approximately 100
mW/cm2 was provided by the light source with the amount
of radiation entering the vessel as determined by ferric-
oxalate actinometry (22) being 30 µ   ß ß  ß (mL of so-

lution)"1 min"1. UV irradiation of the Nahant seawater
sample (contained in quartz tubes) was provided by a
1200-W mercury discharge lamp. All electrochemical
measurements were performed on an Environmental
Science Associates Model 3040 charge transfer analyzer
using a graphite working electrode, and scopoletin
fluorescence was monitored on a Perkin-Elmer LS-5
fluorescence spectrometer.

Results and Discussion
Lepidocrocite Photodissolution in the Presence of

Fulvic Acids. As shown in Figure 2a, irradiation of =*5
µ   -FeOOH suspended in organic-free 0.1 M NaCl of pH
4.0 results in dissolution of the oxide at a rate of 0.26 nmol
of Fe (µ     of  -FeOOH)"1 (min)”1, Addition of freshwater
fulvic acids induces an approximately 4-fold increase in
dissolution rate with 1.0 nmol of Fe solubilized (µ     of
 -FeOOH)”1 (min)"1 in the presence of 10 mg/L of both
Suwanee River fulvic acid (of average Mr 1200) and Grassy
Pond fulvic acid. At pH 6.5, no measurable dissolution
of  -FeOOH occurs in the absence of organic materials
while a small degree of dissolution is observed in the
presence of the fulvic acids. At this pH, initial dissolution
rates of 0.35 and 0.20 nmol of Fe solubilized (µ     of
 -FeOOH)'1 (min)”1 in the presence of Suwanee River and
Grassy Pond fulvic acids, respectively, are observed with
a decrease in rate on continued photolysis.

Note that, while the amount of light entering the reac-
tion vessel has been determined, no information is avail-
able on the proportion of this energy input that is actually
absorbed by the dissolved and suspended components of
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PHOTOLYSIS TIME, minutes
Figure 2. Dissolution (as measured by 0.1-µ   filtration) of  -FeOOH
on irradiation of pH 4.0 and pH 6.5 solutions containing either 10"4 M
citrate, 10 mg/L Suwanee River or Grassy Pond fulvic acids, or no
added organic agent. Total radiation input Is 30 ^Einsteins mL"1 min"1.

the system. Qualitatively, it is apparent that a significant
portion of the radiation is not absorbed by the constituents
of the reaction vessel; however, a more quantitative mea-
sure (which would enable estimation of quantum yields)
will require detailed wavelength dependency studies.

The results of earlier studies on the citrate-enhanced
photodissolution of lepidocrocite performed under similar
conditions (10) are also included in Figure 2 and indicate
that, while citrate enhances  -FeOOH photodissolution
considerably more than do the fulvic acids, the same

general effects are observed. In the case of citrate a direct
Correspondence was found between the concentration of
adsorbed citrate (which decreases with increasing pH) and
initial photodissolution rate. In addition, the decreasing
rate of dissolution at pH 6.5 was attributed to both a
decrease in photolability of surface bound groups on con-
tinued photolysis and back-reactions resulting in a decrease
in concentration of iron species in solution. Similar effects

are likely to be operating in an iron oxide-fulvic acid
system although additional factors may also be of im-
portance. For example, solution-phase studies of the
photodegradation of ferric citrate indicated that this
process is relatively pH independent whereas the photo-
degradation of soluble iron-fulvic acid complexes is very
much influenced by pH. Ligand-exchange studies (11) of
the same fulvic acids as used here indicated that irradiation
of iron-fulvic acid mixtures at pH 4.0 results in the rapid
formation of reduced iron species while irradiation at pH
6.5 has only a minor effect on the iron-fulvic acid inter-
action with only small production of Fe(II). Given the
apparent similarity between the photolability of surface-
bound and solution-phase iron-organic complexes (10), the
marked decrease in rate of fulvic acid enhanced  -FeOOH
photodissolution observed on increasing the pH from 4.0
to 6.5 is thus to be expected assuming of course that, as
in the case of citrate, the photodissolution of  -FeOOH
in the presence of fulvic acids involves the formation of
reduced iron species.

The slightly greater initial rate of y-FeOOH dissolution
observed in the presence of Suwanee River fulvic acid
compared to Grassy Pond fulvic acid at pH 6.5 is most
likely related, at least in part, to the greater ability of
Suwanee River fulvic acid to reduce Fe(III). Ligand-ex-
change studies of the two fulvic acids (11) in pH 6.5 so-
lutions containing =¿5 µ  total Fe(III) and 10 mg/L fulvic
acid showed that Suwanee River fulvic acid will reduce
about 20% of the added Fe(III) compared to 14% re-
duction in the presence of Grassy Pond fulvic acid.

An additional complication in elucidating the mecha-
nism of photoenhanced dissolution of  -FeOOH in the
presence of fulvic acids involves the possibility of direct
excitation of the organic molecule by near-UV radiation.
In a manner similar to that discussed by Watanabe et al.
(23) for the rhodamine B-CdS system, the excited fulvic
acid molecule may give up an electron to Fe(III) in the iron
oxide matrix with resultant reduction and dissolution of
the oxide phase. In the absence of data on the relative
absorbances of the organic and mineral components of the
system, definitive comments concerning the dissolution
mechanism cannot be made.

Photoinduced Production and Effects of Hydrogen
Peroxide. Another factor which may be of importance
in the net dissolution of iron oxides is the possible pro-
duction of powerful oxidants such as hydrogen peroxide.
In the  -FeOOH-citrate dissolution study (10) we showed
that superimposed on the dissolution process is a rapid
solution-phase redox cycle with the oxidation step con-
trolled by organic complexation and the reduction step
induced by light. The relative rates of these redox reac-
tions determines the solution-phase speciation which in
turn is the critical factor governing back-reactions in which
iron species may be removed from solution (e.g., through
“ligand-like” adsorption of Fe(III)L to the oxide). Strong
oxidants are likely to perturb this redox cycle with a re-
sultant change in solution-phase speciation. Oxidation of
Fe(II) may also be induced at such a rapid rate that hy-
drolysis of Fe(III) to the insoluble oxide outcompetes or-

ganic complexation, resulting in the direct removal of iron
from solution.

That irradiation of fulvic acids does produce measurable
quantities of hydrogen peroxide (and possibly organic
peroxides) is evident from Figure 3 which shows the rate
of production of H202 on irradiation of 10 mg/L Grassy
Pond fulvic acid in pH 4 0.1 M NaCl and pH 8.2 0.1 M
NaCl-2 mM NaHC03 for a total radiation input of 30
µ   ß ß  ß mL"1 min"1. At pH 4.0, approximately 0.6 nM
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Figure 3. Production of hydrogen peroxide (as measured by the
peroxidase-catalyzed destruction of scopoletln fluorescence) on Irra-
diating 10 mg/L solutions of freshwater fulvic acid with simulated solar
radiation of total light dosage of 30 ¿¿Einsteins mL"1 min-1.

H202 min"1 is produced while at pH 8.2 the rate is 4-5
times higher at 2.6 nM min"1. The actual mechanism of
production of H202 is unclear but may involve the su-
peroxide radical anion, 02", which is likely to be present
as a result of photoionization of the fulvic acid (24):

organic chromophore (S0) + hv -» St »·  

Chrom (Si or Tx) + 02 -*  02" + Chrom+

In aqueous solution 02" rapidly disproportionates to H202
with the equilibrium between 02" and H202 being far to
the right (25):

202" + 2H+ <=¿ H202 + 02 KpH7 = 4 X 102°

The involvement of the superoxide radical in the pro-
duction of H202 on photolysis of fulvic acids is supported
by the recent work of Baxter and Carey (26). Alternatively,
fulvic acids may act as photosensitizers in the production
of singlet oxygen with the formation of H202 occurring
through secondary reactions of 102. Such a mechanism
could account for the pH dependence of H202 production
seen in Figure 3 since, for some sensitizers, the rate of
singlet oxygén production decreases with decrease in pH,
the rate of triplet quenching by 02 being very dependent
on the degree of protonation of the sensitizer molecule (27).

As can be seen in Figure 4, the presence of excess hy-
drogen peroxide markedly enhances the rate of Fe(II)
oxidation with an immeasurably slow rate of 02 oxidation
at pH 4.0 while the H202-induced oxidation exhibits a r1/2
s* 20 min. At pH 6.5 the t1/2 values for the 02- and
H202-induced oxidations under these conditions are ob-
served to be ea 3 h and 12 s, respectively. This oxidation
constitutes the well-known “Fenton’s reagent” reaction
(12):

H202 + Fe2+ Fe3+ + HO" + HO- kx =

76 L (mol-s)"1

HO· + Fe2+ Fe3+ + HO" k2 = 3 X 10® L (mol-s)"1

Comparison of Figures 2 and 3 indicates that the
quantity of H202 produced is certainly sufficient to in-
fluence the rate of oxidation of Fe(II). Thus, on irradiation
of a pH 4.0 solution of 10 mg/L Grassy Pond fulvic acid
for 1 min we would expect to produce 0.6 nM H202 and,
at most, 1.0 nM Fe(II). As shown above, the fate of
H202-induced oxidation of Fe(II) at this pH is not par-

 'ime, minutes

Figure 4. Effect of excess hydrogen peroxide in enhancing rate of
oxidation of Fe2+ in 0.1 M NaCI at pH 4.0 and 0.1 M NaCI-2 mM
NaHCOg at pH 6.5.

ticularly fast (r1/2 20 min); thus, it is likely that any
produced Fe(III) will be complexed by the fulvic acid. At
pH 6.5, wé would expect to produce 1.5 nM H202 and 0.16
nM Fe(II) on irradiation of the iron-fulvic acid mixture
for 1 min; i.e., a large excess of H202 over Fe(II) is pro-
duced. Given the very rapid rate of peroxide-induced
oxidation at this pH, it is very likely that hydrolysis of the
produced Fe(III) leading to solid oxide formation will
compete effectively with organic complex formation. Thus,
at pH 4.0, the production of H202 may well alter the so-
lution speciation of iron but is unlikely to affect net y-
FeOOH dissolution significantly, while at pH 6.5, we may
expect a small decrease in net  -FeOOH photodissolution
due to peroxide production and resultant solid ferric oxide
formation. The magnitude of this effect will be dependent
particularly on the photoreducibility of Fe(III) bound to
the fulvic acid at this pH and on the relative rates of
Fe(III) complexation by the fulvic acid and Fe(III) hy-
drolysis.

Photodissolution of Amorphous Iron Oxide in Or-
ganic-Free Medium. As noted earlier, the net photoin-
duced dissolution of  -FeOOH in the absence of added
organic agents is small, with no effect observed at pH 6.5
and a rate of only 0.26 nmol of Fe solubilized (¿¿mol of
 -FeOOH)"1 min"1 at pH 4.0. However, as shown in Figure
5, the effects of light on the dissolution of amorphous
colloidal iron oxides and the concomitant production of
soluble ferrous iron are much more dramatic. Addition
of 3.5 ¿¿M Fe(III) to a dark solution of pH 4.0 Q-H20
results in the formation of nonultrafilterable (presumably
colloidal) species which are almost completely solubilized
and reduced to Fe(II) after irradiation for 1 h. The initial
rate of reduction is particularly rapid with approximately
80 nmol of Fe reduced (¿¿mol of am-FeOOH)"1 min"1. The
photoreduction process is somewhat slower in 0.1 M NaCI
(initial rate 40 nmol of Fe reduced (µ     of am-
FeOOH)"1 min"1) with essentially complete reduction after
3 h. At pH 6.5 the initial rate of reduction is 1.4 nmol of
Fe reduced (µ     of  -FeOOH)"1 min"1 with the Fe(II)
concentration reaching a plateau at 0.18 µ  (i.e., ^5%
of total added Fe(III) reduced) after irradiation for =¿2 h.
(This rapid photodissolution of am-FeOOH complicates
somewhat the results obtained with  -FeOOH which has
been shown to contain some amorphous material (10).
However, the amorphous fraction does not exceed 10%;
less than half of the fraction dissolved in 3 h in the
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Figure 5. Production of Fe(II) as determined by phenanthroline co-
lorimetry on Irradiation of pH 4.0 solutions of Q-H20 or 0.1 M NaCI and
a pH 6.5 solution of 0.1 M NaCI-2 mM NaHC03 containing 3.5 µ 
Fe(III). The PM10 ultrafilterabillty of the Iron in the pH 4.0 Q-H20 study
is also shown.

presence of ful vie acid (Figure 2). Since the observed
dissolution rate is reasonably constant during that time,
it is presumably not controlled by photodissolution of the
amorphous fraction.)

These high initial rates and yields of Fe(II) are some-
what surprising in view of the frequent reports that the
production of reduced iron on irradiation of solutions
containing ferric hydroxy species is relatively low due to
the efficiency of the back-reaction between the photo-
products Fe2+ and hydroxyl radicals (4). However, the rate
of this back-reaction will be dependent on the Fe2+ and
hydroxyl radical concentrations and may be relatively slow
for low initial concentrations of Fe(III) (and hence low
concentrations of the product, Fe2+). Sharp increases in
the yield of Fe(II) on decreasing the initial Fe(III) con-
centration have in fact been reported and satisfactorily
modeled on the basis of the Fe2+ back-reaction rate (28).

A variety of possible mechanisms can be constructed to
account for the observed photodissolution of amorphous
iron oxide and production of ferrous iron. Previous studies
of the photoredox chemistry of Fe(III) hydroxy species
have been conducted at low pH (generally <2). The pri-
mary photoreaction in these homogeneous systems is
considered to be (28, 29)

FeOH2+ Fe2+ + -OH (1)

More highly hydrolyzed species such as Fe(OH)2+ have
been reported (30) to be photochemically less active than
FeOH2+ (or Fe3+). A solution phase photoreaction similar
to (1) may also be dominant in the heterogeneous systems
considered here, with dissolution of the relatively soluble
amorphous iron oxide colloids occurring in order to rees-
tablish equilibrium as FeOH2+ is consumed. However,
dissolution of colloidal iron oxide induced through estab-
lishment of a disequilibrium condition is typically a rela-
tively slow process and unlikely to yield the high rates of

PHEN ADDED

TIME AFTER Fe(lll) ADDITION, minutes

Figure 6. Production of coulometrlcally determined Fe(II) (i.e., Fe(II)
that is electrochemically oxldlzable at a working electrode potential of
0.45 V) on irradiation of pH 6.5 synthetic ocean water containing low
concentrations of added ferric iron. The effect of addition of excess
1,10-phenanthroline is also shown. pH set by equilibration with 2.5%
C02/air mixture and total radiation input = 30 µ   ß ß  ß mL~1 min-1.

solubilization observed here (31, 32). A more likely al-
ternative involves a hydroxylated ferric species at the
colloid surface as primary chromophore. Even though the
peak charge-transfer band of such surface hydroxy species
occurs in the UV (10), near-UV irradiation should result
in the direct release of some Fe2+ to solution:

hv
=FeOH —  Fe2+ + oxidized products (2)

In this case, as in the oxide-organic systems, the major
factor governing dissolution under any given condition will
be the primary chromophore concentration. If this
mechanism is correct, then the particularly strong de-
pendence of net iron oxide dissolution on pH (100% and
5% of added iron solubilized after 3 h at pH 4.0 and pH
6.5, respectively) is to be expected since the primary
chromophore is most likely a monohydroxy ferric
species—the concentration of which depends implicitly on

pH. Alternatively, one could also speculate that most of
the incident light is absorbed by the bulk of the FeOOH
and that some of the resulting excited states migrate by
an exciton-hopping mechanism to the colloid surface where
Fe(III) is reduced and dissolved.

The increased photoreduction rate found on decreasing
the chloride content has been observed previously (28,33).
While some debate exists concerning the mechanism of
deactivation by chloride, the involvement of the FeCl2+
species has been hypothesized. At the pH used by earlier
workers, this species constituted a significant proportion
of the total iron present. This is not the case under the
conditions of this study (pH >4) where ferric hydroxy
species dominate the Fe(III) chemistry. Another possible
explanation involves the effect of ionic strength on coag-
ulation kinetics. A decrease in ionic strength will lower
the rate of coagulation of iron oxyhydroxide colloids with
a resultant increase in colloidal surface area. Such a

change should lead to an increase in the number of pho-
toactive iron hydroxy surface sites and is thus consistent
with mechanism 2. Note that the observed increase in
photoreduction rate at pH 4.0 on changing from a 0.1 M
NaCI solution to organic-free Q-H20 also confirms that
organic contamination of the salt is not responsible for the
observed photoreduction phenomenon.
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Figure 7. Steady-state voltage-current plots for pH 6.5 synthetic
ocean water (a) before and after addition of 10 nM added Fe(II) and
(b) before and after addition of ==¡20 nM Fe(III) and subsequent Ir-
radiation. The effect of addition of excess 1,10-phenanthrollne In both
cases is also shown.

Ferric iron reduction is also observed on irradiation of
synthetic ocean water (SOW) buffered to pH 6.5 containing
low concentrations of added Fe(III). As shown in Figure
6, a 2-h period of irradiation of pH 6.5 SOW containing
0,28, 58 and 84 nM added Fe(III) results in the production
of 2.7, 4.2, 6.4, and 9.1 nM Fe(II), respectively. This
corresponds to a reduction of 6-7% of total added iron and
is only slightly higher than the proportion of Fe(III) re-
duced in the high concentration, pH 6.5 studies discussed
above (=¡5%). The production of Fe(II) on irradiation of
SOW containing no added iron presumably results from
low-level iron contamination of the synthetic ocean water.

Production of Fe(II) on irradiation of SOW has been
monitored by using the relatively nonspecific technique
of controlled potential coulometry. That the oxidizable
species produced is in fact Fe(II) is apparent on compar-
ison of the “steady-state” voltage-current curves shown in
Figure 7. The voltage-current response obtained on ad-
dition of Fe(II) to pH 6.5 SOW (Figure 7a) is essentially
identical with the response observed after irradiation of

5 2

o
o

b. UV-irrodiated Nahant Seawater {pH 6.5)
with 4I nM added Fe (ill)

• , .

50 I00 * I50 200 250 300 350

% DARK LIGHT DARK PHEN ADDED

TIME AFTER Fe (III) ADDITION , minutes

Figure 8. Production of coulometrlcally determined Fe(II) on Irradiation
of (a) pH 6.5, 0.2-µ   filtered Nahant seawater containing added ferric
Iron and (b) UV-Irradlated pH 6.5, 0.2-µ    filtered Nahant seawater
containing added ferric Iron. The effects of subsequently ceasing
Irradiation and adding 1,10-phenanthrollne are also shown.

SOW containing added Fe(III) (Figure 7b). The effect of
1,10-phenanthroline in masking these Fe(II) oxidation
waves is also shown in Figure 7 (17). This masking tech-
nique has been used to add specificity in many of the
coulometric studies performed here (as shown, for example,
in Figure 6).

While a significant dissolution and concomitant reduc-
tion of colloidal amorphous iron oxide in organic-free
synthetic ocean water is observed at pH 6.5, no such effects
are apparent at the natural seawater pH of 8.2. This result
is not particularly surprising in view of the dependence of
initial dissolution rate on chromophore concentration. At
pH 8.2, the concentration of the presumed surface-bound
iron hydroxy chromophore is likely to be very low; thus,
significant photodissolution is not to be expected. In ad-
dition, at pH 8.2, the rapid removal of photoproduced
species from solution phase by oxidation to insoluble ferric
oxyhydroxides will be a major effect limiting net photo-
dissolution in these organic-free systems.

It appears then that in an organic-free system, iron
hydroxy chromophores are present, with the less hydro-
lyzed species exhibiting high reactivity. Occurrence of
photodissolution requires that these light absorbers be
present at the particle surface; thus, factors affecting
surface area (e.g., rate of coagulation, particle size, etc.)
have a direct effect on dissolution rate. The chromophore
specificity leads to a distinct pH dependence with the
result that significant dissolution is only expected at acidic
pH. Ferric photoreduction has been reported in other
studies (26,27) on very low pH systems (pH <2) where all
iron is in soluble form; thus, it is apparent that the pres-
ence of solid species is not necessary for Fe(III) reduction
to occur (a possibility originally suggested by Good and
Purdon (34,35)). However, it is possible that the charged
colloid surface provides an electrostatic barrier to recom-
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Figure 9. Change in PM 10 ultrafllterability on Irradiation of (a) pH 6.5,
0.2-µ   filtered Nahant seawater containing added ferric Iron, (b) UV-
Irradiated pH 6.5, 0.2-µ    filtered Nahant seawater containing added
ferric iron, and (c) pH 6.5, 0.2-µ   filtered Nahant seawater containing
added ferric iron and 1 µ  H202.

bination of the photoproduced redox pair, thus enhancing
reduction of the surface Fe(III) groups (36, 38).

Photodissolution of Amorphous Iron Oxide in
Coastal Seawater. As shown in Figure 8a, irradiation of
0.2-µ   filtered coastal seawater buffered to pH 6.5 with
and without added Fe(III) results in the production of
coulometrically determined ferrous iron (i.e., Fe(II) that
is electrochemically oxidizable at a working electrode po-
tential of 0.45 V). Additions of 0, 42, and 84 nM Fe(III)
are seen to result in the production of 4.4, 9.0, and 14.5
nM Fe(II), respectively, after a 2-h period of irradiation.
The produced Fe(II) exhibits a concentration-dependent
decay on return to darkness and is completely masked by
phenanthroline addition. As can be seen from the result
of PM10 ultrafiltration studies in Figure 9a, the photo-
reduction of Fe(III) added to pH 6.5 Nahant seawater
containing 38 nM added Fe(III) results in an increase in
ultrafilterable iron of 5.0 ± 0.2 nM. This compares closely
with a production of 4.7 ± 0.2 nM Fe(II) obtained on

irradiating pH 6.5 Nahant seawater with 42 nM Fe(III)
added (see Figure 8a). While significant colloidal disso-
lution and Fe(II) production is observed at pH 6.5, no such
effects of irradiation are observed at the natural seawater
pH of 8.2. Presumably, at this pH, the concentration of
photoactive species is too low to allow observation of any
effects of light. If solubilization/reduction processes are

operating, the net changes in iron speciation occurs at

Figure 10. Results of Cu(II)/Cu(I) amperometric titrations of 0.2-µ  
filtered Nahant seawater before and after an 8-h period of UV Irra-
diation.

concentrations below the detection limits of the electro-
chemical and size-separation/radiotracer techniques used
here (i.e., =¿0.5 nM).

Interestingly, irradiation of filtered pH 6.5 Nahant
seawater results in an initial reduction rate of 14 nmol of
Fe(II) formed (µ     of am-FeOOH)'1 min'1 and an average
production after 2 h of 120 ± 10 nmol of Fe(II)^mol of
added Fe(III) while irradiation of pH 6.5 synthetic ocean
water results in an initial reduction rate of only 3.2 nmol
of Fe(II) formed (µ     of am-FeOOH)'1 min'1 and an

average production after 2 h of only 60 ± 10 nmol of Fe-
(  )/µ   1 of added Fe(III). The significantly higher degree
of photoreduction observed for the coastal seawater com-

pared to SOW may well be due to the presence of organic
ligands which are capable of binding ferric iron to form
photoactive species of greater lability than ferric hydroxy
groups (possibly in a manner similar to that discussed
above for freshwater fulvic acids). That relatively high
concentrations of metal binding ligands are indeed present
is shown by the results of Cu(II)/Cu(I) amperometric ti-
trations (18) of the coastal seawater before and after
long-term UV irradiation (see Figure 10). Cu(II) binding
capacities of approximately 130 and 30 nM are obtained
before and after UV irradiation, respectively; thus, an

organic component capable of binding 100 nM of a di-
valent metal is apparently present. (The metal binding
capacity remaining after UV irradiation may be attributed
to non-UV destructible metal binding entities such as
colloid surfaces.)

Surprisingly, the photoreduction and photodissolution
effects previously observed for pH 6.5 Nahant seawater
are completely eliminated on performing the same studies
in pH 6.5, UV-irradiated Nahant seawater (see Figures 8b
and 9b) rather than the expected result of partial reduction
of the effects to the level of those observed in essentially
organic-free synthetic ocean water. The most likely ex-

planation for the dramatic effect of UV irradiation lies in
the observed production of hydrogen peroxide. The results
of peroxide analysis of two Nahant seawater samples before
and after an 8-h period of UV irradiation are shown in
Table I and indicate a peroxide production of approxi-
mately 1 µ  on irradiation. Thus, after UV irradiation,
peroxide will be in large excess of any photoproduced
Fe(II) and will rapidly oxidize the ferrous iron (recall

866 Environ. Sci. Technol., Vol. 18, No. 11, 1984



Table I. Peroxide (H202 + Organic Peroxide)
Concentrations As Determined by the
Peroxidase-Scopoletin Method for Two Samples of 0.2-µ  
Filtered Coastal Seawater Obtained from the Same
Location at Different Times before and after Long-Term (8
h) UV Irradiation

peroxide concn, µ 
sample before UV irradiation after UV irradiation

1 0.56 1.46
2 0.47 1.56

TIME (minutes)
0 50 100 150 200

Figure 11. Controlled potential coulometric study of Fe(II) oxidation
in synthetic ocean water (SOW) and coastal Nahant seawater at pH
6.5 and 8.2.

Figure 4). The effect of excess H202 in guaranteeing the
removal of any Fe(II) is clearly seen from the results of
a photodissolution study of pH 6.5 Nahant seawater con-

taining added Fe(III) and 1 µ  H202 (Figure 9c). Note
that the results of the peroxidase-scopoletin test per-
formed on the coastal seawater indicate that relatively high
concentrations of peroxides are present in the natural
seawater samples even before UV irradiation. Obviously,
this “intrinsic” peroxide does not totally eliminate pho-
toproduction of Fe(II), suggesting that it may not be
available for participation in Fenton’s reagent type oxi-
dations.

As mentioned earlier, the concentration of photopro-
duced Fe(II) decreases on cessation of photolysis. Addi-
tional studies of this Fe(II) loss indicate that the process
is not first order and occurs at approximately the same rate
in both synthetic and natural seawater buffered to pH 6.5
(see Figure 11). The observed concentration change occurs
much more rapidly than the expected rate of Fe(II) oxi-
dation in a medium of high chloride content (39). The
most probable removal mechanism involves adsorption of
Fe(II) to the reaction vessel and working electrode and is
possibly a major factor in determining the observed Fe(II)
concentration in these low iron addition studies. Only at
high pH where the Fe(II) oxidation rates are significantly
greater than the rates of Fe(II) removal by adsorption do
we observe first-order processes more typical of Fe(II)
oxidation kinetics. Interestingly, the rate of Fe(II) removal
in the coastal seawater (  /2 a* 16 min) is significantly lower
than the rate observed in synthetic ocean water (  /2 a¿

5 min) and, as found for Fe(II) oxidation studies in the
presence of strong ferric chelators (10), may indicate re-

Table II. Initial Rates of Iron Oxide Photodissolution
under a Variety of Conditions"

initial rate of iron oxide
dissolution6

(nmol of Fe solubilized
(µ     of FeOOH)"1

min"1)
conditions pH 4.0 pH 6.5 pH 8.2

(a) no organic
 -FeOOH in 0.1 M NaCl 0.26 <0.05
am-FeOOH in 0.1 M NaCl 40 1.4 <0.05
am-FeOOH in SOW 3.2 <0.05

(b) organic present
 -FeOOH in 0.1 M NaCl + 10 mg/L 1.10 0.28°

fulvic acid
am-FeOOH in coastal seawater 14 <0.05

"Total radiation input of 30 µ   ß ß    mL"1 min"1 used in all
cases. 6 Estimated detection limit for rate determination by both
colorimetric and coulometric procedures. c Average of values for
two fulvic acids.

tardation of the Fe(II) oxidation rate by naturally occurring
organic complexing agents at this high (natural seawater)
pH. It should be noted, however, that irradiation of
natural seawater may produce hydrogen peroxide which
is likely to remove any Fe(II) from solution very rapidly.
Because of major cation competition, it is expected that
complexation by naturally occurring organic matter would
be too slow to prevent solid iron oxyhydroxide formation.

Photoproduction of H202 and resultant oxidation of
photoproduced Fe(II) to the insoluble ferric oxyhydroxide
form may well account for the marked decrease observed
on continued photolysis in the rate of dissolution of am-
FeOOH added to pH 6.5 Nahant seawater. As noted
above, the initial rate of am-FeOOH photodissolution is
very high in this C02-buffered coastal seawater and is 4-5
times that observed in pH 6.5 SOW. Despite this high
initial rate, the final steady-state concentration of Fe(II)
in the Nahant seawater is only double that obtained in
SOW and may be due to H202-induced back-reactions
removing Fe(II) from solution on continued photolysis in
Nahant seawater but not in organic-free SOW.

Summary
A compilation of initial rates of iron oxide photodisso-

lution obtained under various conditions is given in Table
II and provides a useful means of reviewing the essential
aspects of this study. In the absence of organic agents, iron
oxides are solubilized to varying degrees through photo-
dissociation of ferric hydroxy groups (particularly the less
hydrolyzed species) at the colloid surface. The rate of
dissolution is dependent principally on the chromophore
concentration and is thus influenced directly by factors
such as pH and particle size. For example, we observe a

high rate of dissolution for the very small amorphous iron
oxide colloids at low pH (pH 4.0, 0.1 M NaCl) and a
marked decrease in dissolution rate as the pH is increased
and the surface ferric sites become more hydrolyzed (and
less photoactive). The rate of dissolution of larger, more
insoluble lepidocrocite particles under similar conditions
is considerably less presumably because of the lower sur-
face area with the result that, for a given oxide concen-
tration, fewer photoactive surface sites are present. It is
not surprising that, given the pH dependence of chromo-
phore concentration, no detectable dissolution is observed
at high pH. Rapid oxygenation reactions removing pho-
toproduced Fe(II) from solution are, no doubt, also of
significance in limiting net dissolution at high pH.

The effect of naturally occurring organic materials is to
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significantly increase the initial rate of dissolution in all
observable cases. Thus, at pH 4.0, addition of excess fulvic
acid to a 7-FeOOH suspension enhances the dissolution
rate by a factor of 4. Similarly, photodissolution studies
performed on amorphous iron oxide in coastal seawater
buffered to pH 6.5 yield a dissolution rate of 14 nmol of
Fe solubilized (#miol of am-FeOOH)-1 min-1, a rate 4-5
times that observed in essentially organic-free synthetic
ocean water. Freshwater fulvic acids induce a photodis-
solution process similar to that previously observed with
citrate. It is likely that the governing mechanisms are
similar in both cases though the possibility of direct ex-
citation of the fulvic acid molecule by near-UV radiation
(which is unlikely for citrate) with subsequent reduction
of Fe(IH) cannot be ignored. A major difference in the case
of naturally occurring organic acids involves the formation
of the powerful oxidant hydrogen peroxide. In freshwater
systems, the generation of this agent will perturb the so-
lution speciation of iron significantly but, unless the rate
of Fe(III) complexation by the organic material present
is particularly slow, should not markedly affect the net
dissolution of iron oxides (at least in the short term). This
is to be compared with the effect in seawater, where major
cation competition for organic ligands may retard the
complexation of ferric iron. Under these conditions, in-
soluble iron oxides are likely to form instead of soluble
Fe(III)-organic complexes.

Despite the apparent enhancement in photoactivity of
iron groups in the presence of organic agents at pH 4.0 and
pH 6.5, no light-induced changes in iron speciation are
observed at pH 8.2 (in freshwater or marine systems).
Thus, significant effects of light on Fe chemistry can only
be expected in low pH waters or microenvironments, even
though the pH dependency of chromophore concentration
is not likely to be as marked for iron-organic groups as it
is for ferric hydroxy entities.

Registry No. Iron oxide, 1332-37-2.
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