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Undersaturation of seawater with respect to many trace metals in the world's
oceans has been attributed to adsorption or scavenging by particles, particularly
on iron and manganese oxides and oxyhydroxides, because of their large
adsorption and cation-exchange capacities and their importance as traps for trace
metals (e.g., Holmstrom and Ohlander, 2001; Pretorius and Linder, 2001).
Oxyhydroxides of manganese and iron are frequently observed in sediments,
either as discrete particles or as coatings on the surfaces of other particles (Feely
et al., 1983). Furthermore, these two oxides are among the most important
components influencing the availability of metals to benthic fauna. According to
Jenne (1977) and Loganathan and Burau (1973) the iron and manganese oxides
most frequently observed in sediments are goethite and birnessite. Different
factors affect the adsorption of trace metals onto oxyhydroxides, such as the Eh,
pH, dissolved concentration of the metal of interest, concentration of competing
metals, concentration of other ions capable of forming inorganic complexes, and
organic chelates. However, there has been little investigation on the effect of
light on the adsorption of metals by oxyhydroxides. Photochemical processes are
particularly important because they may influence the distribution of transition
metals through changes in their redox states. This work presents results of the
influences of surface photochemical reactions on Cu adsorption from seawater
onto goethite and birnessite. Copper was selected because of its importance as an
essential element in biological systems (e.g., Morel and Price, 2003) as well as for
its well known toxicity towards some organisms (e.g., Mann et al, 2002).
Therefore, this study will provide an assessment as to whether photoreactive trace
metals (e.g., Cu) adsorbed on Fe and Mn oxyhydroxides are likely to be mobilized
or immobilized during Fe(Ill) and Mn(IV) oxide photoreduction, thereby
providing important insights into the bioavailability/toxicity and biogeochemical
cycling of trace metals within the photic zone of natural waters. It is
hypothesized that photochemically induced reduction of Cu(II) to Cu(l) may be
important in contamination studies, especially considering the semiconductor
properties of Fe(II)- and Mn(I11,I'V)-hydroxides.
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MATERIALS AND METHODS

Goethite was synthetically prepared according to the procedure of Atkinson ef al.
(1967), whereas synthetic birnessite was prepared by the oxidation of manganous
ion by permanganate (Murray, 1974); the mineral composition of the prepared
oxides was confirmed by X-ray diffraction (Keeney-Kennicutt and Morse, 1984).
Surface areas of 45.5 + 0.4 and 348 + 8 m® g’ for goethite and birnessite,
respectively, were determined by the Kr-BET method. These two values are in
good agreement with the surface areas measured by Appelo and Postma (1999)
and Pretorius and Linder (2001) for similar preparations. The oxides were kept in
dilute aqueous solutions for approximately two years prior to their use in this
study. While the possibility exists that there was a change in crystallinity or
specific surface area of the synthetic goethite and birnessite after the two years of
storage, they can be used as guides for the comparison of sorptive capacities.

Experiments were conducted in a photochemical reactor which consisted of a
custom-made metallic dark box containing a quartz photochemical immersion
well (Ace Glass) in combination with a 250-mL capacity photochemical reaction
vessel (Ace Glass). For each experiment, approximately 250 mL of natural near-
surface Gulf Stream seawater, weight-diluted to a salinity of 35, was used. A
predetermined volume of a dissolved copper standard was added to the reaction
vessel, and the solution was then stirred overnight to allow the metal to equilibrate
with the solution and with the glass and quartz surfaces. It was assumed that all
Cu in the standard was in the form of Cu(Il) since under dark conditions and in
the presence of oxygen the concentration of Cu(l) has been found to be
exceedingly small (Moffett and Zika, 1987). After equilibration, a 1-mL sample
was withdrawn to determine the copper concentration, which was found to be 6.7
+ 0.2 pM for the birnessite experiment, and 3.6 = 0.2 pM for the goethite
experiment. The metal oxide was then added to the solution (165 and 156 m* kg™
of seawater for bimnessite and gocthite, respectively) which was stirred
continuously until the end of the experiments (78 and 76 hr for the birnessite and
goethite experiments, respectively). At varying intervals, an aliquot of solution
was removed, filtered through a polycarbonate Nucleopore® filter of 0.4 um
nominal pore size and acidified to 0.1% HNO; (I.T. Baker, Ultrex®) for the
analysis of total dissolved Cu.

The experiments were carried out in the absence and presence of light. A 450-
watt photochemical immersion lamp (Canrad-Hanovia) was used as the light
source. Of the total energy radiated by the lamp, 40 to 48% was in the ultraviolet
portion of the spectrum, 40 to 43% in the visible, and the balance in the infrared.
Cu concentrations were determined by flameless atomic absorption
spectrophotometry (Hitachi model 170-70 with Zeeman background correction)
using the method of standard addition. Although the light intensity and copper
concentrations used in these experiments are much greater than observed in the
surface ocean, the results are, nonetheless, applicable to the understanding of Cu
adsorption processes in nature,
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RESULTS AND DISCUSSION

Equilibration of copper with goethite took approximately four to five days (Figure
1), which compares well with the one or two days found by Loganathan and
Burau (1973), and five days found by Lion et al. (1982). Copper adsorbed rapidly
onto the birnessite at the beginning of the experiment (0-10 hr) and continued to
adsorb at a significantly lower rate over the entire experimental period (76 hr).
As shown in Figure 1, a significant larger fraction of Cu adsorbs to birnessite than
to goethite. After the equilibration time, Cu on birnessite was slowly adsorbed
under dark conditions. Under light, however, there was a significant difference in
the Cu adsorption behavior onto the two mineral phases (Figure 1). Adsorption of
Cu by birnessite increased substantially, from 37% to a maximum of 62% (i.e., A
adsorption = 25%) during the first light period, and from 66% to a maximum of
90% (i.e., A adsorption = 24%) during the second light period (Figure 1a). After
reaching the maximum in adsorption during both light periods, there were small
gradual desorptions of Cu (A desorption = 5 — 6%). Hence, both light periods
were characterized by essentially equal changes in adsorption and desorption with
time (Figure 1a). For goethite, the adsorption of Cu remained essentially constant
with time during the first dark period (Figure 1b), but during the initial part of the
light stage there was a substantial desorption of the metal (from 30% to 13%),
followed by a rapid, almost linear increase in adsorption until a maximum was
reached (39%), after which the adsorption values returned to the levels observed
during the preceding dark conditions. During the second dark stage, the values of
adsorption increased gradually until, by the end of the experiment, levels similar
to the maximum observed during the light period were reached (36% to 40%).
Three basic questions remain: (1) Why does Cu continue to adsorb onto bimessite
over a 50-hour dark period, when Cu equilibrates very rapidly with goethite? (2)
Why does a period of desorption occur at the beginning of a lighted cycle for
goethite and not for birnessite? (3) Why is there a period of desorption following
adsorption under lighted condition for both minerals?

Goethite (Wells and Mayer, 1991; Waite and Morel, 1984) and birnessite
(Sherman, 2005) are photoreduced in natural waters, especially if a chromophore
(e.g., humic acids) is present. Hence, light could have interacted with humic acids
naturally present in the Gulf Stream seawater to photoreduce the goethite and
birnessite, enhancing in the process the adsorption of Cu through the creation of
new, fresh surface attachment sites produced by the photodissolution of the
oxides. Keeney-Kennicutt and Morse (1986), who studied the influence of light
on plutonium adsorption on a number of mineral surfaces, found that oxidation-
reduction reactions were important ont goethite and birnessite surfaces and could
be significantly catalyzed by light. Similar conclusions were also reached by
McCubbin and Leonard (1996) with 239290py; sorbed on marine sediments.
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Figure 1. Adsorption of copper on (a) birnessite and (b) goethite as a function
of time and contrasting light conditions. Birnessite concentration was 0.165 m’
kg of seawater and the Cu initial concentration was 6.7 + 0.2 pM. Goethite
concentration was 0.156 m® kg™ of seawater and the Cu initial concentration
was 3.6 £ 0.2 pM. Filled and open symbols represent dark and light
conditions, respectively. Uncertainty was determined by propagation of
analytical error and is reported at the 1o level.

It has been reported that sunlight leads to an increase in Cu(ll), probably as a
result of the photo-destruction of ligands and/or Cu complexes (Moffett and Zika,
1983). Sunlight is also capable of reducing Cu(Il) to Cu(l) in the surface layers of
the oceans (Moffett and Zika, 1988). Apparently, these Cu(I) concentrations are a
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consequence of the photolytic reduction of Cu(II) complexes and the reduction of
Cu(Il) by photochemically formed reactive oxygen species, with superoxide and
hydrogen peroxide among the main Cu(Il) reductants (Buerge-Weirich and
Sulzberger, 2004). Significant steady-state levels of Cu(l) in seawater (~15% of
total Cu in surface seawater; Moffett and Zika, 1983) can, in turn, be maintained
by chiloride complexation (Moffett and Zika, 1983) and by the low complexation
capacity of Cu(ll) by organic ligands (Buerge-Weirich and Sulzberger, 2004).
Hence, if Cu(l) was photochemically produced during the light periods of the
experiments, it was kept in solution by chloride complexation and part of it could
be adsorbed on oxide surface sites that were not taken by the Cu(ll) during the
preceding dark period. The fact that a number of oxide mineral surfaces are redox
active and that this activity can be enhanced by light means that changes in the
oxidation state of copper between Cu(l) and Cu(Il) may occur on the oxide
surfaces. For example, oxidation on the surface of synthetic birnessite of Co(Il)
to Co(IIl) and of Cr(Ill) to Cr(IV), Cr(V) and Cr(VI) have been previously
reported (Crowther et al., 1983; Banerjee and Nesbitt, 1999). Changes in redox
state are probably rapid, since laboratory studies have indicated that oxidation of
Cu(D), at least in scawater, has a half life of 4-6 minutes (Moffett and Zika, 1983)
with redox reactions capable of achieving redox state changes in less than a
minute (Leal and van den Berg, 1998). The oxidation-reduction mechanisms at
the mineral-water interface, with subsequent desorption of Cu, may be related to
the semiconductor properties of Fe(Ill)- and Mn(IILIV)-hydroxides (Waite,
1990). Upon absorption of light with energy equal to, or greater than, the band-
gap energy of the semiconductor, an electron is promoted from the valence band
into the conduction band (McCubbin and Leonard, 1996). Since the photo-
generated holes and photoelectrons are generally characterized by strong
oxidizing and reducing potentials, respectively (Waite, 1990), it is possible that
part of the adsorbed Cu(II) may have been directly reduced to Cu(I} by interaction
with valence band holes. Hence, once adsorbed, a portion of the Cu(Il) can be
directly reduced to Cu(I), followed by desorption of the metal from the oxide
surface. Since goethite (and maybe birnessite as well) is regarded as “hard”
(Evans, 1980), it is possible that “borderline” metal cations like Cu(II) have more
affinity for Fe and Mn oxides than “soft” metal cations like Cu(I).

The adsorption of Cu from seawater onto goethite and birnessite surfaces is a
highly dynamic process in which the adsorption of this metal can be
photochemically enhanced, especially on birnessite. The process was found to be
repeatable, at least for the birnessite experiment, by alternating light and dark
conditions, and, therefore, may be important in the photic zone of Cu
contaminated natural waters showing sediment resuspension or with moderate
loads of particulates. Further research is needed to elucidate the mechanisms by
which this process occurs.
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