There is currently a heightened interest
in the behavior of submicron {<10°m
size} colloidal particles in groundwa-
ters, fresh waters and coastal environ-
ments. High specific surface areas make
such small particles potentially effecti-
ve rransport media for many trace ele-
ments. Although physical medels for
submicron particle coagulation in the

absence of strong repulsion forces

(electrostatic or steric) are well deve-
loped (i.e, Brownian collision rates as
described by Smoluchowski's equations
for fast coagulation) reliable models for
slow coagulation are still under deve-
lopment [11. )

- The recently completed doctoral re-
search of Liyuan Liang [3] provides
some insights into the role of specific
chemical influences (pH, adsorbed ani-
ons and polyelectrolytes) on slow co-
agulation of small (70 nanometer di-
ameter} iron oxide particles in water.
Two aspects of that work are briefly
reported here: the influences of pH and
of adsorbed phosphate on rates of co-
agulation of colloidal hematite. Full
details are available in Dr. Liang’s the-
sis and will be found in future journal
publications.

The relationship of hematite colloid
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stability to pH at 25°C is illustrated in
Fig. 1, which shows the experimental
stability ratio (W), potentiometrically-
determined surface charge, and the elec-
trokinetic mobility of 70 nm particles
over the pH range from 3 to 11. The
value W {or «') gives the ratio of the
transport-controlled ("fast”) coagulation
rate to the actual rate. At pH =8.5 (equal
to H,,., i.e. the pH of zero proton con-
dition for suspended particles as e.g.
colloidal particle) the stability ratio is
unity for all ionic strengths (NaCi con-
centrations). At pH=5 and low ionic
strength, coagulation is slowed down
thousand-fold relative to that at pH S
aconsequence of the high positive char-
ge density from >FeOH,* groups on the
surface (compare ¢ and mobility data
with W),

Specifically adsorbed anions, e.g. phos-

phate, affect stability strongly ina way
that was anticipated on the basis of the
phosphate species formed on an iron
oxide surface when phosphate is adsor-
bed [2]. Fig. 2 shows that added phos-
phate causes strong variatjons in Fe 0,
stability, the effect depending upon pH.
For example, at neutral pH, ten-fold
variation in total phosphate first brings
about colloid destabilization (W de-
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creases from 50 to 2) and then resrabili-
zation (W increases to above 3000).

The coagulation kinetic patterns seen
for pH and phosphate are representative
of those also observed for other specifi-
cally-adsorbed monomeric anions (e.g.



Fig. 1

Comparison of hematite surface
charge, o, mobility, and stability ratio,
W, pasa Jfunction of pH. Note that at
PH_, the net surface charge and mo-
bility are both zero, and the stability is
a minimum (Fig. 5.1 of [3])

The experimental stability ratio (W),

the potentiometrically-determined sur-

face charge, and the electrokinetic

mobility of ‘70 nm particles over the
pH range from 3 to 11 are shown.

phthalate or long-chain carboxylic ac-
ids) and for polymeric coagulant-dis-
persants (e.g. polycarboxylicacid, fulvic
acid, humic acid.

Acid-base equiiibria of the iron oxide
surface and for solution species of ani-
pus, together with complex formation
(ligand exchange) reactions at >FeOH
surface sites account for strong surface
charge variations and, in large part, for
resulting changes in hematite particle
stability. In addition, there is some evi-
dence that steric factors (hydrophilic
vs. hydrophobic orientation of adsor-
bed species) contribute to strong resta-
bilization with excess adsorbate.

[1] O'Melia, C.R. Particle-particle Inie-
ractions. In: Stumm W. (ed): Aquaric
Surface Chemistry, Wiley Interscience,
New York,{1987).
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The ultimate fate of heavy metals in the environment is
dictated by their affinity to particle surfaces, Thus, in natural
water, particles settling into the sedirents are essential carri-
ers of metals into deeper water of lakes and oceans. A
significant fraction of the settling particles may be of bictic
origin (algae, biological debris). They provide a large num-~
ber of surface sites with high affinity, because the cell surface
containing polysaccharides and proteins consist of various

func- tional groups, such as carboxylic, amino-, thio-
hydroxo-and hydroxycarboxylic groups.
Thus biologi- cal surfaces of settling materials

play a dominating

and otherreactive elements,
their residual concentrations. Mo- dels for the re-
gulation of the concentration of heavy metals in
oceans and lakes have been given by Whitfield and
Turner [1} and Sigg [2,3].

The hypothesis has been proposed [1,2,4] that the Red-
field Model of constant elemental composition of nutrients
(N, P, C, Si, 5) can be extended to those elements that are es-
sential nutrients (Zn, Cu, etc.) and those that are mistaken by
the cells as nutrients (such as Cd, As), the so-called “recycling
elements”™. The approximate formula of algae for the ocean
proposed by Morel and Hudson[4] is as follows

rofe in binding metal ions
thereby regulating

C 105H26301 IGN 16P 1(FE,ZG,MI§)D‘O 1 (Cu’Cd’Ni‘etc')O.ODI

and Sigg [2,3) showed that the composition of algae in Lake
Zurich can be approximated by the formula

(CH0),(NH) H PO, Cu

H(?WI (Ilﬂ

Wray saHovurp WE BE INTERESTED IN THE ADSORPTION OF HEAvY

METALS BY ALGAL SURFACE?
Xan-BIN XUE

MEMBRANE CELL INSIDE

The binding of heavy metals in natural water depends on the
relative affinity of these metals to the ligands in solution and
the affinity to the surface sites of algae. The comparing of dif-
ferent possible scavenging phases with the calculated resi-
dence time ratios shows{4] that only biological materials can
exhibit the high affinity required for the efficient metal scav-
enging, especially in deeper ocean. Furthermore, fluxes of Cu
and Zn to the sediment in Lake Zurich {3] are higher in June-
September, i.e. at times when biological meterials have im-
portant sedimentation, rather than in the fall and winter.
These facts indicate that heavy metals are mainly associated
with the biological materials and settle with them.
The interaction of metal ions with the surface of algae are
probably also of importance in the bicavailability of
heavy metals to the algae or in the toxicity ef-
fects. It has been well established that the
lability of most metal ions and their
toxicological effects are pri-

activity of free metal ions.

this is so. The pro-
the metal ions
liams {5].

The arguments given illustrate how important it
is © assess the adsorption of heavy metals to algae
surfaces and to develop special methodology for

measuring free metal ions. Especially sensitive
methods such as voltammetry (including
anodic stripping voltammetry), or es-
pecially developed ion selective
electrodes. which can be used
without separation of the solid
phase are needed, Fig, 2 ex-

bicavai-
physiological or
marily related to the

In fig. 1,1 illustrate why
cesses for the transportation of
“infig.] have been described by Wil-
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Fig. I : n
Scheme for interaction of metal ions with
algae as a simple chemical model,
The cell shape is taken from an eleciro-
microscopic morphology of Chiamydo-
monas reinhardti. Heavy mefals bound to
particulate phase setile down with settling
particles. Algae are a main scavenger. In a
simple model, the metal ions equilibrate on the
outside of the cell with biologically produced and '\
exsuded ligands L, or ligands on the cell surface L ;
these reactions are followed by a slow transport step to
the inside of the cell. In the cell, the metal ions may be

b

used in biochemical processes or become trapped in inactive

Biosynthesis (feedback

emplifies a set of titration
curves for voltammetry
to measure directly me-
tal ions in solution in
the presence of algae
{6]. In order to be
! closertolowerlevels
4 of free ion concen-
tration encountered
in natural waters, we
extended recently
the methodology to

l mechanisms}

Z MLy
(trapped metal ions,

metal ions in chemical
processes)

L4

forms by a detoxifi-
cation mechanism.
g Metal complexes
4 bound on the cell sur-

face would be a driving
Jorce to the inside of the
" cell. Surface coordination
madel can describe the extent
and the affinity of metal binding
to the cell surface.
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use metal ion buffers [Xue ef al., in
preparation].
Our initial results on bmdmg of heavy
metals to algae surface, adsorption and
uptake kinetics of Cu(ll}) and Cd(ID,
have been reported[6]. The results show
that metal ion adsorption is consistent
with a model in which the metal ion
became in a first fast step coordinated to
the algae surface, and subsequently
became transferred in a slow step into
the inside of the cell. The uptake kinetic
curves show that a pseudo-equilibrium

with the algae surface seems to be at-

tained in a few minutes, and metal bind-
ing on the cell surface in form of surface
complex formation with surface furic-
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Fig. 2

Titration curves of algae with Cu(II) at pH 7. Concentration of algae, 12.8 mg {dry

weight) I

Curve 1, labelled Cu(II) as a function of added Cu(HI); Curve 2 ,free [Cu*t]asa
function of total dissolved residual Cu(lIl) {corrected for loss); Curve 3, labelled
Cu(ll) as a function of dissolved residual Cu (IT).

tional kigand groups occurs prior to the
transport of the metals through mem-
brane in the inside of cell. Thus, surface
complex formation or adsorption equili-
bria, in principle similar to those dis-
cussed for oxide surface, can describe
the extent and affinity of metal binding
cell. Representative data are given in
fig.3, in which the curves are calculated
on the basis of two-site Langmuirmiodel,
the insert describing a considérable de-
viation from a linear relationship for the
single Langmuir model at high cover-
age. If an interaction energy at the sor-
face is taken into account because of the
tendency of metal binding decreasing
with increased metal loading of the al-
gae surface, the surface complex forma-
tion equilibrium expression would be
the constant capacitance model, sois the
Flower Guggenheim Frumkin (FFG)
model. The total capacities of metal
binding on the cell surface of C hiamydo-
monas, estimated by FFG model, are
1.6x10~ mol/g and 30 ions per nm* or
10" - 10'° metal ions per cell, respec-
tively. These capacities are about one

{R—Cur‘ [g atgas mot”" Culi} bound)

H 1 H 1 L 3
o 25 5 5 100 12d

[€u?*3~* (MW" 1xi0®

1.2 1.4 1.6
{Cu] mol/
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order of magnitude larger than that re-
ported by Morel and Hudson [4]. The
affinity of algae cell surface is similar to
that observed earlier by Gongalves efal.
[7] on the interaction with bacterial cell
suspensions, and appears to outweigh
that observed for colloidal iron oxide of
stmilar surface area.

(1] Whitfield M. and Tumer DR, in
“Aquatic Surface Chemistry”, Stumm
W., Ed., (1987), pp. 457-493.

Sigp L., in “Chemical Processes in
Lukes™, Stumm W., Ed., (1985}, pp.
283-307.

Sigg i.., in “Aquatic Surface Chemis-
try”, Stumm W., Ed., (1987}, pp. 319-
349,

Morel F.M.M. and Hudson RJM,, in
“Chemical Processes in Lakes”, Stumm
W., Ed., pp. 251-281.

Williams R.J.P., Phil. Trans. R. Soc.
Lond. B 294, (1981), 37-74.

XueH.B., SmmmW and Sigg L., Water
Research , 22, {1988}, 917-926.
Gongalves M.L.5., Sigg L., Reutlinger
M.and Stumm W., Sci. Tot. Env., 60,
(1986), 105-119,
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Fig. 3

The adsorption isotherms for the bind-
ing of Cu(Il) to the algae surface at
constant pH

The curves are calculated by two-site.
Langmuir equation. The insert shows
the reciprocal forms of single
Langmuir, the non-linearity isduefoa
decrease in binding tendency with in-
creasing surface coverage. This can be

‘corrected in more involved models.



FATE OF IRON AND ALUMINUM IN LAKE CRIS~
TALLINA (SWITZERLAND)

JERALD SCHNOOR, RUDOLF GiovanoLt, Laura §166,WERNER
StumM, BARBARA SULZBERGER, JURG ZOBRIST

Acidic lakes and streams are often found
in areas receiving acid deposition with
sensitive geology and hydrology. Be-
cause of their crystalline rock geology
and fast runoff, these natural waters
have low concentrations of alkalinity
and base cations {calcium, magnesium,
sodium and potassium). Under the in-
fluence of increasing acidic deposition,
neutralization by chemical weathering
is often insufficient to prevent acidifi-
cation (acid newtralizing capacities be-
come less than zero). Aluminum and
sometimes iron concentrations are ele-
vated in these acid waters, and alumi-
num is toxic to fish and other aquatic or-
ganisms at concentrations greater than
4-8 uM liter? [1}. Also, aluminum is
known to be toxic to fine roots of trees
and may be one factor in forest de-
clinef2]. Aluminum and iron oxides
piay animportant role in the biogeoche-
mical cycling of trace elements, espe-
cially metal ions and some natrients[3].
Knowledge of the fate of iron and alu-
minum in acidic waters is important to
understand the dynamics and health of
ecosysiems.
Fig. 1 is a schematic of the fate and
transport of iron and aluminum through
saturated groundwater in thin tils.
Groundwater and streams transport dis-
solved ferrous iron and aluminum {o-
wards the lake. Some ironis lost via oxi-
dation and precipitation along the way,
and some aluminum is lost due to preci-
pitation. Once to the lake, submicron
particles of amorphous aluminum hy-
droxide sorbto sediments and are remo-
ved from the water column, However,
aluminum hydroxide is subject to redis-
-solution with decreases in pH due to
snowmelt or rainfall runoff events.
Iron{I1) has a more complicated story:
Fe* that makes its way to the lake is
subject to slow oxidation under acidic
conditions. Once oxidized, it precipita-
tes and settles to the bottom. In contrast
to aluminum which sorbs throughout
the sediments as submicron point flocs,
the iron(}1) hydroxides coagulate and
form patches of clearly visible orange
surficial sediments. Aluminum hydro-

xides are white, amorphous, and spread
throughout the sediments; it is impossi-

" ble to see AI(OH), visually or to detect

it via X-ray diffraction. Iron hydroxides
are clearly visible through clear water,
they are also amorphous to X-rays, and

coagulate in flakes of a few mm in the.

iargest dimension. The transformation
of ferric hydroxide to goethite is stron-
gly retarded by the presence of silicic
acid, also present as a weathering pro-
duct [4]. Butferric hydroxide can bere-
reduced yielding soluble Fe®, and an
iron cycle resuils that is coupled with
metals and nutrient cycling (see Sulz-

_berger et al. see pages 18-22).

1. S1TE DESCRIPTION

Lake Cristallina, atanelevation of 2400
m, in the southern alps of the Maggia
valley, Tessin, Switzerland, provides
an excelient opportunity to examine the

relationship between chemical weathe-

ring, acid deposition, and the fate of
iron{Il} and aluminum in acidic waters.
It lies above the tree-line with very thin
soils and exposed bedrock over most of
the watershed. Cation exchange and
vegetation processes are relatively mi-
nor compared to forested ecosystems.
Bedrock consists of granitic gnetss with
steep slopes and granitic blocks in the
upper portion of the catchment. The
lake receives an average of 1.6 m per
year of precipitation, mostly as snow,
with an annual runoff of approximately
1.2 mi5]. The drainage area is 17 ha
with a lake surface area of 0.75 ha and
a mean hydraulic residence time of 1-2
weeks. The pH of precipitation is 4.85,
with snow precipitation about pH 5.0
and rainfall pH 4.8 [6]. Dry deposition
is not a large contribution to the total
acid deposition, but there is evidence of
some nitrate (HNO,} deposition in the
winter snowpack and sulfate (5Q,) depo-
sition in the summer. Lake Cristailina
has an average pH of 3.1, indicating
partial neutralization of acidic deposi-
tion.

The primary reactions that serve to
neutralize incident acid deposition are
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chemical weathering and nitrate assi-
milation/reduction. Principal minerals
that contribute solutes to Lake Cristalli-
na via chemical weathering reactions
have been identified as plagioclase feld-

- spars (30-45%), epidote (2-4%), bioti-

te(8-14 %), and orthoclase (10-14, K-
feldspar) [7]. Some calcite is believed
to enter the catchment as wind-blown
dust from nearby basins with exposed
Triassic dolomite and calcareous shale

- (Biindnerschiefer).

2. Reacrion KingTICS

Iron(H) that is liberated by biotite weath-
ering reactions can be transported signi-
ficant distances at low pH, even under
aerobic conditions. Eventually iron(Il)
is oxidized to iron(II} hydroxides [8-
10] which coagulate and become a part
of the sediment. The overail oxidation
reaction for Fe™ can be written:

Fe+1/40,+20H "+ 1/2H,0
&5 Fe(OH),(s)

Kinetics of the reaction depend on the
partial pressure of oxygen at saturation
andthe square of the hydroxide ioncon-
centration according to the law of mass
action. '

d{Fe*}/dt = - k(Fe*}{OH}? pO,

where k is the rate constant equal 10 8
x 109 mintatm ' M-2at 20°C, tis time
in minutes, and pQ, is the partial pres-
sure of oxygen (approximately 0.2
atm).
Kinetics of the reaction were first stu-
died under conditions typical of natural
waters by Stumm and Lee [9].
Oxides of aluminum and iron are sub-
Jjectiosurface coordination reactions by

hydrogen ions and organic ligands.

Surface coordination of hydrogen ions
or organic Hgands is fast at the mineral
surface. The rate determining stepisthe
slow release of the “activated complex”,
that is the coordinated central metal ion
with its ligands. Thus, the rate of reac-
tion is dependent on the concentration
or fraction of surface sites occupied by
protons orcoordinating ligands. For hy-
drolysis of oxides, the following rate
equation has been proposed [F1-13].

diM™)/di =k, S (F-OH,")"

where k, is the rate constant for atlack
by hydrogen ions, 8 is the surface area
ofthe mineral, and the term in brackets
is the activity of protons on the surface

5



raised to the power of the number of
coordinating hydroxide lipands (the
valence of the central metal jon in this
case).
The hydrolysis reaction is notimportant
for ferric hydroxide precipitates due to
their low solubility, but it is critical for
amorphous aluminum hydroxide. Sub-
micron precipitates of AI(OH), come
into and out of solution very quickly
with small changes in pH, due to their
relatively high solubility in acidic wa-
ters and the large surface area associa-
ted with the amorphous phase. It is a
surface controlled dissolution reaction.
Aluminum hydroxide dissolution pro-
ceeds until saturation, and equilibrium
expressions assuming control by natu-
ral gibbsite can often be employed{14.]

AWOH),(s) + 3 H"
S AP+ 3H0 K=10+77

At pH 5.1, the average number of hy-
droxide ligands associated with the alu-
minum complex ion is one, and in the
range pH 5.2- 6.0, two hydroxide li-
gands are complexed predominantly.
Aluminum toxicity to fish appears to be
most severe in waters which are super-
saturated with respect to AI(OH), {15],
and this is the case at Lake Cristallina

(71

3. SEM/TEM/EDX PHOTOMICRO~
GRAPHS

Scanning Electron Microscopy (SEM},
Transmission Electron Microscopy
(TEM), and Energy Dispersive X-ray
-spectroscopy (EDX) were used to de-
termine the most weatherable minerals
in the catchment of Lake Cristallina for
the geochemical mass balance. Fig. 2
shows feldspar and biotite crystals (Fig.
2a and 2¢) that were the most weathered
minerals found in sediments and rock
fragments. Etch pits were pronounced
on the surface of plagioclase grains, and
they occurred in lines following crystal
defects as well as randomiy across the
surface of the grain. An X-ray fluores-
cence spectrum of a quartz grain is
shown in Fig. 2b, indicating an iron
oxide covering that was observed vi-
sually and with SEM/EDX on some
grains.
While several investigators have repor-
ted gibbsite solubility control in acidic
waters, it has not been possible to de-

monstrate its existence using X-ray dif-

fraction in northern temperate regions

6

uv

Primaty Minorais

in il
\ Al

Fe2+
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ALOH)3
Fe{OH),

agranilic bedrock

receiving acid deposition. Aluminum
hydroxide that is formed is amorphous

. to X-rays, Another secondary weathe-

ring product, kaolinite, is also not de-
tected. Apparently, temperatures are too
cold ‘and water fransport too rapid for
the formation of kaolinite even in
groundwater, where pH and H SiO, con-
centrations are relatively high and kao-
linite is supersaturated.

Fig. 3is ascanning electron micrograph
(element distribution map) of decom-
posed biotite platelets in the fine frac-
tion of Lake Cristallina sediment. The
Si and Fe maps show high densities of
the elements indicating quartz-rich
grains and ferric hydroxide precipita-
tes, respectively. In contrast to Fe and
Si, the element map for Al is mostly
uniform over the entire scan, indicating
precipitation of tiny particles of amor-
phous aluminum hydroxide throughout
the sediment.

4, StmMpLE MODELS

Simple mathematical models can be
constructed to demonstrate the fate and
transport of iron and aluminum in acid
lake waters. For Fe™, the accumulation
of mass in the lake is equal to the mass
inflow minus the outflow mass discharge
plus or minus the amount due to reac-
tions { oxidation/precipitation, and re-
duction):

Fig. 1.
Fate of iron and
aluminum in

groundwater and
acid lake water of
an alpine catch-
mentreceiving acid
deposition

The rate constant for reduction of amor-
phous ferric hydroxides in sediments
and lake waters, k_, is negligible in
Lake Cristallina. In grab samples, re-
duced iron concentrations have been
less than detectable (<5 x 107 M). Upon
irradiation of water with 4 kW/m® of
white light containing 5 g liter! of su-
spended solids collected from ferric hy-
droxide deposits in the surficial sedi-
ments of Cristallina, significant relea-
ses of Fe* were observed under air and
nitrogen gas atmospheres. Sulzberger
et al. (in this issue) discuss the reactions
that can reduce iron hydroxides in the
environment, including reductive dis-
solution by organic ligands which form
surface coordination complexes, Fe?*
catalysis of hematite dissolution ,and
photoreduction. The orange-colored
ferric hydroxide flakes observed in sur-
ficial sediments of Lake Cristallina are
exposed to sunlight through clear lake
water {suspended solids concentration
less than one my liter'), but there is &
paucity of coordinating ligands to serve
as reductants at the surface of the mine-
ral. (Dissolved organic carbon concen-
trations are on the order of 0.2 mg I-
ter-'.} The rate constant for ferric hy-
droxide reduction, k_,, 1§ dependent on
the light intensity, 1, the partial pres-
sure of oxygen which inhibits light-
induced reduction, and the Fe™* concen-
tration itself, as an autocatalyst. When
the reduction reaction is significant, a
steady state concentration of Fe* will
develop, and a diurnal cycle will be ob-

V (d{Fe*}/dt) = Q{Fe“]in-Q[Fez*%kgx{Fez*} (O,(aq) H{H*}2V+k_ [>FeA-]V
oxidation/precipitation reduction

accumulation inflow outfilow
where V = lake volumne

Q = volumetric flowrate

{Fe>*}in = infiow concentration from seepage/streams

k,_ = rate constant for oxidation = 3 x 107 min'! mol liter? at 53°C
10,(aq)} = dissolved Q, concentration = 375K 10%M

k,,, = rate constant for Fe** reduction = £ (1, pO,, Fe*")

{>FeA-] = surface complex ligand concentration.
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Fig.2

a) Etch pits on a feldspar erystal from
the Cristallina catchment area. The
grain is corroded. It is covered by a
Jilm of amorphous appearance. Since
the grain was yellowish-brown to the
naked eye, it can be assumed that this
SJilm is amorphous ferric hydroxide.

served if it is a photoreduction. Hydrous
iron oxides absorb near-ultraviolet light
and may serve as the reductant [16].

Under the assumptions of constant vo-
tume, steady state, and negligible Fe™
reduction. the mass balance equation
can be rearranged below. It is a first
approximation to the fate of iron(Il)

St

|
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50000

40000 +
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20000 -

o

entering an acidic lake such as Cristal-
fina.

[FeX}

i

(Fer} =

(1+k, 1, 10y HHT)

ax o

where ¢ = hydraulic detention time
{13 days, Lake Cristallina}

Fig. 4 is a plot of the preceeding equa-
tion. The logarithm of the ratio of Fe* in
the lake to Fe™ in the inflow is given as
a function of the hydraulic detention
time and pH. It shows that lakes at pH 6
will not have detectable concentrations
of reduced iron because the rate of oxi-
dation is too rapid. It is not untii the pH

¢) Scanning electron micrograph of a pack af mica platelets in
the neighborhood of the feldspar of Fig. 2a The pack is at-
tacked at the edges of the platelets.

of lake is less than 5.0 that significant
Fe® concentrations should be observed
at detention times greater than 10 days.
Because the presence of Fe** is favored
with decreasing hydraulic detention
time, elevated Fe™ concentrations may
occur more frequently in streams than
in lakes,

5. OveErRALL GEOCHEMICAL
Mass BALANCE

The overall geochemical mass balance
for the catchment at Lake Cristallina is
the following, based on chemical analy-
ses of precipitation and lake water from
1982-88:
Ca Mg, Na K Fe, Al 51,0, . + 18
H*+ 123/2 H,0
S3INat + 2K+ 6Ca™ + 1/2
Mg* + 25 H 810, + 12 AI(OH) (s)
+2.5 Fe(OH), :

7.5

Every liter of water passing through
Lake Cristallina dissolves one micro-
mole of the hypothetical aluminosilica-
te mineral. [t serves to neutralize acidic
deposition and release base cations,
dissolved sitica, amorphouas aluminum
hydroxide, am_:l dissolved iron which is

Fe b} X-ray fluorescence spectrum taken in the
scanning electron microscope on a quartz grain
Fe nearthe feldspar of Fig. 2A. The spectrum shows

i a 3 4

500 SEC

5 B 7

mainly S5i and Fe, confirming that the brownish
covering film is amorphous ferric hydroxide.

Some K and Al also show up, presumably from a

{KEV})
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subsequently oxidized to ferric hydro-
xide. About half of the AI(OH), is re-
dissolved and appears as inorganic alu-
minum in discharge waters. On a mass
basis (kg hat yr'), the overall reaction
can also be written:

34 aluminosilicates+ 0.22 H*+ 13 H,0
0.8 Na* + 09 K*+ 2.9 Ca™ +
0.14 Mg™ + 29 H;8i0, + i
Al(OH), + 2.7 Fe(OH),

The hydrogen ion deposition amounts
10.224 eq ha''yr' which is a threshold
for acidification of the most sensitive
lakes in northern temperate climates
[18]. Ofthe 2.7 kg ha yr' of Fe(OH),
that is released from weathering reac-
tions, virtually all of it is oxidized and
remains in the caichment, accounting
for the formation of 3.2 kg ha' yr' of
solid ferric hydroxide in the soils and
sediments. To a large extent, the geo-
chemical mass balance, together with
iron(I oxidationkinetics, describes the
fate of iron and aluminum in the catch-
ment of Lake Cristallina.

6. CONCLUSIONS

Electron microscopy has helped to elu-

cidate the weitherable minerals in the.

catchment of Lake Cristallina; they are
feldspar grains of various mineralogy
and biotite. The feldspar minerals pro-
vide calcium, sodium and potassium
ions to the lake. Minor amounts of epi-
dote (a hydrous silicate), Ca,(ALFe),

Fig. 3.

Element distribution maps for a sedi-
ment sample, taken in the transniis-
sion electran micrescope in scanning
mode. The elements Al, Si, Fe show
themselves in their respective X-ray
fluorescence radiation, The scanning
transmission picture (bottom left)
shows the analyzed region. The Si
signal goes by and large with the con-
trast of the particles, while the Fe sig-
nal shows on the right hand side a
pack of biotite platelets standing on
edge, and in the rest of the picture, ag-
gregations not corresponding to the
image contrast of the reference pictu-
re (bottom left). The Al signalis event
more evenly distributed all over the
picture, indicating a mass of tiny par-
ticles af amorphous aluminum hy-
droxide.

8

Log Fe(lI)/Fe(IDin

Fig. 4.

Log-Log plot of the calcu-
lated ratio’ of reduced iron
concentration in a lake to
the input concentration yer-
sus the hydraulic detention
time and pH {(According to
equation given in the text).
Lake of low pH (less than 5)
and short detention time will
contain significant Fe(Il)

e A s R St M
-2 o

log t_, days

(8i0,),0H and trace quantities of wind-
blown calcareous dust may also supply
calcium to the water. Biotite provides a
source of magnesium, potassium and
reduced iron to groundwater and lake-
water, Ferrous iron from biotite weathe-
ring is eventually oxidized, and it is de-
termined spectroscopically in the sedi-
ments as amorphous ferric hydroxide
flakes and as coatings on some mineral
grains. Aluminumions from aluminosi-
licate weathering reactions precipitate
as submicron amorphous aluminum hy-
droxide, and these small particles are
observed throughout the sediments.
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' concentrations due to slow
. 4 iron oxygenation under
these conditions.

They are subject to rapid re-dissolution
and precipitation depending on changes
in pH of these acidic waters. Simple
mathematical models indicate that lakes
with pH< 5 may have signigicant steady
state concentrations of Fe*. An overall
geochemical mass balance results in 34
ke ha'yr! of rock weathering that neu-
tralizes 224 eq ha! yr'of acidity and
yields 3 eq ha'' yriof hydroxide and = 6
eq ha? yr' of aluminum hydroxide.
Future work wili focus on the photore-
duction of ferric hydroxide sediments
and the steady state concentration of
}::elw.
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COLLOIDAL STABILITY AND EUTROPHICATION
CHARLES R. O°MELIA AND ULrRICH WEILENMANN

With hydraulic residence times ranging
from months to years, lakes are efficient
settling basins for particles. Lacustrine
sediments are sinks for nutrients that
support biological growth and for pol-
tutants such as those toxic metals and
synthetic organic compounds that asso-
ciate with particulate matter. Research
has been conducted jointly by investi-
gators at the EAWAG and Johns
Hopkins University on the significance
of the effects that natural coagulation
can have on particle sedimentation and
water quality in lakes. Natural aggrega-
tion increases particle sizes and thus
particle settling velocities, accelerates
particle removal to the bottom sedi-
ments, and 'decreases particle concen-
trations in the water column. Results of
this research have been published else-
where [1, 2]. This report contains a
short summary of the work and some
comments about the origins and effects
of colloidal stability in natural aquatic
systems,

1. METHODOLOGY

The approach used in this research was
to cormpare experimental evidence ob-
tained from Swiss lakes with model

Fig. 1

simulations so as toevaluate effects that
coagulation can have in lakes. In the
course of this study attention was also
directed towards the chemical factors
that influence colloidal stability in natu-
rat waters,

The experimental aspects of this study
were focussed on two hard-water lakes
in Switzerland, namely, the northem
basin of Lake Ziirich and Lake Sem-
pach. The hydraulic residence time of
Lake Ziirich is 1.2 years. Most of the

_ particles in the lake are produced di-

rectly or indirectly by biological proc-
esses within the lake itself (e.g., photo-
synthesis, CaCO, precipitation). Phos-
phorus removal has been implemented
in recent years at all wastewater treat-
ment plants discharging into the lake; at

present Lake Ziirich can be described as

between meso- and eutrophic. Lake
Sempach has an average hydraulic resi-
dence time of 15.8 years; as in Lake
Ziirich, particies in the lake waters are
primarily autochthonous. Phosphorus
concenirations have increased substan-
tiakly since about 1970 and the lake is
eutrophic. Aeration and destratification
have been introduced to prevent anoxic
conditions in the hypolimnion and to
reduce internal phosphorus cycling.

Experimental measurements ineachlake
included particle concentration and size
measuremenis in the water column, sedi-
mentation fluxes in sediment traps (by
M. Sturm, EAWAGQ), and chemical and
size characteristics of materials recov-
ered from sediment traps. The colloidal
stability of the particles in the lake waters
was determined with laboratory coagu-
lation tests. Colloidal stability was de-
scribed by astability ratio oy attachment
probability (o) defined as the rate at
which particles attach to each other di-
vided by the rate at which they ap-
proach each other. Foraperfectly stable
suspension, a=0; for a completely un-
stable one, o=1. Experimental proce-
dures are described elsewhere [3-3].
Box models were used in a mode! 1o
simulate particle transport in lacustrine
systems that involve fluid flow, coagu-
lation, and gravity, Each lake in sum-
mer was segmented inio three well-
mixed boxes corresponding to the epi-
limnion, thermocline, and hypolimnion.
Particles in the lake waters were classi-
fied only by particle size in each lake
compartment; typically about 25 size
classes were used in each box. A differ-
ential equation for the rate of change in
the number concentration of particles in

Model simulations of particle volume concentrations in the summer as functions of the particle production flux in the
epilimnion of Lake Ziirich, adapted from [1].

Predictions are made for the epilimnion (A) and the

A /

hypolimnion (B). Simulations are made for input particle size
distributions ranging from 0.3 to 30 wm described by a
power law with an exponent of . For =3, the particle size

without coaqulation
ang removal by
sedimentation

distribution of inputs peaks at the largest size, i. e., 30 um.
For =4, an equal mass or volume input of particles is in
every logarithmic size interval {1,8]. Two particle oraggre-
gate densities ( pp) are considered, and a colloidal stability
factor (o) of 0.1 is used. The broken line in (A) denotes
predicted particle concentrations in the epilimnion when

PARTICLE VOLUME CONCENTRATION

:?m particles are removed from the lake only in the river out-
E L | flow. Shaded areas show input fluxes based on the collec-
"‘E tions of total suspended solids in sediment traps and the
= composition of the collected solids.
10 u
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| 4 b : 3 B ]
Py 15¢ cm/ 4
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PARTICLE PRODUCTION FLUX {cmimZd™)
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each size class in each box was written;
for three lake compartments and 25 size
classes, 75 equations resulted. These
were integrated numerically to yield
particie concentrations and sediment-
ing fiuxes that varied in time and space.
Coagulation removes particles from
small size classes and introduces them
into larger ones; the kinetics of coagula-
tion followed the classic expressions of
Smoluchowski [6] with gravity effects
(differential sedimentation) as consid-
ered by Friedlander [7]. Sedimentation
was described by Stokes” law in lami-
nar conditions. Particles were assumed
to be created in the lake by biological
production and chemical precipitation.
In addition to settling, they were re-
moved from the lake by river discharge.
Additional information about the mod-
elling approach is provided elsewhere
[4,8,9].

2. ReEsuLTs AND INSCUSSION

Particle stabilities in Lake Zurich (o =
0.1) and Lake Sempach (o = 0.01) dif-
fered by about an order of magnitude,
with the particles in Lake Sempach being
more stable [1, 31. Dissolved natural
organic substances have been reported
as stabilizing agents [e.g. 2, 10, 1] and
divalent metal ions as destabilizing
agents in aquatic systems. Both lakes
contain appreciable and similar con-
centrations of calcium, about 1.2 x 107
M. The difference in colloidal stability
between the two lakes is consistent with
the difference in the concentrations of
dissolved organiccarbon (DOC) inthese
jakes. DOC is low in Lake Zurich, ~ 1
mg liter; in Lake Sempach it is about
4 mg liter'. These results suggest that
solution chemistry retards coaguiation
in Lake Sempach, reducing coagulation
rate coefficients by an order of magni-
tude compared to Lake Zurich. The low
particle stability (high attachment proba-
bility) in Lake Zurich favors coagula-
tion, particle growth, and enhanced
sedimentation.

Results of model simulations of effects
of coagulation {=0.1)and sedimenta-
tion at steady state in Lake Zirich dur-
ing summer are presented in Fig. L.
Particle volume concentrations in the
epilimnion and hypolimnion are plotted
as functions of the particle production
flux in the epilimnion. Biological deg-
radation and chemical dissolution of
particles are neglected in these calcula-
tions. Predicted particle concentrations

are sensitive to the physical characteris-
tics of the particles produced in the
epilimnion, to their aggregation, and to
their removal by sedimentation. Ob-
served particle volume concentrations
are 3-10 cm® m+ in the epilimnion and ~
1 em® m? in the hypolimnion. Model
simulations indicate that these concen-
trations can result from a particle pro-
duction flux of 7-10 cm’m? d and &
particle or aggregate density of 1.5 g
cm’®, in agreement with estimates from
the sediment trap data. Aggregates with
adensity of 1.5 g cm~are considered to
resuit from coagulation of caleite par-
ticles with phytoplankton. A particle
production flux of 3 cm® m? d! in the
epilimnion would produce, in the ab-
sence of particle removal by sedimenta-
tion assisted by coagulation, a particle
volume concentration in the epilimnion
of 43 em® m? (Fig. 1), considerably in
excess of observations. The model for
coagulation and sedimentation used in
this research provides a physical con-
nectionamong particle productionrates,
deposition fluxes, and water column
concentrations observed in Lake Ziirich.
In Lake Sempach, coagulation occurs
and is important in establishing the
decrease in particle concentration with
depth observed from the epilimnion to
the hypolimnion, but it is sufficiently
slow that biological degradation and
chemicai dissolution of particulate
materials exert substantial effects in
reducing suspended concentrations and
settling fluxes. The origin of this slow
coagulation rate in Lake Sempach lies
in solution chemistry and specifically in
the high DOC concentration in the lake
waler,

3. CoLLOIDAL STABILITY

The enhanced stability of natural par-
ticles in patural waters containing natu-
ral organic matter is a consistent obser-
vation without a clear cause. Some
speculation is presented here. Humic
substances comprise the principal frac-
tion of dissolved organic matter in most
natural waters. These molecules can be
considered as flexible polyelectrolytes
with anionic functional groups [12];
they also have hydrophobic components.
In fresh waters such molecules assume
extended shapes due to intramolecular
electrostatic repulsive interactions.
‘When adsorbed at interfaces atlow ionic
strength, they assume flat configura-
tions {13]. Adsorption on inorganic
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surfaces such as metal oxides couid
result from the ligand exchange of func-
tional groups on the humic substances
{carboxylic, phenolic) with surface
hydroxyl groups on the metal oxides,

- supplemented by a hydrophobic inter-

action involving nonpolar components
of the humicmolecules. The resuit would
be an accumulation of negative charge
on the surface of the oxide due to the
adsorbed organic substances. At low
ionic strength the Debye length (diffuse
layer thickness) could exceed the thick-
ness of the flat adsorbed organic layer
and the particles would be stabilized
electrostatically. The origin of the sta-
bilization is in the chemical and hydro-
phobic interactions between the humic
substances, the water, and the surface;
the effect of these interactions is an
electrostatic type of stabilization of the
particles. In this perspective, calcium
ions could interact specifically with
functional groups on the adsorbed
molecules, reducing the net charge on
the particle; a reduction in the range of
diffuse layer interactions would also
occur. A decrease in particle stability
(increase in «) would result, For or-
ganic surfaces such as algal cells and
detritus, the process would differ some-
what, but particle stability would again
involve adsorption of anionic natural
organic substances through specific
chemical and hydrophobic interactions
to produce negatively charged particles
that are stabilized primarily by their
charge.

Humic substances in lakes can resuit
from autochthonous biological proc-
esses within the lake and from alloch-
thonous inputs from terrestrial sources.
The macromolecular biclogical debris
produced by biological wastewater treat-
ment plants can have chemical and
physical characteristics similar {o natu-
ral organic substances and might pro-
vide a source of stabilizing organic
matter when discharged into lakes.

4, CONCLUSIONS

Resulis of experimental measurements
and mathematical modelling demon-
strate that coagulation in lakes can be
sufficiently rapid and extensive to af-
fect suspended particle concentrations
and sedimenting fluxes significantly.
The process dominates particle remaoval
in Lake Ziirich and substantially influ-
ences particle concentrations in the water
column of Lake Sempach.
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TrE INFLUENCE OF AMMONIA ON THE OXIDATION OF AQUEOUS
SULFUR DIOXIDE IN ATMOSPHERIC DEPOSITION

PuiLippe BEHRA, LAURA SIGG, AND WERNER STUMM

1. INTRODUCTION

it is well known that oxides of sulfur
and nitrogen emitted into the atmos-
phere are converted by various oxidative
pathways in the gaseous and agueous
phases into sulfate and nitrate, With
regards to SO,, this transformation is
relatively fast in the aqueous phase and
occurs there primarily {1, 2]. On the
other hand, the rate of oxidation of
nitrogen oxide occuring fastin the gase-
ous phase is considered to be slow in the
~ aqueous phase. Since these oxidation

reactions are accompanied by a genera-
tion of protons, the aqueous phase be-
comes acidic: the overall process is
termed acid deposition [2].

Although emissions of ammonia are
able to neutralize part of the aqueous
acidity, NH, has consequences by af-

fecting the rate of SO, oxidation and.

thus the H,S0O, generation; furthermore,
any NH, deposited on soils adds to soil
acadsﬁcatlon by becoming eventually
converted into HNO, by microbially
mediated nitrification.

The importance of NH, in the atmos-

phere and its role in acid deposition and
indirect effects on the oxidation of SO,
have been recognized by various au-
thors [3, 4]. Our interest in the role of
NH, in acid deposition was stimulated
by measurements of the chemical com-
position of fog and aerosols, and the
assessment of factors that regulate their
composition {5, 6, 7].

Although the source funciions of NH,
and SO, showed considerable vari-
ations, remarkably constant molar pro-
portions of NH,* and SO,* have been
observed in fogwater during events

Natural coagulation inlakes is a process
that is strongly influenced by solution
chemistry. Calcium ions act as destabil-
izing agents and enhance natural coagu-
lation while dissoived natural organic
matter stabilizes particles and retards
coagulation. Since solution chemistry
varies widely among lakes, natural
coagulation rates are expected to vary
widely among lacustrine systems. Field
observations of Lakes Zurich and Sem-
pach support this view. Although pri-
mary productivity in Lake Ziirich is
considerably lower than in Lake Sem-
pach, higher sedimenting fluxes are
observed in Lake Zirich, The waters of
Lake Ziirich are low in dissolved or-
ganic carbon, permitting rapid coagula-
tion in the epilimnion of the lake and
producing correspondingly rapid sedi-
mentation rates. Colloidal stability can
be a factor in eutrophication [11.

So, the sources of DOC in lakes merit
identification, as well as the extent to
which eutrophication can be influenced
by the persistent organic substances that
are residues of biological activity in
otherwise efficient wastewater treatment
facilities.
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recorded in Diibendorf, a suburb of

Zurich, Switzerland. Of particular in-

terest to us were the observations made

during an accidental release of afew kg
ammonia within 500 m of our sampling
station and during a similar NH3fexpe-
riment on purpose. The measurements
of the fog composition showed in these
studied cases that the variation of the
concentration of SO* “followed” the
variation of the NH,* concentrations

[6]. These data lend support to the sim-

ple hypothesis that NH, mediates the

oxidation of SO, because

(1) the absorption of SO, into water is
enhanced by an increase in pH;

(2 the oxidation of agqueous 50, in-
creases with increasing pH;

{3) the buffering intensity provided by
the NH, in the water and especially
in the gas phase mitigates the lower-
ing of the pH and thus in turn assists
in sustaining relatively high oxida-
tion rates; and .

(4) the atmospheric acid neutralizing
capacity (ANC), i.e. the alkalinity
of the pas, aerosol and water phases
together, ultimately determines the
extentof SO, oxidationand the NH
to SO ratio in the deposition.

The object:ve ofthis paperis todescribe

amodel on the NH -mediated oxidation

of 50, in aqueous phase by ozone, and

to illustrate and discuss the applicabi-
lity of the model to selected case stud-
ies.

» First, the chemical model is de-
scribed; the acid-base neutralization
process in the atmospheric system, gas-
aerosol-water phases, are considered,
and the concept of alkalinity is investi-
gated for a gas-water system.

* Secondly, the evolution of the sys-
tem with time is studied with regard to
the alkalinity of the system, particularly
the aqueous phase atkalinity, The role
in the rate of the SO, oxidation of the
addition of strong acid or acrosols into
the system, as well as the variation of
the liquid water content, is investigated.
« Finally, results from fog samples
and from computations with this model
are compared in order to improve the
model, and to explain the fact that the
NH.* 8O,* and NO, concentrations
are in relatively constant proportions in
the fog water droplets [6].

2. CHEMICA_L MODEL

The oxidation of the SO, to SO by
dissolved H,0,, O,, or by dissolved 0,
catalyzed by Fe(III), or Mn(Il) in water
is accompanied by the release of two
protons {2}, In addition to the H,50,
generated, various other strong acids
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(HCI, HNO,, HNO,) and bases (NH,,
alkaline dust containing CaCOS, fly ash)
are presentin the aimosphere [5, 81. The
rate of oxidation of S0, in water de-
pends on the oxidant, on solution va-
riables, and on the presence of catalysts.

Our model system is built up by mixing
various gases (CO,, NH,, 50,, oxidant),
and liquid water {water droplets), within
a given volume, in a closed or open
system. Also, acids (HCI, HNO,) and
bases (alkalinity from dust) can be added
to the system, Then, a typical reaction
sequence is established by oxidizing
SO,; the H* ions produced as a conse-
quence of this oxidation “titrate” the
gas-water system to a lower pH (fig. 1).
In this model, O, is selected as the
oxidant for 8O,. The rate expressions
are characterized by a pH-dependence
that is in accordance with the observa-
tions 3, 6], while oxidation with H,0,
is not.

Forurban conditions and in winter time,
itis reasonable to assume that the partial
pressure pf HlOl, Proz » is lower than
Py, but also lower than p,,.

The NO_oxidation in the aqueous phase
is not considered.

At initial time, water droplets are as-
sumed to condense in a given volume
containing various atmospheric gases.
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The extent of water droplet formation is
assumed to be instantaneous, and is
reflected in the liquid water content.
Instantaneous (acid-base and gas-wa-
ter) equilibrium and dissolution of aero-
" sols in water are assumed. Mass trans-
port to the droplet surface or mass trans-
fer into the bulk phase is not considered
as Limiting [9], and is not taken into
account.

2.1. CHEMICAL EQUILIBRIUM MODEL

Water, aerosol, and gas phases are taken
into account in the chemical equilib-
rium model. Equilibria in our model
system are characterized by Henry’s
law for exchanges between the gaseous
and aquous phases and by acid-base
equilibria in the aqueous phase.

(1) In the open system model, constant
partia} pressure of each gas compo-
nent, (Peo,) and (P is maintained.
The total mol balances for the sum
of S(IV), and for the NH, species in
water (fig. 1) are given by (see fig.
i for the K-values):

% [SAV),,,]
= (Do )* (K, + KoK o [H
£ KK oK A HT) (M

[NHJ(uu)]T
=[NH,, ]+ [NHT = (py,) *
(K, +K K eEH) (2)

(2) In the elosed system model, there is
no exchange of matter between the
considered volume of the system and
the outside. Thus, the sum of compo-
nent concentration in the gas and water
phases within the total system remains
constant. For the component C, this
sum can be characterized by an initial
partial pressure noted (pg), Which is
assumed for volume of the atmosphere
before water droplets condense. If R is
the gas constant, T the temperature,
[C], the total concentration in the gas-
water systerm (in mol m™), C, the con-
centration of the species i, in presence
of liquid water in the atmosphere (g, in
I m3), we can write for a component C:

(Cly=(pg), /RT=
) [RT+q-ZIC,,,] @

The distribution of NH, and SO, be-
tween the gas and water phases depends
on pH, and, in a closed system, on the
liquid water content. If ¢ = 107 [ m*,
below pH 5.3, nearly all the NH, dis-
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solves in water to form NH_*, while SO,
is predominantly gaseous; above pH 8,
NH, is mainly in the gas phase, and
nearly all the SO, dissolves to form
SO,*-ions.

2.2 ATMOSPHERIC ACIDITY AND ALKA-
LINITY

1t is essential to consider the acid-base
neutralization process in the enfire
atmospheric system. The concept of
atmospheric acidity and alkalinity was
introduced to interpret the interactions
of NH, with strong acids emitted into
and/for produced within the atmosphere
(8, 10]. A net atmospheric acidity can
be defined by summing over all poten-
tial acids and bases in the gas, aerosol
and liquid phases, using reference con-
ditions for specific redox conditions,
and assuming the presence of liquid
water. Alkalinity is defined by a net
proton balance with regard to a refer-
ence level; that is the sum of the concen-
trations of all the species containing
protons in deficiency minus the concen-
trations of the species containing pro-
tons in excess of the proton reference
level,

The emission of gaseous NH into the

atmosphere essentially “mrates the

inputs of the potential strong acids. In
case of a residual atmospheric alkali-
nity, all the SO, absorbed into a water
droplet wili be relatively readily con-
verted into H,SO_. On the other hand, in
case of res:dual atmosphenc acidity,

i.e. the ammonia cannot “neutralize”

the acids present and the acidity gener-

ated by SO, oxidation, SO, oxidation by

0O, becomes kinetically delayed (anio-

inhibition due to the lowering of the pH

as a consequence of SO, oxidation).

The ammonia-by influencing pH, buffer

intensity and ANC - essentially regu-

lates the extent of SO, oxidation by O

The oxidation starts instantaneously,

i.e. as soon as the pH is sufficient high,

and occurs withina time peried of a few

hours. Thus, we can expect in atmo-
spheric water droplets (cloud, liquid
aerosol , rain, ) relatively constant pro-
portion of NH;* to 8O ([NH,] /

{50, =2).

If NH, and 80, are in an open system,
the buffer intensity is very high and
the pH variation is not large: gase-
ous NH, is able to neutralize the acid
additions by forming NH,*, while
SO, can neutralize the base additions.

If NH, and SO, are in a closed system,
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the buffer intensity is significant as
long as all NH, is not exhausted in
gas phase, and is able to be dis-
solved into water to neutralize acid
addition,

On the other hand, in a iomogeneous
and closed system in which NH, and
SO, are considered as being non-
volatile, the pH-range is very large:
the buffer intensity is very low if
some acid is added,

A new computer program is being
puilt up [11] using the chemical equi-
librium program, MICROQL [12]. Al-
kalimetric and acidimetric titration
curves can be calculated using elec-
troneutrality equation or proton condi-
tion. The variables are the initial partial
pressures of SO,, NH,, and O, the lig-
nid water content, the aerosol concen-
trations, and the concentrations of base
(alkaline dust, e.g. CaCO,) or strong
acid (HNO,; HCL, or H,50,).

3. ReEsuLTS AND DISCUSSION

3.1. DYNAMIC BEHAVIOUR OF SOLUTIONS
wiTH SO, OXIDATION IN AQUEOUS PHASE

In order to illustrate the resuits of our
computer simulations, we will first
consider the simplified system CO,,
NH,, 80., O and H,0. Two cases are
exempi;ﬂed in fig. 20

(@) (PN}H)ﬂ < “(psm)n

(&) (pmn) > “(psm)u
In both cases, the system is open with
respect to CO, and O,. For every time
increment, some of the H,S0, is formed
and the H* ions pmduced titrate the gas-
watersystemn along the “titration curve™
to a slightly lower pH. An initiai rapid
decrease in pH (concordant with an in-
crease in SO,* and NH,* concentrations)
is foliowed by an asymptotic approach
to a steady state value(fig. 2a, b).

Case a: low NH | partial pressure
(Pansho < 2(Psps),

At the conclusion of the simulation, the
SO,* concentration and pH are low;
nearly all the NH, dissolves to form
NH,*. Since [NH *]/'[NH JJgiscioseto |,
the ANC of NH, becomes rapidly ex-
hausted; mostof the NH, in the system
will be in the water phase as NH," (fig.
2¢). The pH being too low, the cmda—
tion of SO, is very slow. The ratio
[NH o [SOq “} approaches 2 withina
few hours, But at the end of the simula-
tion, SO,* is still being produced at a
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Variation in aqueous phase composition as a consequence of SO, oxidation: [NH *} and [SO ], pH, (NH}T and [SO] >
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Initial conditions: (p,,,), = 2.3 107 atm ({S0,],=5.1 10’ mol I'); (NHNO,

acrasol ~

= 1.0 10% mol m” ([NO;]=5.5 16~ mol

;i (p,,), = 1.5 10% atm; (p, ), = 10°F atm; q = 1.84 10~ L m”; NH, and SO, are in closed system; O, and CQ, are in open
system. N.B.: [NH *[" = [NH }*J{{NH ] and [SO ] =[SO ]/{S0 ],

very low rate. In this case, the consump-
tion of SO, is small (less than 10 %), and
its influence on the rate of oxidation is not
‘significant: the system becomes as if it
was open with regard 10 50, (p,,, =
constant).

Case b: NH  in relative excess
(p‘\'HJ) e 2 (psm) o
Although SO production is extensive,
the excess of NH, (mostly in the gas
phase) is sufficient to maintain the pH at
a higher value than in the previous case,
and the oxidation becomes very fast (fig.
2a,b). The drop in pH comes to anend as
soon as SO, becomes exhausted (fig. 2a,
¢). Then, the ratio [NH,*] to [SO,*]is 2
and constant with time. But, NH, is notin
sufficient excess forthe system to be con-
sidered as an open one: an important part
of it is used to neutralize the H* ions
formed by the oxidation to SO 7.
The ideas presented here for simplie NH.,
30,,0,, CO,, and H,0 systems are read-
ily extended to motre complex situations.
The addition of other strong acids (like
HNO, or HCl} or strong bases (such as
CaO from fly ash) has as a consequence
the shift of the gas-water systern along
the titration curve,

3.2, ADDITION OF NEUTRAL AEROSOLS

Our simulation model considers the up-
take of aerosols into the water droplets by
adjusting the electroneutrality equation.
Itis interesting to note that the addition of
a “neutral” aerosol (e.g. following a
relationships [NH,*}=2[SO*] + [NO;

] ¥ may change the alkalinity of the
water droplets because the partition-
ing of the alkalinity between the gas
phase and the water phase (due to NH,
distribution) may become changed; in
other words, the uptake of “neutral”
aerosols may reduce the alkalinity of
the water phase, and ir turn decrease
the rate of SO, oxidation, because some
of the aerosol NH,* ends up as NH, in
the gas phase.

3.3. EFFECT OF LIQUID WATER CONTENT

The titration curve for a closed sys-
tem and for given initial conditions in
a closed system is a function of the
ratio volume of water to volume of
system, i.e. the liquid water content, g,
and pH. From this point of view, the
consequence of an increase of g (iso-
thermal condensation) is a modifica-
tion of the distribution of NH, be-
tween the gas and water phases. When
q is very large, the conditions tend to
the homogeneous system, the gaseous
phase being negligible. On the con-
trary, if g is small, the gaseous phase
can be considered as a large reservoir
for the water soluble species, specially
for NH,. This illustrates how impor-
tant it is to measure reliably the water
content during a fog event because it
affects all solution variables.

3.4, COMPARISON OF FIELD DATA OF
FOG EVENT WITH KINETIC CALCULATIONS

The simulation of a fog event requires
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the knowledge of input variables such
as the concentrations of the gas phase,
the concentrations of aerosols, the
composition of condensation nuciet, and
the evolution of the liquid water con-
tent, of the gas phase content and of the
temperatuye with time. The comparison
of simulation data with the experimen-
tal results observed during afog event is
a valuable test and may help to improve
the model. We selected two fog events,
an acid fog and a “neutral” fog (pH="7),
for this comparison. The composition
of these fogs and its variations with time
were described earlier [6]. Before and
during the two fog events, both gas
phase 50, and O, are measured near the
samplmw site [personai communica-
tion by R, Gehrig, EMPA, Diibendorf,
1988; see captions of fig. 3 and 4). For
our model calculations, we used as input
daza the composition of the gases (NH,,
HCI, HNOB) and the liquid water con-
tent. The system is assumed to be open
with respect to O, and CO,,

It was observed in our investigations on
fog events that the NH,* concentration
is often approximately equal to the
equivalent sum of the NO, and SO *
concentrations. Moreover, the ratios
[NH,*}/[SO,*1and [NH ]/ [NO,] are
constant and equal to 3.6 and 1.9 (in
mol/mol) respectively. Two possible
explanations were proposed [6]: (1) after
its absorption in the water droplets, the
gas phase 50, is oxidized to SO.* in
proportion {o the available NH; (2) the
NH,* SO,*, and NO; concentrations
are in relatively constant proportions in
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aerosols of approximate composition
{(NH,),S0,+2NH NO,], /e 30, oxi-
dation and neutrahzatxon occurred in
the aerosois, prior to their becoming
dissolved in the fogwater droplets. The
aerosols provide a substantial fraction
of these components in the fogwater.

a) Acid fog

Advection of HC, from stack gases of
a refuse incineration plant located ca. 3
km from the sampling point, affected
the pH and the composition of the fog.
The larger the pulses of HC, the lower
the pH: at low pH values, the concentra-
tion of protons is nearly equal to the CI°
concentration, i.e. HCl is regulating the
pH. For calculations, we assumed a
system closed with respect to NH, and
S0, The two parameters that had the
area[est effect on the composition and
temporal variation in the fog composi-
tion were (1) HCl that reguiates H*
concentration and coinciding with ClI°
concentration (fig. 3a); and (2) the lig-
uid water content, i.e. the density of the
fog, whose variations with time essen-
tially determined the variations in the
concentrations of ions, present in con-
stant proportions {fig. 3b).

In order to obtain a good agreement
between the results of the field data and
the computed model data, an incipient
concentration of SO, > equal to 1.7 10
mol /' had to be implied. This means
that, primarily because of low pH, rela-
tively little SO, became oxidized subse-
guent to the fog formation.

The results of the simulation indicate
that the low pH of the water droplets
precluded the oxidation of the SO.; thus
the conditions before the formation of
the fog, especially the compositions of
the aerosols, that were then taken up by
the water droplets, determine the pro-
portions of the different components in
the fogwater, particularly the NHJ,
SO, and NO,” concentrations

b) “Neutral fog™

This “experiment” is particularly inter-
esting as it demonstrates the mediating
role of NH,. Indeed, because of the
continued release of gas phase NHS, the
excess of NH, was sufficient to main-
tain the pH close to 7. We were justified

in assuming that the partial pressure of ‘

NH, is nearly constant over the entire
duration of the fog. The results pre-
sented in fig. 4 are obtained with the as-
sumption that the system is closed with
respect io $O,, and the initial concentra-
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Fig. 3

a) pH vs time and
b) SO 4% or NH 4% and pH
g vs. time:

Comparison of field data with
kinetic calculations: acid fog by
absorption of HC1(22.09.86, data
after [6])
(e): measured field data and
(¢): results of the computations
Initial conditions: '
(Pgor), = 4.2 107 atm; [SO’] =
L7 107 mol F; [NO], = 3510“
molH; (p,,),=5.1 10 atm; Py,
= M*’"s atm; NH, and SO, are in
closed system; O,and CO, are in
open system. The concentrations
of NH,, HCI, HNO, and
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50 X ] H 1 I

(a}24.00.86

—— pH (e} field data Y
——- pH {c} calculated '

the liguid water content 107
used in the program
varied during the simu-
lation as they varied

during the fog event.
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tion of SO,* is equal to
0. In this case, all the
SO, is exhausted by oxi-
dation by Q,, and trans-
formed into SO,*. The
agreementbe{weenﬁcld
data and computed re-
sults is good for pH,
NH,*, and SO we can
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simufate the variations
of the concentrations
with time. Contrary to
the previous case, i.e.
acid fog, we obtain the
expected values for the
ratio [NH_*}/[SO] by
assuming that all the
SO, is due to the oxida-
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tion of the SO, present at 2
time 0. Two conditions

have to be combined: a

sufficient amount of SO, and a quite
high pH (>6). The first assumption [6]
is in accord with the constant ratios ob-
served in this “neutrai” fog. As in the
previous case, the role of the liguid
water content is eviden:. When the fog
disappears at 8.00 p.m., i.e. q decreases,
a discrepancy between field data and
calculated concentrations (fig. 3 and 4)
is probably due to the difficulties in
measuring g and in sampling fogwater
during fog dissipation.

4. CONCLUSIONS
A model on the oxidation of SO, by O,

“in atmospheric aqueous phase (fog,
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cioud, rain water) shows that ammonia
_plays a fundamental role in neutralizing
the acidity produced by the strongly
pH-dependent oxidation of SO,; the
amount of available ammonia and its
partition between the gaseous and aque-
ous phases (depending on the pH of the
agueous phase, and in a closed system
on the liquid water content) regulates

 the afkalinity of the aqueous phase, and

in turn drives the production of SO, *. If
in the initial air volume SO, is present in
excess with respect to armmonia, the
production of SO will be limited by
acidification of the aqueous phase after
exhaustion of the ANC of NH,; if on the
contrary NH, is present in excess, the
production of SO * is very effective and
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a) pH, pCl vs time and

b) SO 42~ and g vs. time:
Comparison of field data with kinetic
calculations: “neutral’ fog by absorp-
tion of NH, (24.09.86, data after {6]);
(e) measured field data and
{(c} results of the computations

Initial conditions: (p.,), = 3.1 107
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may exhaust the availabie 50,

The presence of other acid gases (HCI,
HNOB, etc), of “neutral” aerosols com-
ponents {{(NH 4}280 L NH 4NOJ, etc), and
of basic components (CaCQ,) affects
the pH of the aqueous phase and the
dissolution equitibria of NH, and 80,,
and influences thus the production of
sulfate from 50,. The comparison of
field measurements on the composition
of radiation fogs with model computa-
tions supports the reaction sequence
postulated. '
During the fog events, new components
enriched with SO, either H,80, or
(NH,),S0, [7]. are formed. Water drop-
lets are considered as chemical reactors
for the SO, oxidation as well as vectors
for the component transport. They can
be intercepted by vegetation canopies;
the substances become more concerntra-
ted by evaporation, and react with
needles orleaves. Onthe otherhand, the

10 T(h)

[1] Jacob D.J1. and Hoffmann M.R,, A dy-
namical model for the production of
H', NO,, and $O.% in wrban fog. J.
geophys. Res., (1983) 88, 6611-6621.

{21 Seinfeld 1.H., Atmospheric Chemistry
and Physics of Air Poliution. Wiley,
New York, (1986).

[3] Munger J.W., Jacob D.J., Waldman
IM. and Hoffmann M.R., Fogwater
chemistry in an urban atmosphere. I,
geophys. Res., {1983) 88, 5109-5121.

[4] Ziircher F. and Gisler B., Beitrag von
“Ammonium zur nassen Deposition von
Schwefelverbindungen. Proc. 4" Eu-
rop. Sympos. on Physice-Chemical
Behaviour of Atmospheric Pollutants
(edited by Angeletti G., Restefli G.). D.
Reidel Publ. Co., Dordrecht, {1987) pp.
48{}-488.

[5] Johnson C.A., Sigg L. and Zobrist 1.,
Case studies on the chemical composi-
tion of fogwater: the influence of local
gasecus cmissions. Atmoespheric Envi-
ronment, (i987) 21, 2363-2374,

EawaG-News 26/27 (1989)

[6] Sigg L., Stumm W.. Zobrist J. and
Ziircher F., The chemistry of fog: fac-
tors regulating its composition. Chimia,
(1987) 41, 159-165.

[73 Ruprecht H. and Sigg L., Interactions
of aerosols {ammonium suifate, am-
moniwn nitrate and ammonium chlo-
ride) and of gases (HCI, HNO,} with
fogwater. Submitted 10 Atmospheric
Environment.

[8] Jacob DI, -Munger LW., Waldman
J.M. and Hoffmann M.R., The H,S0-
HNO,-NH, sysiem at high humidities
and in fogs: I, Spatial and temporal pat-
1ems in the San Joaquin Valley of Cali-
fornia. J. geophys. Res., {1986) 9i,
1073-1088.

[3] Schwartz S.E. and Freiberg 1LE. Mass-
transport fimitation 1o the rate of reac-
tion of gases in liquid droplets: applica-
tion 1o oxidation of SO, in aqueous
solutions, Aimospheric Environment,
(19813 15, 1129-1144.

[10] Liljestrand H.M., Average rainwater
pH, concepis of atmospheric acidity,
and buffering in open systems. Atmos-
pheric Environment, (1983} 19, 487-
499,

{11] Behra Ph., Sigg L. and Stumm W,
Dominating influence of NH, on the
oxidation of aqueous 50, The cou-
pling of NH, and 50, in atmospheric
deposition. Submitied to Atmospheric
Environment.

f12] Westall 1., MICROQL - I A chemical
equilibrium program in BASIC. Re-
port, EAWAG, Dibendorf (CH),
(1979,

[13] Hoigné J., Bader H., Hang W.R. and
Swuehelin 1., Rate constants of reac-
tions of ozone with organic and inor-
ganic compounds in water - HI Inor-
ganic compounds and radicals. Water
Res., (1985) 19, 993-1004.

Philippe Beh-: "
rahas studied
rural civil en-
gineering in
France. He™
got his PhD. .

forathesison

the transport. . .~ =~

of trace met-

alsinground- -~ = :
water at the Louis Pasteur University
of Strasbotirg. At EAWAG he works on
the project on almospheric depositions,
running under the context of a national
program.

17



( KINETICS OF DISSOLUTION OF FE(II(HYDR)OXIDES
IN NATURAL WATERS

1 BARBARA SULZBERGER, DANIEL SUTER, CHRISTOPHE SIFFERT, STEVEN BanwART, AND WERNER STUMM

|

The eycling of iron in natural envi-
ronments is of great importance to the
biogeochemical cycling of other reac-
tive elements such as heavy metals and
putritients. Iron(lII) usually occurs as
relatively insoluble iron(1Il)(hydr)oxide
while the fower oxidation state is more
soluble. The principal phases observed
in natural waters and sediments are he-
matite (o-Fe,0,), goethite (-FeOOH),
lepidocrocite (y-FeOOH), maghemite
(y-Fe,0,), magnetite (Fe,O,), and fer-
rihydrite (Fe,0,nH,0). The latier phase
is a group name for X-ray amorphous

Fe' phases with rather high specific sur-

face areas (up to a few hundred m*g!).
This amorphous phase i in natural
waters a rather widespread authigenic
form that may originate from mononu-
clear Fe!'(OH)*», formed from oxy-
genation of Fe' and subsequent hydroly-
sis, The ferrihydrite is transformed in
sediments into the thermodyramically
more stable o- FeOOH and o-Fe, O, [1].

The redox cycles of iron in a surface
water is schematically depicted in fig.
1. Thermodynamically, the redox proc-
es§ occuring at an oxic-anoxic bound-

dry may be represented by the reaction:”

Fe(ag) +3H,0 &

Fe(OH),(s) + 3 H" + ¢ (n
which has a redox potential around 0
volts (pg=0) forthe conditions encoun-
tered in surface waters (pH =7-8). The
reduction of iron is thus accompanied
by dissolution and the oxidation by
precipitation. Usually, dissolved oxy-
gen is the oxidant of Fe'; the rate of
oxidation as a function of pH and other
solution variables is well known [2-3],
Organic solutes and S compounds, re-
sulting from the decompositon of bio-
logical material or from exudates of
organisms are the reductants of the in-
soluble Fe'! phases. All organic solutes
are, thermodynamically speaking, re-
ductants of Fe'. However, many or-
ganic solutes are metastable with regard
1o Fe'l'; i.e. they do not undergo redox
reactions spontancously unless cata-
lyzed by light. Hence, the reaction

Fe(OH),(s) + organic solutes &
Fe!! + oxidized organic solutes  {2)
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is often enhanced by light. Thus, in the
light-accessible part of oxic epilimnetic
water a steady state concentration of
dissotved iron(IT) ismaintained through
photochemical processes[4-5].The
light-induced reductive dissolution may
be of considerable importance in the re-
lease of bioavailable Fe® to organisms
in surface waters {5].

The redox cycles of iran, which are ac-
companied by dissolution and precipi-
tation, are coupled to the cycle of other
reactive compounds, since the oxida-
tion of iron(I) toiron(ill)(hydrioxide is
accompanied by the binding of reactive
compounds, such as heavy metals, met-
alloids and phosphates to the iron(III)-
(hydr)oxide surface, and the reduction
of iron{Ill)(hydrioxides to dissolved

~ iron(Il) is accompanied by the release

of these compounds into the water.
The cycling of iron also plays an impor-
tant role in soil systems, particularly in
the formation of podsoils under the
influence of acid deposition. The chem-
istry of the formation and dissolution of
iron(TI)(hydr)oxides is also of impor-
tance in corrosion and its inhibition.

THEORETICAL BACKGROUND

At the surface of hydrous oxides, func-
tional OH-groups are able to interact
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with H* ions, metal ions and ligands [6].
Ligands become bound to the Fe™'cen-
ters at the surface of the hydrous oxide,
which act as Lewis acids. In a relatively
fast ligand exchange reaction surface
OH-ions arereplaced, €.g., by the anion
of adicarboxylic acid like oxalate. The-
reby inner-sphere surface complexes
can be formed. The reactivity of iron-
(I)(hydrjoxides, e.g. towards dissolu-
tion, critically depends upon the struc-
ture of the surface complex. It has been
shown, that ligands, which are able to
form chelate compiexes at the surface
of a hydrous iron(Ill} oxide, are espe-
cially efficient in promoting the disso-
lution of the hydrous oxide [7]. The

. dissolution kinetics of iron{IIl)(hydr)-

oxides is controlled by surface proc-
esses and not by transport processes.

The various pathways for the dissolu-
tion of iron(ITD) (hydr)oxides are sche-
matically shown in fig. 2. The struc-
tures given in this figure are highly
schematic, they are notintended to give
the details on the structural o coordina-
tive arrangements; they illustrate the
presence of surface hydroxo groups and
of oxo- and hydroxe-bridges. This sche-
matic presentation illustrates the type of
reactions that can occur and that steady
state mechanisms are possible as the
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Schematic representation of the various reaction modes for the dissolution of
iron(I1D{hydr)oxides:

a) by protons;

b) by bidentate complex formers that form surface chelates;

¢) by reductants such as ascorbate that can form surface complexes and transfer
electrons inner-spherically;

d) catelytic dissolution of iron(II)(kydr)oxides by Fe' in the presence of a
complex former;

e) light-induced dissolution of iron(IHl)(Rydr)oxides in the presence of an elec-
tron donor such as oxalate.
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original surface structure is restored
after detachmentof the surface groups.
The first two pathways a) and b) show,
respectively, the influence of H* and
of surface complex-forming ligands.
The binding of H* and/or of lipands by
the surface results in the weakening of
the bonds in the proximity of a surface
Fell center followed by detachment of
thiscenter from the surface and release
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Fig. 3.

Reductive dissolution of hematite at pH 3 in the presence of

ascorbate as the reductant:

The different ascorbate concentrations correspond to initial concentrations, The suspension contained 0.5 gfl hematite. The
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into solution. The detachment step is dissolution of iron(Il)(hydrioxides. R = k{>FeA"} 3)
generally rate determining for the whole  Fe, however, does not to a measurable
process. extent exchange electrons with per'fph— where
A reductant can readily exchange elec-  eral iron(Ill) of an iron(IID)(hydr)oxide
; " gurfs TN ; , . . S K¥[HAT]
trons with an Fe'" surface center if itis  in the absence of a complex former.  [>FeA ) =iy (4)
specifically adsorbed to the hydrous Such an electron transfer, however, can I+ KA [HAT]

oxide surface. Especially efficient are
those reductants that form inner-sphere
surface complexes such as e.g. ascor-
bate (fig. 2c). The electron transfer leads
to an oxidized reactant (which is often a
radical) and to a surface Fe" ion. The
latter is - because of the larger lability of
the Fel'-O-bond in the crystalline lattice
surface compared to the corresponding
Fe'.Q-bond - more easily detached from
the surface than a Fe'™ center. We as-
sume that also in reductive dissolution
of iron(IID(hydr)oxides the detachment
is the rate determining step.

In the presence of metastable ligands
that form surface complexes with Fe'"
of a hydrous oxide, i.e. oxalate, re-
ductive dissolution of iron(lIl)(hydr)-
oxides - although thermodynamically
favourable - does not occur unless in-
duced by light, This is depicted in fig.
2e. Here, an electronic excited state,
indicated with a star, is involved in the

redox-process. Either the surface com-

plex or the iron(IID{hydrioxide itself
may act as the light-absorberand charge
transfer may occur from an electronic
excited state of the surface complex or
of the iron(IID)(hydrjoxide bulk phase
{8L

In the reaction mode shown in fig. 2d
iron(If) is the reductani for the reductive
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occur in the presence of a suitable -

gand, e.g., oxalate, which can act as &

brigding ligand. Asillustrated infig. 2d,
a ternary surface complex is formed and
an inner-sphere electron transfer takes
place from the adsorbed iron(II) to the
surface iron(IIl}), followed by the de-
tachment as the rate determining step.
Fe''{aq) acts as a catalyst for the dissolu-
tion of iron(IlN)(hydrioxides, since its
concentration remains constant, while
the concentration of dissolved iron(III)
increases.

The various dissolution pathways can
oceur simultaneously, which must be
considered in formulating rate laws; the
overal! rate law is often not just the sum
of the individual ones.

ResULTS FROM LABORATORY
EXPERIMENTS

Fig. 3 showsexperimental resulis onthe
reductive dissolution of hematite in the
presence of various concentrations of
ascorbic acid at pH 3 [9]. The dissolu-
tion increases linearly with time at a
given ascorbate concentration. The
dissolution rate, R, is directly propor-
tional to the concentration of adsorbed
ascorbate, {>FeA’}, (Fig. 3, inserth
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according to the following equilibrium
of the surface complex formation:

>FeOH + HA™ 2 >FeA+ H20 (5}

> is a short hand symbol for the
binding of the surface iron center {0
the crystaliine lattice of hematite, K*
is the equilibrium constant of the
adsorption equilibrium, [HA] is the
concentration of ascorbic acid in
solution and S [mol m?] the maxi-
mum capacity of the o-Fe,O, surface
for the adsorption of ascorbate, S =
{»>FeOH] + {FeA'}.
Fig. 4 shows the dissolution of hematite
as a function of time at different con-
centrations of iron(Il) added to the sus-
pension. Obviously, at a given oxalate
concentration, the dissolution rate in-
creases with increasing iron{II) concen-
tration. The dissolution rate is again a
Langmuir-type function of the concen-
tration of dissoived iron(Il) {10]. This
Fell-effect may be explained by the
formation of a ternary complex with
Fe!l at the hematite surface in the pres-
ence of oxalate or other suitable li-
gands. We assume that electron transfer
occurs through the ligand to the Fe™ at
the surface, as shown in fig. 2d.
Fig. 5 shows the light-induced dissolu-
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Fell-catalyzed dissolution of hematite in the presence of oxalate at pH 3. Total ox-
alate concentration: 3.3 mmolfl, 0.5 g/l hematite, The indicated concentrations
correspond to the total concentration of added ferrous iron. Because of inhomo-
gengities at the hematite surface the initial dissolution is faster, The dissolution
rates are determined from the linear part of the disselution experiment,

tion of hematite in the presence of ox-
alate [11]. Unlike in the dark, the rate of
the light-induced dissolution.of hema-
tite is not constant but increases with
time. This can be explained in terms of
the superimposition of different reac-
tion modes, in this case pathway d) and
¢). Under the influence of light a pho-
toredox reaction occurs either at the
surface of the hematite or in solution
leading to formation of dissolved iron(IT)
and totheoxidizedelecron donor, which
is in the case of oxalate CO,. The sur-
face photoredox process occurs accord-
ing to the following stoichiometry:

hv
o-Fep03 + C204% (ads.) + 6 H*
2 Fe2* + 2 CO, + 3 Hp0 (6)

The photochemically formed dissolved
Fe® catalizes the dissolution in a ther-
mal reaction whereby dissolved Felf is
formed, as shown in fig. 4. Thus, in this
case we are dealing with two coupled
reactions which result in an autocata-
Iytic dissolution of hematite. Such an
autocatalytic dissolution has also been
observed with goethite under the influ-
ence of light [12].

CONCLUSIONS

The most important conclusions from
ourlaboratory experiments are enumer-
ated below. An overwiev of our experi-
mental work is given in [13].

1) Processes at the surface of iron(HI)-

{hydryoxides and not transport proc-
esses control the dissolution kinet-
ics.

2) Theformation of inner-sphere sur-
face complexes is involved in the
dissolution of iron(il}(hydr)oxides.

3) The rate of dissolution is directly
proportional to the surface concen-
tration of the compound that is
specifically adsorbed on the iron-
(IIMy(hydroxide surface.

4) During the dissolution process, the
surface of the hydrous iron(IL) ox-
tde is, after detachment of the sur-
face group, reconverted intoitsorigi-
nal configuration.

5) The dissolution of iron(lL)(hydr)-
oxides can oceur through different
pathways, which can be superim-
posed, so that the rate of the overali
dissolution process is often not just
the sum of the individual rates.

From laboratory tofield experiments
Inorder to become aware of some of the

various factors that influence the disso-
lution of iron(II1){hydr)oxidesinanatu-

ral environment, we must abstract from

the complexity of natore and carry out
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{FarBi)+ [Fetti}

Lme in

Fig. 5.

 Light-induced dissolution of hematite '

atarelatively low light intensity: I =4
Wim?; A =375 nm, Initial oxalate con-
centration: 3.3 mmol/l; 0.5 g/l hema-
tite, pH = 3; nitrogen atmosphere; ir-
radiated surface: = 50 cm’; reaction
volume: 250 ml,

simplified laboratory experiments with
maodel systems, where we can control
the variables. Many of our experiments
have been carried out at low pH values
and with crystalline iron(IID(hydo)oxide
modifications such as hematite, because
itis more convenient to assess the reac-
tion mode with well defined surfaces.
We have ascertained, however, that the
reactions described usually also occur
at higher pH-values, aithough the rates
may then be lower, It is important now
to evaluate the validity of the postulated
rale faws from laboratory experiments
for natural aquatic systems.
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