Printed in the USA. All rights reserved

Geochimica et Cosmochimica Acta, Vol. 68, No. 18, pp. 3643—-3656, 2004
Pergamon Copyright © 2004 Elsevier Ltd
0016-7037/04 $30.06- .00

doi: 10.1016/j.gca.2004.03.017
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Abstract—The effects of photoirradiation of dissolved organic matter (DOM) on its subsequent adsorption to
the Fe(lll)oxyhydroxide mineral goethite were investigated &2 0.10 mol L~* NaClQ, solutions at pH

3.5 and 5.5, Photoirradiation of DOM decreased the abundance of high molecular-weight components and
formed new lower molecular-weight components, including low molecular weight carboxylic acids (i.e.,
formic, malonic, and acetic acids). Adsorption of non-irradiated DOM decreased from pH 3.5 to 5.5 and was
dominated by the intermediate molecular weight (1251-3750 Da) fraction, although the 451-1250
and 3751-11350 Da fractions also contributed to adsorption at pH 3.5. Irradiation resulted in a substantial
decrease in DOM adsorption affinity at pH 3.5, primarily due to loss of components in the 1251-3750 and
3751-11350 Da fractions. Irradiation resulted in only a small decrease in DOM adsorption affinity at pH 5.5;
the loss of components in the 3751-11350 Da fraction upon irradiation had little effect on adsorption because
they played little or no role in the non-irradiated sample at this pH. Irradiation of DOM also affected its
interactions with Fe in solution and the solution iron(ll)/iron(lll) speciation. The combined effects of
irradiation followed by adsorption produced DOM that was lower in molecular weight and had a decreased
UV-Vis absorptivity than either process, alone. Together, these two processes are likely to have important
environmental consequences in terms of UV penetration of surface waters, contaminant mobility, and DOM
bioavailability. Copyright © 2004 Elsevier Ltd

1. INTRODUCTION common Fe(lll) oxyhydroxide mineral, goethite. Such a com-
bination of processes might occur in nature, for example, at the
Dissolved organic matter (DOM) strongly influences the fate confluence of a DOM-rich river with a sediment-laden river

and transport of pollutants such as trace metalsft§ and (e.g., McKnight et al. 1992 or during hyporheic exchange
Tipping, 2000 Tipping et al., 2002de la Rosa et al., 2090&nd between river water and surrounding sediments (&gyrice
hydrophobic organic compounds (HOCsMurphy et al., et al., 2002a

1990, the attenuation of UV light in surface wateiap et al., Photoirradiation decreases the concentration of DOM (mea-
1996 Pullin and Cabaniss, 19%7and the rates and byproducts  sured as dissolved organic carbon concentration, [DOC]), and
of photoreactions3cully et al., 1995Miller and Moran, 1997 degrades larger DOM components into smaller organic mole-

Gao and Zepp, 199&epp et al., 1998Goldstone et al., 2002 cyles Mopper and Stahovec, 198Rieber and Mopper, 1987
Southworth and Voelker, 2003The reactivity of DOM is Kieber et al., 1990Wetzel et al., 1995Moran and Zepp, 1997
influenced by its physicochemical characteristics such as mo- gertilsson and Travnik, 1998Bertilsson and Bergh, 1999
lecular weight, aromaticity, and the presence and placement of Go|gstone et al., 2002Photoirradiation also decreases the UV-
reactive functional groups. and visible light-absorbing properties of DOM (Bertilsson and
A wide array of environmental processes such as biodegra- Bergh, 1998,Gao and Zepp, 1998Vloran et al., 2000Gold-

dation (e.g.,Kalbitz et al., 2003 coagulation Benner and stone et al., 2002 a process that may lead to decreased
Opsahl, 2001 Maurice et al., 2002a photodegradationGao attenuation of solar radiation in lakes (e Mgrris et al., 1995
and Zepp, 1998Goldstone et al., 200Hemes and Benner,  \orris and Hargreaves, 19p7Photoirradiation may also de-
20033, and adsorption to mineral surfaces (€Tgpping, 1981 crease the metal binding affinity of DOM through oxidation of

Davis, 1982 Gu et al., 1995Zhou et al., 200,’lFiIius_ et al., the metal-binding carboxylic acid group&aust and Zepp,
2003 have been shown to affect DOM concentrations and/or 1993 Gao and Zepp, 1998

properties. In natural systems, these processes can occur se-

quentially or simultaneously, and may have additive or coun- increasing pH Tipping, 1981 Davis, 1982. The most impor-

teracting effects on the resulting DOM properties. For example, 5+ adsorption mechanism is ligand exchange (between DOM
the combined effects of DOM photodegradation and biodegra- ..o qxyiic acid and/or hydroxyl/phenolic groups and surface

dation can be greater than the simple sum of the effects of the Fe), although other processes, such as hydrophobic interac-

individua;: processeﬁl\,({jiller g:l\Jndd Mhora_n, 1997dMo_ran st al.(,j tions, may also be importanfripping, 1981 Tipping and
2000. The research described herein was designed to eter'Cooke, 1982 Schulthess and Huang, 199Gu et al., 1994

mine how photoirradiation affects DOM adsorption to the Vermeer et al., 1998 DOM exhibits adsorption characteristics
similar to those described for polydisperse polymers, including:

) rounded shape of isotherms, isotherms dependent upon sorbent
*dAUt(TO)r to whom correspondence should be addressed (pmaurice@ g rface-area-to-volume ratio, and adsorption-desorption hyster-
na.edu). !

t Present address: Dept. of Chemistry, New Mexico Institute of Min-  €SiS Koopal, 1981 Vermeer et al., 1998hou et al., 200
ing and Technology, Socorro, NM 87801 USA Several groups have suggested that intermediate and/or high
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molecular weight, more aromatic components of DOM adsorb
preferentially to Fe(l1)oxyhydroxide surfaces (Davis and
Gloor, 1981; Tipping, 1981; McKnight et al., 1992; Gu et a.,
1995; Kaiser and Zech, 1997; Meier et al., 1999; Namjesnik-
Dejanovic et al., 2000; Zhou et a., 2001; Hur and Schlautman,
2003), leaving behind lower molecular weight, more aliphatic
components in solution. This process has been termed * sorptive
fractionation.’

The purpose of this study was to determine the effect of prior
photoirradiation on the sorptive fractionation process. Consid-
ering that DOM adsorption is preferential to high- to interme-
diate-MW components, that photoirradiation decreases the av-
erage molecular weight (MW) of DOM, and that
photoirradiation could destroy the carboxyl groups responsible
for surface binding, we hypothesized that photoirradiation
would decrease the adsorption affinity of DOM for goethite.
We tested this hypothesis by comparing the adsorption to
goethite of photo-irradiated versus non-irradiated DOM at pH
3.5 and 5.5. In these experiments, Fe concentrations also were
measured, because Fe-DOM interactions are important aspects
of photochemical processes and potentially of adsorption.

2. MATERIAL AND METHODS
2.1. Basic Experimental Design

The basic experimental design for this study was as follows (details
given below). An agueous solution of a DOM isolate was irradiated in
a solar simulator (vs a dark control). The irradiated and non-irradiated
DOM solutions were then diluted to generate a range of dissolved
organic carbon (DOC) concentrations for batch sorption experiments
with goethite. Dissolved organic carbon analysis was used to measure
the amount of DOM in solution before and following adsorption, and
by difference the amount adsorbed. Size exclusion chromatography
was used to measure the changes in molecular weight distributions of
the DOM upon irradiation and adsorption. The concentrations of four
low molecular weight carboxylic acids (known DOM photodegradation
products) were measured after irradiation and adsorption. Dissolved
total Fe and Fe(ll) concentrations were also monitored.

2.2. Goethite Sample

Goethite was synthesized using the pure goethite method 5.2.1 of
Schwertmann and Cornell (1991). X-ray diffraction analysis conducted
using a Rigaku Miniflex powder X-ray diffractometer with a Cu X-ray
tube showed goethite with no other detectable phases. BET surface
area, measured with a model SA3100 volumetric sorption analyzer
from Coulter Instruments, Inc. using N, adsorption at —195°C, was
determined to be 51.5 m? g~ . For the adsorption experiment described
below, a goethite stock suspension of 4.85 g L ~* was made in 0.2 um
filtered, ultraviolet light treated, deionized water (>17.8 mol/L(})
(referred to as “deionized water” throughout), in a polypropylene
bottle, and shaken on a platform shaker overnight in the dark, before
the experiments.

2.3. Dissolved Organic Matter Sample

DOM-rich surface water was concentrated on-site on June 6, 2002
from Nelson’s Creek, afirst-order stream in the Ottawa National Forest
(MI, USA), using a portable Real Soft PROS/IS reverse osmosis (RO)
system (Serkiz and Perdue 1990; Sun et al. 1995). Concentration of
DOM by RO alowed for sample storage, and for use in a wide range
of other experiments and analyses not reported herein. A comparison
by our group of photodegradation of bulk filtered water from Nelson's
Creek versus XAD-8, XAD-4, and RO isolates has shown that the RO
isolate closely mimics the photodegradation behavior of the bulk fil-
tered water, perhaps because RO maintains the broad range of DOM
components and the concentration of Fe, which plays an important role
in photodegradation (Golden, Pullin, Maurice unpub. data). Operation

Table 1. Comparison of the physicochemical characteristics of Nel-
son’s Creek filtered bulk water and diluted RO retentate.

Filtered Bulk Diluted RO

Parameter Water Retentate
pH 552 55
conductivity (uS cm™Y) 25.8 not measured
Fe(mgL™% 0.394 0.284
Al (mg LY 0.306 0.218
Ca(mgL™™ 4.13 0.834
Mg (mg L% 112 0.273
Si(mgL™Y 1.64 1.24
Na (mg L™%) 0.261 134
K (mgL™Y) 0.438 0.945
DOC (mgL™?) 28.0 338
DOM M,, (Da) 2092 2531
DOM M,, (Da) 1417 1593
DOM p (M, /M,)) 1.48 1.59

of the RO system was similar to the procedure described by Serkiz and
Perdue (1990), and included in-line treatment with Dowex-50 cation
exchange resin (Naform) to decrease the calcium concentration before
passing through the RO membrane, preventing membrane fouling due
to the precipitation of CaCO,. The fina [DOC] of the retentate was
45 g C L1 The RO retentate was stored in amber glass bottles in
refrigeration for 7 months, until the start of the experiment.

Comparison of chemical analyses of Nelson's Creek bulk water
(conducted shortly after sampling) and the stock solution of Nelson’s
Creek RO retentate (diluted with deionized water to 24 mgC L™%) is
provided in Table 1. This data set shows that the RO process resulted
in a small increase in weight average molecular weight (M,,) and
number average molecular weight (M,)) of the DOM retentate relative
to the bulk water DOM. A similar effect was noted by Maurice et a.
(2002b) on a stream-water sample from the New Jersey coastal plain
and was attributed to possible condensation of the RO isolate during the
isolation process.

2.4. Steady-State Adsorption |sotherms

Photodegradation and batch adsorption experiments were conducted
at pH 3.5 and 5.5. For each pH, one liter of 27 mg C L ~* stock solution
was made by diluting RO retentate with deionized water (>17.8 M(}).
The pH was adjusted to 3.5 or 5.5 using 0.1 mol L~ NaOH and 0.1
mol L~ HCI, after which the 1 L stock solution was split into two
500 mL volumes, one for irradiation and the other as a non-irradiated
control. The non-irradiated control was stored in the dark at room
temperature in a Parafilm M® covered glass beaker. The second
500 mL split was irradiated in an acid-washed and combusted
(450°C, 12 h) 1 L jacketed beaker, through which cooled water was
circulated to maintain a constant sample temperature of 18°C during
theirradiation process. During irradiation, the solution was covered by
Glad Cling Wrap® to prevent evaporation and contamination by air-
borne particles. Previous analysis of deionized water treated in the
same manner showed that there was no measurable leaching of dis-
solved organic carbon from the wrap into the solution, and no contam-
ination by UV-Vis light absorbing compounds (200—800 nm). The
DOM sample was placed in a Suntest CPS+ solar simulator and
irradiated for 48 h at a dosage of 750 W m™?2, ~2-3 times the intensity
of noontime summer sunlight. Thefinal collective irradiation dosage to
asample was 129600 kJm~2. A decrease (10-20%) in the intensity of
the incident light across the solar spectrum occurred due to the Cling
Wrap; however, the spectral distribution was unaltered (Progess, 2003),
including light in the UV region.

Immediately following irradiation, batch-mode sorption experiments
were conducted using the irradiated and non-irradiated water at both
pH 3.5 and 5.5. The irradiated and non-irradiated stock solutions were
diluted with deionized water to a range of concentrations. A final
electrolyte concentration of 0.1 mol L~ NaClO, was obtained in these
solutions and also in DOM-free blanks by adding an appropriate
amount of 1.0 mol L~ NaClO, stock. Solution pH values were
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adjusted to either 3.5 = 0.1 or 5.5 = 0.1 using 0.01 mol L~ NaOH
(99.99%, Aldrich) and/or 0.01 mol L~ HCl (99.999%, Aldrich).
Twenty-three mL of each dilution were added to 4 acid washed (10%
HCI overnight) 28 mL polypropylene centrifuge tubes. 2 mL of the
goethite stock was added to 3 of the 4 tubes for each dilution. before
adding the goethite to the reaction vessels, the goethite stock suspen-
sion was ultrasonicated for ~10 s. Two mL of deionized water were
added to the fourth tube to serve as a control. After the addition of
goethite, the pH of each tube was readjusted to 3.5 or 5.5 (+ 0.1), as
needed. The samples were shaken for 24 h in the dark on a rotary
shaker at room temperature (22°C). The pH values of the suspensions
were measured following reaction and were found to be within = 0.2
U. The samples were centrifuged at 13500 rpm for 17 min (Marathon
2100, Fisher) and filtered through precleaned (1.0 mol L~* HCI fol-
lowed by deionized water) 0.2 um polyethersulfone syringe filters
directly into glass vias for [DOC], UV/Vis absorbance, Fe(ll), and
HPSEC analysis, and polycarbonate test tubes for total Fe analysis.
Samples for [DOC] analysis were acidified to pH ~2.0 by adding 10
uL 2.0 mol L~ HCl (99.999%, Aldrich) for every 1 mL of sample.
Samples for the analysis of total dissolved iron were also acidified to
pH < 1 by adding 15 uL of concentrated HNO, (99.999%, Aldrich) to
5 mL of filtered sample. UV-Vis absorbance and iron(I1) analyses were
conducted immediately and the [DOC], HPSEC, and tota dissolved
iron analyses were conducted within two weeks. Time-consuming low
molecular weight acid analysis was completed within 2 months. Sam-
ples were stored in dark refrigeration until analyzed.

No attempt was made to conduct desorption experiments. Previous
work has shown that DOM sorption on goethite is highly irreversible
(Gu et d., 1994; 1995). This was attributed to the formation of strong,
multi-site surface complexes between the DOM and the goethite.
However, it is also possible that some oxidation of the organic matter
occurred at the goethite surface.

2.5. DOC, UV-Visible Spectrophotometry and
Fe Analysis

[DOC] was analyzed on a Shimadzu TOC-5000 analyzer. The rela-
tive standard deviation (RSD) of 3-5 replicate injections was < 2%.
UV-visible absorbance spectra (200—800 nm) were collected on a
Varian Cary 3 double-beam spectrophotometer, using 1.0 cm quartz
cells. Samples were scanned from 600 to 200 nm at a rate of 100
nm/min. Molar absorptivity at 280 and 350 nm (on a DOC basis) has
been shown to be linearly correlated with NMR-measured DOM aro-
maticity. The absorbance values at 280 nm and 350 nm and [DOC]
were used to determine the DOM molar absorptivity at 280 and 350 nm
(absorbance/DOC, with resulting units of L(mole C™*)(cm™1)).

Total dissolved (<0.2 um) Fe concentrations were analyzed on a
Perkin Elmer Optima inductively coupled plasma optical emission
spectrometer (ICP-OES) at 238.204 nm, using external standards di-
luted from a NIST certified commercia stock. Fe(ll) analysis was
conducted using Ferrozine colorimetric analysis. Three mL of sample
were mixed with 300 uL of a Ferrozine stock solution containing
10.0 mM Ferrozine (3-(2-pyridyl)_5,6-diphenyl-1,2,4-triazine-4',4''-
disulfonic acid) and 1.0 mol L~* hemisodium MES (2-(N-morpholin-
o)ethanesulfonic acid). The MES buffers the reaction pH at 6.0, where
the reduction of Fe(ll1) to Fe(ll) by the Ferrozine itself does not occur
(Pullin and Cabaniss, 2001). The absorbance of the resulting Fe(Il)-
Ferrozine complex was immediately read at 562 nm on a Varian Cary
3 double beam spectrometer, with deionized water as a reference.
Standardization used solutions of ferrous anmonium sulfate hexahy-
drate in pH 2.0 nitric acid, made fresh daily. Analysis of Fe(ll) was
conducted within one hour of the completion of the irradiation and
adsorption parts of the experiments, thus minimizing errors due to
changes in the Fe(Il) concentrations over time.

2.6. Determination of Molecular Weight Using HPSEC

High pressure size exclusion chromatography (HPSEC) was used to
determine the average molecular weight of light-absorbing DOM be-
fore and after irradiation and adsorption (Chin et a., 1994, as modified
by Zhou et al., 2000). The Waters HPSEC instrumentation included a
Waters 2695 HPLC system, and a Waters 2996 photodiode array
detector. The analysis used a Waters Protein-Pak 125 column. The

mobile phase consisted of 0.10 mol L~ NaCl buffered with 4 mM
potassium phosphate at pH 6.8. The analysis was calibrated using a set
of four random coil polystyrene sulfonate polymers (PSS; purchased
from Polysciences, Inc., PA) dissolved in water to a concentration of
100 mg L~ * with peak molecular weights (M) = 15800, 6430, 4929,
1370 Da. Acetone (99.5% purity) and sodium salicylate (Fluka 99%
purity) (M, = 58 and 138 Da respectively) dissolved in deionized
water (200 mg L™ 1) were also used to calibrate the low end of the
molecular weight distribution (Zhou et al., 2001). A linear regression
between log peak molecular weight and retention time was used for
calibration. Average cutoffs at 1% of the maximum intensity for high
MW and at 2% of the maximum intensity for the low MW were used
(see Cabaniss et al., 2000). The weight and number average molecular
weights and the polydispersity (M,,, M, and p, respectively) of the
DOM molecular weight distributions were calculated using the Waters
Empower® GPC software package. Detailed definitions of these pa-
rameters and a discussion of DOM molecular weight distributions are
given by Cabaniss et a. (2000).

While absorbance detection was simultaneously monitored at a
variety of wavelengths using the PDA detector (200—
450 nm), little difference in any of the molecular weight distributions
over this wavelength range was observed. As a result, only the data
from 254 nm detection are presented here. However, if an eluting
substance does not absorb at this wavelength, its influence on the DOM
molecular weight would be missed by our technique. Hereafter, mo-
lecular weight descriptions of DOM should be taken to mean the
molecular weight of the components that absorb light af 254 nm
wavelength.

2.7. Calculation of Molecular Weight Fraction Isotherms

The total molecular weight distribution (MWD) of each sample was
divided into 6 different fractions based on molecular weight (50-150,
151450, 451-1250, 12513750, 3571-11350, and 11351-18450 Da,
as well as the summed total of the fractions). The area of the MWD
taken up by each fraction was determined for each sample. The differ-
ence between the peak areas after adsorption and in the goethite-free
controls (the “adsorbed peak area’) was calculated for each fraction. To
convert these adsorbed peak areas to adsorbed [DOC] (mg C m™2?), a
linear regression between the adsorbed areas and the adsorbed [DOC]
(mg C L™%) from the DOC analysis was calculated for each fraction.
Once converted to [DOC], the adsorbed [DOC] values were divided by
the goethite surface area (in m? L™%) to obtain the adsorbed [DOC] of
each fraction in mg C m~2. These values were plotted against equilib-
rium carbon concentration (C,) to obtain the isotherms of each MW
fraction. In al cases (except the irradiated DOM at pH 3.5), the data
had to be scaled so that the calculated total isotherm of all the fractions
on aDOC basis approximated that of the isotherm determined using the
bulk DOC data.

It is important to note that this methodology assumes that DOM
molar absorptivity (at 254 nm) does not vary with molecular weight.
However, previous work suggests that the higher molecular weight
components of DOM have higher molar absorptivities (Chin et al.,
1994; Namjesnik-Dejanovic et a., 2000). Thus, the approach used here
may bias the data toward the higher molecular weight components of
the DOM.

2.8. Low Molecular Weight Acid Analysis

Low molecular weight (LMW) carboxylic acids were measured by
HPLC, as described in detail by Goldstone et a. (2002). Briefly, the
LMW acids are derivatized to form relatively non-polar and chro-
mophoric 2-nitrophenylhydrazines, which are then separated by re-
versed-phase HPLC with absorbance detection (400 nm) (Miwa et a.
1985; Mueller-Harvey and Parkes 1987; Albert and Martens 1997). The
method gives baseline resolution of glycolic, lactic, formic, acetic,
levulinic, malonic and oxalic acidsin 35 min. Using 100 L injections,
the detection limit is 100 nM and the peak area response is linear to at
least 100 wmol L~ Glycolic, lactic and levulinic acids were not
observed above background in any of our samples.
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Table 2. Effects of irradiation on [DOC] and DOM properties at pH 3.5 and 5.5

[DOC] €280 €350 M,, M,
Sample (mgCL™? (L molC tem™?) (LmolC tcem™?) (Da) (Da) p

pH 35

non-irradiated 274 323 116 2259 1446 1.56

irradiated 22.9 250 73.3 1209 771 1.55
pH 5.5

non-irradiated 33.8 501 189 2531 1593 1.59

irradiated 312 423 144 1197 791 151

3. RESULTS acidsincreased substantially upon irradiation at both pH values,

3.1. Effects of Irradiation on DOM Characteristics

At pH 3.5, [DOC] decreased by ~16% upon irradiation, and
a pH 55 by ~8% (Table 2). Irradiation also substantially
decreased the molar absorptivity of the DOM (Table 2). This
change was not equal over the entire UV-Vis wavel ength range
observed here (200—800 nm). The maximum relative loss in
molar absorptivity due to irradiation was centered at 350 nm
(Progess 2003), so that e55, Was followed during sorption.
Additionally, Traina et a. (1990) and Peuravuori and Pihlga
(1997) have described e,g, as being linearly proportional to the
NMR-measured aromaticity of DOM, so that e,4, aso was
followed during sorption (data discussed below).

The peak MW of non-irradiated DOM decreased dlightly at
pH 3.5 when compared to pH 5.5 (Table 2, Fig. 1). The peak
MW decreased substantially upon irradiation at both pH 3.5
and 55 (Table 2, Fig. 1). At both pH values, irradiation
decreased the abundance of higher molecular weight compo-
nents, increased the abundance of low molecular weight com-
ponents, and shifted the peak molecular weight to a lower
value. Asaresult, average molecular weight (both M,,, and M,)
decreased by about half upon irradiation at both pH values
(Table 2).

Low (but measurable) concentrations of acetic, formic, and
oxdlic acids were noted in the non-irradiated samples (Fig. 2,
Table 3). The concentrations of formic, malonic, and acetic

0.012

i pH 5.5, non-irradiated
o.010 pH 5.5, irradiated
———pH 3.5, non-irradiated

pH 3.5, irradiated

g
=3
=3
@

absorbance, 254 nm
o o
o =3
o (=3
» o

0.002

0.000 v
10 100 1000 10000 100000

molecular weight

Fig. 1. The effect of irradiation on DOM molecular weight distribu-
tions at pH 3.5 and 5.5. At both pH values, irradiation resultsin aloss
of high molecular weight components and a gain of low molecular
weight components, resulting in a substantial decrease in average
molecular weight.

and the increases were dightly greater at pH 5.5 than at pH 3.5
(Table 3). Formic acid was produced in the highest concentra-
tion at both pH values, followed by acetic and malonic acids
(Table 3). At pH 5.5, we also observed a slight net increase in
oxdic acid due to irradiation, although no net increase was
detected at pH 3.5 (Table 3).

3.2. Effects of Irradiation on Adsorption
3.2.1. Adsorption isotherms

Adsorption isotherms for the non-irradiated and irradiated
DOM a pH 3.5 are shown in Figure 3a. At pH 3.5, DOM
adsorption did not attain a clear plateau over the range of concen-
trations studied herein. However, the greatest observed adsorption
density was up to ~2 times larger for non-irradiated than irradi-
ated samples, 0.37 = 0.03vs. 0.17 = 0.03 inmg C m ™2, = 10,
n = 3). The adsorption isotherms for non-irradiated and irra-
diated DOM at pH 5.5 are shown in Figure 3b. While the
differences in the maximum adsorption density between the
non-irradiated (0.18 = 0.02 mg C m~2) and irradiated DOM
(0.15 = 0.01 mg C m~?) were smaller at pH 5.5 (determined as
the average of the highest five values, = 10), their difference
was dtill statistically significant at the 95% confidence level
(t-test). In agreement with results of previous studies (e.g.,

0.045 A non-irradiated

acetic acid
irradiated

formic acid

e
Q
@
@

»
e
Q
I
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0.015 1

.N
"y

-0.005

absorbance, 400 nm

malonic acid oxalic acid

|

S ~

0 5 10 15 20 25 30 35
time (min)

Fig. 2. Representative LMW acid chromatograms show the effects of
irradiation on the concentrations of severa LMW acids at pH 3.5.
Chromatograms are for the separation of the 2-nitrophenylhydrazide
derivatives of the LMW acids (see Methods for details). Known LMW
acid peaks are labeled with their identities, peaks of unknown LMW
acids are labeled as “?’; al other peaks are byproducts of the deriva-
tization reaction.
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Table 3. Effect of irradiation on the concentrations of four low molecular weight carboxylic acids.

Acetic Formic Malonic Oxalic
Sample (wmol LY (wmol LY (wmol LY (wmol LY
pH 35
Non-irradiated 2.18 = 0.02 0.622 = 0.006 badl® 25+ 01
irradiated 16.2 = 0.2 427 = 04 13.1 = 05 24 = 0.1
pH 55
Non-irradiated 0.931 + 0.009% 0.344 = 0.003 bdl 1.38 = 0.07
irradiated 148 = 0.2 412 = 04 15.8 = 0.6 34 £ 02

2errors are =1 standard deviation.
Phdl = below detection limit of 0.3 umol L.

Tipping, 1981; Gu et a., 1994, 1995; Zhou et al., 2001,
Namjesnik-Dejanovic et al., 2000), we observed that adsorption
of non-irradiated DOM to goethite increased with decreasing
pH from 5.5 to 3.5. However, in the case of the irradiated
DOM, the difference between the maximum adsorption density
a pH 5.5 and the greatest observed adsorption at pH 3.5 was
much smaller, only statistically significant at the 80% confi-
dence level (t-test). Because adsorption did not reach its max-
imum value at pH 3.5 in our experiments, this difference might
be underestimated by our data. In any case, after irradiation, the
effect of pH on DOM adsorption to goethite is much smaller.

a
0.350 pH 3.5
@ non-irradiated
0.300 mirradiated
g 0.250
6 {
E’o.zoo
3 t
6' 0.150 E 1!'
0.100 { ] +
0.050
0.000
0 5 10 15 20 25 30 25
C.q (mg CIL)
0.400
b
0.350 4 pH 5.5
@ non-irradiated
0.300 mirradiated
?0.250
S
2o.200 {
! P !
5 0.150
(8] i i
0.100 %
0.050 i{
0.000 &
0 5 10 15 20 25 20 as

Cuq (g CIL)

Fig. 3. The effect of irradiation on the overall adsorption of DOM on
goethite at (a) pH 3.5 and (b) pH 5.5. Values are the average of 3
separate experiments, *1 standard deviation. Equilibrium adsorbed
concentrations (C.o) are normalized to goethite surface area.

3.2.2. Molecular weight

The effects of irradiation and adsorption on the molecular
weight distributions (MWD) of irradiated and non-irradiated
DOM at several DOM concentrations at pH 3.5 are shown in
Table 4 and Figure 4. At low initial concentrations, correspond-
ing to low surface coverage, all large and intermediate molec-
ular-weight components were adsorbed, leaving only relatively
small molecules in solution. At high initial DOM concentra-
tions, corresponding to high surface coverage (a small percent-
age of the DOM adsorbed), a greater proportion of low to
intermediate molecular-weight components remained in solu-
tion. Additionally, under these conditions, a small amount of
the highest molecular weight fraction of the DOM mixture
remained in solution. Adsorption of irradiated DOM at high
surface coverages was preferential to high to intermediate mo-
lecular weight components. The highest molecular weight frac-
tionin the original sample had been removed by irradiation, but
the remaining highest molecular weight components were still
preferentially adsorbed.

At pH 5.5 (Table 4 and Fig. 5), adsorption of non-
irradiated DOM was preferential to intermediate molecular
weight components, with little adsorption of either the high-
est or lowest molecular-weight fractions. This is especially
apparent at low surface coverage (high relative sorption),
where the DOM left in solution following sorption has a
bimodal distribution (Fig. 5). The highest molecular-weight
components that did not sorb at pH 5.5 were removed by
photo-irradiation.

3.23. LMW acid adsorption

As noted earlier, LMW acids were measured in both the
non-irradiated and irradiated samples. However, with the ex-
ception of oxalic acid, little to no adsorption of these com-
pounds was observed in either sample type at either pH value.
Oxalic acid showed a clear decrease in concentration upon
reaction with goethite under all experimental conditions. How-
ever, the relative adsorption of oxalate to the surface varied
from O to 62% for pH 3.5, nonirradiated; from 12 to 51% for
pH 3.5, irradiated; from 0 to 70% for pH 5.5, nonirradiated; and
from O to 64% for pH 5.5, irradiated, and did not show any
consistent trend with either its concentration or the concentra-
tion of the DOM (data in Progess, 2003).
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Table 4. Effect of irradiation and sorption on the DOM molecular weight distribution. “High sorption density” represents the highest C, in Figures

M. J. Pullin, C. A. Progess, and P. A. Maurice

3aand 3b and “Low sorption density” represents the 2" lowest Ceq in Figures 3a and 3b.

% of total molecular weight distribution within the range (in Daltons)

Sample 50-150 151450 451-1250 1251-3750 3751-11,350 11,351-18,450

pH 3.5, non-irradiated

Control 0.4% 3.1% 19.9% 60.9% 15.2% 0.4%

High sorption density 0.6% 4.1% 25.2% 58.2% 11.5% 0.4%

Low sorption density 0.0% 13.8% 61.8% 24.3% 0.0% 0.0%
pH 3.5, irradiated

Control 1.9% 11.0% 44.8% 41.7% 0.7% 0.0%

High sorption density 2.8% 15.8% 53.9% 27.4% 0.1% 0.0%

Low sorption density 2.8% 32.4% 61.9% 2.9% 0.0% 0.0%
pH 5.5, non-irradiated

Control 0.4% 2.3% 15.3% 64.9% 16.9% 0.3%

High sorption density 0.4% 2.6% 17.3% 60.4% 19.0% 0.4%

Low sorption density 4.5% 21.0% 47.6% 26.9% 0.0% 0.0%
pH 5.5, irradiated

Control 2.2% 9.5% 45.5% 42.4% 0.2% 0.0%

High sorption density 2.4% 11.2% 52.2% 34.0% 0.1% 0.0%

Low sorption density 1.7% 17.4% 68.9% 12.1% 0.0% 0.0%

3.2.4. Molar absorptivity

During the adsorption of the irradiated and non-irradiated
DOM to goethite at both pH 3.5 and 5.5, substantial decreases
in the molar absorptivity (e,g0 @nd e45,) Of the DOM remaining
in solution were observed. As a result, the relative loss of
absorbance upon sorption was larger than the relative loss of
DOC upon sorption (Fig. 6). This indicates the preferential
sorption of DOM moieties that absorb light at these wave-
lengths. If sorption were not preferential for the light absorbing
fraction of the DOM, then the datawould fall on the 1:1 linein
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the plots. It is important to note that these results are the net
result of the adsorption process; some of the adsorbed mole-
cules could have been weakly light absorbing.

3.3. Effects of Irradiation and Adsorption on
Fe Speciation

Figures 7 and 8 show the effects of irradiation and adsorption

on the total dissolved Fe concentration and the dissolved Fe(l1)
concentration at pH 3.5 and 5.5 (<0.2 um). At pH 3.5, ~75%
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control
solution
-adsorbed

log MW
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Fig. 4. Change in DOM molecular weight distributions upon irradiation and adsorption at pH 3.5. Top two figures are
at low surface coverage (2™ smallest Ceq in Fig. 3, bottom two figures are at higher surface coverage (largest Cq, in
Fig. 3). Figures on the left show effects of adsorption on molecular weight distributions of non-irradiated DOM. Figures
on the right show effects of adsorption on molecular weight distributions of irradiated DOM. Control (no goethite) and
solution (DOM remaining in solution after adsorption) molecular weight distributions are measured. Adsorbed molecular

weight distributions are calculated by difference.
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Fig. 4). Figures on the left show effects of adsorption on molecular weight distributions of non-irradiated DOM. Figures
on the right show effects of adsorption on molecular weight distributions of irradiated DOM. Control (no goethite) and
solution (DOM remaining in solution after adsorption) molecular weight distributions are measured. Adsorbed molecular

weight distributions are calculated by difference.

of the total iron was initially present as Fe(ll) (Fig. 7a). After
irradiation, this fraction increased to near 100% (Fig. 7b). At
pH 5.5, only ~20% of the total iron was present as Fe(ll),
beforeirradiation (Fig. 8a). After irradiation, Fe(I1) increased to
~50% of the total Fe (Fig. 8b).

At pH 3.5, the total Fe concentration increased over the
course of the adsorption experiments using non-irradiated and
irradiated DOM. In the non-irradiated sample, thisincrease was
mainly caused by additional Fe(lll) (Fig. 7a). However, in the
irradiated sample, the increase was due to additional Fe(ll)
(Fig. 7b). At pH 5.5, total iron increased slightly during the
sorption experiment using non-irradiated DOM (Fig. 8a). This
occurred despite an observed decreasein Fe(11) during the same
experiment. When the irradiated DOM was used at pH 5.5, a
substantial decrease in iron (mostly as Fe(ll)) was observed
(Fig. 8b). There was no measurable iron in the non-DOM-con-
taining controls reacted with goethite at both pH 3.5 and 5.5.

4. DISCUSSION
4.1. Effects of Irradiation on DOM Characteristics

Our results (Fig. 1, Tables 2 and 3) are consistent with those
of anumber of researchers (e.g., Gao and Zepp, 1998; Bertils-
son and Bergh, 1999) who demonstrated that exposure of DOM
to solar radiation results in the formation of lower molecular
weight photoproducts and dissolved inorganic carbon (DIC),
with a consequent decrease in the average molecular mass (e.g.,
Moran and Zepp 1997; Gao and Zepp, 1998; Bertilsson and
Bergh, 1999; Maurice et a., 2002a). The HPSEC molecular
weight distributions shown in Figure 1 confirm that irradiation
results in removal of higher molecular weight DOM compo-
nents, along with formation of new lower molecular weight

components at both pH 3.5 and 5.5. This process resultsin an
approximately 50% decrease in the peak and average
DOM MW, with similar changes observed at both pH values
(Table 2). Moreover, the decrease in peak height and peak area
at both pH values indicates an overall loss of light-adsorbing
DOM (at the detecting wavelength, 254 nm). Bertilsson and
Bergh (1999) observed a 33% decrease in M,, and a 29%
decrease in M, of a stream fulvic acid at pH ~6 upon irradi-
ation for 20 h using a variety of set-wavelength UV lamps. The
greater decrease that we observed could be due to the longer
exposure time, to the originad DOM sample composition,
and/or to differences in the wavelengths of light used for the
irradiation experiments. A larger decrease in [DOC] during
irradiation was noted at pH 3.5 than at pH 5.5 (Table 2). This
may be the result of some precipitation at the lower pH, or
higher efficiencies of iron photoreactions (due to its increased
solubility).

It has been shown that the exposure of natural waters to
sunlight produces LMW organic compounds such as carboxylic
acids, aldehydes and ketones (Kieber et al., 1990; Goldstone et
a., 2002). These LMW compounds are smaller, more biolog-
ically labile, and less light absorbing than DOM (Kieber and
Mopper, 1987; Kieber et a., 1990; Moran and Zepp, 1997).
Bertilsson and Tranvik (1998) showed that four LMW acids
(acetic, formic, malonic, and oxalic) are formed at rates that are
at least an order of magnitude higher than any other previously
identified LMW organic photoproducts, and thus these com-
pounds were measured herein.

We found significant increases in the concentrations of these
four acids due to irradiation. Consistent with the work of
Bertilsson and coworkers (Bertilsson and Tranvik, 1998, 2000;
Bertilsson and Bergh 1999), we found that production of low
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molecular weight organic acids during irradiation decreased in
the order formic > acetic > malonic > oxalic. However, it is
important to note that these LMW acid measurements represent
the net result of the photoirradiation process. In addition to
generating LMW acids, photochemical reactions can also de-
stroy them. Generally, LMW carboxylic acids do not absorb
light in the sunlight spectrum and therefore do not undergo
direct photochemical decomposition. However, indirect photo-
chemical processes can affect LMW acids. For example, formic
acid can be consumed by hydroxyl radical, a byproduct of
several photochemical processes (Goldstone et a., 2002). Ad-
ditionally, oxalic acid can form a highly photoreactive solution
complex with Fe(ll1), which decomposes to CO, and Fe(ll)
upon irradiation (Faust and Zepp, 1993; Bertilsson and Tran-
vik, 1998). Mdonic acid aso forms such a complex with
Fe(l11), although the efficiency of its photoreaction is several
orders of magnitude smaller than that of the Fe(lll)-oxaate
complex (Faust and Zepp, 1993). In our experiments, the iron
concentrations (~0.3 mg L) were relatively high compared
to the natural waters in which LMW acids were previously
studied (Bertilsson and Tranvik, 2000) and this may explain
why relatively little net oxalic acid formation was observed,
despite previous reports of its photoproduction (Bertilsson and
Tranvik, 1998, 2000).

1.0 * L4
A 3
a - ¢
0.9 * ]
4 L]

c
Sos .
g A . 1:1 loss
@07 ¢ u
c L]
g. A * L}
306 A
@
e
805 L2 pH35
2
2 a
204 mnon-irradiated, 280 nm
‘s [ ] e non-irradiated, 350 nm
$p03 «irradiated, 280 nm
2 Airradiated, 350 nm
o2
s
o1

0.0

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
relative loss of DOC upon sorption
1.0
b

0.9
< PO
2
‘g 0.8 * 2
8 o7 1:1 loss
s A
-3
b 0.6
8- -
g
2 05 4
9 A . ]
2 N pH55
© 04 *
c
. . . mnon-irradiated, 280 nm
3 03 N u @ non-irradiated, 350 nm
[ A v +irradiated, 280 nm
£ 02 * Airradiated, 350 nm
e

0.1

0.0

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

relative loss of DOC upon sorption

Fig. 6. Effect of sorption on DOM molar absorptivity at (a) pH 3.5
and (b) pH 5.5. The 1:1 loss line indicates the expected relationship
between the parameters if no preferential sorption occurred.

0.4
a
Non-irradiated, pH 3.5
minitial total Fe *
Adinitial Fe(ll) . L
03 + equilibrium total Fe
@ equilibrium Fe(ll)
—_ ]
d * a
=]
E 0.2 . .
— - .
e [
. ",
0.1 .« *n 4
*
A
.
$ ®
2
0.0
0 5 10 15 20 25 30
[DOC] (mg C/L)
0.4
: b
Irradiated, pH 3.5
minitial total Fe - [ ]
0.3 Ainitial Fe(ll)
+ equilibrium total Fe d
@ equilibrium Fe(ll)
—_ . [ ]
-
) o«
Eo2
T LA
w - A
. © n
¢+ 0 4
0.1 ® A
[ ]
s A
1
0.0
0 5 10 15 20 25 30
[DOC] (mg CIL)

Fig. 7. Comparison of total Fe and Fe(ll) concentrations in solution
before (initial) and following (equilibrium) adsorption on goethite for
(a) non-irradiated and (b) irradiated DOM at pH 3.5. Note that for the
“initial” data, the x-axis data represent the [DOC] before exposure to
goethite. For the “equilibrium” data, the x-axis represents the equilib-
rium [DOC] during adsorption or Cq,.

4.2. Effects of Irradiation on Adsorption
4.2.1. Adsorption isotherms

Davis and Gloor (1991) used gel exclusion chromatography
to compare adsorption of different MW fractions (MW < 500,
4000-500, > 4000 Da) to aluminum oxide. They observed that
the intermediate molecular weight fraction adsorbed most
strongly. Zhou et al. (2001) used HPSEC to compare the
contributions of six different MW fractions (10—150, 151—450,
451-1250, 1251-3750, 3751-11350, 1135118450 Da) of a
fulvic acid (M,, ~2200) to adsorption on goethite at pH 3.5,
5.5, and 7.5. They found that at all 3 pH values, the interme-
diate molecular weight fraction, 1251-3750 Da, dominated
adsorption, and that the importance of larger DOM components
to overall adsorption decreased from pH 3.5 to pH 5.5 and 7.5.
This strong affect of pH on the adsorption of the highest
molecular weight fraction of DOM may be due to its relatively
high charge density. de Laat et a. (1995) and de Laat and van
den Heuval (1995), who studied anionic polymers, suggested
that greater charge on larger organic molecules may present an
electrostatic barrier to adsorption, when in competition with
smaller and less charged polymers, and at high surface cover-
age where closer proximity of adsorbing molecules would
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promote intermolecular repulsion. At the lower pH, anionic
functional groups would tend to be more protonated, molecules
more likely to be neutral, and hydrophaobic interactions between
more aromatic, higher molecular-weight components of neigh-
boring molecules could stabilize their adsorption. At pH 5.5,
more of the carboxy! groups would be deprotonated, and elec-
trostatic repulsion between neighboring charged molecules
would present abarrier to adsorption, particularly for the higher
molecular-weight components.

To compare the contributions of different molecular weight
components to adsorption, the MWD of the non-irradiated and
irradiated DOM at pH 3.5 and 5.5 were each split into 6 MW
fractions, (50—150 Da, 151-450 Da, 451-1250 Da, 1251-3750
Da, 3751-11350 Da, and 11351-18450 Da), as in Zhou et al.
(2001). The resulting adsorption isotherms for each fraction are
presented in Figures 9 and 10. At both pH values, adsorption of
the non-irradiated DOM was dominated by the intermediate
molecular weight 1251-3750 Dafraction (Figs. 9aand 10a). At
pH 3.5, there were additional substantial inputs from the some-
what lower (151-140 Da) and somewhat higher (3751-11350
Da) molecular-weight fractions. Most of the decrease in ad-
sorption from pH 3.5 to pH 5.5 was due to decreased adsorption
of the 1251-3750 Da fraction, with additional decreasesin the
adsorption of the 451-1250 and 375111350 Da fractions. The

very highest and lowest molecular weight fractions (50—150 Da
and 11351-18450, respectively) played little to no role in
adsorption at either pH. Our results confirm that the very
highest MW components of the non-irradiated DOM; i.e., those
with MW > ~3750, have lesser adsorption affinities for goe-
thite at pH 3.5 and 5.5 than the more intermediate molecular
weight components. At pH 5.5, only the intermediate MW
components adsorb.

For irradiated DOM, at both pH values, the 1251-3750 Da
fraction again controlled overall adsorption. The higher mo-
lecular weight components (>3750 Da, or >log MW ~3.5)
were virtually non-existent in the photo-irradiated samples
(Figs. 9b and 10b) and therefore contributed little or nothing
to overall adsorption. The loss of higher molecular weight
components upon irradiation did not substantially affect the
overall adsorption at pH 5.5 because the higher molecular
weight components did not adsorb in the non-irradiated
sample. Thus, the molecular weight distributions of adsorb-
ing components were very similar for the irradiated versus
non-irradiated samples at pH 5.5 (Fig. 5).

However, since the high (>3750) molecular weight fraction
did contribute to overall adsorption at pH 3.5, its loss during
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Fig. 9. Adsorption isotherms for various molecular weight fractions
for (a) non-irradiated and (b) irradiated samples at pH 3.5. The two
largest molecular weight fractions are not plotted in (b) because they
were destroyed during the sunlight irradiation.
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irradiation did decrease overall adsorption at pH 3.5 following
irradiation. This result is consistent with the theory of de Laat
and the conclusions reached in Zhou et al. (2001), that the high
charge density of the higher molecular weight material presents
a barrier to adsorption as pH increases.

In addition to the loss of the high molecular weight compo-
nents, irradiation also caused a decrease in the adsorption of the
intermediate molecular weight components (1251-3750 Da),
especidly at pH 3.5 (Fig. 9). This decrease could be due to
complete remova (photo-oxidation) of the carbon in this
weight range, but it could also be due to a decrease in the
adsorption affinity of this material. Decreases in metal com-
plexing ability (and thus adsorption affinity) might be caused
by decreases in ionizable functional groups, such as light- and
iron-mediated decarboxylation (Faust and Zepp, 1993; Gao and
Zepp, 1998).

4.2.2. Molecular weight

Figure 11 shows the combined effects of irradiation and
adsorption on the molecular weight of the DOM. The horizon-
tal lines represent the average molecular weight (M,,) of the
DOM before and after irradiation. The points show the addi-
tional effect of the adsorption process on the M,,. before
irradiation, adsorption substantially decreases the DOM M,,.
Although this effect is somewhat smaller in magnitude after

irradiation, a substantial decrease in DOM M,, still occurs
following adsorption. These results demonstrate that irradiation
and adsorption act in concert to decrease the overall molecular
weight distribution of DOM.

4.2.3. LMW acid adsorption

All four LMW acids examined here have been previously
observed to undergo adsorption on goethite (Sigg and Stumm,
1981; Stumm and Sulzberger, 1992; Goldberg et a., 1993;
Pehkonen et al., 1993; Horanyi, 2002; Wijnja and Schulthess,
2002). Therefore, the lack of significant adsorption of acetic,
formic, and malonic acids, especially at relatively low concen-
trations where percent adsorption even in weakly adsorbing
single-acid systems would be maximized, can perhaps be at-
tributed to the competition for surface sites by the DOM.
However, further study on competitive adsorption is needed.

In contrast, oxalic acid was able to compete successfully
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Fig. 11. Change in average molecular weight (M,,) of DOM remain-
ing in solution following adsorption and irradiation. The M,, of DOM
remaining in solution converges on initial (irradiated or non-irradiated)
values at higher equilibrium concentrations because as surface cover-
age increases, a higher percentage of DOM remains in solution and the
sorptive fraction becomes less important. (a) pH 3.5 (b) pH 5.5.
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with DOM for surface sites, even at its fairly low concentra-
tions. This may be due to its relatively strong affinity for Fe
oxyhydroxide surfaces, as evidenced by its ability to form a
bidentate mononuclear inner-sphere surface complex with goe-
thite (Stumm and Sulzberger, 1992 and references therein). The
fact that oxalic acid adsorption did not show any consistent
trends may be due to the fact that both adsorbates (oxalate and
DOM) varied simultaneously in concentration in the same
direction. Additionally, the observed values of oxalic acid are
near our instrumental detection limit, causing the data to be
imprecise or noisy.

4.2.4. Molar absorptivity

The molar absorptivity of DOM at various UV wavelengths
including 205, 254, 272 and 280 nm has been shown to corre-
late with **C-NMR-measured aromaticity (% of total carbon
contained in aromatic subgroups) (Traina et a. 1990; Novak et
a., 1992; Chin et al., 1994; Peuravuori and Pihlgja, 1997;
Weishaar et a., 2003). This correlation is strongest when
samples from similar organic matter sources and operational
fractions are used, such as humic acids (> = 0.88, n = 11;
Trainaet a., 1990), or aquatic fulvic acids (r* = 0.97, n = 13;
Weishaar et a., 2003). When a more diverse set of organic
matter samples are included in the correlation, such as whole
water samples plus agueous humic substances collected using a
variety of techniques (r* = 0.84, n = 39; Peuravuori and
Pihlaja, 1997) or soil humic acids, water-only soil extracts, and
aguatic fulvic acids (r*> = 0.36—0.45, n = 18; Novak et al.
1992), the relationship can be less significant.

In this study, the DOM molar absorptivity a 280 nm (e,g0)
decreased during irradiation by ~75 U at both pH 3.5 and 5.5,
suggesting that irradiation was selective for the aromatic com-
ponents of DOM (Table 2). Additionally, for both non-irradi-
ated and irradiated samples, adsorption markedly decreased the
€550 Of DOM remaining in solution following adsorption, es-
pecialy at low equilibrium [DOC] (Fig. 6). This suggests
preferential adsorption of aromatic-containing moieties from
the DOM mixture. Similar results have been observed previ-
ously for non-irradiated DOM adsorption to Fe(l11) oxyhydrox-
ides and clays (Meier et a., 1999; Namjesnik-Dejanovic et al.
2000; Maurice et al., 2002a). This large decrease in e,g4 indi-
cates that the DOM remaining in solution after photodegrada-
tion and adsorptive fractionation is less aromatic than the
starting material. Our results also demonstrate that the com-
bined effect of irradiation and adsorption on solution aroma-
ticity is considerably greater then the effects of either irradia-
tion or adsorption, aone.

Recently, Hernes and Benner (2003b) noted a strong posi-
tive, linear correlation between absorbance at 350 nm and the
concentration of lignin phenols (aromatic moieties in terrestri-
ally-derived organic matter). Furthermore, this relationship was
unaffected by the molecular size of the DOM used for the
absorbance measurements. This suggests that absorbance at
350 nm is also a good indicator of the lignin and/or aromatic
content of DOM. Thus, our observation of the selective adsorp-
tion of DOM with high e, alS0 suggests preferential sorption
of lignin-derived aromatic moieties within the DOM mixture.

It is important to note that the correlation between aroma-
ticity and UV molar absorptivity has not been tested for

changes in the chemical structure of a single sample (although
natural surface water samples often have undergone some de-
gree of photo-irradiation or sorptive fractionation in the field).
Certainly, it is possible that DOM contains non-aromatic struc-
tures that also absorb at 280 nm and that these structures could
undergo photochemical transformation or preferential sorption.
However, our interpretation of the data presented here is sup-
ported by the results of McKnight et al. (1992) who directly
observed the preferential sorption of aromatic moieties on iron
oxides in a field setting using **C-NMR.

4.3. Effects of Irradiation and Adsorption on
Fe Speciation

4.3.1. Irradiation

At pH 3.5, the mgjority of the iron is present as Fe(l1), both
before and after irradiation (Fig. 7). Thisis due to a net thermal
(or “dark”) reduction of Fe(l11) to Fe(ll) by reducing moieties
on the DOM, possibly reduced quinone or catechol-type struc-
tures (Scott et al. 1998; Pullin and Cabaniss 2003a). At this pH,
the rate of this process is relatively fast (Voelker and Sul-
zberger, 1997) and the rates of Fe(I1) oxidation by O, and H,O,
are very slow (Sung and Morgan, 1980), leading to the con-
version of the majority of the iron to Fe(ll).

The concentration of iron initially present as Fe(Il) at pH 5.5
(Fig. 8) is smaller than at pH 3.5, consistent with slower rates
of thermal reduction and faster rates of oxidation at this pH
value (Sung and Morgan, 1980; Voelker and Sulzberger, 1996;
Voelker et a. 1997; Pullin and Cabaniss, 2003a; 2003b). Upon
irradiation, the amount of Fe(ll) (relative to total iron) in-
creases. Previous researchers have shown that Fe(l1l) can be
photoreduced to Fe(l1) in the presence of DOM (e.g., Faust and
Zepp, 1993; Kieber at a, 2003).

4.3.2. Adsorption

Following the reaction of non-irradiated and irradiated DOM
with goethite at pH 3.5, the net concentrations of total Fe and
Fe(ll) increased (Fig. 7), indicating that the DOM caused net
dissolution of the goethite (no dissolution was seen in DOM-
free controls). In the non-irradiated sample, this dissolution
resulted mainly in increased concentrations of Fe(l11), suggest-
ing ligand-promoted dissolution by the DOM. Many previous
investigators have observed ligand-promoted Fe(l11)oxhydrox-
ide dissolution in the presence of various types of DOM (e.g.,
Stumm and Furrer, 1987; Namjesnik-Dejanovic et a., 2000),
athough reductive dissolution is aso possible. In contrast,
exposure of the goethite to the irradiated sample increased Fe
concentrations as Fe(l1), suggesting reductive dissolution by
the DOM or by some other photo-produced reductant, hence
indicating a potential shift in dissolution mechanism. However,
it is also possible that ligand-promoted reduction occurred
through a non-reductive mechanism, followed by reduction of
Fe(I1l) to Fe(Il) in solution.

At pH 5.5, with non-irradiated DOM, tota iron increased
slightly during adsorption, indicating net dissolution (Fig. 8a).
However, Fe(ll) decreased during DOM sorption, suggesting
Fe(ll) sorption to the goethite surface (Zhang et al. 1992), or
Fe(Il) oxidation. In contrast, at pH 5.5 with irradiated DOM,
Fe(Il) and total Fe concentrations both decreased substantially
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upon exposure to the goethite surface (Fig. 8b). Since Fe(Il)
was initially a larger fraction of the total iron in this case, this
suggests that the Fe(ll) generated by the irradiation process
sorbed to the goethite surface. This sorbed Fe could either
remain in its reduced oxidation state, or be oxidized at the
surface. Other researchers have shown that iron oxyhydroxides
can catalyze the oxidation of Fe(ll) to Fe(l11) (Sung and Mor-
gan, 1980; Wehrli, 1990; Pullin and Cabaniss, 2003b). How-
ever, it is also possible that the Fe(l1) was oxidized in solution,
followed by precipitation or adsorption as either ionic Fe(l11) or
a Fe(l11)-DOM complex, which would be indistinguishable
from Fe(l1) adsorption in our experiments.

It isimportant to note that our observations are probably the
net result of a variety of dissolution and redox processes. It is
likely that both adsorption and dissolution occurred at pH 3.5
and 5.5, but a pH 3.5, dissolution played a larger role in
changing total dissolved Fe concentrations whereas at pH 5.5,
adsorption played a more pronounced role.

5. CONCLUSIONS

® Adsorption of non-irradiated DOM was preferential to rela
tively high and intermediate molecular weight components
at pH 3.5 and to intermediate molecular weight components
a pH 5.5. Lack of adsorption of the highest molecular
weight components at pH 5.5 may be due to electrostatic
repulsion between these highly charged molecules and
nearby adsorbed molecules. At pH 3.5, protonation would
lead to more neutral molecules, hence stabilization by hy-
drophobic interactions.

® |rradiation substantially decreased adsorption at pH 3.5, primar-
ily due to loss of components in the 1251—3750 and 3751—
11350 Da fractions. Irradiation resulted in only a small
decrease in DOM adsorption affinity at pH 5.5; the loss of
components in the 3751-11350 Da fraction upon irradiation
had little effect on adsorption because they played little or no
role in the non-irradiated sample at this pH.

® The lack of significant adsorption of acetic, formic, and
malonic acids can likely be attributed to the competition for
surface sites by the DOM. On the other hand, oxalic acid
adsorbed even in the presence of DOM, indicative of the
exceptional adsorption affinity of iron oxides for this dicar-
boxylic acid.

® |rradiation of DOM also affected itsinteractions with iron in
solution and at the goethite surface. For example, a possible
shift in goethite dissolution mechanism (from ligand pro-
moted to reductive) for the irradiated versus non-irradiated
DOM was noted at pH 3.5. These effects on iron speciation
(Fe(I) vs Fe(l11)) are highly pH dependent. For example, it
is likely that both adsorption and dissolution occurred at pH
3.5and 5.5; but at pH 3.5, dissolution played alarger rolein
changing total dissolved Fe concentrations whereas at pH
5.5, adsorption played a more pronounced role.

® Overdl, study results demondtrate that the combined effects of
irradiation followed by adsorption produce a lower molecular
weight, less aromatic DOM pool (based on a correlation be-
tween aromaticity and absorbance) than either process, aone.
This could have important environmental consequences in
terms of UV penetration, contaminant mobility, and DOM
bioavailability.
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