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Abstract

The fate of arsenic in the aquatic environment is influenced by dissolved natural organic
matter (DOM). Using an equilibrium dialysis method, conditional distribution
coefficients (D) for As(III) and As(V) binding onto two commercial humic acids
(terrestrial and aquatic) were determined at environmentally relevant As/dissolved
organic carbon (DOC) ratios and as a function of pH. At all pH values, As(V) exhibited
stronger binding than As(IIT). Maximum binding was observed around pH 7, which is
consistent with H" competition for binding sites at low pH values and OH™ competition
for the arsenic centre at high pH. For both oxidation states, D,,, values were higher the
lower the As/DOC ratio was. D,,, values as a function of the As/DOC ratio were fitted for
As(IIT) and As(V). Compared to the aquatic humic acid, the terrestrial humic acid showed
a higher affinity for arsenic binding with 1.5-3 times higher D,,, values under the same
conditions. Aluminum(III) cations in excess to arsenic were shown to be competitors for
strong binding sites at very low As/DOC ratios. Under environmentally relevant
conditions ([DOC] =5 mgL™, pH =7, I = 0.05, [As(V)] = 67 nM (5 pgL™)), 10% of total
As(V) may be bound to DOM, whereas >10% of As(III) is bound to DOM at very low
As/DOC ratios only (<1.32 nmol As/mg DOC).



Introduction

According to the WHO drinking water guideline value for arsenic (10 pgL™), relevant
groundwater resources in Argentina, Cambodia, Chile, Mexico, the United States,
Vietnam, and West Bengal are to be considered as contaminated (/-4). The adverse
health effects of arsenic are arsenicosis, various forms of cancer and blackfoot disease
(BFD) (5). Arsenate complexed by humic material has been shown to be a significant
factor in the etiology of BFD (6). The bioavailability, toxicity and mobility of As depend
on its speciation. In the aquatic environment, inorganic As occurs as As(IIl), H;AsOs, or
as As(V), H,AsO, and HAsO4>. The ratio of As(III)/As(V) actually found in the
environment is influenced by microbial activity (7), by abiotic redox reactions (8,9) and
by binding to mineral surfaces (10).

Natural organic matter (NOM) is ubiquitous to aquatic systems. The environmental fate
of As could be affected by NOM. Firstly, microbial degradation of NOM leads to
reductive dissolution of As coated iron(hydr)oxides (/7). Secondly, dissolved organic
material (DOM) is known to act as a competitor for As with respect to binding onto
surfaces such as alumina, goethite or hematite (72,73). Thirdly, complexation of As by
DOM in the presence of metal cations suggest that DOM has an impact on As mobility
(14). Despite the known relevance of NOM on As speciation, information on the binding
behavior of As(IIT) and As(V) onto dissolved humic substances is scarce (15,16).
Moreover, binding constants under environmentally relevant conditions are not available,
so the distribution of As(III) and As(V) based on calculations cannot be predicted
properly.

In this study, we determined conditional distributions coefficients (D,,,) for As(IIl) and
As(V) and two commercially available humic acids (terrestrial and aquatic) by a dialysis
method. The [As]o/DOC ratio was varied within an environmentally relevant range,
focussing on very low ratios such as 0.13 nmol As/mg dissolved organic carbon (DOC).
The D,,, values were fitted as a function of the As/DOC ratios for As(IIl) and As(V). The
influence of the pH between 4.6 and 8.4 was determined. Additionally, the influence of
aluminum in excess compared to As was investigated at very low [As]o/DOC ratios.

Finally, the competition between phosphate and arsenate at equimolar concentrations was



investigated. Probable binding mechanisms are proposed and results are discussed with

respect to environmental relevance.

Experimental Section

Reagents. All aqueous solutions were prepared with analytical grade Milli-Q water
(Millipore). As,O3, NaH,As04-2H,0, NasCitrate-2H,O, ascorbic acid, NaBH4, NH4NO3,
NaN3, p.a., NaCl solution (5 M; heavy metals < 0.0001 %), KH,PO4 (pK,i-3 = 1.96; 7.21;
12.32), sodium acetate (pK, = 4.75), 2-morpholino-ethanesulfonic acid (MES, pK, =
6.15), piperazine-1,4-bis(2-ethane-sulfonic acid) (PIPES, pK, = 6.80), 3-morpholino-
propanesulfonic acid (MOPS, pK, = 7.20), and N-[Tris(hydroxy-methyl)methyl]-3-
aminopropanesulfonic acid (TAPS pK, = 8.40) were obtained from Fluka. AICl;-6H,0O
was bought from Merck.

Humic Acids. Suwannee River humic acid standard II (SRHA) (Cat. No. 2S101H) was
received from the International Humic Substance Society (IHSS, 1991 Upper Buford
Circle, St. Paul, MN 55108, USA). Aldrich humic acid (AHA), sodium salt, tech. (No. 1
01816-104) (AHA) was purchased from Aldrich (Germany). The treatment of SRHA and
AHA is described in detail elsewhere (17).

Analytical methods. As(I1T) and As(total) concentrations ( >13 nmolL™") were quantified
with an atomic fluorescence spectrometer (AFS), Millenium Excalibur. The
quantification limit was 0.2 pgL™" (2.7 nmol L™). As(III) was selectively detected by
hydride generation in a pH 5 citrate buffer using a procedure described elsewhere (8).
As(V) concentrations were calculated as the difference of As(total) and As(III)
concentrations. The influence of dissolved organic carbon (DOC) on the AFS response
signal was determined for As(IIl) samples and As(V) samples in the presence of AHA
and SRHA, respectively (Figures S1 and S2). DOC had no significant influence on the
As(IIT) response, whereas As(V) spiked DOC solutions showed a significant decrease in
response with increased DOC (18). Thus, response signals were corrected for DOC
content in the case of As(V).

As(total) concentrations (<13 nmolL™") were quantified with high resolution ICP-MS
(ICP MS Element 2). The quantification limit was 0.01 pgL™ (0.13 nmol L™). Samples
were diluted 1:10, and 100 uL of distilled HNO; was added to a total of 10 mL.



Dialysis experiments. In order to determine the conditional distribution coefficients of
As(IIT) and As(V) binding to dissolved humic acid, equilibrium dialysis was used. The
equilibrium concentrations of total As(IIl) and total As(V), respectively, were determined
in the outside and in the inside of a dialysis tube (Spectra/Por® Biotech Cellulose Ester
(CE) membrane (500 Da)) fixed at the top of a 0.5 L polypropylene bottle. The exact
procedure is described elsewhere (77). The inside solution contained humic acid or the
ionic medium (blank). The solution inside and outside were spiked with the same As(V)
concentrations at the beginning. In the case of As(Ill), it was spiked only outside in order
to prevent photoinduced oxidation of As(IIl) by humics (79). Organic buffers were used
at 1 mM concentrations. Ionic strength was 0.05 (NaCl) if not otherwise stated. The
addition of 0.15 mM NaNj to all experiments prevented microbial growth. For the
aluminum experiments, [Al(III)] was 0.5, 1, 2 and 4 uM. Sorption isotherms were
determined at total As concentrations of 13 nM, 67 nM, 0.13 uM, 0.4 uM, 4 uM and for
some experiments of 12 pM. Concentrations of DOC were 100 mgL™" and 50 mgL" for
AHA and SRHA, respectively. Conditional distribution coefficients for the DOM-water

distribution, D,,,, were calculated using eq 1:

c._-C -1
D,, = Zw Lk -,
om Cw ] [HA] {C} [ gbocC ] (Cq )

where C, = total [As(III)] or [As(V)] outside the tube
Cotw = total [As(IIT)] or [As(V)] inside the tube
[HA] = concentration of humic acid [kgL'l]
{C} = carbon content of humic acid [kgkg™].

The characteristics of AHA are summarized in a previous study (/7). Due to lack of
characterization data of SRHA standard II, similar characteristics as SRHA standard I are
assumed (17).

Diffusion kinetics and equilibration time. Figure S3 a,b shows that the diffusion of
arsenic through the membrane is complete after 1 d (As(Ill)) and 8 days (As(V)) in the

absence of humic acid. Qualitatively, experiments in the presence of humic acid showed



that As(III) sorption is faster compared to diffusion through the membrane, whereas
As(V) binding to humic acid is slower compared to diffusion through the membrane.
Hence, dialysis cells with As(IIl) were shaken at least for 1 d, whereas As(V) batches
were shaken at least for 40 days before analysis (120 rpm, 25°C, dark), which guaranteed
equilibrium to be achieved (data not shown). For all experiments, recovery of initially
spiked As was at least 80% and varied within 15%.

Blanks. Each step of blank runs (without As) was analysed for As contamination. Neither
buffer solutions nor membrane tubes, pH meter nor bottles showed any As release (<0.01
ugL™). Moreover, the “procedure blank” carried out at pH 4.6, 7.2 and 8.4, respectively,
released less than 0.01pgL™" As. Matrix-adjusted standards (in buffer and in buffer with
DOC) had smaller responses than aqueous standards in the ICP-MS analysis. As the
decrease in signal was the same for buffer solutions (outside the tube) and buffer with

DOC (inside the tube), D, values calculated were not affected.

Results and Discussion

Binding to humic acids. Conditional distribution coefficients for binding of As(III) and
As(V) onto AHA (or SRHA), D,,,, were determined at four different pH values (4.6; 6.1;
7.2 and 8.4) and 46 different As/DOC ratios. Both, for As(III) as well as As(V), Dy
values were higher the lower the As/DOC ratio was. Moreover, for all pH values tested,
As(V) exhibited stronger binding than As(III) as illustrated for pH 8.4 and AHA in
Figure 1a,b. Binding of As(IIT) and As(V) onto SRHA showed an analogous pattern with
D, values being 1.5-3 times smaller compared to AHA (S4 a,b).
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Figure 1 a,b: Distribution coefficients for AHA (D,,,) as a function of (a) nonbound
As(III) and (b) nonbound As(V) at [DOC] = 100 mgL"', pH 8.4, 25 °C. Dotted lines
represent fitted values: for As(Ill) D,,, /1000 = 1/([As(IIT)]/ MM)O‘4 and for As(V) D,
/1000 = 1/([As(V))/uM)"". For D, values as a function of [As]/DOC ratio, see text.

Error bars indicate standard deviations of two replicates.

For AHA, the D,,, values increase by a factor of 6 (As(IIl)) and 25 (As(V)) when the
As/DOC ratio is decreased by a factor of 60 (from 4000 to 70 nmolL™). Stronger binding
sites seem to be involved at lower As/DOC ratios. Distribution coefficients as a function

of the As/DOC ratio can be calculated with simple equations. Minimization of

) (Dom’i’w reutared Dom’i’meawe d)z was done by adjusting one parameter (the power in the

1

denominator) using a curve fit procedure of Microsoft Excel (eq. 2 and 3 for conditions

used in Fig. 1a,b with n=5 and 4 for As(Ill)and As(V), respectively):

D, 1

om — .2
1000 ([4s(1D)),,, / DOC)*" (q-2)

and

D, 1

00 - .3),
1000 ([4s(V)],,, / DOC)"* (eq. 3)




where

D, = distribution coefficient [Lngoc'l]
[As(ITD) Jiotar = total As(III) concentration [uM]
[AS(V)]total = total As(V) concentration [uM]
DOC = DOC concentration [mgL'l].

These equations provide a tool for estimation of D,,, values at a given [As]it/DOC ratio.

Quantifying the occupation of binding sites for AHA results in 17 pumol of As(III)/ mol
total functional groups and 40 pmol of As(V)/mol total functional groups for a low
[As]o/DOC ratio of 0.67 nmol/mg DOC, meaning that 26% (As(I1I)) and 62% (As(V)) of
total As is bound to humics. Under these conditions, less than 0.1%o of all functional
groups are occupied. For As/DOC ratios of >100 nmol As/mg DOC, the concentration of
As bound to humic acid remains constant. At this ratio, about 10% of total As(V) is
bound to humics resulting in an occupation of =1%o of all binding sites.

Under the same conditions, D, values for As binding to SRHA are smaller by a factor of
1.5-3, although SRHA exhibits more functional groups per gram of DOC (factor =2) and
smaller molecules (factor =2), which should lead to higher D,,, values assuming a specific
complexation mechanism. The findings of lower distribution coefficients may be partly
due to other binding mechanisms such as hydrophobic binding (see section Binding
mechanisms below). It is known that neutral pollutants such as alkanes exhibit 10-20
times smaller D,,, values with SRHA than with AHA (20,21). In contrast to As(III),
Sb(III) binding to SRHA showed 10-15 times higher D,,, values compared to binding
onto AHA (17). The centre of Sb(OH); exhibits a more cationic character than the As(III)

centre and therefore might preferably be bound by specific complexation.

Influence of pH. The pK, values of As(OH); and H3AsOy4 are 9.22, 12.11, 13.41 and 2.25,
6.75, 11.60, respectively (10). Figure 2 a,b shows D,,, values as a function of pH at two
moderate to low As/DOC ratios (1.32 nmol/mg DOC and 0.67 nmol/mg DOC) for As(III)
and As(V), respectively. Under these conditions, As(V) binding is 6 to 10 times stronger
compared to As(III) binding onto AHA, which may be due to the higher formal charge at



the As(V) centre and/ or additional chelation and stabilizing effects (see section Binding
mechanisms). For both arsenic species, maximum binding at pH>7 is observed. However,
between pH 4.6 and 7.2 D,,, values increase only by a factor of 2.5 and 5 for As(III) and
As(V), respectively. This pH dependence is in agreement with H™ competition for
functional groups at low pH values and OH™ competition for the As centre at high pH

values (see section Binding mechanisms).
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Figure 2a,b: Distribution coefficients for AHA (D,,,) as a function of pH for (a) As(III) at
0.67 nmol As(III)/ mg DOC (e) and 1.32 nmol As(IIl)/ mg DOC (m) and (b) As(V) at
0.67 nmol As(III)/ mg DOC (©) and 1.32 nmol As(IIT)/ mg DOC (o), [DOC] = 100 mgL"
! 25 °C. Note: D, values for As(V) are 6 to 10 times higher than for As(III).



In contrast to moderate As/DOC ratios, at low As/DOC ratios (0.13 nmol/mg DOC), the
influence of the pH on the D,,, values is different. Here, no obvious binding maximum is
found (Figure 3). It may be, however, that binding is stronger at lower pH values for both,
As(IIT) and As(V), respectively. Such a behavior could be explained by traces of iron or

aluminum forming cation bridges between As and the humic acid (72), which is favoured

at lower pH values due to speciation of these metal cations (22).
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Figure 3: Distribution coefficients for AHA (D,) as a function of pH at 0.13 nmol/mg
DOC, As(III) (e), As(V) (o), [DOC] =100 mgL'l, 25 °C.

Binding mechanisms. A) Arsenic(IIl). Up to pH 9, As(III) forms stable neutral hydroxo
complexes, As(OH)s. It is well known that As(IIl) forms stable “ethers” in the presence
of alcohols (eq 4):

As;O3 + 6 ROH == 2 As(OR); (eq. 4).

Because humic acids exhibit phenolates as functional entities, a ligand exchange reaction

could occur (eq. 5):
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OH (eq. 5).

As phenolates are better [1-donors than carboxylates, equation 5 does probably not occur
for carboxylates. It is suggested that carboxylic functional groups bind As(II) by forming
a negatively charged adduct (no HO release) where H-bridges may be stabilizing (eq. 6):

0 | O"--H\ 1
R- + AS(OI‘I):;, — R4</ /O
O O—As(OH),

(eq. 6).

Such specific complexation mechanisms are in agreement with the pH dependence
observed for As(IIl) binding onto humics. The overall binding trends are influenced by (i)
H' competition for humic functional groups at low pH values and (ii) OH™ competition
for the As(III) centre at high pH values. At circumneutral pH values, As(I1I) binding is
maximum.

The observed decrease of D,,, values at higher As(III)/DOC ratios can be explained by
assuming a small number of strong binding sites and a large number of weaker binding
sites. The decrease of D,,, values at higher As(II1)/DOC ratios was also found for Sb(III)
(17) and cations such as Hg*" (23). In another study on the photoinduced oxidation of
As(IIT) in the presence of humic acids we speculated whether As(IIl) bound to SRHA
was involved in the rate determining step (79). The pseudo-first-order rate coefficients in
this oxidation reaction were higher the smaller the As(IIT)/DOC ratio was (19). Because
we find the same dependence for the D,,, values of As(IIl) and SRHA in this study,
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namely higher D,,, values for smaller As(III)/DOC ratios (S4 a,b), the suggestion of an
As(IIT)-humic acid complex involved in the rate determining step of the photoinduced
oxidation of As(III) is supported.

In addition to a specific binding mechanism at functional groups, the neutral As(OH);
may partly be bound by hydrophobic interaction, which supports the fact that D,,, values
found are rather small and that binding of As(III) onto SRHA is weaker than onto AHA,
although it exhibits more functional groups than AHA (20,21).

B) Arsenic(V). In contrast to As(III), the inorganic As(V) species HyAsO4 and HAsO4*
are negatively charged in the pH range studied here (4.6 to 8.4). Because humic acids are
overall negatively charged, too, only weak As(V) binding would be expected (22).
However, we find stronger As(V) binding compared to As(III) binding and so do other
authors (15,16).

According to Huheey, for coordination numbers <6, an associative ligand exchange
mechanism at positively charged metal centres may occur (24). As the arsenate centre has
a formal charge of +V, an addition of a phenolate entity at the electrophilic centre

followed by protonation and water release might take place (eq. 7):

R\/\ / - \/\ / 1V +H,O

R \//OH
- 0 T S\

\ ﬂsv

//OH
HO/ \or (eq. 7).

Although the overall charge is negative for both reactants, the driving force may be
stabilisation through phenolate donor characteristics, additional chelation by other
functional groups and/or H-bridges. For comparison, SiCly is hydrolysed in water
although the centre is sterically hindered and the four chloride ligands are negatively

polarized. Ligand exchange occurs by octet expansion and subsequent HCI elimination.
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Competitors for strong binding sites. In natural aquatic systems, cations such as Ca™",
Mg*" and Fe®" are present besides NOM. Such cationic metals may act as competitors or
as promoters (cation bridging) for the association of arsenic with NOM (72). In order to
evaluate the influence of cations onto As binding to humics, experiments with different
aluminum concentrations were performed at pH 4.6. We choose a low As/DOC ratio of
0.13 nmol/mg DOC. Aluminum(III) was chosen because it is not redox active compared
to, for example, Fe(IIT). Moreover, it is small and highly positively charged, which
favours binding onto negatively charged humics. Therefore, it is an ideal cation to study
the influence of metal cations on arsenic binding onto humics. As a hypothesis, the
formation of humic-AI(III)-As bridges should lead to higher D,,, values with increased
AI(IIT) concentration (a detailed description of this binding mechanism is provided in the
SI). However, we found significantly smaller D, values for As(V) and similar D,,,
values for As(IIl) in the presence of AI(II) (Figure 4). Moreover, in contrast to binding
studies without aluminum, D,,, values in the presence of AI(III) were in most cases
significantly smaller for As(V) compared to As(III). Hence, the influence of AI(III) on
As(V) binding to humics is different from that on As(IIl) binding. Under the conditions
studied, Al(IIT) could either act as a competitor for As(V) with respect to strong binding
sites on the humic acid or reduce the binding affinity for As(V) by inducing
conformational changes of the humic macromolecule, which renders some strong binding
sites inaccessible for As(V). Obviously, Al(III) does not serve as a cation bridge for
As(V). For As(II), no significant influence of Al(III) on D,,, values was observed, which
agrees with the suggestion of a (at least) partly hydrophobic binding mechanism of As(III)
onto humics (see section Binding mechanisms). Like in the case of As(V), Al(III) seems
not to form cation bridges for As(III).

Moreover, the formation of AlAsO, colloids suspended by DOC should be negligible (25)
because Al(III) was equilibrated with the humics for 12 h before As spiking and therefore
AI(IIT) binding to high affinity sites on the humic acid is favoured over colloid formation
(22). This Al speciation is unambiguously supported by model calculations with WHAM
(Windermere Humic Acid Model (22)). They show that in the presence of 100 mgL'1
DOC and 4 uM AI(III) at pH 4.6 (I1=0.05, NaCl), >99% of all Al(III) is bound to the

humic acid (1.999 x 10 molgua™), whereas only a small fraction is dissolved as AI’* (aq)
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(3 x 10" molL™), AIOH*" (aq) (4.5 x 107 moIL™), AI(OH)," (aq) (5.6 x 10> moIL™)
and Al(OH)4 (aq) (4.7 x 10™"° molL™).
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Figure 4: Distribution coefficients for AHA (D,,,) as a function of Al(III) concentration at
pH 4.6, 0.13 nmol/mg DOC, As(III) (®), As(V) (o), [DOC] = 100 mgL™", 25 °C.

Experiments with phosphate and arsenate at a molar ratio of 1:1 and at an [As]o/DOC
ratio of 0.67 nmol/mg DOC showed that D,,, values were smaller by a factor of = 2 at pH
6.1 and 7.2 compared to experiments without phosphate (data not shown). Even though
phosphate was not used in excess over arsenic, it may act as a competitor for strong
binding sites on the humic acid. Phosphate/ arsenate competition was also found by other
authors (715). As phosphate is usually present in excess over arsenic under

environmentally relevant conditions (7), it may prevent arsenic from binding to humic

material.

Arsenic complexation by humics - a survey of the literature. In contrast to cation
binding by humic substances (22), anion binding by humics has not been studied
comprehensively so far (26). A selection of publications dealing with inorganic and
organic As complexation is given in the following and evaluated with respect to As

binding by humic acids.
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At environmentally relevant conditions, hydroxyl complexes of As are prevailing in
aqueous solution. Arsenic complexes with hard inorganic ligands such as chloride or
carbonate are rather weak (27,28), whereas soft ligands such as sulfide form strong
arsenic complexes (29). The high affinity of sulthydryl functional groups for As(III) is
also reflected by the stable gluthathione complexes with As(III) (30). Small organic
ligands such as NTA or EDTA are known to form stable As(III) chelate complexes
([[As(OH),HNTAT]/ [As(OH)*"] [HNTA*] = 10" (31); ([[As(OH),HEDTA]*]/
[As(OH)*"] [H.EDTA*] = 10"**%! (32)), and in the case of EDTA also stable As(V)
complexes (32). Therefore, our finding of As(IIl) and As(V) binding to humic acids is
plausible because they also exhibit carboxylic, sulthydryl and phenolic functional groups.
In batch experiments using AHA in high concentrations (1500 mgL™), Warwick et al.
determined conditional distribution ratios for As(IIl) and As(V) at different ionic
strengths and various pH values (76). They determined conditional stability constants
(logKk'=1.97 + 0.02 for As(V) and logK = 1.58 £ 0.07 for As(IIl)) based on a 1:1
stoichiometry for the As-AHA interaction. Increased pH values resulted in increased
binding and increased ionic strength in decreased binding due to competition for binding
sites. Thanabalasingam and Pickering pointed out the role of ammonium functional
groups in As sorption by humic acids (75). Similar to our findings but in contrast to the
study of Warwick et al. (16), they found maximum binding around pH 6 and weaker
binding at higher pH values at similar As/AHA ratios. At 10 uM free As and 1500 mgL"
AHA (6.6 nmol/mg DOC and pH 5.5), conditional distribution coefficients were 3300
Lkg™ and 4200 Lkg™ for As(III) and As(V), respectively, similar to our findings of 540
Lkg™ and 2000 Lkg™ for As(IIT) and As(V) (4.0 nmol/mg DOC and pH 6.2).

Redman and Macalady determined a great variability in complexation behavior of As(III)
and As(V) onto diverse NOM samples and pointed out that cationic metals may be
involved in a ternary complexation mechanism: humic acid-cation-arsenic (72). Such a
binding mechanism is also supported by the findings of Lin et al. demonstrating that
As(V) binding to a water extract of compost, WEC, containing mainly fulvic acids and
metals such as Fe, Al, Mn, Ca and Mg was 30% to 50%, whereas purified WEC (without
metals) did not form any As(V) complexes within 48 h of equilibration (74). Moreover,
they showed that Fe, Al and Mn involved in As(V) binding cannot be ion-exchanged by a
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XAD-8 resin ion exchanger, whereas K that does not form metal bridges with arsenate
was completely ion-exchanged. Our experiments with AI(IIT) in excess to As(V) at very
low As/DOC ratios showed, however, that Al(IIT) decreased D,,, values rather than
promoted binding.

Shaw et al. discuss the binding mechanism of phosphate onto humic acids in the presence
of Fe(Ill) and claim that the interaction is rather complex, including partly ternary humic
acid-Fe-PO,’" complexes and partly association of humic acids with inorganic colloids
containing iron and phosphate (25).

Low solubility of various arsenate-containing minerals such as FeAsO4 (pKy = 20.24),
AlAsO4 (pKso = 15.80) Mnj3(AsOs); (pKso = 28.72), Casz(AsOs), (pKso = 18.17) and
Mg3(AsOs) (pKso = 19.68) (33) facilitates the formation of colloids suspended by NOM
and should be considered in speciation discussions. Moreover, binding of As onto
colloids such as gibbsite (34), FeS (35), goethite and HFO (10), ferrihydrite (36) are
known to influence the mobility of arsenic significantly.

Environmental Considerations. When studying arsenic speciation in the aquatic
environment, As binding to dissolved humic acids should be taken into account. Under
environmentally relevant conditions ((DOC] =5 mgL™", pH =7, I=0.05, [As(V)] = 67
nM (5 pgL™)), 10% of total As(V) is bound to dissolved humic acids. At higher DOC
concentrations, even a higher percentage of As(V) is bound to DOC. Thus, in oxic
groundwaters with As mainly found as As(V) as for example in La Pampa, Argentina,
binding of As to humic material should be considered. The binding of As(III), however,
seems to be relevant at very low As(III)/DOC ratios only, implying that As(III)
mobilization due to binding onto dissolved organic material may be important at high
DOC concentrations only, as found for example at margins of peat lenses in anoxic
aquifers (37). Nevertheless, As(III)-humic acid complexes seem to play an important role
in the photoinduced oxidation of As(IIl) in the presence of humic acids (/9). Such
processes are important when anoxic groundwater is pumped up and gets in contact with
air and light. Moreover, in anoxic aquifers DOC has a strong potential to mobilize As(III)

from metal(hydr)oxides by acting as a competitor for the sorption on surfaces (13).
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