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Abstract

Abstract

Even though arsenic can be found everywhere in the environment, it is phytotoxic and
hazardous to human and animal health. Especially arsenic leaching produces
contamination of groundwater. But a number of factors, such as the amount and type of
adsorbing soil constituents, pH value, redox conditions and residence time have an
important influence on the potential mobility and leachability of arsenic. Especially the
presence of hydrated oxides and hydroxides of Fe, Al and Mn have an essential
influence.

In this study two heavily contaminated Swedish soils have been investigated on the
arsenic solubility as a function of pH with the aid of batch experiments. The sites were a
former wood impregnation site (Asbro) and an area of a former glass factory
(Pukeberg). The results of the batch experiments were evaluated using geochemical
modelling (Visual MINTEQ). The objective of the study was to assess if a change in the
soil pH could lead to an increased leaching of arsenic from the two contaminated soils.
Furthermore, the plausibility of geochemical modelling as a tool in risk assessment was
explored. The hypothesis of a low arsenic leachability for pH above 3 and that arsenic is
mainly adsorbed to ferric (hydr)oxides were stated.

The study showed that at least in one of the soils, ferric (hydr)oxides were not the main
phase controlling As solubility. For the other soil no explicit statement on the role of

ferric (hydr)oxides as adsorption sites for arsenic could be made. Furthermore, the
assumption that arsenic adsorption results in a low leachability of As at pH > 3 was
proved to be wrong. The depiction of the experimental results using geochemical
modelling proved to be difficult. These results indicate that additional investigations

need to be made concerning the reactive solid phases relevant for As in heavily
contaminated soils before geochemical models can be used in risk assessment.
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Popular Science Summary

Arsenic can be found everywhere in the environment. There are a few natural sources,
but the main sources are anthropogenic, e.g. arsenic as a component of pesticides, used
in wood preservation, in the manufacturing of glass and through the burning of fossil
fuels. The problem is arsenic can have a toxic effect on plant growth and is dangerous to
human and animal health. Arsenic can cause acute and chronic poisoning and is
especially dangerous in case of long-term exposure through food or air. One of the
biggest problems is the leaching of arsenic from soils into the ground water. The fact
that the total arsenic concentration does not indicate its potential mobility and
leachability makes risk assessments of arsenic-contaminated sites difficult. Other
factors such as the amount and type of adsorbing soil constituents, pH value and
residence time have to be taken into account.

In soils and waters, arsenic is usually found in its anionic form: as arsenitg®jA=O
arsenate (Asg¥). Due to the fact that Fe and Al (hydr)oxides may have a net positive
charge below pH 7, and that the soil pH in most natural soils doesn’'t exceed this value,
they are expected to be the main adsorbent minerals for arsenic.

The aim of this study was to assess if a change in the soil pH could lead to an increased
leaching of arsenic from two heavy contaminated Swedish soils. This has been
examined with the help of batch experiments. The experimental results have been
evaluated also with the help of geochemical modelling. A purpose of using geochemical
modelling was to explore the plausibility of this tool in risk assessment.

The results showed for both investigated sites that a reduction in the soil pH could lead
to an increased leaching of arsenic from the studied contaminated sites. Furthermore it
was proven that in at least one of the soils, Fe and Al (hydr)oxides were not controlling
the solubility of arsenic. The depiction of the experimental results using geochemical
modelling proved to be difficult. These results indicate that more needs to be known
about the chemical reactions of arsenic in heavily contaminated soils before
geochemical models can be used in risk assessment.
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1 Introduction

1 Introduction

Arsenic can be found everywhere in the environmant there are two well-known

general sources: on the one hand the natural @rwmerof arsenic, for example from

volcanism and weathering of bedrock. Secondly theran anthropogenic source of
arsenic, where arsenic is introduced into the enwrent as a component of pesticides,
in wood preservation, in the manufacturing of glabsough the burning of fossil fuels

and by smelting of arsenic-bearing minerals (Bisehal. 2016; Bissen and Frimmel

2003). But why is risk assessment in the contesrsénic so important?

One important reason is the fact that arsenic iggbbxic as well as hazardous to
human and animal health. Therefore, its leachingsqmts risks to the groundwater
quality (Sadiq 1995; Violante and Pigna 2002).tdtsicity, however,depends on its

speciation: inorganic arsenic compounds are mondc tdhan organic arsenic

compounds (Bissen and Frimmel 2003).

Moreover, in contrast to organic contaminates, racsean be neither decomposed
chemically nor biologically (Bisone et al. 2016).

One problem in the risk assessment of arsenicadabt that the total concentration
does not indicate its potential mobility and leduhiy (Bisone et al. 2016). A lot of
factors such as the amount and type of adsorbinhg@astituents, the pH value, redox
conditions and biological transformations have rmpartant influence on the mobility
of arsenic (Bisone et al. 2016; Bissen and Frimg@£3). The presence of hydrated
oxides and hydroxides of Fe, Mn and Al, compounfdSa natural organic matter, clay
minerals and competing anions (e.g4POhave an essential influence (Bisone et al.
2016; Dousova et al. 2016). Therefore, to appljable management strategies, it is of
great importance to recognize the chemical intemast between soil and arsenic
(Bissen and Frimmel 2003).

In nature, arsenic can be found in different oxatastates: arsenic (0), arsenate (+V),
arsenite (+111) and arsine (-lll) (Bissen and Frigin2003). Nevertheless, in soils and
aqgueous environments the most common forms areiggsend arsenate, although As
(111) is usually the dominant form in reduced cainzhs, while As (V) is more dominant
in aerobic environments (Bissen and Frimmel 200&di¢ 1995). Arsenic (lllI) and
arsenic (V) demonstrate a high affinity for oxyg&onsequently, in the soil, it is
mainly found in oxyanionic forms such as ASO(arsenite) and As{ (arsenate)
(Sadig 1995; Bissen and Frimmel 2003). However |lavarsenate dissociates in a pH
range from 2 to 11 (from 4AsO, to H,AsO, or HASQ?), arsenite appears in the form
of HzAsQ; till pH 9 and only dissociate to its anion fornos higher pH values (Figure
1) (Bissen and Frimmel 2003). The oxyanions of rdctséend to form strong inner-
sphere complexes specially with variable chargé manerals like Al ,Fe, and Mn
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oxides (Violante and Pigna 2002). Three forms etéhsurface complexes are possible:
a monodentate complex, a bidentate-binuclear comahel a bidentate-mononuclear
complex (Violante and Pigna 2002). Nonetheless,ptleelominant complex form is a
bidentate-binuclear complex (Moldovan and Hendr§3)0

1200 [ [ I I I = 20
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Figure 1 Redox potential (Eh) — pH diagram for aqueos arsenic species in the system As®l,0 at 25°C and
1 bar total pressure (Adapted from Akter et al. 208)

For the experiment in my study, two heavy contameidasites were chosen. The first
site is Asbro, a former wood impregnation site, adays owned by Vattenfall AB
(Jernlas and Karlgren 2009). Lake Tisaren and aéweunicipalities are located in the
vicinity. A study on the site was performed by \éafall AB; this included a risk
assessment by Kemakta in 2006. The results shdveedhite amount of arsenic in 50%
of the soil profiles exceeded the site-specifieshold of 60 mg/kg As (Jernlas and
Karlgren 2009). Samples with amounts as high a® 27@/kg As could be found on the
area (Jernlas and Karlgren 2009). Also in the sedtmof Lake Tisaren, close to the
beach, high amounts of arsenic, which may poselatd human health, have been
found (Jernlas and Karlgren 2009).

The second site is located at Pukeberg, in the @freaformer glass factory. Previous
risk assessments at this site showed that in lpages of the area, the contamination
level exceeds the site-specific guidelines (Eled &dglund 2012). Especially arsenic
and lead were found in such high amounts that pose a risk for human health (Elert
and Hoglund 2012). Several residential areas caoured close to the old factory. The
nature reserve Svartbacksmala borders the are&einSouth and East (Elert and
Hoglund 2012). Furthermore, one of south-easterredew's biggest groundwater
sources, Nybroasen, which supplies Nybro city aekmal other towns with drinking
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water, is situated only a few kilometres from the factory (Elert and Hoglund 2012).
Also the small river S:t Sigfridsan, which could bsed as a drinking water source,
flows close to the Pukeberg area (Elert and HOgROLR).

Therefore, for both sites, leaching of arsenic dob&ve a significant influence on
human health, environment and groundwater.

In this study, the solubility of arsenic as a fuoctof pH in the two contaminated soils
has been investigated with the aid of batch expartsn Moreover, the results of the
batch experiment have been evaluated using geochbmodelling (Visual MINTEQ).
The objective was to assess if changes in thgbbdould lead to an increased leaching
of arsenic from the two contaminated soils. Furtiae the plausibility of geochemical
modelling as tool in risk assessment will be exgdior The following hypotheses were
stated:

(1) The arsenic present in two contaminated soils isnljmwaadsorbed to ferric
(hydr)oxides

(2) Arsenic adsorption results in a low leachabilityaodenic for pH above 3.

(3) It is possible to predict the arsenic solubilitythre two studied soils with the
help of geochemical modelling.
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2 Background

The fate of arsenic in solil is difficult to predieind therefore a lot of research is going
on in behalf of the chemical behaviour of arsenisails:

An investigation on the effects of soil propert@s arsenate adsorption was made by
Jiang et al (2005). For this purpose, the relatignetween adsorption capacity and
the properties of 16 Chinese soils was modelled,tha resulting model was validated
against three Australian and 3 American soils @iah al. 2005). According to the
model, citrate-dithionite extractable Fe {Fehad the most important positive influence
on arsenic adsorption, whereas DOC was negati@tglated with arsenic adsorption
(Jiang et al. 2005). Moreover, SOM suppressed tkeadsorption on low-energy
adsorption sites, in contrast to the clay conteshich had a positive influence (Jiang et
al. 2005).

A complete risk assessment, including the exanuonatf historical records, solid-phase
characterisation and chemical modelling, was peréal by Lumsdon et al. (2001) on
an industrially contaminated site. At this siteg thrincipal reactive adsorbent for
arsenic was ferric hydroxide. Furthermore, the Itesdrom batch equilibrium
experiments, which showed an increased mobilityarsenic at increasingly alkaline
conditions, could be successfully predicted by aleh@repared with the help of the
computer programme ECOSAT (Lumsdon et al. 2001yds concluded that it was
necessary to identify the reactive solid phases éind to have an appropriate database
containing metal surface complexation constantigrbestarting a modelling approach
on other contaminated sites (Lumsdon et al. 2001).

A similar experiment was conducted by Bisone et(2016). Here a highly arsenic-
contaminated gold mining site in France was andlysethe mobility and fractionation
of arsenic, by combining experimental data (leaghitests), mineralogical
characteristics and geochemical modelling. Theltesd the experiment showed, that
on this site, most of the arsenic was reversiblgodoed onto Fe phases in the soil
particles, especially Fe oxyhydroxides (Bisonel e2@16). In addition, the geochemical
modelling supported the experimental results (Besenhal. 2016). However, the results
led to the conclusion that especially under actdticeducing conditions, which usually
can be found in mining environments, a potentigk f As mobilisation is present
(Bisone et al. 2016).

All the above mentioned investigations showed thedrtance of iron hydroxides in
influencing the solubility of arsenic. This role iobn minerals was also emphasised by
Moldovan and Hendry (2005), who conducted an erpemi at the Rabbit Lake
uranium mine site (Saskatchewan, Canada) with thjectve of determining the
controls on the solubility of dissolved arsenic oagH range of 1 to 11. Their aim was
to develop a thermodynamic database for the domgpahineralogical controls on

10
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arsenic in the mill (Moldovan and Hendry 2005). Gmemical modelling was
conducted using the chemistry data, and the reshtiwed that in a pH range from 2.3
to 3.1 the formation of scorodite (FeAsB.0) was the dominant arsenic controlling
factor, while at a pH above 3.1 adsorption to 2-lierrihydrate was the essential
process (Moldovan and Hendry 2005). In the pH raingsn pH 3.1 to pH 11 about
99.8% of the dissolved arsenic is bound by fernhel (Moldovan and Hendry 2005).

Nevertheless, other investigations have shownitbatphases are not the only possible
adsorbents for arsenic in soils.

An attempt of relating the geochemical behaviouarsenic to its chemical speciation
and additionally to identify low-solubility poorlgrystalline metal arsenates was made
by Gutiérrez-Ruiz et al. (2012) on Mexican soilsiachhwere contaminated by a lead
smelter. Thermodynamic equilibrium modelling wagdiso describe the solubility of
arsenic in some of the soil samples (Gutiérrez-Rui. 2012). The results showed that
in the majority of the soil samples As(V) adsorptim Fe (hydr)oxides was not the
dominant adsorption process, instead chemical exres and SEM-EDS analyses
indicated that the governing process was the faomaif low-solubility Pb arsenates
(Gutiérrez-Ruiz et al. 2012). Moreover, the presen€ unreacted Ca-arsenates was
identified in few of the soil samples. The thermoayic modelling supported the
results by predicting the formation of the Pb aaten minerals duftite and
hydroxymimetite (Gutiérrez-Ruiz et al. 2012).

Moreover, Villalobos et al. (2010) showed in th&westigations, which were also
performed on Mexican soils contaminated with resglfrom metallurgical processes,
an arsenic mobility predominantly controlled by tbamation of Pb, mixed Pb-Cu, and
Ca arsenate solids. The experimentally obtainesbtlied arsenic concentration values
were furthermore simulated, using a database updateall known metal arsenate
formation constants (Villalobos et al. 2010). Thesults showed that precipitation
processes were favoured, despite a high averagmmient of 2% (Villalobos et al.
2010).

The occurrence of Mn oxides can also play an ingmbrtole in the fate of arsenic as
shown by the investigations of Deschamps et al ¢bm®ps et al. 2003). The
adsorption capacity of arsenic was investigateghdryorming a detailed mineralogical
identification on samples naturally containing MmdaFe (Deschamps et al. 2003). It
was indicated by the outcome, that the presendénominerals in the sample promoted
the oxidation of As(lll) to As(V) (Deschamps et aD03). Furthermore, the outcome
showed that a significant adsorption of both arsespecies by the Mn minerals
occurred, even though the adsorption was not ds degpicted as by the Fe minerals
occurring in the sample (Deschamps et al. 2003).

The solubility of arsenic is additionally influerttéy other anions. An example is the
influence of phosphate, as shown by Chien et &1Z2 who analysed the adsorption

11
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characteristics of aqueous As(V) and As(lll) inwan soils through batch adsorption

experiments. The experimental results showed tl@ttsorption strength of the soils
increased with increasing amounts of Fe, Mn andodtes, that the adsorption of

As(V) was higher than that of As(lll), and that #encentration of phosphate in the soil
was negatively correlated with the adsorption afeamys arsenic species (Chien et al.
2012).

The influence of phosphate was also analysed byhSemial. (2002) who investigated
the effect of PGP, Na” and CA on the sorption of the two arsenic species, As(iv)
As(Ill), in different soil types in Australia. Thestudy showed that the presence of
phosphate in solution had a suppressing effechersorption of both arsenic species,
but the effect varied depending on the sorptioracayp of the soil (Smith et al. 2002).
In soils containing low amounts of Fe oxides, aiseadsorption was strongly
influenced by PG, while the same amount of POshowed only a slight influence on
arsenic adsorption in soils with high Fe contenmni(8 et al. 2002). Moreover, an
increase of dissolved P did not result in a deeasisorption of As(V), suggesting
that some oxide surfaces may contain preferentigtion sites for As(V) (Smith et al.
2002).

In addition, Violante and Pigna (2002) investigatide following factors for their
influence on the competitive sorption of As@nd PQ in soil: pH (4-8), ligand
concentration, surface coverage of the oxyaniorteersamples and the residence time
(Violante and Pigna 2002). The results suggestthi@mobility, the bioavailability and
the toxicity of arsenic in soil environments is aftg affected by the nature of soil
components, pH, initial ASZPO, molar ratios and residence time (Violante and &ign
2002).

The same influence of anions was shown by Xu e{18188), who investigated the
adsorption of As(V) on alumina, hematite, kaolirdajuartz as a function of pH and
arsenic concentration. Moreover, the influence wlplsate and fulvic acid on the
adsorption of As(V) was examined (Xu et al. 198B)e results of the experiment
showed that the most important parameters affe¢tiagadsorption of arsenic were the
charge of the solid surface and the As speciatiosoiution, while the adsorption was
reduced by the presence of sulphate and/or fubitt @u et al. 1988).

The source of arsenic contamination might also leageeat influence on the solubility
of arsenic. One example is contamination througlA@@omated copper arsenates), a
solution which was used for the preservation of av@dang et al. 2002). Because the
metal concentrations in the CCA solution are schhgmall leakages or spills may
cause serious contamination of the soil (Jang. &0&12). The latter authors investigated
the leaching behaviour of arsenic, chromium andpeo@t a wood preservation site,
where CCA had been applied for several years, bfopeing two common batch

leaching tests (Jang et al. 2002). Furthermore,esofithe parameters (pH, leaching

12



3 Materials and Methods

time, and liquid/solid ratio), having an effect time release of these metals, were
evaluated. For arsenic, the results indicated nustaiplexation with acetate ion (Jang
et al. 2002). The dissolution of these complexestte an increase in leachability of

arsenic for decreasing pH values (Jang et al. 2002)

CCA-contaminated soil was investigated also by &#ifal. (2008), with the purpose of
determiningif and how the co-contaminated metal cations (Qu, @) influenced the
speciation of arsenic. The results showed thatarseccurred mainly as As(V), and
moreover the study suggested copper arsenatestte brain As scavengers (Grafe et
al. 2008). Other precipitates such as scorodit&¢bPgH,0), adamite (ZsAsO,0H)
and ojuelaite (ZnFéx(AsO,),(OH):4H,0) were found as well (Grafe et al. 2008).
These results suggest that not only surface adsorpteactions, but also co-
contaminating metal cations may significantly ieffice the chemical speciation of
arsenic (Grafe et al. 2008).

Co-contamination by arsenic in metal-contaminatezhs is common, and might be
important for the adsorption of arsenic. To examites effect, a study was
implemented by Gréafe et al. (2004), in which thesogotion of As(V) and Zn on
goethite at pH 4 and 7 was investigated as a fomaif final solution concentration.
The results showed that the sorption of As(V) amdah goethite increased in co-
sorption experiments, compared to single sorptigstesns. For example at pH 4,
arsenate adsorption on goethite increased by 29#eipresence of Zn and by more
than 500% at pH 7 (Grafe et al. 2004). An evenngfeo increase in the adsorption of
Zn on goethite in the presence of As(V) was fouatzhut 800% at pH 4 and 1300% at
pH 7 (Gréafe et al. 2004).

13
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3 Materials and Methods

3.1 Soil samples

For the experiment two heavy contaminated siteg wkosen:

Asbro is located in the Orebro County. Since the begigrof the 18 century, an
impregnation factory was established on this sitéch caused the main part of today’s
contamination problem, mainly by spilling of the gragnation agent (Jernlas and
Karlgren 2009). The impregnation agent used in #rsa contained (among other
things) creosote (PAH) and salts of copper, chroménd arsenic (Jernlas and Karlgren
2009). Arsenic in contents above 60 mg/kg can hmdoin around 50% of the soil
profiles around Asbro (Jernlds and Karlgren 2008)e highest measured arsenic
content is 2700 mg/kg (Jernlds and Karlgren 200®E soil is sandy with a high
content of organic matter (Table 1). Especiallyaksl Cr can be found in relatively
high contents (Table 2). For Asbro 2 layers werangired: the 4-17 cm and the 17-30
cm layers. The soil pH was 6.1 in the top layer @7din the bottom layer.

Table 1 Compostion of the Asbro top and bottom layer

clay silt sand humus content
Depth (cm) % % % %
4-17 4.6 20.2 75.3 6.5
17-29 4.7 31.8 63.5 8.1

Table 2 Total contents of As, Fe, Al, Mn, Ba, Cr, Pland Zn in the Asbro top and bottom layers

As Fe Al Mn Ba Cr Pb Zn
Depth(cm) mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg  mg/kg
0-14 23.40 0.59 1.30 0.48 1.28 0.57 0.07 33.90
14-28 30.15 0.17 0.47 0.14 0.86 1.33 0.03 7.12

The second site chosen for the experiment Rualseberg in south Sweden, where a
glass factory was situated. Potash, lime, leaden&rs manganese, zinc oxides and
nickel oxides for example were used for the glasswufacturing (Elert and Hoglund
2012). Several areas around the former glass faet@r filled out with residues from
the glass production (Elert and Hoglund 2012). Bbbjy the main source of the
contamination was through the disposal of manufaguvaste on the backside of the
factory, but glass residues were disposed aldoeiridrest surrounding the factory (Elert
and Hoglund 2012). The natural soil in the areasste of a mix of sand and gravel
with a share of stone (Elert and Hoglund 2012). $bié from the site investigated in

14



3 Materials and Methods

this experiment is sandy with a small amount ofaorg matter (Table 3). Metals, such
as As, Ba and Pb, were present in high contentlersoils of this site (Table 4). For
Pukeberg also two layers were examined: the 0-14mtin14-28 cm layers. The pH in

both layer was 8.1.

Table 3 Composition of the Pukeberg top and bottorralyers

clay silt Sand humus content
Depth (cm) % % % %
0-14 3.7 10.1 86.2 2.3
14-28 3 7 90 1.3

Table 4 Total contents of As, Fe, Al, Mn, Ba, Cr, Pland Zn in the Pukeberg top and bottom layers.

As Fe Al Mn Ba Cr Pb Zn
Depth(cm) mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg  mg/kg
0-14 1.26 0.04 2.67 0.01 12.27 0.01 0.05 0.30
14-28 0.94 0.03 3.66 0.01 10.32 0.01 0.03 0.18
§:1(1$:| 3 )w ‘—\\ﬁ\
\/ 1)
'\iw J
1&,_‘\‘[‘
~ \\
\‘\‘; o/_/_/v/:/)f/\—/ Asbro
zk ‘} .
‘\ %L{‘J/L//‘/Pukeberg
J‘/ w‘;ﬁ_

Figure 2 Location of the two examinated sites: Asbrand Pukeberg
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3 Materials and Methods

3.2 Titration curve

A titration curve was constructed with the purpo$dinding out how much acid/base
needed to be added to the soil to reach a spgaifizalue. The titration curve was
performed on one column per site. For each columanlayers with two replicates each
were conducted. A 10 mM NaNGolution was used as background solution with the
purpose of assuring a relatively small range ofdatrengths in the experiment. To
produce solutions of different acidity 2 g of figlabist soil was mixed with 19 mlJ@
(MilliQ), 10 ml of 30 mM NaNQ and either 1 ml HN® or NaOH of different
concentrations. NaOH was added in 3 different cotnagons: 0.5 mM, 1 mM and 3
mM. On the other hand, HNQwas added in 11 different concentrations: 0 mNB, O.
mM, 1 mM, 3 mM, 5 mM, 7 mM, 10 mM, 15 mM, 20 mM, 2BM and 30 mM.
Afterwards, the solutions were shaken in an end-ewd shaker for 3 days, and then
centrifuged for 20 min at 2500 rpm. The supernatdrthe centrifuged sample was
collected and its pH was measured.

After the pH measurement the results were ploteddBO;/NaOH concentration vs.
pH. An interpolation was conducted between the datats, to estimate how much acid
or base was needed to get a specific pH. Basellese tdata a recipe for the batch test
could be produced.

3.3 Batch test

All centrifuge tubes for the batch experiment addigonally all containers and filters
for the metal analysis were acid washed beforexperiments.

The batch test was performed in 110 ml centrifudpe$. 6.667 g field moist soil, 79 ml
H,O (MilliQ), 20 ml NaNG (concentration: 10 mM), and 1 ml HN@®aOH in
different concentrations were added. Again for esitdtwo layers with two replicates
each were conducted.

The samples were shaken in an end-over-end shakfatrent series of samples were
produced, which were shaken for 1 day, 5 days ate838, respectively.

For 1-day and 30-days, suspensions with naturamdHlow pH (for Pukeberg pH 4, for
Asbro pH 2.3/2.4), for 5-days suspensions withp&ll values according to the recipe
(Appendix) were mixed and subsequently analyseddescribed in the following
section.

After shaking, the samples were centrifuged at 2p00 for 20min. A small amount (1
ml) of the supernatant was removed, to measurepthevalue. The rest of the
supernatant was filtered through 0,45 um membrgriage filters and then used for
different analyses (Metalanalysis, Organic Carhaalysis).
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3 Materials and Methods

20 ml of the filtered solution was filtered througf kDa ultracentrifuge filters at 2500
rpm for 20 min. The centrifuge filtration was refeshif there was more than 1 ml left
of the retentate in the centrifuge tube above ittes

The remaining ca. 20 ml was subject to,P@nalysis. P§"~ was determined using a
spectrophotometer. For the natural pH samples shikes days a full anion analysis
was performed.

3.4 Dry weight

Around 40 g of the field moist soil sample was dra¢ 40°C for about 24 h.

The dry weight was calculated according to theofeihg equation:

pw =22 =mL
m2 —ml
DW dry weight
m1l weight of bowl
m2 weight of field moist sample + bowl
m3 weight of dried sample + bowl

3.5 Extractions

3.5.1 Oxalate extraction

The oxalate extraction is often used to estimagecttintent of Fe and Al short-range-
order minerals in soils (del Campillo, et al., 129Phe oxalate extracts all surface-
reactive Al, while for Fe it mainly extracts feryuirite.

For each site two layers with two replicates eaelewconducted. 1 g dried soil sample
was mixed with 100 ml 0.2 M oxalate solution (pH Bhe samples were shaken on a
table shaker for 4 h in the dark (to prevent phio¢ocically induced dissolution of
crystalline Fe phases).

Afterwards, the samples were centrifuged at 4000 fpr 15min and the supernatant
sent to the ALS laboratory where the analysis vafopmed.
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3 Materials and Methods

3.5.2 Geochemically active available fraction

For each site two layers with two replicates ea@newconducted. 1 g dried soil was
mixed with 30 ml 0.1 M HN@ The solution were shaken in an end-over-end stfake
16 h. Afterwards, the sample was centrifuged atO2f8m for 20 min and filtered
through a 0.45 pum membrane syringe filter. Therdt samples were sent to the ALS
laboratory for metal analysis.

3.6 Visual MINTEQ modelling

Visual MINTEQ 3.1 was used in an attempt to recarcstthe results received from the
batch experiment. In the modelling attempt sorptit;m iron- and aluminium
(hydr)oxides, binding to SOM, and dissolution/ppétztion of minerals were included
(Tiberg et al. 2016). The concentrations enteredewsased on chemical analyses.
According to Tiberg et al. (2016), a Three Plane-K@sic model was used (Ferrih-
CDM), in which both iron and aluminium (hydr)oxidee assumed to behave as
ferrinydrite. Moreover, in this model the chargetbé Stern layer is distributed over
two electrostatic planes, according to an assunredtsre of the surface complexes
(Tiberg et al. 2016). SOM parameters were addetyube SHM (Stockholm Humic
model) model (Gustafsson 2001). Ferrihydrite (ageaj Al(OH)(soil) were entered
into the model as possible soild phases, and aeelily formed if their saturation
indices are smaller 1 (Tiberg et al. 2016). If fednthey control the activity of Feand
Al**in solution (Tiberg et al. 2016). The temperatues adjusted to 21°C.

Model input:

- Geochemically active arsenic, as extracted by ¢et@zalic acid
- Concentration of Naand NQ" as added for each pH value
- DOC and PG as determined for each pH value
- Ca, Mg, K, Fe, Al as determined for each pH value
- For Asbro:
o Pb, Cr, Cu and Zn as determined for each pH value
o Ba und Mn: geochemically active concentrations ssaeted by 0.1
mol/L HNO;
- For Pukeberg:
o Ba, Mn, Pb, Cr, Cu and Zn: geochemichally activacemtrations, as
extracted by 0.1 mol/L HNO
- It was assumed that the concentration of active §@Msistent of 50% humic
acid (HA) and 50% fulvic acid (FA)) accounts for%0of the total organic
matter. The organic matter, on the other hand, istats of 50% C by weight
(Tiberg et al. 2016)
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3 Materials and Methods

- It was assumed that DOM consists of 100% FA, furtitoee, the ratio of DOM

to DOC was set to 2 (Tiberg et al. 2016)
- Ferrihydrite, used in the Three Plane CD-Music nhoglas entered as the sum

of Fe and Al as extracted by oxalate/oxalic acid
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4 Results

4 Results

4.1 Experimental results

The results of the As kdge EXAFS spectru of both soils and both laye from the
research project (Sjostedt, pecomm.) show that in both soilgsgnic was mainly
found as arsenate (As(V)h general it can be said, that on both siteswbitlt different
extent, the amount of dissolversenic is increasing with decreasing pH va for pH <
neutral pH.

Figure 3 shows the senic solubilit concentration as a function of pgr the Asbro
site. The natural pHor the Asbro top layer -17 cm) was 6.1whereas it was 6.7 fi
the bottom layer (17-30m). For pH values lower than natural pH tt@ncentratiorof
dissolved ssenic in the solutiorincreased with decreasing pln@ therefore witl
increasing amount of added His) for both layersFor the pH value above the nat
pH the amount of dissolvestsenic was about constant 14-cm) or increaseslightly
(17-30 cm).
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[ ]
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2, o1
= 40 1 o
<
2 30 o ]
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2 & R m 17-30cm
10 - ]
o
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Figure 3 Dissolved arsenic (mg/Ljs a functionof pH for the Asbro soil top and bottom layes. The circles
show the samples to which no acid or base additiomgere made

A similar behaviour can be sefor the Pukeberg samples (Figurk #owever, the
natural pH in this soil wapH €.1, i.e. higher than for the Asbro sifeor pH values
lower than thenatural pH theconcentration of dissolvedsenic first decresed with
decreasing pH values until pt, and then dissolved arsenic increagedpH values
lower than 6.
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Figure 4 Arsenic solubility (pg/L) as a functionof pH for the Pukeberg top and bottom layes. The circles
show the samples to which no acid or base additiomgere made.

Figure 5 shows dissolveds&nicas a function of reaction time for thelZ-cm and for
17-30 cm layers, measurddr the samples without acid or base additi(final pH
varied between 6.1 and7. For Pukeberg the same is shown in Figdi@atural pH
8.1 for all samples). Thagures show a similar behaviour for both sii.e. a slight
increase in theoncentratiorof dissolved arsenic from day 1 to dayFor Asbro the
dissolved As concentiian continued to incree slightly after day 5, where for
Pukeberg dissolved As shewa slight decrease between 5 and 30 days.
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Figure 5 Arsenic solubility (mg/L) as a function of reaction tim¢ for the Asbro top and bottom ayers, for
samples to which no acid or base had been add
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Figure 6 Arsenic solubility (pg/L) as a function ofreaction time for the Pukeberg top and bottom layes,
measured for samples to which no acid or base hagbén added.

Figure 7 and 8 show dissolved As as a functioreattion time, measured for the low
pH samples (pH 2.3-2.4 in Asbro and pH 4 in Pukgl¢o which 28-30 mmol/L HN®

in Asbro and 10 mmol/L HN®in Pukeberg 0-14 cm and 17 mmol/L HN@
Pukeberg 14-28 cm had been added. Here, both sodeed the same behaviour:
dissolved arsenic decreased with an increasing auwibdays of reaction. However, it
should be noted that for both sites the measuredgble increased with an increasing
number of days of reaction. This probably causex dhserved effect on dissolved
arsenic, as a decreased solubility of arsenic witheasing pH would be expected from
the results shown in Figure 3 and Figure 4.
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Figure 7 Arsenic solubility (mg/L) and pH variability as a function of reaction time for the Asbro topand
bottom layers, measured for samples to which 28-3@mol/L HNO ; had been added
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Figure 8 Arsenic solubility (ug/L) and pH variability as a function of reaction time for the Pukebergdp and
bottom layers, measured for samples to which 17 mrtib HNO ; (top layers) and 10 mmol/L HNO3 (bottom
layers) had been added

The pH dependence of the solubility of iron (Feswae same for both soils (Figure 9
and 10): the dissolved Fe was low and almost cah$ta high pH values, reflecting
that almost all Fe was bound. At very low pH valugissolved Fe increased strongly
with decreasing pH. The only difference is thathie Asbro soil Fe started to dissolve at
pH 3, whereas in Pukeberg it started to dissolygHas. The fact that Fe only dissolved
at pH values lower than about 3-4 is consistertt w#(l1l) being the predominant form
of Fe, and that it was present mostly as ferritigdri

Dissolved iron was found in the same quantity ithtswils, but the amount of dissolved
Fe compared to other elements, and especially iarsenAsbro was quite small. In
Pukeberg on the other hand, the concentrationssiotlied Fe exceeded the amount of
dissolved arsenic at low pH values.

23



4 Results

0,045

0,04

0,035

0,03

0,025

0,02 ©4-17cm
0,015 ®17-30cm
0,01

0,005 o

0 4 omo B ¢ mBoHE
2 3 4 5 6 7 8
pH

dissolved Fe mmol/l
o

Figure 9 Solubility of iron (mmol/L) as a functionof pH for the Asbro top and bottom layers
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Figure 10 Solubility of iron (mmol/L) as a functionof pH for the Pukeberg top and bottom layers

Aluminium had a similar pH-dependent solubility.nfdlar magnitudes of Al were
dissolved at low pH in both sites (Figure 11 anyl A®ain however, Pukeberg showed
a higher Al solubility at higher pH values. For Aspa difference between the top and
bottom layers can be noticed: while the concemmatif dissolved As increased already
at pH < 5 for the bottom layer, Al only increasdadp&l < 4 in the top layer. This
indicates that in the latter soil aluminium was lably not present as aluminium
hydroxide (or some other hydroxyl-Al mineral phasé&ut possibly instead as
organically bound Al. Geochemically active Al wa.3 mmol/kg for the 4-17 cm and
32.3 mmol/kg for the 17-30 cm layer. This meanst tah pH 2.3 almost all
geochemically active Al was dissolved.

For Pukeberg the amount of dissolved Al increadexhdy at pH 6. This indicates the
presence of a hydroxyl-Al mineral phase such as\aiwm hydroxide.
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Figure 11 Solubility of aluminium (mmol/L) as a fundion of pH for the Asbro top and bottom layers
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Figure 12 Solubility of aluminium (mmol/L) as a fundion of pH for the Pukeberg top and bottom layers

Figure 13 and Figure 14 show the pH-dependent Bityubf other elements that might

play a role in the binding of arsenic in the Askite. Their pH-dependent solubility is
compared to that of arsenic. Figure 13 shows thedppendences for the top layer
while Figure 14 shows the same for the bottom layer

As for AsQ®>, PQ* is an anion, and therefore a competitor for serfaomplex
formation/ binding. As can be seen in Figure 13Fagare 14, dissolved phosphate
shows similar pH dependence as arsenic in bothhdaye. an increased solubility with
decreasing pH at pH values lower than the natital p

In both layers, the pH-dependent concentrationisgalived manganese was similar to
that of arsenic. Possibly, manganese can play goriant role in the binding of
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arsenate either as an Adsorbng Mn(lll) or Mn(lIV) oxide, or by precipitating arse!
as a Mn arsenate solid.

Magnesium is usually ndahought of being oimportance for the binding @rsenate,
but for the bottom layer the similarity betweenstised g and dissolved arser was
striking. Thiswas, however, not tri for the top layer.

According to sme literature, Ca is believ to control the solubility of arser in

calciumdominated environments, especially if Fs ratios are lowMartinez-Villegas
et al. 2013). The caentratiol of dissolved Ca in this soil was rathegh, and similar
to other cations, the dissolved Cncreased with decreasing pHissolved Ca was

times higher than that of Mg.

Additionally, in several cases Zn has been showre an accessible cearption partne
for arsenio(Gréafe et al. 200t In Asbro Zn displayed a similar peependent solubili
as arsenic, but Zn was presanhigher concentrations.
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Figure 13 Solubility of Ca, Zn, Mg, PC,, Mn and As as a function of pH for the Abro top layers
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Figure 14 Solubility of Ca, Zn, Mg, PQ, Mn and As as a function of pH for the Asbro botton layers

Figure 15 shows dissolved barium and lead for tebrd top and bottom layers as a
function of pH. Compared to other elements, Ba Bidwere present only at low
concentrations. Nevertheless dissolved Ba showadtlgxthe same pH-dependence as
arsenic at pH < 6, whereas the solubility of Ply amcreased with decreasing pH for
pH values smaller than 4.
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Figure 15 Ba and Pb solubility as a function of pHor the Asbro top and bottom layers

Figure 16 and Figure 17 show the pH-dependent 8ityubf elements in the Pukeberg
soil sample that might play a role in the surfaocenplex formation and binding of
arsenic. Figure 16 shows the amount of dissolveahehts in the top layer as a function
of pH, whereas Figure 17 shows the same for thioimoiayer. A general observation is
that all elements showed a similar pH-dependenavielr.
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Dissolved manganese and barium showed the l|eastasims to arsenic. Their
dissolved concentrations increased steadily wittresbessing pH for the whole pH range
considered (3 to 8.1).

Even though lead and RGhowed a similar pH-dependent solubility as arsahpH <
5, both showed a pronounced increased solubilitpvaipH (more pronounced than that
of As).
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Figure 16 Dissolved Pb, Ba, PQ Mn and As as a function of pH for the Pukeberg tp layers
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Figure 17 Dissolved Pb, Ba, P§) Mn and As as a function of pH for the Pukeberg bitom layers
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4.2 Modelling results

4.2.1 Asbro

Figure 18 andFigure 19 show dissolved arsenic adetieal with Visual MINTEQ
compared to the results obtained from the batch beshe modelling, arsenate was
assumed to adsorb to ferrihydrite and Al hydroxjdben these were present), and in
addition the precipitation of barium arsenate (Ba@AH,O(s)) was allowed. The
Ferrih-CDM (Tiberg et al. 2013) surface complexatinodel was used, the temperature
was 21°C and the geochemically active values foiubaand arsenic were used to
constrain the total available concentrations in #stem. This model deviated
significantly from the experimental results, esp#ygi at higher pH. Therefore the
saturation indices for several possible arsenic@havere investigated.
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Figure 18 Surface complexation model with Ba-arsena precipitation in Visual MINTEQ, compared to batch
experiment results for the Asbro top layers
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Figure 19 Surface complexation model with Ba-arsene precipitation in Visual MINTEQ compared to batch
experiment results for the Asbro bottom layers
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Figure 20 andFigure 21 show saturation indicesafominium hydroxide, ferrihydrite

and different arsenic phases for the Asbro top lotlom layers. Ferrihydrite and
Al(OH)3 show only positive saturation indices for high p&lues. However, a positive
saturation index throughout almost the whole tegtiddrange was only found for the
BaHAsQ, precipitate. The other two phases (MnHAsfdd CaHAsG) show negative

values for the whole pH range.
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Figure 20 Saturation indices as a function of pH flo Al(OH) 5, ferrihydrite, and the precipitates BaHASQO,,
MnHAsO, and CaHAsQ, calculated using Visual MINTEQ for the Asbro top layers
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Figure 21 Saturation indices as a function of pH flo Al(OH) 5, ferrihydrite, and the precipitates BaHASQO,,
MnHAsO, and CaHAsQ, calculated using Visual MINTEQ for the Asbro bottomlayers
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4.2.2 Pukeberg

Figure 22 and Figure 28tow the model fits for Pukebergenerated with Visu
MINTEQ 3.1 comparedo the resultfrom the batch testin this case the model w
generated including SOM, inorganic C, correctferrihydrite value: PO as
determined for each pH val and geochemicallyactive values for the followin
elements: Pb, Ba, Cr, Mn, Cu and Zn. The model aisluded possible equilibriun
with Al(OH)3 (soil) and érrihydrite (aged)The surface complexatiomodel “Ferril-
CDM (Tiberg et al. 2013)” was used. It should be¢ed that the yaxis of both graphs |
in a logarithmic scale.

In general it can be saittat the model and the experimental resshowed a simila
pH dependence, but that the simud concentrations of dissolved arsenic diffe
strongly. The concentiahs of dissolved arsenic in the model waneict lower than
the experimental results.
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Figure 22 Surface complexatiormodel (see text) compared to batch experiment results fahe Pukeberg top
layers
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Figure 23 Surface complexationmodel (see text)compared to batch experiment results forthe Pukeberg
bottom layers
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5 Discussion

The results on the solubility of arsenate as atfancof pH are in disagreement with
much of the previous literature. Generally, moghars have observed stable and high
As(V) adsorption in the pH range of 3 to 8, an @age of arsenate solubility with
increasing pH values at pH 8 and above, and ingrgaarsenate solubility with
decreasing pH at pH 3 and below (Lumsdon et al128@ntsar-Kallio and Manninen
1997; Goldberg and Johnston 2001; Dankwarth andh@G&02; Williams et al. 2003;
Burns et al. 2006; Bisone et al. 2016). In all th&wmer experiments, arsenic sorption
was thought to be governed by As(V) adsorptiongafd Al (hyr)oxides. By contrast,
in this experiment, the solubility of arsenic inesed with decreasing pH already at pH
values below 6 in Asbro and pH 5 in Pukeberg.

A first presumption can be that equilibrating tlod $or 5 days is not sufficient for the
desorption of arsenic at equilibrium. However, tbissumption can be refuted, as the
experiments with different reaction times show kadr declining values of dissolved
arsenic with an increasing number of days.

According to ongoing work in the research proje&jétedt, pers. comm.), the As K-
edge EXAFS spectrum for the Asbro top layer cowdditied with a model of arsenate
adsorbed to about 40% amorphous aluminium hydroailg 55% ferrihydrite. The
spectrum of the bottom layer could be fitted wid¥8ferrihydrite and 20% aluminium
hydroxide. Nevertheless these results are prelirmiaad do not exclude the fact that
other phases might be present in this soil.

However, the surface complexation model for Asbcontaining ferrihydrite and
Al(OH)3 as possible adsorbent phases (Figure 18 Figurshi®yed similarities to the
observations only for pH values between 2.3 andOfherwise, there were great
discrepancies with the batch experiment resultss Thdicates that, in this case,
ferrinydrite and aluminium hydroxides might onlyapl a limited role for arsenic
binding and that other As-binding phases are prigtiatsolved as well.

The saturation indices show that ferrinydrite wadersaturated over almost the whole
pH range. They are only close to O for the high p&lues. This indicates that

ferrihydrite is unstable at low pH, which may redute number of adsorption sites.
Aluminium hydroxide on the other hand is saturatéda pH value around 5 and

oversaturated for pH >5, and therefore probablylavie as an adsorbing mineral phase
at these pH values.

The situation in Pukeberg is slightly different. tims case the surface complexation
model was able to describe the pH dependencehbunbdel fit shows about 10 times
less dissolved arsenic than the observations stighes experiment by Moldovan and
Hendry (2005) showed similar results as the Pukglesults, with a decreasing arsenic
solubility with increasing pH up to 5 and a low wdality between pH 5 and pH 7.3
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(Moldovan und Hendry 2005). In this former expenmtderrinydrite was the dominant
As adsorbent phase (99.8% of the total) throughbeatpH range from 3.2 to 11
(Moldovan und Hendry 2005). Additionally, in the plihge from 5 to 8 the remaining
0.2% As was adsorbed to amorphous aluminium hydeoXMoldovan und Hendry
2005).

Besides, the batch experiment results showed tigapiH-dependent concentrations of
dissolved aluminium (Figure 12) and arsenic comesp with increasing concentrations
at pH < 5. Aluminium is known to play an importate in the solubility of arsenic
(Manning and Goldberg 1997; Goldberg 2002; Moldosad Hendry 2005; Bissen and
Frimmel 2003; Sadiq 1995). Nevertheless, it waswshbdy Goldberg, that arsenate
adsorbs to 100% on amorphous Al oxides in a pHea®® (Goldberg 2002), this
indicates that the Al oxides are not the dominaisogption sites in the Pukeberg soll
samples. Al hydroxides on the other hand precpitater the pH range 5-9 and show
signs of arsenic adsorption starting at pH 5 withaximum at pH 8 (Goldberg 2002).
This was also confirmed by Manning and Goldberg9{)9 who found arsenic
adsorption to Aluminium hydroxides over the pH rart9 (Manning und Goldberg
1997). Therefore Al hydroxides are potentially ® donsidered as arsenate adsorption
sites in this soil.

Concerning the Pukeberg sample there are diffgzessible explanations for the fact
that the pH dependence trend of the model buthedissolved concentrations are in
agreement with the observations. One reason coeldrebated to the available
adsorption sites in the soil. A possible explamatinight be that a large part of the Fe
and Al (hydr)oxides (which could function as adsmnp sites), are situated inside
bigger particles, and therefore not in direct conteith the arsenic. This in turn reduces
the available adsorption sites. Therefore, VisudNMEQ might assume a larger
number of adsorption sites than actually availabléhe soil. Figure 24 and Figure 25
show a model attempt with a smaller number of gugwor sites. Therefore, the amount
of ferrihydrite was reduced to 50and 25 % of thginally used amount. It can be seen
that the 25 % ferrihydrite model is closest to #wtual experimental results, which is
consistent with this hypothesis; however, additiageriments would be needed for
any direct evidence.
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Figure 24 Dissolved arsenic from batch experimentsompared to the surface complexation model, a model
with 50 % ferrihydrite (0.5 Fh) and a model with 23% ferrihydrite (0.25 Fh) for the Pukeberg top layers
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Figure 25 Dissolved arsenic from batch experimentsompared to the surface complexation model, a model
with 50 % ferrihydrite (0.5 Fh) and a model with 23% ferrihydrite (0.25 Fh) for the Pukeberg bottom layers

Given the finding that in the Asbro soil ferrihyriand aluminium hydroxide may not
be the main phases controlling the arsenic reledber phases must be responsible for
the binding of arsenic. Depending on the pH, then&dion of metal-arsenate salts are
possible if the Fe/As ratios are low (Martinez-gghs et al. 2013; Villalobos et al.
2010).

For example, a similar As solubility behaviour as Asbro was shown in the
investigations of Jang et al. (2002). They obseruscteasing concentrations of
dissolved As with decreasing pH for pH < 6 (at pHtl#& arsenic concentration was
close to the total concentration of arsenic presenthe chromate copper arsenate-
contaminated soil) and increasing dissolved As wittreasing pH for pH > 6. It was
suggested that arsenic leaching was caused by owtgllexation with acetate rather
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than simply by pH (Jang et al. 2002). But availatéga for Asbro is inconclusive
whether CCA was applied in the area or not, infdiromais only given on the use of
salts of copper, chromium and arsenic (Jernlaskamigjren 2009).

Another explanation might be the formation of aafgiarsenates. Nevertheless, calcium
arsenates are more soluble than other metal aese(ldiartinez-Villegas et al. 2013;
Villalobos et al. 2010). Martinez et al. (2013) sleal that in contact with water arsenic
and calcium were readily released into the invastig soils, especially in the more
polluted, acidic and oxidised sites. This is alapported by Villalobos et al. (2010),
who showed that the Ca arsenates were dissolvggHak 8 and that they only
precipitate at high pH values. Roman-Ross et 8062 showed that carbonate minerals
may adsorb arsenic in the pH range 7-9. Calciuprésent in large amounts in Asbro,
but as Ca-As(V) precipitates are only stable ah gl they are unlikely candidates for
the arsenic solubility behaviour in this soil. Faatmore, the saturation indices for the
CaHAsQ phase show that undersaturation prevailed thraugtie whole pH range,
and is therefore unlikely to exist.

In addition, Zn has been mentioned by several asth® a possible precipitation partner
of arsenate. In Figure 13 and Figure 14 it can denghat the Asbro soil contained
relatively high concentrations of dissolved Zn. dting to Grafe et al. (2004) co-
sorption of Zn and As(V) on goethite plays an intaot role. Their results showed that
without the presence of Zn the adsorption of Asf¥¥n was already greater at pH 7
than at pH 4, but in the presence of Zn, the somptif arsenate increased even more, by
29% at pH 4 and by 500% at pH 7 (Grafe et al. 204this experiment the adsorption
of arsenic was weak at pH 4. Hence there is netdeeidence for co-sorption with Zn
being a key process of arsenic adsorption in thérd\ssoil. Furthermore the
geochemical model gives also no indications ofraditan with respect to Zn arsenates.

As lead arsenate was formerly used in arsenicalktitgdes, several investigations on
the stability of lead arsenate have been made.eTaer several different known lead
arsenates with different pH values at which thegcymtate, varying from low pH
values (schultenite (PbHASY to high pH values (RBs;0,3) (Magalhaes and Silva
2003; Liu et al. 2009; Gutiérrez-Ruiz et al. 201R).general, the solubility of lead
arsenates is known to be high, even though Magsllaad Silva (2003) mentioned
mimetite as a very stable lead arsenate. Moreaber,formation of a mixture of
PbHAsQ:H,0O and PB(AsQO,), precipitating at pH 6,5 was shown by Liu et aDdQ).
Gutiérre-Ruiz et al. (2012) showed that in most thleir samples, duftite
(PbCu(AsQ)OH) and hydroxymimetite (RPAsO,)30OH) coexisted at a pH range of 5.5
to 9.5. These conditions are relevant for the Aslmib  However, lead is present only
in small amounts in Asbro, and can therefore atsiobe responsible for the behaviour
of As(V).
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The only precipitate that was indicated by VisualNWIEQ to be of possible
significance was barium arsenate (BaHA4€O). This can, for example, be seen in
the saturation indices, where the BaHASihase shows oversaturation through the
whole pH range. It was shown by Zhu et al. (200&) barium arsenate precipitates
within the pH range of 3.6 to 7.4, with increassaubility at lower pH and increasing
stability at increasing pH values. However, th@aamtration of dissolved Ba in the
Asbro soil was very small (Figure 15) and therefibris probably not responsible for
the behaviour of arsenic solubility to a large ekte

In Figure 16 and Figure 17, it can be seen thaPthieeberg soil samples contained high
concentrations of dissolved Ba and Pb. Howeveseeims that Pb and Ba did not play a
crucial role in the binding of arsenic in this sl model including a BaHAssolid
was compared to the model without this solid (Fég@6), showing that both models
were in accordance except at high pH values, wheemodel including the solid
deviated even more from the batch experiment r®sult
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Figure 26 Dissolved arsenic from batch experimentsompared to the surface complexation model (As motje
and a model including BaHAsQ as possible solid phase for the Pukebrg top layers

There are several reasons why Mn oxides are knowge timportant minerals in soil:
First, Mn oxides have a widespread distributioncddel, they have a high reactivity
with high sorption capacities (Fischel et al. 20Many authors mention Mn oxides as
an adsorbent phase for arsenate (Deschamps &0, Rischel et al. 2015). For these
reasons, synthetic birnessite (MOwhich is often seen as a representative of many
natural occurring manganese oxides, has been igatsi by several authors (Manning
et al. 2002). It is well known that Mn oxide plags important role in the oxidation of
As(lll) to As(V) (Fischel et al. 2015; Deschampsatt 2003; Manning et al. 2002;
Moore 1990; Tournassat et al. 2002). It was showat the oxidation of As(lll) to
As(V) is a two-step process, in which the actuatiation occurs in the first step, while
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in a second step the released As(V) forms low-slitiyub manganese-arsenic
precipitates, similar to MAsO,), and/or a compound similar to krautite
(MnHAsO4:H20) (Manning et al. 2002; Moore 1990; Tournassatl €2002). This two-

step process is delineated in the formulas undérnea

(1) 2MnQ, + H,AsO; + H,O = 2MnOOH + HASO,
(2) 2MnNOOH + HASO; + 4H" = 2Mnp+ + HiAsO, + 2 H,O
(3) Mn** + H,AsOy + H,0 = MnHAsQ:H,0 + H'

Manning et al. (2002) on the other hand describedatisorption of As(V) as adsorption
to the MnQ surface (Manning et al. 2002). Mn-OH in the belm&ntioned formula
represents a reactive hydroxyl group on the Ma@face (Manning et al. 2002)-

(4) 2Mn-OH + BASO, = MnHAsQ, + H,O

Figure 13 and Figure 14 show a relatively high Mmtent of the soil, which exceeds
the Fe content by far (Figure Nevertheless, according to the saturation indices f
MnHAsO; (Figure 20 Figure 21) in the Asbro top and bottiayers, this precipitate
was undersaturated at all tested pH values, anddvwberefore most probably not form.
However, in the Asbro soil, POand arsenic show the same solubility behaviour.
According to the saturation index for MnHRPQFigure 27), this precipitate is
oversaturated over the whole tested pH range. A8 &@ AsQ® are both anions, and
therefore known to behave similarly, it is diffictid completely rule out the formation
of MNHAsQO, as a possibility.
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Figure 27 Saturation indices as a function of pH foMnHAsO , and MnHPO, calculated with the help of
Visual MINTEQ for the Asbro top layers

As was already mentioned in the results sectiorgnesium and arsenate had similar
dissolved concentrations in the Asbro bottom lajidris might suggest some kind of
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binding between magnesium and arsenate. Becauseshijly does not play a major
role in the adsorption of arsenate, there is nothmmformation about magnesium
arsenates in the literature. Nevertheless the omoce of hoernesite
(Mg3(AsO,)>*8H,0) has been mentioned by Voigt et al. (1996), bokrhesite is
usually found with other arsenates and phosphatdsghly altered rocks and in As-
containing ore deposits. None of these situatiqmdyato Asbro. Furthermore, there is
not much data available concerning the solubilfth@ernesite. Hence, the formation of
some kind of magnesium arsenate, maybe togethér atiiter metal ions, cannot be
entirely excluded.

To model the adsorption of As, it is necessarydentify reactive solid phases in the
contaminated soil beforehand, and to have an apptepdatabase containing metal
surface complexation constants (Lumsdon et al. RO0de results of this study confirm
this assumption, as the models could not be adjustedhe batch experiment results.
Without experiments revealing more details abow¢ tthemistry of the soil and
information about solid reactive phases presentlear statement or explanation on the
fact that arsenic was not bound strongly in thism be given.

In general, under today’s soil conditions the |@éaglof arsenic from both areas (Asbro
and Pukeberg) are not likely to be a problem, bthtase conditions change, especially
a change in the pH of the soil, the situation migidinge and arsenic leaching might
become a greater problem. Following research orhaodst of removing arsenic from

contaminated soils or surface waters should beideresl on both sites in order to

prevent future leaching of arsenic from the soitl aubsequent contamination of
drinking water sources.
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6 Conclusion

This study showed, that for Asbro, in contrary tarlier expectations, ferric
(hydr)oxides were not the main governing adsorpsaes. For Pukeberg, no explicit
statement on the role of ferric (hydr)oxides asogutson sites for As can be made.
Furthermore, the assumption that arsenic adsorpésults in a low leachability of As
for pH above 3 was disproven, especially for therAsarea site.

For the Asbro site, the results suggest the invobrm of Mn-As precipitates, and/or
metal arsenates influencing the solubility of Astive soil, while for Pukeberg the
involvement of aluminium hydroxides is more likelyBut without further
characterization of the soil and existing reacseoéid phases, an explicit statement on
the arsenic sorption mechanisms cannot be givencédwith the used approach it was
not possible to adjust the geochemical model tobtiteh experiment results. Thus the
lack of detailed characterisation constitutes atiing factor for the use of geochemical
modelling in risk assessment.

Additionally, the results indicate that a changetlie soil pH might have a great
influence on arsenic adsorption in both soils, arsgnic leaching might become a great
problem.
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Table 1 Recipe for the Pukeberg top and bottom laysr final concentration of HNO3 added to the soil dation
to receive a desired pH value.

pH 0-14 cm 14-28 cm
concentration

8.18 0 0

7 3.4 mM HNG 2.8 mM HNQ
6 7.3 mM HNG 6 mM HNG;
5 12 mM HNG, 7.6 mM HNQ
4 17.5 mM HNQ 10 mM HNG
3 24.6 mM HNQ 17.5 mM HNQ

Table 2 Recipe for the Asbro top and bottom layersfinal concentration of HNO3 added to the soil solibn to
receive a desired pH value.

4-17 cm Asbro 17-30 cm
pH concentration pH concentration
6.7 1.2 mM NaOH 7.3 1 mM NaOH

6 0 6.6 0
5.1 2.5 mM HNO; 5.6 2.5 mM HNO;
4.6 7.2 mM HNO; 4.9 6.4 mM HNO,
10 mM HNO; 4.1 10 mM HNO;
3 21 mM HNO; 2.9 19 mM HNO,
24 30 mM HNO; 2.3 28 mM HNO;

Table 3 Kinetic table for the Pukeberg top and botten layers measured for samples to which 17 mmol/L HND
(top layers) and 10 mmol/L HNO3 (bottom layers) hadeen added

layers Days pH As ug/L
0-14cm 1 3.2515 716
1 3.2515 560
5 3.6685 177
5 3.6685 229
30 4.469 32.1
30 4,469 30
14-28cm 1 3.824 220
3.824 215
4.2065 61.4
5 4.2065 61.7
30 4.827 3.63
30 4,827 9.24
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Table 4 Kinetic table for the Asbro top and bottom &yers measured for samples to which 28-30 mmol/L HNO
had been added.

layers days pH As mg/L
4-17cm 1 2.27 57.9
1 2.27 56.2
5 2.46 38.9
5 2.46 43.5
33 2.68 31.44
33 2.68 31.28
61 2.86 19
61 2.86 27.64
90 2.98 11.2
90 2.98 14.6
17-30cm 1 2.2 74.3
2.2 74
2.33 554
5 2.33 58
33 2.66 36.08
33 2.66 34.88
61 2.78 22.92
61 2.78 25.32
90 2.89 15
90 2.89 17.48

Table 5 Kinetic table for the Pukeberg top and bottm layers measured for samples to which no acid ordse
had been added

layers days pH As ug/L
0-14cm 1 8.18 71.7
1 69.5
5 8.13 78.5
5 89.6
30 7.70 83.6
30 77.2
14-28cm 1 8.15 50.8
51.9
8.21 63.8
5 61.5
30 7.80 52
30 555
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Table 6 Kinetic table of the Asbro top and bottom lgers measured for samples to which no acid or basead
been added

layers days pH As mg/L
4-17cm 1 6.09 0.99
1 6.09 1.02
5 6.07 1.65
5 6.07 1.47
33 6.07 2.05
33 6.07 1.76
61 6.27 1.75
61 6.27 1.94
90 6.35 2.26
90 6.35 2.07
17-30cm 1 6.65 1.37
6.65 1.41
6.74 2.03
5 6.74 1.99
33 6.65 2.54
33 6.65 2.68
61 6.67 2.84
61 6.67 2.93
90 7 3.00
90 7 3.09

Table 7 CEC table of the Asbro and Pukeberg top andditom layers

Asbro Asbro Pukeberg Pukeberg
4-17 cm 17-29 cm 0-14 cm 14-28 cm
Element (cmol(+)/kg) (cmol(+)/kg) (cmol(+)/kg) (cmol(+)/kg)

Acidity 2.796 1.369 <0.2 <0.2
Mn 0.020 0.030 0.005 0.005
Mg 0.576 0.558 0.081 0.080
Ca 4,731 7.323 10.658 7.967
Na 0.021 0.015 0.055 0.030
K 0.108 0.089 0.107 0.106
CEC 8.252 9.384 10.906 8.187
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Table 8 Geochemical active fraction for the Asbro ath Pukeberg top and bottom layers

Asbro Asbro Pukeberg Pukeberg

4-17cm 17-30cm 0-14cm 14-28cm

Element mmol/L mmol/L mmol/L mmol/L
Ca 5.245 4.928 8.039 7.042
Fe 0.984 1.051 0.711 0.632
K 0.269 0.186 0.149 0.164
Mg 1.795 0.671 0.242 0.218
Na 0.160 0.093 0.151 0.145
Si 3.267 1.143 1.673 1.562
Al 2.624 2.151 4.875 4.967
As 1.335 1.453 0.030 0.023
Ba 0.042 0.046 0.152 0.124
Cd 0.001 0.000 0.004 0.004
Co 0.001 0.001 0.001 0.001
Cr 0.368 0.453 0.002 0.001
Cu 0.131 0.328 0.016 0.008
Mn 0.923 0.575 0.189 0.148
Mo 0.000 0.000 0.000 0.000
Ni 0.002 0.003 0.001 0.001
P 0.784 1.018 0.568 0.578
Pb 0.193 0.117 0.153 0.124
Sr 0.009 0.012 0.012 0.011
Zn 2.107 1.525 0.360 0.231
\' 0.008 0.009 0.004 0.003
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Table 9 Oxalate extraction for the Asbro and Pukebeg top and bottom layers

Asbro Asbro Pukeberg Pukeberg

4-17cm 17-30cm 0-14cm 14-28cm

Element mmol/L mmol/L mmol/L mmol/L
Ca 0.094 0.089 0.119 0.122
Fe 2.699 2.988 1.881 1.376
K 0.137 0.105 0.112 0.088
Mg 0.588 0.394 0.136 0.082
Na 0.107 0.116 0.126 0.053
Si 1.001 0.555 1.229 1.005
Al 1.744 1.577 3.517 3.178
As 1.337 1.607 0.037 0.022
Ba 0.020 0.023 0.074 0.051
Cd 0.000 0.000 0.001 0.001
Co 0.001 0.001 0.001 0.001
Cr 0.318 0.420 0.002 0.001
Cu 0.125 0.333 0.009 0.006
Mn 0.716 0.618 0.154 0.105
Mo 0.001 0.000 0.000 0.000
Ni 0.002 0.003 0.001 0.001
P 0.488 0.570 0.444 0.360
Pb 0.033 0.023 0.025 0.019
Sr 0.001 0.001 0.001 0.001
Zn 1.512 1.208 0.196 0.116
\' 0.008 0.010 0.004 0.003
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Table 10 Batch experiment results for the Pukebertpp layers

Sample exppH pH DOC PO4 As Pb P Ca Fe K Mg Na Si Al Ba cd Cr Cu Mn Zn
mg/l mg/l ug/l pg/l pg/l mg/l mg/l mg/l mg/l mg/l mg/l ug/l ug/l pg/l pg/l pg/l ug/l  pg/l

PB1_1_0.45 3 3.12 838 443 346 9970 1480 264 2.140 5.75 3.93 249 327 65200 15700 320 20.6 180 8030 16100
PB1_2_0.45 3 3.06 9.08 4.7 354 9430 1640 259 2420 5.8 3.85 250 33.5 67300 15700 387 21.6 174 7940 17600
PB1_1_10kDa 3 3.12 8.84 340 9830 1360 261 2.020 56 3.85 244 31.6 63800 15400 316 20.2 179 7910 15900
PB1_2_10kDa 3 3.06 9.13 342 9310 1560 252 2320 5.6 3.7 247 321 65800 15300 390 22,5 174 7750 17200
PB1_1_0.45 4 375 41 14 163 4870 415 280 0335 568 3.6 235 256 35600 15700 436 3.59 57 6620 79.3
PB1_2_0.45 4 358 514 198 209 4920 648 264 0.588 5.3 3.7 246 279 40500 15000 341 5.26 85.9 6750 69
PB1_1_10kDa 4 3.75 447 177 4760 386 275 0320 5.56 3.57 229 249 35200 15500 430 3.41 55.2 6480 78
PB1_2_10kDa 4 3.58 554 229 4880 718 260 0.550 5.27 3.6 229 26.4 40000 14700 341 5.4 80.5 6790 69.9
PB1_1_0.45 5 488 235 0.113 644 365 77.2 214 0.038 4.22 257 242 173 9720 9720 184 0.783 6.16 3980 13500
PB1_2_0.45 5 472 173 0.167 57.2 479 815 207 0.043 4.18 259 245 17.6 12200 10100 198 0.661 6.65 4050 13500
PB1_1_10kDa 5 488 1.75 61.8 346 69.2 211 0.030 4.14 252 238 169 9560 9520 182 0.875 6.58 3890 13300
PB1_2_10kDa 5 472 1.84 63.7 472 652 205 0.038 4.21 2,58 243 174 12100 10000 197 0.701 7.48 3990 13400
PB1_1_0.45 6 6.11 1.27 0.056 25.7 337 243 156 0.013 339 147 257 998 589 5060 529 0.189 2.02 1260 3410
PB1_2_0.45 6 6.13 138 0.04 265 296 274 155 0.013 3.12 148 260 101 557 4960 519 0.185 2.1 1260 3200
PB1_1_10kDa 6 6.11 141 214 323 254 151 0.008 346 141 250 958 636 4880 51.6 0.175 1.94 1220 3340
PB1_2_10kDa 6 6.13 145 25 295 285 148 0.009 297 142 247 959 601 4730 484 0.196 1.85 1190 3100
PB1_1_0.45 7 6.95 119 0.055 242 126 27.2 108 0.005 246 090 231 565 381 2870 153 0.139 1.11 147 165
PB1_2_0.45 7 6.98 1.1 0.052 214 128 228 105 0.004 247 0.87 229 542 309 2800 131 <0.1 1.09 170 145
PB1_1_10kDa 7 6.95 148 229 10.7 254 106 <0.004 247 0.89 232 564 339 2850 16.1 0.1 16 146 152
PB1_2_10kDa 7 6.98 1.44 249 114 295 106 <0.004 25 0.87 227 5.42 35 2790 14.2 0.127 1.54 171 148

PB1_1_0.45 8.18 811 19 027 823 461 621 293 0.006 191 0.22 225 222 190 84 076 0.535 1.61 098 6.57
PB1_2_0.45 8.18 814 172 0.28 83.1 8.22 61 284 0.017 189 0.21 215 2.08 192 832 0.741 0.571 1.64 2.18 15.6
PB1_1_10kDa 8.18 8.11 1.64 785 3.08 645 277 0.003 1.88 0.20 210 2.07 178 812 0.8 0416 1.8 0.46 21.2
PB1_2_10kDa 8.18 8.14 1.62 89.6 3.08 577 283 0.003 189 0.21 216 2.04 178 824 0.718 0.555 1.83 0.45 18.7
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Table 11 Batch experiment results for the Pukebergottom layers

Sample exppH pH DOC PO4 As Pb P Ca Fe K Mg Na Si Al Ba cd Cr Cu Mn Zn

mg/l  mg/l ug/l pg/l pg/l mg/l mg/l mg/l mg/l mg/l mg/l ug/l ug/l ug/l pg/l pg/l pg/l pg/l
PB1_1_0.45 3 2.82 103 7.48 284 8130 2510 180 3.46 6.19 3.29 233 30.1 69400 10800 221 258 191 5290 59.4
PB1_2_0.45 3 282 11 9.88 383 7850 3430 185 2.87 574 299 238 294 69300 10600 237 22.5 183 5150 60.9
PB1_1_10kDa 3 2.82  10.7 271 8100 2560 178 3.37 6.15 3.25 232 293 68600 10700 219 236 190 5210 50
PB1_2 10kDa 3 2.82 108 381 7730 3470 181 2.77 5.65 292 234 282 68100 10400 232 20.6 179 5060 39
PB1_1_0.45 4 414 2.63 0348 64.5 1400 90.5 154 0.106 4.57 2.25 239 17.1 21800 8400 192 142 27.4 3570 72.4
PB1_2_0.45 4 428 246 0349 67.8 1220 109 163 0.097 451 233 239 17 21700 8410 277 114 203 3540 80.3
PB1_1_10kDa 4 414 2.64 61.4 1370 97 156 0.100 4.57 2.24 240 17.2 22000 8460 193 1.6 28.2 3590 68.8
PB1_2 10kDa 4 428 2.82 61.7 1210 92.6 162 0.074 454 231 241 17 21800 8380 279 1.22 204 3490 72
PB1_1_0.45 5 544 112 005 26.6 118 36.2 137 0.022 426 175 240 11.5 5170 5220 97 0.174 3.11 1830 6030
PB1_2_0.45 5 509 1.06 0.066 33 162 41.7 132 0.025 395 174 247 117 6640 5600 134 0.52 3.75 1920 5880
PB1_1_10kDa 5 5.44 1.26 31.4 124 388 135 0.020 4.22 1.7 237 113 5190 5130 96.7 0.288 2.98 1800 5960
PB1_2 10kDa 5 5.09 1.23 30.7 169 40.5 127 0.021 3.79 166 231 113 6360 5350 125 0.357 3.08 1860 5650
PB1_1_0.45 6 562 1.44 <0040 26 60.3 296 123 0.018 3.72 155 250 9.85 3010 4450 67.9 0.291 236 1390 4140
PB1_2_0.45 6 5,59 1.41 <0.040 235 88.6 29 127 0016 392 153 255 9.87 2850 4550 144 0.297 2.98 1270 3850
PB1_1_10kDa 6 562 1.46 299 60.7 339 122 0.014 3.82 152 245 963 3090 4370 66.8 0.325 2.69 1370 4120
PB1_2 10kDa 6 5.59 1.44 256 932 30 126 0.014 3.77 15 252 9.66 3010 4490 142 0.339 2.48 1250 3860
PB1_1_0.45 7 695 1.27 0.063 245 9.08 354 851 0022 289 086 230 4.86 79.6 2130 14.1 0.0656 2.11 79.1 119
PB1_2_0.45 7 6.83 1.13 0.069 25.1 887 287 858 0008 298 0.85 237 498 636 2220 13 0.179 176 786 106
PB1_1_10kDa 7 6.95 1.37 22.6 7.54 279 849 0.005 2.95 0.87 232 489 53.1 2130 13.1 0.104 1.74 80.5 115
PB1_2 10kDa 7 6.83 1.49 249 7.43 30.8 843 0.004 296 0.84 233 492 611 2190 14 0.176 1.7 779 112
PB1_1 045 818 823 152 0253 643 3.11 673 264 0012 229 027 219 177 261 703 0.515 0614 174 1.18 5.27
PB1.2 045 818 820 153 0227 62 551 728 27 0011 234 027 225 182 269 725 064 0.623 178 246 10.2
PB1_1_10kDa 8.18 8.23 16 63.8 2.16 655 259 0.002 23 026 221 173 242 687 0.441 0.446 176 038 14.2
PB1_2 _10kDa 8.18 8.0 1.47 615 229 60.6 26 0.002 2.28 026 216 173 246 689 0.469 0.575 1.52 0.357 9.22
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Table 12 Batch experiment results for the Asbro topayers

samples exppH pH TOC PO4 Ca Fe Mg Al As Ba Cr Cu Mn Pb K Na Si P Zn
mg/l mg/l mg/l mg/l mg/l pg/l ug/l pg/l pg/l upg/l pg/l wg/l mg/l mg/l mg/l pg/l pg/l
Ab 1 045 24 2412 191 757 190 1.04 41.6 61500 39300 5440 3420 5900 48100 8280 11.2 230 92.6 6270 139000
Ab 2 045 2.4 2478 204 736 172 151 36.3 61300 43700 5340 4750 6190 48100 6800 10.2 233 79.6 7330 141000
Ab_1 10kDa 2.4 2.412 15.7 189 1  41.8 61700 38900 5490 3350 5880 47800 8200 11.2 234 85.1 6500 139000
Ab_2 10kDa 2.4 2.478 14 172 1.47 36.4 61800 43500 5380 4690 6150 48200 6830 10.3 233 74 7370 141000
Ab_1_0.45 3  3.082 146 456 164 0.264 33.2 29200 29800 4610 835 3800 35000 1570 9.53 227 69.3 3230 134000
Ab_2_0.45 3 3.115 141 414 158 0.245 32.8 29200 29500 4620 805 3820 33900 2870 9.65 227 69.6 2910 140000
Ab_1 10kDa 3  3.082 9.4 163 0.262 33.6 29500 30100 4660 814 3830 35200 1520 9.67 231 65.4 2970 134000
Ab 2 10kDa 3  3.115 8.3 159 0.242 32.9 29500 29900 4680 793 3830 34200 2870 9.79 232 65.8 2820 138000
Ab_1_0.45 4 4187 837 232 111 0.0469 21.7 3090 17600 2340 134 681 14600 97.1 6.82 222 39 746 92500
Ab_2_0.45 4 4273 817 219 110 0.0461 22.1 2880 16500 2340 131 617 13700 135 6.68 222 404 700 89700
Ab_1 10kDa 4 4187 5 111 0.0537 22 3120 17600 2370 139 687 14700 103 6.98 228 39.1 732 93800
Ab 2 10kDa 4 4273 5 113 0.0441 22.8 2930 16900 2410 129 633 13900 143 7 231 412 875 91000
Ab_1 045 4.6 4537 612 196 83.6 0.0346 13 883 13800 1070 90.1 156 4680 25 504 229 217 965 4.89
Ab 2 045 46 4.658 6 19.5 93.8 0.0354 12.6 761 14100 996 82.1 137 4300 203 4.85 212 217 961 5.39
Ab_1 10kDa 4.6 4.537 5.77 83.3 0.038 129 886 14000 1060 94.3 151 4600 20.6 49 227 212 1060 5.75
Ab 2 10kDa 4.6 4.658 5.74 942 0.0345 12.7 772 14200 999 81.6 132 4270 17.2 494 215 213 1030 4.94
Ab_ 1 045 51 5122 6.87 846 37.2 0.0752 4.16 234 7330 437 654 679 848 163 2.8 227 47 841 19100
Ab 2 045 51 5089 695 824 37.8 0.0844 42 223 6620 422 628 64 761 12.6 2.89 223 478 845 18600
Ab 3 045 51 5089 4.92 37.8 0.0474 4.02 219 6160 368 69.4 552 582 104 2.89 224 415 661 3.35
Ab_1 10kDa 5.1 5122 5 373 0.037 412 210 7230 429 609 626 841 11.6 278 224 467 804 19100
Ab 2 10kDa 5.1 5089 5.4 38.1 0.0366 4.21 196 6680 420 557 60.7 757 648 29 224 478 835 18600
Ab 3 10kDa 5.1 5.089 4.72 37.8 0.0334 4.01 210 6190 366 70.3 541 556 7.62 292 224 412 687 3.12
Ab_1_0.45 6 5968 835 271 102 0618 142 332 1830 929 111 543 194 99.7 2 207 233 216 2450
Ab_2_0.45 6 6.059 7.07 258 103 0.869 141 330 1770 91.2 106 53.9 174 90.7 2.04 207 2.42 193 2450
Ab_3_0.45 6 6.059 5.24 11.5 0.185 146 154 1870 939 64.6 441 749 284 236 221 214 203 3.96
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Ab_1 10kDa 6 5.968 5.1 10.8 0.0413 1.5 881 1650 88.5 40.6 33.3 33 418 214 220 2.15 153 2360
Ab_2 10kDa 6 6.059 5.4 9.92 0.0379 139 85.2 1470 81.7 354 309 314 467 2.01 206 198 144 2160
Ab_3 10kDa 6 6.059 4.65 11 0.0362 143 76.2 1720 79.1 46.5 33.2 173 27 224 220 1.9 161 3.58
Ab_1 0.45 7 705 112 3.83 5.14 1.7 0.724 844 2520 609 261 119 367 250 2.09 244 352 350 10.6
Ab 2 0.45 7 6.92 10.2 334 497 1.18 0.695 559 2170 47.1 185 96.8 247 187 211 248 338 262 8.93
Ab_1 10kDa 7 7.05 7.07 435 0.0441 0.628 654 1640 27.4 504 433 395 346 198 244 215 172 6.39
Ab_2 10kDa 7 6.92 7.18 439 0.0533 0.634 66.8 1600 283 51.2 433 566 591 198 243 217 154 5.85
Table 13 Batch experiment results for the Asbro babm layers
samples exppH pH TOC PO4 Ca Fe Mg Al As Ba Cr Cu Mn Pb K Na Si P Zn
mg/l mg/l mg/l mg/l mg/l pg/l ug/l pg/l pg/l pg/l pg/l pg/l mg/l mg/l mg/l pg/l pg/l
Ab 1 0.45 23 2378 20 101 188 2.36 20.2 53300 54500 5840 6790 17400 34800 5300 6.75 231 37.8 11100 104000
Ab_2 0.45 23 2397 188 99.6 187 237 17.1 54800 57200 6340 7080 18200 35800 6030 6.75 232 334 11100 111000
Ab 1 10kDa 2.3 2.378 15.3 192 238 20.5 54200 55400 5870 6940 17400 35300 5350 6.73 230 38.3 11100 107000
Ab_2 10kDa 2.3  2.397 16.8 189 2.4 17.3 55800 58000 6390 7190 18500 36100 5980 6.89 234 34 11100 113000
Ab 1 0.45 29 2939 155 719 172 0.424 15.2 30300 45200 5270 1590 12700 28900 1410 6.17 236 26.1 6990 103000
Ab_2 0.45 2.9 297 149 712 176 0.414 14.3 30400 45200 5370 1590 12500 28200 1380 6.38 228 26.1 6520 104000
Ab 1 10kDa 2.9 2939 133 175 0.433 15.6 31200 46400 5410 1620 12900 29800 1440 6.52 241 27 7040 106000
Ab_2 10kDa 2.9 297 13.2 173 0.405 14 29600 44200 5230 1560 12300 28400 1500 6.32 225 25.7 6750 103000
Ab 1 0.45 41 4117 934 47.2 131 0.06 10.3 5520 30900 2100 223 1750 10400 485 444 228 14.1 3440 62100
Ab_2 0.45 41 4175 9.21 46.1 129 0.0613 10.3 5280 30200 2120 219 1740 11000 49.9 4.5 225 14.2 3450 61000
Ab 3 0.45 41 4117 7.25 140 0.0509 9.78 5970 34300 2050 237 1720 8980 49.4 473 227 139 3470 8.3
Ab 1 10kba 4.1 4117 8 127 0.0612 10 5340 30300 2050 213 1700 10200 47.5 434 223 139 3320 61200
Ab 2 10kDa 4.1 4175 8.1 131 0.0621 10.3 5310 30700 2110 220 1730 11100 47.7 429 224 14.4 3350 62200
Ab_3 10kba 4.1 4117 7.21 141 0.0536 9.83 5960 34100 2040 237 1700 8940 549 476 223 13.6 3540 8.77
Ab 1 0.45 49 477 599 354 102 0.0359 6.78 1650 22800 931 121 440 3130 123 3.79 232 853 3200 8.06
Ab_2 0.45 4.9 469 597 354 102 0.0343 6.61 1580 22600 916 112 424 2930 183 364 216 805 3130 8.33
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Ab_1_10kDa
Ab_2_10kDa
Ab_1_0.45
Ab_2_0.45
Ab_1_10kDa
Ab_2_10kDa
Ab_1_0.45
Ab_2_0.45
Ab_3_0.45
Ab_1_10kDa
Ab_2_10kDa
Ab_3_10kDa
Ab_1_0.45
Ab_2_0.45
Ab_1_10kDa
Ab_2_10kDa

4.9
4.9
5.6
5.6
5.6
5.6
6.7
6.7
6.7
6.7
6.7
6.7
7.3
7.3
7.3
7.3

477 6.13
469 6.1
5.498 5.57
5,521 5.7
5498 5

5521 5

6.668 4.8
6.565 5.7
6.668 3.77
6.668 5

6.565 5

6.668 3.58
7.476 6.96
7.352 7.52
7.476 4.82
7.352 4.61

12
12.1

2.84

2.87

4.68
5.14

101
99.8
46.9
47.4
47.5

47

12.2

11.7
13

12.1
11.2
12.9
6.13
5.95
5.64
5.69

0.0358
0.0345
0.0439
0.0615
0.0215
0.0216
0.327
0.556
0.317
0.0108
0.0119
0.0163
0.847
0.491
0.0173
0.0201

6.74
6.49
3.47
3.48
3.52
3.49
1.09
1.04
1.07
1.08
1.01
1.06
0.476
0.478
0.453
0.458

1640 22500
1540 22000
191 9840
191 9770
176 9880
173 9780
125 2130
147 2230
114 2500
245 2030
38.7 1990
33.1 2380
261 3590
188 3650
36.4 3200
39.9 3480

929
907
290
290
293
290
62.8
63.7
60.1
58
57
56.1
37.2
31.1
25
21

120
107
75.1
78.1
71.7
69.9
131
140
153
92.8
84.9
116
187
157
82.1
80.3

438
410
118
123
112
115
76.1
83.9
95.8
51
51
67.9
134
131
64.6
73.7

3090
2850
237
238
240
230
33.6
54.1
315
7.23
10.9
3.4
73.7
42
4.49
5.7

10.8
14.9
4.57
6.57
2.22
2.45
27.7
39
29.5
1.01
2.48
1.48
67
43.3
1.5
1.9

3.7
3.49
2.55
2.62
2.58
2.65
1.99
1.87
2.14
2.21
1.82
2.11
1.82
1.97
1.78
1.94

230
213
221
221
225
226
209
208
224
212
204
223
235
246
235
245

8.4
7.88
3.54
3.71
3.62
3.66
1.61
1.57
1.63
1.51

14
1.52
1.79
1.83
1.53
1.61

3080
3210
1540
1500
1520
1550
106
124
130
88.4
97.1
97.8
213
194
149
156

7.38
8.54
6410
6220
6460
6120
548
572
9.56
459
491
8.44
14.2
141
11.4
11.4
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