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ABSTRACT
Conventional methods for wastewater treatment and remediation of the sites with
contaminated soils focus on protection of human health, receiving waters and the
environment. Towards this end, these methods concentrate on the reduction or removal of polluting substances, and therefore, are not well suited for creating resources through the recovery of nutrients, energy and decontaminated soils. Hence,
a new, more sustainable approach is promoted in this thesis and, besides meeting
the protection requirements, takes into consideration the resources that can be recovered from the treatment processes, keeping in mind the energy use during such
a recovery. To achieve this goal, a better knowledge of wastewater and contaminated soil treatment approaches needs to be developed, from a resource recovery
perspective.
In this thesis project, laboratory, pilot-scale and full-scale investigations were conducted to study phosphorus (P) sorption in blast furnace slag (BF slag) filters. Further, ammonium adsorption by, and desorption from, clinoptilolite was studied in
laboratory columns. A full-scale wastewater treatment system, comprising a willow bed followed by two parallel P–filters with BF slag and Filtralite® P media
was examined for the wastewater treatment efficiency, nutrient accumulation in
willow biomass, and biomass production. In a similar way, laboratory, pilot-scale
and full-scale investigations were conducted to examine arsenic (As) removal from
As contaminated soils using physical separation and chemical extraction. Finally,
the decontamination of the extraction effluents (contaminated by As) was studied
by adjusting pH and adding a coagulant, iron chloride.
Pollutant mobilisation and immobilisation were affected by pH, the organic matter
content, redox potential, time (process duration) and temperature. Results showed
that pollutants in the studied media have complex characteristics in terms of charge
of species and redox speciation, and therefore, no general conclusions addressing
all the conditions studied could be given. The P sorption capacity of BF slag was
reduced by outdoor storage and weathering, and the content of organic substances
in sewage seemed to have a more negative impact on the sorption process when
using weathered BF slag. Arsenic mobilisation from As contaminated soils was
affected by pH, the content of organic substances, and redox potential and the nature of these effects depended on the polluting chemicals (i.e. wood preservatives)
and the content of calcium in the soil. Extractions at elevated temperatures facilitated high As mobilisation from the contaminated soils for short contact times, assuming that the extraction solution features vital for As mobilisation were not altered, and the fastest As mobilisation was achieved by using an acid oxalate citrate
solution rather than reductive or alkaline extraction solutions at room temperatures.
In the full-scale treatment system, the willow bed efficiently reduced the content of
total suspended solids and biodegradable organic matter in the influent wastewater
and prevented the clogging of downstream phosphorus filters during the one year
iii

of operation. The Filtralite® P treatment train simultaneously removed over 90 and
70% of BOD and P, respectively, during the experimental period, and therefore,
fulfilled the requirements for the low protection level over the period of one year,
except for tot-P excesses during the snowmelt period. In the case of tot-N reduction (50%), the high protection level was achieved. On the other hand, the treatment system with BF slag did not fulfil requirements for either low or high protection level, because the coarse-grained BF slag was inefficient in retaining P and the
concentrations of oxygen consuming compounds were elevated downstream of the
filter.
The studied methods for recovering resources through treatment of wastewater and
contaminated soils demonstrated a potential for improving environmental sustainability of these processes. Even though the willow bed did not accumulate nutrients from the fed wastewater to a high degree, it facilitated nutrient recovery in
other treatment steps located downstream. Fresh, fine-grained BF slag showed capacity to recover P from wastewater, which was comparable to that of other efficient P sorbents. The BF slag material released high amounts of sulphuric compounds during the initial loading phase which consequently increased the concentration of oxygen consuming compounds in the filter effluent. Thus, the use of BF
slag for P retention is not recommended when the effluent is discharged to sensitive receiving waters. Natural clinoptilolite studied showed a high capacity for adsorbing ammonium from the pre-treated wastewater, at low operating temperatures. Hence, the clinoptilolite filter has a potential to enhance N retention during
the plant dormancy or prior to the maturity of willow beds when N retention is
needed. However, the recovery of ammonium was limited by the inefficient desorption process using tap water without recycling the eluate. Fertigated willows
grew nearly as well as in the south of Sweden, but in the highly loaded horizontal
flow willow bed, the potential to produce biofuel was limited. To recover nutrients, willow clones with lateral growth are preferable. 90% of nutrients accumulated in the above-ground parts of willows could be recovered from the experimental
site operated over three growing seasons, particularly when using dense planting
and annual harvesting prior to leaf fall.
Soil treatment, comprising the exclusion of the fine soil fraction prior to the chemical extraction with strong extraction agents applied at an elevated temperature,
was efficient in decontaminating soils, even for short contact times. However, this
treatment procedure results in an incomplete soil recovery (i.e. the recovered mass
of soil after decontamination is appreciably smaller than the soil mass prior to decontamination), consumes a high amount of energy and lowers the soil quality,
which limits the potential end-use of the decontaminated soil. The alkaline extraction effluents could be decontaminated at a pH of 4-5 with the addition of a coagulant. Also, the treatment of alkaline extraction effluents was facilitated by the exclusion of the fine soil fraction from the chemical extraction step. The use of acid
oxalate-citrate extraction solution was judged infeasible because the decontamination of such extraction solution is complicated due to the high pH buffering and
complexing capacity of the solution.
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SAMMANFATTNING
Konventionella metoder för avloppsvattenbehandling och efterbehandling av
förorenade områden fokuserar på att skydda människors hälsa, recipient och miljö.
Därmed inriktar dessa metoder sig på att reducera och avskilja föroreningar och är
därför inte lämpade att skapa resurser genom återvinning av näringsämnen, energi
eller sanerade jordar. Därför riktar sig denna avhandling på en ny, mer hållbar
strategi som inte enbart uppfyller miljöskyddskraven, utan även tar tillvara resurser
som kan erhållas vid behandling. För att uppnå detta mål behövs en mer fördjupad
kunskap om metoder för behandling av avloppsvatten och efterbehandling av
förorenade jordar, utifrån resurshushållnings perspektiv.
I denna avhandling utfördes laboratorie, pilotskale och fullskale försök för att
studera fosfor (P) sorption i masugnsslaggfilter. Ammoniumadsorption och
desorption från klinoptilolit undersöktes i kolonnförsök. En fullskaleanläggning
för avloppsvattenbehandling som bestod av en salixbädd följd av två parallella
fosforfilter med masugnsslagg och Filtralite® P sorbenter undersöktes med
avseende på avloppsrening, upptag av näringsämnen i salixbiomassa och
biomasseproduktion. På liknande sätt utfördes laboratorie-, pilotskale- och
fullskaleförsök för att undersöka arsenik (As) avskiljning från As förorenade jordar
m.h.a. fysisk separation och kemisk extraktion. Även rening av As förorenade
extraktionslösningar undersöktes genom pH justering och tillsats av järnklorid.
Resultaten visade att avskiljningen av ämnen i avlopp och As förorenade jordar
påverkades av pH, innehållet av organiskt material, redoxpotential, tid och
temperatur. Resultaten visade även att föroreningar i de studerade medierna hade
komplexa egenskaper i form av ladding och redox speciering, och därmed kan inga
generella slutsatser dras för alla studerade förhållanden. Masugnsslaggens
sorptionskapacitet m.a.p. fosfor ändrades genom vittring och förvaring av material
utomhus. Närvaro av organiskt material tycktes påverka ha en mer negativ
påverkan på fosforsorption för den mer vittrade masugnsslaggen. Frigörandet av
As från As förorenade jordar påverkades av pH, innehåll av organiska ämnen och
redoxpotential, och karaktären av dessa effekter berodde på den kemikalie som
förorenade jorden (impregneringsmedel) samt innehåll av kalcium i jorden.
Extraktion i förhöjd temperatur ökade As mobilisering från förorenade jordarna för
korta kontakttider, förutsatt att avgörande egenskaper för As mobilisering hos
extraktionslösning inte förändrades. Den snabbaste mobiliseringen uppnåddes
m.h.a. en sur oxalat-citrat lösning istället för reduktiva eller alkaliska
extraktionslösningar.
I fullskaleanläggningens salixbädd reducerades halten av suspenderat material och
biologiskt nedbrytbart organiskt material effektivt från avloppsvattnet och
förhindrade igensättning av de efterföljande fosforfiltren under ett års drift.
Behandlingssystemet med filtermaterialet Filtralite® P avskiljde >90% organiskt
material och 70% fosfor under den ett år långa försöksperioden, och uppfyllde
därmed kraven för den normala skyddsnivån, förutom under snösmältperioden då
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kravet för tot-P inte uppnåddes. Dessutom uppfylldes kravet för tot-N reduktion
(50%) för den höga skyddsnivån. För systemet med masugnsslagg uppfylldes
däremot inte reningskraven, varken för normal eller hög skyddsnivå eftersom den
grovkorniga slaggen var ineffektiv på att sorbera P och halterna av
syreförbrukande ämnen var förhöjda i utflödet.
De studerade metoderna för återvinning av resurser genom behandling av
avloppsvatten och förorenad jord visade potential på resurshushållning genom
dessa studerade processerna. Även om salixbädden inte ackumulerade
näringsämnen från det inkommande avloppsvattnet i större grad, främjade den
näringsupptag i efterföljande reningssteg. Färsk, finkorning masugnsslagg visade
sig ha förmåga att sorbera P från avloppsvatten och kapaciteten var jämförbar med
andra effektiva P sorbenter. Dock lakades signifikanta mängder svavelföreningar
ut från filtret med masugnsslagg initialt vilket följaktligen ökade koncentrationen
av syreförbrukande ämnen i filtrets utflöde. Därför rekommenderas inte
användning av masugnsslagg som P sorbent när utflödet leds ut till känsliga
recipienter. Den undersökta naturliga klinoptiloliten visade på hög
ammoniumadsorptionskapacitet från förbehandlat avloppsvatten vid låga
temperaturer. Därmed har klinoptilolit potential att öka N reduktionen från
avloppsvatten under vintern eller före full etablering av salix när N reduktion
krävs. Återvinningen av ammonium var dock begränsad p.g.a. låg desorption med
kranvatten utan återföring av eluatet. Salix bevattnad med avloppsvatten växte
nästan lika bra som i referensanläggningar i södra Sverige, men i den högbelastade
salixbädden med horisontelt flöde var potentialen att producera biobränsle låg. För
att återvinna näringsämnen förordas salixkloner med horisontell tillväxt. 90% av
de ackumulerade näringsämnena i salixens växtdelar ovan jord kunde avlägnas
från anläggningen som drevs under tre växtsäsonger, speciellt eftersom salixen var
tätt planterad och skördandet genomfördes årligen innan löv fällningen.
Att utesluta den fina jordfraktionen från kemisk extraktion var tillsammans med
starka extraktionslösningar vid förhöjda extraktionstemperaturer ett effektivt sätt
att tvätta jorden, även vid korta kontakttider. Denna behandling resulterade dock i
en ofullständig återvinning av jorden (d.v.s. den behandlade jordmassan efter
sanering var mindre än före sanering), förbrukade en stor mängd energi och
minskade jordens kvalitet vilket i sin tur begränsar möjlig återanvändning av den
behandlade jorden. Den alkaliska extraktionslösning som erhölls efter jordtvätt
kunde behandlas vid pH 4-5 m.h.a. tillsats av en koagulant. Behandlingen av den
alkaliska extraktionslösningen underlättades dessutom genom avskiljning av den
fina jordfraktionen före kemisk extraktion. Sur oxalat-citrat extraktionslösning
lämpar sig inte för behandling av As förorenade jordar eftersom en behandling
med en sådan extraktionslösning är komplicerad p.g.a. hög pH buffrande och
komplexbildande kapacitet.
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1 BACKGROUND
1.1 Introduction
Until recently, the treatment of wastewater has been focusing on protection of human health against pathogens and protection of receiving waters against oxygen
depletion and eutrophication. Wastewater treatment facilities were set up to reduce
the adverse effects of sewage discharge by applying different treatment processes to
achieve the treatment requirements with respect to suspended solids, organic matter,
phosphorus (P) and in many cases, also nitrogen (N). Similarly, the main emphasis
of conventional treatment (remediation) of contaminated sites is to prevent local
risks to human health and the environment. As a consequence, the most common
method for treatment of contaminated soils is the so-called “dig and dump”, i.e. the
contaminated soils are excavated and transported to be entombed in landfills. Despite the improved quality of the local environment, these methods may not be regarded as sustainable according to the sustainability concept, which was introduced
in the Brundtland report (WCED 1987) and widely accepted as a guiding principle
for human activities. Sustainability was defined as “development that meets the
needs of the present without compromising the ability of future generations to meet
their own needs”. Hence, the definition implies responsible management of resources from a systems approach. When applied to the treatment of wastewater and
contaminated soils, the treatment should achieve a balance between protecting the
environment now and not reducing the well-being or beneficial uses of the environment in the future. However, because of the key focus on reduction (respectively
removal) of substances, the traditional methods for wastewater treatment are not
well suited for recovery of resources, including nutrients, energy and reclaimed water in a reliable way. Some P recovery installations are fully operational and recycle
wastewater P, for example, through struvite formation, but they tend to be capitaland energy-intensive (Balmér et al. 2002; Herrmann 2009), and thus, do not provide
the favourable outcomes for sustainability. The lack of sustainability of traditional
wastewater treatment methods is rather obvious with regards to P as the main commercial sources of P are limited (Cordell 2010), whereas N is ubiquitous in the atmosphere. However, the elemental N is inert, but can be converted into a more
chemically reactive form through highly energy consuming processes using fossil
fuels as a raw material and energy source (Smil 2001; Wood and Cowie 2004). Also, the fertiliser production industry is rather highly polluting (Hettige et al. 1994).
As for “dig and dump” of contaminated soils, the contaminants along the soil are
merely transported over long distances from one location to another. Hence, the
possible benefits of N recovery and decontamination of soils are, besides the protection of local groundwater (Dubrovsky et al. 2010), related to reductions in greenhouse gas emissions (Diamond et al. 1999; Maurer et al. 2003; Mulder 2003) and in
oil depency. In some cases, lack of space in engineered landfills and of clean backfill soil provides motivation for the soil decontamination. Hence, a new, more sustainable approach should, besides locally protecting human health and the environment, take into consideration the resources that can be recovered from the treatment
1

process, bearing in mind the other resources used during such processes. This indicates a need to increase the knowledge of wastewater and contaminated soil treatment systems from a resource recovery perspective.

1.2 Objectives and Scope
The overall objective of this thesis was to examine treatment methods for
wastewater and arsenic contaminated soils from a resource perspective, focusing on
processes supporting the sustainability concept by recovery of resources and low
energy demands. With respect to the environmental protection and treatment effectiveness, it was assumed that the methods used would produce treated effluents and
decontaminated soils complying with the applicable Swedish standards.
In more detail, the specific objectives were:
¾ To assess factors influencing pollutant mobilisation and immobilisation processes in wastewater treatment and contaminated soil washing (Papers IVII)
¾ To evaluate the studied system(s) from:
o The traditional perspective of protecting the local (aquatic) environment by focusing on removals of P, N, TSS and organic matter from
wastewater (Papers I-IV)
o A resource perspective focusing not only on pollutant reduction, but
also on nutrient and energy recovery (during wastewater treatment)
and contaminated soil reclamation, in context of economic feasibility,
resource use, and environmental protection (Papers I-VII, and unpublished data).
Air, soil and water contain various chemical substances. Depending on circumstances, a specific substance (or substances) as well as the environmental matrix,
can be a resource or a pollutant. Depending on whether the substances or the matrix
are of interest as a resource, the substances need to be extracted for beneficial uses
(as commonly done in mining) or reduced to an acceptable level allowing further
use of the matrix (e.g. removal of pollutants in drinking water treatment). Thus, the
extracted substances become a resource after they are used in a new context for
beneficial purposes (e.g. wastewater nutrients used as fertilizers). Similarly, for the
carrier purified from polluting substances, the removed pollutants need to be captured, concentrated and safely disposed. Thus, both these processes of capturing and
releasing, i.e. immobilisation and mobilisation, are needed for the treatment in the
resource perspective. In this thesis, this is exemplified by two selected systems; in
the first one, the removed substances are of interest, and in the second one, the carrier (matrix) is of interest from a resource perspective.

2

The first example is a wastewater treatment system, which according to a traditional
point of view focuses on reduction of N, P, total suspended solids (TSS) and biodegradable organic matter, as shown in Fig. 1. The system comprises primary treatment, e.g., provided by a septic tank separating TSS, followed by a biological
treatment step, in this case a willow bed, which removes biodegradable organic
matter and some portion of N and P. The remaining P in the willow bed effluent is
removed by chemical processes in a P filter, whereas a portion of N is discharged to
the receiving waters or the environment.

P,N,C

P,N,C

P(,N)

Paper IV

(N)

Paper II

Paper III
Studied system
Household(s)

Septic tank

Willow bed

P filter

Receiving
water/environment

Fig. 1. Conventional treatment system for wastewater.

In Fig. 2, a modified system reflecting a resource utilisation perspective is presented. Besides focusing on protecting the receiving waters and the environment, it recovers and retains some of the resources embodied in the wastewater, e.g. nutrients,
P and N, in the forms from which they can be recovered. Firstly, the design and operation of the willow bed need to be such that they promote reduction of organic
matter, minimise wastage of nutrients and maximise the nutrient accumulation into
the willow biomass. The produced biomass could be used for e.g. for biofuel production. Nitrogen and phosphorus residuals in the willow bed effluent could be retained by filter media. Materials efficiently retaining N are relatively few and include, e.g. clinoptilolite, whereas for P retention, the choice of materials is broader.
Phosphorus sorbents can be classified according to their origin, e.g., as natural materials, industrial by-products and specially manufactured products. In the resource
perspective, the utilisation of industrial by-products seems to be a more sustainable
sound option. However, the functioning of the material might not be comparable to
that of the products specifically manufactured for P retention in wastewater treatment systems. Hence, the utilisation of by-products may cause environmental risks
concerning the receiving waters and the environment. When the clinoptilolite material in the filter is saturated, the material could be regenerated releasing adsorbed
NH4 that could be used as an N fertiliser. The P saturated sorbent can be replaced
with fresh material, and the spent P sorbent can be used as P fertiliser.
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Fig. 2. Wastewater treatment from a resource utilisation point-of-view, i.e. the substances within the carrier are resources and need to be retained (the first example). C
filter = clinoptilolite filter.

The remediation of arsenic (As) contaminated soils was selected as the second example, in which the soil is the resource to be recovered. In Figs. 3a and b, two approaches to treat an As contaminated soil by soil washing, comprising physical and
chemical unit processes, are presented from a resource point-of-view. The first approach portrays a simplified conventional soil washing procedure, in which the soil
is mechanically screened to separate the less contaminated coarse material from the
more contaminated finer soil fractions by wet sieving/screening, using a particular
aperture size (typically x >2-8 mm). The more contaminated soil fraction, with
grain sizes <x mm (typically x=2 mm), is subjected to the chemical extraction,
which produces a relatively clean sandy soil with low As content, and a highly contaminated clay-silt fraction contained in the contaminated extraction effluent. After
the extraction, the effluent is treated by immobilising dispersed fine soil fractions
and dissolved As in a chemically-aided separation process. The produced As-rich
sludge is disposed of in a landfill and the treated effluent can be recycled back to
the extraction process. The second alternative is similar to the first, but the highly
polluted finer fraction, <0.2/0.251 mm bypasses the treatment (remains polluted),
and the treatment of the moderately contaminated, intermediate fraction 0.2/0.25-8
mm, follows the processes described in the first alternative, including the chemical
extraction and treatment of the extraction effluent. The highly contaminated As-rich
sludge from treatment of extraction effluents and the finer soil fraction (<0.2/0.25
mm) excluded from the extraction process and are taken to the landfill.

1

For operational reasons (equipment availability), two slightly different sieve aperture
openings were used: 0.2 mm in the full-scale facility and 0.25 mm in the laboratory.
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Fig. 3. Two approaches to the treatment of As contaminated soils from a resource
perspective in which the decontaminated soil is viewed as a resource: a) Soil washing
comprising of physical separation and chemical extraction and b) A new approach to
soil washing.
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2 STATE OF THE ART
2.1 Substances
The studied substances, N, P and As, belong to group 15 or ‘VB’ (according to the
European labelling) in the periodic table of elements, see Fig. 4. Hence, the elements have chemical similarities, especially P and As (O'Day 2006).
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Fig. 4. Periodic table of the chemical elements. The studied elements are indicated
with the red border.

2.1.1 Nitrogen
Nitrogen is an essential building block of amino and nucleic acids in all living organisms, which places N in a central position as a necessity for biota. The availability of N is high as the atmosphere contains 78 v-% of gaseous nitrogen (N2). However, gaseous N is kinetically inert because of the strong bond between the N atoms.
In addition, there are a limited number of exploitable natural sources of fixed N.
Hence, the accessibility of biologically reactive forms of N, such as ammonia, is
limited for the global food production (Smil 2001). This led to the development of
the Haber-Bosch process in which hydrogen reacts with the atmospheric N2 to form
ammonia which is used as the feedstock for N fertilisers. The process is very energy
demanding; ~40-50 MJ is utilised per 1 kg of ammonia and ~1.2% of the world’s
energy consumption is utilised to produce fertilisers, with the production of N fertilisers accounting for 94% of the total energy consumption according to Kongshaug
(1998). For the process, the primary energy source is natural gas which also functions as the preferred feedstock for hydrogen. Hence, because of the consumption of
natural gas or other source of hydrocarbons for hydrogen and energy, carbon dioxide emissions are the major concern of the production of N fertilisers, besides the
high energy consumption (Wood and Cowie 2004).
Since 1960, the world’s annual output of N fertilisers has increased dramatically
from 10 to 100 M tons of N in 2008, which also equals the consumption of fertilisers in agriculture (FAOSTAT 2011). The production of N fertilisers and their subsequent use has a major impact on the global N cycle (Galloway et al. 2004). The
use of fertilisers has great importance for providing the supplies of food with sufficient protein content for the global population, but after consumption of food, some
N is ultimately discharged into the wastewater. This human excretion of N equals to
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10-30% of the N fertiliser output per capita depending on the local conditions
(Mulder 2003).

2.1.2 Phosphorus
Like N, P is essential to biological processes since it is found in DNA, RNA, ATP
and cell membranes. Besides being a constituent in living organisms, P (as PO4) is
widely distributed in the abiotic environment such as rocks, soils and oceans being
the eleventh most abundant element in the lithosphere, but in limited supply as a
resource to the biota. The only major source of P is the weathering of P-containing
rocks. The form of P in phosphate ores is calcium phosphate, i.e. a phosphatefluorine-calcium apatitic structure with varying degrees of impurities such as magnesium, iron (Fe), lead, cadmium, chromium (Cr) and As (Driver et al. 1999). The
impurities interfere in the processes of producing phosphoric acid, and reduce the
quality and quantity of the end-product. These days, the annual global output of P is
about 40 M ton of P2O5, of which about 90% is used for fertiliser production
(FAOSTAT 2011). With the current rate of P consumption, phosphate rock reserves
have a lifetime expectancy of about 100 years (FAOSTAT 2011). However, most
models indicate a steep increase in world population, agricultural production and
utilisation of P fertilisers over the next century (Steen 1998), which would contribute to P scarcity in the future (Bennett et al. 2001; Cordell 2010).

2.1.3 Arsenic
Arsenic, which is a not a metal but metalloid behaving partly as metal and nonmetal, is the 51st most common element in crustal rocks (Greenwood 1998). It is
ranked at the top of the Comprehensive Environmental Response, Compensation
and Liability Act’s (CERCLA) list of prioritized hazardous substances based on: a)
frequency of occurrence, b) toxicity and c) potential for human exposure (ATSDR
2007). Toxicity of As to most of the living organisms led to its wide use in pesticides, herbicides and as a wood preservative (Greenwood 1998). Because of its
known and well understood toxicity, many countries have banned or restricted the
use of arsenic in pesticides and wood preservatives. Despite the ban or restrictions,
the legacy of earlier wood impregnation industry and worldwide utilisation of impregnated wood has resulted in widespread soil contamination by As (Belluck et al.
2003).
Arsenic compounds can be recovered as by-products of the processing of complex
ores, but As is regarded as a zero-value impurity by most U.S. mine and smelter
operators (USEPA 1995). Hence, in the case of an As contaminated soil, it is the
soil that is considered as a resource.
Soils play an important role in the natural ecosystems (Singer and Warkentin 1996)
as well as in the human life. However, we are losing this life-supporting resource at
an estimated rate of 11.6 ton/ha,year which equals to a reduction in soil thickness of
about 0.38 mm/year for the globe (Yang et al. 2003). About 60% of soil erosion is
induced by human intervention (Yang et al. 2003). It is hard to estimate the produc8

tion rate of soil, but without human intervention, soil production and erosion would
be in some sort of an equilibrium, assuming human time scales. Based on the data
presented above, it appears that the soil as a resource is being depleted.

2.2 Treatment of Wastewater and Contaminated Soils to
Recover Resources
Phosphorus and nitrogen are important nutrients that are essential for the ecosystems, but the excesses of P and N are the main causes of eutrophication of fresh water and coastal waters, respectively. Also, the nutrients, especially N, can contaminate groundwater systems which are commonly the sole source of drinking water
for millions of people in rural areas. The main inputs of nutrients into receiving waters and the environment are the artificial fertilisers utilised in agriculture and the
domestic wastewater (Bennett et al. 2001; SEPA 2008b; Dubrovsky et al. 2010).
Hence, to alleviate water pollution problems, wastewater treatment plants were developed and commonly apply coagulation with Fe or aluminium (Al) for P removal
and nitrification-denitrification for N removal. As the treatment focuses on nutrient
removal rather than retention, it does not yield the best outcome for the nutrient recycling. For example, where sewage sludge applications to agricultural land are
permitted, the form of P in the sludge might be less plant available (Kirkham 1982;
Kyle and McClintock 1995) and N is lost into the atmosphere. Consequently, the
lost nutrients need to be replaced with artificial fertilisers, using processes that are
polluting (Hettige et al. 1994) in agriculture. When the treatment focus is shifted
towards nutrient recovery, nutrient rich products, e.g. struvite, are generated and
seem to have comparable or higher quality than artificial fertilisers in terms of the
fertiliser effect (Johnston and Richards 2004; Ganrot et al. 2007; Beler-Baykal et al.
2011). Also, these products cause less negative effects on receiving waters and the
environment as the nutrients are released slowly (Bridger et al. 1962; Perrin et al.
1998) and the content of impurities is low (Münch and Barr 2001; Ronteltap et al.
2007; Uysal et al. 2010). However, the sewage derived fertilisers may still present
microbiological health risks to producers and end users (Decrey et al. 2011).
To recover nutrients from wastewater, separation at the source offers a great treatment efficiency as the major portion of nutrients in domestic wastewater originates
from the toilet water (SEPA 1995). Especially, human urine forms one of the most
interesting streams because it can be used as a liquid fertiliser (Kirchmann and
Pettersson 1994; Larsson et al. 2003). However, this option requires physical modifications of the existing sewerage systems. Furthermore, problems with reuse of the
nutrients in large scale still exist with regards to the collection, transport and spreading on arable land (Maurer et al. 2003).
Another alternative employs end-of-pipe solutions for nutrient recovery. Generally,
there are several methods to recover P directly from wastewater, side streams such
as digester supernatants, or from residuals, e.g. chemical sludges or sewage sludge
ash (Fig. 5; Morse et al. 1998; Balmér et al. 2002; Cordell et al. 2011). The recovery processes have mainly focused on P separation by precipitation/crystallisation
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of Ca phosphates or magnesium NH4 phosphate (struvite). The former one is a
product directly comparable to the phosphate rock. Consequently, it could be used
in the industry as well as in agriculture, whereas struvite, due to the content of NH4,
has a limited utilisation in the phosphate industry. On the contrary to P, relatively
few methods are available to recover N directly from wastewater, mainly due to the
low concentrations hampering either technical or economical feasibility (Fig. 6).
Nitrogen can be retained by stripping from concentrated streams in wastewater
treatment plants, such as digester supernatant or sludge liquors (Siegrist 1996;
Maurer et al. 2002). Another way of N recovery is through the earlier mentioned
struvite formation, because struvite contains N and P in 1:1 ratio (Schulze-Rettmer
1991; Momberg and Oellermann 1992; Jaffer et al. 2002). The N recovery by applying biosolids directly as a fertiliser is becoming controversial and banned in many
jurisdictions, because of contaminants in sewage (e.g., pharmaceuticals and personal care products), public concerns and opposition to this practice, and difficulties
with transport and storage of biosolids. Ammonium adsorption and direct use for
plant growth, e.g. in (constructed) wetlands are the methods directly applicable to
sewage.
Domestic wastewater
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by Fe
Hydrolysis
KREPROprocess
Production of
Fe phosphate

Precipitation
by Fe/Al

Precipitation
by Ca

Ca-rich
sorbent

Incineration
BioConprocess
Production
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Production of Ca
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PhoStripprocess

Bioenergy
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Crystalactor®
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Fertiliser(?)

Fertiliser

Fertiliser

Industry

Constructed
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Fertiliser

Biomass

Composting
Precipitation
of struvite
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Incineration
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Fertiliser
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Fig. 5. End-of-pipe technologies to remove and recover P from wastewater with the
potential end-use of the product.
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Fig. 6. End-of-pipe technologies to remove and recover N from wastewater with the
potential end-use of the product.

For the remediation of sites with contaminated soils, two basic strategies are applicable: removal of the pollutants (with the soil) from the site or reduction of the mobility of pollutants at the site. The advantage of the former one is that as the pollutants are removed, the future use of the site is not limited. Further, the risk of “unpredic” pollutant release and accumulation elsewhere is greatly reduced. Since As
cannot be destroyed, it is removed from contaminated sites by physical removal
(“dig and dump”), or its mobility is manipulated by using chelating agents, or altering pH or redox status. Arsenic removal from soils can be accomplished in-situ (‘inplace’) or ex-situ, and the ex-situ treatment can be conducted on-site or off-site. Insitu and ex-situ techniques that mobilise As by altering one or several factors are as
follows:






Phytoextraction
Bioremediation
Soil washing
Soil flushing, and
Electrokinetic treatment

Remediation of sites with contaminated soils has positive local environmental impacts once the pollutants are removed from the site. Nevertheless, the remedial action may cause negative impacts at the local, regional and global scales, such as depletion of natural resources, air pollution (traffic, equipment operation) and the release of green house gases contributing to global warming. Life Cycle Assessment
is widely accepted and applied for evaluating and quantifying the environmental
impacts of the remediation project, from cradle to grave. Several tools to assist in
the assessment of the environmental impact of soil remediation have been developed, by e.g. Diamond et al. (1999), Volkwein et al. (1999). According to Diamond
et al. (1999), for “dig and dump”, the transportation activities, removing the contaminated soil to a landfill and then backfilling the excavation, caused the greatest
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negative environmental impact, such as global warming and depletion of primary
energy sources. Depending on the distances between the landfill and the contaminated site, as well as the volumes of contaminated soil, the impact can vary from
minor to major. On the contrary, soil washing had a less severe negative environmental impact related to energy consumption, and resource consumption, especially
when conducted on site, but the soil quality after the treatment may not be comparable to virgin soils.
Besides environmental impacts, the sustainability of remediation of sites with contaminated soils also involves economic issues; the remediation is often a costly activity. Generally, the in situ and onsite treatment methods are less expensive than
offsite methods (Honders et al. 2003a; Summersgill and Scott 2004). Among the
treatment methods, soil washing is one of the most inexpensive alternatives to treat
contaminated soils, but the costs vary greatly between 15-608 €/m3 (Honders et al.
2003a; Summersgill and Scott 2004), depending on soil washing techniques used
and the maturity of the remediation market. For example, in Netherlands, treatment
costs have come down significantly over the years because of higher throughputs
and improved technologies (Honders et al. 2003a).

2.2.1 Constructed wetlands
Constructed wetlands fall into two general categories; free water surface (FWS)
wetlands with the water surface exposed to the atmosphere, and subsurface flow
(SSF) wetlands maintaining the water level below the surface of the wetland bed. A
similar classification indicating the flow direction refers to horizontal or vertical
flow wetlands. The SSF type wetlands are generally more efficient, require less
space and are not susceptible to freezing, when compared to FWS. The removal of
wastewater nutrients takes place through physical, chemical and biological processes while wastewater passes through the wetland medium and the plant rhizosphere
(USEPA 1993). Decomposition of organic matter is facilitated by rhizomes, and
aerobic and anaerobic microorganisms present on plant roots and wetland medium
(Reddy and D'Angelo 1997). Nitrogen in wetlands is mainly removed through microbial nitrification-denitrification as N2 gas released to the atmosphere and partly
taken up by plants (Vymazal 2007). In horizontal flow (SSF) wetlands, the N reduction is limited by nitrification, due to oxygen deficiency, whereas the lack of organic carbon is hampering the denitrification process in vertical flow SSF wetlands
(Vymazal 2007). Phosphorus removal occurs mainly through chemical reactions
with Fe, Al and Ca minerals in the wetland bed material and partly through plant
uptake (Vymazal 2007).
While constructed wetlands mainly focus on wastewater treatment (Kadlec and
Wallace 2008), systems with energy crops, namely “vegetation filters”, combine
wastewater treatment, reuse of wastewater nutrients and production of biomass for
energy recovery. Such biomass can be used as biofuel (Perttu and Kowalik 1997;
Geber 2000; Larsson et al. 2003; Dimitriou and Aronsson 2011), to recycle the nutrients through composting to arable land (Gregersen and Brix 2001) or to produce
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raw material for manufacturing particleboards (Sean and Labrecque 2006). In these
systems, energy crops such as reed canary grass, willows and poplars are planted in
a constructed wetland bed or in natural soil. Due to the climatic conditions, willow
(Salix spp.) is recommended in southern Sweden (Perttu 1983; Börjesson 2007) and
reed canary grass in northern Sweden (Landström et al. 1996). Willows have,
though, some advantages over reed canary grass, e.g. lower ash-content (Paulrud et
al. 2010) and lower harvest losses (Larsson et al. 2006; Börjesson 2007). Further,
willow production requires a lower energy input per the energy content in the crop
compared to reed canary grass (Börjesson 2007). Commonly, the wastewater loading is adapted to the nutrient or water demand of the growing crop to avoid
groundwater contamination. However, because of vertical loading, a considerable
portion of loaded N is lost through nitrification-denitrification (Aronsson 2000;
Dimitriou and Aronsson 2011).
Constructed wetlands, regardless of the used plant species, are land demanding
(USEPA 1993; Brix and Arias 2005). Also, the treatment efficiency decreases over
time with respect to P removal since the P sorption capacity of commonly used
coarse substrates, poor in Fe, Al, manganese (Mn) and calcium (Ca) minerals, becomes gradually exhausted (Vymazal 2004; Kadlec and Wallace 2008). In comparison to P, N reduction in constructed wetlands varies depending on the season; during the winters in cold climate, plants are dormant and the rates of nitrification and
denitrification decline because of low temperatures (Kadlec and Reddy 2001). Besides seasonal variations, N reduction is influenced during the season as the nitrification-denitrification process is sensitive to loadings of N and organic matter
(Hammer and Knight 1994; Vymazal 2007). Some researchers have studied the enhancement of N reduction by utilisation of NH4 adsorbing material as a substrate in
constructed wetlands during cold seasons (Zou et al. 2011; Wen et al. 2011). Similar attempts have been done to extend the P sorption capacity by utilisation of Ca,
Al or Fe rich materials as a substrate in constructed wetlands with promising results
(Mæhlum et al. 1995; Drizo et al. 1997; Grüneberg and Kern 2001; Karczmarczyk
and Renman 2011). Nevertheless, the sorption capacity will be used up after some
years, or the (ad)sorption sites can be blocked by organic or particulate material prior to the saturation. Consequently, one solution for resolving this dilemma is to install separate filter units containing (reactive) materials with high (ad)sorption capacities for P and N after the constructed wetland. Once the filter material is saturated, it could be replaced or regenerated on a regular basis. This would facilitate
both nutrient removal and recovery from wastewater.

2.2.2 Calcium-rich phosphorus sorbents
Phosphorus can be retained directly from the wastewater by Ca-rich reactive filter
materials; they release Ca to the water phase which subsequently causes the P removal at high pH (above 9). The observed removal occurs through sorption which
includes a full range processes like adsorption and precipitation partitioning P between aqueous and solid phases (McBride 1994). Adsorption is defined as a two-
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dimensional accumulation of matter on a surface, whereas precipitation is a threedimensional process (McBride 1994).
A great variety of different types of Ca-rich materials has been studied for their P
sorption capacity (Johansson Westholm 2006; Cucarella and Renman 2009; Vohla
et al. 2011). The substrates can be divided into three groups based on their origin,
viz. natural materials, industrial by-products and specially manufactured products.
Naturally Ca-rich materials that have been used for P sorption from wastewater are,
among others, opoka, wollastonite and limestone. By-products studied for P removal include blast furnace (BF) slag, electric arc furnace steel slag, melter slag and fly
ash, among others. A variety of specially designed products have been studied for
their efficiency of P removal from the wastewater, e.g. Filtralite® P, Lightweight
Aggregates (LWA) and Polonite® (Renman and Renman 2010). These are produced by heating the raw material at high temperatures (>800°C) which transforms
the calcium carbonate in the material to more reactive calcium oxide.
Among the slags from iron and steel making, the BF slag is perhaps the most investigated material for P removal (e.g. Lee et al. 1997; Sakadevan and Bavor 1998;
Johansson 1999b; Johansson and Gustafsson 2000; Grüneberg and Kern 2001;
Agyei et al. 2002; Khelifi et al. 2002; Cameron et al. 2003; Oguz 2004; Korkusuz et
al. 2005; Korkusuz et al. 2007; Johansson Westholm 2010). The material is commonly studied in batch or column tests using laboratory prepared P-solutions,
whereas pilot- or full-scale studies loaded with wastewater are much fewer. In the
pilot- and full-scale studies, the BF slag material was used as a substrate in constructed wetlands (Grüneberg and Kern 2001; Korkusuz et al. 2005; Korkusuz et al.
2007). In some studies, P removal was studied using a separate BF slag filter loaded
with sewage lagoon effluent (Cameron et al. 2003), coarse-gravel filter effluent
(Jansson 2008) or septic tank effluent (Nehrenheim et al. 2009). The obtained sorption capacities and P reductions varied in these studies to a great extent, mostly due
to the differences in experimental methods, e.g. applying agitation vs. filtration,
types of influent solutions, contact times and grain sizes, and because of differences
between the materials.
Filtralite® P material has been studied for P sorption in the laboratory and column
experiments using prepared P-solutions or the actual wastewater, whereas in fullscale experiments, the wastewater has been used (e.g. Ádám et al. 2006; Heistad et
al. 2006; Ádám et al. 2007; Jenssen et al. 2010). Similar to the BF slag, the sorption
capacities are dependent on the experimental conditions, e.g. grain size, influent
solution, and the scale. In the full-scale studies, a trickling filter type prefilter has
been used (Heistad et al. 2006; Jenssen et al. 2010) or a coarse gravel filter (Jansson
2008) before the separate Filtralite® P filter.
When the Ca-rich filter material is P saturated, it could be used in agriculture as a Pfertilizer and a liming agent. So far, only small-scale experiments with potted plants
have been conducted, and among the filter materials, P-enriched fine grained BF
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slags have increased the biomass yield of barley (Hylander et al. 2006), and Filtralite® P that of ryegrass (Nyholm et al. 2006).

2.2.3 Ammonium adsorbents
Natural zeolites, such as clinoptilolite, are alumosilicate minerals with cationexchange properties (Sposito 1989). These have a framework consisting of an assemblage of SiO4 and AlO4 tetrahedra joined together through shared oxygen atoms
to form an open crystal lattice containing pores. The replacement of silicon (Si+4)
with aluminium (Al+3) in the mineral lattice gives rise to a permanent negative electric surplus which is balanced by adsorption of cations, e.g. sodium, potassium and
calcium which are exchangeable with other ions of the same charge (Helfferich
1995). The guest molecules must diffuse into the micropores before they can exchange with cations that are attached to the framework. Due to the size of pores,
clinoptilolite possesses high ion sieve properties towards ammonium (Jørgensen et
al. 1976), which is the form of N commonly found in wastewater. This ionexchange is a stoichiometric process; for each ion which is removed from the solution, an equal amount of another ionic species is released from the solid in contrast
to adsorption, in which compounds are taken up from the solution without a simultaneous release of another species (Helfferich 1995). In practise, this distinction is
too straightforward; nearly every ion-exchange process involves adsorption
(Helfferich 1995). In this study, adsorption is used for the retention of NH4 by clinoptilolite.
Ammonium adsorption by clinoptilolite has been studied commonly using ammonium solutions (e.g. Semmens and Porter 1979; Karadag et al. 2006; Wang and Peng
2010), or in some cases, domestic wastewater (Hlavay et al. 1982; Ngyen and
Tanner 1998). Furthermore, the effects of chemical pretreatment to transform zeolite homoionic form (Koon and Kaufman 1975; Hlavay et al. 1982), temperature
(McLaren and Farquhar 1973; Koon and Kaufman 1975), grain size (Jørgensen et
al. 1976; Hlavay et al. 1982; Ngyen and Tanner 1998) and initial NH4 concentration
(Du et al. 2005; Karadag et al. 2006) on the removal of ammonium were investigated.
When the clinoptilolite is NH4 saturated, the material itself can be applied to arable
land as a slow-release fertilizer, and this technique, referred to as zeo-agriculture, is
well documented (Pond and Mumpton 1984). Another option is to desorb NH4-N
from the material through regeneration. The methods studied to regenerate exhausted zeolites include chemical regeneration using different kinds of brine solutions
(Koon and Kaufman 1975; Hlavay et al. 1982; Du et al. 2005), from which NH4 can
be removed as ammonia by stripping at high pH, tap water pre-loaded with urine
(Beler-Baykal et al. 2011), or prepared NH4 solutions (Dimova et al. 1999). To reduce the use of brine solutions, biological regeneration methods have been developed and include nitrification of NH4 directly in a column using nitrifying biofilm
(Semmens et al. 1977; Green et al. 1996). Another option consists in using a nitrify-

15

ing biofilm in a separate aeration tank, into which NH4 along with brine solution is
pumped from the chemical regeneration cycle (Semmens and Porter 1979).

2.2.4 Soil washing
Arsenic can be removed from contaminated soils by soil washing, which is defined
as a technique employing physical separation, or chemical extraction or a combination of both (Griffiths 1995; Mann 1999; Dermont et al. 2008). Generally, the approach to physical separation to remediate contaminated soils originates from the
mineral processing industry in which metals/metalloids are liberated and concentrated into a smaller volume by exploiting differences in physical characteristics
between metals/metalloids and the remaining mineral ore, such as size, density,
magnetism and hydrophobic surface properties. Operations that are used to obtain
separation are mechanical screening, hydrodynamic classification, gravity concentration, froth flotation, magnetic separation, electrostatic separation, and attrition
scrubbing. These physical separation operations are primarily applicable to particulate forms of metals, i.e. discrete particles or metal-bearing particles. On the contrary, for treating sorbed forms of metals, these techniques are generally inappropriate,
except for attrition scrubbing, a technique that can significantly improve pollutant
mobilisation during chemical extraction.
Chemical extraction solubilises the (sorbed) contaminants from the soil surfaces
into an aqueous solution using an extracting solution containing chemical reagents.
The extraction process can be operated in two modes: either the extraction solution
or the soil is moving. The former option comprises mainly heap leaching; the soil is
piled in a heap and the extraction solution is sprayed on the top of the heap extracting pollutants once the solution percolates through the heap. The latter option is
mainly agitated leaching which can be operated as a batch or continuous process.
The heap leaching may be less expensive than agitated leaching, but more time consuming. The efficiency of mobilising pollutants by chemical extraction depends on
the geochemical properties, e.g. the soil texture, cation exchange capacity, content
of organic matter, and characteristics of contamination of the contaminated soil,
such as fractionation and speciation of polluting substances. In addition to the properties of contaminated soil, processing conditions (e.g. contact time, liquid/solid
ratio, pH), dosage and type of extracting solution affect the success of pollutant mobilisation. Commonly, the types of extracting solutions used to mobilise contaminants comprise acids, salts, chelating agents, surfactants and redox agents that are
either reducing or oxidising. (Dermont et al. 2008)
Arsenic is commonly sorbed on Al, Fe and Mn (hydr)oxides (Livesey and Huang
1981; McBride 1994), and citrate-dithionite extrac Fe is considered as the most important variable affecting the adsorption of AsO4 in soils (Jiang et al. 2005). Consequently, an approach to mobilising adsorbed As could be to focus on the mobilisation mainly from Fe (hydr)oxides, but also, to some extent, from Al and Mn
(hydr)oxides. As can be seen in Table 1, As can be mobilised from the (hydr)oxides
by ligand exchange (Reaction (1)) with other negative ligands, such as PO4, sul16

phates and hydroxide ions. The ligand-enhanced dissolution mobilises As by dissolving the (hydr)oxides when using organic acids, e.g. oxalic acid, Reaction (2).
The dissolution process comprises adsorption of the ligand on the mineral surface, a
detachment of the metal-ligand complex from the surface and a restoration of the
(hydr)oxide surface. The rate-determining step in the dissolution process is the detachment of the metal-ligand complex (Zhang et al. 1985; Furrer and Stumm 1986)
requiring a considerable amount of activation energy, i.e. heat (Zhang et al. 1985).
Also, the dissolution is influenced by pH (Zhang et al. 1985). Using inorganic acids,
the mobilisation mainly involves H+-enhanced dissolution of the (hydr)oxides at
low pH, Reaction (3). At high pH, the mobilisation mainly involves a reaction with
surface structural Fe/Al to form soluble Fe/Al(OH)4- species, which subsequently
release As into the solution, Reaction (4). Reductive dissolution involves reduction
of the surface structural Fe by a reducing agent (e.g. dithionite) and subsequent release of As into the solution, Reaction (5). The reductive dissolution of Fe-oxide
involves adsorption of the reductant onto the oxide surface, electron transfer between the reductant and the surface structural Fe, and detachment of Fe from the
surface (Panias et al. 1996). Since the reductant is a charged species, pH influences
the adsorption of the reductant onto the Fe oxide surface. Further, pH affects the
oxidation potential of the reductant and solubility products of Fe (Mehra and
Jackson 1960), and subsequently, the reductive dissolution of Fe-oxides.
Table 1. Mechanisms of As mobilisation from Fe (Modified from Loeppert et al.
2002).
Reaction
Extraction agent
Mechanism
Fe-(hydr)oxide—AsO4H + LnSalts, e.g. phosphates and
Ligand exchange
→ Fe-(hydr)oxide—Ln- + AsO4H (1)
sulphates, and OH- (high
pH)
Fe-(hydr)oxide—AsO4 + LnOrganic acids, e.g. oxalic
Ligand-enhanced
→ Fe3+-L- +Asaq (2)
and citric acids
dissolution
+
+
Fe-(hydr)oxide—AsO
+
H
Inorganic
acids, e.g. HCl,
H -enhanced dis4
3+
→
Fe
HNO
+
H
O
+
As
(3)
2
aq
3
solution
Fe/Al-(hydr)oxide—AsO4 + OHOH- (high pH)
OH--enhanced
→ Fe/Al(OH)4- + Asaq (4)
dissolution
Fe-(hydr)oxide—AsO4 + e- + LHydroxylamine
Reductive
→ Fe2+-L + Asaq (5)
Citrate-dithionite
dissolution
Ascorbic acid

A number of studies investigated As mobilisation from As contaminated soils using
chemical extraction agents (e.g. Johnston and Barnard 1979; Legiec et al. 1997;
Manning and Goldberg 1997; Wenzel et al. 2001; Van Herreweghe et al. 2003; Jang
et al. 2005; Ko et al. 2005; Lee et al. 2007), but relatively few investigations addressed As mobilisation by chemical extraction from soils contaminated by wood
preservative, CCA/CZA, (Bhattacharya et al. 2002; Jang et al. 2002; Gräfe et al.
2008b; Elgh-Dalgren et al. 2009). In general, mostly single extraction agents have
been used to examine As mobilisation from the As contaminated soils, but some
studies indicate that a combination of two chemicals may be more effective to mo17

bilise As from soils (Salama 2001; Lee et al. 2007) and from Fe (hydr)oxides
(Jackson and Miller 2000).
A combination of physical separation and chemical extraction has been also used to
treat contaminated soils. The physical separation has mainly aimed to remove the
clean coarse soil matrix from the contaminated bulk soil, commonly fractions <2
mm, and a number of investigations on As mobilisation from As contaminated soils
have targeted the extraction on this <2 mm fraction (Van Benschoten et al. 1994;
Bhattacharya et al. 2002; Jang et al. 2005; Elgh-Dalgren et al. 2009; Giacomino et
al. 2010). While some reductions in As levels have generally been achieved, the
residual As concentration in the extracted soil remained high after the treatment
(Van Benschoten et al. 1994; Bhattacharya et al. 2002; Jang et al. 2005; Giacomino
et al. 2010). Consequently, multiple sequential extractions have been suggested to
enhance As removal (Bhattacharya et al. 2002; Jang et al. 2005). On the contrary,
some studies on As mobilisation from As contaminated soils have used physical
separation to generate soil fractions with different pollution degrees which are managed separately, either treated at the chemical extraction step or disposed of, in a
polluted state, without any treatment (Legiec et al. 1997; Jang et al. 2007; Lee et al.
2007). In these investigations, soils were contaminated with As from an unknown
source (Legiec et al. 1997) or due to mining activities (Jang et al. 2005; Lee et al.
2007). In Paper V, the As mobilisation was focused on coarse soil fractions of
wood preservative contaminated soil using several extraction agents. Though, all of
the methods examined left relatively high residual concentrations of As in the treated soil. An increase in the extraction temperature may significantly improve As removal (Alam et al. 2001), but the heating of the extraction solution can be costly.
After the chemical extraction, the contaminated extraction effluent needs to be
treated and the pollutants concentrated from the dispersed state. Various methods
are available to decontaminate the solutions, including coagulation/settling, ionexchange, membrane technologies and electrochemical techniques. Some studies of
As mobilisation by chemical extraction have addressed the fate of extraction effluents (Jang et al. 2005; Giacomino et al. 2010). In these studies, phosphoric acid
(Giacomino et al. 2010) or NaOH was used to mobilise As (Jang et al. 2005). The
methods of decontamination of the extraction effluents comprised As adsorption
onto clays, e.g., montmorrilonite and vermiculate (Giacomino et al. 2010), or pH
adjustment (Jang et al. 2005). Some researchers have investigated the decontamination of effluents from washing the soils using zeolites (Sullivan et al. 2003).
The approach separating fractions prior to the extraction produces a washing solution that differs from that produced when the finer fractions are included in the extraction process. As a consequence, the management of the washing solutions may
be easier for the former one. For example, the soil washing solution can be recycled
several times through the extraction process, without any loss of high treatment efficiency in As removal compared to the soil washing solution containing the fines
fraction (Lee et al. 2007 cf. Legiec et al. 1997).
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There are some limitations of the soil washing technique; it is feasible and cost efficient for soils with low content of clay-silt fraction, <30% and a low content of organic matter. The chemical extraction process may alter the physico-chemical and
microbiological properties of the soil, and the toxic extraction agents may be present in the treated soil. Also, the treatment of the extraction solutions produces large
amounts of toxic sludges that need to be managed carefully (Dermont et al. 2008).

2.3 Remediation Goals
Swedish EPA has published target-oriented directives for small wastewater treatment systems, having a focus on preventing the eutrophication in receiving waters,
rather than concentrating on specific technologies by specifying treatment efficiencies of such systems (SEPA 2006).The specification is given for two protection levels, normal and high, depending on the type of the receiving waters. At the normal
protection level, tot-P and BOD7 removals should be 70 and 90%, respectively. At
the high protection level, tot-P, BOD7, and tot-N removals should be 90, 90 and
50%. The normal protection level applies to less sensitive receiving waters, whereas
the high protection level is applicable to more sensitive receiving waters, and in that
case, N removal is required. Further, the directives require the implementation of
approaches enabling the recovery/recycling of wastewater nutrients.
Sweden has adopted a risk-based approach to soil remediation (SEPA 2009b; SEPA
2009a). The risk assessment includes hazard identification, dose response, exposure
assessment, and risk characterisation. It is a common practise in remedial action to
compare the measured concentrations in the contaminated media to the generic
guideline values, which are based on future land use at the site. ‘KM’ values are for
residential areas and stipulate more rigorous requirements than the ‘MKM’ values,
intended for industrial areas, office building sites, roads, etc. However, when the
contaminated soil is excavated, it is considered as a waste based on the “Waste Ordinance”, and the same also applies to the treated soil (SFS 2011). Swedish EPA
has published a handbook on the reuse of waste in construction with two applications, the general use and the use in construction at landfills (SEPA 2010). In the
handbook, the evaluation is based on the total content, (i.e., a KM-value for As) and
the leaching of substances, whereas the recent court judgements have set a precedent of allowing the reuse of soils contaminated up to the MKM-values. For simplicity, the MKM-value of 25 mg/kg was adopted as a remediation goal for As in
this study.
Both WHO (WHO 2008) and Swedish National Food Administration (SNFA 2006)
have given out guideline values for drinking-water quality, and the limit value for
As is the same, 10 μg/l which was adopted for evaluating the effluent quality from
soil washing after the treatment.
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3 MATERIALS AND METHODS
3.1 Phosphorus Treatment Systems
Phosphorus removal was studied using reactive filter materials (sorbents) (Papers
II-III) and a willow bed facility (Papers III-IV). More detailed information on the
experiments can be found in the papers cited.

3.1.1 Materials
Phosphorus removal from a liquid-phase was studied using different types BF slag
and a willow bed. Also, a specially manufactured product, Filtralite® P, was examined. Laboratory experiments involving agitation of wastewater and of artificial Psolutions with sorbents (batch sorption tests) and filter tests using wastewater were
utilised to investigate the P sorption. The types of experiments, used materials, and
the influents (feeds) are summarised in Table 2. In the willow bed, coarse gravel,
which is commonly used in constructed wetlands, was used as a substrate and was
provided by Brändön Schakt AB, Luleå. In the full-scale study, Filtralite® P material was obtained from maxit Group AB, and the crystalline BF slag material originated from SSAB steel plant in Oxelösund, southern Sweden, but mechanically
screened and delivered by Merox AB, Sweden. Both materials were used in the fullscale experiment as delivered.
In the pilot-scale filter and batch sorption experiments, the crystalline BF slag material used originated from the SSAB steel plant in Luleå, northern Sweden. In the
agitation experiments, the BF slag material was collected from two separate piles
with different material storage times at the steel plant site (“fresh” vs. “weathered”)
and sieved to obtain the grain size in the range from 0.5 to 2 mm. A third BF slag
sample (“weathered”) was collected from a pile with an unknown duration of storage. This sample was sieved to obtain grain sizes 1-5.6 mm and rinsed with tap water. The coarser BF slag material was also used, after rinsing and washing, in the
pilot-scale study as this grain size was deemed to provide both sorption capacity
and hydraulic conductivity.
The pilot-scale filter and the batch sorption experiments were conducted in the laboratory, whereas the willow bed and the full-scale filter experiment were conducted outdoors in the suburbs of Luleå.
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Table 2. P removal experiments: Materials studied and the types of tests.
Grain size, Experiment
Type of feed
Filter material
mm
4-8
Willow bed
Wastewater1
Gravel planted with two willow
filtration
clones: ‘Karin’ and ‘Gudrun’ (Pa-

pers III-IV)
BF slag, stored outdoors for a
number of years (Paper III)

3-6

Filtralite® P (Paper III)

0-4

Weathered++ BF slag, stored out-

doors for a number of years, rinsed
and washed prior to the use2 (Paper II)
Fresh BF slag, stored outdoors for
~1 year (Paper II)
Weathered BF slag,
stored outdoors for a number of
years (Paper II)
Weathered+ BF slag,
stored outdoors for a number of
years and rinsed prior to the use2
(Paper II)

1-5.6

0.5-2
0.5-2

1-5.6

Full-scale
filter
Full-scale
filter
Pilot-scale
filter

Wastewater
(Willow bed effluent)
Wastewater
(Willow bed effluent)
Wastewater3

Batch sorption
Batch sorption

Artificial P solution and
filtered wastewater4
Artificial P solution and
filtered wastewater4

Batch sorption

Artificial P solution

1

Primary treatment effluent from the Brändön WWTP in the Luleå municipality.
Rinsed with tap water.
3
Primary treatment effluent collected from the Uddebo WWTP in the Luleå municipality.
4
Secondary treatment effluent from the Uddebo WWTP in the Luleå municipality.
2

3.1.2 Filter experiments
A full-scale wastewater treatment unit comprising a willow bed and two parallel P
filters, with Filtralite® P and BF slag media, was constructed in the suburbs of Luleå (see Fig. 7a). The treatment system received a septic tank effluent from a nearby
housing settlement. The wastewater percolated mainly horizontally through the willow bed planted with two willow clones and flew vertically in the two parallel P
filters. The septic tank effluent was fed to the pilot-scale BF filter operated in the
laboratory (Fig. 7b). The durations of filter experiments varied: the pilot-scale BF
slag filter was operated for 3 months, the full-scale BF slag was operated for 9
months, and the Filtralite® P filter was operated for one year. The performance of
the willow bed was assessed for a period of two years, covering three growing seasons.
Samples were collected before and after the filters and analysed with respect to totP, PO4-P and total suspended solids (TSS). In addition to P and TSS analyses, organic matter (measured as COD or BOD7) and pH were analysed in the full-scale
study. The analytical methods used for respective parameters were Swedish standard SS 02 81 27 for Tot-P, QuAAtro Applications No. Q-031-04 for PO4-P, Swedish
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standard SS-EN 872 for TSS, spectroquant test Merck cell test 14895 for COD, and
Swedish standard SS-EN 1899-1 for BOD7. pH in the samples was measured with a
WTW pH 330 meter. Further, SO4-S concentrations in influents and effluents were
analysed in the pilot- and full-scale P filter studies with Hach, DR-EL2 which uses
a turbidimetric method.
The studied willow clones, S. x viminalis and S. dasyclados, were selected on the
basis of their frost tolerance (Larsson 2006, personal communication) and obtained
from Agrobränsle AB, Sweden with product names “Karin” and “Gudrun”, respectively. The planting density was 250 000 plants/ha which is 13-25 times higher than
the density recommended for commercial plantations, 10 000-20 000 plants/ha;
dense planting has been reported to increase biomass yields (Bullard et al. 2002).
a)

b)

Fig. 7. Experimental arrangements: a) The willow bed planted with two willow clones
and followed by the full-scale BF slag/Filtralite® P filters in parallel; the dimensions
are given in m, unless stated otherwise; and, b) The pilot-scale BF slag filter operated
in the laboratory (from Papers II-IV).

The characteristics of the wastewater feed and the feed applied to the filters is
summarised in Table 3. Among all the experiments, the feed to the willow bed had
the highest content of P, being ~6 mg tot P/l on average, and the lowest proportion
of dissolved P in the tot-P. Phosphorus concentrations were slightly higher in the
feed to the full-scale P filters than those in the pilot-scale study, 4.6 vs. 3.4 mg totP/l, respectively, whereas the proportion of dissolved P of the tot-P was about equal,
~80%. Further, the flow rate of wastewater feed to the pilot-scale BF slag filter was
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about 15-times higher than that to the willow bed, and twice as high as that to the
full-scale P filters.
Table 3. Wastewater and flow feed characteristics in the P filters and willow bed
studies (Papers I and III), described by the range of concentrations and averages with
standard deviations.
Willow bed
Full-scale BF slag/
Pilot-scale BF slag
(Papers III-IV)
Filtralite® P filter
filter
(Paper III)
(Paper II)
Septic tank efWillow bed effluent Septic tank effluent
Type of feed
fluent
2.9-10
1.3-6.2
1.0-5.3
Range of tot-P concen-

trations, mg/l
Average tot-P concentration, mg/l
Range of PO4-P concentrations, mg/l
Average PO4-P
concentrations, mg/l
Flow, BV/d1
1

6.2±1.9

4.6±1.4

3.4±1.1

1.5-6.1

1.3-5.4

0.5-4.3

3.3±1.4

3.9±1.5

2.8±0.4

0.023±0.014

0.16±0.10

0.35±0.08

BV/d = Bed volume/day

The biomass production of willows after the first growing season was evaluated by
harvesting every second willow plant (stems before budding) prior to the second
growing seasons, while for growing seasons 2 and 3, the weight of stems prior to
abscission was measured during the respective autumns. At the end of the second
growing season, about 70% of willow population was randomly harvested by uprooting the plants. All remaining willows were harvested at the end of the third
growing season, and the proportion of fresh above-ground-mass between the leaves
and stems was evaluated. Samples of leaves and stems were collected during the
sampling and analysed with respect to the dry matter and nutrient content. The dry
matter of stems and leaves was determined by drying the chipped plant material for
2 days at 107°C. The samples for the nutrient content analysis were stored frozen
prior to the analysis and were analysed by the analytical methods Swedish standard
SS 02 81 01, ed.1 for tot-N and Swedish standard SS-EN 13346 mod/SS11885-1 for
tot-P. The nutrient analysis of plant material was conducted at the accredited laboratory of ALcontrol AB in Umeå, Sweden. Photographs of the willow stand during
the experimental period are shown in Figs 8a-c.
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a)

b)

c)

Fig. 8 a) Willows at the end of the 1st growing season, b) willows at the end of the 2nd
growing season before harvesting and c) after the harvesting (the black pipes in the
forefront of pictures are 50 cm tall).

In full-scale experiments, the reductions at time n were computed based on the differences between the average influent (feed) and average effluent concentrations at
times n-1 and n:
Rn

(1 

Cne  Cne1
)  100%
Cni  Cni 1

(1)

where Cen and Cen-1 are the effluent concentrations at time n and n-1, respectively,
and Cin and Cin-1 are influent (feed) concentrations at times n and n-1, respectively.
As an example, the reduction for sampling at time 3 equals:
R3

(1 
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)  100%
C3i  C2i

The percentage reduction was calculated using a mass balance equation for the
growing periods and for the whole experimental period in the full-scale wastewater
treatment system:
R

{1 

¦ (C
¦ (C

e
n
i
n

 Cne1 )  (Vn  Vn1 )
 Cni 1 )  (Vn  Vn1 )

(2)

}  100%

where Vn and Vn-1 are volumes processed at times n and n-1, respectively.
In pilot-scale experiment, the reductions at time n were computed based on the differences between the average influent (feed) and effluent concentrations at times n1 and n:
Rn

(1 
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)  100%
½  (Cni  Cni 1 )

(3)

Phosphorus loading (L) was calculated using a mass balance equation in the filter
experiments:
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where Vs is the volume of the sorbent.

Phosphorus sorption (S) was calculated using a mass balance equation in the filter
experiments:
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(5)

where ms is the mass of the sorbent.

3.1.3 Batch sorption experiments
Three types of BF slag materials were tested for P sorption: fresh BF slag, weathered BF slag and weathered+ BF slag (see Table 2). All the three BF slag materials
were tested for their sorption capacity. For that purpose, slag samples were mixed
with artificial P solutions having the tot-P concentration similar to that of domestic
wastewater, i.e, 0-20 mg tot-P/l. Furthermore, the fresh and weathered BF slags
were also tested with filtered wastewater and P-spiked filtered wastewater (0.45μm
pore size filter) concentration of 0.8 and 4.2 mg tot-P/l, respectively. During individual tests, duplicate samples of 1.0 g BF slag materials were mixed with 75 ml of
the feed, and agitated for 20 h at room temperature. After this period, suspensions
were filtered (0.45 μm) and pH of the solution was measured. The filtered solutions
were analysed with respect to pH, tot-P and Ca. pH was measured with a WTW pH
330 meter, tot-P was analysed with a continuous auto-analyzer (TRAACS 800,
Bran+Lubbe) using the molybdenum blue method, and the Ca concentrations were
determined by Hach method 8204 which is based on titration with EDTA.
The percent reductions were computed on the basis of the differences between the
initial and final concentrations.

3.2 Nitrogen Treatment Systems
Nitrogen removal from wastewater was studied in the full-scale wastewater treatment system (Papers III-IV) and using clinoptilolite adsorbent (Paper I). Further,
desorption of previously adsorbed NH4 in clinoptilolite was assessed (Paper I).
More detailed information on the experimental procedures can be found in the papers cited.

3.2.1 Material
Nitrogen removal from wastewater was studied in the full-scale wastewater treatment system comprising of a willow bed and two parallel P filters, with BF slag and
Filtralite® P media, and using a column containing natural clinoptilolite (Clinoptilolite experiments 1-3), as listed in Table 4. For details and operation concerning
the full-scale treatment system, see Chapter 3.1.2. Two different grain sizes of natural clinoptilolite were examined: 4-8 and 7-15 mm, which corresponded to the
products available from Zeosand AB, the supplier of the material for these experi26

ments. The material originated from a deposit in Turkey. Desorption of the previously adsorbed NH4 was investigated in laboratory columns filled with Clinoptilolite from experiments 2 and 3 (Clinoptilolite test A and B, respectively), using tap
water.
Table 4. Materials used to study immobilisation and mobilisation of N with various
types of feeds.
Grain
Experiment
Influent (feed)
Studied material
size,
mm
4-8
Willow bed
Wastewater1
Gravel planted with two willow

clones:
S. x viminalis and S. dasyclados
(Papers III-IV)
BF slag, stored outdoors for a
number of years (Paper III)
Filtralite® P (Paper III)

3-6

Full-scale filter

0-4

Full-scale filter

Wastewater
(Willow bed
effluent)
Wastewater2

7-15
Clinoptilolite experiment 1
Natural clinoptilolite (Paper I)
7-15
Clinoptilolite experiment 2
Natural clinoptilolite (Paper I)
Wastewater3
4-8
Clinoptilolite experiment 3
Natural clinoptilolite (Paper I)
Clinoptilolite experiment A
Natural clinoptilolite from exper- 7-15
iment 2 (Paper I)
Tap water4
Clinoptilolite experiment B
Natural clinoptilolite from exper- 4-8
iment 3 (Paper I)
1
Primary treatment effluent from the Brändön WWTP in the Luleå municipality
2
Primary treatment effluent from the Uddebo WWTP in the Luleå municipality
3
Primary treatment effluent from the Uddebo WWTP, filtered through a coarse paper filter
4
Tap water collected at Luleå University of Technology

3.2.2 Methods
Nitrogen removal experiments
A septic tank effluent from a housing settlement was fed to the willow bed and the
bed effluent in turn was fed to the P filters in a full-scale facility located outdoors in
a Luleå suburb (Fig. 7). The primary treatment effluent was fed to the laboratory
columns (Fig. 9) filled with natural clinoptilolite (see Table 4) at ambient temperature of 4°C. In Column experiments 2 and 3, the primary treatment effluent was
filtered through a coarse paper filter before its use. The performance of the willow
bed was evaluated for a period of 3 years, the Filtralite® P filter for one year, the
BF slag for 9 months, and the clinoptilolite columns for less than a week. Samples
were collected before and after the willow bed, P filters and the columns. The samples in the full-scale experimental plant were analysed for NH4-N and tot-N. About
one half of the samples were also analysed for NO3-N. Total-N and NH4-N was analysed in the samples collected during the Clinoptilolite experiments 1-3. Nitrogen in
the collected samples was determined using a continuous autoanalyser (TRAACS
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800, Bran+Lubbe); tot-N samples were first digested according to Swedish standard
SS 02 81 31.
2 cm gravel

T=31,6 mm
20 cm
clinoptilolite

Geotextiles
Control of the
water table in
column

Peristaltic
Pump
Influent
container

Effluent
container

Fig. 9. The arrangement of the clinoptilolite column study (Paper I).

The characteristics of the wastewater feed and the feed flow applied to the willow
bed, the full-scale P filters and the clinoptilolite columns are summarised in Table
5. The average tot-N concentrations in the influent wastewater were fairly similar
between the experiments, excluding the full-scale BF slag/Filtralite® P filter and
the Clinoptilolite experiment 3 in which the concentrations were lower, ~35 mg/l
vs. <26 mg/l. Also, the proportion of particulate N in tot-N was lower in the feed to
the BF slag/Filtralite® P filter and Clinoptilolite column 3 than in the feeds in the
other tests (~10 vs. 24-34%). The average flow in the Clinoptilolite experiments 1-3
was at least 500 and 1000 times higher than in the full-scale BF slag/Filtralite® P
filters and the willow bed experiments, respectively.
Table 5. Influent (feed) wastewater and flow characteristics in the clinoptilolite filters
and willow bed studies (Papers I, III-IV), described by the range and average (in the
parentheses).
Willow bed
BF slag
Clinoptilolite Clinoptilolite Clinoptilolite
/Filtralite® P experiment 1 experiment 2 experiment 3
filter
Septic tank
Willow bed
Wastewater
Filtered
Filtered
Type of
effluent
effluent
wastewater
wastewater
feed
20-60
20-41
31-43
30-40
19-28
Range of
(35)
(26)
(37)
(33)
(22)
tot-N, mg/l
5-40
19-36
27-29
21-22
19-21
Range of
(23)
(23)
(28)
(22)
(20)
NH4-N,

mg/l
Range of
flow, BV/d

0.003-0.083
(0.028)

0.10-0.38
(0.14)

45-178
(106)
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62-76
(73)

49-77
(72)

The percent reduction was calculated using the mass balance equation for the growing periods or for the whole experimental period in the full-scale wastewater treatment system, according to equation (2).
For details of sampling of willow biomass in the full-scale treatment system, see
Chapter 3.1.2
In the column experiments, the reductions at time n were computed on the basis of
the differences between the influent concentrations at time n, and the effluent concentrations at time n:
Rn

(1 

Cne
)  100%
Cni

The ammonium adsorption was calculated according to equation (5).
Desorption experiments
Desorption of the previously adsorbed NH4 was investigated using the columns
(with clinoptilolite) from the Clinoptilolite experiments 2 and 3. The experiments
were carried out using tap water at room temperature. The water was pumped
through the column at a rate of 3 BV/h alternating the degree of water saturation,
saturated vs. non-saturated (Clinoptilolite test A) for 48 h. In Clinoptilolite test B,
the column was filled with water (140-170 ml) once a day and that water was drawn
off after about a day. This filling-up and emptying was done 5 times. Samples were
taken either from the container collecting the column effluent or from the drawn-off
water, and analysed for NH4-N and NO3-N in both of the experiments. The nitrogen
contents were determined with a continuous autoanalyser (TRAACS 800,
Bran+Lubbe).
The percent desorption was calculated using the mass balance equation:

>
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where Ms is the amount of earlier adsorbed NH4-N.

3.3 Arsenic Treatment Systems
Arsenic
removal
was
studied
using
Chromated-Copper-Arsenate
(CCA)/Chromated-Zinc-Arsenate (CZA) contaminated soils treated by physical
separation and chemical extraction in the laboratory scale (Papers V-VII). Also, an
As contaminated soil of an unknown origin, collected at the Högbytorp landfill site
in Stockholm, Soil H, was used in the pilot-scale extraction study (unpublished
data). More detailed information on the experimental procedures is provided in the
papers cited.
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3.3.1 Materials
The three soils studied, Soils F, I and R, contaminated with CZA/CCA to a various
extent, were characterized by different initial As, Cr, copper (Cu) and zinc (Zn)
contents (Table 6); Soil F had the lowest As and Cu contents, and Soil I exhibited
the highest concentrations. Further, one As contaminated soil (Soil H), collected
from an open-air pile at a landfill site, was also studied for As removal. Tons of the
soil were mixed with an excavator and further processed with a drum screen (Mustang, manufactured by Komptech GmbH) to remove particles greater than 10 mm.
A drill was used to collect a composite sample which was homogenised by concrete
mixer. Subsampling was conducted by fractional shovelling and a rotating sectional
splitter containing eight receiving sectors.
The soils were analysed to determine their organic matter content, measured by loss
on ignition (LOI) according to Swedish standard SS 028113 (SIS 1981); grain size
distribution analysis followed Swedish standard SS 027124 (SIS 1992); pH was
measured following the method described in (Thomas 1996), and the total element
content was determined by a modified version of the method described in
(Andersson et al. 1991). In the method used, samples (4 g) of Soils F, I and R were
digested with 40 ml of 7 M HNO3 in a sandbath at 70°C for 30 min then at 100°C
for 2h. After cooling, the solutions were filtered through a filter paper, made up to a
volume of 100 ml, filtered through a 0.45 μm membrane filter and stored at 4°C
prior to analysis. Soil H was grinded to obtain fraction <2 mm and, thereafter, the
samples were digested using 5 ml concentrated HNO3 and 0.5 ml H2O2 in a microwave digester in an accredited laboratory. All analyses were done in triplicate. The
analysed metals in the samples were As, Cr, Cu, Zn, Fe and Al. pH was measured
with a WTW GmbH’s pH 330 meter. The total metal concentrations of As, Fe, Al,
Cu and Cr in Soil F, I and R were analysed with ICP-OES (Perkin Elmer Optima
2000DV) by Waste Division at Luleå University of Technology, whereas for Soil
H, the total metal concentrations in the extraction solutions were analysed with ICPAES according to EPA200.7. The extraction solutions were analysed at an accredited laboratory of ALS Scandinavia in Luleå, Sweden. All the soil chemistry data are
listed in Table 6.
Table 6. Soil characteristics of the bulk soil, 0-8 mm fraction (unpublished data).
Soil F
Soil I
Soil R
Soil H
Polluting chemiCZA
CCA & CZA
CCA & CZA
unknown
cal
As, mg/kg
210±30
415±55
216±25
125±4
Cr, mg/kg
26±5.4
156±49
80±5
65±3
Cu, mg/kg
21±7.3
236±87
60±4
83±18
Zn, mg/kg
84±8.4
49±4.4
85±4
88±5
Fe, mg/kg
11652±653
8590±687
8356±633
12200±1015
Al, mg/kg
5094±585
5979±448
6042±500
5693±405
pHH2O1, 5.7±0.1
7.4±0.1
7.1±0.1
6.1±0.1
LOI1, %
2.1±0.1
1.5±0.1
2.5±0.1
1.5±0.1
1
Determined for <2 mm fraction
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In Table 7, the soils and extraction agents studied in various extraction experiments
are summarised. In the Physical separation study, Soils I and R were washed in the
laboratory, whereas Soil H was wet-screened in the full-scale. Chemical extraction
and a combination of physical separation and chemical extraction were investigated
to remove As from Soil H in a Pilot-scale study. In the Screening study, three contaminated soils, Soils F, I and R, and a variety of different extraction agents were
used according to different As mobilisation principles. In the Factorial design study
and Time extraction, the extraction was focused on using Soil F with the three best
performing extraction agents from the Screening study.
Table 7. Summary of experiments addressing As removal: soils and extraction agents
used.
Physical
separation study
(unpublished
data)

Soil

Extraction
agents

Pilot-scale Screening study
Factorial
Time
study
(Paper V)
design study extraction study
(unpublished
(Paper VI)
(Paper VII)
data)

Soil I (CCA)
Soil R
(CCA/CZA)
Soil H
(unknown origin)
Ligand exchange

Soil H

Soil F (CZA) Soil F (CZA) Soil F (CZA)
Soil I (CCA)
Soil R
(CCA/CZA)

NaOH*

Ligand enhanced
dissolution

OC*

NaOH
P
OP, CP
O, OC, C, CO,

NaOH

NaOH

OC

OC

Reductive dissolution
DC, DCO
DCO
DCO
O = oxalate, C = citrate, P = PO4, D = dithionite. The concentration of the first chemical
was 0.2 M, and the second, 0.1 M, e.g. OC = 0.2 M oxalate/0.1 M citrate (except D and
NaOH solutions).
*
The strength of NaOH and OC solutions was lower than at the laboratory scale.

3.3.2 Methods
The percent reductions of As levels in the soil were computed on the basis of the
differences between the initial concentrations in the soil and mobilised amounts,
and for the extraction effluents, based on the differences between the initial and final concentrations found in the solution.
Physical separation (unpublished data)
The bulk soil samples I and R (0-8 mm fraction) from the CCA/CZA contaminated
soils were dry sieved through 0.25, 0.5, 2, 4 and 8 mm mesh for 5 min. The <0.25
mm fraction was discarded, whereas the 0.25–8 mm fraction was placed on a 0.25
mm sieve and rinsed under running tap water for ~10 minutes. Thereafter, the soil
was dried in an oven at 50°C before dry sieving through 0.25, 0.5, 2, 4 and 8 mm
mesh for 10 min. which resulted in four fractions; 0.25-0.5, 0.5-2, 2-4 and 4-8 mm.
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The As content in the soil fractions was analysed prior to and after washing using
the method described in 3.3.1 Materials.
The bulk soil sample (0-10 mm fraction) of Soil H was fed into a soil processing
plant using vibrating screens fitted with water nozzles, a sandscrew and a lamella
clarifier. The vibrating screens produced three soil fractions: >8, 2-8 and <2 mm
(see Fig. 10). The last fraction was fed into a sandscrew that separates the soil into
two fractions: 0.2-2 and <0.2 mm. The <0.2 mm fraction is removed from the wash
water with the aid of a lamella clarifier and a polymer enhancing particle coagulation/flocculation. The device used was manufactured by Falu Process Systems AB.
Samples of the four different fractions were collected after 10 min. operation, and
analysed for As. The soil fractions containing particles >2 mm were ground to obtain a fraction <2 mm. The soil samples were digested using 5 ml concentrated
HNO3 and 0.5 ml H2O2 in a microwave digester in an accredited laboratory. All
analyses were in triplicate. Arsenic concentrations were analysed with either ICPAES according to EPA200.7 or with ICP-SFMS according to EPA 200.8 depending
on the concentrations in the solutions. The analysis was conducted at the accredited
laboratory of ALS Scandinavia in Luleå, Sweden.

Fig. 10 a) Full scale soil processing plant separating different soil fractions
(RagnSells, Sweden).

Pilot-scale study (unpublished data)
The fractions of 0.2-2 and 2-8 mm generated by physical separation in the full-scale
plant were mixed in a concrete mixer in the proportion they were present in the bulk
soil. The resulting mixture was a soil with fractions ranging from 0.2 to 8 mm (Soil
HW). 10 kg samples of bulk Soil H (Soil HB) and Soil HW were reacted with 50 L
of NaOH* solution in a concrete mixer, which resulted in a pH of 12 in the solution.
A sample of Soil HW was tested for OC* solution, which resulted in pH 3 in the
solution. The soils were agitated for 15 min. with the extraction solution at an elevated temperature; 40-48°C in the NaOH* extractions and at a temperature of 2530°C in the OC* extraction. A summary of the experiments is given in Table 8. All
experiments were run in duplicates.
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A sample of the extraction solution was collected and centrifuged for 5 min. prior
filtration with a 0.45 μm filter. Further, 3-6 samples of the soil after extraction were
collected and dried at 50°C for 2-6 days prior to the analysis. The soil samples were
analysed for As and the extraction solutions were analysed for pH and As. The soil
fractions containing particles >2 mm were ground to obtain a fraction <2 mm. The
soil samples were digested using 5 ml concentrated HNO3 and 0.5 ml H2O2 in a microwave digester in an accredited laboratory. All analyses were done in triplicate.
The pH was measured with a WTW GmbH’s pH 330 meter. Arsenic, Fe and Al
concentrations were analysed with either ICP-AES according to EPA200.7 or with
ICP-SFMS according to EPA 200.8 depending on the concentrations in the solutions. The soil samples and extraction solutions were analysed at the accredited laboratory of ALS Scandinavia in Luleå, Sweden.
Table 8. The extraction experiments conducted in the pilot-scale study.
Soil
Contact
Temperature Extraction agent and pH of the
Exp.
time (min)
(°C)
solution
Soil HB, 0-8 mm
15
40-48
80 mM NaOH (NaOH*), pH 12
1
Soil HW, 0.2-8 mm
15
40-48
80 mM NaOH (NaOH*), pH 12
2
Soil HW, 0.2-8 mm
15
25-30
75 mM C2H4O2 x 2 H2O/
3
34 mM Na3C6H5O7 x 2 H2O
(OC*), pH 3
Soil HB = bulk soil of the 0-10 mm fraction
Soil HW = after soil washing, fraction 0.2-8 mm

Screening (Paper V)
Soils F, I and R were used in batch extraction experiments (Table 7). Triplicate
samples of 10 g of soil were agitated with 50 ml of extraction solutions for 30 min.
at room temperature in a rotating table mixer (Fig. 11). The extraction solutions
comprised either a single chemical (C, O, P or NaOH) or a combination of the following chemicals: C, O, P, D. pH of the solutions was adjusted to 5 except for the
solutions with NaOH and D, in which case the solutions pHs were 12 and 6.5-6.7,
respectively. After agitation, samples were analysed for pH and redox. Thereafter,
the samples were filtered with a 0.45 μm filter and a composite sample of triplicates
was analysed for As, Cu, Ca, Fe and Al. pH was measured with a WTW GmbH’s
pH 330 meter and redox with a PHM95 pH/ION METER (Radiometer, Copenhagen). Arsenic, Fe, Al and Ca concentrations in the extraction solutions were analyzed with ICP-AES according to EPA 200.7 and Cu concentrations with ICPSFMS according to EPA 200.8 at the accredited laboratory of ALS Scandinavia in
Luleå, Sweden.
Visual MINTEQ (VMINTEQ; Gustavsson 2007) is a chemical equilibrium program
based on MINTEQA2 (Allison et al. 1991). Concentrations of the elements, pH,
temperature, and redox potential of the extraction solutions were used as input data,
and the software (ver. 2.53) determined the chemical speciation and possible solidphases within the extraction solutions.
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Fig. 11. Agitation of contaminated soil with the extraction solution in a rotating table
mixer.

Factorial design (Paper VI)
A batch extraction process was studied using a two-level, full factorial experimental
design, focusing on two factors: concentration and temperature, using NaOH as the
extraction agent, and pH and temperature when using oxalate-citrate (OC) and dithionite-citrate-oxalate (DCO), see Table 9. The chemical concentration was 0.05,
0.075 and 0.1 M in NaOH extractions resulting a pH of ~12, and pH was 3, 5, 7 and
4.7, 6.3, 6.7 in OC and DCO extractions, respectively. The studied extraction temperatures were: 20, 30 and 40°C. The extractions corresponding to the corner points
were run in duplicates and the centre point was run in triplicates.
Table 9. Factors and factor levels for the extraction experiments (from Paper VI).
Factor
Level
Low
High
Central point (tripSolution
(duplicate) (duplicate)
licate)
Temperature, °C
20
40
30
Concentration,
M
0.05
0.1
0.075
NaOH
pH
3.1
7.1
5.1
0.2 M oxalic acid/

0.1 M citric acid (OC)
0.03 M Na dithionite/
0.1 Na citrate/
0.05 M oxalate (DCO)

pH

4.7

6.7

6.3

10 g of Soil F was agitated with 50 ml of extraction solution for 15 min in a water
bath, applying linear mixing. After agitation, the samples were analysed for pH and
redox. Thereafter, the samples were filtered through a 0.45 μm filter and analysed
for As. pH and redox potential were measured with a WTW pH 330 meter and a
PHM95 pH/ION meter (Radiometer, Copenhagen), respectively. Arsenic, Fe and Al
concentrations in the extraction solutions were analysed with ICP-AES according to
EPA 200.7. Copper concentrations in the extraction solutions were analysed with
ICP-SFMS according to EPA 200.8 at the accredited laboratory of ALS Scandinavia in Luleå, Sweden. Further, the residual As content in the soil after extraction
was analysed using the method described in 3.3.1 Materials, and determined using
ICP-OES (Perkin Elmer Optima 2000DV).
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MODDE software (Umetrics AB, Sweden) was used for data evaluation. Experimental data for As, Cr, Zn, Fe and Al were fitted using a partial least squares method. VMINTEQ ver 2.53 was used for geochemical modelling. The elemental concentrations, temperature, pH and redox potential of the extraction solutions were
used to determine chemical speciation and potential solid phases within the extraction solutions.
Time extraction (Paper VI)
62 g of Soil F were agitated with 325 ml of extraction solution in a rotating table
mixer (see Fig. 11) at room temperature. The studied solutions were 0.1 M NaOH,
OC solution at pH 3 and DCO solution at pH 6.7. A subsample of 6 ml was drawn
after 15, 30, 60 and 120 min. agitation with a syringe and filtered through a 0.45 μm
filter. All tests were conducted in triplicate and a composite sample of triplicates
(15 and 60 min) and all triplicates after 30 and 120 min agitation were analysed for
As, Fe and Al with ICP-AES according to EPA 200.7 at the accredited laboratory of
ALS Scandinavia in Luleå, Sweden.
Decontamination of pilot-scale extraction effluents (unpublished data)
The studied extraction effluents originated from the Pilot scale study (extraction
experiments 1, 2 and 3), see Table 8. The decontamination of extraction effluents
was studied by a plain pH adjustment using HCl or NaOH or by a pH adjustment
together with addition of a coagulant (FeCl3 as PIX-111). For the effluents from the
NaOH extraction, the alkaline pH (pH ~12) was lowered to pH 3, 4 and 5 (see Table
10). For the investigation with pH adjustments and the coagulant use, pH was lowered prior to the coagulation to such a level that pH of 3 or 4 would prevail during
flocculation. One coagulant dosage at pH 3 and two dosages of PIX-111 (200 and
400 ml/m3) at pH 4 were tested for the effluent from the extraction experiment 1,
and one dosage of PIX-111 (equal to 200 ml/m3) at pH 3 and 4 were tested for the
effluent from experiment 2. In the treatment of the OC extraction solution, pH was
adjusted to 3, 4 and 5, and the tested PIX-111 doses were 200, 400, 600, 1200 and
2400 ml/m3 at pH 5. The studied pH levels and PIX-111 dosages were determined
on the basis of visual observations of floc formation.
900 ml of the extraction solution was poured into a flask in which pH was adjusted
either with acid or an alkaline agent. Thereafter, coagulant was added when the fast
mixing was initiated. The fast mixing and coagulation took place for 60 s. and 10
min., respectively. Thereafter, the formed flocs were allowed to settle for 10 min. A
sample was withdrawn few centimetres below the water surface, filtered through a
0.45 μm filter and stored at 4 °C prior to the analysis. The coagulation test was conducted in duplicates in the Kemira flocculator, see Fig. 12. The chemicals, HCl and
NaOH, were pro analysi grade and supplied by Merck; the coagulant used was PIX111 and supplied by Kemira Kemi AB. The samples were analysed for pH, As, Al
and Fe. The samples pH was measured with a WTW pH 330 meter. Arsenic, Fe and
Al concentrations in the extraction solutions were analysed with ICP-AES according to EPA 200.7, or with ICP-SFMS according to EPA 200.8, depending on the
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metal concentrations in the solution, at the accredited laboratory of ALS Scandinavia in Luleå, Sweden.
Table 10. Treatment of extraction effluents from the pilot-scale: pH levels studied and
the chemical dosages applied (unpublished data).
pH levels
pH during flocculation +
Effluent from experiment
PIX-dosage (ml/m3)
3, 4, 5
pH 3 + 200
Soil HB, NaOH, 15 min, 40-48°C
pH 4 + 200, 400
(extraction exp. 1)
3, 4, 5
pH 3 + 200
Soil HW, NaOH, 15 min, 40pH
4 + 200
48°C (extraction exp. 2)
3,
4,
5
pH
5
+
200,
400, 600, 1200,
Soil HW, OC, 15 min, 25-30°C
2400
(extraction exp. 3)

Fig. 12 Kemira flocculator used in the treatment of extraction effluents.
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4 RESULTS
In this chapter, the major results of the experimental work, which were presented
earlier in Papers I-VII, are summarised. In addition, unpublished data from pilotscale experiments concerning the treatment of contaminated soils are also presented.
The chapter headings correspond to the objectives of the thesis.

4.1 Factors Influencing Treatment Processes
This section provides a summary of the results concerning the factors influencing
immobilisation and mobilisation of substances in the components of the treatment
systems for treating wastewater and contaminated soils. Such results originate from
Papers II, V-VII as well as from unpublished data collected in this thesis project.

4.1.1 Weathering degree of blast furnace slag
Phosphorus retention using BF slag weathered to different degrees was studied in
Paper II. The sorption of tot-P was higher using fresh BF slag compared to the
sorption by weathered (i.e., stored outdoors for a number of years) and weathered++
(i.e., stored outdoors and rinsed and washed prior to use) BF slags (Fig. 13a). For
fresh BF slag, almost complete (>95%) tot-P removal was obtained from artificial
P-solutions regardless of the initial P concentration, whereas the tot-P removals decreased by ~50% when increasing the initial P concentration from 5 to 20 mg/l and
using weathered and weathered++ BF slags. Ca and OH- were consumed in the sorption process, which can be seen as a decrease in Ca concentrations and in pH of the
solution (Fig. 13b). Even though P removal was higher using fresh BF slag, the
readings of Ca and pH of the solution were generally higher after agitation using
fresh BF slag than in the solutions with weathered BF slag.
b
Fresh BF slag

Weathered BF slag

100

100
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40
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0
0.8

4.2 (+P)

Wastewater solution

5
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Ca concentration,
mg/l

P sorption, %

Ca Fresh BF slag
pH Fresh BF slag

Weathered++ BF slag

Initial P concentration, mg tot-P/l

12

80

11

60

10

40

9

20

8

0

7
0.8

4.2 (+P)

Wastewater

Artificial P-solution

Ca Weathered BF slag
pH Weathered BF slag

pH

a

0
Water

5

15

20

Artificial P-solution

Initial P concentration, mg tot-P/l

Fig. 13. a) Tot-P sorption (%) from P-spiked wastewater and artificial P-solutions,
using fresh, weathered and weathered++ BF slags; and, b) Ca concentrations (mg/l)
and pH (-) in P-spiked wastewater and artificial P-solutions, after addition of fresh
and weathered BF slags and agitation (modified from Paper II).
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4.1.2 Type of phosphorus solution
Phosphorus removal was lower in wastewater than in artificial P-solution of the
same strength, and the reduction effect was more pronounced for the weathered slag
than the Fresh BF slag as 61 and 43% lower removals were obtained, respectively
(Fig. 13a). pH in all wastewater systems was about the same, 8.6±0.1, regardless the
type of BF slag used and the initial P concentration (Fig. 13b), whereas in water and
artificial solutions, pH varied more between the systems. Further, the pH in the
wastewater systems was lower than in artificial P-solutions of the same strength by
at least 0.6 units. Despite the lower sorption in wastewater systems, Ca concentrations were higher in wastewater systems than in the artificial P-solutions.

4.1.3 pH and organic substances
Arsenic mobilisation from three wood preservative contaminated soils was assessed
using several single extraction agents and a combination of extraction agents (in
Paper V). Among the slightly acidic extraction solutions, those containing both
oxalate and citrate were the most efficient in reducing the As content in the soils.
However, the removals were generally low at pH 5, being <25% (Fig. 14a), despite
the high mobilisation of Fe and Al (Figs. 14c and d). Solutions of NaOH, DCO and
OC at pH 3 were about equally efficient in removing As from the CZAcontaminated soil (Soil F), >50%. This high removal occurred simultaneously with
high mobilisation of Fe and/or Al, as shown in Figs. 14c and d, respectively. For the
CCA-contaminated soil (Soil I), the acid OC solution was three times more efficient
than the next best extraction solution, NaOH. At the same time, Cu was relatively
immobile at high pH values, but rather mobile in acid pH and in the presence of
organic ligands, as indicated by the mobilised Cu concentrations of 5 and 53 mg/kg,
respectively (Fig. 14b). NaOH and O solutions were the least efficient in As removal from Soil R, which coincides with low Ca mobilisation, <10 mg/kg and ~82
mg/kg, compared to the maximum concentrations of mobilised Ca approaching
1,000 mg/kg (Fig. 14e). In addition, the inclusion of citrate in the solutions containing oxalate increased simultaneously As and Ca mobilisation from Soil R (Figs. 14a
and e).
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Fig. 14. a) As, b) Cu, c) Fe, d) Al and e) Ca (mg/kg) mobilised from Soils F, R and I,
using a contact time of 30 min. (modified from Paper V and unpublished data).

4.1.4 Redox potential
The effect of low redox potential on As mobilisation was studied using dithionite
solutions (DC/DCO) commonly decreasing the redox potential to about <-200 mV.
In Paper V, the low redox potential caused a large release of Fe, >200 mg/kg, from
the soils (Fig. 14c), and this occurred simultaneously with high As mobilisation
(>40 mg/kg), especially from Soil F, but not from Soil I (Figs. 14a and c). At the
same time, Cu mobilisation was the lowest from Soil I among all the soils tested
(Fig. 14b) despite the highest initial Cu content.
In study using heated extraction solution (Paper VI), the interaction term between
pH and temperature was significant for As mobilisation when using the DCO solu39

tion (Fig. 15a); at higher pH, temperature affected the mobisation more than at lower pH values (Fig. 15b). However, the interaction term was insignificant for Fe mobilisation (68±84) indicating that to some extent As was possibly mobilised through
other mechanisms than reductive dissolution of Fe-(hydr)oxides.

4.1.5 Temperature
In Paper VI, As mobilisation from Soil F was studied using NaOH, OC and DCO
solutions and applying a two-level, full factorial design with a centre point. Temperature and concentration were altered in NaOH extractions, whereas in OC and
DCO extractions, temperature and pH were altered. Temperature had a significant
effect on As removal from the soils (Fig. 15a); increasing the temperature enhanced
As removal considerably using the three extraction solutions, >60% of As was mobilised at ~40°C, compared to the removal of <40% at room temperature (Fig. 15b).
The increased mobilisation of As at the elevated temperature coincided with a high
mobilisation of Fe and/or Al (hydr)oxides, whose mobilisation generally doubled
when the temperature was increased from 20 to ~40°C (Table 11).
When the temperature was increased in tests with the acid DCO solution, the As
mobilisation increased less than in the near-neutral solution (the interaction term),
see Fig. 15b. At the same time, the increase of temperature from 20°C to 40°C
raised the redox potential more in the acid solutions (pH 4.7) than in the nearneutral solution (6.7); from −200 to +200 mV and from −340 to +35 mV, respectively.
a
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Fig. 15. a) Coefficients (at 95% confidence level) for pH/concentration (C) and temperature (T) effect for As mobilisation from Soil F when using NaOH, oxalate-citrate
(OC) and dithionite-citrate-oxalate (DCO) solutions, mg/kg (modified from Paper
VI). astatistically insignificant term. b) Reduction of As (in percent) after 15 min agitation with NaOH, OC and DCO solution. For NaOH solutions, the concentrations
used were 0.05, 0.075 and 0.1 M; for OC solutions, the pH values were 3.1, 5.1 and
7.1; and for DCO solutions, the values were 4.7, 6.3 and 6.7. In all cases, the temperatures were 20, ~30 and ~40°C. One of three centre points for the NaOH extractions
and one of the corner points (1,1) for DCO extractions were excluded (from Paper
VI).
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Table 11. Fe and Al mobilisation (mg/kg) when using NaOH, OC and DCO solutions.
One of the three centre points and one of the corner points (1,1) for DCO extractions
were excluded (from Paper VI).
Temperature,
Fe,
Al,
Solution Concentration,
M/pH, –
°C
mg/kg
mg/kg
20±0
11
189
NaOH
0.05 M
41±1
22
419
0.075 M
31.5±11
211
3801
20±0
16
284
0.1 M
43±1
27
535
20±0
215
308
OC
3
43±1
1047
607
5
32±1
129
225
20±0
24
61
7
41±2
95
206
20±0
551
204
DCO
4.7
43±1
618
388
6.3
32±1
709
242
20±0
341
113
6.7
422
6502
3192
1
One of the three centre points was excluded.
2
One of the two corner points was excluded.

4.1.6 Contact time
In Paper VII, the effect of contact time on As mobilisation from Soil F was examined using NaOH, OC and DCO solutions. As can be seen in Fig. 16a, As mobilisation from Soil F increased with time for all the three solutions, and the mobilisation
was 70-80% higher when the time of exposure was increased by a factor of eight
from 15 min to 2 h. After 2 hours, the amount of mobilised As was 123 mg/kg when
using the OC solution, whereas the mobilisation concentrations were <100 mg/kg in
both NaOH and DCO extractions. Hence, the residual As content, based on the difference between the initial and mobilised amount, was below the Swedish EPA’s
guideline value for ‘less sensitive land use’, i.e. the MKM-value of 25 mg/kg only
in the OC-treated soil. The increased As mobilisation with time could be related to
simultaneous mobilisation of Fe and/or Al (Figs. 16b and c). The OC solution mobilised the highest amounts of both Fe and Al (several hundred mg/kg), while the
DCO solution mobilised high amounts of Fe, but the least amounts of Al, and
NaOH mobilised only high amounts of Al (several hundred mg/kg).
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Fig. 16. a) As, b) Fe and c) Al mobilisation from Soil F with time using 0.1 M NaOH,
OC solution pH 3 and DCO solution at pH 6.7 at room temperature (modified from
Paper VII).

4.2 Reduction of Selected Substances in the Wastewater
Treated
In this section, results for the reduction of TSS, BOD7, tot-P and tot-N in the
wastewater treatment system studied and in the components of conventional
wastewater treatment are summarised. The detailed results were presented elsewhere (Papers II-IV).

4.2.1 Total suspended solids and oxygen consuming compounds
The septic tank effluent, serving as an influent to the full-scale treatment system,
generally contained 50-100 mg TSS/l, with few exceptions, and such concentrations
of TSS were efficiently reduced by the overall treatment system (>95%). During the
first six months of operation, the effluents from the P filters commonly contained
≤5 mg TSS/l (Fig. 17a). The greatest reduction of TSS took place in the willow bed
which produced an effluent containing <10 mg TSS/l, and after half a year operation, the content of TSS was commonly below the analytical method detection level
of 2 mg of TSS/l. During the experimental period of two years, the TSS reductions
in the willow bed were >90%.
The concentrations of oxygen consuming compounds, measured as BOD7, fed with
the influent into the full-scale treatment system, were normally 160±70 mg/l with
few exceptions, when concentrations as high as 330 mg/l were experienced (Fig.
17b). After operating for one to two months, the treatment system comprising the
willow bed and the Filtralite® P filter efficiently reduced BOD7 in the influent by
>90% and produced an effluent containing <10 mg BOD7/l. On the contrary to the
Filtralite® P filter, the BF slag filter initially released oxygen consuming compounds; the effluent BOD7 concentrations were up to 13 times higher compared to
those in the influent to the filter (Fig. 17b). After six months of operation, the BOD7
concentrations in the BF slag filter effluent were <20 mg/l, and comparable to the
willow bed effluent concentrations. Thus, the BOD7 reduction of the BF slag treatment train was about equal to the reductions in the willow bed, i.e. 80-90%.
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Fig. 17. a) TSS and b) BOD7 concentrations in the influent and effluent of the willow
bed, BF slag filter and Filtralite® P filter, in mg/l (modified from Papers III-IV).

4.2.2 Nitrogen
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The wastewater influent to the willow bed contained normally 40±10 mg tot-N/l,
with few exceptions (Fig. 18). The effluent tot-N concentrations from the Filtralite®
P treatment train were generally equal to or slightly lower than those from the BF
slag treatment train, 22±6 vs. 28±5. Hence, the tot-N reductions were higher in the
Filtralite® P treatment train than in the BF slag treatment train, being >40-60 and
>30-50%, respectively. At the same time, pH in the effluent of the Filtralite® P filter was about a unit higher than in the BF slag filter; 9.7±0.3 vs. 8.8±0.2. The willow bed contributed the most to the overall reduction of tot-N among the treatment
options studied, as the tot-N reduction through the willow bed was normally 3545% during the experimental operation of the full-scale treatment system.

Fig. 18. Tot-N concentrations (mg/l) in the influent and effluents of the willow bed, BF
slag filter and Filtralite® P filter (modified from Paper III).

During the operation of the willow bed over three growing seasons, concentrations
of tot-N and NH4-N were normally 40±10 and 35±5 mg/l, respectively, in the willow bed influent (Fig. 19). The major portion of N fed into the willow bed was
found in the effluent until the third growing season, as the reductions of tot-N and
NH4-N were normally 30-40% and 20-30%, respectively. Thereafter, the reductions
increased slightly, by about 10 percentage points. The effluent concentrations of tot43
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N and NH4-N varied between 25±6 and 20±4 mg/l, respectively, whereas the concentrations of NO3-N and NO2-N in the influent and effluent were negligible, <1
and <0.1 mg/l, respectively. This indicates that the willow bed was mainly removing particulate N and to some extent dissolved N (NH4-N), producing an effluent
with a major portion of N being NH4-N. When the operation of the willow bed was
terminated, about 23 BV (bed volumes) of wastewater was loaded, and the tot-N
reduction was ~50%. The overall tot-N reduction was 43% during the experimental
period.
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Fig. 19. Nitrogen concentrations (mg/l) in the influent and effluent of the willow bed
(from Paper IV).

4.2.3 Phosphorus
The influent concentrations of tot-P fed to the full-scale treatment system varied
greatly, and were generally 6-10 mg/l (Fig. 20). Filtralite® P treatment train reduced P from the wastewater more efficiently than that with BF slag; the tot-P reduction was 75% over operation of one year and 43% over nine month’s operation,
respectively. During April-May, the influent concentrations to the willow bed and P
filters were diluted and the contact times in the treatment units were reduced due to
snow-melt which caused reduced P removals (~40-50%) in the Filtralite® P treatment line. Thereafter, influent concentrations increased, the effluent concentrations
of tot-P being ~2 mg tot-P/l equalling to reduction of slightly below 70%. In BF
slag effluent, the concentrations were only initially low, ≤1 mg/l, equalling to an
overall reduction of >80% but after an operation of one to two months, the concentrations were just slightly lower than those in the influent of BF slag filter indicating
that the filter material was P saturated. When the operation of full-scale BF slag
filter was terminated, ~42 BV of wastewater was loaded to the filter, whereas, 50
BV of wastewater was loaded to Filtralite® P filter before the termination of the
filter operation.
During the operation of the full-scale treatment system, the willow bed contributed
to the P removal during the first five months, when the effluent tot-P concentrations
were 4-5 mg/l regardless of the influent concentrations, which varied from 6 to 10
mg tot-P/l (Fig. 20). The corresponding P removal was >30%. Thereafter, the wil44
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low bed did not retain P to any great extent as the effluent tot-P concentrations were
occasionally higher than those in the influent, indicating that the willow bed material was saturated with P (Figs. 20-21). The concentrations of tot-P in the effluent
were generally 3-6 mg/l, of which ~90% was PO4-P (Fig. 21). The P reduction in
the willow bed generally varied 10-30%, and on average, it was ~20% during the
experimental period.

Fig. 20. Tot-P concentrations (mg/l) in the influent and effluents of the willow bed, BF
slag filter and Filtralite® P filter (modified from Paper III).
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Fig. 21. Phosphorus concentrations (mg/l) in the influent and effluent of the willow
bed (from Paper IV).

The pilot-scale BF slag filter was fed the effluent from a septic tank with a concentration of tot-P of 3.4±1.1 mg/l (Fig. 22) during the three months of operation. Initially, almost complete reductions of tot-P and PO4-P were observed in the filter, but
then these reductions gradually declined. When the operation of the filter was terminated after 33 BV of wastewater had passed through the filter, the reductions of
tot-P and PO4-P were just above 70%. During the filter operation, the effluent tot-P
concentration increased from the initial <0.1 to 1.5 mg/l.
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Fig. 22. The pilot-scale BF slag filter: Influent and effluent P concentrations (mg/l)
and Tot-P removal (%) (from Paper II).

4.3 Nutrient Recovery and Soil Reclamation
The results concerning the capture and recovery of nutrients from wastewater treatment and soil reclamation, from the resource perspective are presented in this section, using both unpublished data and data from Papers I-VI.

4.3.1 Retention/recovery
Nutrient accumulation from wastewater into the above-ground parts of willows was
evaluated over three growing seasons in Paper IV, and the results are summarised
in Table 12. The uptake of nutrients increased from the first summer until the next
one by tenfold, and could be quantified for the above-ground parts as 110 kg N/ha
and ~15 kg P/ha, during the second growing season. Similarly, the total nutrient
accumulation of the load increased from 1% during the first growing season to 10%
during the following year. After the second growing season, the nutrient uptake was
generally reduced because of an extensive thinning out of the willow stand, by 70%.
The leaf storage of N was far greater than that in the N stem pool for willow clone
Gudrun, whereas for willow clone Karin, the N leaf pool was of a similar magnitude
as the stem pool. For P, the stem pool was greater than the leaf pool for both clones.
In total, 200-210 kg N/ha and ~30 kg P/ha was accumulated in the above-ground
parts of willows during the three growing seasons. However, only negligible
amounts of the N and P feed were assimilated in the above-ground parts of willows.
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1 The uptake is based on the estimate of the mass proportion between the leaf and stem biomass measured at the end of the 3rd growing season. In
addition, the nutrient content is the average of the contents measured at the end of growing seasons during the experimental period.

N Uptake
Stems
Leaves
Period
G K G K G K G K
kg/ha kg/ha
%
kg/ha
%
Growing season 1 770 5 7
1
71 51
1
May 10.-Oct. 17
Growing season 2 980 40 60 4 6 701 501 7 5
Apr. 28-Oct. 9.
Growing season 3 930 30 40 3 4 60 50 7 5
Apr. 12-Oct. 1
Total
6300 75 10 1 2 137 105 2
7

N feed
load

Table 12. Nitrogen and phosphorus mass accumulated (kg/ha), and N and P accumulation of the feed load in the above-ground parts of
willows (%). G = “Gudrun” S. dasyclados, K = “Karin” S. x viminalis (modified from Paper IV).

The amount of sorbed P in the batch sorption and pilot-scale experiments with the
BF slag materials is presented in Table 13. The phosphorus mass retained by Fresh
BF slag was higher than that by weathered or weathered++ BF slags; up to 1493 mg
P/kg was retained by fresh BF slag compared to the maximum sorption of 638 and
239 mg P/kg by the weathered and weathered++ BF slags, respectively. Further, the
higher initial P concentration in the solution resulted in a higher P sorption; for
fresh BF slag, the increase of the initial P concentration by a fourfold (from 5 to 20
mg P/l) increased the sorption by an eightfold, from 176 to 1493 mg P/kg. Phosphorus sorption from the wastewater was lower than from the artificial P-solutions; the
identical initial P concentrations resulted in a 50-67% lower P sorption in the case
of wastewater.
Table 13. Phosphorus sorption, in mg tot-P/kg, by reactive filter materials, for various types of solution used (from Paper II).

Phosphorus sorption
Type of solution and
tot-P concentration of the solution

Fresh BF
slag

Weathered
BF slag
(0.5-2 mm)
638±53
563±64
321±12
105±0

Weathered++ BF
slag
(1-5.6 mm)
239±46
185±15
118±7

(0.5-2 mm)
Artificial P solution 20 mg/l
1493±11
Artificial P solution 10 mg/l
821±0.1
Artificial P solution 5 mg/l
380±0.5
Filtered and P-spiked wastewater
176±5.3
with 4.2 mg/l
Filtered wastewater,
38±0
25±1
0.75 mg/l
The sorption values in batch sorption (agitation) experiments are based on duplicate samples.

The full-scale Filtralite® P filter retained the highest amount of P fed to the filter,
more than 100 mg P/kg was retained of the fed 66 g P/m3 while the best BF slag
filter (the pilot-scale BF slag filter) with a P load as high as twice as much still retained <100 mg P/kg (see Fig. 23). Phosphorus sorption increased linearly with the
increasing phosphorus load to the filters (r2 values being <99%), except for the fullscale BF slag filter, in which the sorption increased by less than 10% once the P
load to the filter has increased about five times. This indicates that, among the filters studied, only the full-scale BF slag filter was P saturated, and the full-scale Filtralite® P and the pilot-scale BF slag filters would have retained more P during continued operation. At the end of the experimental period, the full-scale Filtralite® P
filter had retained 330 mg P/kg, the pilot-scale BF slag filter retained 80 mg P/kg,
and the full-scale BF slag filter retained 40 mg P/kg, after P loads of 260, 116 and
220 g/m3, respectively.
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Fig. 23. Phosphorus sorption, mg P/kg, by pilot- and full-scale BF slag filter and fullscale Filtralite® P filter related to the phosphorus load of the filter (modified from
Papers II-III).

Clinoptilolite was used to study the NH4 adsorption at an ambient temperature of
4°C in Paper I, for the influent concentrations of NH4-N in the range from ~20 to
30 mg/l (Fig. 24a). In the clinoptilolite experiment 1, a primary treatment effluent
was loaded into the column packed with 7-15 mm clinoptilolite. However, the operation of the column had to be terminated after feeding 230 BVs because of extensive clogging. To prevent the clogging of the column, the influent wastewater was
filtered with a coarse paper filter prior to being fed into the columns in experiments
2 and 3.
As can be seen in Fig. 24b, among three experimental runs, the retention of NH4
was the highest in experiment 3, in which the clinoptilolite with the finest grain size
was used. After 65 BVs, the column with the finest clinoptilolite grain size was retaining >50% NH4 from the influent and producing effluent concentrations <10
mg/l, while the retention was <30% in the experiments 1 and 2 (Figs. 24a-b). Also,
the NH4 retention was fairly similar between the experiments 1 and 2, despite the
difference in their hydraulic loadings. However, in spite of similar retention, the
NH4 effluent concentrations were different between the experiments 1 and 2, because of the difference in the influent concentrations.
The operation of the columns was terminated when the effluent concentrations were
~10% lower those in the influent. The ammonium adsorption rates were similar between the experiments 1 and 2, but the total amount of adsorbed NH4-N was greater
in the experiment 2, 2.2 vs. 1.4 mg NH4-N/g of clinoptilolite, because of the longer
operation (Fig. 24c). However, the greatest amount of ammonium was adsorbed
using the finest clinoptilolite, with grain sizes 4-8 mm, in the experiment 3, when
2.7 mg NH4-N/g clinoptilolite was adsorbed over duration of the experimental run.
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Fig. 24. NH4-N recovery experiments: a) influent and effluent concentrations (mg/l),
b) Retention observed (%) and c) adsorption (mg/g) in experiments 1-3 with clinoptilolite experiment (modified from Paper I).
Clinoptilolite experiment 1: filter medium grain size 7-15 mm, mean flow 4.4 BV/h
Clinoptilolite experiment 2: filter medium grain size 7-15 mm, mean flow 3.0 BV/h
Clinoptilolite experiment 3: filter medium grain size 4-8 mm, mean flow 3.0 BV/h

Concerning the contaminated soil reclamation, OC* and NaOH* solutions were
used in a pilot-scale extraction study to mobilise As from Soil H. Prior to the experiment, the contaminated soil was mechanically screened to remove the finest soil
fraction, <0.2 mm, producing a soil fraction characterized by the range of particles
sizes of 0.2-8 mm (Soil HW), and the bulk soil (Soil HB), 0-8 mm, was used solely
in the NaOH extraction. The effluents from the extraction study (Table 10) were
collected to investigate As immobilisation by coagulation using a pH adjustment
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and addition of ferric chloride (PIX-111). In NaOH* extractions, the initial concentrations of As, Fe and Al were higher in the effluent from the Soil HB extraction
than in that from the Soil HW extraction, as shown in Figs. 25a and b. Also, the initial molar ratio of As/Fe was lower in the Soil HB extraction effluent than for Soil
HW, yielding the values of 0.30 and 0.37, respectively. This might have resulted in
a higher As reduction in the Soil HB extraction effluent, when pH was decreased
from the initial value of 12 to acidic pH values. However, the As reduction was remained fairly similar, ~90%, despite pH of the Soil HB extraction effluent, resulting
in an effluent As concentration of 1.0-1.4 mg/l. For the Soil HW extraction effluent,
the As reduction increased from 69 to 83% when pH increased from 3 to 5, producing As concentrations of 0.72 and 0.39 mg/l, respectively. At the same time, Fe and
Al concentrations were higher in the Soil HB extraction effluent than in Soil HW at
the acidic pH values. Using a PIX-111 dose of 200 ml/m3 at pH 4, the As concentration was lower in the Soil HW extraction effluent than that for Soil HB, being observed below the detection limit of 0.02 vs. 0.13 mg/l. When the coagulant dose was
doubled (400 ml/m3) at pH 4, the As concentration was still high in the Soil HW
extraction effluent, at 0.03 mg/l.
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Fig. 25. a) As removals and concentrations, and b) Al and Fe concentrations in the
pilot-scale treatment experiment of extraction effluents, when using NaOH as the extraction solution. Soil HB = bulk Soil H, and Soil HW = 0.2-8 mm fraction of Soil H
(unpublished data).

The OC* extraction effluent contained initially 4.1 mg As/l, 146 mg Fe/l and 54.5
mg Al/l. After adjustment of pH to 3, 4 and 5, or after adding 200-2400 ml/m3 of
ferric chloride solution at pH 5, As appeared to be dissolved in the extraction solution as no floc formation could be observed.

4.3.2 Release
The amount of nutrients that could be released from the filter materials used in
wastewater treatment is presented in this section. Also, results describing the residual As content in the soils are presented after the soil treatment by screening,
screening-chemical extraction, and chemical extraction.
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In the two desorption experiments, A and B, the initial amounts of NH4-N sorbed to
clinoptilolite were about equal; 2.2 mg/g in experiment A and 2.7 mg/g in experiment B. In clinoptilolite experiment A, NH4-N was desorbed by pumping water
through the column, whereas in experiment B, water was let reside stagnant in the
column and thereafter the water was changed periodically. The eluate NH4-N concentration in experiment B was reduced from 10 mg/l after 1 BV had been used for
desorption to 6 mg/l after the fifth BV (Fig. 26). In experiment A, the NH4-N concentrations in the eluate decreased from 6 mg/l after 5 BVs had percolated through
column to ~2 mg/l after 90 BV. Thereafter, the NH4-N concentrations were rather
stable ~2 mg/l. The NH4-N desorption rate was greater during the water saturated
periods, whereas desorption of N as NO3-N was higher after unsaturated conditions,
but the NO3-N concentration generally was low in the eluate, <0.1 mg/l.
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In total, 61 mg NH44/N was desorbed by 150 BVs of water in clinoptilolite experiment A, and 5.6 mg was desorbed using 5 BVs of water in Clinoptilolite experiment
B. These figures correspond to desorption of 23 and 1.5% of the earlier adsorbed
ammonium, respectively.

Bed volume
Fig. 26. Cumulative desorption and concentrations of tot-N and NH4-N during the
clinoptilolite experiments A and B. The grey shading indicates water-saturated conditions in the column. (Modified from Paper I)

The treatment of contaminated soils was evaluated using physical separation (unpublished data). Soils I and R were water washed on a sieve in laboratory, whereas
wet screening in full-scale was applied for Soil H. Despite the As concentrations in
soils declined with increasing grain sizes, the concentration in all of the soil fractions up to 8 mm after physical separation, exceeded the MKM-value, 25 mg/kg
(Table 14), given by the Swedish EPA. The standard deviation of As content in the
coarsest grain size fraction was large for the wood preservative contaminated soils
(Soils I and R).
Due to the high As concentrations (nearly 1000 mg/kg in Soil I) or high mass proportion (~50-70%, Soils R and H), the finest soil fraction (<0.25 mm) contributed
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highly to the total amount of As present in the soil, being more than half of the total
amount.
Table 14. Mass proportions of soil and As, and average As contents with standard
deviation in five soil fractions, for Soils I, R and H (unpublished data).
Soil I
Soil R
Soil H

Grain
size, mm
4-8
2-4
0.5-2
0.25-0.5
<0.25
Sum
Acid extraction

m-%1
7.2
9.7
42
24
17
100

As
mg/kg
65±31
64±3
131±34
244±15
942±172
283
415±55

%
2
2
19
21
56
100

m-%1
4.4
3.6
14
11
68
100

As
mg/kg
39±30
70±19
98±30
116±5
280±52
220
216±26

%
1
1
6
6
86
100

As
mg/kg

%

6.1

60±3

3.7

423

65±35

27

524
100

155±26
112±2
125±4

81
112

m-%1

1

Dry sieved mass proportion before washing
Concentration in the dry sieved fraction before washing
3
Relative mass (%) in soil fraction 0.2-2 mm
4
Relative mass (%) in soil fraction <0.2 mm
5
As concentration in the fraction 0.2-2 mm
6
As concentration in the fraction <0.2 mm
2

Treatment of As contaminated soil (Soil H) comprised physical separation by wet
screening in full-scale and chemical extraction in pilot-scale experiments (unpublished data). Due to the physical separation prior to the chemical extraction, the
screened soil comprised of about 66% of the total bulk soil, whereas the bulk soil
recovered after the extraction contained >90% of the original amount going into the
extraction, as the soil wash effluent was decanted and contained some portion of the
clay fraction. The screened fraction (Soil HW), 0.2-8 mm, was treated by chemical
extraction at an elevated temperature using NaOH* and OC*, whereas the bulk soil
(Soil HB) was extracted only using a NaOH* solution. After the extraction, the residual As contents were higher in Soil HB than in Soil HW, despite the higher As
mobilisation, 49 vs. 21-29 mg/kg (Table 15). The residual As content in Soil HW
was 21±3 mg/kg using a OC* solution which is below the ‘MKM’ guideline value
of 25 mg/kg, whereas the residual content in Soil HW after the NaOH extraction
only slightly exceeded the guideline value. The residual content in Soil HB after the
treatment exceeded the guideline value 2.5 times.
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Table 15. The residual As content in Soil H (mg/kg) after chemical extraction and wet
screening/chemical extraction (unpublished data).
Remediation measure
Chemical exWet screening and chemical
traction
extraction
Extraction solution
NaOH*
NaOH*
OC*
Temperature, °C
40-48
40-48
25-30
Initial As content, mg/kg
125±4
As mobilised, mg/kg
49±6
14±1
26±2
Residual As content, mg/kg
63±5
29±1
21±3
Mass portion of remediated soil, %
<901
66
1Soil fraction comprises >~90% of the original amount due to loss of clay fraction through
decantation of soil washing effluent.

The As removal from three wood-preservative contaminated soils (Soils F, I and R)
by physical separation of a fine fraction from the bulk soils was studied by washing
the soils under a running water tap on a 0.25 mm sieve. After, the water-washed,
0.25-8 mm fraction was used in a chemical extraction at room temperature (in Paper V, VII). As seen in Fig. 27a, the reduction of As content in soils by physical
separation was the highest for Soil I; the As content was decreased from 415 to 199
mg/kg, representing a reduction of 52%. Lower but similar As reductions by physical separation were noted for Soils F and R (25-30%), with the As content reduced
from 210 to 147 mg/kg and 216 to 162 mg/kg, respectively. Thus, the physical separation contributed to more than 50% of the total As reduction, compared to the
chemical extraction of the water-washed coarse soil fraction, with the exception of
Soil F when DCO, NaOH and OC (pH 3) solutions were used for the chemical extraction. The maximum total reductions by physical separation and chemical extraction, at room temperature, were 78, 88 and 47%, for Soils F, I and R, using an OC
solution at pH 3, for Soils F and I, and for Soil R, using a DC solution. For Soil F,
the chemical extraction was also conducted with the OC solution at an elevated
temperature, which resulted an 83% reduction of the total As content (Paper VI).
However, even after this treatment, the residual content of As exceeded the “MKM”
value by 11 mg/kg. The high removals from the soils were coupled with high mobilisation of Fe and/or Al, as shown in Figs. 27b and c.
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4.3.3 Added value
During the treatment of wastewater, the content of potentially polluting substances
is reduced simultaneously with a conversion, which produces materials that can
have an added value. In this study, portions of water and nutrients contained in the
wastewater were removed through the production of willow biomass that was harvested from the treatment site after each growing season.
In total the willow bed was operated over three growing seasons. After each growing season, the stem biomass production of willow plants was assessed by destructive methods, i.e. harvesting. After the first growing season, the stem biomass of the
willow clones planted, Karin and Gudrun, was estimated to be 1.4 ton DM/ha (see
Table 16). At the end of the second growing season, the stem biomass estimated at
12.4 and 10.0 tons DM/ha for the Karin and Gudrun plants, respectively. The stem
biomass production observed during the third growing season was about 3-5 ton
DM/ha lower than in the previous growing season (3DSHU,9). The average annual
stem biomass production of Karin was slightly higher than that of Gudrun, 7.2 vs.
6.2 ton DM/ha,year, during the three years of operation.
7DEOH6WHPELRPDVVLQWKHZLOORZEHGIDFLOLW\DIWHUHDFKJURZLQJVHDVRQDQGWKH
WRWDOKDUYHVWHGPDVVWRQ'0KD\HDU IURP3DSHU,9 
Growing season 1
Growing season 2
Growing season 3 Total
Willow clone
1.4
12.4
7.7
21.5
Karin
1.4
10.0
7.2
18.5
Gudrun

4.3.4 Environmental risks
A by-product, BF slag, was used to retain P from the wastewater. This material is
originating from iron-making, and not originally intended for P sorption. As a consequence, there can be risks associated with usage of BF slag in wastewater treat-
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ment applications arising from the chemical content of the material to receiving waters.
Both pilot- and full-scale BF slag filter effluents had initially high concentrations of
SO4-S (several hundred mg/l) that were at least 10 times higher than in the influent
(Figs. 28a and b). Also, BOD7 concentrations in the full-scale BF slag filter effluent
were initially up to 12 times higher than in the influent, characterized by concentrations slightly over 100 mg/l (Fig. 28a). The high initial BOD7 (and COD) concentrations coincided with the initially high SO4-S concentrations in the full-scale filter
effluent, when the flow in the filters was stagnant, and there was a correlation between the effluent SO4-S and BOD7/COD concentrations (Fig. 28c). After 10 BVs
passed through the filter, the BOD7 concentrations in the effluent of the full-scale
BF slag filter were reduced to about the same level as in the influent (≤30 mg/l),
while the SO4-S concentrations in the effluent fell below 150 mg/l after 13 BVs,
which corresponds to operation of one month, for both the full- and the pilot-scale
BF slag filters. The full-scale Filtralite® P filter was removing BOD7 and produced
constantly low effluent concentrations, <20 mg/l, and the SO4-S concentrations
generally well below 80 mg/l.
b
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Fig. 28. a) SO4-S and BOD7 concentrations in the influents and effluents (mg/l) in the
full-scale BF slag and Filtralite® P filters (modified from Paper III), b) SO4-S concentrations in the pilot-scale BF slag filter influent and effluent (mg/l) (modified from
Paper II), and c) Linear regression: effluent SO4-S concentration vs. effluent BOD7
concentration in the full-scale BF slag filter (modified from Paper III). The p-value
and R2(adj.) of the regression for BOD7 were <0.01 and 86%, respectively.
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5 DISCUSSION
5.1 Factors Influencing Pollutant Removal
Pollutant removal involves either a transfer of pollutants from a liquid phase to another phase or mobilisation of pollutants from a solid medium into a liquid phase.
The reactions in (a)biotic systems is governed by the laws of thermodynamics depending on the changes in concentrations or speciation of elements which are, in
turn, depended on pH (Papers II, V-VI), content of organic substances (Papers II,
V-VI), redox potential (Papers V-VII), temperature (Paper VI) and time (Paper
VII).

5.1.1 Weathering degree of blast furnace slag
Phosphorus sorption by BF slag varies greatly among the various studies examining
P sorption capacity of BF slag (e.g. Sakadevan and Bavor 1998; Johansson 1999a;
Grüneberg and Kern 2001). A great deal of variability arises from the differences
among the studied BF slag materials. In this study, the effect of BF slag weathering
on P sorption was studied by comparing the P sorption rates for different weathering degrees of BF slag (Paper II). The weathered types of BF slag were less efficient in P sorption than the fresh BF slag (Fig. 13a; Paper II). This was due to the
leaching of the active slag component, calcium, by precipitation during outdoor
storage at the steel plant site, because the laboratory tests of P sorption indicated
higher pH and Ca concentration in the solutions with fresh BF slag, despite the
higher P sorption rate (Figs. 13a-b; Paper II). Hence, the fresh BF slag to be used
for P sorption should be protected against exposure to rain and snow prior to use, or
should be collected soon after production from the outdoor storage.

5.1.2 Type of phosphorus solution
The difference in P sorption between the artificial P-solutions and sewage was also
examined by using filtered (0.45 μm pore size) sewage collected after the primary
treatment. The results showed that P sorption was lower when using sewage than in
artificial P-solutions of the same (P) strength for the studied BF slags (Fig. 13a; Paper II), presumably for two reasons. Firstly, in tests with wastewater, solution pH
was lowered by the buffering effect of dissolved wastewater organic substances
(Fig. 13b; Paper II), which are commonly found in high quantities in the primary
treatment effluent (Katsoyiannis and Samara 2007), and lower pH of the system
reduces P sorption onto solid surfaces of BF slag (Figs. 13a-b; cf. Johansson 1998;
Gustafsson et al. 2008). Secondly, the dissolved organic substances in the sewage
were complexing with Ca and subsequently hampered the reaction between Ca and
P, as indicated by higher Ca concentrations and the concomitant lower P removal
(Figs. 13a-b). These findings were corroborated by the findings of Song et al.
(2006), who studied the effect of humic substances on the precipitation of Ca phosphates. The effect of the organic substances on P sorption was more pronounced for
the weathered types of BF slag than for fresh BF slag (Fig. 13a). Thereby, efficient
removal of dissolved organic substances from wastewater before being fed into the

57

P filter is likely to be vital for high P sorption of wastewater filters with (weathered)
BF slags.

5.1.3 pH and organic substances
One of the factors controlling the mobility of pollutants is the presence of complexing agents, which either directly increase the mobility of the pollutant or increase
the mobility of a chemical that would otherwise react with the pollutant by immobilising it. Organic substances, which act as complexing agents, commonly exist in
many polluted waters and soils. Also, such organic substances can be added to the
system to act as a reagent. In addition, pH dictates the ionic form of the species present, i.e. dissociation of dissolved pollutants, organic substances and surface functional groups, which, in turn, affects the mobility of pollutants.
Theoretically, a high pH facilitates As mobilisation from contaminated soils, because the ligand exchange of arsenate with a hydroxide ion is favoured by alkaline
pH values (Legiec et al. 1997; Jang et al. 2002; Jang et al. 2005). However, the results of the chemical extraction using the alkaline extraction solution (NaOH)
showed that As mobilisation from a soil with a high amount of soluble Ca, Soil R,
was rather minor, when compared to the two other wood preservative contaminated
soils (Fig. 14a; Paper V). This was explained by the fact that Ca may have reacted
with As at high pH by forming Ca-arsenates, and subsequently suppressing As mobilisation (Paper V). Similar results concerning a low mobilisation of As at high pH
in the presence of Ca, added as an extraction agent was reported by Elgh-Dalgren et
al. (2009).
Further, it was noted that, in the presence of organic ligands (OC-extraction), the As
mobilisation from the CCA-contaminated soil (Soil I) was higher at a low pH than
at a high pH, while for the CZA-contaminated soil (Soil F), the As mobilisation was
about equal for both two extractions (Fig. 14a). This may be due to the fact that As
may exist, besides the adsorbed surface complexes (Goldberg and Johnston 2001),
also as As-precipitates which were more recalcitrant in the CCA-contaminated soil
(Cu arsenates) than in the CZA-contaminated soil (Zn arsenates) (Figs. 14a-b; cf.
Gräfe and Sparks 2005; Gräfe et al. 2008a; Gräfe et al. 2008b). Similar results of
the pH effect on As mobilisation from As- and Zn-rich wood preservative contaminated soils have been presented by Elgh-Dalgren et al. (2009). Hence, the effects of
pH and the presence of organic ligands on As mobilisation from wood preservative
contaminated soils depend on the polluting wood preservative, i.e. the characteristics of possible As precipitates in the soil.

5.1.4 Redox potential
Each element has its own intrinsic redox potential, i.e. the tendency to acquire or
lose electrons. Therefore, an alteration in the redox potential can affect the speciation of the elements, and subsequently the phase or the solubility either by mobilising or immobilising the elements.
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In soils, As mobilisation at reduced conditions is related rather to the reductive dissolution of Fe (hydr)oxides than to the reduction of As(V) to As(III), which is a
more mobile form of As at acidic pH (Inskeep et al. 2002). Results showed, though,
that the both mobilisation mechanisms seemed to take place in the chemical extraction experiments, in which the redox potential was manipulated by the addition of
sodium dithionite, a strong reducing agent (Papers V-VII). While the mobilisation
seemed to take place mainly through the reductive dissolution of Fe at room temperature (Figs. 14a, c; Fig. 15a and Table 11), a portion of As might have been mobilised by reduction of As(V) to As(III) during the extraction at an elevated temperature (Fig 15a, Table 11; Paper VI). Further, the As mobilisation generally decreased with an increasing initial Cu content in the soil (Fig. 14a, Table 6; Paper
V). This may be due to the reduction of Cu[II], originating from the contaminating
wood preservatives, by dithionite which itself is subsequently oxidised (Wayman
and Lem 1970), and the solutions become saturated with reduced Cu-(Fe/S) solid
species (indicated by VMINTEQ simulations) which may scavenge As from the
solution. Similar findings about low As mobility in the presence of Cu and S at reduced conditions were reported by Jong and Parry (2003). Thus, at low redox conditions, a high As mobilisation can be expected from Cu-poor soils mainly through
the reductive dissolution of Fe (hydr)oxides at room temperature.

5.1.5 Temperature
Chemical reactions in (a)biotic systems shift the pollutants from one phase to another. The speed of these reactions, i.e. the reaction rate increases with temperature.
Pollutant mobilisation through dissolution is, generally, enhanced by an increased
temperature since the detachment of elements from the surface requires a considerable amount of energy (Zhang et al. 1985; Rueda et al. 1992). Thus, the effect of an
elevated extraction temperature on As mobilisation was studied for the contaminated soils in NaOH-, OC- and DCO extractions (Paper VI). The results show that the
elevation of extraction temperature from 20 to 40°C doubled not only the mobility
of As but also of Fe and Al, and the As removal was considerable in NaOH-, OCand DCO-extractions applied over short contact times (Figs. 15a-f; Paper VI).
However, the increase in extraction temperature enhanced least the As mobilisation
in the acidic DCO extraction (Fig. 15f) possibly due to suppressed reductive dissolution of Fe (hydr)oxides (Table 11; Paper VI) as the redox potential in the extraction solution was increased (Paper VI). The increased redox potential could be explained by dithionite decomposition, which occurs faster, among others, at higher
temperatures (Devaney and Guess 1982; Paper VI). Hence, assuming that the extraction solution features vital for As mobilisation are not altered, it is feasible to
obtain high As removals by increasing the extraction temperature and applying
short contact times.

5.1.6 Contact time
Biological and chemical processes evolve over time as a result of dynamic changes
until the equilibrium in the system is reached. Ligand-exchange is considered to be
a fast process, while pollutant mobilisation through dissolution is limited by the de-
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tachment step. For example, Jang et al. (2005) reported that As mobilisation from
soils contaminated by mining activities using NaOH was faster than, or equal to,
that done with organic or inorganic acids. However, the results of this study show
that As mobilisation with the acidic OC solution was initially faster than that with
the NaOH or DCO solutions, but the mobilisation rates decreased with longer reaction times for all the extraction solutions (Fig. 16a). Similar results showing the acid
oxalate solution being more efficient than NaOH in As mobilisation from the wood
preservative contaminated soil over time was reported by Elgh-Dalgren et al.
(2009). Hence, the source of As pollution has an effect on kinetics of the As mobilisation. Given that high As mobilisation from wood preservation contaminated soils
should be achieved quickly, an acidic OC solution should be preferred over the alkaline and reductive extraction solutions.

5.2 Reduction of Substances
Conventional treatment of contaminated media aims to protect the receiving waters
and the environment through the removal of pollutants. For wastewater treatment,
this implies the removal of solid particles, oxygen consuming compounds, nitrogen
and phosphorus from sewage. Two approaches can be used to evaluate the performance of treatment systems: pollutant concentrations in the treated effluent, or assessing the risk of effluent impacts on water quality in the receiving water body.
Though, in this study, the Swedish EPA guideline values for small-scale treatment
systems using pollutant reductions were used.

5.2.1 Total suspended solids and oxygen consuming compounds
Total suspended solids in domestic wastewater comprise inorganic and organic matter. In addition, both inorganics and organics occur in sewage in dissolved forms.
When discharged into the receiving water bodies, the high amount of TSS can reduce dissolved oxygen content by reducing light penetration and consequently, photosynthesis. Similarly, the decay of organic matter can deplete the dissolved oxygen
content, which may result in fish kills and damages to the whole aquatic ecosystem.
Hence, the wastewater treatment has focused on reduction of TSS and biodegradable organic matter by filtration and (an)aerobic processes.
In horizontal flow constructed wetlands, such as the studied willow bed, TSS removal occurs through filtration and sedimentation, while the removal of organic
matter is accomplished by both physical processes and through aerobic and anaerobic degradation (Vymazal 2002). These processes are effective in reducing TSS and
organic matter; in this study, the willow bed alone reduced TSS by >90% and BOD7
by >80-90% (Figs. 17a-b; Papers III-IV). The reductions of BOD7 in this study
were similar to those of other horizontal flow wetlands, ~80-90% (Papers III-IV
vs. Green and Haberl 1998; Vymazal 2002).
The Filtralite® P filter treatment train fulfilled the requirements for a high protection level concerning the BOD7 reduction (90%) during the operation period of one
year, but the same could not be said about the BF slag treatment train, for which the
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concentrations in the effluent, either exceeded or were about equal to those in the
influent (Fig. 17). The increased BOD7 concentrations in the wastewater passing
through the BF slag filter are discussed in more detail in 5.3.4.

5.2.2 Nitrogen
Some receiving waters need to be protected against excessive discharges of N to
prevent damages to the aquatic life caused by the presence of toxic compounds, oxygen depletion and eutrophication (SEPA 2008a). In addition, preventing N leakage
into the ground water is vital for protecting drinking water sources. Hence, the removal of N is important for protecting some receiving waters and environment, and
it is commonly achieved in wastewater treatment systems through nitrificationdenitrification. In the full-scale treatment systems studied, the N content in
wastewater was reduced by 35-50%, depending on the type of the effluent polishing
P filter (Fig. 18). The greatest reductions, though, took place in the willow bed
through nitrification-denitrification, filtration and plant uptake in agreement with
findings of accordance with Vymazal and Kröpfelová (2009) and Dimitriou and
Aronsson (2011), with the first two processes dominating (see 5.3.1). A part of the
tot-N reductions occurred in the chemical treatment step, viz. P filters (Fig. 18) because of alkaline pH contributing to volatilising ammonia instead of denitrificationnitrification. Similar observations were reported by Jenssen et al. (2010). The obtained removals are comparable to those for other horizontal or vertical flow constructed wetlands (Vymazal 2007; Jenssen et al. 2010), but lower than in the systems, which were specially optimised for N reduction (through nitrificationdenitrification), because of higher loadings and lower operating temperatures in the
studied system (e.g. Gersberg et al. 1983; Huang et al. 2000; Dimitriou and
Aronsson 2011).
As the measured N reductions exclude the septic tank treatment, which is a part of
the actual wastewater treatment system and retains 10-20% of tot-N (SEPA 1991),
the overall reductions for real Filtralite® P treatment system are greater, ≥50%,
whereas for the BF slag treatment train, the overall reduction was somewhat lower.
Consequently, the Filtralite® P treatment train fulfilled the requirements of the high
protection level with respect to tot-N reduction, but such a level of protection was
not provided by the train with the BF slag filter.

5.2.3 Phosphorus
Discharges of P constitute a major risk for most fresh, inland surface water systems
by reducing the water quality, since P is the growth limiting nutrient in these systems (Schindler 1977). Consequently, to protect inland watercourses, the removal of
P from sewage is of particular interest and can be achieved by P interactions with
Fe, Al or Ca. In the full-scale treatment system studied, because of the nature of the
bed material, P retention was low in the willow bed. On contrary, Filtralite® P filter
retained P efficiently. As the measured reductions exclude the septic tank treatment,
which retains 15-20% of tot-P (SEPA 1991), the requirements for the low protection level (reduction of 70%) was fulfilled during one year, except during the
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snowmelt period. The high retention of P from wastewater by the full-scale Filtratelite®P filters has been reported in several studies (Heistad et al. 2006; Jenssen
et al. 2010).
The BF slag filter was inefficient in retaining P; the treatment train fulfilled the requirements for the low protection level during the period of one to two months,
probably because of a reduced inflow to the filter. Thereafter, the effluent concentrations of tot-P increased abruptly and the P reduction rapidly declined to 30-40%.
Generally, the low P reduction in the BF slag filter might be partly due to a coarse
grain size used, as a considerable P retention was obtained for finer BF slag materials (Fig. 21; Grüneberg and Kern 2001; Hylander et al. 2006). Hence, the BF slag
treatment fulfilled neither of the protection levels during the normal operation of the
full-scale treatment system because of utilisation of coarse-grained BF slag material.

5.3 Reclamation
In this section, the recovery of resources through the capture and release of substances are discussed for the systems studied for treating wastewater and contaminated soil. For wastewater treatment, this means that the substances to be recovered
need to be first retained and then subject to a controlled release as resources. On the
contrary to wastewater treatment, the procedure is reversed for the treatment of contaminated soils; the soil needs to be separated from the pollutants to be useable as a
resource. In the latter case, however, the removed substances need to be contained
in a form in which they can be managed.

5.3.1 Retention
A septic tank is commonly used as the first step of treating residential wastewater in
areas without centralized wastewater treatment and it focuses on the removal of
suspended solids and organic matter. While some reductions of these constituents
are achieved in septic tanks,70-80% and 10-30%, respectively, the septic tank effluent still contains considerable amounts of organic matter and particulate solids
(SEPA 1991; USEPA 2002). Furthermore, insufficient septic tank maintenance may
cause elevated concentrations of TSS and organic matter in the effluent. This could
explain the sporadic high amounts of TSS and BOD7 in the septic tank effluent fed
to the studied willow bed; >120 mg TSS/l and >300 mg BOD7/l (Figs. 17a and b cf.
SEPA 1991; USEPA 2002). Low concentrations of TSS and organic matter in the
influent fed to a reactive wastewater filter are crucial for proper filter function, because these constituents may cause clogging (e.g. clinoptilolite experiments 1-2, in
Paper I), and blockage of the sorption sites. Therefore, the removal of particles and
organic matter should take place prior to the treatment with reactive filter materials,
as implemented in the studied full-scale facility (Papers III-IV), rather than using
the reactive media filter as a stand-alone unit (Weber et al. 2007), or incorporating
reactive filter materials in the constructed wetlands to enhance nutrient removal
(Drizo et al. 1997; Asuman Korkusuz et al. 2007; Zurita et al. 2009). In addition,
the use of separate treatment units makes it easier to recover nutrients from the satu-
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rated or exhausted filters. In the studied willow bed, the reduction of TSS and organic matter was high and comparable to the reductions reported in other studies
(Mæhlum et al. 1995; Vymazal et al. 1998; Jenssen et al. 2010), with constant low
effluent concentrations of <10 and <44 mg/l, respectively. These concentrations
were low enough to prevent the clogging of the downstream P filters.
Nitrogen entering constructed wetlands is removed mainly via nitrificationdenitrification, whereas P is removed through reactions with Fe, Al and Ca in the
bed material during the wastewater flow through the constructed wetland (Vymazal
2004; Vymazal and Kröpfelová 2009). Plant uptake plays a minor role in the nutrient removal in constructed wetlands, especially in cold climate (Table 12 cf. Fig.
19-20, Vymazal, 2005). Reduction of N and P was investigated in the willow bed
system studied for up to three growing seasons (Papers III-IV). In the horizontal
flow constructed wetlands, N reduction is commonly limited by nitrification, which
results from insufficient oxygen supply (Vymazal and Kröpfelová 2009). Results
show that NH4-N reduction was initially low in the studied willow bed, but increased to some extent with time from ~30 to ~50%, until the end of the 3rd growing
season (Fig. 19). This increase might be due to the development of (fine) roots of
willows during the first three years after planting (Rytter 2001), contributing to nitrification (Brix 1994, 1997). Without reductions in the N loading, no further increases in the N reduction should not be expected after three years, by which point
the root system would be fully developed for plants whose growth is not limited by
nutrient availability (Ericsson 1994; Ericsson 1996). For P, the retention was low,
~10-30%, because the coarse bed material did not contain large quantities of Fe, Al
or Ca. Hence, the major part of the nutrients entering the willow bed was found in
dissolved forms in the effluent (Figs. 19-20), with nitrogen staying as NH4-N, which
facilitated the retention of nutrients in the subsequent treatment.
An efficient recovery of N from wastewater is important, because N in synthetic
fertilizers is produced by a high energy consumption process, using fossil fuels as
raw material and energy source (Maurer et al. 2003), with highly uncertain future
supplies (Kjärstad and Johnsson 2009; Owen et al. 2010). In addition, some receiving waters and environments can be sensitive to discharges of N. Further complications arise in cold climate, where N retention through plant uptake is inhibited during the winters, while the wastewater is produced continually. Also, prior to plant
maturity, the N retention in constructed wetlands is low (Fig. 19, Table 12;
Dimitriou and Aronsson 2011). This study demonstrated that especially the finegrained natural clinoptilolite was efficient in retaining NH4-N from the medium
strength wastewater, despite the low operating temperature (Fig. 24; Paper I).
However, the obtained adsorption capacities were lower than in other studies in
which fine-grained and/or pretreated clinoptilolite was used (Booker et al. 1996;
Ngyen and Tanner 1998; Demir et al. 2002; Wang and Peng 2010). Though, the use
of fine-grain sizes increases the risk of clogging. Despite the coarse grain sizes used
in experiment 1, the column operation had to be terminated due to clogging. When
the influent was filtered through a paper filter in the following experiments, the ad-
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sorption experiments could be conducted using a finer clinoptilolite grain size. As
the willow bed was efficient in reducing TSS and organic matter and the NH4-N
effluent concentrations were similar to those in the influent of clinoptilolite experiments (Fig. 24a cf. Fig, 19), the results suggest that fine grained clinoptilolite has
potential to retain NH4-N from the willow bed effluent. The clinoptilolite filter
could be used to enhance NH4 retention during the plant dormancy or prior to the
full maturity of the willow bed where the receiving waters or the environments are
sensitive to N inputs.
The studied calcareous filter materials retained P to varying degrees (Figs. 13a, 20,
22-23). Among the materials studied in the filter experiments, Filtralite® P performed clearly better than the BF slag filters (Fig. 20) and retained most P from the
influent (Fig. 23). Both of the full-scale filters were sized to retain P for at least one
year of operation, and this performance was achieved by the Filtralite® P filter
treatment train, with the overall P retention being just slightly above the requirement for the low protection level given by Swedish EPA as 70%. The lower P removal (and retention) of BF slag in the full-scale filter study was possibly due to the
coarser grain size used (3-6 mm) than in the Filtralite® P filter (0-4 mm). The finer
grained BF slag material used in the pilot-scale experiment was more efficient in
retaining P than the coarse grained BF slag. Even though the pilot-scale filter was
designed to retain P for 1-2 years for the given loading, the P retention after three
months of operation fulfilled only the low protection level criterion. In batch adsorption experiments with agitation, the fresh BF slag had a 68% higher sorption
capacity than the weathered BF slag, which similar to the material used in pilotscale experiments (Table 13). The maximum P sorption observed for fresh BF slag,
~1500 mg/kg (Table 13), is comparable to that reported for other efficient P
sorbents (Johansson Westholm 2006; Cucarella and Renman 2009; Vohla et al.
2011). This indicates that fresh BF slag possesses a great potential for P retention
from wastewater.
Decontamination of polluted soils through chemical extraction transfers the pollutants from the solid state to the liquid phase, in which they can be concentrated. For
arsenate, the mobility in solutions is generally the lowest at ~pH 5 in the presence
of Fe and Al compounds (Robins et al. 2001; Jang et al. 2002; Jang et al. 2005).
This was also supported by the findings of this study; the As mobility was the lowest in the alkaline extraction solution after an acid addition to reach the level of ~pH
5 (Fig. 25). The separation of the finer fraction prior to the extraction resulted in
lower residual As concentrations, with an equal coagulant dose. This might be due
to a lower initial As concentration and a lower As/Fe molar ratio in the extraction
effluent without the finer fraction. In addition, the extraction effluent may have had
a lower content of organic matter since the soil organic matter is generally in the
finer fraction (Sohi et al. 2001), which is solubilised during the alkaline extraction
(Stevenson 1994). This process may hamper the As removal by competing with As
for sorption sites (Grafe et al. 2001; Stollenwerk 2003) and complexing Fe and Al
(Fig. 25b; Goodman 1987). Thus, a lower dosage of coagulant is needed to decon-
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taminate the extraction effluent when the fine soil fraction is excluded prior to the
extraction step.
The acid extraction solutions containing both oxalate and citrate (Fig. 15), or both
oxalate and other organic (Wenzel et al. 2001; Gräfe et al. 2008b) were efficient in
mobilising As from different kinds of As contaminated soils. In Paper VI, a twostep extraction procedure comprising acid OC and alkaline extractions was proposed partly because by mixing these two solutions after the completed extraction
would decontaminated the extraction effluents and yield an almost neutral solution
pH. However, the immobilisation of As in the OC extraction effluent in the pilotscale experiment was not possible by increasing pH and adding iron salt, because no
visible flocs could be observed. This was due to the organic ligands efficiently
complexing all added Fe and thereby preventing formation of any solid species.
Further, besides complexing the coagulant, the added organic ligands efficiently
buffered the solution pH. Thus, the feasibility of using OC extraction solution for
As mobilisation is limited because the decontamination of such extraction solution
would be complicated.

5.3.2 Liberation of substances
Ammonium was efficiently adsorbed by the natural clinoptilolite material in this
study, and at the end of the experimental period, that material was saturated with
NH4-N. Due to the material features, the adsorption capacity can be regained
through regeneration. In this study, a straightforward method for NH4-N desorption
with tap water was examined and resulted in large volumes of the eluate with low
NH4-N concentrations (Fig. 26; Paper I). The maximum desorption achieved was
23% of the earlier adsorbed ammonium using large volumes of eluate. Clearly, the
obtained desorption of NH4 using tap water was lower in this study than in the studies using brine solutions (Hlavay et al. 1982; Du et al. 2005). However, BelerBaykal et al. (2011) obtained a 88% NH4 recovery from exhausted clinoptilolite
using tap water. The higher desorption than in the present study may be due to two
factors: recycling the eluate, and also because of keeping the column saturated with
water facilitated desorption (Fig. 26). Further, there might have been a difference in
the Na and Ca concentrations in tap waters used by Beler-Baykal et al. (2011) and
in this study, which would contribute to the variation in the desorption, as higher
salt concentrations generally facilitate desorption. In this study, the Na and Ca concentrations in the tap water used were rather low, ~10 and ~20 mg/l, respectively,
compared to, for example, the allowed concentrations in the Swedish drinking water
guidelines (Berggren 2004 cf. SNFA 2011).
Under ideal circumstances, the contaminants would reside in clay and silt-sized
fractions of the contaminated soil as decreasing particle sizes increase the soil specific surface onto which the pollutants can be adsorbed, and the coarse soil fraction
would be clean (Griffiths 1995). The possible decontamination of the contaminated
soils studied was assessed by using wet-screening either in the laboratory or in the
full-scale facility. In all the soil fractions of the studied soils arsenic was found to
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exceed the Swedish EPA’s guideline value for “less-sensitive land use” (“MKM”)
of 25 mg/kg, by at least a twofold (Table 14). Englöv (1998) reported similar findings about As distributions in a wood preservative contaminated soil. Besides aggregates of highly contaminated fines on the surfaces of coarse particles, the high
As content in the coarse soil matrix may be due to the manner of introducing As
into the soil, e.g., by chemical spills of the preservation solution, and drips and
leaching from impregnated wood (Lund and Fobian 1991). This may have resulted
in both As-rich precipitates comprising the elements found in the preservation solution and adsorbed As on the soil surface (Gräfe and Sparks 2005; Gräfe et al. 2008a;
Gräfe et al. 2008b). The precipitates on the soil surface can be managed by attrition
scrubbing, i.e. high energy mixing, giving rise to a vigorous scrubbing among the
particles. However, this form of attrition has a limited effect on the removal of precipitated pollutants from the soil surfaces (Williford et al. 1999; Dermont et al.
2008). Thus, the plain physical separation with scrubbing would not decontaminate
all the studied soil fractions in the As contaminated soils studied, because As
seemed to be precipitated on the soil surfaces and more advanced methods would be
needed for As removal.
The residual As content after physical separation and chemical extraction at an elevated temperature was below the the “MKM-value” in Soil H, whereas in Soil F,
the content exceeded the value by 10-25 mg As/kg (Fig. 27a). However, as the extraction was effected in a simple mixer in this study, a lower residual As would be
expected in extractions having scouring effect (Dermont et al. 2008). Hence, it can
be inferred that the physical separation and chemical extraction substantially reduced As concentrations in the contaminated soils. The separation of the highly
contaminated fines prior to the extraction contributed greatly to the high As removal
as the major portion of As in the soil existed in the separated (excluded) fraction
(Table 14). This procedure, though, results in an incomplete recovery of the soil
(i.e. recovered mass of soil after the treatment is appreciably smaller than the initial
soil mass). In addition to the physical separation prior to the chemical extraction,
conducting this extraction at an elevated temperature drastically facilitated the As
removal from the contaminated soils using short contact times (Table 15). However,
the heating of the extraction solution, besides being costly, consumes a considerable
amount of energy; increasing temperature of one m3 of water by 30°C requires 35
kWh, which seems to be counterproductive to the sustainability of the treatment
method. The combined treatment, though, provides flexibility in the sense that the
physical separation can be done onsite returning the clean soil for backfill, whereas
the highly contaminated finer fraction and “the intermediate” can be transported
away and managed separately. For example, the chemical extraction of the “intermediate fraction” could be performed at a site and the fine fraction can be deposited
elsewhere. Since in several Swedish landfills and wastewater treatment plants methane is produced and collected, a more environmentally sound form of energy is
available for the extraction solution heating in various parts of the country. Also,
the extraction temperature could be possibly somewhat reduced without sacrificing
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the treatment performance, by applying physical scrubbing and chemical extraction
in a single combined process.
The strong extraction agents used did not only mobilise high amounts of As, especially in extractions at an elevated temperature or with longer contact times (Fig
27a), but also considerable amounts of Fe and Al (Fig. 27b and c). These
(hydr)oxides are important for the overall soil functions since they regulate the mobility and subsequently bioavailability of several compounds (Sharpley 1995; Blum
2005; Vodyanitskii 2010). Besides the chemical contents, physical properties of the
soil were also altered through the chemical extraction; e.g. the sand particles became more rounded after the extraction. This may limit the possible utilisation of
decontaminated soils in geotechnical constructions, such as in landfill covers, parking lots, noise barriers (soil berms), and in road construction, because the treated
soils are not commonly used for backfilling in Sweden. Thus, the studied methods
seemed to decontaminate the soil with respect to As, but during that process, may
have lowered the soil quality and set limits to the possible end-uses of the decontaminated soils.
All contaminated soils excavated annually in Sweden, in the amount of 0.6 Mton,
could be used after treatment in construction, where the annual demand for soils is
about 101 Mton (GSS 2009), but typically, the contaminated soils are excavated and
commonly used just for a cover layer in landfills, despite the pollutant concentrations exceeding the MKM values several times (van Hees et al. 2008). In comparison, the combined treatment, i.e. the physical separation to remove fine fraction prior to the chemical extraction at an elevated temperature, was deemed to decontaminate As contaminated soils even when using short contact times. However, the prerequisites for the treatment of soils from contaminated sites are generally unfavourable, because of the vast availability of inexpensive virgin soils and low landfilling
fees, and this is further exacerbated by the lack of treatment facilities, in comparison
to the cost of treatment of contaminated soils (van Hees et al. 2008). In addition, a
recent handbook contains strict requirements for treated soils that are to be recycled
in constructions, since, for example, the permissible concentrations in such soils are
far lower than those in undisturbed urban soils (SEPA 2010 cf. SEPA 1997). A similar situation was reported in the Netherlands; contaminated soils were landfilled
because of high treatment costs and the absence of robust reuse policy for treated
soils (Honders et al. 2003a). Recognising that soil treatment was preferable to landfilling, several national policies were introduced and prohibited landfilling of treatable soils. To support this policy, the definitions of the assessment of soil treatability and of the quality of the treated soil intended for recycling were established
(Honders et al. 2003a; Honders et al. 2003b). These actions increased annual
throughputs of the soil washing from <200 000 ton to a peak of 1 200 000 ton and
facilitated the acceptance of decontaminated soil as a usable product, which in turn
decreased the treatment costs three times (Honders et al. 2003a). Nowadays the soil
remediation market is considered to be mature, and depending on local conditions,
the costs of soil washing are lower than those of landfilling. Hence, changes in land-
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filling taxes and reuse policies in Sweden may change the relative costs of contaminated soil remediation options and heighten the need for soil washing in the future.

5.3.3 Willow biomass
Constructed wetlands provide services by simultaneously reducing and recycling
nutrients from wastewater into biomass and protecting receiving waters. In addition
to the water quality improvement, the plant biomass produced during the treatment
process represents an added value of constructed wetlands, since it can be used as
e.g. biofuel, or a soil enhancer (Polprasert 2007). In the case of willows, when the
biomass is produced for biofuel purposes, the stand is harvested after abscission at
an interval of 3-4 years. Since about a half or more of the above-ground nutrients is
contained in the leaves (Table 12, Ericsson 1994; Rytter 2001), a great portion of
nutrients is recycled back through the leaf fall (von Fircks et al. 2001). Consequently, the question arises whether the biomass production should aim for biofuel production or nutrient recovery.
In the willow bed, two frost-tolerant willow clones were planted, S. x viminalis and
S. dasyclados, to study (inter alia) biomass production in a cold climate. The annual
production of stem biomass was fairly similar between the clones, 6.2 and 7.2 ton
DM/ha (Table 16), and comparable to the expected production in well-maintained,
commercial plantations in southern Sweden (7-10 ton DM/ha; Börjesson 2007). To
enhance the biomass production in cold climate, the willow stand was densely
planted and harvested annually (Papers III-IV), which contributed to a large number of young, spindly stems with a high proportion of bark in the stems. The biofuel
quality of such a stand structure is low (Mészáros et al. 2004; Adler et al. 2008).
Furthermore, as horizontal flow constructed wetlands require a seal to prevent
wastewater seepage and contamination of groundwater, the total area for biomass
production is limited. For example, at the studied site, 220-250 kWh was produced
depending on the willow clone during the experimental period. Hence, in cold climate, the annual bioenergy production in horizontal flow constructed wetlands vegetated by willows would be just a small portion of the energy needed by a typical
Swedish household for heating and hot water (Sahlin and Stengård 2011).
Dense planting seemed to initially favour the biomass production of S. x viminalis
over S. dasyclados as at the end of the second growing season the stem biomass of
the former was clearly higher than that of the latter (Table 16). The dense planting,
though, tends to cause self-thinning with time (Bullard et al. 2002). To mitigate this
process, the willow population was annually thinned out by either cutting down or
uprooting. At the end of the second growing season, the stand was extensively reduced by uprooting 70% of the population. As a result, the stem biomass production
was reduced, and became similar for both of the clones in the following year. Also,
despite the extensive reduction of willow population, the nutrient accumulation was
reduced by <30% in the following year, because of the high stand maturity (Table
12 cf. Ericsson 1994). Interestingly, despite the lower stem biomass production of S.
dasyclados, the nutrient accumulation for both of the clones was fairly similar
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(Table 12). This might be due to different genetic properties; the S. dasyclados
clone grows more laterally than S. x viminalis (Bullard et al. 2002; Söderström
2010), and the lower N accumulation in stems is compensated for by a higher accumulation in leaves through the production of nutrient-rich leaf biomass. In a study
of Ericsson (1994), a higher N accumulation in leaves was obtained than presented
here in Table 12, possibly due to a less dense planting density favouring the leaf
biomass production. In general, dense planting and annual harvesting before abscission enabled the removal from the site of 90% of the nutrients accumulated in
above-ground parts during the growing seasons. Recognizing the limitations of the
experimental data collected in this study, the results suggest that to optimise a high
nutrient removal, annual harvesting of laterally growing willows before the leaf fall
is preferred, using lower planting densities than those studied here.
The results further indicate that, for horizontal flow constructed wetlands vegetated
with willows, composting the produced biomass and using it as a soil enhancer is a
better alternative than the production of bioenergy by incineration of biomass. In
such a case, both N and P could be recycled from the composted biomass back to
arable land, whereas during incineration, fuel-N is released into the atmosphere in
gaseous phase (N2, NOx) and only P is retained in the ash (Obernberger et al. 1997).
Commonly, N losses occur during composting, but addition of phosphate and magnesium to the compost reduced gaseous N losses through formation of struvite
(Jeong and Kim 2001). This method also remarkably increased (3-5 times) the N
content in the compost, compared to the conventional compost, reaching up to 1.4%
of dry mass.

5.3.4 Environmental risks
Different types of by-products are produced by the society, including, e.g. about
500 000 tons of BF slag produced in Sweden annually (Pålsson et al. 2010). A way
towards a more sustainable society is to reuse the BF slag for beneficial purposes
rather than to dispose it. As the additional demand on energy for preparing the BF
slag for reuse in wastewater treatment is practically zero (notwithstanding transportation), such a reuse of BF slag saves energy in comparison with the utilisation of
specially manufactured P sorbents, which are commonly produced in thermal processes. In this study, BF slag, a by-product from iron and steel-making, was used to
retain P from wastewater. The fine grained BF slag efficiently retained P from
wastewater in the batch sorption tests with agitation and in pilot-scale experiments
(Figs 13a, 22). However, as the BF slag was not specifically produced for
wastewater P removal, the material may cause environmental risks concerning the
receiving waters and the environment. The blast furnace slag contains 1-2% of reduced sulphuric compounds, which can be oxidised and leached out (Kanschat
1996; Lindgren 1998). This oxidation process seemed to cause the SO4-S leaching
from the BF slag used as a P filter and increased BOD concentrations in the effluent
from the full-scale BF slag filter as there was a correlation between the SO4-S and
oxygen consuming compounds concentrations (BOD7/COD) (Fig. 28c). Also, the
oxidation process and subsequent leaching seemed to be more intense during the
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initial phase of the filter operation, but within one month, the leaching levelled off
at <150 mg/l (Figs. 28a-b). In a study of Banks et al. (2006), similar observations of
reducing SO4-S concentrations from BF slag was reported at reduced conditions in
batch agitation tests using water as a leachant. The initial concentrations in the effluent in this study, though, are higher than that allowed for Swedish drinking water
(67 mg/l, SNFA 2011) or in Swedish lake waters (<17 mg/l, Kanschat 1996).
Hence, due to the high initial release of sulphuric compounds, the use of BF slag as
a P sorbent is not recommended when the effluent is discharged to sensitive receiving waters.
The strong extraction agents used in this study were efficient in mobilising As from
the contaminated soils at laboratory scale. However, the utilisation of such agents at
full-scale is limited, because of possible negative impacts on the environment (Paper V). In particular, the use of dithionite at full-scale can be questioned because
concerns associated with occupational health and the quality of the extraction solution. Depending on the solution pH and the extent of air exposure, dithionite decomposes to various gaseous sulphuric compounds (Hofmann 1969). Inhalation of
the produced sulphuric gases can irritate the respiratory organs and the low redox
potential in the solution would cause skin irritation (Merck Chemicals Ltd. 2006).
The disposal of the extraction solution can be also problematic; even though the
solution decomposes in time, because the dithionite concentrations applied cause
high concentrations of S in the extraction solution (>2 g/l). Also, during the extraction process, dithionite can reduce some portion of pentavalent As to trivalent As
(Profumo et al. 2005), which is a more mobile and hazardous form of As. Thus, any
soil washing process using dithionite as the extraction agent involves significant
environmental risks.
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6 CONCLUSIONS
Treatment methods for domestic wastewater and arsenic contaminated soils were
examined in the laboratory, pilot and full-scale installations, with the overall objectives of assessing pollutant mobilisation and immobilisation, and evaluating the systems studied with respect to protecting the local environment for specific constituents and recovering nutrients and reclaimed soils. Within the scope of the experimental work carried out, the following conclusions are drawn:
Pollutant mobilisation and immobilisation processes were affected by pH, the organic matter content, redox potential, time (process duration) and temperature. The
results show that pollutants in the studied media have complex characteristics in
terms of charge of species and redox speciation, and therefore, no general conclusion addressing all the conditions studied could be given. The phosphorus sorption
capacity of blast furnace slag was altered by open-air storage and weathering, and
most likely the content of organic substances in sewage had a more pronounced
negative effect on phosphorus sorption when using weathered blast furnace slag.
Arsenic mobilisation from the contaminated soils was affected by pH, the presence
of organic substances, and redox potential, and the nature of these effects depended
on the source of contamination (i.e. wood preservatives containing arsenic) and the
presence of calcium in the soil. Arsenic extraction at elevated temperatures enabled
high mobilisation of arsenic from contaminated soils for short contact times, assuming that the extraction solution features vital for arsenic mobilisation were not altered, and the mobilisation was the fastest when using an acid oxalate citrate solution rather than reductive or alkaline extraction solutions at room temperatures.
The willow bed studied reduced efficiently the content of total suspended solids and
biodegradable organic matter in the influent wastewater and prevented the clogging
of downstream phosphorus filters during the operation of one year. The Filtralite®
P treatment train simultaneously removed over 90 and 70% of BOD and phosphorus, respectively, during the experimental period, and therefore, fulfilled the requirements for low protection level during the period of testing of one year except
for tot-P excesses during the snowmelt period. In the case of tot-N reduction (50%),
the high protection level was achieved. The treatment system with the blast furnace
slag filter did not meet the requirements of either protection level, because the
coarse-grained blast furnace slag was inefficient in phosphorus sorption and the
concentrations of oxygen consuming compounds increased in the filter effluent.
The methods studied for recovery of resources in the treatment of wastewater and
contaminated soils demonstrated a potential for achieving such a goal. Despite the
low nutrient accumulation from the influent wastewater, the willow bed was instrumental in nutrient recovery in the downstream treatment steps. Fresh, finegrained blast furnace slag showed a high capacity to recover phosphorus from
wastewater, which was comparable to that of other efficient phosphorus sorbents.
However, the blast furnace slag material released high amounts of sulphuric com-
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pounds during the initial phase of operation, which consequently increased the concentration of oxygen consuming compounds in the filter effluent. Hence, the use of
blast furnace slag for phosphorus retention is not recommended in the case of sensitive receiving waters. Natural clinoptilolite studied showed a high adsorption capacity for ammonium from pre-treated wastewater at low operating temperatures.
Therefore, the clinoptilolite filter has a potential to enhance nitrogen retention during the plant dormancy or prior to the maturity of willow beds when nitrogen retention is needed. The recovery of ammonium was limited by the inefficient desorption
process using tap water without recycling the eluate. Fertigated willows grew nearly
as well as in the south of Sweden, but in the highly loaded horizontal flow willow
bed, the production of biofuel was limited. To recover nutrients, the results showed
that the willow clones with lateral growth are preferable. Dense planting and annual
harvesting before leaf fall enabled collection of about 90% of nutrients accumulated
in the above-ground parts of willows at the experimental site operated over three
growing seasons.
The exclusion of the fine soil fraction prior to the chemical extraction with strong
extraction agents at elevated temperatures contributed to an efficient decontamination of soils during short contact times. However, this treatment results in an incomplete recovery of soils (i.e. recovered mass of soil after the treatment is appreciably smaller than the initial soil mass), consumes high amounts of energy and
produces a reclaimed soil of lower quality, limiting the possible end-uses of such a
decontaminated soil. When the fine fraction was excluded from the extraction process, a lower dose of ferric chloride at pH of 4-5 was needed to decontaminate the
alkaline extraction effluents. The use of acid oxalate-citrate extraction solution was
judged infeasible, because the decontamination of such extraction solution is complicated due to high pH buffering and complexing capacity.
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7 FUTURE RESEARCH
 The quality of soils treated with chemical extraction should be assessed before utilisation.
 The quality and the possible need of treatment of effluents from physical
separation and chemical extraction should be investigated.
 Long-term full-scale trials with different willow clones for treating
wastewater and evaluating long-term biomass production in cold climate
should be undertaken.
 Sustainability of contaminated soil remediation measures involving physical
separation and chemical extraction should be assessed in comparison to the
sustainability of soil removal and landfilling.
 Methods for regeneration of P saturated sorbents should be investigated to
prolong the operation of P filters.
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Methodological Aspects of Using Blast Furnace Slag
for Wastewater Phosphorus Removal
Annelie Hedström1 and Lea Rastas2
Abstract: Blast furnace 共BF兲 slag is a by-product of steel plants. The objective of this study was to evaluate experimental methods to
determine the phosphorus sorption capacity of BF slag. The handling of BF slag, before usage and clogging were also considered, as well
as estimating the phosphorus retention capacity. Agitation and pilot-scale experiments were performed using both wastewater and
phosphate solutions. This investigation showed that sorption capacities derived by wastewater experiments were considerably lower
compared to those by phosphate solutions. Fresh BF slag brieﬂy exposed to rainfall had a higher phosphorus sorption than weathered BF
slag, indicating the importance of handling the slag carefully before usage. The risk for leakage of sulfuric compounds is considerable,
especially during the initial operation phase of BF slag ﬁlters. Locations of BF slag ﬁlter beds for wastewater treatment must be carefully
chosen from an environmental point of view.
DOI: 10.1061/共ASCE兲0733-9372共2006兲132:11共1431兲
CE Database subject headings: Phosphorus; Sorption; Clogging; Wastewater management; Filters.

Background
Small on-site wastewater treatment systems for residential buildings in Sweden contribute signiﬁcantly to the anthropogenic
discharge of phosphorus, approximately 20% of the gross discharge 共SEPA 2003兲. Discharge from municipal wastewater treatment plants is only approximately 15% 共SEPA 2003兲, though as
much as 85% 共SCB 2004兲 of the Swedish population are connected to wastewater treatment plants. Small wastewater treatment systems may be upgraded by phosphorus sorbing reactive
ﬁlter materials to improve their phosphorus retention. Suggested
reactive ﬁlter materials for this purpose are, e.g., limestone 共Johansson 1999; Hill et al. 2000兲, opoka 共Johansson and Gustafsson
2000兲, wollastonite 共Brooks et al. 2000; Hill et al. 2000兲, shell
sand 共Roseth 2000兲, light expanded clay aggregates 共Leca兲 共Zhu
et al. 2003兲, ﬂy ash 共Mann and Bavor 1993; Johansson 1999兲, and
blast furnace 共BF兲 slag 共Yamada et al. 1986; Sunahara et al.
1987兲.
The sorption capacity of the ﬁlter material is an important
parameter for the longevity of wastewater treatment applications.
During the last decade, phosphorus sorption of BF slag has been
studied intensively 共Lee et al. 1997; Sakadevan and Bavor 1998;
Johansson 1999; Johansson and Gustafsson 2000; Grüneberg and
Kern 2001; Agyei et al. 2002; Kheliﬁ et al. 2002; Cameron et al.
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2003; Oguz 2004; Hylander et al. 2005; Korkusuz et al. 2005兲.
The obtained sorption capacity of these studies varied to a great
extent. The variation cannot be explained only by the difference
between the materials, e.g., crystalline and amorphous BF slag,
but by the differences in the experimental methods, such as agitation versus ﬁlter experiments, inﬂuent solution, phosphorus
content of inﬂuent, contact time, grain size of ﬁlter material. A
higher reaction temperature caused higher phosphorus retention
according to Yamada et al. 共1986兲 and Agyei et al. 共2002兲.
An increased inﬂuent phosphorus concentration resulted in an
increased phosphorus sorption when conducting agitation experiments 共Sunahara et al. 1987; Agyei et al. 2002兲. A higher concentration of salt in the solution seemed to decrease the phosphate
sorption on the BF slag. Yamada et al. 共1986兲 investigated the
effect of NaCl content on phosphorus retention, showing that a
higher NaCl concentration decreased the phosphorus sorption.
For practical wastewater treatment applications, phosphorus
sorption capacities of ﬁlter materials are not solely relevant
but environmental and other practical aspects, such as possible
leaching of hazardous compounds and clogging of ﬁlter. So far,
leaching of hazardous compounds from BF slag ﬁlter in wastewater treatment applications has not achieved attention. However,
the leaching has been considered in the use of by-products as
construction material 共Tossavainen 2005兲.
Most experiments done to investigate the phosphorus retention capacity of BF slag are laboratory tests 共agitation and column
tests兲 using artiﬁcial phosphorus solutions 共Yamada et al. 1986;
Mann and Bavor 1993; Lee et al. 1997; Johansson 1998;
Sakadevan and Bavor 1998; Agyei et al. 2002; Kheliﬁ et al.
2002兲. However, research ﬁndings from experiments with artiﬁcial phosphorus solutions 共particularly agitation experiments兲
cannot be extrapolated to wastewater applications due to, e.g.,
hydraulic differences and competing ions. The ﬁndings may only
result in a comparison between the efﬁciency of different materials. Additional studies of BF slag being loaded with wastewater
are of interest to evaluate its suitability as a ﬁlter medium for
wastewater treatment. Further, environmental and practical aspects of using BF slag should be elucidated. Assessing different
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Table 1. BF Slag Materials Used in the Different Experiments
Term of
BF slag

Treatment
before
experiment

Grain size
共mm兲

Storage of BF slag
at steel plant

Fresh
Weathered
Weathered++

0.5–2
0.5–2
1–5.6

Outdoors about one year
Outdoors a couple of years
Outdoors a couple of years

Weathered+

1–5.6

Outdoors a couple of years

Experiment

—
—
Rinsed and washed
共L / S = 16兲
Rinsed

Agitation
Agitation
Agitation
Pilot scale

common being melilite, a series of solid solutions from akermanite 共2CaO· MgO· 2SiO2兲, merwinite 共3CaO· MgO· 2SiO2兲, and
anorthite 共CaO· Al2O3 · 2SiO2兲 to gehlenite 共2CaO· Al2O3 · SiO2兲
共Lindgren 1992; Tossavainen and Forssberg 2000兲. The content
of major elements in the investigated BF slag was 30–33% CaO,
33–36% SiO2, 15–19% MgO, 11–13% Al2O3, 2–3% TiO2,
1 – 2 % S, 0.3– 0.5% MnO, 0.281% Fe2O3, and ⬍0.012%
P2O5. The content of minor elements and the physical properties
of the BF slag used in this study are given in Tables 2 and 3,
respectively.

experimental approaches is also of interest to better understand
how laboratory experimental results should be interpreted to the
following design of full-scale systems.

Objectives and Scope
The objective of this study was to evaluate different experimental
methods to determine the phosphorus sorption capacity of BF
slag. Further, practical aspects, such as clogging, handling of BF
slag prior to usage and efﬂuent quality, of utilizing BF slag in
wastewater treatment applications were evaluated. Moreover, the
phosphorus sorption capacities of blast furnace slag in contact
with artiﬁcial phosphate solution and municipal wastewater were
determined. Environmental aspects of using blast furnace slag in
wastewater treatment applications were discussed.
Agitation experiments and a pilot-scale study with horizontal
ﬂow were performed in this investigation. Both municipal wastewater and artiﬁcial phosphorus solutions were used in these experiments. Crystalline blast furnace slag of different ages was
collected at the SSAB steel plant in Luleå, Sweden.

Phosphate Solutions and Wastewater Used
in the Experiments
The phosphate solutions 共0 – 20 mg PO4 – P / L兲 used in the agitation experiments consisted of Na2HPO4 mixed with distilled
waster. The range of phosphorus concentrations was selected with
respect to the properties of typical municipal wastewater 共Metcalf
and Eddy 1991; Kadlec and Knight 1996兲. Municipal wastewater,
mechanically and biologically treated in a wastewater treatment
plant, was used in the agitation experiments when fresh and
weathered BF slag was evaluated. Prior to the experiments, the
wastewater was ﬁltered through a 0.45 m ﬁlter. The phosphorus
concentration after ﬁltration was 0.75 mg tot-P / L. A part of the
wastewater used in these experiments was spiked with Na2HPO4
to a phosphorus concentration of approximately 4.2 mg tot-P / L.
The municipal wastewater used in the pilot-scale experiments
passed through the step screen and was collected in the following
grit chamber. The wastewater was collected once a week and
was stored at +4 ° C, except for the amount of inﬂuent needed
daily in the pilot-scale experiment. The inﬂuent total P and
PO4 – P concentrations into the BF slag ﬁlter were 1.0–5.3 and
0.5– 4.3 mg/ L. The BOD7 and suspended solids 共SS兲 concentrations were 26–28 and 5 – 25 mg/ L, respectively.

Materials and Methods
Materials
Blast Furnace Slag
The BF slag used in the experiments originated from the SSAB
steel plant in Luleå, northern Sweden. Two particle sizes of
crystalline BF slag, 0.5–2 and 1 – 5.6 mm, were used in the experiments. Further, two types of 0.5– 2 mm BF slag were used:
One which had been outdoors in a pile for about one year 共fresh兲,
the other 共weathered兲 for a couple of years. During storage time,
the material was exposed to various weather conditions 共rain,
snowfall, etc.兲. This situation may have caused leaching of important elements for phosphorus sorption. The weathered BF slag
material was rinsed once with tap water in a hydraulic conductivity test prior to some of the experiments 共weathered+兲. Part of
this BF slag was further washed with tap water at a liquid/solid
ratio 共L/S, 关volume/volume兴兲 of 16 共weathered++兲 prior to the
experiment to remove dust and any excess of easily soluble calcium compounds. Information about the materials investigated in
the experiments is compiled in Table 1. Crystalline 共ungranulated兲
BF slag material consists of ternary compounds, the most

Agitation Experiments
Fresh, weathered, and weathered++ BF slags were used in this
experiment. Duplicate 1 g samples of BF slag materials were
brought into contact with 75 mL of phosphate solutions 共5, 10,
15, and 20 mg PO4 – P / L兲. The fresh and weathered BF slags
were brought into contact with wastewater or Na2HPO4 spiked
wastewater. Initial pH was adjusted to 7.0 with HCl in all solutions. The ﬂasks were shaken at 200 rpm in room temperature
共approximately 20° C兲 for 20 h. After the agitation, the suspensions were ﬁltered 共0.45 m兲 and pH was measured. All of the

Table 2. Chemical Composition of BF Slag Used in Experiments, Minor Elements 共mg/g兲
Cr

Co

Cu

La

Mo

Nb

Ni

Pb

Sc

Sn

Sr

Zn

Zr

V

W

Y

33
⬍3
550
5
⬍1
Note: Analyses delivered by SSAB.

As

Ba

Be

⬍1

37

⬍5

⬍5

⬍1

⬍10

27

⬍5

360

2

14

170

⬍5

40
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Table 3. Physical Properties of BF Slag Used in Experiments
Physical parameter

Fine
BF slag

Table 4. Operation Parameters of the Pilot-Scale Experiment
Coarse
BF slag

Grain size 共mm兲
0.5–2
1–5.6
1,245
1,158
Density 共kg/ m3兲
Porosity 共%兲
55
54
Hydraulic conductivity 共m/day兲
1,990
4,260
Note: The parameters were determined a week before the start of the
experiments.

supernatant solutions were analyzed regarding total phosphorus,
whereas those solutions which reacted to fresh and weathered BF
slags were also analyzed with respect to Ca.
Pilot-Scale Experiment
Experimental Setup
A box lined with plastic was ﬁlled with weathered+ 1 – 5.6 mm BF
slag to a height of 5 cm and covered with plastic to avoid evaporation. Drainage compartments comprised of washed gravel were
placed at both ends of the box 共see Fig. 1兲. Wastewater was
pumped to a settling tank to separate suspended solids of the
wastewater and conveyed through a rotating wastewater distributor and distributed on the gravel. The wastewater was then percolated through the ﬁlter bed with a horizontal ﬂow during
hydraulically saturated conditions. The experiment was conducted
at room temperature 共about 21° C兲. Operational data of the experiment can be seen in Table 4.
Sampling
The efﬂuent was collected in a container stored at room temperature and emptied biweekly. Water samples were taken after the
settling tank and in the efﬂuent container, see Fig. 1. Tot-P and
PO4 – P were sampled biweekly and samples for SO4 – S and SS
analyses were taken weekly during the investigation. Temperature, pH, and volume of the percolated wastewater were measured
during sampling.
Analyses of Water Samples
pH was measured with a WTW pH 330 meter. Digestion of total
phosphorus samples was done according to the Swedish standard
SS 02 81 27. Phosphate and total phosphorus were analyzed with
a continuous auto-analyzer 共TRAACS 800, Bran⫹Lubbe兲 based
on molybdenum blue method. The suspended solids, SS, were
analyzed according to the standard SS-EN 872. The sulfate concentrations were analyzed with Hach, DR-EL2 which uses a turbidimetric method. Barium ions react with sulfate ions producing
milky barium sulfate precipitation. The amount of turbidity is

Parameter
Hydraulic retention time in settling tanka
Range of hydraulic retention time in settling tank
Hydraulic retention time in BF ﬁltera
Range of hydraulic retention time in BF ﬁlter
Duration of experiment
Average of ﬂowa
Range of ﬂow
Mass of 1 – 5.6 mm BF slag
a
Time weighted average.

Value

Unit

1.6
1.5–3.9
3.8
3.4–9.2
96
3.0
1.3–3.4
10.3

day
day
day
day
day
L/day
L/day
kg

proportional to the amount of sulfate present, and the turbidity
can be measured spectrophotometrically. The calcium concentrations were determined by Hach method 8204 which is based on
titration with EDTA.
Calculations
The sorbed amounts of phosphate and total phosphorus in the
agitation experiments were determined by the product of P concentration difference before and after agitation, and volume. In
the pilot experiment, the phosphate and total phosphorus sorption
were determined as the product of P concentration difference in
the inﬂuent and the efﬂuent, and volume. Phosphorus retention
maximum was determined from Langmuir equation 共Metcalf and
Eddy 1991兲
RL =

abCe
1 + bCe

共1兲

where Cc⫽concentration of P in the solution after sorption 共mg
P/L兲; RL⫽amount of P sorbed per unit weight of the material
共mg/kg兲; a⫽P sorption maximum 共mg/ kg兲; and b⫽constant related to the binding strength of P on the material 共L/mg P兲.
Phosphorus Extraction Estimations of BF Slag
from Pilot-Scale Experiments
When the loading period of the pilot-scale experiments was ﬁnished, the phosphorus content of the BF slag materials was estimated by a phosphorus extraction method. Slag samples were
taken at two different positions, i.e., 10 cm from the inlet and
10 cm from the outlet. These two samples were taken from the
surface down to the bottom and divided into three layers of about
1.5 cm thick: Called “surface,” “middle,” and “bottom.”
The phosphorus content of the BF slag ﬁlter materials was
analyzed as follows: 25 mL 0.04 M H2SO4 was added to each 1 g
BF slag sample and boiled in an autoclave at a temperature of
120° C for 30 min with 0.25 g peroxide sulfate 共K2S2O8兲. The
leachate was then analyzed with respect to total phosphorus with
a continuous auto-analyzer 共TRAACS 800 Bran⫹Lubbe兲 based
on molybdenum blue method. Before analysis, the total phosphorus samples were digested according to the Swedish standard
02 81 27.

Results and Discussion
Inﬂuence of Experimental Methods
on Phosphorus Sorption
Fig. 1. Experimental setup of the pilot-scale study

When trying to determine the phosphorus sorption capacity of the
BF slag, the obtained results depend on the chosen experimental
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Table 5. Phosphorus Sorption of BF Slag Related Type of Slag and Solution Used in Agitation Experiments
Phosphorus sorption capacity 共mg tot-P / kg BF slag兲

Water quality

Initial
phosphorus
concentration

Fresh
BF slag
共0.5– 2 mm兲

Weathered
BF slag
共0.5– 2 mm兲

Phosphate solution
20 mg tot-P / PL
1493± 11
638± 53
Phosphate solution
10 mg tot-P / L
821± 0.1
563± 64
Phosphate solution
5 mg tot-P / L
380± 0.5
321± 12
Filtered wastewater, P-spiked
4.2 mg tot-P / L
176± 5.3
105± 0.0
Filtered wastewater
0.75 mg tot-P / L
38± 0.0
25± 1
Note: The phosphorus sorption values are based on an average of duplicate samples and the standard deviations are given.

method. The phosphorus sorption of BF slag increased with a
higher initial phosphate concentration, see Table 5. At an initial
phosphorus concentration of 20 mg/ L, 1,493 mg tot-P / kg fresh
BF slag was sorbed. The corresponding value for the initial phosphorus concentration of 10 mg/ L was 821 mg tot-P / kg.
Sakadevan and Bavor 共1998兲 obtained a maximum phosphorus
sorption capacity of about 40,000 mg P / kg BF slag at an initial
phosphate concentration of approximately 10,000 mg P / L. These
results show a theoretical sorption capacity of the BF slag, but
because the common phosphorus concentration of municipal
wastewater is much lower, such high capacities would not be
practically attained for this kind of wastewater.
Table 5 shows the phosphorus sorption capacities of BF slag
acquired from different agitation experiments with an initial phosphorus concentration of about 5 mg/ L. The highest phosphorus
sorption was obtained for fresh BF slag shaken with an artiﬁcial
phosphate solution, 380 mg tot-P / kg BF slag. The corresponding
value for fresh BF slag shaken with ﬁltered and phosphate-spiked
wastewater with a phosphorus concentration almost equal to
5 mg tot-P / L 共4.2 mg tot-P / L兲 was 176 mg tot-P / kg BF slag.
Similar results were received for the weathered BF slag.
One explanation for the big difference between the results obtained with phosphate solutions and wastewater may be due to the
presence of competing ions in the wastewater such as chloride
共Yamada et al. 1986兲, sulfate and negatively charged, dissolved
organic substances 共Ramakrishna and Viraraghavan 1997兲. Another explanation could be microorganisms that may form a bioﬁlm on the BF slag particles covering the sorption sites while
degrading organic matter in the wastewater. When using artiﬁcial
phosphorus solutions, the phosphorus constituent is orthophosphate, i.e., the ion that reacts most efﬁciently with calcium.
Wastewater not only contains orthophosphate, but also, e.g., organic phosphorus compounds and polyphosphates 共Snoeyink and
Jenkins 1980; Sedlak 1991兲. These are not as reactive as dissolved inorganic orthophosphates 共Droste 1997兲. pH has an effect
on the phosphorus sorption as well. Calcium phosphate precipitation is facilitated by high pH 共Jenkins et al. 1971; Agyei et al.
2002兲. In this study, pH of the solutions after reaction were 10.5
共fresh BF slag兲 and 9.8 共weathered BF slag兲 for the phosphate
solutions. Corresponding values for the wastewater were 8.7
共fresh BF slag兲 and 8.5 共weathered BF slag兲 due to the buffering
capacity of wastewater.
Therefore, phosphorus sorption capacities acquired from experiments using artiﬁcial phosphorus solutions are overestimated
when transferred to wastewater, as illustrated in Fig. 2 where the
phosphorus reductions obtained for fresh and weathered slag in
agitation experiments are shown. The phosphorus reduction for,
e.g., fresh BF slag was almost 100% for the initial phosphorus
solution of 5 mg tot-P / L. Corresponding phosphorus reduction

Weathered++
BF slag
共1 – 5.6 mm兲
239± 46
185± 15
118± 7

for a wastewater solution with an initial concentration of
4.2 mg tot-P / L was 56%. Similar results were acquired for the
weathered BF slag.
However, the advantage of using artiﬁcial phosphate solutions
allow for the possibility to repeat parts or whole experimental
setups as the solution can be replicated. Wastewater quality is
continually changing, making comparing results of different setups more difﬁcult as the results are inconsistent.
For practical wastewater applications, results from wastewater
experiments are more relevant. So far, few studies estimating the
phosphorus sorption capacity of BF slag with wastewater have
been performed. Grüneberg and Kern 共2001兲 as well as Cameron
et al. 共2003兲 stated that they would continue with their ﬁlter experiments until they had reached complete phosphorus saturation
of the slag. Other similar studies have not been found.
Agitation experiments are easily and rapidly accomplished and
their use is suitable when different materials are to be evaluated
and compared 共as the investigation of fresh and weathered slag
in this study兲. However, the acquired absolute values for the phosphorus sorption capacities from such experiments cannot be
extrapolated to practical ﬁlter applications. When BF slag is
shaken with solutions, the direct contact between the grains and
solution differs compared to when a solution is ﬁltered through
the slag. Further, the sorption results of agitation sorption experiments are dependent on the numerical value of the ratio between
the solid and dissolved phases. A more comprehensive discussion
of these aspects was presented by Drizo et al. 共2002兲. Further,
agitation of BF slag may cause a destruction of the material which
increases the sorption sites and thus the sorption capacity can be
overestimated.
Filter experiments loaded with wastewater can result in phosphorus sorption capacity of the investigated ﬁlter medium but
information about other aspects is received as well. The retention
of phosphorus containing particles and dissolved organic phos-

Fig. 2. Phosphorus reduction rates related to quality of BF slag and
phosphorus solutions used in agitation experiments
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Fig. 3. Phosphorus sorption capacities related to handling of BF
slag before utilization and phosphate concentrations at equilibrium,
reaction time 20 h

phorus can be investigated. Furthermore, operation problems,
such as clogging can be studied. Such ﬁlter experiments thus
improve forecasting ﬁlter results of full-scale applications for
treating wastewater.
Practical Aspects of Using BF Slag
as a Phosphorus Sorbent
Clogging
Clogging appears in ﬁlter beds from the settling of wastewater
particles at the entrance of the ﬁlter. Microorganisms may degrade
organic matter in the wastewater, thereby forming a bioﬁlm on the
BF slag particles. This may cause clogging when the ﬁlter has
been in operation for some time 共Stark 2004兲. The magnitude of
clogging in wastewater ﬁlter beds depends on numerous factors,
such as the grain size of the ﬁlter material, hydraulic load, ﬁlter’s
degree of water saturation, pH in the ﬁlter, inﬂuent concentrations
of suspended solids, and organic matter.
In the pilot-scale experiment, the grain size of the ﬁlter was
1 – 5.6 mm while the retention time in the settling tank and the
ﬁltration rate were 38 h and 0.3 m / day, as respectively. No
clogging problems occurred. The hydraulic head loss during the
operational period of the 3 month long pilot-scale study was
estimated at 1–2%.
However, in the completed pilot-scale experiment, the inﬂuent
load of SS, 7 – 23 mg SS/L, was low compared to concentrations
obtained after conventional septic tanks. The efﬂuent SS concentration of a Swedish septic tank for municipal wastewater was
estimated at 50– 100 mg SS/L 共SEPA 1991兲. Therefore, the risk of
clogging is larger in a practical wastewater ﬁlter application compared to the results acquired in the present pilot-scale study. For
this reason, when constructing full-scale systems, it is important
to have an efﬁcient wastewater pretreatment before the BF ﬁlter.
Handling of BF Slag before Application
The handing of BF slag before being used in a ﬁlter bed application may affect the phosphorus sorption capacity of the slag.
In performed agitation experiments, fresh, weathered, and
weathered++ BF slag of a coarser grain size were investigated
when reacting with artiﬁcial phosphorus solutions. The results
of the experiments showed fresh BF slag to have the highest
phosphate sorption whereas the weathered++ BF slag had the
lowest. At an initial phosphorus concentration of 20 mg/ L,
1,493 mg tot-P / kg fresh BF slag was sorbed. The corresponding

Fig. 4. Final calcium concentration and pH in agitation experiment
where fresh and weathered BF slag reacted with phosphate solutions
of different concentrations

value for weathered++ BF slag was 239 mg tot-P / kg, see Fig. 3.
These results indicated changing BF slag properties when being
exposed to precipitation such as rain and snow. The fresh and
weathered BF slag samples investigated in this experiment were
collected in uncovered slag heaps stored outdoors, but for different durations. The fresh BF slag had been stored for about one
year and the weathered slag for a couple of years. The slag being
stored outside for a shorter period had higher phosphorus sorption
capacity.
The amount of dissolved calcium in the solution is vital for
phosphorus sorption in BF slag. Fig. 4 shows the ﬁnal calcium
concentration and pH after the agitation experiment with fresh
and weathered slag. The ﬁnal calcium concentration and pH in the
solutions with fresh BF slag were higher than weathered, even
though more phosphate was retained by the fresh BF slag. This
veriﬁes the hypothesis that BF slag is depleted of calcium when
being exposed to rainfall or melting of snow.
If BF slag is planned to be used for phosphorus removal,
proper storage before usage is critical, i.e., it may be good to
cover the slag and try to use it in a wastewater treatment application as soon as possible after being produced.
Sorption Capacity of BF Slag
To compare results of phosphorus sorption capacity experiments
is problematic since the prerequisites often differ between studies.
A study performed by Drizo et al. 共1999兲 had similar prerequisites as the present study with the exception of initial
phosphorus concentrations 共2.5– 40 mg/ L兲. A comparison between these studies showed that the Langmuir sorption maximum
for fresh BF slag was higher than for all the other ﬁlter materials
共see Table 6兲. Thus, the agitation experiments of this study indicated that fresh BF slag has a potential of being an efﬁcient phosphorus sorbent.
Filter Saturation versus Efﬂuent Quality
During the pilot-scale investigation, phosphorus compounds were
sorbed to the ﬁlter. The reduction rates of both total phosphorus
and phosphate were initially about 100% and decreased
to approximately 70% by the end of the experiment. The
sorbed amount of phosphate in the BF ﬁlter was estimated to
58 mg PO4-P / kg. The corresponding value for total phosphorus
was 75 mg P / kg. As the efﬂuent concentrations of total phosphorus and phosphate were similar, most phosphorus containing
particles were removed in the ﬁlter.
The efﬂuent concentrations of phosphate and total phosphorus
increased with time, but were below 0.5 mg/ L during the ﬁrst 50
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Table 6. Langmuir Sorption Maxima for Different Filter Materials
Substrate
Fresh BF slaga
Weathered BF slaga
Bauxiteb
Shaleb
Burnt oil shaleb
Limestoneb
Zeoliteb
LECAb
Fly ashb
a
Present study.
b
Drizo et al. 共1999兲.

Sorption maximum
共mg/kg兲
1,600
680
610
650
580
680
480
420
860

days 共11.5 bed volumes passed兲, when the inﬂuent total phosphorus concentration varied between 1 and 3.5 mg/ L 共Fig. 5兲. At
the end of the experiment, the efﬂuent concentration slightly exceeded 1 mg/ L, while the concentration in the inﬂuent was above
3 mg/ L. Since the phosphate concentration in the inﬂuent was
higher than in the efﬂuent, the BF slag was not saturated with
phosphate. Further, this uncompleted saturation of the ﬁlter was
conﬁrmed by the extraction analyses of the slag. From the
samples taken at the inlet of the pilot ﬁlter, 16– 18 mg tot-P / kg
TS was extracted, whereas, analyses at the outlet approximately
showed 6 mg tot-P / kg TS, see Table 7.
This pilot-scale experiment showed that the total sorption capacity of the BF slag cannot be utilized in the design of full-scale
ﬁlters, if high efﬂuent quality concerning phosphorus is to be
attained. Therefore, phosphorus sorption values related to efﬂuent
quality achieved from ﬁlter experiments should be employed
when designing a ﬁlter for wastewater treatment.
With the experimental setup of low inﬂuent phosphate concentrations and hydraulic retention time, it takes a long time to determine the phosphate sorption capacity of the ﬁlter material. If
the phosphate sorption capacity is to be achieved faster, Drizo
et al. 共2002兲 recommended higher inﬂuent phosphorus concentration than concentrations in domestic wastewater. This results in
overestimated phosphate sorption capacities, and thus overestimated ﬁlter longevities. Therefore, we suggest a higher hydraulic
retention time rather than high inﬂuent phosphate concentrations
which causes an underestimated phosphate sorption capacity.

Table 7. H2SO4 Extracted Phosphorus from the BF Slag at the End of the
Pilot-Scale Experiment 共96 days兲
Total phosphorus extracted 共mg tot-P / kg BF slag兲
Sample location
Surface
Middle
Bottom

Inlet
16
16
18

Outlet
5.6
6.3
5.6

Environmental Aspects of Using Blast Furnace Slag
in Wastewater Treatment Applications
The content of heavy metals is low in BF slag and soluble
amounts of heavy metals from BF slag are smaller than rock
materials, e.g., gabbro and granite 共Tossavainen and Forssberg
2000兲. Vanadium is the only minor element that may leach out in
larger amounts 共Tossavainen and Forssberg 2000兲.
BF slag consists of 1–2% reduced sulfuric compounds which
can be oxidized and leached out 共Kanschat 1996兲. During the
oxidation, protons are formed and possibly resulting in a pH
decrease 共Kanschat 1996兲. However, BF slag contains alkaline
oxides such as calcium-aluminum-silicates. During the weathering of the silicates, protons are consumed and hydrocarbonates
are produced. Thus, a decrease in pH caused by an oxidation of
sulfuric compounds is counteracted by the pH-buffering properties of alkaline oxides in the BF slag 共Lindgren 1998兲. During the
ﬁrst month, the pH was 8–9 in the efﬂuent of pilot-scale experiment. Thereafter, the pH decreased to 7–8. The efﬂuent pH was
higher than the inﬂuent pH during the whole experiment. The
decrease in the efﬂuent pH could not be correlated by oxidization
of sulfuric compounds.
In the present pilot-scale experiment, the release of sulfuric
compounds was considerable. When the ﬁlter had operated for
ﬁve days, the efﬂuent SO4 – S concentration was 1235 mg/ L.
After two weeks, the SO4 – S concentration was stabilized to
80− 150 mg/ L. These SO4 – S concentrations exceed the SO4 – S
limit for Swedish drinking water which is 33 mg/ L. The inﬂuent
SO4 – S concentration varied between 2.2 and 6.8 mg/ L during
the experiment.
Due to the oxidation and subsequent leakage of sulfuric
compounds, using BF slag in road constructions located close to
water resources for drinking water purposes is not recommended
共Kanschat 1996兲. If BF slag is to be used as a component in a
wastewater treatment system, there is a risk of polluting groundwater with sulfuric compounds. Therefore, it is of importance to
locate a BF ﬁlter away from drinking water resources to guarantee the drinking water quality, especially when used as a component in an on-site sanitation system.
Sulfuric odors were observed from the open pilot-scale box
during the whole experiment. This indicates that the full-scale BF
slag ﬁlter should be covered in order to avoid sulfuric odors.

Conclusions

Fig. 5. Inﬂuent and efﬂuent concentrations of phosphate and total
phosphorus during the operation of the pilot-scale experiment

This investigation emphasized the varying phosphorus sorption of
BF slag as a result of which experimental method has been used
for the estimations. Experimental setups with wastewater resulted
in a considerably lower phosphorus sorption compared to phosphate solutions, at equal phosphate concentrations.
Results from agitation experiments showed that Langmuir adsorption maximum for fresh BF slag was higher than some other
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suggested phosphorus sorbents, e.g., Leca, limestone, and ﬂy ash.
In the pilot-scale experiment, 58 mg PO4 – P / kg was sorbed to the
weathered BF slag while the efﬂuent exceeded 1 mg/ L. However,
the BF slag was not saturated with respect to phosphorus. This
pilot-scale experiment showed that the total sorption capacity of
the BF slag cannot be utilized in the design of full-scale ﬁlters, if
high efﬂuent quality concerning phosphorus is to be attained.
Therefore, phosphorus sorption values related to efﬂuent quality
achieved from ﬁlter experiments should be employed when designing a ﬁlter for wastewater treatment.
The risk of a clogging BF ﬁlter was considered in this investigation. Clogging was avoided in the pilot-scale experiment by
using a grain size of 1 – 5.6 mm, an inﬁltration rate of 0.3 m / day,
and an inﬂuent particle concentration of 7 – 23 mg SS/L. This
load of suspended solids was low compared to the efﬂuent concentration from conventional Swedish septic tanks. Therefore, it
is important to have an efﬁcient wastewater pretreatment before
the BF ﬁlter in a full-scale system.
The results of this study indicated that the properties of the BF
slag change when exposed to precipitation, such as rainfall. Fresh
BF slag had the highest phosphate sorption compared to weathered 共69%兲 and weathered++ BF slag 共23%兲 at an initial phosphate
concentration of 10 mg tot-P / L.
During the initial operation phase, leaching of sulfuric compounds was extensive in the pilot-scale experiment. This leakage
can be a considerable environmental problem, when BF slag is
used in a wastewater treatment application, especially if the efﬂuent is released close to drinking water resources. High content
of sulfuric compounds causes taste and odors in drinking water.
Further, the sulfuric compounds caused odors during this study.
In the pilot-scale experiment, acid pH in the efﬂuent was not
observed. However, there might be a risk for a lowered efﬂuent
pH from the long-loaded wastewater ﬁlters as the buffering agent
of BF slag, calcium, is leached.
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Notation
The following symbols are used in this paper:
a ⫽ P sorption maximum 共mg/kg兲;
b ⫽ constant related to binding strength of P on material
共L/mg P兲;
Ce ⫽ concentration of P in the solution after sorption
共mg/kg兲; and
RL ⫽ amount of P sorbed per unit weight of material
共mg/kg兲.
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Abstract
An onsite wastewater treatment plant at Brändön, north of Luleå, receiving primarily treated wastewater from
a village, was operated and investigated during one year. The wastewater flow was 0.5 m3/d. The main treatment steps were a prefilter, mainly to distribute the flow, a vegetation filter consisting of two different clones
of Salix and two phosphorus filters with Filtralite-P and blast furnace slag (BF slag) operated in parallel. The
willow bed reduction of BOD7 was in average about 80 % and of phosphorus (P) and nitrogen (N) 20–30 %.
The main mechanism was believed to be filtration in the bed. The reduction through plant uptake was minor.
The Filtralite-P filter reduced BOD7, P and N with 67 %, 72 % and 20 %, respectively. The BF slag filter reduced P and N with 53 % and 3 %, respectively. The release of sulphuric compounds from the BF slag filter
increased largely the BOD7 content in the effluent. The Filtralite-P system achieved the requirements of the
normal protection level given by the Swedish Environmental Protection Agency but not all of the requirements
of the high protection level. The BF slag system did not fulfil the requirements of the two protection levels.
Key words – Blast furnace slag, cold-climate, domestic wastewater, filter, Filtralite-P, nitrogen, phosphorus,
recovery, small-scale, willow

Sammanfattning
En småskalig avloppsanläggning har testats i Brändön norr om Luleå under ett år. 0,5 m3/d slamavskiljt vatten
från samhället pumpades till försöksanläggningen som bestod av ett förfilter för att sprida vattnet följt av en
sälgbädd och två parallella fosforfilter med Filtralite-P och masugnsslagg. I sälgbädden reducerades BOD7
med 80 % medan fosfor- och kväveinnehållet minskade med 20–30 %. Huvudsaklig mekanism bedömdes vara
filtrering i bädden medan växtupptaget var av ringa storlek. Filtralite-P filtret reducerade BOD7 med 67 %;
fosfor och kväve med 72 % och 20 % respektive. Masugnsslaggen minskade fosforinnehållet med 53 % och
kväveinnehållet med 3 %. BOD7-innehållet ökade däremot påtagligt genom slaggfiltret beroende på reducerade
svavelkomponenter som frigjordes från slaggen. Systemet med Filtralite-P som adsorbent uppfyllde Naturvårdsverkets krav på normal men inte på hög skyddsnivå. Systemet med BF slagg uppfyllde inte dessa krav.

Introduction
In Sweden, about 1 500 000 persons are connected to
small-scale wastewater treatment units (SEPA, 2002)
often consisting of sludge separation in a septic tank. A
fraction of the treatment units has a soil treatment system following the septic tank. These small-scale treatment plants are responsible for 20 % of the gross anthroVATTEN · 4 · 06

pogenic phosphorus (P) discharge while municipal
wastewater treatment plants with 85 % of the population connected, account for 15 % (SEPA, 2003). Swedish Environmental Protection Agency has recently published directives for small wastewater treatment systems
(SEPA, 2006). The directives contain a demand of enabling recovery of wastewater nutrients and a specification of treatment efficiencies of the systems. The specifi355

cation is given for two protection levels, normal and
high. At the normal protection level, tot-P and BOD7
reduction of the treatment system should be 70 and
90 %, respectively. At the high ditto, tot-P, BOD7 and
tot-N (nitrogen) reduction should be 90, 90 and 50 %.
To approach these objectives, many small-scale wastewater treatment systems need to be updated. Thereby,
the loading of watercourses with organic matter, P and
N will be decreased and the recycling of P and N within
the society can be improved.
In Sweden, short rotation willow coppice has been
studied since the beginning of 1980 to enhance the pollutant removal, especially N, in wastewater treatment
plants (Hasselgren, 1984; Hasselgren, 1999; EC 2003).
Willow as a crop has a high biomass yield, high evapotranspiration rate and reported ability to take up
heavy metals (Perttu & Kowalik, 1997). By using willow
as fuel instead of coal or oil, CO2 emissions can be reduced. Unfortunately vegetation filters have proven to
have a low P removal capacity (Brix, 1994 & 1997).
Further, energy forest coppicing is not recommended in
northern Sweden (NUTEK, 1992). The retention of P
in small wastewater treatment systems can be improved
by the use of filter media. Several filter media e.g. blast
furnace slag (BF slag) (Johansson, 1998) and Ca-enriched
expanded clay (Filtralite-P) (Ádám et al., 2005; Jenssen
et al., 2005; Heistad et al., 2006; Öövel et al., 2006)
have demonstrated a high P sorption capacity. BF slag is
a by-product from steel plants, whereas Filtralite-P is
manufactured specially for P sorption in wastewater
treatment plants. BF slag contains substances (e.g. sulphur and vanadium) which may cause problems while
using it in wastewater application or as a soil conditioner (Tossavainen & Forssberg, 1999). High energy consumption during manufacturing of Filtralite-P is in a
conflict with the aim of ecologically sustainable development. Further, both of the adsorbents release an effluent
with high pH (Johansson, 1998; Hellström & Jonsson,
2005).
The objectives of this paper were:
• To estimate whether a willow vegetation filter for
wastewater treatment can be established in cold-climate and to estimate the biomass production.
• To estimate the treatment efficiency of willow vegetation filter in terms of BOD7 and nutrients N and P
• To determine the efficiency of BF slag and Filtralite-P
for wastewater treatment in terms of P, N and organic
matter
• To present effluent quality and reduction rates of the
two treatment lines
• To describe operating experiences of the treatment
plant
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Materials and Method
Design and site conditions
A small on-site wastewater treatment plant comprising
of a willow bed planted with two different clones
“Karin” (((Salix schwerinii x S. viminalis) x S. viminalis)
x S. burjatica) and “Gudrun” (Salix dasyclados) was
constructed in the municipality of Luleå, in northern
Sweden. The willow plantation was established using
unrooted stem cuttings with the length of 20 cm at the
middle of May. The density of plantations was 25
cuttings/m2. The vegetation filter was followed by two
parallel P filters comprising of BF slag and Filtralite-P
(see Fig. 1).
The influent to the experimental treatment plant was
a stream of primarily treated wastewater from a village.
In order to simulate a flow pattern of one detached
house, wastewater was pumped daily at 6–10 and 17–
22. The pump had the same pumping cycle as the pumps
of the nearby municipal wastewater treatment plant.
The capacity of the pump was 0.25–0.4 l/s. The wastewater flow to the experimental treatment plant during
the four months of operation was 600–900 l/d. Thereafter the flow decreased to 300–600 l/d with few exceptions.
About 0.5 m3 of wastewater was pumped daily (time
weighted average) to a distribution layer and a prefilter
having a height of 1 m. The wastewater flowed vertically
through the prefilter, and thereafter horizontally through
the willow bed. In the P filters, wastewater flowed vertically. The willow bed and the P filters were watersaturated.
A drainage layer under the willow bed unit was built
in order to avoid displacement forces lifting the bed.
Two plywood boards of 30 cm height were placed vertically at the bottom of the willow bed in order to improve

Fig. 1. Layout of the experimental wastewater treatment plant.
Units are given in m.
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Table 1. Design parameters of the experimental treatment unit.

Willow bed unit
Prefilter
Willow bed
BF slag filter
Filtralite P filter

H
[m]

A
[m2]

V
[m3]

Grain size
[mm]

Surface loading
[m/d]

Nominal retention time*
[d]

–
1.0
0.8
0.9
0.9

32
4
22
2.4
2.4

26
20
16
2.2
2.2

–
16–32
4–8
3–6
0–4

–
0.1
0.2
0.1
0.1

20
–
–
3.6
3.6

* Calculated at a porosity of 40 % and with a flow of 0.5 m3/d.

mixing of wastewater and precipitation in the bed. The
location of the boards in the willow bed can be seen in
Fig. 1. All of the three filters were insulated from the
sides and the P filters at the top of the cases using 10 cm
thick polystyrene insulation plates. Pipes were insulated
using polystyrene pipe insulation and heating cable.
One submersible heater was placed in each of the outdoor wells. A box in the distribution layer was covered
with mineral wool wrapped in plastic.
Design data of the wastewater treatment plant can be
found in Table 1. The volumes of the willow bed unit
and each P filter were 26 and 2.2 m3, respectively. The
calculated retention times for the corresponding treatment processes were 20 and 3.6 d, assuming a porosity
of 40 %.

Characteristics of phosphorus adsorbents
Filtralite-P is a Ca-enriched expanded clay commercially
available. BF slag is a by-product from iron making. The
BF slag used in the study originated from SSAB Merox
AB in Oxelösund, Sweden. Both of the materials contain Ca and Mg. The bulk density of Filtralite-P and BF
slag was 550 kg/m3 and 1 300 kg/m3, respectively. The
filter porosity was 65 % in Filtralite-P and 40 % in the
BF slag.

In the autumn of the 2nd year, about 75 % of the
stems were collected randomly before the leaf fall. The
number of harvested and remaining stems was counted.
Further, the number of first and second year harvested
and remaining stems were counted. The weights of
1- and 2-year-old stems were measured during the same
day as they were cut. A 200 g sample of the collected
stems was used for nutrient content analysis of the
clones. A sample of 100 g of each harvested stem type
and a sample of 50 g of each willow leaf type were collected for DM analysis. The samples were dried at the
temperature of 107°C till the dry weights were stable.
The analytical methods of DM, N and P content are
presented in Table 2.
Wastewater
Sampling was done once a month in the pump well, in
the well after the willow bed and in the wells after the
P filters. All of the samples were grab samples and

Table 2. Method of analysis.
Type of sample Parameter Method of analysis
Willow stem

Measurements and analysis
Biomass production and nutrient content of willows
Half of the two sets of willow clones were harvested in
the spring of the 2nd year before the willows budded.
The harvested stems were collected randomly from the
experimental site and were weighted during the same
day. A 200 g mixed sample of the collected stems was
used for nutrient content analysis of the clones. The two
samples were stored frozen prior to the analysis. Three
stem samples of 50–70 g of each willow clone were
chosen for dry mass (DM) analysis. The samples were
chipped before drying at the temperature of 107°C for
three days.
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Wastewater

DM
Tot-P
Tot-N
Tot-P
PO4-P
Tot-N
NH4-N
NO3-N
BOD7
SO4-S
SS
Ca
pH

SS-EN 12880
SS-EN13346 mod / SS11885-1
SS 02 81 01, ed. 1
SS 02 81 27
QuAAtro Applications
No. Q-031-04
SS 02 81 31
QuAAtro Applications
No. Q-001-04 (multitest M9/M10)
QuAAtro Applications
No. Q-003-04
SS-EN 1899-1
Hach method DR-EL2
SS-EN 872
Hach method 8204
WTW pH 330 meter
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analysed with respect to tot-P, tot-N, NH4-N, BOD7,
SO4-S and Ca. After four months of operation, samples
were analysed with respect to pH and SS. At four sampling occasions, the samples were analysed with respect
to PO4-P and NO3-N. The samples were stored frozen
prior to analysis. The flow from the pump was registered
continuously.
The analytical methods of wastewater analyses are
presented in Table 2.

Table 3. Fertigation of willow bed during the growing period.
Year 1: 12.7.–18.10. and Year 2: 4.5.–6.9.

Calculations

these parameters. The average values were within the
range of the literature values of constructed wetland influent reported by Vymazal (2002). The bioavailable
N (NH4-N) was about 74 % of tot-N. The remaining
part of N was organic bound and not available for plant
uptake without ammonification. The influent was primarily treated wastewater, thus the nitrate content of the
total N was negligible (3 %). The amount of bioavailable
P (PO4-P) in the influent was about 75 % of the tot-P.

Loading rates
Nutrient loadings were calculated by multiplying average concentrations and the water volume that passed the
willow bed between samplings during the growing
period. At the end, the multiplications were added up.
Irrigation rate was calculated by dividing the accumulated wastewater volume through the bed during the
growing period with the number of the days of the growing period.
Biomass production
At the calculations of the biomass production during
year 2, the fresh weight of stems was estimated to be
63 % of the total fresh above-ground biomass. The estimation was based on DM measurements in this study
and a study of Ericsson (1994) where the DM weight of
stems was about 69 % of the total above-ground DM
biomass for the plants of age 2–3 years.
Nutrient uptake
Due to an error in analyses of the stem N content at the
1st sampling, the results of the 2nd sampling for the N
content of 1-year-old stems were used in the calculation
of the stem N uptake year 1.
Reduction rates
Reduction rates were calculated from the difference between the actual influent and effluent concentrations.
Thus, the effects of retention times, precipitation or evapotranspiration were not taken into account at the calculation of the reduction rates.

Results and Discussion
The average concentrations, in the influent wastewater
of tot-P, tot-N, NH4-N, BOD7, pH and SS were 6.6,
43, 32, 146, 7.4 and 91 mg/l, respectively. There was no
big difference between the average and median values of
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Year

Tot-N
kg/ha

NH4-N
kg/h a

Tot-P
kg/ha

Wastewater loading
mm/d

1
2

1678
790

1259
592

340
116

35
16

Willow bed
Fertigation of willow bed during the growth period
The load of tot-N, NH4-N and tot-P was 1678, 1259
and 340 kg/ha, respectively, during the growing period
of year 1. The corresponding values for year 2 was 790,
592 and 116 kg/ha, respectively (see Table 3).
Application of nutrients in this study was much
higher than the plant demand. Estimations of N and P
demand of Salix have been given by several authors
(Hasselgren, 1984; Ericsson, 1992; Perttu, 1993;
NUTEK, 1994; Hasselgren, 1999; Perttu, 1999 and
Rytter, 2001). The plant demand of N and P was estimated to be 36–200 kg N/ha, a and 5–80 kg P/ha, a
depending on local conditions (e.g. age of shoots, soil
type, amount of biomass production). The optimum N:
P-ratio for willows has been given by Perttu (1999),
100:14. In this study, the rate was higher 100:20 calculated from the loading rates.
Willows were irrigated with 35 mm/d of wastewater
during year 1 and 16 mm/d during year 2 as can be seen
in Table 3. The water demand of Salix grown in southern Sweden was studied by Lindroth and Halldin (1988).
According to the study, the average water demand based
on evaporation amounted to 3.5 mm/d during the growing period. In the present study, the irrigation rate was
nine and four times higher than the demand during the
first and second year, respectively. However, there are
studies carried out in southern Sweden where irrigation
rates higher than 3.5 mm/d have been successful (Hasselgren, 1984; Hasselgren, 1998; Hasselgren, 1999; EU
2003).
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Table 4. Stem biomass production and nutrient uptake by the willow stems.
Year

ton DM/ha
Karin Gudrun

kg tot-N/ha
Karin Gudrun

kg tot-P/ha
Karin Gudrun

1
2

1.4
8.5

7.5
46.5

2.2
9.7

1.2
8.1

4.6
44.6

1.9
9.7

Biomass production
The stem biomass production of Karin and Gudrun was
1.4 and 1.2 ton dry mass (DM)/ha for year 1. As for
year 2, the corresponding values were 8.5 and 8.1 ton
DM/ha (see Table 4). The biomass production of
clone Karin was slightly higher than the one for clone
Gudrun.
The difference in stem biomass production between
the clones could be explained by the genetic differences
between the clones. Gudrun is considered to be a slow
starter whereas Karin is an opposite ditto (Weih &
Nordh, 2002). At northern latitudes with short growing
periods, plants starting to grow fast early in the season
might gain a great advantage compared to those starting
to grow slowly (Weih & Nordh, 2002). In this study,
after three weeks of planting, most of the cuttings of
Karin had produced above ground shoots whereas about
half of the cuttings of Gudrun had not above ground
shoots. Some of the Gudrun cuttings without above
ground shoots were observed, and the cuttings were
found to be free of shoots. About half of Gudrun was
replanted with new cuttings and shoots of the new cuttings could be observed after some weeks.
The range of the stem biomass production of 1-year-

old shoots found in similar studies in literature was
1.2–5.3 ton DM/ha (Hasselgren, 1984; Mortensen et al,
1998; Rytter, 2001; EC, 2003). Even though the nutrient and water demand of willows was met in this study,
the stem biomass production for 1 year old shoots was at
the low end of the range. The corresponding value for
the stem biomass of the 2th year production was 3.7–
17.7 ton DM/ha (Hasselgren, 1984; Mortensen et al,
1998; EC, 2003). The stem biomass production during
year 2 in this study was in the middle of the range of the
literature values.
According to Perttu (1983) and Ledin & Perttu
(1989), temperature is normally the most limiting factor
for plant growth at high northern latitudes. The growth
rate is highly correlated with the temperature sum of the
growth period. Thus, a possible reason for low stem biomass production during the first year and the biomass
production comparable with other studies during the
second year could be the average monthly temperatures
during the experiment. The average temperature of May
year 1 was 5°C which was 3°C lower than the May of the
following year. Further, the temperature was well below
the long time monthly average of 6.4°C (see Fig. 2). The
average temperatures during the whole experiment were
above the long time averages with 0.5–3.4°C, especially
during July, August and September. According to Weih
and Nordh (2002), an additional biomass gain late in
the season hardly could compensate for the slow growth
of slow starters early in the season.
The range of literature values above is from studies
performed in southern Sweden (Lund and Roma) and in
Denmark. The number of months with average temperature above 5°C during the years 1961–1990 is 7 in
Lund, 6 in Roma and 5 in Luleå (SMHI, 1991). However, the stem production during the second year in this

Fig. 2. Monthly average temperatures at
Kallax Airport, 19 km south of Brändön
during the growing periods (year 1 and
2) with long time monthly averages in
Luleå and Roma (SMHI, 1991 and
SMHI 2006).
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study was at the same level as in the study by EC (2003)
performed in Roma in which the production was about
9–10 000 kg/ha. Thus, the stem biomass production
comparable with EC (2003) could be explained by an
especially warm summer in Luleå. The temperature was
2°C above the long time average of June–August (SMHI,
2006) and the average temperatures of May, June, July
and August in Luleå were similar to the long time averages in Roma (see Fig. 2).
The influent wastewater had a temperature of 6–15°C
during the experiment. It could be possible that the heat
released from the wastewater had prolonged the growing
period. In Fig. 3 willows in October year 1 can be seen.
Willows growing in the surroundings have had leaf fall
while the willows in the experimental site were still
green.
The willows studied were planted almost ten times
more densely than the recommendation of 20 000
plants/ha (Willebrand et al., 1993). The denser spacing
might have increased the biomass production in this
study according to findings of Willebrand et al. (1993).
However, Kopp et al. (1997) received opposite results of
the studied spacings of 0.3 x 0.3 (111 111), 0.3 x 0.9
(37 037) and 0.6 x 1.1 m (15 151 plants/ha). In that
study, the differences in biomass production between
the spacings were not found to be statistically significant.
In this study, the irrigation rate was > 15 mm/d and
thus exceeded the evaporation rate during the growing
period. Studies have shown an inhibitory effect of the
high irrigation rate (10 mm/d and higher) on biomass
production (Kowalik & Randerson, 1994; Hasselgren,
1998 and Hasselgren, 1999) explained by that the root
zone became anaerobic. However, an inhibitory effect of
the high irrigation rate may not have existed in this
study since the flow was horizontal in the willow bed

Fig. 3. Willow plants with leaves in October after three months of
growth. The surrounding willows have had the leaf fall. The
black pipes are 50 cm tall.
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and the water table was 10–25 cm below the soil surface.
Nutrient uptake
The N uptake by Karin and Gudrun stems was 7.5 and
4.6 kg/ha, respectively, during year 1. The corresponding values for the P uptake were 2.1 and 1.9 kg/ha as can
be seen in Table 4. The nutrient uptake of the clones
during year 2 increased due to the higher biomass production. The N uptake in stems of Karin and Gudrun
then was 46.5 and 44.6 kg/ha, respectively. There was
no difference in the stem P uptake between the clones.
The uptake was about 9.7 kg/ha. The stem nutrient uptake by the clone Karin was higher than by the clone
Gudrun during the experimental period. Further, the
assimilation of N and P in stems was about 2 % of the
loaded amounts during the growth period.
The higher N uptake by the clone Karin stems was
not solely due to a higher stem biomass production but
higher N content in the stems. The N content of the
stems was about 0.5 % in Karin and 0.4 % in Gudrun.
There was no great difference in the stem P content between the clones. This content was about 0.1 %.
In literature, stem N uptake by 1- and 2-year-old
willows was 9–36 kg N/ha, a (Mortensen et al., 1998;
Rytter, 2001) and 27–149 kg N/ha, a (Ericsson, 1994;
Mortensen et al., 1998; Aronsson et al, 2001; Rytter,
2001). The N uptake by willow stems produced year 1
was below the literature range, and the uptake by the
stems produced year 2 was within the literature range in
this study, but at the low end. The lower N uptake in
this study compared to literature values was due to both
lower stem biomass production and lower N content of
the stems. Literature values for stem N content of 1year-old and 2-year-old willows were of 0.4–1.15 %
(Obarska-Pempkowiak, 1994; Mortensen et al., 1998;
Rytter, 2001) and 0.53–0.74 % (Mortensen et al, 1998;
Rytter, 2001), respectively.
Effluent quality
The reduction rates of tot-N, NH4-N and tot-P of the
willow bed during the experimental period are given in
Fig. 4. The tot-N and tot-P reduction rates were 10–60 %
with a few exceptions. The reduction of NH4-N was
10–40 % during the experimental period. At the sampling occasions of 5.8., 15.11. and 4.1., the higher reduction rates were due to influent concentrations higher
than the average concentrations when the corresponding
effluent was expected after 2–3 weeks. Further, the low
reduction rates at 21.4. sampling was due to an influent
diluted by melting snow. No obvious changes in the
treatment efficiencies of NH4-N, tot-N and tot-P were
found between summer and winter conditions.
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Fig. 4. Tot-N, NH4-N and tot-P reductions in the willow bed.
Note: At the sampling occasions of
5.8., 15.11. and 4.1., the influent concentrations were much higher than
the average concentrations for all three
parameters. The corresponding effluent was expected 2–3 weeks later. The
lower reduction rates of tot-N and
tot-P at the 24th of April were due to
an influent diluted by melting snow.

The pretreatment step may not have been effective in
nitrifying the wastewater ammonium due to a low contact time and insufficient spreading of wastewater over
the prefilter. Thus, there were not prerequisites for a
high N reduction through denitrification. The main
mechanism of N reduction may have been separation of
particulate matter since the NH4-N reduction of the
tot-N ditto was about 70 % and the reduction rate was
about the same regardless the time of the year. Further,
the mean SS reduction in the willow bed was high
(93 %).
The removal of P in the willow bed may have occurred through mechanical filtration of particulate P.
Due to the neutral pH of the effluent wastewater and
the fact that macadam was used as substrate P removal
may not have occurred through adsorption reactions to
a large extent.

The average reduction rates of tot-N, NH4-N and
tot-P were 40, 28 and 27 %, respectively. N and P removal efficiency given by literature (Hasselgren, 1984;
Hasselgren, 1999 and Mant et al., 2003) was 58–95 %
and 90–97 %, respectively. The lower N and P reduction
rates in this study could be explained by high loading
rates of the nutrients exceeding the nutrient demand of
the willows. A study of Hasselgren (1999) supports this
explanation. In that study, the irrigation rates were
adapted to the evaporation rate and to the nutrient demand which resulted in treatment efficiencies of N and
P of about 80 % and 95 %, respectively.
Tot-N, NH4-N and tot-P concentrations in the
effluent, as can be seen in Fig. 5, did not vary to a great
extent during the experiment, even though influent
concentrations doubled (not shown). Tot-N and
NH4-N concentrations in the effluent were 20–37 and

Fig. 5. Tot-N, NH4-N and tot-P concentrations in the effluent of the willow
bed during the experiment.
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19–28 mg/l during the experimental period. Tot-P concentration varied between 3.6 and 6.8 mg/l. A single
peak of tot-N content in the effluent (19.1.) could be
due to an influent of high strength that entered the willow bed some weeks earlier. During the experiment, the
highest tot-N content in the influent was measured at
the 4th of Jan., and it was 60 mg/l. Further, the snow
melting occurred at the end of April. The corresponding
effluent was leaving the willow bed some weeks later
which can be seen as low effluent concentrations at 16.5.
The average tot-N, NH4-N and tot-P concentrations in
the effluent were 26, 23 and 4.8 mg/l.
In a study by Mant et al. (2003), wetland systems
with willows were irrigated with wastewater. According
to Mant et al. (2003), suitable volumes of wastewater
were added each week over period of 19 weeks with the
mean concentrations of ammonium N and P same as in
this study. N and P concentrations in the effluent were
6–25 mg/l and 1–4 mg/l, respectively. Thus, the effluent
concentrations of N and P in this study were about
within the same ranges but at the higher end.
The BOD7 reduction rates and the BOD7 content in
the influent and effluent is presented in Fig. 6. The
BOD7 reduction was high and between 80–90 % with
few exceptions even at a high loading rate of 80 g/d.
There was no great variation in the reduction rates during the experimental period. The BOD7 content in the
influent was fluctuating; 80–368 mg/l. The BOD7 concentrations in the effluent was fluctuating during the
first month and was 26–44 mg/l. Thereafter, the concentration decreased with time from 20 mg/l to about
10 mg/l till the end of the experiment. The average
BOD7 reduction rate and concentration in the effluent
was 86 % and 26 mg/l.
There was a pattern where reduction rates were following the influent concentrations. The high reduction

rate during the 5th of August year 1 could be due to a
high BOD7 content in the influent. The following reduction rate was low which could be due the high
strength influent that had entered the treatment plant
about a week earlier. The decrease in the reduction rate
at 24.4. sampling could be due to the influent being
diluted by water from snow melting.
The removal efficiencies of BOD found in literature
for similar willow-wastewater irrigation systems were
74–98 % (Hasselgren, 1984; Kowalik & Randerson,
1994; Hasselgren, 1999; Mant et al., 2003). In this
study, the reduction rates were within this interval during the whole experimental period. In a study performed
by Mant et al. (2003), a wetland system with willows
and a control without willows were irrigated with wastewater. In that study, the BOD reduction was high in
both of the systems, and at a level of 90 % which indicates that a high reduction of organic matter can be
achieved without vegetation effects. The BOD7 removal
of this study may have occurred through a mechanical
filtration of organic matter since the reduction of SS was
high (93 %). Further, a part of the reduction may have
occured through a biofilm on the substrate grains and
on the willow roots that developed with time as the concentration in the effluent decreased during the experiment.
In this study, the BOD7 concentration in the effluent
was within a range (7–44 mg O2/l) given by the study of
Mant et al. (2003).

Phosphorus adsorbents
Phosphorus removal
The P reduction rates and the effluent concentrations of
tot-P for both of the adsorbents are presented in Fig. 7.
For the Filtralite-P and the BF slag filters, the tot-P re-

Fig. 6. The reduction and the effluent
concentrations of BOD7 in the willow
bed during the experiment.
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Fig. 7. The reduction and the effluent
concentrations of tot-P in the adsorbents.
The open marker denotes the reduction rate and the closed marker the
effluent concentration.

duction was 96–99 and 77–93 %, respectively, in the
beginning but decreased rapidly within a few months of
operation to the level of 60–74 and 2–20 %. This high
reduction in the beginning could be due to a maintenance work in the filters which was done during August
of year 1. At that time, the wastewater flow to the filters
decreased. In September, when the filters were in normal
operation, the decrease of reduction rates and the increase in effluent concentrations could be seen at the
following sampling. After three months of operation,
the effluent tot-P concentration of the BF slag filter was
above 4 mg/l and the reduction rate below 20 %. After
nine months, the BF slag material was considered P saturated since the tot-P reduction rate was stable and below 20 %. The filter was reducing particulate P as the
tot-P and PO4-P concentrations in the effluent were
about the same. Therefore, operation of the BF slag filter
was terminated. The reduction rate of the Filtralite-P
filter was decreasing with time but not as drastically as in
the BF slag filter. The two low reduction rates in the
spring of year 2 (35–40 %) were due to a influent wastewater that was diluted by water from snow melting. The
tot-P concentrations of the Filtralite-P filter effluent increased from 0.1 to about 2 mg/l at the end of the experimental period. When the operation of the BF slag
filter was terminated, the Filtralite-P filter gave a P reduction of 35–50 %, and the effluent had a content of
2–3 mg tot-P/l. The mean tot-P concentration in the
effluent of the Filtralite-P and BF slag filter was 1.3±0.9
mg/l and 3.3±2.1 mg/l, respectively.
The Filtralite-P filter was more effective in reducing P
than the BF slag filter. This could be due to the smaller
grain size of the Filtralite-P compared to the BF slag as
the substrate with a smaller particle size will have larger
a surface area increasing the potential for direct reaction
with phosphates. This could be the case for the adsorbVATTEN · 4 · 06

ents in this study as the PO4-P reduction was higher in
the Filtralite-P filter (45 %) than in the BF slag ditto
(15 %). A higher P sorption in a BF slag filter with
smaller grain size was observed in a study of Hylander et
al. (2006). The main mechanism of P removal in the
adsorbents could be a formation of Ca-phosphates as the
PO4-P reduction was more than 50 % of the tot-P ditto.
A part of the P was removed through mechanical filtration of particulate P as the tot-P reduction was higher
than the PO4-P ditto. Further, more extensive mechanical filtration of particulate P may have occurred in the
Filtralite-P filter than in the BF slag ditto since SS reduction was higher in the former one.
P removal is related to highly alkaline conditions and
large amounts of soluble calcium (Johansson, 1998).
The average pH in the effluent of Filtralite-P was 9.7
and about one unit higher than in the one of the BF slag
filter. Moreover, the average calcium concentration in
the effluent of Filtralite-P (79 mg/l) was higher than in
the effluent of BF slag filter (56 mg/l). These conditions
created better prerequisites for P removal in the Filtralite-P filter than in the BF slag ditto.
Jenssen et al. (2005) presented a summary of efficiencies of constructed wetlands in Norway with a pretreatment biofilter. The substrate in the wetland systems was
Filtralite-P and the total wetland area varied between
7–12 m2/pe. For 10 of these 13 wetlands the removal
efficiency of P was above 93 % and the effluent concentration 0.01–0.6 mg tot-P/l. Higher P removal in these
systems compared to this study can be addressed to a
higher volume of P adsorbent per person in the Norwegian systems.
In a study of Asuman Korkusuz et al. (2005), removal
of P in a BF slag-based wetland planted with reeds was
studied. The wetland was loaded with 0.10 m/d municipal wastewater. The average P removal and P concentra363

tion in the effluent was 45 % and 3.3 mg/l, respectively,
and these figures are at the same level as in this study.
The amount of sorbed P by the filter media when the
operation of the filter was terminated is given in Table 5.
The Filtralite-P material had sorbed 378 mg P/kg when
the operation of the filter was terminated. The corresponding value for the BF slag filter was 64 mg P/kg
after operation of 9 months. The higher P loading rate
of the Filtralite-P filter is due to longer operation of the
filter than the BF slag ditto. When the operation of the
BF slag filter was terminated, the Filtralite-P filter had
sorbed 171 mg P/kg material. Thus, the longer operation
time of the Filtralite-P filter can not explain the higher P
sorption of this filter compared with BF slag ditto.
The P sorption by the BF slag and by the Filtralite-P
filter was lower than the ones found in the literature
(Yamada et al., 1986; Lee et al., 1997; Johansson, 1998;
and Ádám et al., 2005). A possible reason for lower sorption values in this study compared with the literature
can be due to the differences in the experimental method. The studies in the literature are often batch experiments or column experiments using artificial P solutions
which give too high estimates of sorption capacities
(Drizo et al. 2002). Further, the Filtralite-P material in
this study was not completely P saturated since the influent concentrations were higher than the effluent
ditto. A sorption value of 52 mg P/kg Filtralite-P was
presented for a wetland system treating wastewater from
a school (Ádám et al., 2006). In that study, the filter
material was not saturated with P as the inlet concentrations were higher than the outlet ones.
Prior to the willow planting, wastewater was pumped
to the willow bed unit. A valve was leaking wastewater
that was drained off from the area through the BF slag
filter and partly through the Filtralite-P filter. Further,
the willow bed was not covered with an impermeable
layer. Water from snow melting and rainfall from the
willow bed entered the P filters in pulses. These factors
may have caused partial washing away of vital substances
for P sorption reducing the P removal capacity. A possible washing out was reported by Hellström & Jonsson
(2005) where a Filtralite-P filter had a sorption value of

Table 5. P sorption by the filter medium when the filter operation
was terminated. BF slag filter operated 9 months and FiltraliteP filter 13 months before the termination.

Phosphorus load, g
Sorbed tot-P, g
mg P/kg filter material
mg P/m3 filter material
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BF slag

Filtralite-P

510
180
64
83

620
460
378
208

about 100 mg P/kg substrate when indications of saturation in the bottom of the filter were reported. In that
study, the P load on the filter bed was 30 % of the design
capacity and only 5 % of the assumed P sorption capacity had been utilised. Alkalinity and calcium concentrations had decreased significantly after one and half a year
operation possible due to a leakage in a storage tank into
the treatment plant.
Nitrogen removal
Tot-N reduction in both of the filter varied to a great
extent. The reduction rates in Filtralite-P and the BF
slag were –7 to 52 and –52 to 22 %, respectively. When
the flow to the filters was reduced (August of year 1), a
tot-N reduction of 40–50 % and 10–20 % occurred in
the Filtralite-P filter and the BF slag filter, respectively.
Otherwise, the tot-N reduction in the filters was lower
and below 30 % in the Filtralite-P filter and below 10 %
in the BF slag ditto (with one exception). The tot-N reduction was higher in the Filtralite-P than in the BF slag
ditto with few exceptions. The average tot-N reduction
rates in the BF slag and the Filtralite-P filters were 3 and
20 %, respectively.
The tot-N concentration in the BF slag and the
Filtralite-P effluents varied between 21–35 and 13–32
mg/l, respectively. There was a decrease in the tot-N
effluent concentrations for both filters when the flow
was reduced. Otherwise, no obvious pattern could be
found for the fluctuations of the effluent tot-N concentrations. The average tot-N concentrations in the BF
slag and the Filtralite-P filter effluent were 28 and 22
mg/l. The average NH4-N concentration was about
78 % of the average tot-N effluent concentration for
both of the filters.
The main mechanism for N reduction in the filters
could be mechanical filtration of particulate N since SS
reduction occurred in both filters. Further, it could
explain the higher N reduction in the Filtralite-P filter
since the grain size of the Filtralite-P material was smaller and the SS reduction in the Filtralite-P filter was
higher. Since NH4-N reduction occurred in both of the
filters, the N reduction in the filters may also be due to
other mechanisms. When the flow to the filters was
reduced (during August year 1), the tot-N reduction was
the highest during the whole experimental period in
both of the filters. The NH4-N reduction in the Filtralite-P was at the same highest compared to the whole
experimental period. The pH in the effluent in both of
the effluents was above 10. This indicates that a part of
the N may have been reduced in the filters through
volatilization of ammonium, and most intensively when
the retention time of the filters was reduced (August
year 1).
The reduction of tot-N by the BF slag and the FiltraVATTEN · 4 · 06

Fig. 8. The reduction and the effluent
concentrations of BOD7 of the P filters
during the experiment.

lite-P filter was lower than in other P sorption filters in
the studies of Hellström & Jonsson (2005) and Öövel et
al. (2006). The reduction of NH4-N by the Filtralite-P
filter in this study was about as high as in the study of
Hellström & Jonsson (2005). Further, the average tot-N
and NH4-N concentrations in the effluent of the Filtralite-P were similar to the ones in the study of Hellström
& Jonsson (2005).
BOD7 removal
As can be seen from Fig. 8, the Filtralite-P filter was
more effective in reducing BOD7 than the BF slag filter.
During the experimental period, the BF slag filter was
releasing an effluent with a higher BOD7 concentration
than in the influent with few exceptions. The BOD7
content in the effluent could be up 17 times higher than
the in the influent. Similar phenomena could not be
seen in the Filtralite-P filter. The high BOD7 reduction
in the BF slag filter at 24.4. sampling could be due to a
sample diluted by water from snow melting. The Filtralite-P filter had a BOD7 reduction that varied between
50 and 80 % during the experiment.
The high BOD7 reduction rates in the Filtralite-P
could be due to fine filter material which was effective in
filtering the particulate organic matter. Thus, the mechanical filtration was the main mechanism of BOD7
removal in the Filtralite-P filter.
The effluent BOD7 concentrations in the Filtralite-P
filter decreased during the experiment from 17 mg/l to
3 mg/l till at the end of the experiment. The same trend
could be seen in the effluent BOD7 content of the BF
slag filter. The concentrations decreased from about
hundred mg/l to about ten mg/l. High influent BOD7
concentrations were coupled with high effluent ditto in
both of the filters.
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According to Kanschat (1996), the BF slag consists of
1–2 % reduced sulphuric compounds which may be
oxidised and leached out. The high BOD7 content in
the effluent of the BF slag filter could be due to a high
release of reduced sulphuric compounds from the BF
slag material as the effluent SO4-S concentrations of BF
were high at the same time (150–500 mg/l). The effluent SO4-S concentrations of the Filtralite-P filter were
6–55 mg/l and the concentrations of the influent wastewater was 36–51 mg/l. The effluents of the adsorbents
were exceeding the SO4-S limit of Swedish drinking
water which is 33 mg/l.
The average and median reduction of BOD7 in the
BF slag filter was –231 and –35 %, respectively. The
average and median reduction in the Filtralite-P filter
was about 70 %. The average and median BOD7 concentrations of the BF slag effluent were 111 and 26 mg/l.
The corresponding values of the Filtralite-P effluent
were 4.1 and 5.4 mg/l. The BOD7 reduction and the
average BOD7 effluent concentration of the Filtralite-P
were at the same level as in the study of Öövel et al.
(2006).

Overall function of the treatment plant
Effluent quality
The average effluent concentrations of tot-P, tot-N
NH4-N, BOD7, pH and SS in the effluent with the
average reduction rates of the parameters in the two
treatment systems are presented in Table 6. The average
tot-P, tot-N NH4-N, BOD7, pH and SS concentrations
in the Filtralite-P effluent were 1.3, 22, 20, 7.6, 9.7 and
2.6 mg/l, respectively. The corresponding values for the
BF slag effluent were 3.3, 28, 25, 85, 8.8 and 3.5 mg/l,
respectively. The Filtralite-P treatment system was more
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Table 6. Average reduction rates and effluent quality of the present study with the reduction rates given by SEPA (2006) for two
protection levels.
System
Average concentration (mg/l)
Average reduction rate (%)
Reduction rate by SEPA (%)

BF slag
Filtralite-P
BF slag
Filtralite-P
Normal level
High level

Tot-P

Tot-N

NH4-N

BOD7

pH

SS

3.3±2.1
1.3±0.9
53
83
70
90

28±5
22±6
38
51
–
50

25±3
20±4
25
39
–
–

85±108
7.6±4.2
48
95
90
90

8.8±0.2
9.7±0.3
–
–
–
–

3.5±1.4
2.6±1.0
95
96
–
–

– = not given

effective than the BF slag ditto in removing these wastewater compounds. This was especially apparent for tot-P
and BOD7. Further, there was a great variation in the
reduction rates of the BF slag system; the system could
occasionally have negative reduction rates of tot-N,
NH4-N and BOD7.
Swedish Environmental Protection Agency has recently published directives for small wastewater treatment systems (SEPA, 2006). The directives contain a
demand of enabling recovery of wastewater nutrients
and a specification of treatment efficiencies of the systems. The specification is given for two protection levels,
normal and high. These treatment efficiencies of the
protection levels can be seen with the average pollutant
reductions in the studied systems in Table 6. The BF slag
system did not fulfil the requirements of the normal or
the high protection level. The Filtralite-P system could
fulfil the reduction rates of the normal and two of the
three reduction rates in high protection level.
Operation experience
The treatment plant has been operating since the beginning of July 2005. Soon after the introduction of the
treatment plant, a perforated pipe with 4 mm holes in
the distribution layer of the willow bed was clogged by
the solids of the wastewater. The perforated pipe was
replaced by a box with V-formed weirs where waste
water overflowed to the prefilter. No clogging of the willow filter or the adsorbents could be observed. After
some months of operation, a precipitate appeared at the
bottom of the outlet (sloping 1–2 ‰). With time the
thickness of the precipitate layer was increasing, and
after a year and half of operation, the thickness was
about 20 % of the inner diameter of the pipe.
Frost killed most of the top shoots of the hybrids during the late autumn of year 1. However, the growth continued next spring with new shoots, see Fig. 9. Problem
with weed were not experienced mainly due to the nature of the substrate in the willow bed. Some single weed
366

plants appeared at the prefilter and at the edges of the
willow bed during the experiment. At the end of the
second growth period, willow stems shadowed by other
willows became long and thin due to a dense planting.
This effect can make them susceptible for heavy rains
and snow fall. Thus, dense spacing of willows should be
avoided.
The willow bed was not covered with an impermeable
layer. The effect of it could be seen as an increase in the
flow from the willow bed to the P filters during snow
melting and precipitation which resulted in decreased
retention times of the willow bed and of the P filters. It
was hard to quantify the effect of the decreased retention
times on the treatment efficiencies.
The BF slag effluent was strongly coloured to yellow,
especially in the beginning of the experimental period.
At the same time, sulphuric odours were experienced at
the effluent. Similar phenomena could not be observed
at the effluent of the Filtralite-P filter.
Even though the pipelines were placed in the depth of
ground frost, no freezing problem occurred due to use of

Fig. 9. New shoots with frozen ones – the clone Gudrun.
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different kinds of insulation materials, heating wire and
submersible heaters.

Conclusions
The willow vegetation filter could be established in cold
climate. Even though most of the willow shoots experienced frost damages at the end of the year 1, both of the
clones produced about equal high stem biomass of 8 ton
DM/ha during year 2. The high biomass production was
most likely due to temperatures higher than long-time
monthly averages during the growth period and to a
high fertigation rate.
The reduction of BOD7 of the willow filter was in
average about 80 % and the average reduction of tot-P
and tot-N was about 20–30 %. The main removal
mechanism was mechanical filtration. The low nutrient
removal rate was due to a loading rate exceeding several
times the nutrient demand and a low nitrification rate of
the prefilter.
The Filtralite-P filter was more effective in reducing P,
N and organic matter measured as BOD7 than the BF
slag filter. The average reduction rates of the previous
parameters in the Filtralite-P filter were 72, 20 and
67 %, respectively. The corresponding values for the BF
slag filter were 53, 3 and –231 %, respectively. The negative reduction of BOD7 of the BF slag filter was coupled
with a high release of sulphuric compounds.
The overall reduction rates of tot-P, tot-N and BOD7
in the Filtralite-P system were 83, 51 and 95 %, and the
corresponding values for the BF slag system were 53, 38
and 48 %, respectively. Thus, Filtralite-P system achieved
the requirements of the normal protection level given by
Swedish Environmental Protection Agency but not all of
the requirements of the high ditto. The BF slag system
did not fulfil the requirements of the two protection levels. The average concentrations of tot-P, tot-N and
BOD7 in the Filtralite-P filter effluent were 1.3, 22 and
7.6 mg/l. The corresponding values for the BF slag filter
effluent were 3.3, 28 and 85 mg/l.
No clogging problems occurred in the treatment plant
besides in a perforated pipe at the beginning of the experiment. No freezing of the pipes took place due to
heating and insulation of the treatment plant. Due to a
coarse mineral substrate, no great weed problems existed
in the willow bed. Dense spacing of willows should be
avoided in order to produce more stable willow stands
for heavy precipitation. In order to avoid clogging of the
outlet pipe from the P filter, the slope of the outlet pipe
should be more than 1–2 ‰. The willow bed and the
P filters should be constructed in such manner that
neither drainage water nor precipitation may enter the
units to a great extent.
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Abstract
&RQYHQWLRQDO PHWKRGV IRU ZDVWHZDWHU WUHDWPHQW HPSKDVLVH SURWHFWLQJ KXPDQ KHDOWK
UHFHLYLQJ ZDWHUV DQG WKH HQYLURQPHQW &RQVHTXHQWO\ WKH\ DUH JHQHUDOO\ GHVLJQHG WR UHGXFH
SROOXWDQW OHYHOV DQG DUH QRW ZHOOVXLWHG IRU FUHDWLQJ UHVRXUFHV 7KLV SDSHU GHVFULEHV D QHZ
PRUH VXVWDLQDEOH DQG HQHUJ\HIILFLHQW DSSURDFK WR ZDVWHZDWHU WUHDWPHQW WKDW VDWLVILHV KHDOWK
DQG HQYLURQPHQWDO VWDQGDUGV ZKLOH DOVR IDFLOLWDWLQJ UHVRXUFH UHFRYHU\ $ IXOOVFDOH FRPSDFW
ZLOORZEHGZDVLQWHQVLYHO\IHUWLJDWHGZLWKGRPHVWLFZDVWHZDWHULQDFROGFOLPDWHWRH[DPLQH
ELRPDVV SURGXFWLRQWKHUHFRYHU\RIQXWULHQWV LQ ZLOORZELRPDVV DQGZDVWHZDWHUWUHDWPHQW
7KH SHUIRUPDQFH RI WKH ZLOORZ EHG ZDV DVVHVVHG IRU WZR \HDUV FRYHULQJ WKUHH JURZLQJ
VHDVRQV7KHVWXGLHGIURVWWROHUDQWZLOORZFORQHVSURGXFHGJRRGELRPDVV\LHOGVSHUXQLWDUHD
 WRQ GU\ PDWWHUKD DQG \HDU  XQGHU LQWHQVLYH IHUWLJDWLRQ ZLWK GHQVH SODQWLQJ DQG

FRQWLQXRXV KDUYHVWLQJ 7KH ELRPDVV \LHOG RI ZLOORZ VSHFLHV H[KLELWLQJ YHUWLFDO JURZWK ZDV
JUHDWHUWKDQWKDWIRUODWHUDOJURZWKVSHFLHVLQWKHGHQVHVWDQGVVWXGLHG,QFRQWUDVWWRELRPDVV
SURGXFWLRQ QXWULHQW UHFRYHU\ ZDV IDFLOLWDWHG E\ LQWHQVLYH IHUWLJDWLRQ FRQWLQXRXV KDUYHVWLQJ
DQGOHVVGHQVHSODQWLQJ ZLWK DKRUL]RQWDOO\JURZLQJ ZLOORZFORQHRIWKH QXWULHQWV WKDW
DFFXPXODWHG LQ WKH DERYHJURXQG ELRPDVV ZHUH UHPRYHG IURP WKH VLWH GXULQJ WKH
H[SHULPHQWDO SHULRG +RZHYHU WKH TXDQWLW\ RI QXWULHQWV DFFXPXODWHG LQ WKH ZLOORZ ELRPDVV
UHSUHVHQWHG RQO\ D VPDOO IUDFWLRQ RI WKH ORDGHG RU UHPRYHG DPRXQW 7KH ZLOORZ EHG ZDV
VKRZQWREHDQHIILFLHQWSUHILOWHUIRUUHGXFLQJWKHDEXQGDQFHRISDUWLFXODWHDQGRUJDQLFPDWWHU
OHDYLQJ WKH EXON RI WKH UHPDLQLQJ QXWULHQWV LQ IRUPV WKDW FRXOG EH UHFRYHUHG LQ VXEVHTXHQW
WUHDWPHQWVWHSV

.H\ZRUGV6DOL[VHZDJHILOWHURQVLWHWUHDWPHQW

1. Introduction
7KH SXUSRVH RI UHF\FOLQJ LV WR FRQVHUYH UHVRXUFHV VR WKDW WKH\ EHFRPH DYDLODEOH IRU UHXVH
&XUUHQWPHWKRGVIRUZDVWHZDWHUWUHDWPHQWIRFXVRQWRUHGXFHSROOXWDQWOHYHOVDQGWKXVGRQRW
FRQVHUYH SKRVSKRUXV 3  DQG QLWURJHQ 1  UHVRXUFHV LQ PXQLFLSDOGRPHVWLF ZDVWHZDWHU
3KRVSKRUXVLVUHPRYHGIURPVHZDJHE\UHDFWLRQZLWKHLWKHULURQRUDOXPLQLXP UHGXFLQJLWV
DYDLODELOLW\ WR SODQWV .LUNKDP  .\OH DQG 0F&OLQWRFN   ZKLOH QLWURJHQ OHYHOV LQ
VHZDJHDUHUHGXFHGE\GLVSHUVDOLQWRWKHDWPRVSKHUH7KHVHORVWQXWULHQWVQHHGWREHUHSODFHG
E\ DSSO\LQJ DUWLILFLDO IHUWLOLVHUV +RZHYHU IHUWLOLVHU SURGXFWLRQ FRQVXPHV ILQLWH JOREDO
UHVHUYHVLHSKRVSKDWHURFN &RUGHOOHWDO DQGIRVVLOIXHOV 6PLO UHTXLUHVODUJH
DPRXQWVRIHQHUJ\ :RRGDQG&RZLH DQGJHQHUDWHVFRQVLGHUDEOHDPRXQWVRISROOXWLRQ
+HWWLJH HW DO   DQG JUHHQKRXVH JDVHV :RRG DQG &RZLH   :KLOH V\VWHPV IRU
UHFRYHULQJ3IURPZDVWHZDWHUKDYHEHHQVWXGLHGLQGHWDLO $VKOH\HWDO %DOPpUHW DO

 9DOVDPL-RQHV   DQG KDYH IRXQG SUDFWLFDO DSSOLFDWLRQV &RUGHOO HW DO   WKH
UHFRYHU\RI1IURPZDVWHZDWHUKDVUHFHLYHGOHVVDWWHQWLRQ,WLVSRVVLEOHWRUHFRYHU3DQG1
VLPXOWDQHRXVO\ LQ ZDVWHZDWHU WUHDWPHQW SODQWV E\ PHDQV RI VWUXYLWH IRUPDWLRQ EXW WKLV FDQ
RQO\UHFRYHUDPLQRUIUDFWLRQRIWKH1IRXQGLQVHZDJHEHFDXVHWKH31UDWLRLQVWUXYLWHLV
(IILFLHQW UHF\FOLQJ RI 3 DQG 1 FDQ EH DFKLHYHG E\ VRXUFH VHSDUDWLQJ V\VWHPV /DUVHQ HW DO
  +RZHYHU WKLV DSSURDFK ZRXOG UHTXLUH FRVWO\ UHFRQVWUXFWLRQV RI H[LVWLQJ VHZDJH
V\VWHPV 6RXUFH VHSDUDWLRQ V\VWHPV DVLGH VROXWLRQV IRU UHFRYHULQJ ZDVWHZDWHU 3 WHQG WR EH
FDSLWDO DQG HQHUJ\LQWHQVLYH %DOPpU HW DO   DQG DUH WKXV VXERSWLPDO LQ WHUPV RI
VXVWDLQDELOLW\ 1DWXUDO WUHDWPHQW V\VWHPV VXFK DV FRQVWUXFWHG ZHWODQGV PLJKW EH D PRUH
DWWUDFWLYH VROXWLRQ LQ WKLV UHVSHFW EHFDXVH LQ DGGLWLRQ WR EHLQJ ORZFRVW DQG ORZWHFK WKH\
SURYLGH VHUYLFHV E\ VLPXOWDQHRXVO\ UHGXFLQJ DQG UHF\FOLQJ QXWULHQWV IURP ZDVWHZDWHU LQWR
ELRPDVV ,Q DGGLWLRQ WR LPSURYLQJ WKH TXDOLW\ RI WKH UHFHLYLQJ ZDWHUV WKH FRQVWUXFWHG
ZHWODQGV SURGXFH SODQW ELRPDVV ZKLFK FDQ EH XVHG DV D VRXUFH RI ELRIXHO RU DV D VRLO
HQKDQFHUDQGWKXVDGGVYDOXHWRWKHWUHDWPHQWSURFHVV 3ROSUDVHUW :LOORZV Salix spp. 
DUHZLGHO\XVHGDV HQHUJ\FURSVEHFDXVHRIWKHLUKLJKELRPDVVSURGXFWLRQHIILFLHQWQXWULHQW
XSWDNH KLJK UDWHV RI HYDSRWUDQVSLUDWLRQ DQG IORRG WROHUDQFH ,W KDV EHHQ VXJJHVWHG WKDW LQ
FROGUHJLRQVWKHKLJKIURVWWROHUDQFHRIUHHGFDQDU\JUDVV /DQGVWU|PHWDO FRXOGPDNH
LWDPRUHVXLWDEOHFURSWKDQZLOORZJURZQLQVKRUWURWDWLRQFRSSLFHV 3HUWWX +RZHYHU
ZLOORZ KDV VRPH VLJQLILFDQW DGYDQWDJHV RYHU UHHG FDQDU\ JUDVV e.g. ORZHU DVK FRQWHQW
3DXOUXGHWDO DQGORZHUKDUYHVWORVVHV /DUVVRQHWDO ,QDGGLWLRQWKHUDWLRRI
WKHHQHUJ\LQSXW LHWKHHQHUJ\H[SHQGHGRQSODQWLQJIHUWLOLVLQJKDUYHVWLQJDQGWUDQVSRUW WR
WKHHQHUJ\FRQWHQWRIWKHFURSLVORZHUIRUZLOORZVWKDQIRUUHHGFDQDU\JUDVVIRUDQ\JLYHQ
ELRPDVV SURGXFWLRQ OHYHO %|UMHVVRQ   $ YDULHW\ RI V\VWHPV EDVHG RQ FRQVWUXFWHG
ZHWODQGV SODQWHG ZLWK ZLOORZV %|UMHVVRQ DQG %HUQGHV  *UHJHUVHQ DQG %UL[ 
/DUVVRQHWDO2EDUVND3HPSNRZLDNDQG*DMHZVND KDYHEHHQFUHDWHGDQGXVHGWR

WUHDWPXQLFLSDODQGGRPHVWLFZDVWHZDWHU+RZHYHUWKHVHV\VWHPVWDNHXSODUJHDUHDVRIODQG
DQG PXFK RI WKH 1 LQ WKH IHHG LV ORVW LQWR WKH DWPRVSKHUH YLD QLWULILFDWLRQGHQLWULILFDWLRQ
6LPLODUO\PXFKRIWKH3LQWKHIHHGLVGLVSHUVHGLQWRWKHVRLO 'LPLWULRXDQG$URQVVRQ
.DGOHF DQG :DOODFH  /DUVVRQ HW DO   WKH DPRXQW DFFXPXODWHG LQ WKH SODQWV
UHSUHVHQWVRQO\DPLQRUIUDFWLRQRIWKHWRWDOTXDQWLW\UHPRYHGIURPWKHZDVWHZDWHU 'LPLWULRX
DQG $URQVVRQ  /DUVVRQ HW DO   ,Q WKH UXUDO DUHDV RI WKH 1RUGLF FRXQWULHV PDQ\
KRPHV DUH GHSHQGHQW RQ RQVLWH V\VWHPV $V VXFK WKHUH LV D QHHG IRU D UREXVW DQG FRPSDFW
RQVLWHWUHDWPHQWV\VWHPWKDWUHPDLQVIXQFWLRQDOLQDFROGFOLPDWHZKLOHHIILFLHQWO\UHPRYLQJ
DQG UHFRYHULQJ QXWULHQWV $ VXLWDEOH V\VWHP LV LOOXVWUDWHG LQ )LJ  LQ ZKLFK WKH ZDVWHZDWHU
SDVVHVWKURXJKDKLJKO\ORDGHGZLOORZEHGDQGWKHQWKURXJK1DQG3ILOWHUVWKHZLOORZEHG
SULPDULO\ VHUYHV WR SUHWUHDW WKH VHZDJH ZKLOH DOVR SURGXFLQJ ELRPDVV ZLWK WKH EXON RI
QXWULHQWV EHLQJUHWDLQHG E\ DG VRUSWLRQ LQ WKHVXEVHTXHQW ILOWHUV 7KH1VDWXUDWHGDGVRUEHQW
FDQEHUHJHQHUDWHGEXWWKHVDWXUDWHG3VRUEHQWKDVWREHUHSODFHGZLWKIUHVKPDWHULDOLQERWK
FDVHV WKH UHFRYHUHG QXWULHQWV DUH DYDLODEOH IRU DJULFXOWXUDO XVH 7KH DLP RI WKH VWXG\
GHVFULEHG KHUHLQ ZDV WR DVVHVV WKH SHUIRUPDQFH RI WKH FRPSDFW ZLOORZ EHG LQ UHFRYHULQJ
QXWULHQWVIURPPXQLFLSDOZDVWHZDWHUDQGSURGXFLQJELRPDVVLQDFROGFOLPDWHRYHUDWZR\HDU
SHULRGFRYHULQJWKUHHJURZLQJVHDVRQV

2. Materials and methods
$QH[SHULPHQWDOSODQWZDVFRQVWUXFWHGLQ/XOHn 1( DSSUR[LPDWHO\NP
EHORZ WKH $UFWLF &LUFOH LQ 6ZHGHQ DQG HYDOXDWHG RYHU WKUHH JURZLQJ VHDVRQV GXULQJ 
LVUHIHUUHGWRDV<HDUDV<HDUDQGDV<HDU

2.1

Characteristics of the system

7KH H[SHULPHQWDO SODQW FRQVLVWHG RI D GLVSHUVLRQ ]RQH DQG D EHG SODQWHG ZLWK WZR ZLOORZ
FORQHV VHH )LJ  7KHWRWDODUHD FRYHUHGE\ WKHZLOORZEHGLQFOXGLQJWKHGLVSHUVLRQ ]RQH

ZDVPLWVGHSWKZDVP7KHZLOORZEHGZDVOLQHGZLWK(3'0UXEEHUDQGILOOHGZLWK
JUDYHORIDJUDLQVL]HRIPPZKLOHWKHGLVSHUVLRQ]RQHZDVILOOHGZLWKFRDUVHUJUDYHO 
PP 7KHZDVWHZDWHUHQWHUHGWKHGLVSHUVLRQ]RQHWKURXJKDFKDQQHOLQOHWZLWK9QRWFKHV
SODFHG DORQJ WKH ZDOOV 7KH ZDVWHZDWHU IORZ ZDV YHUWLFDO LQ WKH GLVSHUVLRQ ]RQH DQG
KRUL]RQWDOLQWKHZDWHUVDWXUDWHGZLOORZEHG VHH)LJ $GUDLQDJHOD\HUZDVEXLOWEHQHDWK
WKHEHGWRHQVXUHLWZDVQRWOLIWHGE\GLVSODFHPHQWIRUFHV7ZRSO\ZRRGERDUGVZLWKDKHLJKW
RI  FP ZHUH SODFHG YHUWLFDOO\ DW WKH ERWWRP WR LPSURYH WKH PL[LQJ RI ZDVWHZDWHU DQG
SUHFLSLWDWLRQLQWKHZLOORZEHGFPWKLFNLQVXODWLRQERDUGVZHUHLQVWDOOHGRQHDFKVLGHRI
WKH EHG ,Q ZLQWHUWLPH WKH ZHOOV ZHUH HTXLSSHG ZLWK VXEPHUVLEOH KHDWHUV DQG FRYHUHG ZLWK
WKLFNLQVXODWLRQERDUGVDQGWKHLQOHWSLSHZDVKHDWHGZLWKDKHDWLQJFDEOH

7ZR IURVWWROHUDQW ZLOORZ FORQHV Salix schwerinii x S. viminalis  [ S.viminalis  [ 6.
burjatica .DULQ DQGSalix dasyclados *XGUXQ ZHUHSODQWHGLQDSORWRIODQGZLWKDQDUHD
RIP VHH)LJ GXULQJ<HDULQ0D\7KHZLOORZEHGZDVHVWDEOLVKHGE\SODQWLQJ
FP ORQJ FXWWLQJV DW D GHQVLW\ RI  XQLWV P WR HQKDQFH WKH ELRPDVV \LHOG IURP <HDU 
RQZDUGV GHQVH SODQWLQJ KDV EHHQ UHSRUWHG WR LQFUHDVH ELRPDVV \LHOGV %XOODUG HW DO 
:LOOHEUDQGHWDO 

2.2

Loading of the bed

7KHSULPDU\WUHDWPHQWHIIOXHQWIURPDVPDOOPXQLFLSDOZDVWHZDWHUWUHDWPHQWSODQWZDVXVHG
DVWKHVRXUFHRILQFRPLQJZDWHU7KHIORZRIZDVWHZDWHULQWRWKHZLOORZEHGZDVGLFWDWHGE\
WKHSODQW¶VSXPSLQJF\FOHDQGZDVPDLQWDLQHGDWPGD\WRVLPXODWHWKHZDVWHZDWHU
SURGXFWLRQRIDVLQJOHKRXVHKROG7KHYROXPHRIZDVWHZDWHUGLVFKDUJHGLQWRWKHV\VWHPZDV
PRQLWRUHG XVLQJ D IORZ PHWHU LQ WKH SXPS OLQH DQG LV VKRZQ LQ )LJ  7KH ORDGLQJ RI WKH
ZLOORZ EHG ZDV FDOFXODWHG VHSDUDWHO\ IRU HDFK VXPPHU DQG ZLQWHU SHULRG WR VKRZ WKH
FRQGLWLRQV GXULQJ WKH ZLOORZV¶ JURZLQJ DQG GRUPDQW VHDVRQV 7KH JURZLQJ VHDVRQ ZDV

GHILQHG DV WKRVHGD\VIRUZKLFKWKHDYHUDJHWHPSHUDWXUHZDVHTXDO WR RUDERYH& 3HUWWX
  7KH LQIORZ IOXFWXDWHG GXULQJ WKH DXWXPQV DQG ZLQWHUV RI <HDUV  DQG  WKH
IOXFWXDWLRQVZHUHHVSHFLDOO\SURQRXQFHGGXULQJ<HDUZLWKWKHLQIORZH[FHHGLQJPGRQ
WZRRFFDVLRQV7KLVKLJKLQIORZLVUHIOHFWHGLQWKHKLJKHUVXUIDFHORDGLQJGXULQJWKHVHFRQG
ZLQWHUSHULRGFRPSDUHGWRRWKHUSHULRGV YVaPPGVHH7DEOH 7KHORDGRIQXWULHQWV
DQGRUJDQLFPDWWHUZDVJHQHUDOO\KLJKHUGXULQJWKHZLQWHUSHULRGVWKDQGXULQJWKHVXPPHUV
$VMXGJHGE\PDVVEDODQFHWKHDYHUDJHGDLO\ORDGRIWKHEHGZDVNJWRW1KDNJ1+
1KDDQGWRW3NJKDWKHWRWDOQXWULHQWORDGRYHUWKHHQWLUHHYDOXDWLRQSHULRGZDVNJ
WRW1KD  NJ 1+1KD DQG  NJ WRW3 KD VHH 7DEOH   'XULQJ WKH H[SHULPHQWDO
SHULRG WKH GDLO\ %2' ORDGLQJ YDULHG EHWZHHQ  DQG  NJKD G ZKLOH WKH &2' ORDGLQJ
UDQJHGIURPNJKDG

2.3

Wastewater sampling, analyses and evaluation

6DPSOHVZHUHWDNHQIURPWKHLQOHWDQGRXWOHWRIWKHZLOORZEHGDQGDQDO\VHGIRU766%2'
&2'7RW11+1127RW3DQG3237KHDQDO\WLFDOPHWKRGVXVHGLQWKLVPRQLWRULQJ
HIIRUWZHUH66(1IRU6666(1IRU%2'WKH0HUFNVSHFWURTXDQWWHVWFHOOWHVW
 IRU &2' 66    IRU 7RW1 4X$$WUR $SSOLFDWLRQV 1R 4 PXOWLWHVW
00 IRU1+1DQG12166IRU7RW3DQG4X$$WUR$SSOLFDWLRQVWHVW1R
4IRU323$OOVDPSOHVZHUHVWRUHGLQDIUHH]HUSULRUWRDQDO\VLV

7KHSHUFHQWDJHUHGXFWLRQLQHDFKWHVWHGYDULDEOHZDVFDOFXODWHGXVLQJDPDVVEDODQFHHTXDWLRQ
IRU HDFK VHDVRQ DQG IRU WKH ZKROH H[SHULPHQWDO SHULRG EDVHG RQ DYHUDJH SROOXWDQW
FRQFHQWUDWLRQVLQWKHLQIOXHQWDQGWKHHIIOXHQWGXULQJWZRVHTXHQWLDOVDPSOLQJRFFDVLRQV

2.4

Willow sampling and analyses

7KH SHUIRUPDQFH RI WKH ZLOORZ EHG ZDV DVVHVVHG IRU D SHULRG RI WZR \HDUV FRYHULQJ WKUHH
JURZLQJVHDVRQVDVVKRZQLQ)LJ7KHELRPDVVSURGXFWLRQDWWKHHQGRIWKHILUVWJURZLQJ
VHDVRQZDVHYDOXDWHGE\KDUYHVWLQJHYHU\VHFRQGZLOORZSODQW WDNLQJVWHPVWKDWKDG\HWWR
EXG GXULQJWKHVSULQJRI<HDUZKLOHIRUJURZLQJVHDVRQVDQGWKHZHLJKWRIVWHPVSULRU
WRDEVFLVVLRQZDVPHDVXUHGGXULQJWKHDXWXPQ'XULQJWKHDXWXPQRI<HDUDERXWRI
WKH ZLOORZ SRSXODWLRQ ZDV VHOHFWHG DW UDQGRP DQG KDUYHVWHG E\ XSURRWLQJ 7KH UHPDLQLQJ
ZLOORZV ZHUH KDUYHVWHG LQ WKH DXWXPQ RI <HDU  DQG WKH GLVWULEXWLRQ RI WKH IUHVK DERYH
JURXQGPDVV EHWZHHQ WKH OHDYHV DQG WKH VWHPV ZDV HYDOXDWHG 6DPSOHV RI WKH OHDYHV DQG
VWHPVZHUHFROOHFWHGDQGDQDO\VHGZLWKUHVSHFWWRGU\PDWWHUDQGQXWULHQWFRQWHQW

7KH GU\ PDWWHU FRQWHQW RI WKH VWHPV DQG OHDYHV ZDV GHWHUPLQHG E\ GU\LQJ FKLSSHG SODQW
PDWHULDO IRU  GD\V DW & 7KH VDPSOHV IRU QXWULHQW FRQWHQW DQDO\VLV ZHUH VWRUHG LQ D
IUHH]HUSULRUWRDQDO\VLVDQGZHUHGHWHUPLQHGXVLQJDQDO\WLFDOPHWKRG 66HGIRU
WRW1DQG 66(1PRG66 IRUWRW3 $QDO\VHVRIWKHQXWULHQW FRQWHQWRISODQW
PDWHULDOZHUHSHUIRUPHGDWWKHDFFUHGLWHGODERUDWRU\RI$/FRQWURO$%LQ8PHn6ZHGHQ

3. Results
3.1

Biomass production

7KH RYHUDOO ELRPDVV SURGXFWLRQ RYHU WKH WKUHH JURZLQJ VHDVRQV ZDV  WRQ '0KD IRU S. x
viminalis .DULQ DQGWRQ'0KDIRUS. dasyclados *XGUXQ VHH7DEOH'XULQJWKHILUVW
JURZLQJ VHDVRQ WKH HVWLPDWHG SURGXFWLYLW\ RI WKH WZR FORQHV ZDV  WRQ '0KD ZKHUHDV
GXULQJWKHVHFRQGDQGWKLUGJURZLQJVHDVRQVWKHVWHPELRPDVVSURGXFWLRQRI S. x viminalis
H[FHHGHGWKDWRIS. dasyclados¶E\DQGWRQ'0KDUHVSHFWLYHO\'XULQJWKHVHFRQG\HDU
WKH VWHP ELRPDVV SURGXFWLRQ LQFUHDVHG E\ D IDFWRU RI  UHODWLYH WR WKH SUHYLRXV \HDU

UHDFKLQJWRQ'0KD$SSUR[LPDWHO\RIWKHVWDQGZDVXSURRWHGGXULQJWKHDXWXPQ
RI<HDUUHGXFLQJELRPDVVSURGXFWLRQE\a




'XULQJ WKH ILUVW JURZLQJ VHDVRQ ERWK ZLOORZ FORQHV KDG WKH VDPH HVWLPDWHG OHDI ELRPDVV
SURGXFWLRQ WRQ'0KD ZKLFKLQFUHDVHGE\DIDFWRURIRUPRUHLQWKHIROORZLQJ\HDU
VHH 7DEOH   ,Q FRQWUDVW WR WKH VLWXDWLRQ ZLWK VWHP ELRPDVV SURGXFWLYLW\ WKH OHDI ELRPDVV
SURGXFWLRQ RI S. x viminalis ZDV JHQHUDOO\ D IHZ KXQGUHG NJ '0KD OHVV WKDQ WKDW RI S.
dasyclados EHFDXVH OHDYHV DFFRXQWHG IRU D VPDOOHU SURSRUWLRQ RI WKH WRWDO DERYHJURXQG
ELRPDVV LQ S. x viminalis   WKDQ ZDV WKH FDVH IRU S. dasyclados   7KH H[WHQVLYH
KDUYHVWLQJRIWKHZLOORZVWDQGDIWHUWKHVHFRQGJURZLQJVHDVRQUHGXFHGWKHSURGXFWLRQRIOHDI
ELRPDVV LQ <HDU  WKH WKLUG \HDU OHDI ELRPDVV SURGXFWLYLW\ RI S. x viminalis ZDV  WRQ
'0KDZKLOHWKDWIRUS. dasycladosZDVWRQ'0KD 7DEOH 

3.2

Nutrient accumulation in stems and leaves

7KHFRQFHQWUDWLRQVRI1LQWKHVWHPVDQGOHDYHVYDULHGEHWZHHQDQGPJJ'0
UHVSHFWLYHO\ GHSHQGLQJ RQ WKH ZLOORZ FORQH DQG VDPSOLQJ \HDU WKH FRUUHVSRQGLQJ
FRQFHQWUDWLRQVRI3UDQJHGEHWZHHQDQGPJJ'0UHVSHFWLYHO\7KHLQFUHDVHG
ELRPDVVSURGXFWLRQLQ<HDUZDVDVVRFLDWHGZLWKVXEVWDQWLDOLQFUHDVHVLQWKHXSWDNHRI1DQG
3DIWHUWKH ILUVW JURZLQJVHDVRQIRUERWK FORQHV 7KHWRWDOXSWDNHRI1LQVWHPV DQGOHDYHV
LQFUHDVHGDWOHDVWE\DIDFWRURIWRNJ1KDRYHUDOOVLPLODUO\RYHUDOO3XSWDNHLQFUHDVHG
E\DIDFWRURIWRNJ3KD VHH7DEOH 7KHH[WHQVLYHKDUYHVWLQJDWWKHHQGRIWKHVHFRQG
JURZLQJ VHDVRQ UHGXFHG WKH ELRPDVV \LHOG LQ WKH IROORZLQJ \HDU DQG WKXV UHGXFHG WKH WRWDO
QXWULHQWXSWDNHE\7KHOHDI1SRROZDVJUHDWHUE\WKDQWKHVWHP1SRROIRU
S. dasycladosGXULQJWKHWKUHHJURZLQJVHDVRQVZKHUHDVIRUS. x viminalisWKHVL]HRIWKHOHDI
1SRROZDVVLPLODUWRWKDWRIWKHVWHPSRRO)RU3WKHVWHPSRROZDVJUHDWHUWKDQWKHOHDISRRO
IRUERWKFORQHV,QWRWDOWKH1DFFXPXODWLRQZDVaNJKDIRUERWKFORQHVDQGWKDWIRU3

ZDV aNJKD7KHKDUYHVWLQJVFKHPHXVHGLQ WKLV ZRUNUHFRYHUHG NJ1KDDQGNJ
3KDWKDWKDGDFFXPXODWHGLQWKHELRPDVVGXULQJWKHH[SHULPHQWDOSHULRG

3.3

Efficiency of pollutant removal

3.3.1 Total suspended solids
7KH FRQFHQWUDWLRQV RI 766 LQ WKH LQIOXHQW DQG HIIOXHQW DUH VKRZQ LQ )LJ D 7KH LQIOXHQW
FRQFHQWUDWLRQVYDULHGJUHDWO\ZLWKWKHPLQLPXPOHYHOVEHORZPJODQGSHDNYDOXHVDERYH
 PJO 'HVSLWH WKH RFFDVLRQDOO\ KLJK ORDGLQJV WKH ZLOORZ EHG UHPRYHG 766 IURP WKH
ZDVWHZDWHUYHU\HIIHFWLYHO\PRUHWKDQRIWKH766ZDVUHPRYHGIURPWKHLQIOXHQW 7DEOH
  7KH 766 FRQFHQWUDWLRQV LQ WKH HIIOXHQW UHPDLQHG UHODWLYHO\ VWHDG\ WKURXJKRXW WKH
H[SHULPHQWGHFOLQLQJIURPPJOWRPJORYHUWKHFRXUVHRI<HDUDQGWKHQUHPDLQLQJ
DWPJOGXULQJ<HDUVDQG

3.3.2 Organic matter
7KHFRQFHQWUDWLRQVRIR[\JHQFRQVXPLQJVSHFLHVPHDVXUHGLQWHUPVRI%2'DQG&2'LQ
WKHLQIOXHQWZHUHKLJKDQGRFFDVLRQDOO\VSLNHGWRDQGPJOUHVSHFWLYHO\ VHH)LJE 
7\SLFDOO\KRZHYHUWKH%2'DQG&2'UDQJHGIURPWRPJODQGWRPJO
UHVSHFWLYHO\7KHZLOORZEHGHIILFLHQWO\UHGXFHGERWK%2'DQG&2'E\!DQGa
UHVSHFWLYHO\ UHJDUGOHVV RI WKH LQLWLDO YDOXHV )LJ E 7DEOH   7KH UHGXFHG %2' ORDGLQJ
7DEOH   ZDV UHIOHFWHG LQ WKH %2' YDOXHV IRU WKH HIIOXHQW RYHU WLPH ZKLFK ZHUH UHGXFHG
IURPWRPJO )LJE &RQYHUVHO\WKH&2'YDOXHVIRUWKHHIIOXHQWUHPDLQHGEHWZHHQ
DQGPJOWKURXJKRXWWKHH[SHULPHQWDOSHULRG )LJE 

3.3.3 Nitrogenous compounds
7KHWRW1DQG1+1FRQFHQWUDWLRQVLQWKHLQIOXHQWW\SLFDOO\UDQJHGEHWZHHQ±DQG±
PJOUHVSHFWLYHO\ZLWKVRPHH[FHSWLRQVZKHQWKHLQIOXHQWZDVGLOXWHGGXHWRSUHFLSLWDWLRQ

GXULQJ WKH ZLQWHU RI <HDU  DQG E\ VQRZPHOW GXULQJ WKH VSULQJ RI <HDU  )LJ F  7KH
DYHUDJH UHGXFWLRQ LQ WRW1 DQG 1+1 DIWHU SDVVDJH WKURXJK WKH ZLOORZ EHG GLG QRW YDU\
JUHDWO\ ZLWK WKH VHDVRQV WKH WRW1 FRQFHQWUDWLRQV ZDV W\SLFDOO\ UHGXFHG E\  DIWHU
SDVVDJHWKURXJKWKHZLOORZEHGZKLOHWKH1+1FRQFHQWUDWLRQZDVUHGXFHGE\$Q
H[FHSWLRQRFFXUUHGDWWKHHQGRIWKHH[SHULPHQWDOSHULRG LHLQWKHVXPPHURI<HDU ZKHQ
WKH DYHUDJH UHGXFWLRQ ZDV  SHUFHQWDJH SRLQWV JUHDWHU 7DEOH   7KLV UHGXFHG WKH 1
FRQFHQWUDWLRQLQWKHHIIOXHQW7KXVWKHWRW1FRQFHQWUDWLRQGHFOLQHGIURPWRPJO
ZKLOHWKDWRI1+1ZHQWIURPWRPJO'XULQJWKHH[SHULPHQWDOSHULRG1+1
W\SLFDOO\DFFRXQWHGIRUPRUHWKDQRIWKH1LQWKHHIIOXHQW7KH121FRQFHQWUDWLRQZDV
ORZLQERWKWKHLQIOXHQWDQGLQWKHHIIOXHQWEHLQJDQGPJOUHVSHFWLYHO\

3.3.4 Phosphorus compounds
/LNHWKHWRW1DQG1+1LQIOXHQWFRQFHQWUDWLRQVWKHWRW3DQG323FRQFHQWUDWLRQVLQWKH
LQIOXHQW RFFDVLRQDOO\ GURSSHG GXULQJ WKH DXWXPQV DQG VSULQJV EHFDXVH RI GLOXWLRQ E\
SUHFLSLWDWLRQRUVQRZPHOW2WKHUZLVHWKHLQIOXHQWFRQFHQWUDWLRQVZHUHXVXDOO\EHWZHHQ
DQGPJOUHVSHFWLYHO\$SSUR[LPDWHO\RIWKHWRW3LQWKHLQIOXHQWZDVUHPRYHGDIWHU
SDVVDJHWKURXJKWKHZLOORZEHGDOWKRXJKWKLVGHFOLQHGWRaGXULQJWKHVXPPHUVRI<HDU
DQG )LJG 7KHVWXGLHGZLOORZEHGGLGQRWUHWDLQVROXEOH3 323 WRDQ\JUHDWH[WHQW
W\SLFDOO\ WKH LQIOXHQW FRQFHQWUDWLRQV ZHUH UHGXFHG E\ OHVV WKDQ  DQG LQ VRPH FDVHV WKH
FRQFHQWUDWLRQLQWKHHIIOXHQWZDVKLJKHUWKDQWKDWLQWKHLQIOXHQW323DFFRXQWHGIRUPRUH
WKDQRIWKH3LQWKHHIIOXHQWWRW3FRQFHQWUDWLRQVUDQJHGIURPWRPJOZKLOH323
FRQFHQWUDWLRQVUDQJHGIURPWRPJO

4. Discussion
4.1

Production of biomass in cold climate

7KHDQQXDOELRPDVVSURGXFWLRQDFKLHYHGLQWKLVVWXG\ WRQ'0KD\HDU7DEOH ZDV
FRPSDUDEOHWRWKDWH[SHFWHGIRUDZHOOPDLQWDLQHGFRPPHUFLDOZLOORZSODQWDWLRQLQVRXWKHUQ
6ZHGHQ  WRQ '0KD \HDU  RU HOVHZKHUH LQ QRUWKHUQ (XURSH VHH 7DEOH   7KLV JRRG
SHUIRUPDQFHFDQEHDWWULEXWHGWRPXOWLSOHIDFWRUV)LUVWWKHZDVWHZDWHUSURYLGHGQXWULHQWVDQG
ZDWHUDW DOHYHOWKDW JUHDWO\H[FHHGHGWKRVHUHTXLUHGWRPDLQWDLQJURZWKGXULQJWKHJURZLQJ
VHDVRQV FI/DUVVRQHWDO DVZDWHUVKRUWDJHDQGLQVXIILFLHQWIHUWLOLVDWLRQDUHDPRQJWKH
PRVW LPSRUWDQW IDFWRUV OLPLWLQJ WKH JURZWK SRWHQWLDO RI ZLOORZV -RQVVRQ   6HFRQG
ZLOORZFXWWLQJVZHUHSODQWHGDWDGHQVLW\WKDWZDVWLPHVJUHDWHUWKDQLVUHFRPPHQGHG
IRUFRPPHUFLDOZLOORZSODQWDWLRQV *XVWDIVVRQHWDO 7KLVPDGHLWSRVVLEOHWRKDUYHVW
WKHZLOORZVFRQWLQXRXVO\ DW WKH HQGRIHDFK JURZLQJVHDVRQZKLFKPD\KDYHHQKDQFHGWKH
ELRPDVV \LHOG %XOODUG HW DO  :LOOHEUDQG HW DO   ,Q DGGLWLRQ WR WKH FRQWLQXRXV
KDUYHVWLQJ WKH GHQVH SODQWLQJ DQG FRDUVH QXWULHQWSRRU EHG PDWHULDO PDGH WKH ZLOORZ EHG
LQKRVSLWDEOH WR ZHHGV ZKLFK DUH NQRZQ WR UHGXFH ELRPDVV SURGXFWLRQ *UHJHUVHQ DQG %UL[
7DKYDQDLQHQDQG5\WN|QHQ 7KLUGWKHDYHUDJHPRQWKO\WHPSHUDWXUHVGXULQJWKH
WKUHH \HDUV LQ ZKLFK WKH VWXG\ ZDV FRQGXFWHG ZHUH KLJKHU WKDQ WKH ORQJWHUP DYHUDJH
WHPSHUDWXUHV IRU WKH UHJLRQ HVSHFLDOO\ GXULQJ JURZLQJ VHDVRQ  VHH )LJ   )LQDOO\ WKH
LQWHQVLYHIHUWLJDWLRQPLJKWKDYHH[WHQGHGWKHJURZLQJVHDVRQE\SURYLGLQJKHDW WKHLQIOXHQW
ZDVWHZDWHU KDG D WHPSHUDWXUH RI &  DQG QXWULHQWV YRQ )LUFNV HW DO   FUHDWLQJ D
PRUHIDYRXUDEOHHQYLURQPHQWIRUWKHZLOORZVWKDQZRXOGKDYHEHHQSRVVLEOHRWKHUZLVH )LJ
 1RWDEO\ZKLOHWKHZLOORZVVXVWDLQHGIURVWGDPDJHLQWKHIRUPRIIUR]HQWRSVKRRWVSODQW
VXUYLYDOZDVFORVHWRIRUFRPSDUDWLYHSXUSRVHVWKHVXUYLYDOUDWHREVHUYHGLQDVWXG\
FRQGXFWHGLQDVLPLODUFOLPDWHZLWKRXWWKHDSSOLFDWLRQRIZDVWHZDWHUZDV 6|GHUVWU|P

  ,WWKXVVHHPVWKDWGHQVHSODQWLQJDQGLQWHQVLYHZDVWHZDWHUIHUWLJDWLRQ WKURXJKRXWWKH
\HDUSURPRWHVELRPDVVSURGXFWLRQLQFROGFOLPDWHV

7KHVWHPELRPDVVSURGXFWLRQRIS. x viminalis .DULQ ZDVKLJKHUWKDQWKDWRIS. dasyclados
*XGUXQ HVSHFLDOO\GXULQJ<HDU 7DEOH &RQYHUVHO\S. dasycladosH[KLELWHGJUHDWHUOHDI
ELRPDVVSURGXFWLRQ 7DEOH +RZHYHUWKHGLIIHUHQFHLQELRPDVV\LHOGVGHFUHDVHGDIWHUWKH
VL]HRIWKHZLOORZSRSXODWLRQZDVUHGXFHGE\DWWKHHQGRIWKHVHFRQGJURZLQJVHDVRQ
7KHGLIIHUHQFHLQ\LHOGVPD\EHGXHWRGLIIHUHQFHVLQWKHWZRFORQHV¶JHQHWLFSURSHUWLHVS. x
viminalisLVWDOOHUDQGWKLQQHUWKDQS. dasyclados %XOODUGHWDO6|GHUVWU|P DQG
ZLOORZV ZLWK YHUWLFDO JURZWK DUH IDYRXUHG LQ GHQVH SODQWDWLRQV EHFDXVH RI FRPSHWLWLRQ IRU
OLJKW %XOODUG HW DO   7KXV ZKHQ DLPLQJ WR LQFUHDVH ELRPDVV \LHOGV WKURXJK GHQVH
SODQWLQJFORQHVZLWKYHUWLFDOJURZWKVKRXOGEHXVHG

7KHVWXGLHGZLOORZEHGSURGXFHGJRRGELRPDVV\LHOGVSHUXQLWDUHD7KLVVXJJHVWVWKDWXVLQJ
VFDOHGXSZLOORZEHGVIRUVLPXOWDQHRXVZDVWHZDWHUWUHDWPHQWDQGELRPDVVSURGXFWLRQZRXOG
EH DQ DWWUDFWLYH ZD\ RI UHFRYHULQJ UHVRXUFHV +RZHYHU LW VKRXOG EH QRWHG WKDW WKH PHWKRG
PD\ EH VXEMHFW WR VRPH OLPLWDWLRQV 7KH IXHO TXDOLW\ LV XQFHUWDLQ LI EDUNULFK IHHGVWRFN LV
SURGXFHG $GOHUHWDO $OVRLILWLVQHFHVVDU\WROLQHWKHERWWRPRIWKHSORWWRSUHYHQW
JURXQGZDWHU FRQWDPLQDWLRQ DQG PDLQWDLQ FRQWURO RYHU WKH LQIORZ WR WKH VXEVHTXHQW
DG VRUSWLRQILOWHUVWKHFRQVWUXFWLRQFRVWVRIWKHZLOORZEHGLQFUHDVHFRQVLGHUDEO\'XULQJWKH
H[SHULPHQWDOSHULRGWKHV\VWHPSURGXFHGVXIILFLHQWZLOORZVWHPELRPDVVWRJHQHUDWH
N:K RI SRZHU GHSHQGLQJ RQ WKH ZLOORZ FORQH XVHG $ KRUL]RQWDOIORZ SUHILOWHULQJ ZLOORZ
EHGRIWKLV NLQGZRXOGWKXV SURGXFHPXFKOHVVHQHUJ\WKDQWKHDPRXQWQHHGHGE\ DW\SLFDO
6ZHGLVKKRXVHKROGIRUKHDWLQJDQGKRWZDWHU 6DKOLQDQG6WHQJnUG DQGLVXQOLNHO\WREH
HFRQRPLFDOO\YLDEOHIRUELRIXHOSURGXFWLRQ *XVWDIVVRQHWDO +RZHYHU%|UMHVVRQDQG

%HUQGHV   SRLQWHG RXW WKDW WKH JUHDWHVW HFRQRPLF EHQHILW RI XVLQJ ZLOORZ YHJHWDWLRQ
ILOWHUV IRU ZDVWHZDWHU WUHDWPHQW FRPHV IURP WKH ORZHU WUHDWPHQW FRVWV FRPSDUHG WR
FRQYHQWLRQDOPHWKRGVIRU1UHGXFWLRQUDWKHUWKDQIURPWKHELRIXHOSURGXFWLRQ,QDGGLWLRQWR
WKH HFRQRPLF DVSHFWV ZLOORZ WUHDWPHQW V\VWHPV DUH PRUH VXVWDLQDEOH WKDQ FRQYHQWLRQDO
DOWHUQDWLYHVIRU1UHGXFWLRQEHFDXVHWKH\FRQVXPHOHVVHQHUJ\ 0XOGHU 

4.2

Nutrient recovery

7KHQXWULHQWDFFXPXODWLRQLQWKHZLOORZVXVHGLQWKLVZRUNZDVFRPSDUDEOHWRWKDWUHSRUWHG
IRU SUHYLRXV VLPLODU VWXGLHV 'LPLWULRX DQG $URQVVRQ  (ULFVVRQ  *UHJHUVHQ DQG
%UL[  /DUVVRQ HW DO   +RZHYHU WKH ZLOORZV DW WKH VWXGLHG VLWH ZHUH GHQVHO\
SODQWHGZKLFKWHQGVWRFDXVHVHOIWKLQQLQJRYHUWLPH %XOODUGHWDO 7RFRXQWHUDFWWKLV
HIIHFWWKHZLOORZSRSXODWLRQZDVH[WHQVLYHO\UHGXFHGE\XSURRWLQJRIWKHSRSXODWLRQDW
WKHHQGRIWKHVHFRQGJURZLQJVHDVRQ7KLVUHGXFHGWKHQXWULHQWDFFXPXODWLRQLQWKHIROORZLQJ
\HDUE\EHFDXVHRIWKHKLJKVWDQGPDWXULW\ (ULFVVRQ ,QWHUHVWLQJO\GHVSLWHWKH
ORZHUVWHPELRPDVVSURGXFWLRQRIS. dasycladosERWKFORQHVH[KLELWHGIDLUO\VLPLODUQXWULHQW
DFFXPXODWLRQ VHH 7DEOH   7KLV PLJKW EH GXH WR JHQHWLF GLIIHUHQFHV S. dasyclados JURZV
PRUH ODWHUDOO\ WKDQ S. x viminalis %XOODUG HW DO  6|GHUVWU|P   DQG WKH ORZHU 1
DFFXPXODWLRQLQWKHVWHPVRIS. dasycladosZDVFRPSHQVDWHGIRUE\DKLJKHUDFFXPXODWLRQLQ
WKHOHDYHV$SUHYLRXVVWXG\UHSRUWHGDIDUJUHDWHUDFFXPXODWLRQRI1LQWKHOHDYHV (ULFVVRQ
 7KLV PD\KDYHEHHQGXHWR WKHXVHRI DORZHU SODQWLQJGHQVLW\ ZKLFKZRXOGIDYRXU
OHDI ELRPDVV SURGXFWLRQ ,Q JHQHUDO DQQXDO KDUYHVWLQJ EHIRUH DEVFLVVLRQ IDFLOLWDWHG QXWULHQW
UHFRYHU\ IURP WKH ILHOG VLWH a RI WKH QXWULHQWV DFFXPXODWHG LQ WKH DERYHJURXQG SDUWV
FRXOG EH UHFRYHUHGIURP WKHVLWHGXULQJWKH H[SHULPHQWDOSHULRG7KLV VXJJHVWV WKDW QXWULHQW
UHPRYDOFRXOGEHRSWLPLVHGE\XVLQJODWHUDOO\JURZLQJZLOORZVZLWKDORZHUSODQWLQJGHQVLW\
WKDQZDVXVHGLQWKLVZRUNDQGKDUYHVWLQJWKHPDQQXDOO\EHIRUHOHDIIDOO


:KHQZLOORZELRPDVVLVSURGXFHGIRUXVHLQELRIXHOWKHVWDQGLVKDUYHVWHGDIWHUDEVFLVVLRQDW
LQWHUYDOVRI \HDUV6LQFHRUPRUHRIWKHDERYHJURXQG1LVFRQWDLQHGLQWKHOHDYHV
7DEOH PXFKRIWKHSODQW¶V1LVUHF\FOHGWKURXJKOHDIIDOODWVLWHVZLWKKLJKQXWULHQWOHYHOV
YRQ)LUFNVHWDO )XUWKHUPRUHGXULQJWKHFRPEXVWLRQRIELRIXHOPXFKRIWKH3IURP
WKHELRPDVVLVUHWDLQHGLQWKHDVKZKHUHDVWKH1LVDOPRVWFRPSOHWHO\FRQYHUWHGWRJDVHRXV
VSHFLHVLH1DQG12[ 2EHUQEHUJHUHW DO  $VVXFKDPRUHXVHIXO ZD\RIXWLOLVLQJ
QXWULHQWV LQ WKH SURGXFHG ZLOORZ ELRPDVV PD\ EH WR KDUYHVW D SRUWLRQ RI WKH ZLOORZ VWDQG
DQQXDOO\FRPSRVWWKHKDUYHVWHGELRPDVVDQGXVHLWDVDVRLOFRQGLWLRQHU1LWURJHQORVVHVDUH
FRPPRQ GXULQJ FRPSRVWLQJ EXW DGGLQJ SKRVSKDWH DQG PDJQHVLXP WR WKH FRPSRVW UHGXFHV
JDVHRXV 1 ORVVHV E\ SURPRWLQJ VWUXYLWH IRUPDWLRQ -HRQJ DQG .LP   5HPDUNDEO\ WKLV
FDQDOVRLQFUHDVHWKH1FRQWHQWRIWKHFRPSRVWUHODWLYHWRFRQYHQWLRQDOFRPSRVWE\DIDFWRURI
WRDVPXFKDVRIWKHWRWDOGU\PDVV

4.3

Wastewater treatment

$ VHSWLF WDQN LV FRPPRQO\ XVHG DV WKH ILUVW VWHS LQ WUHDWLQJ UHVLGHQWLDO ZDVWHZDWHU LQ DUHDV
ZLWKRXWFHQWUDOLVHGZDVWHZDWHUWUHDWPHQWLWVSULPDU\IXQFWLRQLVWRUHPRYHVXVSHQGHGVROLGV
DQGSDUWLFXODWHRUJDQLFPDWWHU:KLOHWKLVLVUHDVRQDEO\HIIHFWLYHWKHVHSWLFWDQNHIIOXHQWVWLOO
FRQWDLQV FRQVLGHUDEOH DPRXQWV RI RUJDQLF PDWWHU DQG SDUWLFXODWH VROLGV 86(3$  
)XUWKHUPRUH SRRU VHSWLF WDQN PDLQWHQDQFH FDQ FDXVH HOHYDWHG FRQFHQWUDWLRQV RI 766 DQG
RUJDQLFPDWWHULQWKHHIIOXHQW7KLVFRXOGH[SODLQWKHVSRUDGLFKLJKFRQFHQWUDWLRQVRI766DQG
%2'LQWKHVHSWLFWDQNHIIOXHQWIHGWRWKHVWXGLHGZLOORZEHGRFFDVLRQDOO\WKH766OHYHOV
H[FHHGHGPJODQGWKH&2'ZDVDERYHPJO VHH)LJDDQGE /RZFRQFHQWUDWLRQV
RI766DQGRUJDQLFPDWWHULQWKHLQIOXHQWIHGWRDUHDFWLYHZDVWHZDWHUILOWHUDUHHVVHQWLDOIRU
SURSHUILOWHUIXQFWLRQLQJEHFDXVHWKHVHFRQVWLWXHQWVFDQEORFNWKHVRUSWLRQVLWHVDQGFORJWKH
ILOWHU $V VXFK UHDFWLYH ILOWHU PDWHULDOV VKRXOG EH XVHG DIWHU UHPRYLQJ SDUWLFOHV DQG RUJDQLF
PDWWHU UDWKHU WKDQ DV VWDQGDORQH XQLWV :HEHU HW DO   RU LQFRUSRUDWLQJ UHDFWLYH ILOWHUV

PDWHULDOV LQWR FRQVWUXFWHG ZHWODQGV WR HQKDQFH QXWULHQW UHPRYDO HJ 'UL]R HW DO 
.DUF]PDUF]\N DQG 5HQPDQ  2EDUVND3HPSNRZLDN DQG *DMHZVND   ,Q DGGLWLRQ
WKH XVH RI VHSDUDWH WUHDWPHQW XQLWV PDNHV LW HDVLHU WR UHSODFH H[KDXVWHG DG VRUEHQWV 7KH
VWXGLHGZLOORZEHGVLJQLILFDQWO\UHGXFHGWKH766DQGRUJDQLFPDWWHUFRQWHQWRIWKHLQIOXHQW
ZDWHU WR DQ H[WHQW FRPSDUDEOH WR WKDW DFKLHYHG ZLWK SUHILOWHULQJ V\VWHPV FRQVLGHUHG LQ
SUHYLRXVVWXGLHV -HQVVHQHWDO0 KOXPDQG6WnOQDFNH 7KHVWXGLHGZLOORZEHG
LVWKXVDQHIIHFWLYHSUHWUHDWPHQWV\VWHPIRUXVHZLWKGRZQVWUHDP DG VRUSWLRQILOWHUV

,QWKHKLJKO\ORDGHGZLOORZEHGDFRPSDUDWLYHO\VPDOOSURSRUWLRQRIWKHWRWDOQXWULHQWFRQWHQW
RIWKHLQIOXHQWZDVWDNHQXSLQWRWKHKDUYHVWDEOHELRPDVVRIWKHZLOORZV 7DEOH7DEOHFI
7DEOH 7KLVLVFRQVLVWHQWZLWKSUHYLRXVFODLPVWKDWQXWULHQWXSWDNHE\SODQWVDFFRXQWVIRU
RQO\DVPDOOSURSRUWLRQRIWKHWRWDOQXWULHQWUHPRYDOLQZDVWHZDWHUILOWHULQJV\VWHPV HJ
%UL[9\PD]DO 7KLVLVEHFDXVH1HQWHULQJFRQVWUXFWHGZHWODQGVLVSULPDULO\
UHPRYHGYLDQLWULILFDWLRQGHQLWULILFDWLRQZKHUHDV3LVUHPRYHGE\UHDFWLRQZLWK)H$ODQG
&DLQWKHEHGPDWHULDODVWKHZDVWHZDWHUIORZVWKURXJKWKHFRQVWUXFWHGZHWODQG 9\PD]DO 
,QWKHKRUL]RQWDOIORZFRQVWUXFWHGZHWODQGV1UHGXFWLRQLVFRPPRQO\OLPLWHGE\QLWULILFDWLRQ
ZKLFKUHVXOWVIURPDQLQVXIILFLHQWR[\JHQVXSSO\7KH1+1UHGXFWLRQLQWKHVWXGLHGZLOORZ
EHGZDVLQLWLDOO\ORZ  EXWLQFUHDVHGRYHUWLPHWRFDE\WKHHQGRIWKHWKLUG
JURZLQJVHDVRQ )LJF7DEOH 7KLVPLJKWUHIOHFWWKHGHYHORSPHQWRIWKHZLOORZV¶ ILQHU 
URRWVGXULQJWKHILUVWWKUHH\HDUVDIWHUSODQWLQJ 5\WWHU ZKLFKSURPRWHVQLWULILFDWLRQ
%UL[ :LWKRXWUHGXFWLRQVLQWKH1ORDGLQJQRIXUWKHULQFUHDVHVLQWKH1UHGXFWLRQVKRXOG
EHH[SHFWHGDIWHUWKUHH\HDUVE\ZKLFKSRLQWWKHURRWV\VWHPZRXOGEHIXOO\GHYHORSHGIRUSODQWV
ZKRVHJURZWKLVQRWOLPLWHGE\QXWULHQWDYDLODELOLW\ (ULFVVRQ 

7KHUHGXFWLRQLQWRW1FRQFHQWUDWLRQDFKLHYHGLQWKLVVWXG\LVW\SLFDOIRUFRQVWUXFWHG
ZHWODQGVUHJDUGOHVVRIWKHSODQWVSHFLHVXVHG HJ9\PD]DO 7KH3UHWHQWLRQZDVORZ
a EHFDXVHWKHFRDUVHEHGPDWHULDOGLGQRWFRQWDLQODUJHTXDQWLWLHVRI)H$ORU&D
0RUHRYHUDIWHUSDVVLQJWKURXJKWKHKRUL]RQWDOIORZFRQVWUXFWHGZHWODQGWKHEXONRIWKH
UHPDLQLQJ1LV1+1 )LJF ZKLOHPRVWRIWKH3LV323 )LJG 7KHEXONRIWKH
QXWULHQWVLQWKHZLOORZEHGHIIOXHQWZHUHWKXVSUHVHQWDVVROXEOHVSHFLHVWKDWFDQEHFDSWXUHG
E\VRUSWLRQILOWHUVXVLQJ&DEDVHGPDWHULDOVIRU3 HJ+HGVWU|PDQG5DVWDV DQGYLD
DGVRUSWLRQWRFOLQRSWLOROLWHLQWKHFDVHRI1+1 HJ+HGVWU|PDQG5DVWDV$PRIDK 




5. Conclusions
7KH IURVWWROHUDQW ZLOORZ FORQHV SURGXFHG JRRG ELRPDVV \LHOGV SHU XQLW DUHD  WRQ GU\
PDWWHUKD RYHUWKUHH JURZLQJVHDVRQV 7KHLQWHQVLYHIHUWLJDWLRQGHQVH SODQWLQJFRQWLQXRXV
KDUYHVWLQJZHUHPRUHIDYRXUDEOHIRUELRPDVVSURGXFWLRQZLWKYHUWLFDOJURZWKZLOORZVSHFLHV
UDWKHU WKDQ WKRVH H[KLELWLQJ ODWHUDO JURZWK JURZQ LQ FROG FOLPDWH 7KH UHVXOWV LQGLFDWHG WKDW
QXWULHQWUHFRYHU\FDQEHPD[LPLVHGE\XVLQJKRUL]RQWDOJURZWKZLOORZFORQHVXQGHULQWHQVLYH
IHUWLJDWLRQDQGFRQWLQXRXVKDUYHVWLQJZLWKOHVVGHQVHSODQWLQJWKDQZDVXVHGLQWKLVZRUN7KH
QLWURJHQDFFXPXODWLRQLQDERYHJURXQGELRPDVVZDVNJKDDQGWKDWRISKRVSKRUXVZDV
NJKDRIZKLFKDERXWFRXOGEHUHPRYHGXQGHUWKHKDUYHVWLQJVFKHPHXVHG'HVSLWHWKLV
WKHTXDQWLW\RIQXWULHQWVWDNHQXSLQWRWKHZLOORZELRPDVVUHSUHVHQWHGRQO\DVPDOOIUDFWLRQRI
WKH ORDGHG RU UHPRYHG DPRXQWV +RZHYHU WKH ZLOORZ EHG IDFLOLWDWHV QXWULHQW UHFRYHU\ LQ
VXEVHTXHQWDGVRUSWLRQILOWHUVEHFDXVHLWVXEVWDQWLDOO\UHGXFHVOHYHOVRISDUWLFXODWHDQGRUJDQLF
PDWWHU DQG HQVXUHV WKDW WKH EXON RI WKH UHPDLQLQJ QXWULHQWV LQ DUH LQ VROXEOH DQG UHDFWLYH
IRUPV

2YHUDOORXUUHVXOWVLQGLFDWHWKDWIURVWWROHUDQWZLOORZFORQHVIHUWLJDWHGZLWKZDVWHZDWHUFRXOG
EHDQDWWUDFWLYHRSWLRQDVDFRPSRQHQWRIDQXWULHQWUHWDLQLQJZDVWHZDWHUWUHDWPHQWV\VWHPIRU
FROG FOLPDWHV +RZHYHU LW ZLOO EH QHFHVVDU\ WR DVVHVV WKH LPSDFW RI SRWHQWLDO ORQJWHUP
YDULDWLRQVLQK\GUDXOLFORDGDQGDPELHQWWHPSHUDWXUHRQWKHELRPDVV\LHOGRIZLOORZJURZQLQ
FROGFOLPDWHV
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Fig. 2. Layout of the experimental plant.
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Three soil samples contaminated by chromated zinc arsenate (CZA) or chromated copper arsenate (CCA) were investigated in a laboratory scale to study As mobilization
and to identify a chemical agent that could be used in soil washing to extract arsenic.
Besides high As extraction, the cost, occupational health issues and technical aspects
were considered when selecting the chemical. Arsenic is strongly bound to CZA/CCA
soils; only ∼50% of the tot-As was removed from water-washed soils. High Fe or Al
mobilization is not necessarily indicative of high As removal from CZA/CCA soils. A
high Cu/As-ratio and a large amount of soluble Ca in the soil hampered As extraction.
The high ratio can be an indication of stable Cu-arsenates in soil. Calcium can react
with the extraction agent or with As during extraction. Sodium hydroxide, dithionite
with citrate (and oxalate) (dithionite solutions), and oxalate with citrate were the most
efﬁcient chemicals for removing As from the soils. The disadvantages of using these
strong chemicals are: a high cost (oxalate with citrate); damage to equipment (dithionite solutions); an adverse impact on occupational health (dithionite solutions); or a
deterioration in soil quality after extraction (NaOH and dithionite solutons). Phosphate, solutions based on NH2OH·HCl, or citrate were not efﬁcient in mobilizing As
from the soils.
Keywords arsenic, CCA, contaminated soil, extraction, soil washing



Introduction
Arsenic was ranked at the top of the Comprehensive Environmental Response, Compensation and Liability Act’s (CERCLA’s) list of prioritized hazardous substances, based on:
1) frequency of occurrence; 2) toxicity; and 3) potential for human exposure (ATSDR,
2007b). The toxic properties of As made it an efﬁcient ingredient in pesticides but also
a threat to the environment and human beings. Both anthropogenic and natural sources
occur in many parts of the world. Groundwater pollution is a major environmental problem affecting a population’s drinking water supplies. The problems caused by As in the
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environment are thoroughly discussed in Zevenhoven et al. (2007) and ATSDR (2007a).
While coal combustion and metallurgical industries are the main sources of atmospheric
As emissions in the EU, As occurs in ﬂy ashes, CCA-impregnated wood, and sewage
sludge. The wood impregnation industry has often made use of chromated copper/zinc
arsenate (CCA/CZA) as pressure-treated wood may last for ten times longer than ordinary
wood. Arsenic is still used in various photoelectric devices but the largest market for As
is wood preservation salt (Bhattacharya et al., 2002; Zevenhoven et al., 2007). The active
components of CCA are dichromate/chromate (Cr2 O7 2−/HCrO4 −), cupric (Cu2+), and arsenate (HAsO4 2−/H2 AsO4 −) ions. In CZA, the copper is replaced by zinc. These elements
have caused soil contamination as a result of chemical spills, sludge deposition, drips from
freshly impregnated wood, and leaching of stored impregnated wood via precipitation at
wood preservation sites (Lund and Fobian, 1991; Anderssen et al., 1996).
In general in the soil, As is associated with oxides of Fe, Al, and Mn (Livesey and
Huang, 1981; McBride, 1994). Copper, Cr(III) and Zn are adsorbed by clay minerals,
oxides, and organic matter in the soil (McBride, 1994). In environments containing a
number of metals, arsenates can be ﬁxed as chromium arsenates when Cr(VI) in CCA is
reduced to Cr(III). In addition, Cu, Fe, and Zn-Fe arsenates can be formed on goethite and
gibbsite surfaces (Gräfe et al., 2008). In sandy soil (Carey et al., 1996) or in Fe fortiﬁed sand
(Khaodhiar et al., 2000), the mobility of CCA compounds in soil has been shown to decrease
as follows: Cr > As > Cu. However, other studies (Anderssen et al., 1996; Kumpiene et al.,
2009) suggest that As may be the most mobile of the three compounds in soil depending
on the geochemical conditions. Methods to remediate metal-contaminated soils include
isolation, immobilization, toxicity reduction, physical separation, and extraction (USEPA,
1997; Mulligan et al., 2001). A common strategy for the remediation of contaminated soils
in Sweden is to excavate and dispose of the soils in landﬁll (Svedberg and Holm, 2007).
This method relies on extensive transportation, consumption of clean soil to backﬁll the site,
and utilization of landﬁll space. The remediation of a former impregnation site in northern
Sweden involved transportation and landﬁll fees amounting to 65% of the total remediation
costs (Nordberg and Stenberg, 2005). Separation methods such as soil washing could be
used to separate a small volume of highly contaminated material from a clean coarse
fraction, which could be reused. Soil washing has been used successfully to remediate soils
contaminated with inorganic pollutants (USEPA, 1997). Here, soil washing is considered to
comprise a combination of techniques for separating contaminated ﬁnes from clean coarse
material and extracting pollutants from a moderately contaminated intermediate fraction.
Several individual chemicals have been used to extract As from contaminated soil, e.g.
salts (K/NH4 +-phosphates, K/NH4 +-sulphates, NH4 +-oxalate, Na-acetate, NH2 Cl·HCl),
organic acids (acetic, oxalic, ascorbic and citric acid), inorganic acids (HCl, HNO3 and
H3 PO4 ), and alkaline agents (NaOH and NH4 OH) (Johnston and Barnard, 1979; Wenzel et
al., 2001; Bhattacharya et al., 2002; Jang et al., 2005; Ko et al., 2006; Alam et al., 2007).
A combination of two chemicals has shown to be more effective than a chemical alone to
extract As from soil (El-Khost Salama, 2001; Lee et al., 2007) and from Fe (hydr)oxides
(Jackson and Miller, 2000); however, few combinations of chemicals have been tested. In
soils containing CCA/CZA, the contaminants are located at the surface of soil particles,
allowing their removal by extraction using one or several chemicals.
Besides the ability to remove a large proportion of the As present, the choice of
chemicals should take into account any interaction between different elements within
CCA/CZA, along with occupational health considerations and technical feasibility.
The aim of this study was to investigate As extraction from CCA/CZA contaminated
soils. The As extraction was targeted to the medium coarse sand-gravel fraction of the soils
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because this fraction tends to be less contaminated and the contaminants are loosely bound.
Water-washed soil was used in order to focus on the effect of the chemical extraction.
In addition, we wanted to identify chemicals that can be used to extract As efﬁciently
from CCA/CZA polluted soils and, hence, could be used in soil washing applications. The
selection of the chemicals was based on a number of factors: the ability to extract large
amounts of As; the cost of the chemicals; occupational health considerations and other
technical aspects relating to handling of the contaminated soil.

Material and Methods
Soil Samples



Soil for the laboratory investigations originated from three wood impregnation sites, Forsmo
(soil F, N63◦ 10 10 ; E17◦ 17 57 ), Innansjön (soil I, N 64◦ 30 39 ; E 20◦ 28 19 ), and
Robertsfors (soil R, N 64◦ 12 17 ; E 20◦ 49 54 ), all located in northern Sweden. Soil I
was excavated at the impregnation site from at depth of 0–30 cm beside the impregnation
building. For soil samples F and R, the soils had previously been excavated and stored in
an open-air pile at a landﬁll site. Composite samples were collected randomly from the soil
pile. At Forsmo, CZA was used, whilst at Innansjön and Robertsfors the most commonly
used impregnation chemical was CCA (Eriksson et al., 2002; Wiklund et al., 2004; Maurice
et al., 2007). The soils were homogenized by mixing with a spade. The soil was dried at
room temperature and sieved through an 8 mm, then a 0.25 mm, mesh. The 0.25–8 mm
fraction was placed on a 0.25 mm sieve and rinsed under running tap water for some
minutes. Thereafter, the soil was dried in an oven at 50◦ C before use. This water-sieved
soil fraction is henceforth referred to as “composite soil” and is the focus of this study.
The soils were analyzed to determine: organic matter, measured by loss of ignition (LOI)
according to Swedish standard SS 028113 (SIS, 1981); grain size distribution, following
Swedish standard SS 027124 (SIS, 1992); and pH, following Thomas (1996). Soil pH
was measured by equilibrating the soil in deionized water at a soil-to-water ratio of 1:1.
The metal content of the three soils was determined by a modiﬁed version of the method
described by Andersson et al. (1991), in which the metals are extracted with 7 M HNO3 .
The soil samples (4 g soil) were digested with 40 ml of the acid on a sandbath at 70◦ C for
30 min and thereafter at 100◦ C for 2 h. After cooling, the solutions were ﬁltered through
a ﬁlter paper and made up to a volume of 100 ml. Thereafter, the samples were ﬁltered
through a 0.45 μm ﬁlter and stored at 4◦ C prior to analysis. All measurements of the three
soils were conducted in triplicate.
Experimental
The extraction reagents were sodium hydroxide (NaOH), sodium dihydrogen phosphate (NaH2 PO4 ), sodium oxalate (Na2 C2 O4 ), oxalic acid (C2 H2 O4 ), sodium citrate
(Na3 C6 H5 O7 ), citric acid (C6 H8 O7 ), hydroxylamine hydrochloride (NH2 OH·HCl), and
sodium dithionite (Na2 S2 O4 ). The concentrations of the chemicals were based on the results of previous studies (Jackson and Miller, 2000; Wenzel et al., 2001; Jang et al., 2005;
Lee et al., 2007), see Table 1. The chemicals were pro analysi grade and were supplied by
Merck. pH in the solutions was adjusted to 5 using NaOH, except for the dithionite and
Na solutions. Data on the extraction solutions is summarized in Table 1. Soil F was tested
with all 13 solutions, and soils I and R with solutions 1–8. A sample of 10 g of the soil
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Table 1
Information on the Tested Solutions (the selected chemical concentrations were based on
previous studies, see notes)
Nr.

Test solution

Nr.

1

0.2 M Oxalic acid (C2 H2 O4 ), pH 51

8

2

0.2 M Oxalic acid (C2 H2 O4 )/0.1 M
Sodium dihydrogen phosphate
(NaH2 PO4 ), pH 52
0.2 M Oxalic acid (C2 H2 O4 )/0.1 M
Citric acid (H3 C6 H5 O7 ), pH 5
0.2 M Citric acid (H3 C6 H5 O7 )/0.1 M
Oxalic acid (C2 H2 O4 ), pH 5

9

3
4

5

0.2 M Citric acid (H3 C6 H5 O7 )/0.1 M
Sodium dihydrogen phosphate
(NaH2 PO4 ), pH 53
0.03 M Sodium dithionite
(Na2 S2 O4 )/0.15 M Sodium citrate
(Na3 C6 H5 O7 ), pH 7.1
0.03 M Sodium dithionite
(Na2 S2 O4 )/0.1 M Sodium citrate
(Na3 C6 H5 O7 )/0.05 M Sodium
oxalate (Na2 H2 O4 ), pH 6.7

6

7

Test solution
0.2 M Sodium dihydrogen phosphate
(NaH2 PO4 ), pH 5
0.1 M Sodium hydroxide (NaOH),
pH 12.73

10

0.2 M Citric acid (H3 C6 H5 O7 ), pH 54

11

0.2 M Hydroxylamine hydrochloride
(NH2 OH·HCl)/0.1 M Sodium
dihydrogen phosphate (NaH2 PO4 ),
pH 52
0.2 M Hydroxylamine hydrochloride
(NH2 OH·HCl)/0.1 M Oxalic acid
(C2 H2 O4 ), pH 5
0.2 M Hydroxylamine hydrochloride
(NH2 OH·HCl)/0.1 M Citric acid
(H3 C6 H5 O7 ), pH 5

12

13

Nr. = Number.
Wenzel et al., 2001.
2
Jackson and Miller, 2000.
3
Jang et al., 2005.
4
Lee et al., 2007.



1

was agitated with 50 ml of the extraction solution for 30 min. The agitation took place in
a rotating table mixer at 20◦ C. After agitation, the pH and redox of the washing solution
were measured. Samples were ﬁltered through a 0.45 μm ﬁlter and stored at 4◦ C prior to
analysis. All tests were performed in triplicate, and a composite sample of triplicates was
analyzed. All plastics and glassware were acid washed prior to use.

Analysis
The pH was measured with a WTW GmbH’s pH 330 meter and redox with a PHM95
pH/ION METER Radiometer, Copenhagen. The pH meter was calibrated prior the usage.
The total metal concentrations (soil samples) were analyzed with ICP-AES. Arsenic, Fe, Al,
and Ca concentrations in the extraction solutions were analyzed with ICP-AES according
to EPA 200.7. Copper and Cr concentrations in the extraction solutions were analyzed
with ICP-SFMS according to EPA 200.8. The analysis was conducted at the accredited
laboratory of ALS Scandinavia in Luleå, Sweden.
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Modelling the Extraction
Visual MINTEQ (VMINTEQ; Gustafsson, 2007) is a chemical equilibrium program based
on MINTEQA2 (Allison et al., 1991). Concentration of the elements, pH, and redox
potential of the extraction solutions were used as input data, and the software (ver.
2.53) determined the chemical speciation and possible solid-phases within the extraction
solutions.

Results
Soil Characteristics
The soils were classiﬁed as gravelly-sand, on the basis of the results of sieving (see Figure 1).
Soil F was somewhat ﬁner (90 w-% sand) than the other two soils (appr. 80 w-% sand).
The pH of the soils was close to neutral and the organic content, estimated by LOI, was
below 3% (see Table 2). The As content varied between 150 and 200 mg/kg. Soil F was
richest in Fe (∼12000 mg/kg); soils I and R contained less than 10000 mg/kg. The Al
content was similar in all of the soils, ∼4000–5000 mg/kg. Soil F had the lowest Cu content
(∼10 mg/kg); soil R contained ﬁve and soil I ten times more Cu.
Screening the Chemicals



The amounts of As released from the soils by the chemicals are shown in Figure 2a.
The highest quantities of As were extracted from soil F using NaOH and the dithionite
solutions, amounting to 60–80 mg/kg, which is equivalent to 43–53% removal (see Table
3). The dithionite solutions extracted the greatest amounts of As from soil R (>40 mg/kg),
whereas NaOH was the most effective chemical for soil I, extracting ∼50 mg/kg.
The lowest quantities of As were extracted from soil F with solutions of NH2 Cl·HCl
and citrate/phosphate (NC and NP); less than 10 mg/kg was extracted. NO solution was the
most effective of the three NH2 Cl·HCl solutions, extracting 22 mg As/kg.
Sodium hydroxide was the most effective of the individual chemicals in releasing
As from the soils, and oxalate was more effective than either citrate or phosphate. When
combining oxalate and citrate, a higher amount of As was extracted than when using oxalate

Figure 1. Grain size distribution of the soils.
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Table 2
Soil Characteristics of the Three Water-sieved Soils, 0.25–8 mm Fraction (nits are given in
parentheses)

pHw (−)
LOI (%)
Fe (mg/kg)
Al (mg/kg)
As (mg/kg)
Cr (mg/kg)
Cu (mg/kg)
Zn (mg/kg)

Soil F

Soil I

Soil R

5.7 ± 0.11
2.1 ± 0.11
11832 ± 1942
4608 ± 297
147 ± 22
26 ± 3
12 ± 1
62 ± 5

7.4 ± 0.11
1.5 ± 0.11
9131 ± 542
4936 ± 2502
199 ± 82
59 ± 12
98 ± 32
47 ± 72

7.1 ± 0.11
2.5 ± 0.11
8753 ± 742
4392 ± 1542
162 ± 142
87 ± 142
51 ± 62
52 ± 12

Bulk soil <2 mm fraction.
Value is based on duplicate samples.

1
2

alone. For soils F and I, oxalate with citrate (OC) was more effective; for soil R, a higher
amount of As was extracted using the CO than the OC solution.
If the results using NaOH are excluded, the As extraction was lowest from soil I
(10–20%), whilst 16–53 and 12–29%, respectively, were extracted from soils F and R (see
Table 3).
Table 3
Removal Rates of As, Cu, Cr, Fe and Al from the Soils by Each of the Chemicals,%
Chemical



Element NC NO NP DC DCO
Soil F
As
Cu
Cr
Fe
Al
Soil I
As
Cu
Cr
Fe
Al
Soil R
As
Cu
Cr
Fe
Al
∗

C

CO

CP

O

OC

OP Na∗

5.5 15
6.2 43
53
7.7 16 13 19 25 22
6.2 16
2.2 8.5 9.2 16 25 17 26 29 26
1.4 3.0 0.6 9.4 12.5 2.0 4.3 3.0 4.4 5.6 5.1
0.3 0.6<0.1 7.1 7.3 0.3 0.6 0.4 0.8 0.9 0.8
1.1 2.4 0.0 3.9 4.8 1.5 2.7 2.1 3.2 4.0 3.7

50
12
5.2
0.2
9.4

14
15
0.4 0.4
7.1 8.3
2.5 2.7
1.2 1.6

16
9.9 17 20 17
25
27 21 25 27 25
5.2
8.1 4.3 7.3 10
8.8 1.2
0.4 0.2 0.5 0.5 0.5 <0.1
2.8 1.1 3.5 4.2 3.6 6.0

29
26
3.9 4.9
5.5 6.0
7.6 6.8
2.5 2.2

24 16 12 17 17
34 26 26 34 36
3.8 2.8 2.8 4.1 3.9
2.2 1.7 2.2 3.9 2.7
2.5 1.9 2.3 3.1 2.9

The extraction solutions had a deep brown color.

11
4.9
0.6
0.3
2.8

P
8.1
3.0
0.6
<0.1
0.2
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Figure 2. a) As, b) Cr, c) Fe, d) Al, e) Cu, and f) Ca dissolved from the soils by each of the chemicals.
C = citrate, D = dithionite, N = NH2 OH·HCl, Na = NaOH, O = oxalate, P = phosphate.

The dithionite solutions dissolved the largest amounts of Fe from all of the soils (see
Figure 2c), amounting to 230–870 mg/kg; the least Fe was dissolved by NaOH, PO4 and
the NP solution. Oxalate was somewhat more efﬁcient at dissolving Fe from soil F than
was citrate (91 vs. 36 mg/kg), and the OC solution was the second most efﬁcient, after
dithionite, for all of the soils.
The highest amounts of Al, up to 430 mg/kg, were dissolved by NaOH from soils F
and I (Figure 2d). The dithionite solutions were not as efﬁcient at dissolving Al from soils
as they were for dissolving Fe; they removed less Al than the OC/CO solutions. The OC
solution was the most effective in dissolving Al from soil R. Of the individual chemicals,
oxalate was the most effective in dissolving Al from soil F (if NaOH is excluded).
With the exception of NO, the solutions containing NH2 OH·HCl were not effective in
dissolving Fe or Al.
The solutions containing oxalate and citrate dissolved the largest amounts of Cu from
all of the soils (see Figure 2e). The difference in the amount of Cu extracted by these
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Table 4
The Correlation Coefﬁcients, r2, for the Extractions with 7 (Soil I and R) or 12 (Soil F)
Chemicals (the results achieved using NaOH and the dithionite solutions are excluded)
Soil
Soil F
Soil I
Soil R

Fe-As
0.87
0.91
<0.01

Al-As

Cu-As

Cr-As

0.89
0.97
0.02

0.83
0.80
0.33

0.93
0.93
0.34

chemicals was negligible. The lowest amounts of Cu were dissolved by the dithionite and
NH2 OH·HCl solutions. The greatest amount of Cu was released from soil I, up to 26 mg/kg,
and the lowest amount was extracted from soil F (0.3–3.4 mg/kg).
The OC solution was the most efﬁcient in releasing Cr from soil I, removing up to
6.0 mg/kg. The dithionite solutions were the most effective in dissolving Cr from soils R
(5 mg/kg) and F (2.4–3 mg/kg). Phosphate, NaOH, citrate, and the solutions containing
NH2 OH·HCl extracted relatively little Cr from the soils. About equal amounts of Cr were
extracted from soils I and R (2.5–6 mg/kg) and the poorest Cr extraction was from soil F
using these chemicals.
Correlation coefﬁcients (r2) for Fe/Cu/Cr-As dissolutions from the three soils are
presented in Table 4; the results achieved using NaOH and the dithionite solutions are
omitted. As can be seen in this table, the correlations were above 0.80 for the Fe/Cu/Cr-As
relationships for soils F and I. There was no correlation between Fe/Al and As, and only a
low correlation (about 0.3) between Cu/Cr and As in soil R.
The redox potential (Eh) was −380–405 mV in the dithionite solutions with soil,
230–260mV in the NH2 OH·HCl-based solutions, 150–170mV in NaOH and 300–570mV
in the oxalate and citrate-based solutions.

Discussion



Chemical Agents Extracting Arsenic
Even though, As is less strongly bound to the sand fraction than to clay or silt (Lombi et al.,
2000; Ko et al., 2005), PO4 did not mobilize a large proportion of As (8% of the total As) in
the sandy soil fraction used in this study. Low Me2+/3+ concentrations in the extraction solution (soil F) indicated that PO4 mobilizes arsenate from soil through ligand exchange at a
near neutral pH (Loeppert et al., 2002) and therefore, does not dissolve signiﬁcant amounts
of any other elements. The low As extraction with PO4 could be due to water-washing of
the soil prior to the experiment, since pure water has been shown to remove considerable
amounts of As from contaminated soil (Van Herreweghe et al., 2003). Further, As was
introduced into the CCA/CZA contaminated soil through a solution containing not only
As but also Cu/Zn and Cr(VI). Arsenic has been found to occur on goethite and gibbsite
surfaces in a CCA contaminated soil in the form of diverse Cu, Fe, and Zn-Fe arsenate precipitates (Gräfe et al., 2008). The precipitates are stable; only a small percentage of As was
extracted with 0.01 M CaCl2 and less than 20% As was removed by 0.25 M Na2 HPO4 after
30 min (Gräfe et al., 2008). Furthermore, higher PO4 concentrations, longer contact times,
and lower/higher pHs have been used in studies where high As removal rates (40–75%)
were achieved with PO4 (Keon et al., 2001; Goh and Lim, 2005). A longer contact time,
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a higher PO4 concentration and a pH <4–5 or >11 all increase As mobilization (Goh and
Lim, 2005). In the study by Goh and Lim (2005), PO4 did not mobilize As bound to the
oxalate-extractable fraction, which comprised a considerable amount of the total As. Thus,
As-bearing phase is an important factor controlling As solubility in contaminated soils.
Acid oxalate extraction (pH∼3) is used as one of the steps in the sequential extraction
procedure for As (Wenzel et al., 2001) and is considered to mobilize As via ligand-enhanced
dissolution of Fe hydroxides (Loeppert et al., 2002). When the extraction solution is acidic,
H+ ions further enhance the dissolution of oxides and, thus, As mobilization. In other
studies, higher As extraction rates (up to 73%) have been achieved using the acid oxalate
extraction (Lombi et al., 2000; Wenzel et al., 2001) than were recorded in the present study.
The oxalate solutions (O, OC and OP) extracted less than 30% of the total As, or 41 mg/kg
from the soils. This lower As extraction could be due to the difference in pH between the
extraction solutions (3.25 vs. 5). Another reason could be the contact time—Nikolaidis
et al. (2004), for example, agitated their samples for 4 h compared to the 30 min employed
in the present study. The citrate solutions (C, CO and CP) were not as effective as the
oxalate solutions in mobilizing As, with the exception of CO from soil R. The higher As
extraction by oxalate could be due to the effectiveness of this ligand for dissolving Fe and
Al oxides, compared to citrate. However, As extraction was increased with the inclusion
of citrate in the oxalate solution. The increase may be due to the fact that citrate forms
complexes with divalent metal ions, e.g. Ca2+, Mg2+. Thus, citrate ions may have prevented
extensive Ca oxalate precipitation and may have kept oxalate ions active in the solution,
thus allowing the formation of complexes with Fe and Al. This may explain the higher As
extraction using the CO solution than the OC solution for soil R, since the Ca concentration
in the extraction solutions increased with increasing initial citrate and decreasing oxalate
concentration (see Figure 2f). Furthermore, the addition of PO4 to oxalate and citrate
solutions increased the amount of As extracted compared with unadulterated O and C
solutions. Similar observations have been reported in other studies (Jackson and Miller,
2000; Lee et al., 2007). The higher extraction has been explained by the ability of PO4 to
prevent readsorption of As (Jackson and Miller, 2000). In the present study, the amount of
Al, Fe and several Me2+ ions in the CP solution was higher than in the C solution. Except
for soil I, PO4 had a comparable effect on O/OP solutions. For soil I, however, the O and
OP solutions removed similar amounts of As. Due to their ability to form complexes at the
pH used here, the OC/CO solutions were more efﬁcient in simultaneously extracting Cu,
Zn and Cr from the soils compared to any of the other solutions. The ability of oxalate
and citrate to mobilize Pb, Cu, Cd and Zn from soil has been reported in previous studies
(Farrah and Pickering, 1978; Bhattacharya et al., 2002). Furthermore, the OC/CO solution
dissolved several times less Fe than the dithionite solutions and less Al than NaOH. The
OC/CO solutions are therefore believed to be gentler to the soil and have less adverse effects
on the soil functions enabling reutilization of the treated soils. Dithionite with citrate (DC)
dissolved the greatest amount of As from soil R and dithionite with citrate and oxalate
(DCO) from soil F. When combining dithionite with citrate (and oxalate), a lower amount
of the organic compounds (dithionite vs. O/C solutions) was needed to achieve high As
removal from the soils. Jiang et al. (2005) found that citrate-dithionite extractable Fe was
the most important soil factor inﬂuencing arsenate adsorption. Thus, As introduced to soil
(through CCA/CZA solution) is strongly bound to Fe (oxy)hydroxides, and the dissolution
of Fe in soils releases arsenates. Arsenic release using dithionite and citrate/oxalate is the
result of a reduction of the surface Fe oxide by the dithionite ion, the citrate/oxalate then
chelating the dissolved Fe2+. The ability of dithionite to extract As is due to the dissolution
of not only amorphous and crystalline Fe oxides but also a small amount of water-soluble,
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exchangeable and organically bound Fe (Loeppert and Inskeep, 1996). This could represent
a very large proportion of the Fe dissolved in the dithionite solutions, which dissolved about
7–8% of total Fe from soils F and R. The dithionite solutions simultaneously extracted the
largest amounts of As and Cr (soils F and R). This could be explained by the fact that, in
reduced conditions, Cr exists mainly as Cr(III), and forms soluble complexes with citrate
(James and Bartlett, 1983). The dithionite solutions were less effective at mobilizing As
from soil as the initial Cu content increased; in addition, these solutions mobilized a very
small amount of Cu (<2.5 mg/kg). According to the simulations produced by VMINTEQ,
this could be due to saturation of Cu(-Fe) minerals. Therefore, the dithionite solutions are
suitable for the simultaneous removal of As and Cr from Cu-poor soils.
The NH2 OH·HCl solutions, NP and NC, extracted the least As (<9.1 mg/kg) of all
the chemicals from soil F. The low As extraction could be related to the inability of these
solutions to dissolve amorphous Fe and Al oxides, and thus to mobilise As. However,
NH2 OH·HCl is used for the acidic-reductive dissolution of amorphous Fe-oxides (Chao
and Zhou, 1983) and in a study by Jackson and Miller (2000), NH2 OH·HCl/HCl with HCl
and PO4 extracted more than 60% of the total As from (amorphous) Fe oxides. The reduced
extraction from soil F in this study could be related to a higher pH and a lower concentration
of NH2 OH·HCl. The NO solution was the most effective of the NH2 OH·HCl solutions,
and extracted a higher amount of As than C, CP, and P. Furthermore, the NO solution was
the most effective of the N solutions at mobilizing Cu and Cr, releasing similar amounts
to the C and CP solutions. The higher level of extraction could be related to the inclusion
of oxalate and the ability of this ligand to dissolve Fe and Al oxides and to form soluble
complexes with Me2+/3+.
Sodium hydroxide appeared to be an effective extraction agent to release As from two
of the three CCA contaminated soils. Sodium hydroxide was the most efﬁcient chemical for
extracting As from a Cu-rich CCA soil (soil I). The low As extraction by NaOH from soil
R could be due to the precipitation of Ca arsenates, which is favored by a high pH, since the
soil contains a great deal of soluble Ca (see Figure 2f). Other studies have shown that NaOH
extracts As efﬁciently at pH above 11–12 from soils (Jang et al., 2005; Van Herreweghe
et al., 2003; Lee et al., 2007). The high As extraction at high pH is due to the dissolution
of oxides enhanced by OH−; readsorption of arsenate is prevented by OH− adsorption
due to an increased negative surface charge (Loeppert et al., 2002). According to Manful
(1992), NaOH releases “non-occluded” arsenate bound to the surface of Fe-rich minerals;
very little Fe was found in the extraction solutions in the present study. Similar results
were reported in the study by Van Herreweghe et al. (2003). However, the As extracted
by NaOH could be related to both Al and Fe bound As, since the simulation results from
VMINTEQ indicated that the solutions were saturated with several Fe and Cu-Fe minerals
and the readsorption of As could be prevented by the higher pH. For all the soils in the
present study, the NaOH extraction solution had a deep brown color. A brown color has
been reported in other studies (e.g. Van Herreweghe et al., 2003), and can be explained
by the dissolution of humic substances at a high pH. Thus, NaOH may have extracted
lower amounts of organically associated As. Copper and Cr(III) are immobile at a high pH
(Khaodhiar et al., 2000); this was reﬂected in the lower amounts of Cu and Cr extracted
from the soils by NaOH than by the dithionite and the oxalate-citrate solutions. Thus,
NaOH is not a suitable chemical for simultaneous extraction of As and Cu/Cr from soil.
Arsenic Extraction from CCA/CZA Soils
Arsenic occurs in the penta-valent state in oxidized (Eh>200 mV) and slightly acidic soils
(Masscheleyn et al., 1991). Furthermore, arsenate accounted for more than 90% of the total
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As in a CCA contaminated sandy soil with low organic matter content, examined in the
study by Balasoiu et al. (2001).
Arsenic was strongly bound to CZA/CCA, as indicated by the maximum 50% extraction
from the three soils studied. A high initial As content in the soil did not result in a high As
removal rate in this study: the highest As removal (up to 53%, see Table 3) was achieved
for the soil with the lowest As content (soil F), and the lowest As removal (up to 25%)
for the soil with the highest As content (soil I). An important difference between the soils
was the As/Cu-ratio; a low As/Cu-ratio can be indicative of Cu-arsenates in the soil, thus
binding the As more strongly. This can be seen in a study by Bhattacharya et al. (2002)
where the As removal rate was much lower for a CCA-contaminated soil with a lower
As/Cu ratio when comparing the effectiveness of six extraction solutions. Furthermore, a
large amount of soluble Ca in the soil can suppress As extraction. Calcium can precipitate
with the extraction agent (e.g. oxalate) or at a high pH; Ca can also precipitate with As to
produce Ca arsenates; this suppresses As extraction (soil R).
The high levels of Fe and Cr extraction by the dithionite solutions and the ability of
NaOH to dissolve Al skewed the Fe/Al/Cr and As correlations. For example, soil I and
the DC/DCO solution, where a large amount of Fe was dissolved (more than 230 mg/kg),
but little As was found in the solution (about 30 mg/kg). When excluding the results of
these solutions, there were good correlations between Fe/Al/Cr and As dissolution for
soils F and I. Furthermore, there was a high correlation between Cu and As dissolution
for these soils (dithionite and NaOH results excluded). The poor or absent correlations
between Fe/Al/Cu/Cr and As extraction for soil R could be due to Ca oxalate precipitates
scavenging these ions from the solution. Therefore, high mobilization of Fe or Al from
CCA/CZA soil does not necessarily mean that large amounts of As are extracted.



Practical Aspects of Using the Chemicals in Soil Washing
Several aspects should be considered when choosing a chemical agent for soil washing
applications besides high As extraction capacity; for example, the operational cost related
to chemical usage, damage to the soil washing plant, ease of use of the chemical, and
occupational health issues associated with the properties of the chemical. In addition, the
soil quality after extraction needs to be considered since the soil is to be reused. The amount
of dissolved Fe and Al and the soil pH are the factors that should be taken into account
when assessing the soil quality when the soil is to be used at construction site.
Sodium hydroxide was by far the cheapest of the tested extraction agents, and the
NaOH concentration studied was the lowest of the concentrations to achieve a high As
extraction. Therefore, the chemical cost of using NaOH to extract As in soil washing was
the lowest of the tested chemicals. However, a high pH (>11–12) is needed to achieve
high As extraction, and thus occupational safety is a major concern when using NaOH in
soil washing applications. The NaOH concentrations and the temperature of the solutions
are at a level where corrosion of the material is minor or negligible (De Renzo, 1985).
Soil properties are greatly inﬂuenced by NaOH extraction, since large amounts of Al and
organic matter (Stevenson, 1994) are released. Furthermore, due to the high pH of the
washing solution, the soil pH is increased.
Dithionite with citrate (DC) solution was the next cheapest extraction agent because
dithionite itself is relatively inexpensive and a low concentration (0.03 M) was needed to
achieve high As removal. Furthermore, the inclusion of dithionite decreased the amount of
citrate required. Dithionite is a strong chemical reductant; a low Eh (∼−400 mV) in the
solution causes crystalline iron oxides, e.g. hematite and goethite, to dissolve. Therefore,
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the chemical properties of the soil are inﬂuenced by reductive extraction; a high amount
of Fe and organic C is removed from the soil (Schulten and Leinweber, 1995). However,
the greatest concerns associated with using dithionite in soil washing are occupational
safety, design of the washing process, and the quality of the extraction solution. Dithionite
decomposes to various sulphuric compounds, e.g. hydrogen sulphite/sulphate, thiosulphate,
sulphide and sulphur dioxide, depending on the solution pH and the extent of air exposure
(Hofmann, 1969). Since dithionite is sensitive to air exposure, the washing process requires
a special design. Furthermore, dithionite needs to be added during the extraction to maintain
low redox potential in the washing solution. The low redox potential in the solution and
the sulphuric gases produced cause skin irritation and inhaled sulphuric gases irritate the
respiratory organs (Merck Chemicals Ltd., 2006b). Disposal of the extraction solution
can be problematic. Even though dithionite decomposes to gaseous sulphuric compounds
(which can leave the solution), the necessary dithionite concentration gives rise to a high
concentration of S in the extraction solution (more than 2 g/l). Dithionite can reduce some
of the As(V) to As(III) (Profumo et al., 2005), this is a more mobile and hazardous form
of As. Furthermore, some of the decomposition products, e.g. thiosulphate, are corrosive
(Devaney and Guess, 1982). Thus, any soil washing process using dithionite is complicated
and risky.
Oxalic with citric acid (OC), CO and CP solutions were the most expensive of the
studied chemicals (besides the plain C solution). The OC/CO solution extracted several
times less Fe than the dithionite solutions and less Al than NaOH, thus keeping the soil
more intact. Furthermore, the residual oxalate and citrate in the soil are biodegradable and
occur there naturally (Geelhoed et al., 1990). One disadvantage of using oxalate in soil
washing is the preparation of the extraction solution; oxalic acid was the least soluble of the
tested chemicals (see Table 5) and the solution needs to be kept in the dark since oxalate is
decomposed by light exposure (Gopala Rao and Aravamudan, 1955). Oxalic acid (pH∼1)
and citric acid (pH∼2) in low concentrations and at room temperature are slightly corrosive
(De Renzo, 1985). However, O/C solutions should not be corrosive because of a higher pH.
The studied P-solution was, among the dithionite and C solutions, the second cheapest
chemical. Sodium dihydrogen phosphate is not hazardous (Merck Chemicals Ltd., 2008b).
Furthermore, in solution phosphate occurs at pH 5, mainly in the form of dihydrogen
Table 5
Solubility of Different Chemicals at 20◦ C



Solubility
Substance
Na2 S2 O4
NaOH
NaH2 PO4 × H2 O
C2 H2 O4 × 2 H2 O
H3 C6 H5 O7 × H2 O
1

Merck Chemicals Ltd., 2006b.
Merck Chemicals Ltd., 2007b.
3
Merck Chemicals Ltd., 2008b.
4
Merck Chemicals Ltd., 2007a.
5
Merck Chemicals Ltd., 2008a.
2

g/l

mol/l
1

250
10902
8503
1024
16305

1.44
27.25
6.16
0.81
7.76
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1–2
3
2–5
1
2
2–5
2–3
1

C/CP
OC/CO
DC/DCO
NC/NP
NO
NaOH
O/OP
P

3–4
4–5
1–2
1
3
1–2
4–5
1

Cu
removal
1–2
2–4
3–5
1
2
1–3
2–4
1

Cr
removal
4
3
1
4
3
1
3
5

Soil quality
after extraction
1–3
1–2
3
1
1
5
2
3

Chemical
cost

Damage to soil washing plant, process design, technical aspects of each chemical (handling, solubility, etc.).

1

As
removal

Chemical
4
3
1
1
1
3
3
5

Occupational
health
4
2
1
1
1
3
2
5

Technical
aspect1

22–31
30–34
20–38
14
21
22–40
26–34
25

Total

Table 6
Evaluation of Chemical Agents for Soil Washing (scale 1–5 where 1 = lowest, 5 = highest score; scores for As removal were multiplied by a
factor of 5 and added to the other scores to give the total)
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phosphate (McBride, 1994) which is not corrosive (De Renzo, 1985) and which is highly
soluble (see Table 5). Because phosphate is a weak extractant, i.e. it mobilizes As through
ligand exchange; the soil is intact after extraction and other CCA compounds are not
mobilized to any great extent.
The N solutions were the most expensive of those studied. In addition, NH2 OH·HCl is
poisonous, corrosive (Chao and Zhou, 1983), and highly toxic to aquatic organisms (Merck
Chemicals Ltd., 2006a). The solutions of NC and NP mobilized little Me2+/3+ and, thus,
the soil is quite intact after extraction. However, NO was as efﬁcient or more efﬁcient in
mobilizing Me2+/3+ than C and CP solutions, leaving the soil damaged after extraction.



Choice of Extraction Chemical for Soil Washing Applications
The ability of a chemical to extract As, Cu and Cr, the soil quality after the extraction, the
cost of the extraction agent, occupational health of the process operators, and technical considerations associated with using the chemical in soil washing, e.g. how easy the chemical
is to deal with, are factors that must be considered when selecting an appropriate chemical
for the extraction of As from a CZA/CCA soil. In order to compare the merits/demerits of
the different chemical treatments, we allocated scores to each of these aspects (see Table 6).
The scores were then summed to provide a relative value for each treatment. Since As is
strongly bound to CZA/CCA soils, the chemical’s ability to remove As was multiplied
by ﬁve (to emphasize the As removal and give half of the scores to As removal) before
summing all the scores to give the ﬁnal use score (see Table 6).
Solutions based on NH2OH·HCl are not useful because they mobilize little As, have a
high chemical cost, pose occupational health risks, and have problematic technical issues.
Even though phosphate and C/CP achieved high scores, they are inappropriate for soil
washing because of their low As extraction. Strong extractants that dissolve soil Fe or Al,
i.e. NaOH, OC/CO, DC/DCO and O/OP, were the most efﬁcient in mobilizing As from the
contaminated soils. Furthermore, these agents received the highest overall scores. Sodium
hydroxide extracts large amounts of As from both CZA and CCA soils with a low amount
of soluble Ca. Sodium hydroxide is an inexpensive chemical and there are few occupational
health issues. The solution of DC/DCO is a relatively inexpensive solution that extracts As
and Cr efﬁciently from Cu-poor soils. However, this chemical requires a special process
design due to the chemical properties of dithionite. The solutions of O/OP and OC/CO were
allocated similar scores. However, both As and Cu can be extracted more efﬁciently with
OC/CO than O/OP from soils with a high Cu/As ratio and a high amount of soluble Ca.
Thus, OC/CO is favored over O/OP for use in soil washing. Oxalate-citrate extraction leaves
the soil more intact than either NaOH or the dithionite solutions. However, oxalate-citrate
is an expensive and demanding agent due its low solubility and light sensitivity.

Conclusions
Arsenic is so strongly bound to CZA/CCA soils that only up to about 50% of the total As
was removed from the water-washed soils. A high level of Fe or Al dissolution does not
necessarily signify high As removal from the CZA/CCA soils. A high Cu/As ratio and a
high level of soluble Ca in soil hampered As extraction. The high ratio can be an indication
of the presence of stable Cu arsenates; in addition Ca can react with the extraction agent
or with As during extraction at alkaline pHs. Sodium hydroxide, dithionite with citrate
(and oxalate), and oxalate with citrate were the most efﬁcient chemicals for mobilizing As
from the soils studied. The disadvantages of using these strong chemicals are either a high
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chemical cost (oxalate with citrate), corrosion in the equipment (dithionite with citrate (and
oxalate)), and concern of occupational health issues (dithionite with citrate (and oxalate))
or reduced soil quality after extraction (NaOH and dithionite with citrate (and oxalate)).
Phosphate, solutions based on NH2OH·HCl or citrate were not efﬁcient at mobilizing As
from the soils. Sodium hydroxide, dithionite with citrate (and oxalate), and oxalate with
citrate appeared to be the most promising chemicals that could be used to remove arsenic
from CCA/CZA contaminated soil in soil washing applications. Further studies need to
be done to enhance and optimize the As extraction process with regard to, e.g., chemical
concentrations, pH, and temperature.
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Andersson, A., Nilsson, Å., and Håkansson, L. 1991. Metal concentration of the mor layer. Swedish
Environmental Protection Agency, Report 3990.
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Abstract
Purpose Normal soil washing leave high residual pollutant
content in soil. The remediation could be improved by
targeting the extraction to coarser fractions. Further, a low/
high extraction pH and higher temperature enhance the
pollutant removal, but these measures are costly. In this
study, the utility of NaOH, oxalate–citrate (OC) and
dithionite–citrate–oxalate (DCO) solutions for extracting
of arsenic, chromium and zinc from contaminated soil were
assessed and compared. In addition the effects of NaOH
concentration and temperature on NaOH extractions, and
those of temperature and pH on OC and DCO extractions,
were evaluated.
Materials and methods A two-level, full-factorial design
with a centre point was implemented. Two factors,
concentration and temperature,were evaluated in NaOH
extractions, and pH and temperature for OC and DCO
solutions. In all cases, the extraction temperature was 20°C,
30°C and 40°C. The studied NaOH concentrations were
0.05, 0.075 and 0.1 M. The pH in OC solutions was 3, 5
and 7, and in DCO solutions, 4.7, 6.3 and 6.7. Water-

washed and medium coarse soil fraction of arsenic,
chromium and zinc contaminated soil was agitated for
15 min with the extraction solution.
Results and discussion In NaOH extractions, the temperature and (less strongly) NaOH concentration significantly
affected As and Cr mobilisation, but only the latter affected
Zn mobilisation. Both pH and temperature significantly
(and similarly) influenced As and Cr mobilisation in OC
extractions, while only the pH influenced Zn mobilisation.
In contrast, the extraction temperature (but not pH)
influenced As, Cr and Zn mobilisation in DCO extractions.
Conclusions For all extractants, mobilisation was most
efficient at elevated temperature (40°C). None of the
extractants reduced the soil’s As content to below the
Swedish EPA’s guideline value. Use of DCO is not
recommended because dithionite has a short lifetime and
residual arsenic contents in DCO-extracted soil are relatively high. Instead, sequential extraction with NaOH
followed by OC solutions (affording significant reductions
in As, Cr and Zn levels in the soil with short extraction
times) at 40°C is recommended.
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1 Introduction
Multiple metal(loid)-contaminated soils commonly exist
due to different anthropogenic activities. For example, in
Sweden, among the 80,000 sites potentially contaminated,
about 1,400 need to be remediated by year 2050 due to
contamination of, among others, As and metals (Skogsjö
2010) which is commonly a result of the utilisation of wood
preservatives (Bhattacharya et al. 2002). Several methods
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are available to remediate contaminated sites, e.g. excavation and landfilling, solidification/stabilisation, containment
and capping (Mulligan et al. 2001; United States Environmental Protection Agency 1997). These methods, however,
do not reduce satisfactorily environmental risk due to
possible metal(loid) leaching from treated soils (Alam and
Tokunaga 2006). Beside extractive phytoremediation methods (Arwidsson et al. 2010; Mulligan et al. 2001), soil
washing offers one of few permanent treatment solutions to
remove metal(loid)s from the soil in a feasible time frame
(Dermont et al. 2008). Pollutants such as As are often
concentrated in the portions of soil with small particle sizes
(Jang et al. 2007; Ko et al. 2005; Legiec et al. 1997), which
occupy a small volume of the total bulk soil. Soil washing
can be used to separate highly contaminated fine fractions
from the clean coarse material, which can be reused. An
intermediate fraction may be generated from soil washing
which is moderately contaminated and in which pollutants
are more loosely bound than in finer fractions (Ko et al.
2005; Legiec et al. 1997). Many studies on As extraction
have focused on the highly contaminated fine soil fraction
(<2 mm), and while some reductions in As levels have
generally been achieved, the residual As concentration in
the extracted soil generally remains high after treatment
(Bhattacharya et al. 2002; El-Khosht Salama 2001; Van
Benschoten et al. 1994). A recent study found NaOH,
dithionite–citrate–oxalate (DCO) and oxalate–citrate (OC)
to be the most effective extractants for removing arsenic
from contaminated soil (Rastas Amofah et al. 2008).
Although this study focused on the water-washed coarse
soil fractions, all of the methods examined left relatively
high residual concentrations of As in the treated soil. The
efficiency of arsenic extraction could be improved by
multiple sequential extractions of the soil. However,
multistage extractions with an extractant at close to room
temperature do not significantly improve overall contaminant removal (Alam et al. 2001; Bhattacharya et al. 2002;
Jang et al. 2007). By contrast, increasing the extraction
temperature can significantly improve As removal (Alam et
al. 2001). However, heating the extraction solution can be
costly. Furthermore, pH significantly influences the mobility of elements; As [as arsenate, As(V)] is mobile at
extremely low and extremely high pHs (Lee et al. 2007;
Manning and Goldberg 1997; Xu et al. 1988). Thus, since
soil becomes acidic after acid extraction, the treated bulk
soil must be neutralized to avoid detrimental effects on soil
properties (Ko et al. 2005). Therefore, it is important to
identify optimal temperatures and pH to remove As and
other pollutant metals derived from chromated zinc arsenate
(CZA) efficiently from contaminated soil.
In the present study, the utility of NaOH, OC and DCO
solutions for extracting arsenic and related contaminants from
a medium coarse and water-washed CZA-contaminated soil
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were assessed and compared. In addition the effects of NaOH
concentration and temperature on NaOH extractions, and
those of temperature and pH of near to neutral on OC and
DCO extractions, were evaluated.

2 Materials and methods
2.1 Soil sampling
The soil used in the experiments originated from a wood
impregnation site in Forsmo, northern Sweden (63°10′10″ N,
17°17′57″ E), where CZA has been used for wood treatment
(Nordberg and Stenberg 2005). Contaminated soil at this site
had been previously excavated, transported and stored in an
open-air pile at a landfill site. A composite sample was
collected randomly from this pile and homogenised by
mixing with a spade. The studied soil has been investigated
in earlier studies (Kumpiene et al. 2009; Lidelöw et al.
2007), in which more detailed information of the soil
characteristics is given. The soil was dried at room
temperature and sieved through an 8-mm followed by a
0.25-mm sieving mesh. The 0.25–8-mm fraction was
placed on a 0.25-mm sieve and rinsed under running tap
water for several minutes, then the soil was dried in an
oven at 50°C before use. This water-sieved soil fraction
is henceforth referred to as “composite soil” and is the
focus of this study. The composite soil was subsampled
by using fractional shovelling and a rotating sectional
splitter containing eight receiving sectors (Gerlach and
Nocerino 2003). The soil was analysed to determine:
organic matter, measured by loss on ignition at 550°C
according to Swedish standard SS 028113 (Swedish
Standards Institute SIS 1981); grain size distribution,
following Swedish standard SS 027124 (Swedish Standards Institute SIS 1992); and pH, after equilibrating the
soil in deionised water for 10 min at a soil-to-water ratio
of 1:1 (Thomas 1996). The metal content of the soil was
determined by a modified version of the method described
in Andersson et al. (1991). Soil samples (4 g) were
digested with 40 ml of 7 M HNO3 on a sand bath at 70°C
for 30 min then at 100°C for 2 h. After cooling, the
solutions were filtered through a filter paper (OOR), made
up to a volume of 100 ml, filtered through a 0.45-μm
membrane filter and stored at 4°C prior to analysis. All
analyses were in triplicate.
2.2 Extraction experiment design
The batch extraction process was studied using a two-level,
full-factor design, focusing on two factors—concentration
and temperature—when using NaOH as the extractant, and
pH and temperature when using oxalic/citric acid (OC) or
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Na2S2O4 (Na dithionite)/Na citrate/Na oxalate (DCO,
Table 1). The chemicals used were of pro-analysis grade
and were supplied by Merck, and all glasswares were acid
washed before usage. The pH of the OC solutions was
adjusted with NaOH while that of the DCO solutions was
adjusted with NaOH or HCl as appropriate. Experiments
corresponding to the corner points were run in duplicate,
while the centre point was run in triplicate. Extraction tests
were performed by agitating 10 g of soil with 50 ml of the
appropriate extractant solution in a 125-ml glass flask. With
the exception of the tests conducted at room temperature,
all of the extraction solutions were heated to 10°C above
the test temperature (see Table 1) prior to the experiment.
The agitation was effected in a water bath, resulting in an
extraction temperature of 20°C, 30°C and 40°C, with linear
mixing for 15 min. After agitation, the temperature, pH and
redox potential of the extraction solution were measured.
Samples were filtered through a 0.45-μm filter and stored at
4°C prior to analysis.
2.3 Metal contents of the extracted soil
The extraction solution was decanted from each soil sample,
which was then rinsed twice with 125 ml distilled water by
adding water to the flask and decanting after several minutes.
The soil sample was then collected from the flask and dried at
50°C in a crucible. Residual metal contents in the soil after
extraction by each of the three extractants, under the
conditions that proved most efficient for removing As, were
determined as described in Section 2.1.
2.4 Extraction analysis, statistical evaluation and modelling
The samples’ pH and redox potential were measured
with a WTW pH 330 meter and a PHM95 pH/ION meter
(Radiometer, Copenhagen), respectively. The total metal
concentrations (in the soil samples prior and after
extraction) were analysed with ICP-OES (Perkin Elmer
Optima 2000DV). Arsenic, Fe and Al concentrations in
the extraction solutions were analysed with ICP-AES
according to EPA 200.7. Copper and Cr concentrations in
Table 1 Factors and factor
levels for the extraction
experiment

the extraction solutions were analysed with ICP-SFMS
according to EPA 200.8. The analysis of the extraction
solutions was conducted at the accredited laboratory of
ALS Scandinavia in Luleå, Sweden. MODDE software
(Umetrics AB, Sweden) was used for data evaluation.
Experimental data for As, Cr, Zn, Fe and Al were fitted
using partial least squares. VMINTEQ ver 2.53, a
chemical equilibrium programme (Gustafsson 2007)
based on MINTEQA2, was used for geochemical modelling. The elemental concentrations, temperature, pH and
redox potential of the extraction solutions were used to
determine chemical speciation and potential solid phases
within the extraction solutions.

3 Results
3.1 Soil characteristics
Following pH, sieving and metal analyses, the soil was
classified as moderately acidic gravelly sand (Table 2), with
2.5 times more Fe than Al (11,800 vs 4,600 mg/kg) and 56
times more Fe than Mn. In addition, it contained 147, 26
and 62 mg/kg As, Cr and Zn, respectively.
3.2 Sodium hydroxide extraction
The first model constructed, designated the aggregate
model, focused on the overall mobilisation of five elements
(As, Zn, Cr, Fe, and Al). The importance of each factor and
their interactions in this model are summarised in the
variable influence on projection (VIP) plot shown in
Fig. 1a. The only terms with VIP >0.7 were temperature
and concentration, so these two variables are the most
significant in this model. The other variables are less
important in the aggregate model, but some are important
for predicting the mobilisation of individual elements; the
main and interactive factors affecting mobilisation of As,
Zn, Cr, Fe and Al individually are shown in Table 3. Both
the concentration of the NaOH solution and the extraction
temperature significantly influenced the mobilisation of all

Solution

NaOH
0.2 M oxalic acid/0.1 M citric acid (OC)
0.03 M Na dithionite/0.1 M Na
citrate/0.05 M Na oxalate (DCO)

Factor

Concentration, M
Temperature, °C
pH
Temperature, °C
pH
Temperature, °C

Level
Low

High

Central point

0.05
20
3.1
20
4.7
20

0.1
40
7.1
40
6.7
40

0.075
30
5.1
30
6.3
30
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Table 2 The chemical content and physical properties of the soil
Parameter

Value

As, mg/kg
Cr, mg/kg
Zn, mg/kg
Fe, mg/kg
Al, mg/kg
Mn, mg/kg
Fraction 0.25–2 mm, %
Fraction 2–8 mm, %

147±22
26±3
62±5
11,832±1,942
4,608±297
209±12
91
9

LOIa, %
pHa

2.10±0.04
5.7±0.1

a

Measured for bulk soil <2 mm

five elements. The temperature had a greater effect than
extractant concentration for all elements other than Zn; the
difference between the effects was significant for As, Cr, Fe
and Al. The concentration–temperature interaction was
significant only for Zn; temperature had a greater effect
on Zn mobilisation at the higher extractant concentration.
For As, Zn, Cr, Fe and Al, models including only three
terms (concentration, temperature and the interaction
between them) had R2 and Q2 values of >0.80 (except for
Zn, for which the Q2 was 0.75).
At room temperature, doubling (NaOH) from 0.05 to
0.1 M increased As mobilisation by a factor of <2 (Table 4);
using 0.1 M NaOH, 48 mg As/kg was mobilised,
corresponding to 33% removal. At the lower concentration,
raising the extraction temperature from 20°C to 41±1°C
increased the mobilisation of As from 28 to 78 mg/kg.
When extracting at 40°C and the higher NaOH concentration, 102 mg/kg of As was mobilised. Amounts of Cr
extracted with NaOH varied between 0.8 and 2.6 mg/kg (3–
10%), depending on the conditions. Using 0.05 M NaOH,
0.8–0.9 mg/kg of Zn was mobilised; the extraction
temperature had very little influence. By contrast, using a
0.1-M NaOH solution, 2.0 mg/kg of Zn was mobilised at
40°C, compared to 1.2 mg/kg at 20°C. Depending on the
conditions, the Zn removal varied between 1.4% and 3.3%.
The amount of Fe mobilised using NaOH was 11–27 mg/kg,
and Al mobilisation was 189–535 mg/kg.
The pH of the extract solutions after agitation varied
from 11.8 to 12.8, with lower extraction temperatures
resulting in higher pH values (Table 5). Extracts obtained
at 20°C had considerably higher redox potentials than those
obtained at elevated temperature.
3.3 Oxalate–citrate solution extraction
The VIP plot (see Fig. 1b) for the aggregate model shows
that pH and temperature are the most significant variables

Fig. 1 Variable influence on projection (VIP) plot for the mobilisation
of As, Cr, Zn, Fe and Al from the soil using a NaOH, b oxalate–citrate
and c dithionite–citrate–oxalate solutions. The plot summarises the
importance of each factor, factor interaction and the square term on the
total model. Temp temperature, Conc concentration

(VIP >0.8) when using oxalate–citrate as the extractant, the
factor squared and interaction terms being less important (VIP
values 0.7 and <0.6, respectively). Including either of these
terms (especially temperature squared) improved simple pH
and temperature-based extraction models (based on R2 and Q2
values). The temperature, pH and temperature-squared terms
were all significant in the As, Cr, Fe and Al mobilisation
models (see Table 3). Of these terms, pH and temperature
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Table 3 Coefficients (at 95% confidence level) for pH/concentration and temperature effect for As, Cr, Zn, Cu, Fe and Al mobilisation when
using NaOH, OC and DCO solutions in milligrams per kilogram
Solution

Variable

Coefficient for As

Coefficient for Cr

Coefficient for Zn

Coefficient for Fe

Coefficient for Al

NaOH

Constant
Concentration
Temperature
Concentration×temperature
R2 adjusted
Constant
pH
Temperature
Temperature×temperature
R2 adjusted
Constant
pH
Temperature

65±4.0
8.3±4.2
25±4.2
0.8±4.0*
0.96
38±10
−27±5.7
17±5.6
10±9.1
0.96
57±3.6
0.9±3.8*
18±4.0

1.6±0.2
0.19±0.16
0.65±0.16
0.0001±0.2*
0.92
1.84±0.42
−1.0±0.2
1.1±0.2
0.6±0.4
0.96
2.7±0.2
−0.1±0.2*
1.1±0.2

1.23±0.18
0.33±0.19
0.188±0.187
0.21±0.18
0.78
13±1.9
−3.5±1.1
1.0±1.1*
1.0±1.8*
0.86
15±3.8
2.6±4.0*
6.6±4.2

19±1.5
1.9±1.6
5.4±1.6
0.2±1.5*
0.90
90±221*
−218±128
214±125
216±205
0.81
586±83
−9.0±88*
108±91

361±22
40±23
115±23
4.6±21*
0.95
215±41
−131±24
102±23
67±38
0.97
246±6.2
−37±6.6
87±6.9

pH×temperature
R2 adjusted

8.2±3.7
0.93

0.3±0.2
0.80

3.4±3.9*
0.62

69±84*
0.46

5.3±6.4*
0.99

OC

DCO

One of three centre points for NaOH extractions and one of the corner points (1,1) for DCO extractions were excluded
*Not significant term p>0.05

were the most important, and their effects on As, Cr, Fe and
Al mobilisation were identical at the 95% confidence level.
For Zn, only the pH term was significant.
At 20°C, decreasing the pH of the OC solution from 7 to
3 increased the elements’ mobility more than fivefold (with
the exception of Zn; see Table 4). For example, the amount
of As mobilised rose from 6.3 to 57 mg/kg. The maximum
As mobility with OC was 111 mg/kg, using a pH 3 solution
at 43±1°C. Under most conditions examined, ≤2.2 mg/kg Cr

Table 4 As, Cr, Cu, Fe and Al
mobilisation when using NaOH,
OC and DCO solutions in
milligrams per kilogram

Solution

Concentration,
M/pH

Temperature, °C

As, mg/kg

Cr, mg/kg

Zn,
mg/kg

Fe,
mg/kg

Al,
mg/kg

NaOH

0.05 M

20±0
41±1

28
78

0.8
2.0

0.9
0.8

11
22

189
419

0.075 M
0.1 M

31.5±1a
20±0
43±1
20±0
43±1
32±1
20±0
41±2
20±0
43±1
32±1
20±0
42b

68a
48
102
57
111
40
6.3
27
47
66
57
32

1.7a
1.0
2.6
2.2
5.6
1.9
0.5
2.1
2.1
3.7
2.8
1.3

1.3a
1.2
2.0
16
17
13
6.8
11
9.7
16
13
9.2

21a
16
27
215
1,047
129
24
95
551
618
709
341

380a
284
535
308
607
225
61
206
204
388
242
113

93b

4.6b

35b

650b

319b

OC

3
5
7

One of three centre points for
NaOH extractions and one of
the corner points (1,1) for DCO
extractions were excluded
a

Value based on duplicate
samples

b

Value based on a single sample

was mobilised, but using an OC solution of pH 3 at ∼40°C,
5.6 mg/kg was mobilised, corresponding to 22% removal. The
maximum Zn mobilisation was 16–17 mg/kg (corresponding
to ∼26% reduction), at pH 3; Zn mobilisation was relatively
insensitive to changes in the extraction temperature. At pH 3
and ∼40°C, the OC solution mobilised large amounts of Fe
(1,050 mg/kg) and Al (607 mg/kg) corresponding to 9% and
13% removal, respectively. At pH 7, <1% and <4% of the Fe
and Al were removed, respectively.

DCO

4.7
6.3
6.7
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Table 5 Average temperature
(in degrees Celsius), redox potential, Eh (mV) and pH (−) in
NaOH, OC and DCO after agitation with standard deviations
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Solution

Concentration, M/pH

Measured temperature, °C

Measured Eh, mV

Measured pH

NaOH

0.05 M

20±0
41±1
31.5±1a
20±0
43±1
20±0
43±1
32±1
20±0
41±2
20±0
43±1
32±1
20±0
42b

252±8
61±31
41±5a
251±56
36±8
481±10
494±2
454±1
152±8
226±8
−206±4
221±14
−324±13
−340±7
41b

12.6±0
11.8±0
12.4±0.1a
12.8±0
12.1±0
3.1±0

0.075 M
0.1 M
OC

3
5
7

DCO
a

Value based on duplicate
samples

b

4.7
6.3
6.7

Value based on a single sample

The oxalate and citrate ions in the OC solution served as
efficient buffers, maintaining the solutions’ pH at 3.1, 5.2
and 7.2, as appropriate (see Table 5). The redox potentials
of the solutions were 150–500 mV.
3.4 Dithionite solution extraction
As shown in the VIP plot (see Fig. 1c), the main factors in
the DCO extraction aggregate model were temperature and
pH, both of which had a VIP >0.7. The VIP of the
temperature-squared and interaction terms were 0.7 and
0.64, respectively. An extraction at pH 6.7 and high
temperature gave an anomalous result; this outlier was
excluded from the model. A simplified aggregate model
using only the main factors and the interaction term gave a
better fit than one using the main factors and the
temperature-squared term, based on the models R2 and Q2
values. The coefficients for each of the five elements from
the model using the main factors and the interaction term
are shown in Table 3. Temperature was significant for all
five elements and had the greatest effect on their mobilisation. For As and Cr, the interaction term was significant;
at the higher pH, temperature affected their mobilisation
more than at the lower pH. The pH term was significant
only for Al.
At room temperature, 47 and 32 mg/kg of As was
mobilised at pH 4.7 and 6.7, respectively. Increasing the
temperature from 20°C to 40°C increased As mobilisation
at pH 6.7 nearly threefold to 93 mg/kg. The amount of Cr
mobilised was below 4 mg/kg under all conditions
examined, except at pH 6.7 and 42±1°C, with a maximum
value of ∼4.6 mg/kg. Zn mobilisation was not significantly
affected by changes in pH, with mobilisations of 9–10 mg/kg
at room temperature. At 40°C, the mobilisation was 35 mg/kg,

5.2±0
7.2±0
4.7±0
6.3±0
6.7±0

corresponding to a 57% reduction. The amount of Fe
mobilised varied between 341 and 709 mg/kg, and Al
mobilisation was 113–338 mg/kg.
DCO solutions with pH values of 4.7, 6.3 and 9.2 were
evaluated as extractants. The pH of the basic solution
decreased from 9.2 to around 6.7 after contact with the soil
but then remained constant during agitation. Contact with
the soil did not change the pH of the other solutions.
Increasing the extraction temperature from 20°C to 40°C
raised the redox potentials of the pH 4.7 and 6.7 solutions
from −200 to +200 mV and from −340 to +35 mV,
respectively.
3.5 Metal content of the soil after extraction
Having identified optimal conditions for treating the soil
with each of the three extractants (0.1 M NaOH at 40°C,
OC at pH 3 and 40°C, and DCO at pH 6.7 and 40°C),
residual element contents of soil extracted under these
optimal conditions were investigated (Table 6). The residual
As and Zn concentrations in soil extracted with OC under
optimised conditions were less than half of those in soil
treated with NaOH or DCO. The Cr concentration was also
considerably lower in the OC-treated soil.

Table 6 Average residual metal content in the soil after the extraction
using NaOH, OC and DCO, in milligrams per kilogram
Soil from test

As

Cr

Zn

Mn

Fe

Al

NaOH, 0.1 M, 40°C
OC, pH 3.1, 40°C
DCO, pH 6.7, 40°C

121
51
108

65
13
20

88
38
103

238
128
224

11,397
10,839
12,243

3,811
3,579
4,812
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4 Discussion
4.1 Contaminants in the studied soil
The As content of the untreated soil was six times greater
than the Swedish EPA’s guideline value for “less sensitive
land use” (“MKM”), 25 mg/kg (EPA 2009). Thus, the soil
is clearly contaminated with As. The soil’s Cr and Zn
contents were substantially below the guideline values of
150 and 500 mg/kg, respectively (EPA 2009), but somewhat higher than typical contents of Swedish mor layers
and topsoil (Berggren Kleja et al. 2006). In slightly acidic
and oxidised soils, As(V) is the most stable form of As
(Gräfe et al. 2008; Hopp et al. 2008; Masscheleyn et al.
1991) and is mainly adsorbed to Fe, Al and Mn (hydr)
oxides (Livesey and Huang 1981; Sadiq 1997). In a
previous study (Rastas Amofah et al. 2008), only ∼10%
of the total As in the studied soil was mobilised by
phosphate at pH 5. The soil studied contains much more Fe
and Al than Mn (see Table 2). Therefore, the As in the
studied soil was expected to be mainly in the As(V)
oxidation state, tightly adsorbed to Fe and Al (hydr)oxides.
The chromium in CZA solution exists in the Cr(VI)
oxidation state but can be reduced to Cr(III) during wood
impregnation (Solo-Gabriele et al. 2003) or in the soil
(Song et al. 2006). Cr(VI) is reduced by organic matter or
Fe2+, and the Cr(III) thus formed is retained as the trivalent
oxide or through precipitation of Fe,Cr(OH)3 in the soil
(Fendorf 1995; Hopp et al. 2008). The untreated soil
contains substantial amounts of Fe and 2% organic matter.
Thus, most of the Cr in the untreated soil was expected to
be in Fe,Cr(OH)3 precipitates in the Cr(III) oxidation state.
Zn is a rather mobile element in acidic and oxidised soils
(McBride 1994). The arsenic contaminating the soil
originated from a solution that also contained Zn and Cr
(VI). Arsenic has been shown to co-locate with Fe, Cr, Cu
and Zn–Fe in CCA-contaminated soil (Gräfe et al. 2008;
Hopp et al. 2008) and combines with Zn to form adamitelike and koritnigite-like precipitates on goethite surfaces
(Gräfe and Sparks 2005). Thus, arsenic in the untreated soil
could also be present as a co-precipitate with Zn on the
surface of Fe/Al (hydr)oxides and (Cr,Fe) hydroxides.
4.2 NaOH extraction
Doubling the NaOH concentration from 0.05 to 0.10 M
increased removal of As from the contaminated soil only
moderately (1.3–1.7-fold), possibly because of the negligible difference in pH between the solutions (see Table 5).
Other studies have also found that As mobilisation is not
generally significantly enhanced by increasing the NaOH
concentration (or the pH) when the pH of the extraction
solution is <12–13 (Jang et al. 2002, 2005; Lee et al. 2007).
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At room temperature, the overall removal in the present
study was low compared to results from other studies
(≤33% vs. 48–100%) (Jang et al. 2005; Lee et al. 2007;
Rastas Amofah et al. 2008), possibly due to the shorter
contact time in the present study (15 min vs. 0.5–6 h), since
longer contact times generally improve As mobilisation
(Jang et al. 2005). In addition, VMINTEQ simulations
indicated that the NaOH solutions after extraction were
saturated with Ba arsenates (see Electronic supplementary
material, Fig. 1), which may have reduced the mobilisation
of As. Arsenic co-locates with Fe, Cu and Zn–Fe (Gräfe et
al. 2008) and forms precipitates with Zn on goethite
surfaces (Gräfe and Sparks 2005). Thus, in addition to the
effect of ligand exchange with OH−, the As mobilisation
from CZA-contaminated soil is likely to be facilitated by
dissolution of these precipitated metal hydroxides, which
have low solubility at high pH (>12). Thus, the relatively
low mobilisation of arsenic may be related to the low
mobilisation of Cr, Zn and Fe under these conditions.
Raising the temperature from 20°C to ∼40°C increased
As mobilisation ≥2-fold, resulting in up to 70% removal of
the arsenic at the high NaOH concentration, presumably
due to increased activities and reaction rates at higher
temperatures. At 40°C, the removal when using a 0.1-M
solution of NaOH was comparable to values reported in
previous studies (Jang et al. 2005; Lee et al. 2007). Thus,
by increasing the extraction temperature, the leaching time
could be decreased from hour(s) to 15 min without
reducing extraction efficiency. The increased Zn mobilisation at the higher extractant concentration may be related to
differences in the solubility constants of Zn hydroxide at
high and low temperatures, which are greater at higher
extractant concentrations (Reichle et al. 1975).
4.3 Oxalate–citrate extraction
The pH of the OC solution significantly influenced
mobilisation of As, Cr, Zn, Al and Fe from the soil (see
Table 3). For example, at the low temperature, reducing the
pH from 7 to 3 increased mobilisation of As and Fe
ninefold (see Table 4). Similar regarding effects of pH on
the dissolution of Fe (Mohapatra et al. 2005; Shi et al.
2008; Zhang et al. 1985; Zinder et al. 1986) and Al oxides
(Furrer and Stumm 1986) by oxalic and/or citric acid have
been observed. Arsenic was mobilised somewhat less
efficiently at pH 3 in this study than in previous extractions
of CCA-contaminated soil using acidic oxalate solutions
(39% vs. 35–79%) (Bhattacharya et al. 2002; Girouard and
Zagury 2009), possibly due to use of a shorter contact time
(Girouard and Zagury 2009) and lower concentration of
oxalate (Bhattacharya et al. 2002) in this study.
Temperature significantly influenced mobilisation of As,
Cr, Fe and Al; raising the temperature from 20°C to ∼40°C
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increased mobilisation ≥2-fold at both pH levels. However,
at ∼40°C, arsenic removal was far more greater at the low
pH (76% vs. 19% at the higher pH), presumably because
pH (and temperature) affects the dissolution of metal (hydr)
oxides (Cornell and Schwertmann 2003). At low pH, more
of the ligand can adsorb to the metal (hydr)oxides in the
soil, and the extent of dissolution is proportional to the
extent of this adsorption (Furrer and Stumm 1986; Zhang
et al. 1985). High temperature enhances the rate of
detachment of metal–ligand complexes from oxide surfaces (Zhang et al. 1985), a process that often requires high
activation energy. Furthermore, the presence of citrate and
oxalate reduces rates of readsorption of arsenic on fresh
(hydr)oxide surfaces (Grafe et al. 2002; Shi et al. 2008),
and the extent of the reduction is greater at pH 3 than at
pH 7. The arsenic removal achieved in this study when
using OC at the low pH and high temperature levels
compares very favourably to that obtained in previous
studies (Bhattacharya et al. 2002; Girouard and Zagury
2009). By performing the extraction at pH 3 and elevated
temperature, the contact time could be decreased from
hour(s) to 15 min without reducing the efficiency of
arsenic removal.
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is accelerated at low pH (6 vs. 10) and high temperature
(32°C vs. 4°C) (Devaney and Guess 1982), and accompanying increases in the solution’s redox potential (see
Table 5). A low redox potential accelerates dissolution of
Fe (hydr)oxides (Cornell and Schwertmann 2003), thus
enhancing release of As (and Cr). However, the interaction
term was not significant for Fe mobilisation (p=0.09).
VMINTEQ simulations indicate that this may be due to
saturation of the extractant solution with some Fe minerals
at the higher temperatures (see Electronic supplementary
material, Fig. 2), which could have reduced the concentration of Fe in the extracted solution. An alternative
explanation for the significance of the interaction term for
As extraction is that As may have been mobilised via
mechanisms other than the reductive dissolution of Fe
(hydr)oxides. It has been reported that As(V) is selectively
reduced to As(III) by dithionite (Tsang et al. 2007), which
does not occur at room temperature but proceeds to
completion within 1 h at 50°C and 10 min at 80°C.
Therefore, some of the As may have been mobilised via
reduction of As(V) to As(III) in the high temperature and
high pH extractions.
4.5 Improving the extraction

4.4 Dithionite extraction
The acidity of the DCO solution used for extraction had no
significant effect on the mobilisation of As, Cr and Fe (see
Table 3), possibly due to the relatively limited range of
acidities examined here (see Table 5). For example, in
previous studies, a difference in dissolution rates of goethite
of 120 s−1 was recorded when pH of dithionite–citrate
solutions from 4.5 to 9.0 were used, but just 40 s−1 when
pH of 4.7–6.7 were used (Rueda et al. 1992), and
mobilisation of Fe was 2.5 times greater at pH 1.5–8 than
at pH 4.5–8 when oxalate was used to dissolve hematite
(Zhang et al. 1985). In the present study, the tested pH
altered because of lack of buffering and the acidity of the
soil: after contact with soil, the solution pH was decreased
from 9.2 to 6.7 at high pH level.
The extraction temperature significantly affected mobilisation of As, Cr, Zn, Fe and Al. Increasing the temperature
from 20°C to 40°C increased As mobilisation ≥2-fold; this
effect was most pronounced at the higher pH. At pH 6.7
and 40°C, 63% of the arsenic was removed. The improved
mobilisation at elevated temperatures may be due to the
high activation energy of dissolution of Fe (hydr)oxides
(Rueda et al. 1992). Interestingly, the pH–temperature
interaction term was significant in DCO extractions: at the
low temperature, the mobilisation of As and Cr was greater
at the lower pH, while at the high temperature, their
mobilisation was greater at the higher pH (see Table 4).
This may be due to the decomposition of dithionite, which

As, Cr and Zn mobilisation with all extractants was
maximal at ∼40°C, but for OC, NaOH and DCO, optimal
results were obtained using solutions of pH 3, 0.1 M and
pH 6.7, respectively (Fig. 2a–c). Although the three
extractants all afforded similar mobilisations (100±10 mg/kg)
of As under optimal conditions, the residual As content
was ≤2-fold lower in the OC-treated soil than in both the
NaOH- and DCO-treated soil (see Table 6). Furthermore,
residual levels of several other metals were lowest in the
OC-treated soil. The relatively poor efficiency of NaOH
and DCO extractions may be partly due to readsorption of
As from residual extraction solution trapped between soil
particles after the extraction solution has been poured
away, and the pH decreased and the redox potential raised
when rinsing water is added.
The residual As content of the OC-treated soil exceeded
the Swedish EPA’s guideline value for “less sensitive land
use” (“MKM”) by 25 mg/kg (EPA 2009). The mechanism
of As mobilisation depends on the extractant used: ligand
exchange with NaOH solution, ligand-enhanced dissolution
of (hydr)oxides with OC solution and reductive dissolution
of Fe (hydr)oxides with DCO solution. Overall As removal
is not significantly improved by multiple extractions with
the same extractant (Alam et al. 2001; Bhattacharya et al.
2002; Jang et al. 2007). However, sequential extractions
with different extractants, targeting different As pools in the
soil, may be more effective, hopefully allowing high As
removal without impairing the soil. For example, Kuhlman
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100
NaOH

OC

DCO

As removal, %

80
60
40
20
0
pH/C -1, T -1 pH/C -1, T 1

pH/C 0, T 0

pH/C 1, T -1

pH/C 1, T 1

pH/Concentration and temperature

b

30
NaOH

OC

DCO

Cr removal, %

25
20
15
10
5

soil, and after the extraction, the pH of the soil would be
approximately neutral, with a low residual As content.
Extraction in two steps instead of one means an increased
cost for extraction, but the second extraction step could be
regarded as a polishing step, hence a solution with lower
oxalate and citrate concentrations could be used than in the
present study, thereby reducing costs of the two-step
extraction. Another advantage of using acid and alkaline
extraction agents sequentially is that the extraction solutions could be quenched simply by mixing them together,
yielding a solution of approximately neutral pH, which in
turn would reduce the mobility of the dissolved arsenic
(Jang et al. 2007). It may be advantageous to perform the
extractions at 40°C, which would allow high As removal
with short contact times.
Despite the relatively efficient removal of As when using
dithionite at pH 7 and 40°C, use of this extractant is not
recommended due to its relatively short lifetime and high
residual As levels in the extracted soil (see Table 6).
Furthermore, use of this extractant risks reduction of As(V)
to As(III), a more harmful form of arsenic.
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Fig. 2 Reduction of a As, b Cr and c Zn (in percent) after 15 min
agitation with NaOH, oxalate–citrate (OC) or dithionite–citrate–
oxalate (DCO) solutions. For NaOH solutions, the concentrations
used were 0.05, 0.075 and 0.1 M; for OC solutions, the pH values
were 3.1, 5.1 and 7.1; and for DCO solutions, the pH values were 4.7,
6.3 and 6.7. In all cases, the temperatures were 20°C, ∼30°C and ∼40°
C. One of three centre points for the NaOH extractions and one of the
corner points (1,1) for the DCO extractions were excluded

and Greenfield (1999) suggested a two-step acid/base
extraction procedure for removing As from contaminated
soil. The first extraction could be performed with 0.1 M
NaOH and the second with a pH 5 OC solution (in this
order because NaOH is cheaper and mobilises a similar
amount of As but much less Fe and Al than an OC solution
of pH 3). Furthermore, the OC solution will dissolve any
zinc arsenates and Cr,Fe(OH)3 that may be present in the

In NaOH extractions the temperature and (less strongly)
NaOH concentration and temperature significantly influenced
mobilisation of As and Cr, while the NaOH concentration, but
not the temperature, influenced Zn mobilisation. At elevated
temperature (40°C), NaOH removed 70% of the arsenic, but
little of the Cr and Zn were mobilised using NaOH. In
oxalate–citrate extractions, the pH and temperature strongly
(and similarly) influenced As and Cr mobilisation, while the
temperature-squared term had weaker but significant effects.
In contrast, the pH was the only significant factor for Zn
mobilisation with OC solutions. Extraction using the oxalate–
citrate solution under acidic conditions at elevated temperature mobilised 76%, 12% and 26% of the As, Cr and Zn,
respectively. It was only possible to study a narrow range of
acidities for extractions with dithionite solution. Consequently, the extraction temperature was the only significant factor
for the removal of As, Cr and Zn using this extractant; at
neutral pH and elevated temperature, 63%, 18% and 57% of
the As, Cr and Zn, respectively, were removed by dithionite
extraction. For all three extractants, As was most efficiently
mobilised when the extraction temperature was 40°C. None of
the examined extractants reduced residual As contents of the
soil to below the Swedish EPA’s guideline value. Based on
these results, we recommend a two-step extraction protocol,
involving initial NaOH extraction followed by extraction with
oxalate–citrate (both at elevated temperature). This should
efficiently remove As, Cr and Zn from the soil with short
contact times, without causing soil deterioration. Using
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dithionite as an extractant is not recommended because of its
short lifetime and the high residual As content of DCO-treated
soil. Further investigations to determine the optimal concentration of oxalate–citrate for extractions are needed to
minimise the quantity of extractant required and thus reduce
extraction costs.
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Abstract
The aim of the study was to investigate the limitations of batch leaching tests when
assessing the mobility of redox-sensitive elements and to identify alternative leaching
methods that can better model the composition of soil pore water under anaerobic
conditions. The standard tests underestimated the As concentration in the soil water
under anaerobic conditions by two order of magnitude. By using a modified test
conducted under an atmosphere of methane, trace element concentrations were
measured that were similar to those observed in the pore water. Of the chemicals
examined, dithionite was found to be the most promising candidate for use in a
chemical extraction. The test duration, the organic content of the soil, and the exposure
of the sample to air during sample handling were all identified as critical variables. The
discrepancies observed for As, Fe and Mn did not occur for Cu, Zn and Ni.

Capsule:
Leaching tests in a methane atmosphere or using dithionite could simulate better the
mobility of As, Fe and Mn under saturated conditions compared to traditional tests.

Keywords: leaching, arsenic, pore water, dithionite
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Introduction
There is a need for methods for the accurate evaluation of contaminated materials such
as polluted soils and wastes, not just in terms of their 'payload' of potentially harmful
compounds, but also in terms of their ability to be mobilised and spread into the
environment. In parallel, there is a growing desire to reuse such “pollutant bearing”
materials, including polluted soils, demolition wastes, and mining wastes in different
types of application such as construction in order to preserve natural resources.
Leaching tests have therefore become popular tools in environmental assessment.
Because of its standardisation and relatively low cost to run, the two step batch leaching
test (EN 12457-3) has become a popular tool for the assessment of different kinds of
polluted materials (CEN 2002; Arce et al., 2010; Buj et al. , 2010; Palma and Mecozzi
2010), and the Swedish EPA recommends its use when calculating local guideline limits
(SEPA 2009). The standardised protocol for the two step batch leaching test (EN
12457-3) dictates the method the analyst must use when conducting the test, the
quantities of material to be used, and how the leachate is to be handled. The existence of
a standardised test protocol is often misinterpreted as a hallmark of quality indicating
that the test is suitable for the analysis of any kind of material in any context. EN
12457-3 was originally developed as a compliance test for the assessment of waste
submitted to landfills of different classes; in principle, material characterisation should
be done using alternative methods, such as the column, sequential and pH-stat leaching
tests. In practice, EN 12457-3 is often used for material characterisation. There is thus a
need for standardised procedures for the evaluation of leaching and for the
determination of redox-sensitive trace elements that take into account the behaviours of
the materials in anaerobic environments.
The leachability of redox sensitive elements such as As, Fe and Mn in wastes is difficult
to assess using leaching tests, as discussed by authors including Van der Sloot et al.
(1994), Fällman and Aurell (1996), and Chatain et al. (2005a and b). The mobility of
trace elements in natural environments depends on their reactivity and solubility, both
of which are highly sensitive to the speciation of the element i.e. its oxidation state and
association with other minerals. Testing procedures often incorporate measures to
control the pH, but the redox conditions are seldom addressed. Discrepancies between
the mobilisation of pollutants in batch leaching tests (EN 12457-3) and those observed
in the pore water have been noted in previous studies of metal-contaminated soils
(Maurice et al 2007). Because of its toxicity, the testing of arsenic levels is typically
important in environmental assessments of CCA-contaminated brownfield sites.
However, arsenic is one of the elements that exhibit different leachability under
different conditions, and this may significantly affect the reliability of risk assessments
at such sites.
Numerous attempts to better assess the mobility of elements such As, Cu, Cr, Pb, Mn,
Fe, Ni and S using methods such as sequential chemical extractions and kinetic tests
have been reported (Chatain et al., 2005b; Ettler et al., 2010; Jackson and Miller, 2000;
Jang et al., 2005; Lee et al., 2007; Ko et al., 2005; Wenzel et al., 2001). Carbon sources
such as glucose and lactose have been use to stimulate microbiological activity and thus
create anaerobic conditions (Chatain et al. 2005 a). In an attempt to develop an efficient
procedure for washing soils, Rastas Amofah et al. (2010) screened a range of different
solutions for use in the extraction of elements from CCA/CZA-contaminated soils. On
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the basis of these results, we sought to identify experimental conditions that accurately
reproduce the leaching behaviour observed under natural conditions, i.e. in the pore
water.
Thus, the aims of the study were:
1) To better understand the origin of the discrepancies between the results obtained in
batch leaching tests and those observed in studies of soil pore water.
2) To identify the critical variables in the leaching process and to clarify the risks
associated with using tests without regard to their applicability to the problem at hand or
their limitations under anaerobic conditions
3) To identify alternative methods for modelling the composition of the soil pore water
Material and methods
All plastics and glassware were acid washed prior to use. All chemicals used were of
analytical grade and were supplied by Merck.
Tested material
The main study was done using a sandy soil (soil F) with low organic content collected
from a former industrial site in Forsmo, Northern Sweden; for several years, wood was
treated with CCA chemical K33 (w/w, 17% CuO, 27 CrO3, and 34% As2O5) at this site
(table 1). Sub-samples (40 kg) of the soils were prepared using fractional shovelling;
they were then air-dried, homogenised, and sieved (2 mm). In addition, soil samples
with a higher content of organic matter and pollutants were collected from a similar
wood impregnation site at Robertsfors, Northern Sweden (soil R; Maurice et al., 2007,
Lidelöw et al 2007).
Table 1

Container experiments
Container experiments were used to study the pore water quality under saturated and
unsaturated conditions (Maurice et al., 2007). Briefly, the homogenized soil samples
were moistened with distilled water to 50% respectively 100% of their water holding
capacity and stored in 15 l containers. The pore water was collected with three
MacroRhizon soil moisture samplers (Eijkelkamp, the Netherlands). The bottles were
frozen immediately and stored at -20 ºC prior to analysis. The trace element content of
the pore water was analysed using Inductively Coupled Plasma - Optical Emission
Spectroscopy (ICP-OES).
Leaching tests:
x
The standard two-step batch leaching tests (EN 12457-3) were performed using 10
g of soil in the container, mixed with water acidified to pH 4 with 1 M HNO3 at a
liquid-to solid (L/S) ratio of 2+8 and agitated for 6+18 h using an end-over-end
tumbler (CEN 2002).
x
Leaching tests under anaerobic conditions were conducted using bottles filled with
soil and distilled water at L/S 10. The bottles' headspace was flushed with methane
gas, after which they were stored for two weeks without agitation before sampling
and analysis according to the standard procedure.
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x

Percolation leaching tests (column tests) were performed according the standard
procedure prEN 14405 (CEN 2004).

Soil pore water samples were extracted into glass vacuum bottles. The bottles were
frozen immediately and stored at -20 ºC prior to analysis. The trace element content of
the pore water was analysed using Inductively Coupled Plasma - Optical Emission
Spectroscopy (ICP-OES). The samples were filtered through a 0.45 ȝm filter and stored
at 4°C prior to analysis.
The effects of atmospheric exposure during filtration were studied by comparing the
trace element concentration in leachates obtained after vacuum filtration in a funnel
open to ambient air with those obtained when using a syringe filter so as to avoid
exposure of the sample to ambient air. The leachates used were taken from 36 different
two step batch leaching tests done on samples of soil F that had been doped with iron
powder (see Maurice et al., (2007) and Kumpiene et al., (2009) for a detailed
description of the experimental set up). The differences in the element levels generated
by the two different leachate handling methods were evaluated using a paired t-test.

Chemical extraction
10 g soil samples (soil F) were agitated with 50 ml of extraction solution on a rotating
table mixer for 30 min at 20°C, after which time the pH and redox potentials of the
slurries were immediately measured in situ. pH measurements were conducted using a
model 330 pH meter (WTW, Weilheim); redox potentials were measured with a
PHM95 pH/ION METER (Radiometer, Copenhagen). The slurry was then directly
filtered through a 0.45 ȝm filter; the filtrate was stored at 4°C prior to analysis. The
levels of As and various metals in the extracted solutions was measured using ICPSFMS, ICP-AES and ICP-OES. The identities and concentrations of the extraction
solutions examined are shown in Table 2; it should be noted that with the exceptions of
the sodium dithionite and hydroxide solutions, the pH of each extraction solution was
adjusted to 5 by adding NaOH (see Rastas Amofah et al. 2010).
In addition, some experiments employing extended extraction times were performed.
Thus, 62 g soil samples were agitated with 325 ml of extraction solution in 500 ml
plastic bottles for 120 minutes on a rotating table mixer. Sub-samples of 6 ml were
removed after 15, 30, 60, and 120 minutes. All of the solutions were evaluated in
triplicate. For a given extraction solution, all three samples taken at 15 minutes were
combined and analysis was performed on the composite sample; the same was done
with the samples taken at 60 minutes. By contrast, all three samples taken at 30 and 120
minutes were analysed separately. The solutions examined were: 0.2 M oxalic acid/0.1
M Citric acid (entry 3 in Table 2; OC), 0.03 M Na dithionite/0.1 M Na citrate/0.05 M
Na oxalate (entry 7 in Table 2; DCO) and 0.1 M NaOH (entry 8 in Table 2; Na), and 0.2
M oxalic acid/0.1 M Citric acid at pH 3 (adjusted using NaOH; OC-pH 3).
Table 2.
Results
Table 3 summarizes the results of the experiments performed on soil F using an
extraction time of 30 minutes. Dithionite was the most efficient reagent for the
extraction of Fe, As, Cr, and Mn; it also extracted significant quantities of Ni and Cr.
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Solutions containing oxalic acid were the most efficient reagents for the extraction of
Cu, Ni, and Zn. Sodium hydroxide extracted Al and As efficiently but was less effective
at removing the other elements.
Most of the extracts were slightly acidic, with pH values between 5 and 5.5. By
contrast, the dithionite solutions had pH values between 6.6 and 6.9, while the sodium
hydroxide extract was strongly alkaline (pH 12.7). The redox potential of the extracts
was also dependent on the reagents used. Dithionite has a redox potential below
-350 mV and is strongly reducing; the other species examined are oxidising, with redox
potentials between 166 and 571 mV.
Table 3
Table 4 shows the quantities of the various analytes extracted using four of the most
efficient extraction solutions with extended leaching times. The amounts of each analyte
extracted were primarily dependent on the composition of the extraction solution. The
rate of extraction was found to reach a plateau as time progressed. The effect of
increasing the extraction time was least pronounced with the extraction solutions that
extracted comparatively large quantities of the analytes within the first 15 minutes, such
as OC- pH 3 with As and Cu and DCO with Fe.
The pH of the solutions did not change appreciably over the course of the experiments.
The solutions' redox potentials were also relatively stable, with one major exception: the
DCO solution underwent slow oxidation, with its redox potential increasing from - 347
mV to 74 mV as the experiment progressed.
Table 4
Figure 1 shows the results of batch leaching tests (EN 12457-3) performed on soil F
stored for 2 months under unsaturated and saturated conditions alongside the results
obtained with the original soil.
Figure 1

Results of the batch compliance leaching test at L/S 2+8.

The concentrations of As, Mn, Fe, Ni, Cr and Zn observed in the saturated and
unsaturated soils were similar. Both were comparable to those observed in the original
dry soil, although the original soil had somewhat higher concentrations of Mn and Cu.
Figure 2 shows how the As and Cu concentration varied during the column leaching
tests (prEN 14405) using the R1 and R2 soils. The rate at which Cu and As leached
from the sandy soil did not change appreciable over the course of the experiment.
However, the concentration of leached As increased markedly after the fourth step
(approximately 5 weeks) in soil R2.
Figure 2
The results of the leaching experiments performed under a methane-rich anaerobic
atmosphere are presented in figure 3. The amount of As leached from the R4 soil
sample was an order of magnitude greater than that observed under air, but the As level
observed in the R3 sample was identical to that observed under air. The quantity of Fe
leached from both samples was an order of magnitude greater than that leached under
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air, and the anaerobic atmosphere also resulted in the leaching of a larger amount of Cu
from R3, albeit to a lesser extent.
Figure 3
The results of the comparison between the two methods for filtering the leachate are
presented in table 5. There is a significant difference between the results obtained using
vacuum filtration and syringe filtration. The effect is more obvious at L/S 10 than at L/S
2; Iron and As are the two elements for which the difference is the largest. On average,
the differences observed for Cu, Ni, Cr and Zn are one to two orders of magnitude lower
than the limit values for acceptance of waste at landfill for "non-hazardous" waste. For
As, the average difference exceeds the limit value; the largest difference observed was 6
mg/kg, which is three time the limit value for landfill for hazardous waste.
Table 5
Discussion
Discrepancies between the concentrations of analytes in leachates and in pore water
The concentrations of the various elements studied in this work in pore water from
saturated and unsaturated soils stored in containers for two months are shown in Figure
4. While the concentrations of As, Mn and Fe were two orders of magnitude higher in
the pore water of the saturated soil, the opposite was observed with Cu. The
concentrations of Ni, Cr and Zn were similar in both containers.
Figure 4
The differences observed between the concentrations of the studied elements in the pore
water from soils stored under unsaturated and saturated conditions (Figure 4) were not
reflected by the leaching tests (Figure 1). In particular, the batch tests did not reproduce
the high concentrations of As, Mn, and Fe observed in the pore water. The onset of
anaerobic conditions in the soil favours the formation of As (III) and the reduction of
bound Fe (III) to mobile Fe (II); this in turn results in the release of the As bound to Fe
(oxy)hydroxides (Maurice et al., 2007). The formation of Cu-Fe minerals discussed by
Rastas Amofah et al. (2010) may have further decreased the mobility of Cu.
Iron re-oxidation is a rapid process and when the newly-oxidised iron precipitates,
arsenic is re-adsorbed on the freshly-formed iron oxides (Maurice et al., 2007,
Kumpiene et al., 2009). It was hypothesised that iron may dissolve in soil subjected to
anaerobic conditions, only to precipitate along with arsenic when the soil is exposed to
air during the batch leaching test. Consequently, the effects of saturated conditions may
be negated by the use of unsatisfactory procedures when handling samples before and
during the batch leaching test (EN 12457-3).
Factors influencing the results of the batch leaching test
Geochemical and microbiological activities are slow processes that cannot easily be
simulated or accounted for within the short time frame of the tests. The sudden spike in
the concentration of arsenic after five weeks of the column leaching test (see Figure 2)
is attributed to the creation of an anaerobic environment in the R2 soil, which is
comparatively rich in organic matter. No such change was observed in the sandy R1
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soil; it is likely that oxidising conditions prevailed for the entire duration of the
experiment.
The main limitation of batch leaching protocols is that they do not incorporate any
controls on the redox conditions; consequently, they may be conducted under conditions
that do not accurately mimic those encountered in practical applications (Lidelöw,
2008). It is possible to perform the leaching tests under more controlled redox
conditions. When soil samples were stored under an atmosphere of methane to create a
reductive environment, the rate and extent of leaching of As and Fe was found to be
increased, particularly in the R4 soil which had a relatively high content of organic
matter (5.2% vs. 1.6% in R3). The organic matter is likely to have enhanced the
oxidation of methane and promoted the development of anaerobic conditions. In
contrast, the sand (R3) is unlikely to have been able to support significant microbial
activity, making the establishment of anaerobic conditions slow. Using a methane
atmosphere is simple but time is needed for the establishment of bacterial populations
and the creation of anaerobic conditions, especially if the microbiological activity in the
original soil is low (Maurice and Lagerkvist 2004). Previously, Chatain et al (2005a)
used glucose and lactose as carbon sources in experiments such as these. However,
methane is naturally formed during the degradation of organic material under water
saturated conditions; we therefore chose to use it as a carbon source in order to mimic
natural conditions as closely as possible. Unfortunately, its use in this fashion prolongs
the test period by two weeks. One reason for the popularity of batch leaching tests is
that they can be run in a relatively short time; it would therefore be desirable to find a
chemical extractant that could simulate anaerobic conditions in a short time frame.
The filtration of the leachate prior to analysis is a critical step in the experimental
procedure. The results in table 4 indicate that on average, open filtration reduced the
concentration of As in the leachate by 1.4 mg/kg; the largest difference observed was >
6 mg/kg. In practice, this means that the use of an unsuitable filtration protocol could
cause a specific batch of waste to be erroneously found to satisfy either the criteria for
classification as hazardous or inert waste. For metals such as Cu, Ni, Cr, and Zn, the
difference was negligible as the limit values are much higher than the filtration effect.
These results indicate that more rigorous standard protocols for leachate filtration
should be mandated so as to avoid the inaccurate assessment of trace element levels in
contaminated materials.

Chemical extraction
Of the extraction solutions investigated, dithionite with citrate (DC) and dithionite with
citrate and oxalate (DCO) were found to be the most effective at mobilising As, Fe, Cr
and Mn, probably because of their reducing nature. These solutions efficiently dissolve
Fe, which in turn releases arsenates, as was observed in the pore water and the
anaerobic leaching tests. The ability of dithionite to extract As is due to its ability to
dissolve both amorphous and crystalline Fe oxides. Citrate-dithionite extractable Fe is
the most important variable affecting the adsorption of arsenate in soil (Jiang et al.
2005); the observed arsenic release is due to the reduction of the surface layers of iron
oxides in the soil by the dithionite ion. The citrate or oxalate ions in the extraction
solutions chelate and stabilise the so-formed dissolved Fe2+. Cr is primarily present as
Cr(III), and forms soluble complexes with citrate (James and Bartlett, 1983). Likewise,
Mn is also more soluble under anaerobic conditions. However, the dithionite solutions
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were found to mobilise only relatively small amounts of Cu; a similar phenomenon was
observed in the various leaching tests and in the pore waters. We have previously
explained (Rastas Amofah et al. 2010) this observation as being due to the saturation of
Cu(-Fe) minerals in the studied solutions.
Acid oxalate extraction is one of the steps in the sequential extraction procedure
(Wenzel et al., 2001). The relatively high pH of the oxalate extraction solutions (5 vs.
3.25 in the sequential extraction procedure) and the short contact time used (30 minutes,
compared to 4 hours used in the sequential extraction) explain the relative low
extraction rates obtained with the oxalate solutions (O, OC and OP) in this study. At pH
3, the oxalate solutions extracted relatively large amounts of As and Cu and thus did not
accurately reproduce the levels of trace elements observed in the pore water.
Sodium hydroxide was an effective reagent for the extraction of As, as reported ealier
by Jang et al., (2005), Van Herreweghe et al., (2003); Lee et al., (2007). In this work,
NaOH seemed to be releasing arsenate bound to Al rather than to Fe. Copper and Cr(III)
are immobile at a high pH, which explains the lower amounts of Cu and Cr extracted
from the soils using NaOH as compared to the dithionite and the oxalate-citrate
solutions.
The use of extended extraction times increases the concentration of trace elements in the
extracts, particularly with the less efficient extraction solutions (table 4). Extractions
with dithionite were comparatively insensitive to the extraction time used. The redox
potential of the dithionite solutions increases during extraction, indicating that the
dithionite undergoes oxidation as the extraction proceeds. This accounts for the
progressive decreasing efficiency of dithionite solutions. The combination of dithionite
with citrate (or oxalate) was originally developed as a means to reduce the amount of
organic salts that would have to be used when washing large quantities of soil to remove
As (Rastas Amofah et al. 2010). In applications, the cost of the chemicals and the
quantities that are to be used are crucial considerations, but they are less relevant when
dealing with laboratory work and dithionite could be used alone.
Overall, few of the tested extraction solutions were able to mobilise As, Fe and Cu in a
way that mirrored the levels observed in pore water from saturated soil. Dithionite was
identified as the most promising chemical extractant for the creation of reducing
conditions, i.e. for extracting As, Fe and Cu in concentrations that are similar to (or at
least of the same order of magnitude as) those observed in the pore water of soils
maintained under anaerobic conditions. Solutions of NaOH were also found to be
efficient for the extraction of As, but generated concentrations of Fe that were
noticeably lower than those in the pore water. While both NaOH and OC (pH3) are
efficient extraction solutions, their efficiency is a consequence of their extreme pH
values; by contrast, dithionite is effective because it is strongly reducing. In soils,
saturation and the presence of organic matter lead to the establishment of an anaerobic
and reducing environment, similar to that obtained during extractions with dithionite
solutions; both promote the mobilisation of Fe and the As associated with it. Oxalic acid
was found to be a less promising extraction reagent: the concentrations of As and Fe in
the extracts obtained using this solution were more than an order of magnitude lower
than those in the pore water.
Proposed leaching test
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The use of batch leaching tests to assess the mobility of redox sensitive elements is
risky because these tests underestimate the leaching of elements such as As, Mn, and Fe
under anaerobic conditions. In order to design leaching tests whose results will better
model those observed in real soils, several factors must be taken into consideration.
Specifically:
1. The speciation of the studied elements should be enhanced, i.e. if the real
environment being simulated is anaerobic, the test should be conducted under
reducing conditions.
2. Careless sample handling during the test and leachate filtration can easily impair
the sample and lead to erroneous results.
3. The time frame of the tests (hours to days) is insignificant compared to the
desired lifespan of the material assessment, which is expected to remain valid
for centuries.
4. The organic content of the soil and its attendant microbial activity have a
profound influence on the redox conditions in the soil, and thus in turn on the
leaching of trace elements.
The leaching of elements that are mobile under reducing conditions is likely to be
underestimated in batch leaching tests because the material is exposed to oxygen and
the time frame is too short for biological processes to become established. On the other
hand, the leaching of redox-sensitive elements from materials containing high amounts
of oxygen consuming compounds such as sulphides under aerobic conditions will be
underestimated because the test does not allow for an adequate oxygen supply and takes
place over too short a timeframe. The materials used road embankments, river banks,
and docks may also be exposed to variable redox conditions due to tides and
inundations (Lidelöw, 2008); there is thus a strong need for a test in which the redox
conditions can be controlled.
Dithionite was the only chemical that generated As (15.7 mg/kg), Fe (174 mg/kg) and
Cu (0.2 mg/kg) concentrations comparable to those observed in the pore water (40; 155
and 0.01 mg/kg respectively; see Table 4). We consider dithionite to be the most
promising extraction agent examined in this study because it mobilises As and Fe
creating reducing conditions mirroring the conditions observed in saturated soils.
Dithionite extractions could potentially form the basis of relatively rapid tests that
would circumvent the need to use column and lysimeter tests. The main advantage of
the chemical extraction with dithionite is the short time scale required; however,
dithionite may be too aggressive. Instead, the extraction can be performed under an
atmosphere of methane; this process is gentle to the soil and mimics the natural
processes that occur in real saturated soils.
The extraction tests were done at an L/S ratio of 5 while the L/S ratio in the containers
was estimated to be between 0.4 and 0.7, depending on the saturation level. An L/S ratio
of 10 was used in the batch experiments. The influence of the L/S ratio on the
mobilisation of trace elements from soil merits further study. Furthermore, guidelines
concerning the length of the test period, the maximum permissible exposure of the
samples to air during handling, and the precise technique to be used during filtration
should be drawn up; all of these factors have the potential to seriously compromise the
evaluation of redox sensitive materials.
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Conclusions
When conducting leaching tests, it is important to take into account the redox conditions
in the soil. This study has shown that the standardised two step batch leaching tests do
not accurately simulate the mobility of As and Fe under saturated conditions. The twostep batch loading test indicated that the concentrations of As, Mn and Fe in saturated
soils were equal to those in their unsaturated counterparts. Analysis of the soils' pore
water revealed differences in concentration of up to two orders of magnitude between
the two soils, highlighting the pitfalls of over-reliance on the standard method. In
column tests, the presence of soil organic matter resulted in the development of a
reducing environment and ultimately enhanced the mobility of As. Water saturation had
no significant effect on the leachability of Cu, Ni, Zn, and Cr.
One artificial method to accelerate the development of anaerobic conditions in the soil
being tested is to perform the batch leaching test under a methane atmosphere in order
to mimic the natural environment. However, even very brief exposure to atmospheric air
is sufficient to oxidise significant amounts of the Fe (II) in the soil suspension, resulting
in dramatic changes in the measured trace element levels. Leachate filtration should
therefore be performed using a gas-tight syringe and filter to avoid significant losses of
As and Fe prior to analysis.
Of the tested chemicals, dithionite seems to be the most promising for the simulation of
As and Fe leaching from the studied soil under saturated conditions. The metal
concentrations in the extracts prepared by manipulating the redox potential of the soil
were more similar to those observed in the pore water than those prepared by
manipulating the pH of the extraction solution.
While methane addition is a slow and gentle way to create anaerobic conditions in a soil
sample, the great advantage of chemical extraction procedures is that they require only
very short experimental times. Further studies should be undertaken to clarify the effect
of the L/S ratio on the outcome of the extraction, as this ratio is used as a factor in the
risk assessment. In addition, the chemical strength of the dithionite solution, the
extraction time, and the procedures to be employed when handling samples of both soil
and leachate should be defined so as to facilitate and improve the study of the leaching
of redox-sensitive trace elements from contaminated soil under anaerobic conditions.
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Table 1

Characteristics of the untreated soils. ±SD, n=3.

Unit
LOI**
%
As
mg kg -1 dw
Cr
“
Cu
“
Zn
“
Ni
Mn
“
*Lidelöw et al. (2007)
**LOI: Loss on ignition

Soil F*
1.2±0.0
310.1±17.4
62.8±10.8
15.5±0.2
132.6±6.7
11.6±0.2
330.6±15.6

Soil R1
1.5
148
80
66
59

Soil R2
6
52
55
74
73

Soil R3
1.6
1400±350
670±167
690±172
210±52

Soil R4
5.2
130±32
94±23
80±20
41±10

Table 2. Compositions of the tested solutions. The identities and concentrations of the
selected extraction solutions were chosen on the basis of previous studies (Rastas
Amofah et al.).
Nr.

Test solution
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0.2 M Oxalic acid (C2H2O4), pH 51

1

O

2

OP 0.2 M Oxalic acid (C2H2O4)/0.1 M Sodium
dihydrogen phosphate (NaH2PO4), pH 52

6
7

DC 0.03 M Sodium dithionite (Na2S2O4)/
0.15 M Sodium citrate (Na3C6H5O7), pH 7.1
DCO 0.03 M Sodium dithionite (Na2S2O4)/0.1 M
Sodium citrate (Na3C6H5O7)/0.05 M Sodium
oxalate (Na2H2O4), pH 6.7
Na 0.1 M Sodium hydroxide (NaOH), pH 12.73

8
OC 0.2 M Oxalic acid (C2H2O4)/0.1 M Citric acid
(H3C6H5O7), pH 5
4 CO 0.2 M Citric acid (H3C6H5O7)/0.1 M Oxalic acid
9 C
0.2 M Citric acid (H3C6H5O7), pH 54
(C2H2O4), pH 5
5 CP 0.2 M Citric acid (H3C6H5O7)/0.1 M Sodium
dihydrogen phosphate (NaH2PO4), pH 53
Nr. = Number. The references below and in the table indicate the prior studies whose results were used
when selecting solutions for evaluation.
1
Wenzel et al., 2001
2
Jackson and Miller, 2000
3
Jang et al., 2005
4
Lee et al., 2007
3

Table 3

Concentrations of various analytes in the extracts obtained using
different extraction solutions. Results for As, Cu, Cr, Fe, and Al are
adapted from Rastas Amofah et al. (2010).

Solution

nr

pH
Eh
Ca
Fe
Al
As
Cr
Cu
Mn
Ni
Zn

mg/l
mg/l
mg/l
mg/l
mg/l
mg/l
mg/l
mg/l
mg/l

Table 4

Element

1
O
5.5
477
1.4
18.2
29.9
5.5
0.2
0.6
3.3
0.05
2.4

2
OP
5.4
470
1.6
19.7
33.8
6.5
0.3
0.6
3.8
0.05
2.4

3
OC
5.2
512
4.2
21.5
36.5
7.3
0.3
0.7
4.8
0.03
3.1

Cu

Fe

5
CP
5.3
277
54.3
9.7
19.1
3.9
0.2
0.4
4.7
0.03
2.2

6
DC
6.9
-401
56.0
169.0
36.3
12.7
0.5
0.2
11.5
0.04
2.5

7
DCO
6.6
-371
20.1
174.0
44.7
15.7
0.6
0.2
11.5
0.05
2.7

8
Na
12.7
166
4.5
4.2
87.7
14.9
0.3
0.3
0.3
0.01
0.3

9
C
5.2
301
51.7
7.3
13.6
2.3
0.1
0.4
3.5
0.02
2.0

Concentrations of As, Cu, Fe, Cr, and Zn in the leachate solutions at
extended extraction times.
Chemical

Extraction time (min)
15

As

4
CO
5.3
571
10.1
14.3
25.2
4.9
0.2
0.6
4.0
0.03
2.3

30

60

120

DCO

mg/kg

47

1.3

1.7

1.8

OC - pH 3

mg/kg

72

1.3

1.5

1.7

OC - pH 5

mg/kg

21

1.5

2.1

2.7

NaOH

mg/kg

52

1.2

1.5

1.8

DCO

mg/kg

1.5

1.0

0.9

1.5

OC - pH 3

mg/kg

5.8

1.1

1.2

1.3

OC - pH 5

mg/kg

3.5

1.1

1.3

1.5

NaOH

mg/kg

1.0

1.3

1.5

1.8

DCO

mg/kg

544

1.5

1.9

1.9

OC - pH 3

mg/kg

373

1.5

2.3

3.1

OC - pH 5

mg/kg

67

1.5

2.2

3.4

NaOH

mg/kg

13

1.5

1.8

2.5
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Cr

Zn

pH

DCO

mg/kg

2.1

1.4

1.9

2.1

OC - pH 3

mg/kg

3.2

1.3

1.7

2.0

OC - pH 5

mg/kg

1.1

1.4

1.9

2.7

NaOH

mg/kg

1.0

1.3

1.5

1.9

DCO

mg/kg

10

1.3

1.5

1.8

OC - pH 3

mg/kg

17

1.2

1.3

1.4

OC - pH 5

mg/kg

11

1.2

1.5

1.6

NaOH

mg/kg

1.1

1.4

1.2

1.3

DCO

6.2-6.5

OC - pH 3

3.1

OC - pH 5

5.2-5.3

NaOH
Eh

12.6

DCO

mV

-347

-347

-193

74

OC - pH 3

mV

641

648

634

622

OC - pH 5

mV

527

515

499

483

NaOH
mV
< 217
201
193
- Not given. The values reported in the '15 minutes' column indicate the concentration of the specified
analyte in the leachate obtained using the specified extraction solution after 15 minutes; the values
reported in subsequent columns indicate the amount by which the concentration of that analyte increased
relative to the value measured at the preceding timepoint.

Table 5

Average and maximal differences between the concentrations of trace
elements analysed in leachates filtered using syringe filtration (in a
sealed system) and vacuum filtration (open to air).
Element L/S 2
L/S 10
Limit value
Average Max
Average Max
mg/kg mg/kg p-value
mg/kg mg/kg p-value Non-haz Haz
As
0.03
0.44
0.028
1.37
6.31
0.000
0.5
2
Mn
-0.05
1.93
0.350
0.16
1.89
0.065
Fe
0.52
6.10
0.015
14.52
59.49
0.000
Cu
0.00
0.02
0.098
0.02
0.15
0.008
2
50
Ni
-0.02
0.04
0.032
-0.03
0.19
0.131
0.4
10
Cr
0.00
0.02
0.022
0.07
0.35
0.000
0.5
10
Zn
0.00
0.04
0.461
0.12
0.81
0.001
4
20

N=36; data originates from batch leaching tests at L/S 2+8. The p-value indicates whether the difference
between the two filtration alternatives is significant. For comparative purposes, the European limit values
for Non-Hazardous and Hazardous waste to be deposited in landfills are shown alongside the measured
differences (EU Council, 2003).
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Results of the batch compliance leaching test at L/S 2+8.
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Variation in the concentrations of As and Cu over the course of the
column leaching experiments (prEN 14405) using a sand (R1) and a
sandy clay soil (R2).
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Figure 3

Leaching of As, Fe, and Cu from soils R3 and R4 stored in
atmospheric air and under an atmosphere of methane.
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Concentrations of selected elements in soil (F) pore water after 2
months' storage in 15-liter containers under unsaturated (light grey)
and saturated conditions (dark grey). Adapted from Maurice et al.
(2007).
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