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Summary

InGermany, soil and groundwater atmore than a thousand sites are contaminatedwith iron-
cyanide complexes. �ese contaminations originate from the gas puri�cation process that
was conducted inManufactured Gas Plants (MGP).�ere is a risk of human threat depend-
ing on the stability dissolved iron-cyanide complexes due to the potential release of toxic
free cyanide, CN(aq) and HCN(g), (aq). �e aim of this thesis was to evaluate a new method
for the cyanide detection and to investigate the stability and retardation of the iron-cyanide
complexes in soils by batch and column experiments in order to improve the knowledge
concerning the fate of cyanide compounds in soil and groundwater. �is study seeks for
enhancing the e�ciency of phytoremediation as a proper approach to decontaminate iron-
cyanides complexes and thus tries to make a contribution to environmental protection.

Feasibility of Field Portable Near Infrared (FP NIR) Spectrometry to determine cyanide
concentrations in soils of a former Manufactured Gas Plant site in Cottbus was evaluated
in order to develop a rapid and non-destructive in-situ method. As known from other
studies, di�use near infrared re�ectance spectroscopy has proven to be an appropriate ana-
lytical tool in soil investigation, thus various sample preparation methods were examined,
including homogenizing, sieving, drying and grinding to determine the e�ectiveness of this
method in cyanide determination. �e study revealed that FP NIR could be a reliable de-
vice for detecting cyanide concentrations >2400mg kg-1 in the �eld and >1750mg kg-1 a�er
sample preparation in the laboratory, however the limits of detection are too high to replace
the traditional laboratory methods.

�e applicability of neutral solution extraction to determine the water soluble cyanide frac-
tion and the stability of Prussian Blue in surface and near-surface soils of aMGP site in Cot-
tbus, under saturated and unsaturated water conditions, was studied in a column leaching
and batch extraction experiments. Due to the lack of a standard leaching method to deter-
mine thewater soluble (plant available) cyanide fraction, the e�ciency of phytoremediation
strategies can be decreased. Both experiments revealed high and continuous solubility of
Prussian Blue, in acidic and slightly alkaline MGP soils. Dissolution of ferric ferrocyanide
under circum-neutral pH and oxic water conditions was proposed to be a function of time,
where the released amount is dependent on the soil pH and total cyanide content.

Modeling the long-term release of iron-cyanide complexes from theMGP soils revealed that
the process is governed by two phases: one readily dissolved and one strongly �xed. �e
fast released phase was attributed to the transport process of readily dissolved iron-cyanide
complexes (hexacyanoferrats) that is taking place in the liquid phase combined with the
desorption of CN bound to heterogeneous surfaces that are in direct contact with aqueous
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phase (outer-sphere complexation). �e strongly �xed phase was proposed to be controlled
by desorption, dissolution or di�usion processes, like the dissolution of precipitated ferric
ferrocyanide or of inner-sphere complexed ferricyanides. Study revealed that the multiple
�rst order equation, which assumed simultaneous occurrence of both phases, was the most
appropriate in re�ecting the probable cyanide releasemechanisms from theMGP soils. �e
cyanide release rates increased with increasing pH, decreased with low initial CN concen-
tration and were retarded by the increase in OM content.

�e retardation of iron-cyanide in soil samples taken at MGP in Cottbus from two � 7 m
long boreholes was investigated in batch and column experiments. In this study, retention
properties of the sandy loamMGP soil and the potential verticalmovement of the solid iron-
cyanide complexes, co-existing with the dissolution, sorption and precipitation reactions
were investigated. Experiments revealed that the excess of the available iron, which induced
the formation of the Prussian Blue colloids despite the circum-neutral pH, was a very im-
portant factor in decreasing the cyanide concentration. Additionally, despite the chemical
factors in�uencing the potential reaction with manganese oxides, the physical factors like
pore size distribution, variation in the grain size etc. can reduce the cyanide concentration
due to mechanical retention (�ltration) of the vertical colloidal ferric ferrocyanide move-
ment. �is study proposes colloidal vertical transport of the solid iron-cyanide complexes
as a potential alternative process in�uencing the cyanidemobility in the circum-neutral pH
and under the excess of available iron conditions.

Supplementary discussion concerning the studies presented above contains considerations
on the limitations of the FP NIR spectrometry including the e�ect of water, OM content,
color, particle size, temperature, collection point etc. of the sample. Furthermore, supple-
mentary measurements involving batch experiments; pore volume via �eld capacity, poros-
ity and particle density determination; and chemical equilibriummodeling for the stability
of Prussian Blue study are discussed. Additionally, kinetic and isotherm equations were
used to model long-term cyanide release, constrained by one phase, from the acidic soil.

�e results presented in this thesis revealed limitations of the FP NIR in measuring the
cyanide concentrations in soil. Advancing the sample pretreatment procedures can improve
the feasibility of the spectrometer in detecting CN signal. Long-term extraction with the
distilled water provides reliable assessment of the potential environmental hazard due to
continuous dissolution of the solid iron-cyanide complexes demonstrated in this thesis. In-
consistency of the Prussian Blue stability reported in the literature to the one obtained in
this study imply usage of the CN contaminated MGP soils, instead of synthetic solutions,
to advance the knowledge concerning the solid iron-cyanide dissolution behavior. Further-
more, in the non-acidic soils the cyanide solubility might be in�uenced by the equilibrium
with manganese iron-cyanide mineral.
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1 General Introduction

When human kind learned how to control the �re and smelt the metals, a very long process,
lasting till today, of anthropogenic soil pollution began. However, with a rise of civilization
and industry, the nature and the distribution of contaminants have changed and evolved
(Rhind, 2009). Nowadays, human activities related to industry, agriculture, waste disposal
or oil spills, generate enormous input of diverse contaminants into the soils. According
to the European Environment Agency (EEA, 2007) the number of sites in Europe where
potentially polluting activities are occurring, or have taken place in the past, stands at about
3 million. As a consequence, advancement in soil remediation strategies, which involve
contaminant detection, immobilization or removal, is of prominent importance (Vandegri�
et al., 1992; Hester and Harrison, 1997).

Contaminants can be de�ned as substances that may cause potential harm to the environ-
ment including humans, animals, plants, waters, and soils. �is potential o�en depends on
the concentration of a substance (Rennert, 2002; Pierzynski et al., 2005). Soil contamina-
tion is either solid or liquid hazardous substances mixed with the naturally occurring soil.
Once discharged to the soil environment, pollutants can undergo various chemical and bio-
logical reactions that in�uence the contaminants toxicity, as well as, transport through the
soil pro�le and groundwater (Pfa�-Schley, 1996; Rennert, 2002). Investigating the stability
of contaminants in the a�ected soil and advancing the knowledge concerning the detection
methods helps implementing the remediation processes by saving the most precious and
expensive factor, which is “time” (Wilson and Clarke, 1994). Iron-cyanide complexes are
worldwide detected soil contaminants that create challenging site remediation projects.

1.1 Origin of iron-cyanide complexes contamination in soil

Cyanides are well recognized by the public due to their toxicity. In the past, HCN gas was
frequently used as a chemical warfare agent. During the FirstWorldWar, the USA and Italy
used hydrogen cyanide against the Central Powers in 1918. In the 20th century, HCN gas
was used in gas chambers in theWorldWar II Holocaust and by Iraq in the war against Iran
and against the Kurds in northern Iraq during the 1980s (Dzombak et al., 2006).

Cyanide-containing compounds are produced and used in commerce in large quantities,
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but they are also introduced into the environment from several natural sources (Dzombak
et al., 2006). �ey are produced by a variety of microorganisms like fungi, bacteria, acti-
nomicetes and algae, and synthesized by over 800 species of plants (mainly in the form of
cyanogenic glucosides) (Knowles, 1976). Cyanides from natural sources are degraded by
soil microorganisms and converted to carbonate and ammonia so they do not persist in
soil (Fuller, 1985).

Organisms do not produce iron-cyanide complexes, but their presence in soil is a result
of anthropogenic activities (Mansfeldt et al., 1998; Dzombak et al., 2006). Iron-cyanide
complexes have been observed at many industrial sites, either as an outcome of industrial
processes or as an incident product. Road salts, puri�er wastes, blast furnace sludge and pa-
per de-inking sludge are examples of iron-cyanide containingmaterials (Smith andMudder,
1991; Rennert, 2002). �is work is focused on the iron-cyanide contaminated soils originat-
ing from the former the Manufactured Gas Plant (MGP) sites, where puri�er wastes were
deposited as a �lling material.

From the early 1800s through the mid-1900s MGPs were operated nationwide to provide
gas from the coal or oil for lighting, heating and cooking (EPA, 1999). Coal gas started to
be widely used as a means for illumination in the United Kingdom in the early 19th century,
initially in factories and subsequently for street lighting. �e expansion of electric lighting
in 1880s provided the incentive for the development of additional uses for coal gas, like
heating and cooking. Due to the introduction of natural gas, town gas production declined
and the MGPs were closed until the 1970s (DEIP, 1995). �e USEPA and others estimate
that from ca. 1815 to ca. 1960 over 50.000 manufactured gas plants were operated in the
United States. According to Mansfeldt (2003), in Germany, the total number of former
manufactured gas plants amounts to 1064.

�e iron-cyanide contaminated puri�er wastes material at the MGP sites originates from
coal gas puri�cation process (Young and �eis, 1991; Ghosh et al., 1999a). Gas production
by coal gasi�cation involved heating the coal in ovens with a limited supply of oxygen at
high temperatures. Produced gas contained impure coal gas, ammoniacal liquor and tar.
�e liquid fractions were separated and the gas was puri�ed to remove remaining hydro-
gen sul�de (H2S), ammonia, (NH3), hydrocarbons (PAH) and hydrogen cyanide (HCN)
(DEIP, 1995). �e primary purpose of the gas puri�cation however was the H2S removal,
HCN was removed due to its corrosive e�ects on the pipe-lines rather than toxic e�ects.
Hydrogen cyanide was not formed through coal pyrolysis, but from a reaction of ammonia
with carbon (Mansfeldt, 2003):
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NH3 �CÐ� HCN �H2 (1.1)

NH3 �COÐ� HCN �H2O (1.2)

NH3 �CH4 Ð� HCN � 3H2 (1.3)

2NH3 �C2H4 Ð� 2HCN � 4H2 (1.4)

�e manufactured coal gas was conducted through boxes containing wood shavings, im-
pregnated with ferric chloride, iron (III) hydroxide or crushed blast furnace slag mixed
with a chemically active form of hydrated iron oxide to remove the impurities (�eis et al.,
1994; Dimitrova, 2010). Hydrogen cyanide participated in a complex set of reactions, un-
der reducing conditions with the sulfur and ammonia compounds in the manufactured gas,
due to reactions with Fe2+ containing compounds:

3Fe�OH�2 � 6HCNÐ� Fe2�Fe�CN�6� � 6H2O (1.5)

3FeS � 6HCNÐ� Fe2�Fe�CN�6� � 3H2S (1.6)

3Fe2�Fe�CN�6� � 1 1~2O2 � 3H2OÐ� Fe4�Fe�CN�6�3 � 2Fe�OH�3 (1.7)

When the iron oxide lost its absorbing capacity, it had to be regenerated by being spread in
the vicinity of the MGP in order to aerate them. �e product of reactions 1.5 and 1.6 is the
precipitate BerlinWhite, Fe2�Fe�CN�6�, which in the process of regeneration is oxidized to
Prussian Blue (ferric ferrocyanide), Fe4�Fe�CN�6�3 (reaction 1.7) (Mansfeldt, 2003). Ferric
ferrocyanide is a common blue pigment and a �nal product of HCN removal from manu-
factured gas.

�e source of iron-cyanide compounds in soil and groundwater at MGP sites is usually
oxide-box residuals thatweremanaged onsite as �ll (�eis et al., 1994; Dzombak et al., 2006).
Spent oxide waste, which typically contained high amounts of sulfur, tar, various complex
iron-cyanides (formed by the dissolution of Prussian Blue), has been percolating for nearly
60 years into the soil and groundwater at theMGP sites. �emanagement and remediation
of cyanide contaminated water and soil can be very challenging because of the complexity
of the chemistry and toxicology of cyanide compounds.

1.2 Speciation and toxicity of cyanides

Cyanide is present in the environment inmanydi�erent organic and inorganic forms, which
all contain a cyano group “-C�N” as a part of their molecule. �emost common, occurring
in the soil and groundwater are (Meeussen, 1992):
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• Free cyanides: like HCN�aq� , HCN�g� and CN� (volatile and toxic)

• Simple cyanides: like KCN and AgCN, (KCN readily dissolves in water to form CN�

and K�, and AgCN is only slightly soluble)

• Complex cyanides: like Fe�CN�3-6 , Co�CN�2-6 , Zn�CN�2-4 , Fe4�Fe�CN�6�3 (dissocia-
tion to free cyanide depends on kinetic and thermodynamic stability)

An additional group of organic cyanide compounds, so-called nitriles, exists, which in-
cludes various pesticides containing cyanides, as well as naturally occurring nitriles, orig-
inating from plants and micro-organisms (Fuller, 1984; Kjeldsen, 1998). Furthermore, a
group called thiocyanides containing the (-SCN) group occurs (Kjeldsen, 1998).
Free cyanides are considered to be the toxic species and are de�ned as the forms of molec-
ular and ionic cyanide released into solution by the dissolution and dissociation of cyanide
compounds and complexes (Smith and Mudder, 1991; Ghosh et al., 1999c). �erefore, the
toxicity of the cyanide containing compoundsmainly depends on the possibility of dissocia-
tion to free cyanide. Figure 1 shows the chemical classi�cation of selected dissolved cyanide
complexes that have been detected at MGP sites and their stability constant K, which is
an indicative of the toxicity. Cyanide is extremely toxic to mammals, with a lethal dose
(LC50 � 546 ppm for 10 min of inhalation) an adult person of ca. 1-2 mg kg-1 (Egekeze et
al., 1980). It works by binding to an enzyme involved in respiration (cytochrome c oxidase),
thus inhibiting the ability of cells to use oxygen (Shifrin et al., 1996).

Figure 1: Chemical classification and the stability constant K of dissolved cyanide compounds (Ghosh et al.,
2004).
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Simple cyanides are de�ned as the salts of hydrocyanic acid, e.g. KCN. �ey dissolve com-
pletely in solution producing cyanide anions and free alkali, alkaline earth or heavy metal
cations, e.g. K� or Hg2+ (Rennert, 2002). �e released CN� ions make the solutions of
these complexes very toxic. Some of the heavy metal cyanides are almost insoluble (AuCN,
AgCN2, Pt(CN)2) while others e.g. of lead, mercury and cadmium have a very good solu-
bility. �erefore they can easily become mobile in soil solutions (Kjeldsen, 1998).

Cyanide complexes can be categorized as weak metal-cyanide complexes and strong metal-
cyanide complexes, based on the strength of the bonding between themetal and the cyanide
ion (Meeussen, 1992; Dzombak et al., 2006). �e focus of this thesis are the iron-cyanide
complexes, which belong to the groupwith strongmetal bonding. Iron-cyanide compounds
at MGP sites can be present in solid as well as in dissolved phase. �e most abundant
solid-phase cyanide compounds are Prussian Blue (Fe4[Fe(CN)6]3) and Turnbulls Blue
(Fe3[Fe(CN)6]2), in which Fe3+ and Fe2+are contained in di�erent proportions (Meeussen,
1992). Berlin White (Fe2[Fe(CN)6]) is usually formed under extreme reducing conditions,
but is very unstable and is oxidized to Prussian Blue (reaction 1.7) from very small amounts
of oxygen (�eis at al., 1994; Pro�t et al., 2001; Dimitrova, 2010).

�e dissolved-phase complex cyanide species, in the soil and groundwater of MGP sites,
can exist in a number of di�erent chemical forms, but the most abundant are the iron-
cyanide complexes: ferrocyanide [Fe(CN)6]4-,where iron is in the +II oxidation state, and
ferricyanide [Fe(CN)6]3-, with iron in the +III oxidation state (�eis et al., 1994; Ghosh et
al., 2004). According to�eis et al. (1994), more than 97 % of the cyanide complexes found
at MGP sites are iron complexes. �e rest were proved to be copper, nickel and thiocyanate.
Iron-complexed cyanides are weakly toxic. �e experiments revealed that dosages of up to
2 g ferrocyanide per day for an adult were not harmful, because they were not adsorbed
by the human body (Nielsen et al., 1990). However, the toxicity of iron-cyanide complexes
depends on their tendency to release toxic free cyanide, which is in�uenced by the kinetic
stability of the complexes and by the presence of light (Kjeldsen, 1998).

Due to the complex chemistry, reactivity and toxicology of the cyanides, the management
and regulation concerning cyanide in water and soil can be very challenging. Di�erent
cyanide compounds reveal di�erent physical, chemical and toxicological properties, which
are highly in�uencing fate and behavior of cyanide in the environment. Regardless of signif-
icant importance of cyanide speciation in conducting e�ective reclamation projects, until
recently, the regulation of cyanide in soil and water was focused on the total (inorganic)
cyanide content (Dzombak et al., 2006).

�e regulations concerning cyanide concentration in soil and groundwater depend on the
country. To present all the di�erent values it would be necessary to create a separate chap-
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ter dealing only with the regulations of cyanide in water and soil. Since this thesis focuses
on one investigation site in Germany, the thresholds according to the Bundes-Bodenschutz
Gesetz (BBodSchG) (1998) and the Bundes-Bodenschutz- und Altlastenverordnung
(BBoSchAV) (1999) are presented. Table 1 shows the inspection values for cyanides in soil
and groundwater according to the BBodSchG (1998) and BBodSchAV (1999).

Table 1: Thresholds for cyanide concentrations in direct contact (BBodSchG, 1998; BBodSchAV, 1999;
Dimitrova, 2010).

Soil

Children’s playground Residential areas Park and leisure
facilities Industrial areas

50 mg kg-1 DW 50 mg kg-1 DW 50 mg kg-1 DW 100 mg kg-1 DW

Groundwater

0.05 mg L-1 (TCN) 0.01 mg L-1(WADCN)

1.3 Chemistry of cyanides

Free cyanide refers to either soluble hydrogen cyanide, HCN(aq), or soluble cyanide anion
(CN�). HCN(aq) is a weak acid with a pKa of 9.24 at 25XC. Hydrogen cyanide has a very
low boiling point (25.7XC) and thus is volatile in water under environmental conditions.
Both liquid and gaseous forms dissolve easily in water, producing weak acid solutions. It
can dissociate into cyanide ion according to the following dissociation reaction (Dzombak
et al., 2006):

HCN(aq) �� H�
�CN� pKa � 9.24 at 25XC (1.8)

At pH values less than 9.24, HCN is the dominant free cyanide species, while at greater pH
values cyanide ion dominates free cyanide. In the natural systems the pH value is lower than
the HCN dissociation constant, which makes it a dominant form (Meeussen et al., 1992c).
�e distribution of free cyanide in the aquatic solution and its dependence on the pH value
is shown in Figure 2.

�e simple cyanides group consist of alkali, alkaline earth or heavymetal cyanide salts of the
form Me(CN)x, where Me is the metal or an ammonium ion. Most of the simple cyanides
are highly soluble in water and readily dissociate, releasing the cyanide ion (Kjeldsen, 1998;
Dzombak et al., 2006):

Me�CN�x�s� ��Mex� � xCN� (1.9)
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Figure 2: Distribution of free cyanide in the aquatic solution and its dependence on the pH value (Dzombak
et al., 2006).

Only some of the heavymetal cyanides are almost insoluble like AuCN, AgCN2 or Pt(CN)2.

�e cyanide ion acts as a strong ligand, where the C atom is a donor for many complex
compounds (Rennert, 2002). In complex cyanides the cyanide ions are attached as ligands
around a central metal ion. �e formation of such complexes follows the reaction (Dzom-
bak et al., 2006):

Me�z�aq� � nCN�

�aq� Ð� �Me�CN�x��z�x (1.10)

Where Me is a transition metal, z is its charge and x is the number of ligand ions. Most
common at theMGP sites (and also the main focus of this thesis) are the iron-cyanide com-
plexes. �ese octahedral iron-cyanide complexes are nearly inert due to the high stability
and low dissociation (ferrocyanide: pKa=10-36.9; ferricyanide: pKa=10-43.9) (Meeussen et
al., 1992c; Ghosh et al., 1999).

For ferrocyanide, each of the CN ligands donates its electron couple to the Fe2- ion, while
Fe0 possesses 26 electrons ([Ar] 3d8). In ferrocyanide complex, iron atom has 24 electrons
([Ar] 3d6). From complexation with six cyanide ions it receives 12 additional electrons
thus reaching the electron con�guration of the noble gas krypton (Kr) ([Ar] 3d104s24p6),
which gives a relative high stability of the complex (Hollemann and Wiberg, 2001; Dim-
itrova, 2010).

For ferricyanide the iron ion (Fe3-) possesses 23 electrons ([Ar] 3d5). Together with the
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electrons donated from the CN ligands it obtains 35 electrons ([Ar] 3d94s24p6) thus, one
electron less than the noble gas Kr, which makes the complex more kinetically unstable
(Hollemann and Wiberg, 2001; Dimitrova, 2010).

Ferri and ferrocyanide form stable salts either with alkali or earth alkaline metals, or with
transitionmetalswithout undergoing exchange of the cyanide ligand (Dzombak et al., 2006).
�e alkali and alkaline earth iron-cyanide complexes are all very soluble in water. �e heavy
metal and iron salts of iron-cyanide complexes are insoluble or sparingly soluble, but have
the ability to dissociate into a heavy metal cation and a metal complex anion in alkaline so-
lutions (pH > 6) (Rennert, 2002). An example of such a slightly soluble (solubility constant
Ksp = 10-84.5) solid is Prussian Blue (Fe4[Fe(CN)6]3) (Meeussen et al., 1994):

Fe4�Fe�CN�6�3 (s) �� 4Fe3+ � 3Fe�CN�4-6 (1.11)

�e stability of this complex is supported by the inorganic polymerization of the interact-
ing, neighboring CN groups. Additionally, the charge transfer between Fe2+ and Fe3+ com-
pletely �lls the inner 3d orbital (Hollemann andWiberg, 2001). Stability of Prussian Blue is
very pH dependent:

Fe4�Fe�CN�6�3(s) � 12H2O�� 4Fe�OH�3(s) � 3�Fe�CN�6�4-(aq) � 12H�

�aq� (1.12)

1.4 Behavior and processes of iron-cyanide complexes in soil

Cyanide can be detected in the soils and groundwater of many industrial sites (Kjeldsen,
1998). Cyanide-bearing wastes, at the sites of former Manufactured Gas Plants, are sub-
jected to rain water percolation, which causes leaching of iron-cyanide solids that can yield
detectable concentrations of dissolved cyanide in groundwater (Ghosh et al., 1999a; Pro�t,
2001; Dzombak et al., 2006). Generally, the behavior of cyanides in soil and groundwater is
extremely complex, due to the range of di�erent potential chemical and physical transfor-
mations (Meeussen et al., 1994; Meeussen at al., 1995). Figure 3 shows the most signi�cant
cyanide compounds and reactions occurring at the gas puri�ers waste contaminated sites.
In order to design proper risk assessment or a remediation strategy for the cyanide contami-
nated formerMGP sites, the fate and transport of these compounds in soil and groundwater
must be investigated and understood.

Most of the cyanide at the gas work sites is originally in a solid form (e.g. Berlin White,
Turnbulls Blue), therefore the fate of iron-cyanide complexes in the soil and groundwater
can be discussed mainly in terms of dissolution and precipitation reactions (Meeussen et
al., 1992; Ghosh et al., 1999c, Rennert, 2002). �e dissolution behavior of Prussian Blue is
mainly controlled by the joint e�ects of pH and pE (Meeussen et al., 1994).
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Figure 3:Overview of the cyanide compounds and their reactions at the MGP sites (Kjeldsen, 1998).

Figure 4 shows the di�erent iron-cyanide solids, as a function of pHandpE, in a systemwith
hydrous ferric oxide present. In Figure 4 it can be noticed that solid Prussian Blue can only
exist under acidic pH and oxic conditions. As pH increases, Prussian Blue coexists with
hydrous ferric oxide in the form of a solid solution (coprecipitant). At high pH, Prussian
Blue dissolves (Dzombak et al., 2006). Prussian Blue is themore stable solid formof cyanide
under oxidizing conditions e.g. with excess of Fe3+ over Fe2+ ions. Turnbull’s Blue is found
to exist under anoxic conditions (excess of Fe2+ over Fe3+ ions) under a wide range of pHs
(Figure 4).

�e change from a blue to a green color occurs when Turnbull’s Blue forms a solid solution
with hydrous ferric under neutral to alkaline pH conditions (Dzombak et al., 2006). Accord-
ing to Meeussen et al. (1992), Prussian Blue is stable at pH < 6, and dissolve with increasing
alkaline conditions. Ghosh et al. (1999) stated that Prussian Blue is soluble under alkaline
pHs (pH > 7) and oxic (pE > 5) conditions.

Dissolved iron-cyanide complexes predominate in soil and groundwater at the MGP sites.
�eir speciation is controlled by the redox potential (Figure 5). Inmoderately oxic to highly
oxic conditions, the ferricyanide [(Fe(CN)6)3-] complex dominates, while the ferrocyanide
[(Fe(CN)6)4-] dominates under anoxic conditions. However, equilibrium model calcula-
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Figure 4: Presence of different iron-cyanide species as a function of pH and pE, in a system with hydrous
ferric oxide present (Dzombak et al., 2006).

Figure 5: Presence of different dissolved iron-cyanide complexes as a function of pH and pE (Dzombak et al.,
2006).

tions indicate that free cyanide should by the dominant species in soil and ground water
at the MGP sites (Meeussen et al., 1992a). Adsorption-desorption phenomenon is another
reaction that in�uences the iron-cyanide complexes behavior and mobility in soils of the
MGP sites (Meeussen et al., 1995; Rennert and Mansfeldt, 2002; Kang et al., 2012). Gener-

10 GeoRS Geopedology and Landscape Development Research Series | Vol. 04



ally, low soil pH (< 5), presence of iron and aluminum oxides, clay material with high an-
ion exchange capacity, increases adsorption of negatively charged iron-cyanide complexes
(Dzombak et al., 2006). �ese processes and the conducted studies will be discussed in the
following chapters.

Iron-cyanide complexes when exposed to the UV or visible light radiation (up to 480 nm)
can undergo the following reaction (Dzombak et al., 2006):

�Fe�CN�6�3-(aq) � 6H2OÐ� �Fe�H2O�6�3+�aq� � 6CN�aq� (1.13)

According to reaction 1.13, the presence of light can produce toxic cyanide ion, but in the soil
or groundwater where the light penetration is very limited, this process would continue for
years (Meeussen et al., 1992). Nevertheless, theoretically, free cyanide can di�use through
the soil surface and escape in the atmosphere in form of HCN(g), however concentration
of free cyanide at the MGP sites are low and o�en below the detection limit (Mansfeldt et
al., 1998). Iron-cyanide complexes have relatively long persistence in soil and groundwater
and their speciation at the MGP sites is rather in�uenced by the breakdown kinetics than
by a thermodynamical equilibrium (Ghosh et al., 1999c; Dzombak et al., 2006).
Some plant species are e�cient in degrading cyanide and can be employed in the reculti-
vation of the MGP site in form of the phytoremediation strategy. According to the study
made by Larsen et al. (2005), willow trees are capable of the uptake andmetabolism of iron-
cyanide complexes from solutions with di�erent CN concentrations. Free cyanide can be
also metabolized by microorganism and used as a nitrogen and carbon source (Knowles,
1976). However, the degradation of the iron-cyanide complexes proceeds much slower
(Dzombak et al., 2006; Ebel, 2007).

1.5 Analytical determination of cyanide

Several di�erent methods are available for determining cyanide. Some of the analysis meth-
ods provide for measurement of a group of species (Mansfeldt and Biernath, 2001; Dim-
itrova, 2010) are:

• total cyanide (TCN) in water including strong cyanide complexes dissolved in water
as well as the WADCN fraction

• weak acid dissociable cyanide (WADCN) including weak cyanide compounds and
free cyanide

• total cyanide (TCN) in sodium hydroxide extracts which includes the strong com-
plexes (e.g. ferric ferrocyanide) which does not dissolve in water but under strong
alkaline conditions
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Analysis of cyanide in solids usually involves two processes: digestion and detection. Diges-
tion procedure is performed to separate the analyte fromdisturbingmatrixes and to liberate
HCN(g) under controlled pH conditions (Mansfeldt and Biernath, 2001). In this study the
micro dist (Figure 6) system was used (Dimitrova, 2010). �e micro dist system refers to
the method of the Hach Company, US QuickChemMethod 10-204-00-1-X approved by the
USEPA (2008). �e amount of the HCN liberated during the digestion is dependent on the
pH applied during the distillation procedure. �is enables to distinguish among the three
cyanide species.
�emicro dist system is designed to digest water samples. Cyanide from soil, plantmaterial
needs to be extracted prior to distillation step. Di�erent approaches available for cyanide
extraction from solid samples will be discussed in the following chapters.
Free cyanide trapped during the digestion process can bemeasured titrimetrically or colori-
metricaly. For the purposes of this thesis, an automated spectrophotometrical �ow injection
system (FIA) Compact (MLE, Dresden) was used. Injection Analyzer applied for cyanide
detection refers to the DIN EN ISO 14 403 D (2002) standard for determination of total and
free cyanide with continuous �ow analysis.
�e available analytical methods aimed at measuring individual species of cyanide are free
cyanide by gas chromatography, gas-liquid di�usion (includingmicrodi�usion), ion - selec-
tive electrode, direct colorimetric analysis and ion chromatography (Dzombak et al., 2006).
Fourier transform infrared spectroscopy (FTIR) in the mid-infrared (MIR) range has been
frequently applied to characterize Fe-CN complexes in soils (Pro�t et al., 2001; Jannusch et
al., 2002; Rennert et al., 2007).

Figure 6: Micro dist Rapid Distillation
Unit (ATS Scientific INC).
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2 Scope of the thesis

2.1 Project summary

�is thesis is partially founded by the Deutsche Bahn AG and is developed within the
project “Stabilisierung des DB AG-Standortes ehem. Leuchtgasanstalt Cottbus durch Ver-
fahren der Bioremediation (Phytoremediation)” (“Stabilization of the DB AG locations of a
formerManufacturedGas Plant inCottbus using the Bioremediation (Phytoremediation)”).
�e main aim of the project is to stabilize the contamination, in the form of cyanide, at the
MGP Cottbus site using di�erent plants (willow, poplar, locust, sun�ower, mustard etc.)
�e e�ectiveness of the remediation strategy applied during the project was veri�ed by a
number of �eld, laboratory and greenhouse experiments, which started in year 2010 and
are still in progress. According to Maruyama et al. (2001), cyanide in plants is rapidly me-
tabolized by the enzyme b-cyanoalanine synthase (CAS). Phytoremediation of cyanide has
been widely studied by many scientists for a number of plants (Ebbs et al., 2003; Larsen et
al., 2004 and 2006; Trapp et al., 2001), where the biological transport and metabolisms pro-
cesses were demonstrated and investigated. �e literature overview supports the hypothesis
that phytoremediation is an e�ective approach to stabilize the cyanide contamination at the
MGP sites and to reduce the negative impact of the contamination on the groundwater.

�e remediation activities started in year 2010 with removal of oldMGP buildings from the
site (Picture 2). On the basis of the cyanide contamination spatial distribution, gathered
during the site screening, 2 m of the highly contaminated top soil (Picture 3) was removed
and replaced with clean sandy material. In the beginning of the year 2011, the planting
scheme was developed and performed in the middle of April 2011. �e site was planted
with poplar, willow and black locust trees according to the arrangement presented in Figure
7. �e vegetation development on the MGP site in Cottbus is presented in Picture 1.

Additionally, in the year 2012, the free space in the eastern part and the embankment in
the southern part of the site, were planted with sun�ower and mustard according to the
schedule presented in Figure 7. Annual harvesting of the plants and collection of the trees
leafs and tissues revealed cyanide accumulation in the measured plant samples.
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Picture 1:Development of the vegetation in year 2011 at the MGP investigation site in Cottbus (Repmann et
al., 2012).

2.2 Site description

�e investigation site is located in the central south-western part of Cottbus (51X45,161’N;
14X18,529’E), in the south of Brandenburg State, in Germany. �e available historical infor-
mation about the formerManufactured Gas Plant is very limited. Accessible data comment
that the MGP in Cottbus started operation in 1861 and produced gas mainly for the owner’s
purposes, not for the public supply. �e site is owned by the German Railways (Deutsch
Bahn AG). �e production of the manufactured gas was stopped in the middle of 20th
century, which caused the cessation of the MGP in Cottbus. Until 2010, the old buildings
belonging to the former MGP had still existed (Picture 2). Prior to the remediation activ-
ities on the site, the old constructions were removed and 2 m of the highly contaminated
top soil was replaced (Picture 3).

�e site covers an area of approximately 2500 m2 and is abundantly covered with the veg-
etation. �e groundwater table is at a depth of 7 m and the water �ows in the north-west
direction. According to the Köppen classi�cation system, Cottbus has a humid continental
climate (Peel et al., 2007) with a mean annual temperature of 8.8XC and an average annual
precipitation sum of 589 mm (Linder et al., 1997).

Top soil is composed of sand containing coal, slag, gas puri�cation wastes and organic mat-
ter (up to 0.5 m deep). �e deeper soil (0.5 - 7.0 m) has a sandy texture (texture classes
according to German classi�cation system). At the depth of approximately 1 m a layer of
coherent structured soil occurs, which unevenly covers the whole investigation �eld (up to
2 m deep). �e soil pH varies between 3.2 and 7.7 (Sut et al., 2012). Spatial distribution of
the cyanide concentration was provided by the site screening, where the investigation �eld
was divided in 6 separate surface transects (A, B, C, E, G, I) (Figure 8). Soil was collected
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Picture 2: Former Manufactured Gas Plant site in Cottbus: picture taken prior to
remediation activities (photo made by Dr. Repmann).

Picture 3: Remediation operations: removal of the contaminated top soil (photo made
by Dr. Repmann).
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Figure 7: Planting scheme applied at the MGP Cottbus (Repmann et al., 2012).

Figure 8: Distribution of the cyanide contamination at the MGP Cottbus (Dimitrova, 2010).
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within a sampling grid of 6 x 6 m spacing at a depth of 0.5 m. �e highest cyanide contents
where measured along the C pro�le in the central part of the site (up to 1600 mg kg-1).
During the successive project activities, the highest detected cyanide concentration (at the
depth di�erent then 0.5 m) was about 18000 mg kg-1.

2.3 Outline of the thesis, aims and objectives

Contamination in the form of iron-cyanide complexes is a common problem at thousands
of the former Manufactured Gas Plant sites that are spread worldwide (Mansfeldt et al.,
1998; Pro�t, 2001). Due to the high number of those facilities, toxicity of the by-products
or risk of soil and groundwater contamination, negative environmental impact becomes
obvious (Pfa�-Schley, 1996). �e main aim of this thesis was to investigate the detection
and behavior of iron-cyanide complexes in the soil at the MGP Cottbus. �is was done
to enable developing in-situ method for cyanide site screening, advancing the knowledge
concerning the stability of Prussian Blue in order to improve the e�ciency of phytoremedi-
ation processes and to understand the fate of iron-cyanide complexes in soil to better eval-
uate (qualitatively and quantitatively) possible environmental hazards. As indicated in the
section above (Chapter 1), many issues, concerning the nature of iron-cyanide complexes,
have been previously studied. However, in the course of thesis development, some aspects
of the cyanide behavior turned out to be contrasting with results reported in the literature.
Prussian Blue is documented in the literature as a relatively stable compound, but prior to
evaluating its behavior, one should not forget that it is a complex substance that is stored
in a very heterogeneous environment (soil mixed with gas puri�cation wastes). �us, more
research with the �eld material, instead of synthetic iron-cyanide solutions, is required to
advance the knowledge concerning the potential environmental hazard in the vicinities of
former MGP sites.

Firstly, the feasibility of Field Portable Near Infrared Spectroscopy (FP NIR) to determine
the cyanide concentration in soil was investigated. Di�use re�ectance spectroscopy in the
region (NIR DRS) has become a very popular and widely used technique for many indus-
tries due to its rapid and non-destructive analysis of bulkmaterial (Shenk et al., 1992; Malay
and Williams, 1997; Siebielec et al., 2004; Viscarra Rossel et al., 2006; Stenberg et al., 2010;
Sut et al., 2012) that saves time and resources and allows immediate assessment of site con-
tamination. Available methods for cyanide determination are usually time consuming and
�xed in laboratory settings. �is part of the thesis presents a novel use of the FP NIR to
determine cyanide concentrations in soil. �e objective of this study was to evaluate NIR
spectrometer responses with respect to the �eld situation and to elucidate the limits of detec-
tion a�er performing di�erent sample preparation methods (Siebielec et al., 2004; Viscarra
Rossel et al., 2006; Sut et al., 2012).
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Secondly, the stability of Prussian Blue in a soil collected at the MGP Cottbus was investi-
gated in a column and batch experiments, since, according to the literature, the mobility
of iron-cyanide complexes depends mainly on the dissolution of the ferric ferrocyanide
(Ghosh et al., 1999a; Meeussen et al., 1992; Meeussen et al., 1995). Lack of a standard leach-
ing method to determine the water soluble (plant available) cyanide fraction generates po-
tential limitations for implementing remediation strategies like phytoremediation (Sut et
al., 2013). �e objectives of this study were to: (i) investigate the solubility of iron-cyanide
complexes from the MGP soil containing Prussian Blue, under circum-neutral pH, oxic,
unsaturated water conditions in a column leaching experiment, in order to assess the po-
tential of cyanide leaching from the soils with varying pH and total cyanide concentration;
(ii) study the stability of iron-cyanide complexes in the MGP soils, under circum-neutral
pH, oxic, saturated water conditions in a sequential batch extraction; (iii) evaluate the com-
parability of the column and the batch experiments in terms of qualitative and quantitative
determination of cyanide contamination; (iv) study the applicability of neutral solution ex-
traction (distilled water) to determine the water soluble cyanide fraction and to advance
the understanding of cyanide behavior in MGP site soils (Sut et al., 2013).

Subsequently, the results obtained in the column leaching experiment have been used to
model the long-term release of iron-cyanide complexes from the soil of the MGP site in
Cottbus. Generally, column experiments simulate the discharge of contaminants in soils
and aquifers more closely than batch experiment (Rennert, 2002), therefore to investigate
themechanism and tomodel the release rate of iron-cyanide complexes from theMGP soils
the leaching under unsaturated �ow conditions approach was chosen. In order to design
e�ective remediation strategies, it is relevant to understand contaminant fate and transport
in soil, and to quantify and mathematically model the release rate (Sut et al., 2013). �e
objective of this study was to apply di�erent isotherm and kinetic equations to the column
experimental data in order to investigate the drivingmechanisms for the ferric ferrocyanide
release, and to study the in�uence of soils parameters such as pH, texture, OM content,
initial CN concentrations.

Previous research, conducted for the purposes of this thesis, revealed instability of Prussian
Blue in the soil of a former MGP in Cottbus, implying a likely threat of groundwater con-
tamination. Slightly elevated cyanide concentrations, measured in the groundwater at the
MGP site in Cottbus, are relatively low considering the high release rates and constant disso-
lution of the ferric ferrocyanide obtained in the column leaching experiment. To investigate
the behavior and potential retention mechanisms of the iron-cyanide complexes in the soil
of a MGP in Cottbus, samples from two long boreholes (up to 7 m long) were analyzed in
the laboratory. Ultimately, the in�uence of the sandy loam soil material (collected at the
MGP Cottbus) and synthetic iron sul�de on the retention of the iron-cyanide complexes
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transport was investigated in the batch and column experiments, due to i) vertical distribu-
tion of cyanide concentration in the investigated soil pro�les, indicating the highest total
cyanide concentration in the layer of gas puri�cation wastes and sandy loam underneath it;
ii) high contents of iron and sulfur in the wastes material, implying iron sul�de as potential
source of iron excess required to form solid iron-cyanide complex.

2.4 Organization of the thesis

�is thesis begins with the literature review presented in Chapter 1. In this chapter general
information and basic facts concerning cyanide’s origin, toxicity, chemistry, behavior and
analytics are discussed. In Chapter 2, information concerning the project, site description,
thesis outline and organization are supplied.

�e following chapters (Chapter 3 through 6) are organized as self-contained papers. �ey
present the articles that were published (chapter 3 through 5) or submitted (chapter 6) to
peer reviewed journals. Each chapter is composed from a separate abstract, introduction,
results, discussion and conclusions, except of chapter 4, where the results and discussion
part is written together. In Chapter 7, additional discussion regarding supplementary data
obtained for the studies, presented in Chapters 3-5, is given. In Chapter 8, the main results
of the research reported in this thesis are presented and recommendations for the future
research are elaborated.
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3 Feasibility of field portable near
infrared (NIR) spectroscopy to
determine cyanide concentrations
in soil

�e study presented in this chapter was published as: M. Sut, T. Fischer, F. Repmann,
T. Raab and T. Dimitrova, “Feasibility of Field Portable Near Infrared (NIR) Spectroscopy
to Determine Cyanide Concentrations in Soil,” Water, Air & Soil Pollution, Vol. 223, No. 8,
2012, pp. 5495-5504. doi:10.1007/s11270-012-1298-y.

3.1 Abstract

Vicinities of Manufactured Gas Plants were o�en contaminated with solid iron-cyanide
complexes as a result of the coal gasi�cation process. During the remediation of a�ected
soils, knowledge about contaminant concentrations is crucial, but laboratory methods are
o�en expensive and time consuming. Rapid and non-destructive �eld methods for contam-
inant determination permit an analysis of large sample numbers and hence, facilitate identi-
�cation of ‘hot spots’ of contamination. Di�use near infrared re�ectance spectroscopy has
proven to be a reliable analytical tool in soil investigation. In order to determine the feasi-
bility of a Polychromix Handheld Field Portable Near-Infrared Analyzer (FP NIR), various
sample preparation methods were examined, including homogenizing, sieving, drying and
grinding. Partial least squares (PLS) calibration models were developed to determine near
infrared (NIR) spectral responses to the cyanide concentration in the soil samples. As a
control, the contaminant concentration was determined using conventional Flow Injection
Analysis (FIA). �e experiments revealed that portable near-infrared spectrometers could
be a reliable device for detecting cyanide concentrations >2400 mg kg-1 in the �eld and
>1750 mg kg-1 a�er sample preparation in the laboratory. We found that portable NIR spec-
trometry cannot replace traditional laboratory analyses due to high limits of detection, but
that it could be used for identi�cation of contamination ‘hot spots’.
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3.2 Introduction

Cyanide compounds usually colligate as extremely poisonous substances, but their toxicity
highly depends on the form and stability of the compound (Kjeldsen, 1998). �eir occur-
rence in water and soil is mostly caused by manmade activities, like the process of gas pu-
ri�cation a�er coal gasi�cation. Hence, cyanides are most commonly found as solid iron
cyanide complexes (Prussian Blue) in the vicinities of theManufacturedGas Plants (MGPs).
In the past, when plants were still in active operation, the manufactured gas was conducted
throughwood shavingsmixedwith an active formof hydrated iron oxide in order to remove
H2S (g), which additionally eliminated hydrogen cyanide (HCN).When the iron oxide lost
its capacity, the material was deposited and used mainly as a �lling material, which con-
tained double-iron-cyanide compounds formed due to the reacting of free cyanide with
iron (Dzombak et al., 2006). �ese activities led to high concentrations of a variety of dif-
ferent cyanide complexes in the uppermost soil layers at these sites.

�e toxicity of cyanide containing compounds strongly depends on the chemical form in
which it is present (Meeussen et al., 1992; Meeussen et al., 1994). Daylight induced de-
composition of iron-cyanide (Fe-CN) complexes can lead to release of poisonous hydrogen
cyanide (HCN) (Kjeldsen, 1998). Ferric ferrocyanide (Prussian Blue) forms stable precipi-
tates under acidic to neutral pH and excess metal (Fe) conditions (Dzombak et al., 2006).

Di�use re�ectance spectroscopy in the near infrared region (NIR DRS) has become a very
popular andwidely used technique formany industries due to its rapid and non-destructive
analysis of bulk material. Near infrared spectroscopy is used to investigate the vibrational
properties of a sample (Bokobza, 2002). In soil analysis, spectral features of the near infrared
(NIR) region (780-2500 nm) are associated with molecular overtones and combination vi-
brations of light atoms that have strong molecular bonds, for example, chemical bonds that
containH attached to atoms such asN,O, or C (Confalonieri et al., 2001). �e absorbance of
NIR bands is mostly determined by the composition of the soil surface, so chemical proper-
ties that depend on the soil matrix (like carbon content) can be predicted better than those
that rely on soil solution (Janik et al., 1998).

Chang et at. (2001) noticed that NIR spectroscopy can be used to estimate several soil prop-
erties, such as total C, total N, moisture content, particle size, cation exchange capacity
(CEC), extractable Ca, K, and Mn, respiration rate, and potentially mineralizable N. Near
infrared di�use re�ection spectroscopy showed that this method is feasible for assessing
soil N and organic matter content (McCarty and Reeves, 2001; Slaughter et al., 2001; He et
al., 2005; Viscarra Rossel et al., 2006). Cozzolino and Moro´n (2006) have stated that NIR
spectroscopy has great potential to predict soil organic C with respect to di�erent particle-
size fractions with the best calibrations obtained for clay and silt. �e study suggested that
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increased accuracy from NIR spectroscopy predictions of matrix properties might have an
origin in decreased variability in particle size and in the fact that small particles absorb
much less energy than large particles.

Malley and Williams (1997) and Siebielec et al. (2004) examined the NIR DRS prediction
of soil heavy metals concentration. Malley and Williams (1997) stated that the correlation
between heavy metals and the NIR detectable absorbencies of organic matter - containing
protein, cellulose and oil - is the major mechanism by which the trace metals can be pre-
dicted. Siebielec et al. (2004) found a clear relationship between soil texture and accuracy
inmetal prediction, with the exception of Fe, which was predicted well over the entire range
of clay content. Sandy soils are low in metals, which produce less accurate predictions. A
good correlation of inorganic components can be explained by the relation of the inorganic
material to the organic constituents (Shenk et al., 1992).

At the present time, several methods for determining cyanide concentration in soil are avail-
able. Cyanide quanti�cation usually requires a two step process: digestion of the sample
(e.g. micro distillation system) and its analytical detection performed e.g. by automated
spectrophotometrical �ow injection analysis (FIA) (Dimitrova, 2010). Fourier Transform
Infrared Spectroscopy (FTIR) in the mid-infrared (MIR) range has been frequently applied
to characterize Fe-CN complexes in soils, due to its strong C�N stretching vibration in the
range of 2200-2000 cm-1 (Pro�t et al., 2001; Jannusch et al., 2002; Rennert et al., 2007).

Nowadays, soil remediation is of prominent importance (Dzombak et al., 2006) and the
knowledge about potential contaminants - like Fe-CN compounds - is crucial in order to
determine likely environmental hazards. Laboratory methods are usually time consuming,
so there is a need to develop rapid and non-destructive methods, which are capable of de-
termining the contaminant concentration in the �eld. �e study conducted by Hürkamp et
al. (2009) showed that �eld portable X-ray �uorescence (FP XRF) is able to characterize the
distribution of lead concentrations in alluvial soils on a large scale. Field portable analyzers
save time and resources, and allow immediate assessment of site contamination. In order to
evaluate the feasibility of the Polychromix Handheld Near-Infrared Analyzer in determin-
ing the cyanide concentration in soil, a set of soil samples from a former MGP in Cottbus
was chosen. �e objective of this study was to evaluate NIR spectrometer responses with re-
spect to the �eld situation and to elucidate the limits of detection a�er performing di�erent
sample preparation methods.
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3.3 Materials andMethods

Sampling strategy and experimental design

�edescription of the investigation site is presented inChapter 2 (2.2). �e samples (n=100)
were collected using a hand driller. �ey were taken up to 190 cm in depth. �e fresh �eld
sampleswere homogenized for further analysis. As a reference, for the FPNIR spectrometer
response, the total cyanide concentration (TCN) was determined with the automated spec-
trophotometrical �ow injection system FIA Compact (MLE, Dresden). To extract cyanide,
20 g of soil (n=100) were weighted and extracted in 200 mL 1 M sodium hydroxide (1:10 ra-
tio) for 12 h in an end-over-end shaker at 16 rpm. In order to force settling of soil particles,
the extracts were centrifuged for 10 min at 3000 rpm. According to micro distillation pro-
cedure, 5 mL of extract were digested in an acidic environment using a micro distillation
system (Dimitrova, 2010). A�er distillation cyanide was determined with the �ow injection
analyzer (FIA Compact, MLE) (Dimitrova, 2010).

In order to determine the concentration of water soluble cyanide complexes, 20 g of each
sample was extracted in 50 mL of distilled water (2:5 ratio) for 1 h with an end-over-end
shaker at 16 rpm. A�erwards, the water extracts were introduced in a centrifuge at 3000
rpm for 20 min, 20-30 mL were �ltered through 0.45 µm syringe �lters, which were con-
served with 200 - 300 µL of 1 MNaOH in order to preclude the loss of cyanide. Consequent
procedures were consistent with microdistillation procedure (Dimitrova, 2010) and with
the sodium hydroxide extracts. �e detection limit for both extractions is 0.02 mg L-1 of
cyanide in analyte.

Organic matter (OM) was determined with the Loss on Ignition method (LOI). Approxi-
mately 10 g of each sample were sieved (< 2 mm), placed in a porcelain beaker and heated
up overnight at 105XC.�is procedure was repeated until the change ofmass was lower than
0.1 %. A�er recording the weight, samples were heated up at 450XC for 12 h. �e organic
matter was calculated as the percentage of the dry weight of a sample. Allen and Bonnette
(1974) stated that ferric ferrocyanide decomposes at 450XC to ferric oxide. �e obtained
OM values were recalculated according to the loss of CN a�er LOI.

Additionally, spectra of few soil samples as well as commercial cyanide compound Prus-
sian Blue (Fe4 [Fe(CN)6]3) (SIGMA-ALDRICH), were recorded using FTIR spectroscopy
(Impact 410 Nicolet, resolution 4 cm-1, 8 scans per sample)

Iron and calcium concentrationswere determinedwith a Portable XRay Fluorescence (XRF
NITON XL3t) in a laboratory setting. �e samples were air dried, sieved (< 2 mm) and
ground to �ne powder using a vibrating tube mil (15 min each sample). Approximately 5 to
10 g of material was introduced in plastic sample caps (Spex Industries Inc.), covered with
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thin �lm for XRF (Mylar). �emeasurements were performed using the built in procedure
for soil analysis.

For NIR spectroscopy, the samples (n=100) were air dried, sieved (< 2 mm) and introduced
into a glass �ask (5 g per sample so that the height of each sample equaled 2 cm). For each
sample, the di�use re�ectance spectra were recorded with a Polychromix Handheld Near-
Infrared Analyzer (resolution 11 nm) in the range from 1600 to 2400 nm. Scans were aver-
aged (5 scans per sample) using Microso� Excel to obtain one representative scan for each
sample. �e re�ectance (R) was converted to apparent absorbance spectra log(1/R) units.
Prior to the calibration step, spectra were preprocessed by using a smoothing algorithm
and the �rst derivative (Savitzky and Golay, 1964).

Multivariate data analysis and model development were performed with the R so�ware
suite. �e sample set (n=100) was randomly divided into calibration (n=80) and validation
sets (n=20). Amultivariate calibrationmodel was developed, on the calibration data set, us-
ing the Partial Least Squares (PLS) method (Geladi and Kowalski, 1986; Martens and Næs,
1989) is a common modeling technique that selects successive orthogonal factors that max-
imize the covariance between predictor (spectra) and response variables (laboratory data)
(Viscarra Rossel et al., 2006). In order to determine the number of factors of the respective
models, leave-one-out cross validation (LOO-CV) was used (Efron and Tibshirani, 1993).
�e PLS components were estimated by the root mean square error of prediction (RMSEP)
as functions of the number of components. Primarily, the model response was validated
for each parameter and each sample pretreatment. �e validation included predicting the
soil property of the sample removed by estimating each m-factor PLS model using n-1 soil
sample.

�e predictive ability of a calibration model in estimating the cyanide concentrations was
validated using a validation data set (n=20). �e prediction errors were evaluated by ro-
bustly estimating the regression parameters of the linear model and by abbreviating the
largest prediction errors. �e predictive performance of the developed model was assessed
by the adjusted correlation coe�cient (R2), RMSEP and the probability value (p), using the
analysis of variance (ANOVA).

An analogous scanning and validation procedure was employed in order to examine the
model response to sample grinding. �e previously sieved and dried sample set (n=100),
was additionally ground, using an agate mortar, in order to evaluate FP NIR response to
di�erent sample preparation procedures.

In order to calculate the limits of detection (LOD) for di�erent sample pretreatments, the
PLS CV was performed of the complete data set (n=100). �is validation approach was ap-
plied due to nonuniform spreading of cyanide concentrations values in the data set (n=100).
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Soil sample represented a range of cyanide concentration up to 17860 mg kg-1, where only
15 samples (out of 100) indicated very high values (>1000 mg kg-1). �e number of PLS
components was determined empirically by the minimum error. �e standard deviation of
the spectroscopically measured vs. NIR predicted concentrations regression function was
assumed to be the background noise. �e limit of detection was calculated according to
equation 3.1.

LOD � tp ,d f

¾
SSQres id
d f

(3.1)

LOD is the limit of detection, tp,df is the limit of integration of the Students distribution, p
is the probability (0.95, two-sided), and residual sum of squares (SSQresid) and df is the sum
of squares and the degrees of freedom of the residuals of the spectroscopically measured vs.
NIR predicted concentrations regression function, respectively. LOD was calculated both:
for the non-ground and for ground samples.

3.4 Results

Cyanide detection with FIA revealed that water soluble cyanide is a small fraction (1-10 %)
depending on the borehole. �e concentration of water soluble cyanide spans from below
LOD to 39mg kg-1, where the alkaline soluble fraction ranged from below LOD to 17860mg
kg-1. �e low cyanide concentration in the water soluble fraction supports the assumption
that the investigated soil is contaminated with ferric ferrocyanide (Mansfeldt and Biernath,
2001; Dimitrova, 2010).

Figure 9 shows a comparison of spectra measured by a) FP NIR spectrometer and b) FTIR
spectrometer. �e NIR spectrum of the commercial compound Prussian Blue (SIGMA-
ALDRICH) shows the absorption band at 4215 cm-1, which is assumed to be caused by a
single C�N stretching vibration. �e same peak (4215 cm-1) is visible in soil from MGP
where the total CN concentration (NaOH extractable) was equal to 1780 mg kg-1. Compar-
ing the NIR and FTIR spectra of the same soil sample, it is noticeable that the mid-infrared
region contains more information about the soil constituents. Absorption bands in the
1100-850 cm-1 region appear due to the Si-O asymmetric stretching mode (Haberhauer et
al., 1998; Ellerbrock et al., 2005; Fischer et al., 2010) and those of Si-O bending vibrations are
between 600 and 150 cm-1 (Farmer, 1974). �e broad absorption band at 3400 cm-1 is caused
by the vibration of OH (Haberhauer et al., 1998; Chapman et al., 2001; Fischer et al., 2010).
�e 950-600 cm-1 region corresponds to water librations and vibrations of H-bond bridges;
bending vibration of H2O occurs at ca. 1628 cm-1 (Durig, 2002; George and Lewis, 2002;
Nakamoto, 2002). �e absorbance peak situated between 1490 and 1340 cm-1 might be as-

GeoRS Geopedology and Landscape Development Research Series | Vol. 04 25



Figure 9: Examples of a) near infrared and b) fourier transform infrared smoothed spectra of soil containing
Fe-CN compound (MGP) and commercial compound Fe4[Fe(CN)6]3 (Prussian Blue).

sociated with bending vibration of aliphatic, OH deformations, symmetric COO-stretch as
well as stretching of phenolic OH (Haberhauer et al., 1998; Madari et al., 2006). Wavenum-
bers ranging from 2200 to 2000 cm-1 are relevant regarding the C�N stretching vibration.
Both FTIR scans from soil (MPG) and commercial compound (Prussian Bule) indicate the
absorbance peak at 2084 cm-1, which according to the literature demonstrate the presence
of Fe4[Fe(CN)6]3 (Pro�t et al., 2001; Jannusch et al., 2002). �e PLS method was used to
develop a model for the non-ground set of samples (n=100). Minimal noise was achieved
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Figure 10: Cyanide measured to predicted concentrations (mg kg-1); score plot obtained after PLS/CV on
smoothed and first derivative spectra of non-ground set of samples.

when 4 components were used, which explained 90 % of data variation. �is number of
components allowed us to model as much of the complexity of the system as possible with-
out over�tting the concentration data (Haaland and�omas, 1988). Figure 10 represents the
correlation of measured versus predicted values of cyanide concentration using validation
data set (n=20). �e model gave a RMSEP of 1503 and R2 of 0.41 (p < 0.01). In Figure 10, a
large scatter of the points can be observed, both in low and high concentrations.

�e results presented in Figure 11 are the best obtained from the ground set of samples. �e
PLS scores plot represents the relation ofmeasured versus predicted cyanide concentrations
using 4 components. �e same sample preparation (plus grinding) and validation process
were applied. Several di�erent models were tested, ranging in spectra preprocessing and
number of components selection, before themost appropriate was chosen. Final result gave
a RMSEP of 838 and a R2 of 0.86 (p < 0.0001). Figure 11 shows a large scatter of the points
in the concentration lower than 1000 mg kg-1, where the relation above this value is linear.
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Figure 11: Cyanide measured to predicted concentrations (mg kg-1); score plot obtained after PLS/CV on
smoothed and first derivative of ground set of samples.

Figure 12 represents the model regression coe�cient response in the NIR region. �e right
side of the spectrumpoints high values (� 4215 cm-1), indicating the response of the cyanide
signal in the NIR spectrum. Positive peaks are due to the component of interest, while neg-
ative peaks correspond to interfering components (Haaland and �omas, 1988), possibly
-OH, N-H and C-H from soil organic matter (Fidencio et al., 2002; Cozzolino and Moron,
2003, Zornoza et al., 2008). �us the correlation coe�cients can be considered as indica-
tors of the correlation between the infrared frequencies and the soil constituents of interest.
Calculations for FP NIR according to equation 3.1 revealed that the limit of detection for
non-ground samples was equal to 2400 mg kg-1 and for the ground samples 1750 mg kg-1.

Table 2 represents the correlation coe�cients for di�erent soil constituents (calcium, iron,
cyanide, organic matter) indicating a relation of iron to cyanide and organic matter. Results
also pointed a correlation of calcium to OM.
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Figure 12: Regression coefficients for the cyanide model in the NIR region.

Table 2: Correlation coefficients for different soil constituents including calcium, iron, cyanide, and organic
matter.

3.5 Discussion

�e purpose of this paper is to evaluate the feasibility of FP NIR spectrometry in deter-
mining the cyanide concentrations in soil. Near infrared spectra typically consist of broad,
weak, non-speci�c, extensively overlapped bands (Blanco et al., 1999). �e intensity of these
bands depends on the change in dipole moment and change of anharmonicity of the bond.
�erefore, hydrogen, as a light atom, reveals the largest vibration and the greatest deviation
from the harmonic behavior. �e NIR region corresponds to bonds containing light atoms
with single bonding, whereas the bands for bonds such as C=O, C�N are much weaker or
absent (Blanco and Villarroya, 2002).
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�eMIR region in FTIR spectroscopy has been successfully applied to specify iron-cyanide
complexes in soil (Pro�t et al., 2001; Jannusch et al., 2002; Rennert et al., 2007). It was also
observed that scans provided by FTIR contained more information about soil constituents
than FP NIR (Figure 9). In the near-infrared region, spectra obtained from samples with
high cyanide concentration (>1000 mg kg-1), revealed an absorption band at 4215 cm-1 (Fig-
ure 9a), which we assume to be an overtone of the C�N stretching vibration. Cyanide NIR
absorption bands were not reported in the literature, so this assumption is pioneer. �is sup-
position can be proven by Figure 12. Moreover, in the MIR range, the �rst overtone of the
CN stretching vibration is at 2084 cm-1 (Figure 9b), which, according to the unharmonicity
of the CN vibration group, should appear in NIR range at wavenumbers lower than 2084
x 2 = 4168 cm-1. Hence, the peak at 4215 cm-1, obtained in NIR region, is most probably
induced by the combination band of the [2γ(CN) + (some low energy vibration)] type.

From the NIR spectra, it could be noticed that scans of the samples with cyanide concentra-
tions <1000 mg kg-1, showed no absorption at 4215 cm-1. A chemometrical approach was
used for cyanide calibration. Although the samples were dried, water caused an intense
absorption band at 5241 cm-1. However, this broad OH-band did not interfere with the
CN-band at 4215 cm-1 (Figure 9a). Coating of sand particles with organic matter, Fe and
cyanides, which possibly resulted in higher variability of the predicted results, can be cir-
cumvented by grinding of the samples. �e samples represented a wide range of cyanide
concentrations (up to 17860mg kg-1) in order to maximize the correlation coe�cient in the
study of feasibility of FP NIR for prediction of this soil contaminant.

Developed calibration models as well as calculated LOD pointed to good response of FP
NIR spectrometer to cyanide concentrations exceeding 1750 mg kg-1. Unfortunately, the
number of samples with such a high concentration was not enough to assess the method
performance when only values exceeding 1750 mg kg-1 were used.

Flow injection analysis (FIA) was used as a reference method for FP NIR. Soil samples
(n=100) were tested for NaOH extractable cyanide. Additionally, water extractable cyanide
was determined. Comparison of these extracts revealed that the soil fromMGP in Cottbus
ismainly contaminatedwith ferric ferrocyanide (Fe4[Fe(CN)6]3), whereas thewater soluble
fraction was rather small (ranging from 0.3-39 mg kg-1) and most probably indicated the
presence of hexacyanoferrates [Fe(CN)3-6 ] and [Fe(CN)4-6 ] (Meeussen et al., 1992).

3.6 Conclusions

Our study revealed that direct in situ measurements of cyanide in soil using NIR spectrom-
etry yield high LODs, which can be improved by including sample preparation. Water, par-
ticle size and coating phenomena could be reduced by drying, sieving and grinding of the
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samples, respectively. Prediction of cyanide concentrations of dried and sieved samples
(R2 = 0.41, p < 0.01) was improved a�er grinding (R2 = 0.86, p < 0.0001). FP NIR may be
applicable for the estimation of cyanide concentrations in soil >1750 mg kg-1. However, our
investigations were limited to one study site and the calibration model should be adapted
to di�ering site conditions. We found that portable NIR spectrometry cannot replace tra-
ditional laboratory analyses due to high limits of detection, but that it could be used for
identi�cation of contamination ‘hot spots’.
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4 Stability of Prussian Blue in soils of a
former Manufactured Gas Plant site

�e study presented in this chapter was published as: M. Sut, F. Repmann and T. Raab, “Sta-
bility of Prussian Blue in Soils of a FormerManufacturedGas Plant Site”, Soil and Sediments
Contamination an International Journal, Vol. 23, 2013, pp. 504-522. doi:10.1080/15320383.-
2014.839626.

4.1 Abstract

Soil contamination with iron-cyanide complexes is a common problem at former manu-
factured gas plant (MGP) sites. Dissolution of the cyanide, from Prussian Blue (ferric fer-
rocyanide), creates environmental hazard, whereas the risk of groundwater contamination
depends on the stability of dissolved iron-cyanide complexes. Lack of a standard leaching
method to determine thewater soluble (plant available) cyanide fraction generates potential
limitations for implementing remediation strategies like phytoremediation. Applicability of
neutral solution extraction to determine the water soluble cyanide fraction and the stability
of Prussian Blue in surface andnear-surface soils of anMGP site inCottbus, under saturated
and unsaturated water conditions, was studied in column leaching and batch extraction ex-
periments. MGP soils used in the long-term tests varied according to the pH (5.0-7.7) and
to the total cyanide content (40-1718 mg kg-1).
Column leaching, a�er 4months of percolation, still yielded e�uent concentrations exceed-
ing German drinking water limit (> 50 µg L-1) and the solubility of Prussian Blue reported
in the literature (< 1 mg L-1) from both alkaline and acidic soils. Long-term (1344 h) extrac-
tion of MGP soils with distilled water was su�cient to dissolve 97 % of the total cyanide
from the slightly alkaline soils and up to 78 % from the acidic soils.
Both experiments revealed that dissolution of ferric ferrocyanide under circum-neutral pH
and oxic water conditions is a function of time, where the released amount is dependent
on the soil pH and total cyanide content. Unexpectedly high and continuous solubility of
Prussian Blue, both in acidic and slightly alkaline MGP soils, implies the need to introduce
an additional cyanide fraction (“readily soluble fraction”) to improve and specify cyanide
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leaching methods. Long-term extraction, of cyanide contaminated soil, in neutral solution
seems to be a promising approach to evaluate the potential hazard of groundwater pollution
at the MGP sites.

4.2 Introduction

Contamination in the formof iron-cyanide compounds is commonly found in the vicinities
of former manufactured gas plants (MPG). �e process of gas manufacturing (coal gasi�-
cation) involved gas puri�cation based on inorganic chemical reactions of hydrogen sul-
�de and hydrogen cyanide in the gas with iron oxides. Gas was conducted through boxes
containing wood shavings impregnated with hydrated iron oxide. When the iron oxide
lost its absorbing capacity, it was o�en disposed on the site and used as a �lling material
(Kjeldsen, 1998). �e spent oxide wastes typically contained high amounts of sulfur, tar
and various complex iron-cyanides, which are o�en found as a Prussian Blue coloration in
the soil (ferric ferrocyanide Fe4[Fe(CN)6]3 and other iron-complexed cyanides like ferri-
cyanides [Fe(CN)3-6 ] and ferrocyanides [Fe(CN)4-6 ] (Meeussen et al., 1990; Meeussen et al.,
1992; Meeussen et al., 1994; �eis et al., 1994).

Rainwater in�ltration causes leaching of spent oxide box wastes into the groundwater and
the presence of dissolved cyanide in the soil (Ghosh et al., 1999c; Meeussen et al., 1994;
�eis et al., 1994; Weigand et al., 2001). �e actual risk of groundwater contamination from
the cyanide contaminated MGP soils depends mainly on the solubility and mobility of the
iron-cyanide complexes (Mansfeldt et al., 2004). For the ferric ferrocyanide, the principal
interaction between the solid phase and the soil solution is the dissolution and precipitation
reaction (Meeussen et al., 1995):

Fe4�Fe�CN�6�3(s) � 12H2O�� 4Fe�OH�3(s) � 3Fe�CN�-36 (aq) � 3e� � 12H� (4.1)

According to Meeussen et al. (1992), Prussian Blue is stable at pH less than 6, and tends to
dissociate readily under alkaline conditions. Extended study on iron-cyanide solids disso-
lution was presented by Ghosh et al. (1999c), who stated that based on batch experiments
and MINEQL� chemical equilibrium model calculations Prussian Blue has low solubility
at pH less than 4. However, solubility of iron-cyanide solids increases with increasing pH
(> 4). Meeussen et al. (1990) investigated leaching of soils contaminated with iron-cyanide
minerals in a column experiment and a batch experiment under di�erent pH conditions
(pH 3 - 9). �ey stated that the cyanide concentrations in the leachates and extracts were
dependent on the soil pH, but were not related to the total cyanide content of the soils.
Weigand et al. (2001) used column experiments to study the release and mobility of iron-
cyanide complexes in soils from a formerMGP site. �ey stated that �ow regime, especially
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residence time of pore water, plays a key role for contaminant seepage i.e. increasing its con-
centration. Weigand et al. (2001) conducted a batch experiment where 2.25 mg of cyanide
was extracted from 7 g of soil (containing totally 29 mg of cyanide). Extraction was not
exhaustive, but indicated relative stability of iron-cyanide complexes under experimental
conditions.

Concerning environmental impact assessment, contaminant concentration in groundwater
(EC, 2006) as well as in soils is taken under consideration (BBodSchG, 1998; NEPC, 1999).
Hence, it is of great importance to study the contaminants dissolution from the soil mate-
rial, in order to evaluate potential groundwater pollution. As indicated above, the solubility
of iron-cyanide complexes has been previously studied. However, more than 60 years a�er
cessation of the MGP in Cottbus, cyanide concentration in groundwater is still exceeding
German drinking water limits. Monitoring of the groundwater o�stream resulted in vary-
ing cyanide concentration reaching up to 1.5 mg L-1 (Kurzbericht DB-AG, 2011). Several
open questions arise, regarding the on-site stability of Prussian Blue, and therefore more
experiments with the MGP soils itself (instead of synthetic solutions) are required.

To advance the knowledge about the stability of Prussian Blue in surface and near-surface
soils in order to design and implement remediation strategies like phytoremediation, the ob-
jectives of the approach presented here were to: (i) investigate the solubility of iron-cyanide
complexes from the MGP soil containing Prussian Blue, under circum-neutral pH, oxic,
unsaturated water conditions in a column leaching experiment, in order to assess the po-
tential of cyanide leaching from the soils with varying pH and total cyanide concentration;
(ii) study the stability of iron-cyanide complexes in the MGP soils, under circum-neutral
pH, oxic, saturated water conditions in a sequential batch extraction; (iii) evaluate the com-
parability of the column and the batch experiments in terms of qualitative and quantitative
determination of cyanide contamination; (iv) study the applicability of neutral solution ex-
traction (distilled water) to determine the water soluble cyanide fraction and to advance
the understanding of cyanide behavior in MGP site soils.

4.3 Materials andMethods

4.3.1 Column leaching experiment

Dzombak et al. (2006) presented a range of leaching approaches available for cyanide con-
taminated soils. When leaching under acidic environment is desired, extraction with acid
solution can be conducted, but it can result in low liberation of metal-complexed cyanides
existing within solids in adsorbed or precipitated form (Dzombak et al., 2006). According
to Dzombak et al. (2006), the Method 1311 in Toxicity Characteristic Leaching Procedure
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(TCLP) (USEPA, 1998) employs a weak (acetic) acid extract solution, but cyanide is not one
of the leachate constituents included in the TCLPmethods development and is not speci�ed
as a TCLP extract solution analyte.

Another available approach for cyanide leaching is extraction with alkaline solution, which
is conducted when the total amount of cyanide, including water insoluble, is desired. Ac-
cording to Dzombak et al. (2006) the Method 9010B (USEPA, 1998) provides for alkaline
solution extraction (NaOH) when methods for analysis of cyanide in solids are required.
Method 4500-CN in Standard Methods (APHA/AWWA/WEF, 1998) suggests procedure
where cyanide-bearing solids are mixed for 12 h to 16 h with 10 % (2.5 mol L-1) NaOH solu-
tion. �ese methods have been implemented and altered by a number of scientists (Mans-
feldt and Biernath, 2001; Meeussen et al., 1992).

In order to assess the extractable cyanides simulating contact with rainwater extractionwith
neutral solution (like distilled water) is conducted (Dzombak et al, 2006). According to
Method 4500-CN (APHA/AWWA/WEF, 1998), 500 mg of solids should be extracted for
one hour in 500 mL of distilled water in order to liberate “soluble cyanide”. �ere is no
speci�c method developed for determining the water soluble fraction of cyanide, but the
description of the Method 1312 in Synthetic Leaching Procedure (USEPA, 1998) indicates
that this test can be used to measure water extractable cyanide. �ere are no standard pro-
cedures developed for near-neutral pH, oxic water leaching of soils.

To implement a remediation technique like phytoremediation, the water soluble fraction of
the contaminant needs to be evaluated, in order to determine the plant available cyanide
under experimental conditions. Soils (labeled A, B, C and D), originating from the former
MGP site in Cottbus, were leached with distilled water to assess the iron-cyanide solubility
from contaminated substrate and to study the amount of extractable cyanide from solids
simulating contact with rainwater.

Investigated soils were selected to study cyanide leaching from the MGP soils with varying
pH and total cyanide content. Soils A, C andD are top soils (up to 0.5 m deep), whereas soil
B was the lower sandy layer (0.5 - 1.5 m deep) of soil A. �e properties of the investigated
soils are presented in Table 3.

Leaching of iron-cyanide complexes from soil under circum-neutral pH, oxic conditions
was determined by conducting laboratory column experiments at controlled �ow rates un-
der unsaturated conditions. Eight percolation columns (two replicates for each soil) were
constructed from Plexiglas® (ID 5.4 cm, height 30 cm) to allow visual inspection of likely
changes in the soil during the experiment. �e tubes were positioned perpendicular to each
other. �e soil was homogenized by hand and each column was loaded with
� 700 g of �eld fresh soil. While packing procedure, layers of about 1 cm thickness were
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Table 3: Soil properties based on the fresh mass of the sample.

Soil Soil
characteristic

OM
(%)

Water content
(%)

Tot. CN
(mg kg-1)

Tot. water soluble CN
(mg kg-1) pH EC

(µS cm-1)
Clay
(%)

Silt
(%)

Sand
(%)

A top soil 3.4 12.6 875 148 7.6 1455 9.0 14.1 76.9

B 0.5 - 1.5 m deep 1.2 6.4 401 26 5.9 2041 11.8 17.6 70.6

C top soil 3.1 12.9 1718 21 5.0 2253 7.4 15.2 77.4

D top soil 4.2 10.6 40 0.6 7.7 780 8.0 14.1 77.9

�lled into the column and compacted by weak pressing with a pestle to ensure hydraulic
connectivity between the layers and to avoid preferential �ow paths (Lewis and Sjöstrom,
2010). �e columns were assembled in an extractor hood, which was wrapped with alu-
minum foil to minimize light interference. All collected soil leachates containing cyanide
compounds were stored in darkness prior to subsequent analysis. �e experiment was con-
ducted at a room temperature.

A peristaltic pump fed 20 mL of distilled water to each column per day. A�er 2 months the
amount of water was increased to 50mL per day (applying the same �ow rate). �e distilled
water was introduced to the system 4 days in a week (every 24 hours) for 4 months. Every
week percolation was interrupted by a 96 h draught interval (during the weekend). A�er
4 months of water percolation, a �ow interruption of 2 months was performed. Resuming
the �ow resulted in additional 250 mL (5 days) leaching through the columns.

4.3.2 Batch experiment

A�er 4 months, the column leaching experiment was terminated due to technical reasons,
but the leachates cyanide concentrations were still quite prominent (cyanide concentrations
up to 26.5 mg L-1). Batch experiments were conducted to investigate the stability of iron-
cyanide complexes in the MGP soil when longer contact time with water is provided. For
the batch experiment the same soil (A, B, C and D) as for the column experiment was used.
Soil material (40 g) was homogenized, sieved (< 2 mm) and introduced to polyethylene
bottles, where 100 mL of distilled water was added. �e samples were shaken in an end-
over-end shaker at 16 rpm. Each sample was extracted in three replicates for 1344 h. In
de�ned time intervals (1 h, 24 h, 72 h, 96 h, 168 h, 216 h, 336 h, 505 h, 677 h, 840 h and a�er
1344 h) soil-water suspensions were centrifuged for 10 min at 3000 rpm in order to separate
the phases. 2 mL of centrifuged sample was used for further analysis.
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4.3.3 Soil and extracts analysis

�e description of the investigation site is presented in Chapter 2 (2.2).

Soil columns leachates & batch extracts were analyzed for cyanide content with the auto-
mated spectrophotometrical �ow injection systemFIACompact (MLE,Dresden). Injection
Analyzer applied for cyanide detection refers to the DIN EN ISO 14 403 D (2002) standard
for determination of total and free cyanide with continuous �ow analysis. pH and EC were
studied with a bench pH/mV meter MultiLab 540 (WTW). Cations were analyzed with an
ICP Optical Emission Spectrometer icap 6000 series (�ermo Electron Corporation). For
the anions analysis ion chromatography was used (ICS DIONEX DX 500). All the investi-
gated samples were �ltered through 0.45 µm syringe �lters prior to analysis. Results of the
soil column leachates are presented in Table 4.

Total cyanide in the investigated soils (Table 3) was determined with the FIA. To extract
cyanide, 20 g of each soil type (3 replicates) were weighted and extracted in 200mL 1mol L-1

sodium hydroxide (1:10 ratio) for 12 h in an end-over-end shaker at 16 rpm. �e extraction
with sodium hydroxide (1 mol L-1) provides an e�ective means for the determination of
water insoluble cyanide species (Mansfeldt and Biernath, 2001). In order to force settling
of soil particles, the extracts were centrifuged for 10 min at 3000 rpm. To liberate HCN
from complexed cyanide, 5 mL of extract were digested in an acidic environment using the
micro dist system (Dimitrova, 2010). �e micro dist system refers to the method of the
Hach Company, US QuickChemMethod 10-204-00-1-X approved by the USEPA (2008).

Water soluble cyanide in the investigated soil (Table 3) was determined using 20 g of each
soil type (3 replicates) and extracted in 50 mL of distilled water (1:2.5 ratio) for 1 h with an
end-over-end shaker at 16 rpm. A�erwards, thewater extracts were centrifuged at 3000 rpm
for 20 min, 20 - 30 mL were �ltered through 0.45 µm syringe �lters, which were conserved
with 200 - 300 µl of 1 mol L-1 NaOH in order to preclude the loss of analyte. 5 mL of �ltered
extracts were distilled, according to the Method 10-204-00-1-X approved by USEPA (2008),
and subsequently analyzed with FIA (DIN EN ISO 14 403 D, 2002). �e detection limit for
both extractions is 0.02 mg L-1 of cyanide in the analyte.

Organic matter was determined with Loss on Ignition method (LOI). 10 g of each soil
sample were sieved (< 2 mm), placed in a porcelain beaker and heated up during the night
at 105XC.�is procedure was repeated until the change of mass was lower than 0.1 %. A�er
recording the weight, samples were heated up at 450XC for 12 h. �e LOI, hence the organic
matter, was calculated as the percentage of the dry weight of the respective sample.
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Table 4: Column leachates characteristics: values determined in the beginning (22/06/11) and in the end
(11/11/11) of the experiment.

Column Leachate Cyanide EC pH Nitrate Sulfate Chloride

(mL) (mg L-1) (mS cm-1) (mg L-1) (mg L-1) (mg L-1)
22/06/11 11/11/11 22/06/11 11/11/11 22/06/11 11/11/11 22/06/11 11/11/11 22/06/11 11/11/11 22/06/11 11/11/11

A1 1992 2015 20 5.4 2.2 7.5 8.1 365 3.7 1373 1030 23.5 3
A2 1914 1865 26 6 2.8 7.8 8.1 370 6 1364 813 23 2.5
B1 1947 720 9 3.1 0.2 8 7.7 0 1.2 1461 36 3.3 0.9
B2 1893 620 8 3.1 0.2 6.9 7.7 1 5.3 1506 30 3.9 0.7
C1 1526 168 22 2.8 2.2 7 6.8 143 3.8 1312 1288 6.3 1.4
C2 1880 175 31 2.8 2.2 6.6 6.4 174 9.8 1487 1299 7 0.7
D1 2029 25.6 0.4 3.7 0.6 7.6 8.1 260 2.2 1679 32 15.9 1
D2 1850 29.6 0.4 3.7 0.6 8 8.3 211 5.3 1561 39 13.3 1

Column
Ca Mg Mn K Fe

(mg L-1) (mg L-1) (mg L-1) (mg L-1) (mg L-1)
22/06/11 11/11/11 22/06/11 11/11/11 22/06/11 11/11/11 22/06/11 11/11/11 22/06/11 11/11/11

A1 1100 510 67.7 1.9 1.1 0.04 21.6 7.8 386 9.4
A2 1066 442 65.8 3.1 0.2 0.01 14.6 6.9 344 12.9
B1 708 49 21.9 0.3 3.4 0.12 3.2 0.6 49.2 4.2
B2 738 40 22.6 0.3 2.7 0.11 2.9 1.1 65.2 5.4
C1 653 628 53 6.6 3.4 0.11 6.7 4.8 41 11.5
C2 660 597 53.8 1.2 2.7 0.58 7.3 2.6 53 12.3
D1 662 104 66.3 8.8 0 0 63.5 13.1 1.8 0
D2 657 98 67.2 8.2 0 0 65.6 13.9 1.6 0

Grain size analysis was performed by sieving (> 20 µm) and X-ray granulometry (XRG)
using the SediGraph 5120™ particle-size analyzer (Müller et al., 2009).

Additionally, spectra of the investigated soils (A, B, C andD)were recorded using FTIR spec-
troscopy (Impact 410 Nicolet, resolution 4 cm-1, 8 scans per sample), which is a commonly
used technique for iron-cyanide complexes speciation (Mansfeldt et al., 2004; Rennert et al.,
2007). Concentrations of selected heavy metals (lead, copper, zinc, nickel, chrome), were
determined by an X-ray �uorescence (XRF) analyzer (Niton XL3t 900, soil model, powder
samples with 120 s of measurement) (Shefsky, 1997).

4.4 Results and Discussion

4.4.1 Soil analysis

Properties of the MGP soils are listed in Table 3. �e soil pH varies between 5.0 and 7.7.
According to Bodenkundliche Kartieranleitung (2005), soil A and B are medium loamy
sand soils (SI3), whereas soils C and D are characterized as weak loamy sand soils (SI2).
Water soluble cyanide fraction ranged from0.6mgkg-1 to 148mgkg-1. Total cyanide content
for the investigated soils deviate from 40 mg kg-1 to 1718 mg kg-1.
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Figure 13: FTIR spectra of the cyanide contaminated soil from theMGP Cottbus, indicating presence of ferric
ferrocyanide (2087 cm-1 and 1418 cm-1).

In order to determinewhich formof iron-cyanide complex is present in the soils used for the
column leaching experiment, FTIR spectrometry was used. �e FTIR absorption spectra of
two chosen soils (A and C) are illustrated in Figure 13. �e soils exhibit infrared absorption
bands at wavenumbers 2087 cm-1 and 1418 cm-1, which according to Rennert et al. (2007)
and Mansfeldt et al. (2004) indicate CN stretching and NH bending vibrations of ferric
ferrocyanide, respectively.

XRF analysis revealed no elevated levels of heavy metals in the investigated MGP soils.

4.4.2 Column leaching experiment

Results obtained from the column leaching experiment indicated cyanide release exceeding
the German drinking water limit of 50 µg L-1 cyanide. �e experimental data are given in
Table 4, where cyanide concentrations in the columns leachates, a�er 4 months of water
percolation, are listed. In acidic environment of soil B and C, a�er the period of 4 months,
cyanide concentration in the leachates was approximately at 8.5 mg L-1 and 26.5 mg L-1,
respectively. For the slightly alkaline soils A and D, leachates concentrations amounted for
23 mg L-1 and 0.4 mg L-1, respectively. According to Meeussen et al. (1992), Prussian Blue
is stable at pH less than 6. Ghosh et al. (1999a) reported the solubility of Prussian Blue at
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the pH range 6.8 - 8.0 to be approximately at 6 mg L-1. Dzombak et al. (2006) stated that
iron-iron cyanide solids in the form of Prussian Blue exhibit low solubility (< 1 mg L-1) in
acidic to neutral pH regimes and under moderately oxic to anoxic conditions. Leaching of
columns �lled with MGP soil, revealed higher instability of ferric ferrocyanide, under the
experimental conditions, as reported in the literature.

For all investigated columns, it was noticed, that the release of cyanide from the MGP soil
can be described by twophases (Figure 14). Phase I, which is characterized by the sharp drop
in cyanide concentration and strong increase in cyanide accumulated mass respectively, re-
leases readily water soluble cyanide species like alkali metal complexes (e.g. [Fe(CN)6�3-,
[Fe(CN)6�4-, [CaFe(CN)6��, [CaFe(CN)6�2-). Meeussen et al. (1990) stated that higher
initial cyanide concentrations were associated with small particles washed out from the
columns. Leachates preparation (�ltering and distillation) and analysis (FIA) conducted in
the column experiment was applied to measure only water soluble cyanide fraction. Hence,
we assume, that the initially high cyanide concentrations (up to 1800 mg L-1), measured in
our leachates, are the result of solution transport. Phase II, characterized by the continuous
release on low concentration level and moderate increase in accumulated mass, originates
from constant/continuous dissolution, possibly controlled by the solubility of ferric ferro-
cyanide.

Percolationwasweekly split by a 96 h �ow interruption, which seldom caused an increase in
e�uent concentrations, suggesting that the residence time of the porewater was too short to
reach the equilibrium between the solid and the solution phase. �e �nal drought interval
(starting at � 2000 mL) led to an increase of the cyanide concentration in all investigated
leachates, reaching in column C1 concentrations even four times higher than the base level
(Figure 14). �is result suggests that the mobility of iron-cyanide complexes (in phase II)
under unsaturated water percolation is constrained by non-equilibrium release.

Our �ndings are consistent with the study made byWeigand et al. (2001), were the increase
of the cyanide concentration was observed a�er the �ow interruption (180 h) in the unsat-
urated column experiment. �e increase of the percolating water amount didn’t reduce the
cyanide concentrations in the produced leachates. �e experiment showed that the more
water we percolated the more cyanide we leached, which implies that water regime plays an
in�uential role in the movement of iron-cyanide complexes in soil.

Experiments revealed the highest obtained cyanide content (1319mg) in columnC, whereas
column A indicated noticeable fraction of water soluble cyanide (103 mg) (Table 5). �e
highest leached cyanide mass was obtained from column A (269 mg), which surpassed
more than twice the amount of water soluble cyanide. �e slightly alkaline character of soil
A (Table 3) suggests the increased solubility of ferric ferrocyanide (Dzombak et al., 2006).
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Figure 14: Results obtained from the column percolation for the A1, B1, C2 and D1 columns with distilled
water under circum-neutral pH, where the cyanide concentration is the value measured in the column
leachates; volume of water refers to the accumulated amount of the collected leachates; accumulated
cyanide stands for the collected mass of pollutant, during the experiment, plotted cumulatively.
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Table 5: Cyanide balance obtained from the column experiment, where the total and the water soluble
cyanide content was measured by sodium hydroxide and water extraction respectively, according to the
procedure described in ‘‘Soil and extract analysis’’ section; data presented are mean values obtained from 2
replicates.

Column

Cyanide
Content Measured in leachates

total water soluble accum. accum./total accum./water soluble Phase I Phase I/accum.
(mg) (mg) (mg) (%) (%) (mg) (%)

A 608 103 269 44 262 149 55
B 348 19 75 22 389 36 48
C 1319 16 73 5 446 17 24
D 26 0.4 3 10 650 1 50

From column C, we were able to leach only 5 % (73 mg) of the total cyanide mass, which
was still 4.5 folds higher than the water soluble fraction (Table 5). According to Meeussen
et al. (1990), total cyanide contents of soils are of limited relevance in assessing possible haz-
ards of contaminated sites. In contrast, our experiments revealed higher released cyanide
amount than present in the water soluble fraction, especially for acidic soil C, which points
to instability of Prussian Blue. Moreover, the linear shape of accumulated cyanide mass
for column C1 in Figure 14 implies further dissolution of ferric ferrocyanide, as well as the
contamination hazard potential, under these conditions.

4.4.3 Batch experiment

Once the results of the column experiment suggested potential hazard, due to solubility of
ferric ferrocyanide, a series of a batch experiments were performed to verify the leaching
data. Soils used in the column (A, B, C and D) experiment were additionally extracted with
distilled water.

Longer contact time (1344 h) between the cyanide contaminated soils and water solution
resulted in almost complete dissolution of iron-cyanide complexes in alkaline soil A (97 %)
(Table 6). However, for alkaline soil D (pH = 7.7) dissolved cyanide mass amounted only to
38 % of the total cyanide. Since the properties of soil A and D are analogous (Table 3), we
suggest that di�erent cyanide dissolution rate is a result of varying total cyanide content.

Acidic character of soil B (pH = 5.9) only slightly reduced the dissolution of ferric ferro-
cyanide, resulting in 78 % of dissolved cyanide with respect to the total amount. �e lowest
accumulated cyanide mass was measured in the soil-water solution of acidic soil C (28 %).
Within the extracting period, none of the soil-water extracts reached equilibrium, suggest-
ing that dissolution of ferric ferrocyanide under experimental conditions (pH = 5.0 - 7.7)
was only a matter of time.
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Table 6: Cyanide balance obtained from the batch experiment, where cyanide content andmeasured values
correspond to the cyanide balance obtained for the column experiment; data presented are mean values
obtained from 3 replicates.

Cyanide

Content Measured

Soil total accum. accum./total Phase I Phase I/total
(mg) (mg) (%) 1 hour (mg) (%)

A 24.50 23.84 97.31 5.40 22.04
B 22.28 17.43 78.24 2.72 12.21
C 61.92 17.31 27.96 1.17 1.90
D 1.20 0.45 37.60 0.07 5.48

Figure 15 shows the relation of accumulated cyanide mass to the extraction (shaking) time
in the batch experiment. Linear character of the curves obtained (especially for soil C)
supports the assumption that dissolution of ferric ferrocyanide in the investigated soils is a
function of time. Our results imply the instability of Prussian Blue under the experimental
conditions. Our results are contradictory with the study made by Weigand et al. (2001)
where soil contaminated with cyanide (total cyanide mass equal to 29 mg) was extracted
for 72 h. Higher solution phase concentrations were observed in the �rst extract (24 h)
followed by the release on the low concentration level, indicating relative stability of iron-
cyanide complexes.

�e batch experiment revealed an analogues trend compared to the one found in the col-
umn leaching experiment (Figure 14). Initially sharp increase in the cyanide accumulated
mass within the �rst 24 hours of extraction is noticed (phase I), followed by the constant
dissolution (phase II). However, in the batch experiment, the increase of the accumulated
iron-cyanide mass is prominent through the whole experiment, which might be related
to the shaking procedure that promotes breakdown of aggregates. In the �rst two extrac-
tions (1 h and 24 h) an increase in the accumulated cyanide mass can be noticed in all the
investigated soils. �e iron-cyanide release rates in further sampling intervals were not con-
siderably di�erent, which can be noticed in Figure 16. Analogous to the column leaching
experiment we assign phase I to the readily dissolved iron-cyanide complexes and phase II
to slow dissolution of ferric ferrocyanide.
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Figure 15: Mean cumulative cyanide quantities v/s extraction time for A, B, C and D soils in the batch
experiment, where plotted curves indicate maximum, minimum and average accumulated cyanide mass
measured for each soil type in 3 replicates. The experiment was conducted under oxic water conditions with
pH ranging from 5.0 to 7.7.
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Figure 16: Relation of cyanide release rate per hour to the extraction time for soil A (pH = 7.6) and C (pH =
5.0).

4.4.4 Correlation of column and batch experiments

Studying contaminants release and behavior in soil columns experiments is a prevalent prac-
tice (Loch et al., 1981; Morillo et al., 2000; Kamra et al., 2001; Wang et al., 2009), especially
with respect to the water soluble phase. �e opportunity of evaluating readily dissolved
amount of contaminant is essential for implementing recultivation techniques like phytore-
mediation, where the capacity of plant uptake plays a crucial role.

Once it was noticed that both experiments (column and batch) revealed analogues releases
of the iron-cyanide complexes, characterized by the phase I and II, an attempt to quantita-
tively compare readily soluble fraction (phase I) was performed. Our aimwas to investigate
whether we can quantitatively predict phase I in the column leaching experiment on the ba-
sis of the batch experiment. �e values used in the correlation are presented in Table 7. For
the column experiment, cyanide concentrations in phase I were visually obtained from the
graphs (Figure 14). Cyanide concentrations, measured a�er 1 h of extraction (Figure 16),
were assigned to represent phase I in the batch experiment.
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Table 7: Cyanide concentrations (mg kg-1) in the column and the batch experiment (calculated on the soil
dry mass) in phase I.

Phase I
Soil Column Batch

(mg kg-1) (1 h)(mg kg-1)

A 255 169
B 50 27
C 33 24
D 2 1

Figure 17: Columns v/s batch cyanide concentrations (phase I).

Values obtained for 1 h of extraction in the batch experiment indicate positive linear cor-
relation (R2=0.8468) with phase I cyanide concentrations measured in the column experi-
ment (Figure 17). �e sequence of the predicted values corresponds to the measured ones
(cyanide conc. in the batch increases with the increasing cyanide conc. in the column).
Slope of the regression line lies below the ideal line indicating that the quanti�cation of
phase I in the column, on the basis of experimental data from batch, is underestimated.
Nevertheless, as indicated above, batch experiments can serve as a preliminary prediction
of what can be expected in the column experiment. Conducted prior to the column leach-
ing experiments, batch analysis provides rough estimation concerning the concentration of
readily mobile fraction of iron-cyanide complexes.
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Regardless of the positive correlation of phase I in both experiments, an attempt to quan-
titatively compare phase II needs to be further investigated. Even though the FTIR scans,
as well as the blue color of the MGP soil, pointed to the presence of Prussian Blue, cyanide
release rates varied with respect to material (soil A, B, C or D) and experiment. Higher
release rates were obtained for the batch experiments. Up to 97 % of cyanide was extracted
for soil A within 1344 h, whereas in the column experiment, percolation evolved 44 % of
the total cyanide content (Table 5 and Table 6). Breaking of aggregates, due to the shaking
procedure, can lead to faster ferric ferrocyanide dissolution. In the column experiment, re-
precipitation of Prussian Blue in the bottom was observed, which could have retarded the
dissolution. It was assumed that dissolved iron-cyanide complexes are transported through
the column and, presumably, due to the presence of available iron and low redox condi-
tions (water saturation) they precipitate in the form of ferric ferrocyanide. �e retardation
of solid iron-cyanide complexes dissolution due to reaction with iron is consistent with the
study made by Ghosh et al. (1999b), where the e�ectiveness of elemental iron, to attenuate
the transport of cyanides, was investigated in column and batch experiments.

To implement remediation strategies, like phytoremediation, for any contaminated site, two
contaminants fractions are crucial: water soluble (plant available) and total concentration.
�e Method 9010B used by Dimitrova (2010), which was applied in this study, provides
e�ective determination of the total amount of cyanide, approved by the USEPA (1998). In
order to determine the water soluble cyanide fraction, the approach speci�ed in Standard
Methods in Method 4500-CN (APHA/AWWA/WEF, 1998) was used, where investigated
MGP soils were shaken for 1 h in distilled water. According to this procedure, the water
soluble cyanide in Table 3 and Table 5 was determined. Also Young and�eis (1991) applied
the approach speci�ed inMethod 4500-CN (APHA/AWWA/WEF, 1998) to soils fromMGP
sites, but the water extraction yielded no detectable cyanide.

In Table 5, where the cyanide balance for the column leaching experiment was obtained, it
can be noticed that the water soluble cyanide fraction, de�ned by the 1 h extraction, is lower
than the cyanide amount released in phase I. Moreover, the accumulated cyanide mass was
still increasing (Figure 14) a�er 4 months of water percolation. Corresponding results were
obtained from the batch experiment, where the shaking period of 1344 h revealed continu-
ously increasing cyanide concentrations in the soil-water extracts (Figure 15). 24 h extrac-
tion in NaOH of soil A, in order to determine total cyanide content, indicates comparable
cyanide amount to the one obtained a�er 1344 h of water extraction. Both experiments re-
sulted in continuous dissolution of ferric ferrocyanide, under the experimental conditions,
but the released amounts are dependent on the soil solution pH (cyanide release increases
with increasing pH for soil A, B and C) and on the total cyanide content (despite of alkaline
character of soil D).
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Continuous dissolution of Prussian Blue, demonstrated in the column leaching and the
batch experiments, for both alkaline and acidic soils, initiate a question whether the pro-
cedure suggested in Standard Methods in Method 4500-CN (APHA/AWWA/WEF, 1998)
and implemented in this study, is appropriate for de�ning water soluble cyanide fraction.
Dzombak et al. (2006) stated that there is no speci�cmethod developed for neutral solution
extraction of cyanide. Since we can conclude that dissolution of ferric ferrocyanide under
circum-neutral pH, oxic conditions is a function of time and only the released amount is
soil pH dependent, we would suggest introducing one more fraction to specify cyanide re-
lease. 1 h of water extraction can specify “readily soluble fraction”. �e rest of the liberated
cyanide can be determined as the “long-term water available fraction”, which is di�cult to
be de�ned in time. Depending mainly on the soil chemistry, “long-term water available
fraction” can be as high as the “total content”.

Many scientists have studied cyanide release using synthetic solutions (Ghosh et al., 1999a;
Ghosh et al., 1999c), MGP soils (Young and �eis, 1991; Weigand et al., 2001; Ghosh et al.,
2004) or cyanide-bearing wastes (�eis andWest, 1986) by conducting leaching tests under
varying pH conditions. Results presented in these studies do not correspond with the high
solubility of Prussian Blue in the investigations conducted on the soils from theMGP inCot-
tbus. Long-term extraction or leaching of surface and near-surface, cyanide-contaminated
soils with distilled water simulates the environmental conditions, where the rainwater in�l-
tration enhances the dissolution of ferric ferrocyanide. �is approach of leaching method
for circum-neutral pH, oxic water conditions provides a reliable tool for assessing the poten-
tial environmental hazard and corresponds with the elevated cyanide concentration mea-
sured in the groundwater at the Cottbus MGP site.

4.5 Conclusions

Column leaching and batch experiments with distilled water were conducted to assess the
extractable cyanide from surface and near-surface soils and to simulate the dissolution be-
havior of Prussian Blue from contact with rainwater. �e study revealed instability of Prus-
sian Blue under circum-neutral pH, oxic water conditions. Leached e�uent concentrations
were exceeding German drinking water limit and solubility reported in the literature, but
corresponding with the elevated cyanide concentrationmeasured in the groundwater at the
MGP in Cottbus.

�e concentration of cyanide in the column leachates and batch extracts is in�uenced by
the rapid mobilization of readily soluble hexacyanoferrats and the slow dissolution of ferric
ferrocyanide under circum-neutral pH, oxic water conditions. �e approach of leaching
with neutral solution seems to provide a promising method to simulate the Prussian Blue
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behavior in the soils, to assess the water extractable cyanide and to predict the readily solu-
ble amount (phase I).

Both experiments indicated high solubility of Prussian Blue, implying that complete disso-
lution of solid iron-cyanide complexes, from acidic and slightly alkaline soils, is a matter
of time. �e study revealed that the released amounts of ferric ferrocyanide, under oxic
conditions, di�er with respect to the soil pH and the total cyanide content. Generally, the
solubility of Prussian Blue increases with increasing soil pH, but is however relatively low
in alkaline soils with minor total cyanide content. 1 h extraction of the MGP soils with
distilled water failed to assess the total extractable cyanide in the column and batch experi-
ments. Unexpectedly high and continuous dissolution of ferric ferrocyanide, under neutral
solution extraction, implies introduction of “readily soluble fraction”, which combined with
“long-term water available fraction” and “total content” yields a more detailed description
of the cyanide release.

Water regime seems to play an important role in cyanide dissolution, hence the increased
cyanide concentrations, originating from ultimate �ow interruption, sustain the non - equi-
librium release as a probable constrain for the iron-cyanide mobility under unsaturated
�ow conditions. �e amount of dissolved cyanide is dependent on the amount of water in-
troduced to the columns, the more water is percolated, the more cyanide is leached, which
suggests that when evaluating the potential hazard of groundwater contamination, total
cyanide concentrations should be taken under consideration.
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5 Long-Term Release of Iron-Cyanide
Complexes from the Soils of a
Manufactured Gas Plant Site

�e study presented in this chapter was published as: M. Sut, T. Fischer, F. Repmann and
T. Raab, “Long-term release of iron-cyanide complexes from the soils of a former Manufac-
tured Gas Plant site”, Journal of Environmental Protection, Vol. 4 No. 11B, 2013, pp. 8-19.
doi: 10.4236/jep.2013.411B002.

5.1 Abstract

Iron-cyanide (Fe-CN) complexes have beendetected atManufacturedGas Plant sites (MGP)
worldwide. �e risk of groundwater contamination depends mainly on the dissolution of
ferric ferrocyanide. In order to design e�ective remediation strategies, it is relevant to un-
derstand the contaminant’s fate and transport in soil, and to quantify and mathematically
model a release rate. �e release of iron-cyanide complexes from four contaminated soils,
originating from the former MGP in Cottbus, has been studied by using a column exper-
iment. Results indicated that long-term cyanide (CN) release is governed by two phases:
one readily dissolved and one strongly �xed. Di�erent isotherm and kinetic equations were
used to investigate the drivingmechanisms for the ferric ferrocyanide release. Applying the
isotherm equations assumed an approach where two phases were separate in time, whereas
themultiple �rst order equation considered simultaneous occurrence of both cyanide pools.
Results indicated varying CN release rates according to the phase and soil. According to
isotherm and kinetic models the long-term iron cyanide release from the MGP soils is a
complex phenomenon driven by various mechanisms parallely involving desorption, dif-
fusion and transport processes. Phase I (rapid release) is presumably mainly constrained
by the transport process of readily dissolved iron-cyanide complexes combined with des-
orption of CN bound to reactive heterogeneous surfaces that are in direct contact with the
aqueous phase (outer-sphere complexation). Phase II (limited rate) is presumably driven by
the di�usion controlled processes involving dissolution of precipitated ferric ferrocyanide
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from the mineral or inner-sphere complexation of ferricyanides. CN release rates in phase
I and II were mainly in�uenced by the pH, organic matter (OM) and the total CN content.
�e cyanide release rates increased with increasing pH, decreased with low initial CN con-
centration and were retarded by the increase in OM content.

5.2 Introduction

Cyanide in the form of iron-cyanide (Fe-CN) complexes is a potentially toxic compound
that once exposed to UV or visible light radiation, in solution, can be broken down to free
cyanide (CN� and HCN) (Kjeldsen, 1998). Anthropogenic activities, like the process of
gas puri�cation a�er coal gasi�cation in Manufactured Gas Plants (MGPs), yielded side
products in the form of ferric ferrocyanide (Prussian Blue), leading possibly to the con-
tamination of soil and groundwater. �e manufactured gas was conducted through wood
shavings, impregnated with hydrated iron oxide, in order to remove hydrogen sul�de (H2S)
and hydrogen cyanide (HCN). When the iron oxide lost its absorbing capacity it was o�en
deposited in the vicinities of MGP, which generated a potential environmental pollution
due to high amounts of sulfur, tar and various complex iron-cyanides.

Knowledge concerning the behavior, particularly dissolution and desorption, of contami-
nants can help in reducing the extent of cleanup technologies. In order to design e�ective
remediation strategies, it is relevant to understand contaminant fate and transport in soil,
and to quantify and mathematically model the release rate (Sa�ron et al., 2006). �e mo-
bility of iron-cyanide complexes in soil is mainly governed by the characteristics of the
soil solution (pH, pE), the presence of complexing cations (K�, Mn2+, Fe2+, etc.), the pres-
ence of UV light as well as the substrate composition and stratigraphy (e.g. clay content,
hydrological barriers) of the site. Fe-cyanide complexes are negatively charged and can
form inner-sphere complexes on positively charged surfaces, which makes adsorption on
the soil particles a possible Fe-CN retention mechanism (Rennert and Mansfeldt, 2002).
With decreasing pH the adsorption of iron-cyanide complexes on iron and aluminum ox-
ides surfaces, which are positively charged under acidic conditions, increases. Hence, neu-
tral and alkaline soils sorb CN anions to a lower extent than acidic soils. Depending on
the pH, Fe-CN complexes can be adsorbed on the soil organic matter (SOM). According
to Mansfeldt (2003), the adsorption takes place through hydrogen bonds under acidic con-
ditions and through charge transfers complexes under neutral to caustic conditions. Fuller
(1985) stated that the sorption of ferricyanide in soil is driven by the pH, iron-oxides and
clay mineral content. According to Ohno (1990) sorption of ferrocyanide was increased,
when the pH of the soil decreased. Rennert and Mansfeldt (2002) found that ferrocyanides
adsorb on goethite surfaces rather than ferricyanides. Rennert and Mansfeldt (2001) pre-
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dicted that ferricyanide form outer-sphere and weak inner-sphere surface complexes on
goethite. According to them, ferrocyanide was sorbed inner-spherically and by precipita-
tion of a Prussian Blue-like phase. Cheng and Huang (1996) found that the adsorption of
either ferrocyanide or ferricyanide complexes onto aluminum oxide is achieved through
outer-sphere complexation. Gosh et al. (1999) carried out a column experiment, where
both ferricyanide and ferrocyanide were not restrained by the sandy aquifer material.

Sorption of iron-cyanide complexes by soils, as shown above, is a subject that is studied in
soil chemistry, but the reverse process (release/desorption) should be of an equal environ-
mental interest, due to its practical importance. Column studies can provide key informa-
tion concerning the mechanism of the iron-cyanide complexes dissolution or desorption.
Release rate parameters can be estimated from the isotherms of the time dependent data
using variousmathematical models. �e aim of this study was to use di�erent isotherm and
kinetic equations to investigate the phenomena of iron-cyanide complexes release from the
MGP soils. Applying various models to the column experimental data, was believed to pro-
vide the knowledge whether the contaminant discharge is driven by the kinetics of desorp-
tion from the heterogeneous substrates (Elovich, Freundlich), the di�usion-controlled phe-
nomena (Parabolic Di�usion Equation) or by the transport following Multiple First Order
Equation. Additionally the in�uence of soils parameters such as pH, texture, OM content,
initial CN concentrations on the iron-cyanide complexes release rate was studied.

5.3 Materials andMethods

5.3.1 Field data

�edescription of the investigation site is presented in Chapter 2 (2.2). Gas works produced
a variety of largely hazardous waste products (like iron-cyanide complexes) that were used
as a �lling material contaminating the surrounding �eld. Soils (labeled A, B, C and D) used
in the column experiment originate from the former MGP site in Cottbus. Soils A, C and
D are the top soils (up to 0.5 m deep), whereas soil B was the lower sandy layer (0.5 - 1.5
m deep) of soil A. Selected chemical and physical properties of the investigated soils are
presented in Table 3.

Grain size analysis was performed by sieving (> 20 µm) and X-ray granulometry (XRG)
using the SediGraph 5120™ particle-size analyzer (Müller et al., 2009). Organic matter was
determined with the Loss on Ignition method (LOI). pH and EC were studied with a bench
pH/mVmeter MultiLab 540 (WTW). Total and water soluble cyanide (Table 3) determina-
tion was performed according to the micro dist procedure US QuickChemMethod 10-204-
00-1-X (USEPA, 2008). A�er distillation cyanide was determined with the �ow injection
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analyzer (FIA Compact, MLE) (DIN EN ISO 14 403, 2002). �e detection limit for both
(total and water soluble CN) extractions is 0.02 mg L-1 of cyanide in analyte.

5.3.2 Column experiment (dissolution/desorption)

�e release of iron-cyanide complexes from the MGP soils (A, B, C and D) was studied
by conducting laboratory column experiments at constant �ow rates under unsaturated
conditions (Sut et al., 2013). Eight percolation columns (two replicates for each soil) were
constructed from Plexiglas® (ID 5.4 cm, height 30 cm) and positioned perpendicular to
each other. A peristaltic pump fed distilled water to each column, in the beginning of the
experiment at a �ow rate of 20 ml h-1 once per day. Introduced soil was homogenized by
hand and each column was loaded with � 700 g of �eld fresh soil. �e system was daily
percolated with distilled water and the obtained leachate was subsequently analyzed with
the FIA. �e experimental set up is shown in Figure 18.

Figure 18: Scheme of the column experiment set-up.
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5.3.3 Isotherm Equations

�ree isotherm models were applied to the CN experimental data in order to better under-
stand the release process of iron-cyanide complexes from the MGP soils with the varying
pH, OM content, CN concentration and soil texture. �e gathered data were computed
according to the following equations that o�en describe time - dependent data su�ciently
(Chien et al., 1980).

5.3.3.1 Elovich Equation (Chien et al., 1980)

�e Elovich equation is generally considered an empirical equation. It has been used in
the soil chemistry to describe the kinetics of sorption and desorption of various inorganic
materials on the soil (Atkinson et al., 1970), and the soil chemical reaction rates (Chien and
W. R. Clayton, 1980; Torrent, 1987).

q � �1~α� � ln�a � α� � �1~α� � ln t (5.1)

where:

• q - the amount of released CN in time t (mg CN kg-1);

• α - a release constant (mg CN kg-1 day-1); and

• a - a constant related to the initial velocity of the reaction (mg CN kg-1�.
Plot of “q” vs. “ln t” gives a linear relationship with the slope of (1/α) and the intercept of
(1/α) ln (a α).

5.3.3.2 Parabolic Diffusion Equation (Laidler, 1965)

�eparabolic di�usion equation is o�en used to indicate that di�usion-controlled phenom-
ena are rate limited. �e di�usionmodels have been developed to predict the dynamic char-
acter of release and have been successfully used to describe for example metal reactions on
soil and soil constituents (Jardine and Sparks, 1984).

q � a � Kd � t1/2 (5.2)

where:

• q - the amount of released CN in time t (mg CN kg-1);

• a - constant (mg CN kg-1); and

• Kd - apparent di�usion rate constant (mg CN kg-1day-1/2).
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Plot of “q” vs. “t1/2” gives linear relationship if the reaction con�rms the parabolic di�usion
law. �e “a” and “Kd” parameters are determined from the intercept and the slope of the
function respectively.

5.3.3.3 Freundlich Equation (Aharoni et al., 1991)

Freundlich equation is generally considered an empirical relationship describing the adsorp-
tion of solutes from a liquid to a solid surface, and have beenwidely applied to experimental
data. Elkhatib et al. (1992) used a modi�ed Freundlich equation to describe the kinetics of
lead and copper desorption (Elkhatib et al., 2007) from soils.

q � k � tv (5.3)

where:

• q - the amount of released CN in time t (mg CN kg-1) ;

• k - release rate coe�cient (day-1);

• t - reaction time (day); and

• v - a constant.

�e Freundlich isotherm is a power function, where “k” and “v” are constants that can be
determined from the coe�cient and the exponent respectively.

5.3.4 Kinetic Equation

Transport models assuming chemically controlled non-equilibrium, which describes the
kinetic of a release or dissociation reactions is o�en de�ned as a �rst order reaction (Ned-
erlof et al., 1994). �e heterogeneity of a system as well as the controlling mechanism of the
release process (such as mass transfer or chemical reaction) determines the rate constants
that are required to describe the experimental data.

5.3.4.1 First Order Equation (Van der Zee and Van Riemsdijk, 1998)

Release kinetics based on the �rst order equation, where the total released amount (q)
within a certain time (t), is expressed by the following equation:

q � q0 � �1 � e�kt� (5.4)

where:

• q - the amount of released CN in time t (mg CN kg-1);
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• q0 - the amount of CN released at equilibrium (mg CN kg-1); and

• k - apparent release rate coe�cient (day-1).

Assuming that CN release is constrained by more than one pool, total released CN amount
should be expressed as:

qtot � q1 � q2 (5.5)

where:

• qtot - is the total amount of released CN in time t (mg CN kg-1);

• q1 - is the fast releasing CN pool (mg CN kg-1); and

• q2 - is the stronger �xed CN pool (mg CN kg-1).

�e release kinetics for two pools concept (one readily and one slowly liberating) can be
expressed using the multiple �rst order rate equation, where each pool has its capacity and
rate constant:

q � q1 � �1 � e�k1 t� � q2 � �1 � e�k2 t� (5.6)

Numerical parameters (k) �t was based on least sum of squares.

5.3.5 Statistical analysis

�e predictive performances of the developed models were assessed by adjusted correla-
tion coe�cient (R2), standard error (SE) and the probability value (p), using the analysis of
variance (ANOVA).

5.4 Results

5.4.1 Column Experiment

Release of cyanide from MGP soils (A, B, C and D), was investigated with the soil column
experiment. �e CN release rate was studied for four soils with di�erent pH’s and textures
(Table 3). According to Bodenkundliche Kartieranleitung (2005), soil A and B are medium
loamy sand soils (SI3), whereas soils C and D are characterized as weak loamy sand soils
(SI2). Figure 19 represents the relation of the released cyanide, plotted cumulatively, vs.
release time. Figure 19 indicates that long-termCN release from soil can be described using
two separate cyanide pools: one available and one strongly �xed. �e amount of released
cyanide representing each pool was visually obtained from the graph (Figure 19).

56 GeoRS Geopedology and Landscape Development Research Series | Vol. 04



Figure 19: Cumulative CN release curves for the four investigated soils (Sut et al., 2013).

It is assumed that amount of cyanide in the column leachates is in�uenced by mobilization
of readily soluble hexacyanoferrats (phase I) and slow dissolution of ferric ferrocyanide
(phase II) (Hingston et al., 1974). �e kinetics of CN release will be based on deriving a
constant release rate for each phase, based on the continuously measured CN rerelease as a
function of time.

5.4.2 IsothermModels

Modeling of the CN release experimental data using isotherm equations assumes that the
above mentioned two phase approach is separate in time and that phase I precedes phase II.
Treating the processes separately, intent to derive the cyanide release rates for each phase.

5.4.2.1 Elovich Equation

�e empirical equation (Chien and Clayton, 1980) was used to describe the CN release rate
from theMGP soils (A, B, C and D) in the column experiment. Figure 20 demonstrates the
Elovich equation plots of released CN vs. ln of reaction time obtained for phase I and phase
II. In Figure 20 it can be noticed that a linear relationship exists between the released CN
“q” and ln of release time “ln (release time)” for both phases in all investigated soils.
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�e Elovich equation parameters, determined from the slope and intercept of the linear
plots, are given in Tables 8 and 9. In the Elovich equation a decrease in “α” values and in-
crease in “a” values would increase the reaction rates (Low, 1960; Jardine and Sparks, 1984).
Regression analysis (Table 8) indicated signi�cant (<0.01) correlation in all investigated soil.

�e Elovich equation parameters for phase II are listed in Table 9. Regression analysis (Ta-
ble 9) indicated signi�cant (<0.01) correlation in all investigated soils. As indicated by the
regression analysis, the Elovich equation resulted to be adequate for describing the kinet-
ics of CN release from contaminated soils in a column experiment. Moreover, the Elovich
equation provides a very good �t (R2 > 0.95) for phase I and a good �t (R2 > 0.84) for phase
II of CN release.

Table 8: The Elovich equation parameters and correlation coefficients for phase I CN release in the MGP soils.

Phase I
Soil α a R2 SE p

mg CN kg-1day-1 mg CN kg-1

A 0.01 125.00 0.99 3.29 <0.01
B 0.05 39.92 0.96 1.54 <0.01
C 0.07 5.82 0.98 1.37 <0.01
D 2.02 2.21 0.98 0.03 <0.01

Table 9: The Elovich equation parameters and correlation coefficients for phase II CN release in theMGP soils.

Phase II
Soil α a R2 SE p

mg CN kg-1day-1 mg CN kg-1

A 0.01 88.99 0.98 4.46 <0.01
B 0.04 15.77 0.85 5.72 <0.01
C 0.02 3.79 0.96 3.81 <0.01
D 1.27 0.58 0.93 0.08 <0.01
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Figure 20: The Elovich equation plots for CN release from the MGP soils in (a) phase I and (b) phase II.
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5.4.2.2 Parabolic Diffusion

�eparabolic di�usion equationwas subsequently used to describe the CN release from the
contaminated soils (A, B, C and D) in the column experiment. A parabolic di�usion plot
of CN release vs. t1/2 is shown in Figure 21. �e parabolic di�usion equation parameters,
determined from the slope and intercept of the linear plots, are given in Tables 10 and 11.

Regression analysis for phase I (Table 10) indicated signi�cant (<0.01) correlation and high
correlation coe�cient (>0.91) in all investigated soil. In phase II (Table 11), regression anal-
ysis demonstrates signi�cant (<0.01) correlation in all investigated soil, as well as high cor-
relation coe�cient (>0.97) and low SE.

Table 10: The parabolic diffusion equation parameters and correlation coefficients for phase I CN release in
the MGP soils.

Phase I
Soil Kd a R2 SE p

mg CN kg-1day-1 mg CN kg-1

A 83.00 69.63 0.94 4.96 <0.01
B 32.18 35.81 0.99 0.81 <0.01
C 10.03 5.57 0.99 0.77 <0.01
D 0.54 0.02 0.92 0.11 <0.01

Table 11: The parabolic diffusion equation parameters and correlation coefficients for phase II CN release in
the MGP soils.

Phase II
Soil Kd a R2 SE p

mg CN kg-1day-1 mg CN kg-1

A 29.30 139.92 0.99 2.26 <0.01
B 10.29 15.98 0.94 3.60 <0.01
C 17.12 53.96 0.98 2.60 <0.01
D 0.26 0.95 0.97 0.05 <0.01
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Figure 21: The parabolic diffusion equation plots for CN release from the MGP soils in (a) phase I and (b)
phase II.
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5.4.2.3 Freundlich Equation

�e Freundlich equation was also used to describe the CN release from the MGP soils in a
column experiment. �e Freundlich isotherm is a power function, where “v” and “k” are
constants. Isotherms of this form have been observed for a wide range of heterogeneous
surfaces, including activated carbon, silica, clays, metals, and polymers (Umpleby et al.,
2001). �e release of CN in phase I and II was well modeled by the Freundlich equation
(Figure 22).

In both phases (I and II), a power function was able to �t the data with a high degree of
correlation: R2 > 0.93 and R2 > 0.90 respectively. Regression analysis (Tables 12 and 13)
indicated signi�cant (<0.01) correlation in all investigated soil. �e Freundlich equation
proved to be successful in describing both phases in CN release from the MGP soils.

Table 12: The Freundlich equation parameters and correlation coefficients for phase I CN release in the MGP
soils.

Phase I
Soil v x 10-3 k R2 SE p

(day-1)

A 427.60 81.40 0.97 7.30 <0.01
B 477.30 21.77 0.94 2.00 <0.01
C 596.50 5.58 0.98 0.70 <0.01
D 295.40 0.94 0.97 0.04 <0.01

Table 13: The Freundlich equation parameters and correlation coefficients for phase II CN release in theMGP
soils.

Phase II
Soil v x 10-3 k R2 SE p

(day-1)

A 278.40 117.00 0.99 3.60 <0.01
B 345.90 22.37 0.91 3.80 <0.01
C 948.70 1.60 0.99 2.70 <0.01
D 300.30 0.87 0.95 0.06 <0.01
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Figure 22: The Freundlich equation plots for CN release from the MGP soils in (a) phase I and (b) phase II.
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5.4.3 Kinetic Model

Another consideration assumes that release of iron-cyanide complexes is constrained by
two phases that occur simultaneously, which would suggest non-equilibrium liberation. In
this approach transport phenomena of phase I is not considered separately from the slow
chemical reaction of phase II. For this approach, a modi�ed �rst order equation was used.
�e total released CN amount was determined as a sum of phase I and phase II (Equation
5.6), where each phase had its capacity and rate constant.

5.4.3.1 Multiple First Order Equation

A multiple, two-component �rst-order equation was used to describe the CN release form
the MGP soils in a column experiment. Figure 23 represents �tted release curves for the
investigated soils, themeasured CN and the released quantities form both phases. Figure 23
shows that the two-component �rst ordermodel provides a good�t of the experimental data
for soil A, B andD.�emultiple �rst order equation parameters and correlation coe�cients
are listed in Table 14. Applying this kinetic approach, it was assumed that each phase has its
release rate (k), which is proportional to the amount present in a speci�c pool.

Regression analysis (Table 14) indicated signi�cant (<0.01) correlation in all investigated
soil. According to the correlation coe�cient and standard error, amodi�ed two-component
�rst-order equation was successful in describing the experimental data from soil A, B and
D. Slightly worse correlation was obtained for soil C (R2 = 0.89; SE = 7.42).

Table 14: Themultiple first order equation parameters and correlation coefficients for CN release in the MGP
soils.

Phase I Phase II
Soil k1 k2 R2 SE p

(day-1) (day-1)

A 0.17 0.53 x 10-2 0.97 9.28 <0.01
B 0.37 0.01 0.92 4.14 <0.01
C 0.08 0.01 0.89 7.42 <0.01
D 0.5 x 10-2 0.25 0.94 0.10 <0.01
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Figure 23: Cumulative measured CN release plots with predicted CN release, phase I and phase II, using the
modified first order equation, for the MGP soils.
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5.5 Discussion

In contaminated soils, on the sites of formerMGPs, the mobility of iron-cyanide complexes
is mainly governed by the dissolution and precipitation of ferric ferrocyanide and adsorp-
tion on soil minerals (Meeussen et al., 1992). �e purpose of our work was to gain better
knowledge concerning the iron-cyanide complexes release from theMGP soils by applying
various isotherm and kinetic equations. �e column experiment simulated the experimen-
tal conditions relevant to anthropogenically altered soils. �e approach presented here as-
sumes that the release of iron-cyanide complexes is constrained by two phases. According
to Aharoni et al. (1991), the rate of release is rapid, when it is governed by the transport
process taking place in the liquid phase, or di�usion in the bulk of the liquid, at the �lm
adjacent to the solid particle, in liquid-�lled pores, etc. �eis et al. (1986) attributed quick
and complete desorption of ferricyanide from goethite to outer-sphere complexation.

If the release rate is slow, it is probably limited by the process taking place in the solid phase.
It can be constrained by the constant dissolution of the ferric ferrocyanide like precipitate,
which according to Mansfeldt and Dohrmann (2001) may originate from coprecipitation
on the soil surface or from precipitation of iron-cyanide complexes with alkali and alkaline
earth cations. Rennert and Mansfeldt (2001; 2002) proposed that slow and incomplete des-
orption of ferrocyanide was attributed to inner-sphere surface complexation, which occurs
through the formation of direct chemical bonds with the mineral surface, (typically with
surface oxygen atoms), and by precipitation of a Prussian Blue-like phase on the goethite
surface.

Pursuant to the results obtained in the column experiment (Figure 19), it is believed that the
release of iron-cyanide complexes from the contaminated soils can be described using two
separate cyanide pools: one available (like transport of readily dissolved hexacyanoferrats or
desorption of weak outer-sphere complexation) and one strongly �xed (like dissolution of
precipitate in from of ferric ferrocyanide or desorption of inner-sphere complexation). Ap-
plying the isotherm models to the column experimental data required handling the phases
separately in order to derive the release rate constants. Implementing the equations to the
complete data set (Figure 19) resulted in very low correlations, which proves the hypothesis
that the release of iron-cyanide complexes from theMGP soils is constrained by two phases.

�e Elovich equation has been frequently used to study the chemical release processes and
is suitable for systems with heterogeneous adsorbing surfaces (Wu et al., 2009). �e kinetic
behavior of inorganic materials like metals (Pb and Cu) has been successfully described
by the Elovich equation (Aharoni et al., 1991; Jardine Sparks et al., 1984). Mathematical
analysis of the CN release data indicated that the Elovich equation is suitable to describe
the kinetic behavior of iron-cyanide complexes in theMGP soils (Figure 20). In the Elovich
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equation, a decrease in “α” increases the reaction rate. In phase I (Table 8), the CN release
rate increases with the increasing soil pH (Table 3), except for the soil D, where release rate
is very low according to soil pH (7.7). �e low release rate of soil D is most probably caused
by the low total CN concentration (Table 3) hence, the cyanide release rate in phase I is
in�uenced by the soil pH as well as the initial CN concentration in soil. Generally, in the
desorption processes, one of the most important parameter is the initial pH value of the
solution, which in�uences both the contaminant surface binding sites and the contaminant
chemistry in water. Our �ndings are consistent with the study made by Ohno (1990), who
investigated sorption of ferrocyanide by �ve soils, where increasing sorption was observed
with decreasing soil pH. In phase II, the relation of “α” and “a” values are analogous with
the ones obtained for phase I, where the release rates for phase I are higher than for phase
II. Low pH of the soil C (pH = 5) most probably reduces the amount of readily dissolved
iron-cyanide complexes in the phase I, which results in only slightly higher “α” values for
the phase II. Lower, but still signi�cant, was the correlation in soil B (R2 = 0.85), which may
be a�ected by the low OM content (Table 3). On the other hand, depending on pH, the
overall charge of SOM is either neutral or negative, hence the anion adsorption cannot be
expected. However, Rennert and Mansfeltd (2002) state that SOM promotes the sorption,
hence the content of Corg is possibly enhancing the sorption of iron-cyanide complexes on
soils. �e suggested reaction for this process was the charge transfer complexes, formed by
cyanide ion (CN�), via cyanide-N with quinone groups of humic acids (Schenk andWilke,
1984).

Simultaneously, the parabolic di�usion equation was used to describe the CN release from
the MGP soils. �is model has been used by many scientists to characterize the di�usion-
controlled phenomena in soil constituents and the release of ion in soil and soil minerals
(Evans and Jurinak, 1976). It assumes that described CN release is determined by the sum
of various di�usion processes with di�erent di�usion coe�cients and various particle sizes.
Linear relationship visible in phase II indicates (Figure 21) that the parabolic equation ade-
quately describes the CN release process, suggesting that phase II is driven by the di�usion
of CN out of the mineral matrix. On the other hand, in phase I, the regression line for the
soil A doesn’t pass through the origin, suggesting that the di�usion is not the main driving
mechanisms. Additionally, in phase I, the “a” value was determined from the y-intercept
(t = 0). �e intercept is most probably a�ected by the rapid CN release, which would be
much slower if not in�uenced by the transport of already dissolved phase. �e apparent
CN di�usion rate coe�cient “Kd” in the parabolic di�usion law is considered the measure
of the relative rate of CN release (Aharoni et al., 1991). �e di�erence between the “Kd” val-
ues indicates that the release power of the soils is di�erent. In phase I (Table 10), the “Kd”
values for the studied soils were increasing with the increasing soil pH, except for the soil D,
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which despite of the alkaline character, indicated low CN release, most probably induced
by low initial CN concentration. Soil B, despite of acidic character, indicated comparably
high CN release rate, which can be attributed to the low OM content. �e di�usion coef-
�cient “Kd” is higher in sandy soils with lower organic matter. More heterogenic soils are
more likely to have an increase in transport-limited process (Aharoni et al., 1991). In phase
II, the relative rate of CN release (Kd ) seems to be a�ected by the CN concentration. Major
decrease in “Kd” value can be noticed in soil A, despite of basic soil pH. Release rate in soil
B also decreased, whereas in soil C, continuous release, comparable to the one obtained in
phase I, can be observed (Table 11). Based on correlation coe�cient it can be stated that
the parabolic di�usion law e�ectively describes the phase II of CN release from the MGP
soils. For the phase I, the results revealed (“a” value determined from the y-intercept) that
the di�usion phenomena is not the driving mechanisms, however it doesn’t imply that CN
release does not include a slow di�usion reaction. It may rather indicate that the kinetics
of this process shouldn’t be considered separately from the transport phenomena. More
study need to be done to determine whether CN release is driven by intraparticle di�usion,
external-�lm di�usion or internal-pore di�usion.

Subsequently, the release of CN from the MGP soil was described using the Freundlich
equation. �is power function exhibits increasing release rate with increasing time, but de-
creasing positive slope as time increases (Figure 22). �e Freundlich equation is o�en used
for heterogeneous surfaces and describes desorption from solid to the solutes in liquid and
assumes that di�erent sites with several adsorption energies are involved. Many organics
and inorganics follow this type of behavior (Chien and Clayton, 1980; Aharoni et al., 1991).
According tomathematical analysis (Tables 12 and 13), the Freundlich reaction basedmodel
was successful in describing, both phase I and phase II, CN release from theMGP soils. �e
exception is phase I in soil A, where the regression line doesn’t pass through the origin (Fig-
ure 22), suggesting that desorption is not the driving mechanism. Soil A is alkaline (pH =
7.6) and has high CN content, which would explain high amount of dissolved cyanide in the
porewater and imply that the CN release in phase I ismainly constrained by the transport of
readily dissolved compounds rather than desorption. �e values of release rate coe�cient
“k”, in phase I and II, decrease with the decreasing soil pH, except for the soil D, where low
“k” value might be a result of low CN concentration in soil.

Applying the isotherm equations to the column data was aimed at better understanding the
mechanisms of the CN release that, prior to the kinetic study, was divided in two phases.
�is modeling approach assumed that phase I and phase II are separated in time. Results
revealed various release rates in both phases, implying that the driving mechanisms are
di�erent. �e column experimental data for phase II showed good correlation with the
Elovich, Freundlich and ParabolicDi�usion Equations leading to inconclusive results about
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the drivingmechanisms of the CN release. For the phase I, poor �tting of the regression line
(Freundlich) and the negative intercept values (Parabolic di�usion), implied the transport
of dissolved iron-cyanide complexes as the main process.

�e First order equation was previously used by many researchers to describe time - depen-
dent data (Nederlof et al., 1994; Freese, 1994). �is modeling approach assumes that both
CN release phases occur simultaneously. �emodi�ed �rst order model well described the
CN release data (Table 14), which is supported by the graphical test presented in Figure 23.
�is result suggests that the release of CN from the MGP soils followed the multiple �rst
order kinetics. Worst graphical and regressional correlation was obtained for soil C. �e
release of CN from soil C is almost linear, most probably due to low soil pH, constrained
mainly by one strongly �xed pool. According to Meeussen et al. (1994) the mobility of
cyanide in the soil largely depends on pH. Under acidic conditions, solid iron-cyanide com-
plexes in the form of precipitated Prussian Blue are likely to be expected. It could explain
why the two-component approach didn’tmanage to describe the kinetics of CN release from
the soil C. Due to the low pH, the amount of dissolved iron-cyanide complexes is relatively
low, so the di�erence in the release rates for phase I and phase II is relatively small (Table
14).

Rate constants for each soil vary (Table 14), indicating the highest release rate in soil B for
phase I and in soil D for phase II. �e low initial release rate in phase I for soil C is consis-
tent with the study made by Meeussen et al. (1994). �ey stated that acidic character of soil
will considerably decrease the CN concentration in groundwater and reduce the mobility
of iron-cyanide complexes in such soils. High initial release rate (k1) in soil B can be con-
strained by the low OM content, despite of a slightly acidic character of the soil. Using the
multiple �rst order kinetic equation for modeling of the long-term cyanide release proba-
bly closer re�ects the phenomena that occur in the MGP soils. It is more probable that the
release of phase I and phase II appear simultaneously rather than completely separate in
time.

5.6 Conclusions

�e study of iron-cyanide complex release, in a column experiment, was conducted to in-
vestigate the long-term desorption or dissolution mechanisms. �e research revealed that
the cyanide liberation from the investigated MGP soils is driven by two phases. From the
kinetic studies, it was observed that the cyanide release was initially rapid (phase I) followed
by amuch slower release rate (phase II).Most probably, onemore fraction exists (an amount
that is not released), but our experimental time scale didn’t allow for that observation.
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Modeling with isotherm equations, assuming that both phases are separate in time, de-
livered inconclusive results concerning the driving mechanisms for the cyanide release in
phase II. �e Elovich equation was in good agreement to describe the CN release in phase
I and II, suggesting desorption from the heterogeneous surfaces to the liquid. Analogously
good correlation was obtained by using the Freundlich equation, except for phase I in soil
A, where too high CN content and alkaline pH imply transport of readily dissolved cyanide
as a main driving release mechanism. �e parabolic di�usion adequately describes the rate-
limiting CN release (phase II), implying that it’s driven by the di�usion of CN out of the
mineral matrix. For phase I, obtained results imply that transport of dissolved cyanide is
the main mechanisms. Inde�nite results for phase II, obtained from applying the isotherm
equations, most probably indicate that the long-term iron cyanide release from the MGP
soils is a complex phenomenon driven by various mechanisms parallely involving desorp-
tion, di�usion and dissolution processes.

�e multiple �rst order equation assumed simultaneous occurrence of both phases and
adequately described the CN release from soil A, B and D, except for the soil C, where due
to its acidic character, the CN mobility is most probably constrained by one strongly �xed
pool. �is non-equilibrium approach is considered to closer re�ect the probable cyanide
release mechanisms from the MGP soils.

Based on conducted isotherm and kineticmodeling, we attribute the fast release rate (phase
I) to the transport process of readily dissolved iron-cyanide complexes (hexacyanoferrats)
that is taking place in the liquid phase combinedwith the desorption of CNbound to hetero-
geneous surfaces that are in direct contact with aqueous phase (outer-sphere complexation).

Mobility governed on the low release level (phase II) is probably controlled by the des-
orption, dissolution or di�usion processes, like the dissolution of precipitated ferric ferro-
cyanide or of inner-sphere complexed ferricyanides.

�e iron-cyanide release rates for phase I and II, obtained in the kinetic modeling, revealed
that the CN mobility is mainly in�uenced by the pH (which a�ects both the contaminant
surface binding sites and the contaminant chemistry in water), by the initial CN concentra-
tion and by the possible sorption on soil organic matter. �e cyanide release rates increased
with the increasing pH, decreased with low initial CN concentration and was retarded by
the increase in OM content (Appendix III.2; Figures 38, 39, 40, 41).
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6 Retardation of the iron-cyanide
complexes in the soil of a former
Manufactured Gas Plant site

�e study presented in this chapter is being prepared for publication as: M. Sut, F. Repmann
and T. Raab “Retardation of the iron-cyanide complexes in the soil of a former Manufac-
tured Gas Plant site”.

6.1 Abstract

�e soil in the vicinities of former Manufactured Gas Plant (MGP) sites is commonly con-
taminated with cyanide, which primarily occurs in form of solid Prussian Blue (ferric ferro-
cyanide) and its dissolution products - iron-cyanide complexes ferri and ferrocyanide. �e
phenomenon of cyanide mobility in the soil has been intensively studied and according to
the literature is mainly governed by the dissolution and precipitation of ferric ferrocyanide,
which is only slightly soluble (< 1 mg L-1) under acidic conditions. �is paper suggests verti-
cal transport of a colloidal ferric ferrocyanide, in the excess of iron and circum-neutral pH
conditions, as an alternative process that in�uences the retardation of the pollutant move-
ment through the soil pro�le.

Investigations of the two boreholes from a former MGP site revealed the highest cyanide
contamination in the wastes layer (up to 824 mg kg-1) that was partially vertically trans-
ported through the soil pro�le and retarded by a layer of soil material with coherent struc-
ture (CN concentrations up to 222 mg kg-1). �e acidic character of the wastes and the
accumulation of the blue patches along the sandy soil layer revealed the potential sink func-
tion of a sandy loam material due to colloidal transport of the ferric ferricyanide.

Batch and column experiments were applied to investigate the retardation of iron-cyanide
complexes by the sandy loam soil. In this study a colloidal vertical transport of the Prussian
Blue particles along the column pro�les, imitating the boreholes conducted on the former
MGP site, was demonstrated as a potential alternative process in�uencing the cyanide mo-
bility in the circum-neutral pH and under the excess of available iron conditions. Physical
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and chemical properties of the investigated sandy loammaterial reduced the CN concentra-
tion in the percolation solution. Precipitated solid iron-cyanide complexes were mechani-
cally �ltered by the coherent structure of the investigated soil. Additionally, the reduction
of the CN concentration of the percolation solution by the sandy loam soil was presumably
induced due to formation of potassium manganese iron-cyanide (K2Mn[Fe(CN)6]).

6.2 Introduction

Until the discovery of the natural gas reserves in the middle of 20th century, all over the
world Manufactured Gas Plants (MGPs) were producing gas for lighting and heating. Soils
on the sites of the former MGPs are contaminated with the gas puri�cation by-products,
which contained high amounts of sulfur, tar and various complex iron-cyanides, mainly
present in form of Prussian Blue (ferric ferrocyanide, Fe4[Fe(CN)6]3) and its dissolution
products.

During coal gasi�cationhydrogen cyanide (HCN)was produced andhydrogen sul�de (H2S)
was formed from sulfur compounds in the coal. HCN and H2S needed to be removed from
the gas, prior to its distribution, due to their toxic and corrosive character (Mansfeldt et al.,
2004). �e raw gas was conducted through boxes containing wood shavings impregnated
with hydrated iron oxide. By the reaction of HCN with the Fe-rich puri�er material, iron-
cyanide complexes, [Fe(CN)6], were formed, mostly in form of solid Prussian Blue. Addi-
tionally, the impurity in form of H2S was removed from the raw gas, by the transformation
into iron sul�des, which lowered the absorbing capacity of the iron oxide. Low content of
the oxide in the puri�er had to be restored by regeneration, which was based on the aerial
oxidation producing reactivated iron oxide and sulfuric acid (Mansfeldt et al., 2004). When
the absorbing capacity was entirely drained, it was o�en disposed on the site and used as a
�lling material (Kjeldsen, 1998). Both activities (regeneration and disposal) led to soil and
groundwater contamination in form of iron-cyanide complexes, iron sul�de and elemental
sulfur.

In the area of the former MGPs, the risk of groundwater contamination depends - besides
site controlling factors such as geology and hydrology - mainly on the dissolution and pre-
cipitation of ferric ferrocyanide and the potential retention mechanism of its solid form as
well as its dissolution products. Despite of the low solubility of Prussian Blue (solubility
product constant Ksp = 10-84.5; Meeussen et al., 1992), dissolved iron-cyanide complexes
are detected in the ground water (Meeussen et al., 1995; Rennert, 2002):

3 Fe4�FeCN�6�3(s) � 32 H2OÐ� 4 Fe3�OH�8(s) � 4 �Fe�CN�6�
3-
�aq� � 5 �Fe�CN�6�

4-
�aq� � 32 H� (6.1)
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According to the reaction above, in soils and groundwater at the former MGP sites, dis-
solved CN occurs mainly in form of iron-cyanide complexes: ferri ([Fe(CN)6]3-) and ferro
([Fe(CN)6]4-) cyanide. �ese cyanide compounds are not hazardous, but can be converted
to extremely toxic free cyanide (CN� and HCN(g)) when exposed to sunlight (Meeussen et
al., 1992).

�e mobility of the dissolved iron - cyanide complexes can be in�uenced by a variety of
chemical processes involving precipitation - dissolution, sorption - desorption, oxidation
- reduction, microbial decomposition and complexation with inorganic ions (�eis et al.,
1986; Meeussen et al., 1994; Mansfeldt et al., 2004). Generally, the solubility of ferric
ferrocyanide increases with an increasing soil pH and with an increasing redox potential
(Meeussen et al., 1994). Adsorption is a possible retention mechanism for iron - cyanide
complexes transport in the soil pro�le. With decreasing pH the adsorption of iron - cyanide
complexes on iron, aluminum oxides and clay minerals, which are positively charged un-
der acidic conditions, increases. As a consequence, neutral and alkaline soils can retain the
iron-cyanide species to a lower extent than acidic soils (Sut et al., 2013).

�e puri�er wastes supposed to contain large amounts of amorphous iron sul�de (FeS) and
elemental sulfur, which amounted for 60 % of the puri�er (Environmental Resources Lim-
ited, 1987). According to Rennert (2002), due to oxidation of sulfur species in soil, sulfuric
acid is produced, which has an acidifying in�uence of the surrounding soils causing protona-
tion of the soil particles surfaces. Dissolved anions in form of iron-cyanide complexes can
be absorbed on these surfaces (Rennert, 2002). Another possible retention mechanisms,
is the precipitation of the dissolved iron-cyanide complexes due to the availability of the
iron generated by the oxidation of iron sul�de. �e formed ferric ferrocyanide can be re-
tained in the solid form due to low pH of the surrounding environment (due to the sulfuric
acid production) and can be transported through the soil pro�le or �ltered by the pore sys-
tem. Ghosh et al. (1999b) studied the feasibility of using a reactive barrier, in form of sand
mixed with elemental iron �llings, to attenuate the movement of iron-cyanide complexes
in groundwater. �e removal of dissolved cyanides was studied by conducting a column
experiment where various cyanide containing solutions under various �ow rates and sand
to iron ratios were examined. �e study indicated that using a reactive barrier, in form of
elementary iron, decreases the cyanide concentration in the solution. According to Ghosh
et al. (1999b), both ferro and ferricyanide in the neutral pH range do not adsorb onto sand
and gravel material. As a consequence, the observed decrease in dissolved iron-cyanide
complexes concentration was attributed to precipitation reactions (Ghosh et al., 1999c). Ac-
cording toMansfeldt et al. (1998), Rennert andMansfeldt (2002) andWehrer et al. (2011), in
the subsoils of former MGP sites, especially in acidic soils, a fraction of iron-cyanide com-
plexes exists which has been transported as Prussian Blue colloids due to vertical migration.
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However, this phenomenon was not proven yet, since it was not directly demonstrated.

As indicated above, the mobility of the iron-cyanide complexes in soil is reported to be
mainly governed by the dissolution and precipitation reactions. �e phenomenon of the
possible vertical colloidal movement of the solid iron-cyanide compounds needs to be fur-
ther investigated. Soil analysis of a two � 7 m long boreholes, drilled on a former MGP site
in Cottbus, revealed likely migration of the CN from the MGP wastes, through the sandy
layer towards the coherent sandy loam material, which acted like a sink for the vertically
transported iron-cyanide complexes. �e acidic character of the MGP wastes and the soil
would imply a colloidal transport rather than dissolution and precipitation reactions.

�e objective of this study was to test whether the presence of the coherent sandy loam soil
can a�ect the movement of the iron-cyanide complexes and to advance the knowledge con-
cerning the potential of the Prussian Blue vertical colloidal transport in the soils of a former
MGP site in Cottbus (Germany), using synthetic iron sul�de. Laboratory batch and column
experiments were conducted to study the e�ectiveness of this approach for the cyanide re-
duction from the synthetic solution. Knowledge concerning the possible colloidal vertical
transport of iron-cyanide complexes is of importance for better risk assessment of a ground-
water contamination.

6.3 Materials andMethods

6.3.1 Sampling strategy and soil analysis

�e description of the investigation site is presented in Chapter 2 (2.2). Own pre-studies
showed that at the depth of about 1 m a layer of coherent soil, with a varying thickness (0.6 -
2.0m) exists, which is characterized by highmoisture anddense structure. �egroundwater
table is situated at a depth of about 7 m below the surface. �e soil pH varies between 3.2
and 7.7 (Sut et al., 2012).

�e sample material of 2 boreholes (A-21 and C-25) was collected using a hand driller. �e
locations of boreholes A-21 and C-25 are shown in Figure 7. �e boreholes were about 7 m
deep, reaching the groundwater table. Each 0.1 m, a soil sample was collected. Every second
soil sample (every 0.2 m) was homogenized for the further analysis.

Uncontaminated coherent soil material was collected using a hand driller at the depth of
1 -2 m. �e sampling point was located in the south-western part of the site. Grain size
analysis of the uncontaminated coherent soil material was performed by sieving (> 20 µm)
and X-ray granulometry (XRG) using the SediGraph 5120™ particle-size analyzer (Müller
et al., 2009).
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Total cyanide was determined using 20 g of soil that were extracted in 200 mL of 1 mol L-1

sodium hydroxide (1:10 ratio) for 12 h in an end-over-end shaker at 16 rpm. �e extraction
with sodiumhydroxide (1mol L-1) provides an e�ectivemeans for the determination of total
cyanide species (Mansfeldt and Biernath, 2001). In order to force settling of soil particles,
the extracts were centrifuged for 10 min at 3000 rpm. To liberate HCN from complexed
cyanide, 5 mL of the extract were digested in an acidic environment using the micro dist
system (Dimitrova, 2010). �emicro dist system refers to themethod of theHachCompany,
US QuickChemMethod 10-204-00-1-X approved by the USEPA (2008) (Sut et al., 2013).

Water soluble cyanide in the investigated soil was determined using 20 g soil sample ex-
tracted in 50 mL of distilled water (1:2.5 ratio) for 1 h with an end-over- end shaker at 16
rpm. A�erwards, the water extracts were centrifuged at 3000 rpm for 20 min, 20-30 mL
were �ltered through 0.45 µm syringe �lters, which were conserved with 200 - 300 µL of 1
mol L-1 NaOH in order to preclude the loss of analyte. 5mL of �ltered extracts were distilled,
according to the Method 10-204-00-1-X approved by USEPA (2008), and subsequently an-
alyzed with FIA (DIN EN ISO 14 403 D, 2002). �e detection limit for both extractions is
0.02 mg L-1 of cyanide in the analyte (Sut et al., 2013).

pHandECofwater extractswere studiedwith a benchpH/mVmeterMultiLab 540 (WTW).
Redox potential was measured with an Ag/AgCL HANNA HI 9025 electrode. Cations in
water extracts were analyzed with an ICP Optical Emission Spectrometer icap 6000 series
(�ermo Electron Corporation). For the anions analysis in the water extracts ion chro-
matography was used (ICS DIONEX DX 500). All the investigated samples were �ltered
through 0.45 µm syringe �lters prior to analysis.

Organic matter was determined with Loss on Ignition method (LOI). 10 g of each soil sam-
ple were sieved (< 2 mm), placed in a porcelain beaker and heated up during the night at
105XC. �is procedure was repeated until the change of mass was lower than 0.1 %. A�er
recording the weight, samples were heated up at 450XC for 12 h. �e LOI, hence the organic
matter, was calculated as the percentage of the dry weight of the respective sample.

Concentrations of selected elements in soil (like heavy metals), were determined by an X-
ray �uorescence (XRF) analyzer (Niton XL3t 900, soil model, powder samples with 120s of
measurement) (Shefsky, 1997).

Soil spectra were recorded using FTIR spectrometer (Impact 410 Nicolet, resolution 4 cm-1,
8 scans per sample (Mansfeldt et al., 2004).
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6.3.2 Batch experiments

Uncontaminated coherent soil material (40 g) was homogenized, dried (40XC), sieved
(< 2mm) and introduced to polyethylene bottles. 100 mL of the potassium hexacyanofer-
rate (III) and (II) (MERCK) solutions were added, with the CN concentration equal to 100
and 1000 mg L-1 respectively. �e samples were shaken in an end-over-end shaker at 16
rpm. �e experiment, where the solution with CN concentration equal to 100 mg L-1 was
used, lasted for 216 h during which in de�ned time intervals (24 h; 72 h; 216 h) soil-water
suspensions were centrifuged for 10 min at 3000 rpm in order to separate the phases. 2 mL
of centrifuged sample was used for further analysis. �e same procedure was repeated for
the solution with the 1000 mg L-1 CN concentration, but the time range di�ered: the exper-
iment lasted for 360 h and the measuring intervals were: 24; 48; 120; 192; 360 h. Both batch
experiments were conducted in 2 replicates.

6.3.3 Column experiment: 1st trial

Two percolation columns were constructed from Plexiglas®(I.D. 5.4 cm; height 30 cm) to
allow visual observations of the soil during the experiment. �e tubes were positioned
perpendicular to each other. First column was �lled with quartz (MERCK; particle size 0.2-
0.8 mm) up to 22 cm. In the second column, a 9 cm layer of coherent soil material mixed
with quartzwas added (1:1 ratio). Prior to implementing, the soilmaterial was homogenized,
dried (40XC), and sieved (< 2 mm). �e experimental set up of the column experiment is
shown in Figure 24a. �e experiment was conducted at room temperature.

A peristaltic pump fed 1000 mL of potassium hexacyanoferrat (III) (MERCK) solution, to
each column, per day in a continuous circular �ow. �e starting cyanide concentration in
the percolated solutions was 1100mg L-1. Collected column leachates were analyzed for CN,
pH and EC.

A�er twomonths of in�ltrating the columnswith potassiumhexacyanoferrat (III) solutions,
a layer of iron (II) sul�de (FeS) (Alfa Aesar; powder) was added at the top of existing quartz
material in each column. �e layer was composed of 500 mg FeS mixed with 25 g of quartz.
�e layer was additionally covered with a thin layer of pure quartz (Figure 24b). Column
percolation was resumed and lasted for 2 weeks.
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Figure24: Set up schemeof the 1st columnexperiment, where: a) columns are filledwith quartz and coherent
soil material; b) columns are filled with quartz, coherent soil material and iron (II) sulfide.

6.3.4 Column experiment: 2nd trial

Five percolation columns were constructed from Plexiglas®(I. D. 5.4 cm; height 30 cm) and
positioned perpendicular to each other. �e experimental set up of the 2nd column study is
shown in Figure 25. In �rst 3 columns from the le�, coherent soil material mixed with the
quartz (1:3; 1:1 and 3:1 ratio) was inserted (column no 1, 2 and 3 respectively). Two columns
were completely �lled with quartz (up to 22 cm) (column 4 and 5). In one of the quartz
columns (column 4), two �lter papers (Sartorius stedim biotech; 0.2 µm) were additionally
built in (Figure 25). At the top of the quartz material, a layer composed of 0.84 g FeS and
25 g quartz, was inserted.

A peristaltic pump was percolating the potassium hexacyanoferrat (III) (MERCK) solution,
with the starting CN concentration equal to 500mg L-1 at the continuous circular �ow, with
a �ow rate of 0.3 mL min-1. Obtained column leachates were analyzed for pH, EC and CN
concentration. �e in�ltration lasted for 47 days.

Subsequently, the columns were disassembled in order to conduct visual investigation of
the �lling material. �e sample material was collected at the columns height of 3-5 cm
(representing the upper layer of the quartzmaterial), 7-9 cm (representing the upper layer of
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Figure 25: Set up scheme of the 2nd column experiment.

coherent soil material), 9-11 cm (representing themiddle layer of the coherent soil material)
and 15-17 cm (representing the quartz layer below the coherent soil material). In the column
4 and 5, the samples were collected at the bottom and at the top of the column. Collected
samples were analyzedwith the FIA for the water soluble and total cyanide, and additionally
scanned with the FTIR.

During the experiment, blue precipitate in the bottom of the bottles containing percolation
solution appeared. In order to determine the amount of CN precipitated in the bottles, the
solutions were �ltered (0.2 µm paper �lters), the obtained precipitate was weighted and the
CNmass was calculated. It was assumed that all the cyanide present in the blue precipitate,
deposited in the bottom of the bottles, is in form of ferric ferrocyanide. �e results of the
cyanide balance are presented in Table 44 in Appendix IV.5.
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6.4 Results

6.4.1 Uncontaminated coherent soil material analysis

�e properties of the coherent soil are listed in Table 15. Material was collected at the depth
of 1.0-1.9 m, every 0.1 cm a sample was collected for further analysis. In Table 15, range
values of the investigated soil properties are provided due to similar results obtained in
each sample. �e soil pH is about 7. EC varies from 0.7 to 0.3 mS cm-1. According to AG
Boden (2005), the soil material is sandy loam (S13) (Table 16).

Table 15: Properties of the coherent soil material based on the fresh mass of the sample.

Depth pH EC Water content OM content
(m) (mS cm-1) (%) (%)

1.0-1.9 6.84-7.25 0.7-0.3 9.26-12.69 0.29-1.07

Table 16: Particle size distribution analysis for the coherent soil material.

S U T gS mS fS
(%)

72.4 18.1 9.9 4.8 32.1 35.5

6.4.2 Borehole A-21

�eproperties of the soil collected in the boreholeA-21 are listed inTable 28 (Appendix IV.1).
�e material was collected up to 7.3 m (the level of groundwater table) and every second
0.1 m was subjected to analysis. Visual observation of the collected material revealed that
up to 0.3 m depth, dark brown top soil occurs. At the depth between 0.4 to 1.0 m a layer of
MGP wastes exist, characterized by the blue color and strong smell of heavy hydrocarbons.
At the depth of about 1.0 to 1.4 m a sandy soil layer occurs, which is followed by a highly
moist and coherent sandy loam layer (1.5-2.0 m) with intensive blue color patches. Rest of
the soil pro�le (below 2.0 m) is composed of reddish sandy material. �e soil pH varies
between 4.4 and 7.4. Elevated EC values were measured in the depth between 1.5 and 1.7
m (coherent structure), which correlates with the high sulfate and calcium concentrations
(Table 29 in Appendix IV.1). Water soluble cyanide fraction ranged from 0.3 to 23.7 mg kg-1,
with the highest concentrationmeasured in theMGPwastes layer (Figure 26). Total cyanide
concentrations ranged from 2.3 to 824.0 mg kg-1, with the highest total content measured
in the MGP wastes and the coherent sandy loam layer (Figure 26).
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Figure 26: Total and water soluble cyanide concentration v/s depth in the soil borehole A-21.

XRF analysis (Table 30 in Appendix IV.1) revealed very high Fe concentrations along the
borehole, whereas Ca, K and S concentrations were elevated up to 2.0 m depth. Soil sam-
ples collected at the depth of 0.4-0.5 m (representing theMGPwaste layer) and at the depth
of 1.5-1.6 m (representing the coherent sandy loam layer) were scanned with the FTIR spec-
trometer. �e analysis revealed the infrared absorption bands at 2026 and 2087 cm-1, in the
wastematerial sample, indicating ferricyanide adsorbed on goethite and ferric ferrocyanide
respectively (Rennert et al., 2007). �e analysis of the coherent sandy loam material addi-
tionally indicated the presence of potassiummanganese iron-cyanide (K2Mn[Fe(CN)6]) at
the wavenumber 2067 cm-1 (Keizer et al., 1995; Rennert et al., 2007).

6.4.3 Borehole C-25

In order to con�rm the analogous behavior of the cyanide in the soil at the MGP Cottbus,
a second long borehole was investigated. �e soil was collected up to 7.1 m (groundwater ta-
ble) and every second 0.1 m of thematerial was subjected to further analysis. �e properties
of the soil are listed in Table 31 (Appendix IV.2). Visual observation of the collected mate-
rial indicated dark, brown top soil up to 0.4 m depth mixed with the MGP wastes. Beneath
a sandy layer occurred (up to 0.8 m), which was followed by the moist coherent material,
analogues to the one found in the A-21 borehole and characterized by the blue color patches
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Figure 27: Total and water soluble cyanide concentration v/s depth in the soil borehole C-25.

(up to 1.3 m). Rest of the borehole was composed of sand. �e soil pH varies between 5.3
and 7.9. Slightly elevated EC values at the depth of 1.1 to 1.3 m correlate with the increased
sulfate and calcium concentrations (Table 32 in Appendix IV.2) and with the higher content
of Fe, Mn, S, Ca and K obtained from the XRF analysis (Table 33 in Appendix IV.2).

Water soluble cyanide fraction reached up to 11.3 mg kg-1, with the highest values measured
in the MGP wastes close to the top soil (Figure 27). Total cyanide content deviated from
2.0 to 334.0 mg kg-1, with the highest total cyanide content measured in the MGP wastes
and coherent sandy loam (Figure 27). FTIR analysis was performed for the waste sample
(0.3-0.4 cm deep) and for the sandy loam material (0.8-0.9 cm). �e analysis revealed the
infrared absorption bands at 2026 and 2087 cm-1, in both samples, indicating ferricyanide
adsorbed on goethite and ferric ferrocyanide respectively (Rennert et al., 2007).

6.4.4 Batch experiments

Laboratory analysis of the sample martial, originating from the two long boreholes (A-
21 and C-25) collected at the MGP Cottbus, indicated the highest total and water solu-
ble cyanide concentrations in the MGP wastes and the coherent sandy loam layer. Iron-
cyanide complexes appeared to be transported/leached from the MGP wastes layer verti-
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Figure 28: CN concentrations in the 100 mg L-1 (start concentration) solution v/s shaking time in the batch
experiment.

cally through the pro�le, but seemed to be successfully held by the coherent sandy loam
material.

Results obtained from the batch experiments indicated that the presence of sandy loam
material leads to a decrease of the CN concentration in the solutions. In Figure 28 the CN
concentration in the 100mgL-1 (start concentration) solution v/s shaking time is shown. For
the Fe (II) 1 & 2 solutions, the reduced CN amount was equal to 26 and 21 % respectively. Fe
(III) solutions indicated slightly higher decrease, equal to 20 and 16 % (a�er 216 h). �e pH
of the solutions stays within the neutral range (6.9-7.1). In Figure 29 the CN concentration
in the 1000 mg L-1 (start concentration) solution v/s shaking time is shown. During this
experiment, disturbanceswith themeasuring device (FIA) occurred, which can be observed
in Figure 29 in theCNconcentrationmeasured at 120 and 192 h. As a consequence, the batch
experiment was prolonged until 360 h of shaking. In Figure 29 it can be seen that the CN
concentration decreases in both solutions (Fe (II) and (III)), which amounts to 27 % of CN
amount reduced from the Fe (II) 1 solution and 17 % from the Fe (II) 2 solution, and 17 %
and 19 % for the Fe (III) 1 & 2 solution respectively. �e pH of the solutions is in the range
of 6.7-7.2. Raw data of the both batch experiments is presented in the Appendix IV.3.
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Figure 29: CN concentrations in the 1000 mg L-1 (start concentration) solution v/s shaking time in the batch
experiment.

6.4.5 1st column experiment

�e results of the batch experiments with the sandy loam material revealed a reduction
of cyanide concentrations in the applied potassium hexacyanoferrat solutions. Generally,
batch experiments promote destroying of soil aggregates and, as a consequence, can lead to
arti�cial promotion of potential reactions, that in the reality would last longer or appear to
limited extend. In order to more competently simulate cyanide behavior in soil pro�les, a
column experiment was conducted, imitating the boreholes A-21 andC-25, where the potas-
sium hexacyanoferrat (III) solution, containing 1100mg L-1 CN, was percolated through the
sandy loam and quartz material (Picture 4a). In Figure 30, the measured CN concentration
in the solution v/s percolation time is shown. In both columns, during the �rst two months
of the experiment, a very minor loss of CN in the solution was measured. No blue patches
or particles were noticed throughout the column material, indicating no reaction in form
of ferric ferrocyanide precipitation (Picture 4a).

Subsequently a layer of FeS was implemented, which resulted in the presence of blue parti-
cles already within �rst 24 h of resumed percolation (Picture 4b). In the column �lled only
with the quartz material the blue-greenish color was visible throughout the whole pro�le as
well as in the bottle containing the percolation solution (Picture 4b). �e color of the solu-
tion changed from yellow to very dark blue-greenish pigment. In the columnwith the sandy
loam layer, only the upper quartz layer was a�ected, the color of the quartz layer beneath,
as well as the percolating solution, appeared intact (Picture 4b). �e dark blue-greenish
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solution was �ltered twice with 0.45 and 0.2 µm syringe �lters (Picture 5) revealing that the
color is a result of very �ne particles. �e reaction of FeS and potassium hexacyanoferrat
(III) can be explained in the following reactions:

FeS � 1 1~2 O2 �H2O�� Fe2+ � SO2-
4 � 2H� (6.2)

2K3�Fe�CN�6� � 3FeSO4 �� Fe4�Fe�CN�6�3 � 3K2SO4 (6.3)

�e possible reaction of dissolved iron-cyanide complexes with FeS can be also noticed in
Figure 30. In Figure 30 it can be seen that a�er implementing the FeS layer (a�er 63 days
of percolation with potassium hexacyanoferrat solution) the measured CN concentration
in both columns was reduced. In the quartz column, about 2 weeks of percolation with the
additional FeS layer, CN concentration in the solution decreased by 18 %. In the column
with the sandy loam layer, the amount of CN in the solution decreased by 41 %. In the
column �lled with quartz material the pH increased slightly from 5.9 to 6.5. In leachates
obtained from the column �lled with sandy loam material the pH value stayed relatively
stable (6.2). Raw data of the 1st column experiment are presented in the Appendix IV.4.

Figure 30:Measured CN concentration v/s percolation time in the 1st column experiment.
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Picture 4: 1st column experiment after a) 1 month of percolation; b) adding FeS layer.

Picture 5: Filtration of the blue-greenish percolation solution from the column filled only with quartz.
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6.4.6 2nd column experiment

1st column experiment resulted in no signi�cant CN loss from the percolating solution,
prior to the application of the iron sul�de layer, where the dissolved iron-cyanide complexes
(in form of potassium hexacyanoferrat (III)) reacted with FeS producing blue-greenish pre-
cipitate. 2nd column experiment was performed to investigate the e�ect of the iron excess
(FeS) and di�erent quartz-sandy loam soil ratio on the potassium hexacyanoferrat (III) so-
lution.

In Figure 31 the measured CN concentrations in the percolating solution v/s the in�ltration
time is shown. Analogous trend of the CN behavior can be noticed in all columns initi-
ated by the strong decrease (�rst 5 days) and followed by the continuous reduction of the
cyanide concentration on a low level (Figure 31). A�er 3 days of percolation the column
with the inserted paper �lter (column 4) became impermeable, the �ow in the column was
sustained, however under lower in�ltration rate. Raw data of the 2nd column experiment
are presented in Appendix IV.5. �e pH of the percolating solutions increased from � 6.4
(beginning of the experiment) to � 7.2 (end of the experiment) (Appendix IV.5).

Visual observation of the bottles containing percolation solutions revealed strong green
coloration, especially in column 1, 4 and 5 and slightly in column 2 (Picture 7), which during
the experiment deposited in form of blue precipitate in the bottom of the bottles (Picture 6).
�e results of the cyanide balance calculations, obtained for the 2nd column experiment are
presented in Table 44 in Appendix IV.5. Subtracting the mass of the precipitated cyanide

Figure 31:Measured CN concentration v/s percolation time in the 2nd column experiment.
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Picture 6: Bottle with the percolation solution with the visible blue precipitate in the bottom.

and the mass of the cyanide present in the solution (in the end of experiment) from the
starting CN mass revealed the highest decrease in the cyanide mass in column 3 and the
lowest in column 5. A balance for column 4was not obtained due to high loss of the solution
during the experiment. According to Table 44 (Appendix IV.5), the lowest mass of the
precipitated CN was weighted in column 3, whereas the highest was obtained in column 5.

Visual observation of column 5 revealed blue patches along the total length of the column
and the change of the in�ltrating solution to blue-greenish (Picture 7). In column 4, blue
patches were visible only above the �lter layer, however the color of the solution changed to
blue-greenish (Picture 7 and 8). Visual observation of the column 1 revealed blue patches
through the whole length of the column (Picture 9) and noticeable change in the color of
percolating solution (Picture 7). In column 2, blue particles were also observed through
the whole column, however the quartz layer beneath the sandy clay loammaterial was only
slightly in�uenced (Picture 9). �e color of the in�ltration solution changed to very light
green. In column 3, blue patches were observed within the sandy loam layer and above
it (Picture 7), but the quartz material beneath was “clean” (Picture 9). �e color of the
in�ltration solution didn’t change (Picture 7).

A�er �nalizing the experiment, the columns were carefully disassembled in order to make
visual observation of the �llingmaterial (Picture 10). Picture 11 indicates analogous behavior
(blue patches) of ferric ferrocyanide in the sandy loam layer, as well as in the quartzmaterial
to the one observed in the material collected from the boreholes at theMGP site in Cottbus.
Results of the total and water soluble CN concentration in the di�erent layers of column
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3 are presented in Figure 32. �e rest of the results are presented in the Appendix IV.5.
Figure 32 indicates analogues spatial distribution of the cyanide concentration within the
soil column to the ones observed in the boreholes A-21 and C-25 (Figures 24, 25 and 26),
where the lower CN concentration is observed, in the sandy layer under the MGP wastes,
prior to the increase within the coherent sandy loam material layer (column: 7-12 cm) and
to the very low concentration in the sandy layer beneath.

Picture 7: The 2nd column experiment after 20 day of percolation.

Picture 8: Columns filled with quartz material: a) with the paper filter, b) pure quartz.
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Picture 9: Columns filled with sandy loam layer and quartz material in ratio a) 1:3, b) 1:1 and c) 3:1.

Picture 10: Disassembling of the column experiment and investigating the material.
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Picture 11: Blue patches occurring in the a) column quartz material, b) column sandy loam material and c)
sample collected at the MGP Cottbus site.

Figure 32: Vertical distribution of the total and water soluble cyanide concentration in the column 3.

Subsequently, the disassembled columnsmaterial was sampled and analyzed using the FTIR
spectroscopy in order to characterize the iron-cyanide complexes. According to Rennert et
al. (2007), the wavenumbers ranging from 2200 to 2000 cm-1 are relevant regarding the
CN stretching vibrations. �e FTIR spectra of the column no. 4 and 5 (quartz material)
revealed the presence of ferric ferrocyanide (2092 and 2084 cm-1), so called soluble Prus-
sian Blue (KFe(Fe(CN)6) with the absorption band at 2077 cm-1. �e presence of potassium
ferrocyanide was revealed (2044 cm-1), which is likely a product of a reduction of the potas-
sium ferricyanide from the percolating solution.

�e FTIR analysis of columns with the sandy loam soil revealed corresponding adsorption
bands to the ones obtained for column 4 and 5. Additionally, a band that occurred at 2067
cm-1 was analogous to the spectral response in the boreholeA-21 (100-110 cm sample), which
according to Rennert et al. (2007) indicates the presence of the solid potassiummanganese
iron-cyanide (K2Mn[Fe(CN)6]).
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6.5 Discussion

In this study batch and column experiments were conducted to investigate and simulate
the retardation of the iron-cyanide complexes through the soil pro�les. Own research
(boreholes A-21 and C-25) conducted at the MGP Cottbus revealed the likely migration
of the cyanide, from the MGP wastes layer through the sandy soil beneath it, towards the
sandy loam layer, characterized by the high CN concentrations and agglomerations of blue
patches. Very low CN concentrations were detected in the sandy layer below (Figure 26 and
27). �e vertical distribution of the cyanide concentration in the boreholes A-21 and C-25
implies the retardation of the cyanide by the sandy loam material.

�ere are few studies dealing with the adsorption of iron-cyanide complexes on soil and
minerals as a possible retention mechanism (Alesii and Fuller, 1976; Fuller, 1985; Meeussen
et al., 1994; Kang et al., 2010) that commonly state that soils with acidic pH are the most ef-
fective in the retention of iron-cyanide complexes. Low soil pH enhances the adsorption of
negatively charged Fe-CN complexes on iron or aluminum oxides and clay minerals, which
are positively charged under acidic conditions. Additionally, under acidic pH, the dissolved
iron-cyanide complexes may precipitate in the solid form ferric ferrocyanide, which addi-
tionally attenuate themovement of contaminants in the soil pro�le. According toMansfeldt
et al. (1998) andRennert andMansfeldt (2002), in acidic soils, the precipitated PrussianBlue
can be subjected to colloidal vertical migration.

Batch experiments revealed a reduction of the CN concentration in the solutions, indicat-
ing slightly higher decrease for potassium ferrocyanide (� 22 %) than for potassium fer-
ricyanide (� 18 %). According to Rennert (2002), ferrocyanide is possibly sorbed due to
inner-sphere complexation on goethite, up to pH = 9. �eis et al. (1986) stated that ferri-
cyanides formmainly outer-sphere complexes and that their formation is dependent on the
electrostatic attraction that increases with decreasing pH value. Slightly higher reduction
of the CN concentration in the potassium ferrocyanide solution can be attributed to the
circum-neutral pH of both batch experiments that, according to the literature, decreases
the electrostatic attraction, negatively in�uencing the outer-sphere complexation of ferri-
cyanide.

Additionally, the decrease in CN concentrations in the batch solutions can be induced by
the possible precipitation reaction in form of ferric ferrocyanide. Rennert (2002) proposed
that part of the ferrocyanide, that is not absorbed on the goethite surface reacts with Fe(3+)

ions in the solution and precipitate in form of Prussian Blue. Generally, the ferric ferro-
cyanide reaction has been considered to be dependent on the reduction of ferricyanide to
ferrocyanide, and in the presence of the ferric ions, the consequent formation of Prussian
Blue (Lillie andDonaldson, 1973). Both batch experiments were conducted under saturated
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water conditions that decrease the reduction of ferricyanide to ferrocyanide and as a conse-
quence, potential precipitation in the solid form.

On the basis of the batch experiments results it is di�cult to de�ne, which mechanisms
(outer or inner-sphere sorption or precipitation reaction) in�uences the CN decrease in
the solutions. Additional investigations of the sandy loammaterial from the MGP Cottbus,
concerning the type of the clay mineral (Table 15), may help in closer interpretation of the
sorption mechanisms.

Once the e�ciency of the sandy loammaterial to reduce the CN concentration in the batch
tests was demonstrated, a series of column experiments were performed to investigate this
process. In the 1st column experiment, initially no change in the CN concentration was
measured (Figure 30). 2 months of percolation with the potassium ferricyanide solution re-
vealed only a very slight decrease: 2 % in the quartz and 6 % in the column with the sandy
loam material. According to �eis and West (1986), ferricyanide complexes can sorb onto
iron and aluminum oxides, especially at the lower (acidic) pH values. Ghosh et al. (1999c)
stated that in the neutral pH range ferro and ferricyanide complexes do not absorb onto
sand and gravel material. According to the results obtained in the 1st column test, the exper-
imental conditions (slightly acidic pH and oxic environment: Table 38 in Appendix IV.4)
were not favorable for the reduction of the cyanide concentration via sorption reactions.

As it was mentioned in the introduction, the puri�er wastes contained large amounts of
amorphous iron sul�de (Environmental Resources Limited, 1987), which could have an
acidifying e�ect on soil due to the formation of sulfuric acid, causing protonation of the sur-
faces and supplying the iron excess, generated by the oxidation of iron sul�de, which could
enhance the iron-cyanide complexes to precipitate in the solid form (ferric ferrocyanide).
Subsequently, a layer of synthetic FeS mixed with quartz sand material was implemented
on top of both columns, which resulted in a CN decrease in the solution amounting to 18
% in the quartz and 41 % in the sandy loam material (Figure 30). According to Ghosh et al.
(1999a), Prussian Blue and Turnbull’s Blue are two primer stable solids formed on addition
of iron to solutions of cyanide or iron-cyanide complexes. Prussian Blue forms at lower pH
and greater pE values, whereas Turnbull’s Blue forms at a range of pH values, from low to
high, but under anoxic conditions (Ghosh et al., 1999a).

Additionally, in the column containing exclusively quartz material, the percolating solution
changed color from yellow to green (Picture 4). Ghosh et al (1999b) suggested that the de-
crease in the CN concentration in sand at pH below 7 is not a result of adsorption, but the
precipitation due to the e�ectiveness of Fe(2+) and Fe(3+) dissolution. According to Ghosh
et al., (1999c) cyanide in groundwater will be transported as a non-reactive species at sites
with sand-gravel aquifer material. Filtering (< 2 µm) of the percolation solution obtained
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from the quartz column indicated that the green coloration is a result of blue particles (Pic-
ture 5). �e method used for the cyanide concentration measurement in column leachates
(digestion with acid) does not digest the CN in the solid form (ferric ferrocyanide), which
implies that the reduction of the CN concentration in the quartz column is attributed to
the precipitation reaction, induced by introducing FeS, and the vertical transport of the col-
loids through the quartzmaterial to the solution. According toDzombak et al. (2006)many
researchers highlight the potential importance of iron-cyanide solid colloidal transport in
acidic soils, however this phenomenon has never been directly demonstrated. According
to Mansfeldt et al. (1998) Prussian Blue is known to form colloids and its transport do not
necessary require the dissolution and reprecipitation processes.

Visual observation of the column with sandy loam soil revealed no color change in the per-
colating solution (Picture 4a), which implies additional physical �ltering properties of the
coherent material. Vertical colloidal transport of the particles was most probably inhibited
by the smaller pore spaces that physically induce the �ltration e�ect and in�uence the water
�ux, which is not as steady as in the quartzmatrix. Colloids are particles with e�ective diam-
eters less than 10 µm (McCarthy and Zachara, 1989) so that transport is highly dependent
on the colloid size and soil grain size distribution (Scott et al., 2002). Natural porous media
exhibit a wide range in pore size due to variation in grain size, orientation and con�guration
and surface roughness (Scott et al., 2002). Another phenomenon a�ecting the colloid trans-
port is straining, so the trapping of colloids particles in the down-gradient pores that are
too small to allow physical particle passage (McDowell-Boyer et al., 1986), which can also
be explained as a mechanical �ltration. Generally, colloid straining is mainly controlled by
the size of the colloid and the soil pore size distribution. However, many chemical factors,
like pH, ionic strength, surface charge, chemical composition, in�uence the aggregating be-
havior of the colloids. Nevertheless, except of the apparent mechanical �ltration properties
of the sandy loammaterial, additional reduction of the CN concentration can be attributed
to the possible chemical e�ects like sorption reactions or formation of new compounds.

Results obtained in the 2nd column experiment indicated cyanide reduction in the perco-
lation solutions in all 5 columns (Figure 31). Despite of the analogous trend of the CN
concentration decrease in Figure 31, it can be noticed that columns containing coherent
sandy loam material more e�ciently reduce the cyanide in the solution.

In column 4 and 5, visual observation of the quartz material and percolation solutions im-
ply that CN reduction is a consequence of the precipitation reaction. �is assumption is
supported by the fact that paper �lter, implemented in the column 4, was promptly imper-
meable due to accumulation of precipitated iron-cyanide complexes. �e FTIR analysis of
the quartz material from column 4 and 5 indicated the presence of ferric ferrocyanide and
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soluble Prussian Blue, which is expected in the presence of additional K+ ions. Mansfeld et
al. (1998) and Ghosh et al. (1999b) reported dark blue solids in the soil pro�les from aMGP
site and column experiment using a sand-gravel material, respectively. �e agglomeration
of the colloid iron-cyanide complexes (blue patches), observed in column 4 and 5 (Picture
8 and 11), can be a consequence of a time-dependent retention, which is reported to be a
result of di�erences in the behavior of colloids on clean porousmedia and onmedia already
containing colloids (Johnson and Elimelech, 1995). �erefore, colloids that are retained in
the smaller pores decrease the e�ective pore size and may therefore increase subsequent
particle retention in these pores (Scott et al. 2002). Visual observation of the 2nd column
experiment indicated the capacity of the sandy loam material to physically �lter the CN
colloids from the percolating solution. �is �nding is supported by the cyanide balance
presented in Table 44 in Appendix IV.5, where the mass of precipitated CN in the bottle is
decreasing with increasing quartz-sandy loam soil ratio.

Noticeable di�erence in the reduction of cyanide concentration between columns contain-
ing a sandy loam layer and columns packed exclusively with quartz material indicate
additional chemical e�ects of the coherent soil. �e FTIR analysis of the disassembled
column material, indicated the presence of the solid potassium manganese iron-cyanide
(K2Mn[Fe(CN)6]) (Rennert et al., 2007). Keizer et al. (1995) suggested that for soils with
higher pH (pH > 5) equilibrium exists with manganese iron cyanide (Mn2Fe(CN)6), which
in the excess of K� ion can be found in the form of potassium manganese iron-cyanide.
�ey suggested that the mobility of cyanide is highly in�uenced by the amount of available
manganese and solubility of the manganese oxide present in soil. �ey stated that the iron
cyanide solubility in non-acidic soils (pH > 5) is not a result of equilibrium with Prussian
Blue, but rather with the solid compounds of manganese iron cyanide. Many authors have
noted the strong adsorption capacity of the hydrous manganese oxides (Jenne et al., 1968)
resulting in possible accumulation of large amounts of other ions from the soil solution
(McKenzie, 1970). �e XRF analysis of the uncontaminated sandy loam material from the
MGP site revealedMn concentration amounting to 180 mg kg-1. Additional studies need to
be conducted to investigate this process, including the speciation of the form in which the
Mn present in the coherent soil. Nevertheless, as demonstrated in this study, reaction with
the manganese oxides, resulting in forming the solid potassium manganese iron-cyanide,
is partially inducing the reduction of the cyanide concentration in the percolating solution.

�eRFA analysis of the uncontaminated sandy loammaterial, prior to column experiments,
indicated high iron concentration (up to 13000 mg kg-1), that correlate with the adsorption
of ferricyanide on iron oxides as a potential retention mechanisms. �e upper part of the
sandy loam layer could possibly be a�ected by the oxidation of iron sul�des, which due
to acidifying impact could cause protonation of the surfaces leading to potential sorption.
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However, this is just a theory since the pH inside of the column was not determined.

Visual and chemical investigation of the disassembled column material (Picture 10 and 11)
revealed analogous cyanide vertical distribution to the one observed in the boreholes A-21
and C-25. In columns 1-3, the highest total cyanide concentration was obtained within �rst
2 cm of the sandy loam layer, which decreased with increasing depth (Figure 32). Relatively
low water soluble CN concentration (Figure 32) implied the presence of solid iron-cyanide
complexes, which were proven to be in form of ferric ferrocyanide and potassium man-
ganese iron-cyanide (FTIR analysis). Mansfeldt et al. (1998) investigated the soil pro�le
from a former MGP site, where the layer of the glacio�uvial sand acted like a sink for the
vertically transported iron-cyanide complexes that were mobilized from the MGP waste
material, in form of ferric ferrocyanide colloids. Our �ndings are consistent with the study
conducted by Mansfeldt et al. (1998), where the change in soil texture a�ects the pore size
and the water �ux which as a consequence �lter the ferric ferrocyanide colloids. However,
Mansfeldt et al. (1998) stated that this form of Prussian Blue transport is feasible in ex-
tremely acidic conditions. Our study indicated that with the excess of iron source and in
circum-neutral pH conditions, colloid vertical movement of solid iron-cyanide complexes
can be achieved.

6.6 Conclusions

Visual observation and the laboratory analysis of the soil material collected from two bore-
holes revealed potential vertical migration of the cyanide, from the MGP wastes towards
the sandy loam layer, which appeared to act like a sink for iron-cyanide complexes. Acidic
character of the MGP wastes, and the soil beneath it, collide with the high mobility of the
cyanide. In this study, retention properties of the sandy loam soil and the potential vertical
movement of the solid iron-cyanide complexes, co-existing with the dissolution, sorption
and precipitation reactions were investigated.

Batch experiments revealed that in the circum-neutral pH conditions, the sandy loam ma-
terial decreases the potassium ferro and ferricyanide concentration. However, in the 1st col-
umn experiment, no signi�cant reduction in the cyanide concentration, both in the quartz
and coherent soil, was obtained prior to implementing an additional iron source (FeS).�e
study revealed that the excess of the available iron, which induced the formation of the Prus-
sian Blue colloids, was a very important factor in decreasing the cyanide concentration. Vi-
sual observation and chemical analysis of the quartz sand, sandy loam soil and percolation
solutions implied that the CN concentration reductionwas partially a result of precipitation
reactions. Sandy loam soil appeared to retard the vertical migration of the iron-cyanide col-
loids due to mechanical �ltering. In the quartz sand, precipitated ferric ferrocyanide was
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vertically transported along the column as a non-reactive species, changing the color of the
percolation solution.

Higher reduction of the cyanide concentration by the sandy loammaterial, indicate possible
chemical e�ects of the coherent soil. Long-term acidi�cation due to iron sul�de oxidation
would enhance the extent of iron-cyanide complex sorption, because the surfaces of poten-
tial mineral sorbents become protonated and thus positively charged. Spectroscopic analy-
sis of theMGPmaterial suggested reaction withMn oxides (formation of K2Mn[Fe(CN)6])
as a possible retention mechanism, despite the circum-neutral pH of the percolating solu-
tion. It is possible that the reduction of the cyanide concentration in the circum-neutral
conditions is not only a result of equilibrium with Prussian Blue, but also with the solid
compounds of manganese iron cyanide.
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7 Supplementary discussion

In this Chapter the discussion concerning additional, unpublished measurements and ex-
periment, obtained for the purposes of the studies presented in Chapters 3, 4 and 5, is
shown.

7.1 Limitations of the FP NIR spectrometer

Di�use re�ectance occurs when light penetrates the surface of a sample material and it is
partially re�ected and transmitted, and the re�ected radiation is passed back into the spec-
trometer. Spectral features of the soilmaterial in theNIR region are based onmolecular over
tones and combination vibrations of C-H,O-H andN-H.NIR is comprised of combinations
and overtones that is anharmonic oscillation, cause the bonds do not obey Hooke’s law ex-
actly. �e anharmonicity of the covalent bonds allows the harmonic motion (overtones) to
occur in the NIR region. Hydrogen, as a light atom, reveals the largest vibration and the
greatest deviation from the harmonic behavior. �e NIR region corresponds to bonds con-
taining light atoms with single bonding, whereas the bands for bonds such as C=O, C�N
aremuch weaker or absent. Cyanide however, contains a carbon atom triple-bonded to a ni-
trogen atom that obtains lower anharmonic oscillations, which as a consequence produces
weaker NIR response.

Depending on the soil constituents, the radiation will cause the individual molecular bonds
to vibrate, either by bending or stretching, and they will absorb light, to various degrees,
with a speci�c energy quantum corresponding to the di�erence between two energy levels,
which is directly related to frequency and inversely related to wavelength (Stenberg et al.,
2010). �e result - absorption spectrum, can be further used for the analytical purposes. In
the NIR region, the frequencies at which the light is absorbed occurs as a reduced signal
of re�ected radiation and are displayed in % re�ectance (R), which can be transformed to
apparent absorbance: A=log(1/R) (Stenberg et al., 2010).

�e spectrometer (PHAZIR™) used for this study was an integrated handheld spectral an-
alyzer that is designed to analyze di�use re�ection measurements from solids, powders or
other re�ective materials. According to the manufacturer (Polychromix), the FP NIRs are
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currently used in a broad variety of applications from laboratories to industrial process con-
trols, includingmaterial identi�cation, quantitative analysis, purity analysis, quality control
andmaterial inspection. Screening the literature yielded some applications of the PHAZIR™
device in pharmacology and in the carpet industry, but for the soil science, as shown in
Chapter 3, spectrometers in the laboratory set up and complex sample preparation meth-
ods were used. Personal communication established with the Senior Engineer from Poly-
chromix revealed that preliminary studies of United States Geological Survey (USGS) data
with the FP NIR were conducted, but particularly concerning minerals, due to the fact that
the soil samples in the NIR region were inconclusive. �e Polychromix employee recom-
menced using the mid IR range for the soil and cyanide analysis. �is method was further
applied as a reference for the NIR signal.

Spectral properties of bare soils are governed mainly by the soil constituents (e.g. soil or-
ganic matter, iron oxides, clay minerals and soil water) and soil roughness (e.g. particle size
and aggregate size) (Atzberger, 2002), which a�ect the re�ection of radiant energy from
soils. According to Viscarra Rossel et al. (2006), both clay minerals and SOM are the fun-
damental constituents of the soil and have well-recognized absorption features in the NIR
region, whereas other properties, including pH, extractable P, K, Fe, Ca, Na, Mg and CEC,
are highly variable due to dependency on combinations of other soil properties (water, or-
ganics and minerals). Good examples are metals that do not absorb in the NIR region, but
can be detected due to co-variation with spectrally active components like organic matter
or clay minerals. Malley and William (1997) attributed most of the variance in the heavy
metal concentration to organic matter content.

According to the literature and the information gathered from di�erent specialist all over
the world, FP NIR works more e�ciently with simple matrixes. Particulate materials hav-
ing low absorption, such as quartz, strongly scatter light in the forward direction with a
maximum re�ectance, which decreases the amount of the shadowed area (backscattering)
(Atzberger, 2002). In the beginning of the project, the performance of the NIR spectrome-
ter was evaluated by generating a simple model for the cyanide detection in a quartz matrix.
Synthetic ferric ferrocyanide (used in Chapter 3) was mixed at the di�erent ratios with the
synthetic quartz. Scans of the samples were collected with the FP NIR, and preprocessed
with themultivariate data analysis PHAZIRMGprogram, where the statisticalmethods like
PLS, PCAwere applied to the data set. �e application for the device was generated and pre-
installed. �e performance of the spectrometer in predicting the CN concentration in the
quartz matrix was more than satisfactory.

Unfortunately, soil matrix is much more complicated than quartz, including various par-
ticle size, di�erent colors (which in�uence the absorbance), water signal, organic matter
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coating or even signals of di�erent elements or minerals that can inhibit the cyanide band.
Moisture decreases the re�ectance as the consequence the portion of energy is not re�ected
to space but is re-re�ected between the surface of the particle and the surface of the wa-
ter �lm covering the particle (Baumgardner et al., 1985). Water signal in the NIR region
is between the 7143 and 6667 cm-1 so it does not interfere with the CN signal at 4215 cm-1.
However, multiple-re�ection increases the absorption and decreases the re�ection of the
entire spectrum. It was quickly realized that the soil samples had to be dried prior to the
spectra collection.

Variation in particle or aggregates size is another important issue in the NIR region. Gener-
ally, decrease in the particle size increases the re�ectance and the contrasts of the absorption
features (Atzberger, 2002). �is becomes evident when considering that the surface of the
particle becomes smoother with the decreasing size. When the light signal penetrates the
coarse aggregates of irregular shape, it falls within the gaps and is absorbed there (Baum-
gardner et al., 1985). Sieving was the second necessary soil pretreatment prior to data col-
lection with FP NIR.

Within the �rst few months of the study it was realized that using the device in-situ (with-
out drying and sieving of the soil samples in the laboratory) would not progress the cyanide
model development. Figure 33 shows the raw (not pre-processed), almost featureless, spec-
tra of the few soil samples collected at the MGP Cottbus a�er drying in the laboratory. �e
particle size distribution of the sample a�ects the degree of scattering, as the coarser struc-
ture increases the scatter and the absorbance (baseline shi�s). �e spectra pre-processing
(Figure 34) was very helpful in raising the important common features of the soil scans and
enabled focusing on the part of the spectra that was essential for the cyanide signal. How-
ever, the soil samples, whereCN concentrationwas lower than 1500mg kg-1showed no band
at the 4215 cm-1. �is happened to be a big limitation for our project since almost 80 % of
the samples used for calibration and available in this study had a cyanide concentration
below 1000 mg kg-1.

It is o�en suggested that smaller soil variation at the �eld scale would result in better calibra-
tion than a more general one (Stenberg et al., 2010). �e soil used for this calibration was
highly inhomogeneous and collected fromdi�erent depths, which negatively in�uenced the
calibration. Since the FP NIR performance for the samples with high CN concentrations
(< 1750 mg kg-1) was quite satisfactory, the next step would be to create a model for the
samples were only CN concentrations higher than 1750mg kg-1 occurred. �e problemwas
to obtain the satisfactory amount of samples from the already planted MGP site in Cottbus.
Generally, the higher the number of samples used for the calibration the better the models
are. Unfortunately, the number of samples with such a high CN concentration was limited.
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Additionally, random collection of the soil material, used for the FP NIR calibration, re-
sulted in the samples containing high OM content (top soil), which has a strong in�uence
on soil re�ectance (OM content exceeding 2.0 %) (Atzberger, 2002). Malley and Williams
(1997) reported that the predictive capability of the NIR region can be improved by sepa-
rately calibrating for highly organic and highly inorganic samples. �e in�uence of the OM
content in the cyanide study was possibly reduced by the sample grinding, which decreased
the particle coating e�ect.

Another sample pretreatment, possibly improving the feasibility of FP NIR to measure the
CN concentration, is collecting the soil spectra at a stable temperature. According to De-
Braekeleer et al. (1997), the variation in temperature results in an additional source of vari-
ation in the spectral response. Additionally sample sets can be divided according to the soil
color (dark and light). Lighter samples have low absorption, whereas darker ones absorb
light to the higher extent, which lowers the re�ectance.

As pointed above, there are many potential ways to improve the feasibility of the FP NIR
to measure the cyanide concentration in the soil, but every additional sample pretreatment
step (drying, homogenizing, sieving, grinding, temperature measurement, division accord-
ing to soil color and OM content, sample collection from the small �eld scale etc.) was
bringing us back to the laboratory instead of making the measurements in-situ, which was
the main aim of our study.

7.2 Additional measurements conducted for the purposes of the Prussian Blue
stability study

�e values of cyanide concentrations, measured with the FIA, for column and batch exper-
iments are shown in the Tables 17, 18, 19 and 20 in the Appendix II.1. Chapter 4 mainly
relates to the batch I experiment, since introducing all batch experiments (3) conducted
during this study, would go beyond the scope of Chapter 4. Raw data of the batch 2 and
3 are shown in Table 19 and Table 20, respectively. Batch 3 was conducted only for 1 h,
while batch 2 lasted for 382 h during which problems with the calibration of the measuring
device (FIA) occurred, so it was decided not to include those results into the publication
Sut et al. (2013). Soil used for the batch, as well as for the column experiment, was sup-
plied by the German Railways (DB AG) in the big beakers (60 L), where each of the beaker
was labeled with the letter related to the collection point (A, B, C and D). Soil in beakers
was very inhomogeneous, so for each experiment a few kilos were taken from the big pull
(beaker), homogenized and then used for the further analysis. �e column experiment
and the batch 3 experiment were conducted on the soil material collected from the beaker
at the same time, which can explain a slightly better correlation in Figure 36 (R2=0.9977).
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Batch 1 (used for the study presented in Chapter 4) and batch 2 were conducted on the soil
collected from the same beakers, but not at the same time as the material used for the col-
umn experiment, which, due to the high inhomogeneity of the material, explains slightly
worse correlation obtained in the Figure 35 (R2=0.9487) and in the Figure 17 (R2=0.8468).

�e correlations obtained for the column and the batch experiments were related to the
cyanide concentrations in phase I.�ephase Iwas based on the readilywater soluble cyanide
(Chapter 4) which were visually obtained from the graphs. Prior to data comparison, it was
assumed that the cyanide concentrations used for the correlations should be based on the
pore water volume. Our hypothesis assumed that all of the readily water soluble cyanide
should be washed out of the columns within 2 pore volumes. Because this parameter was
not determined prior to the experiment, it was attempted to obtain the reliable values using
3 di�erent values: �eld capacity (Table 21), porosity (Table 22) and particle density determi-
nation via pycnometers (Table 23). Unfortunately, the values obtained for the pore water
volume did not bring unambiguous results. �e obtained pore water volumes di�er ac-
cording to the determination methods, so it was decided not to use this parameter in the
correlation.

In order to primarily evaluate species distribution, focusing on cyanide and hexacynanofer-
rate speciation in the aqueous solutions of the soil column extracts, a chemical equilibrium
program PHREEQC (Parkhurst and Appelo, 1999) was used. Prior to this study, specia-
tion calculation was performed by Meeussen et al. (1992a; 1994), Ghosh et al. (1999c) and
Weigand et al. (2001). �e input �le consisted of following extract characteristics: pH (mea-
sured for each soil column extract); redox potential (was assumed to be equal to an Eh
of 500 mV, as the column experiment was performed under unsaturated condition); total
amounts of the components involved (CN, Fe, Ca, K) (Table 4) and their equilibrium con-
stants (Table 25); and the total amounts of selected constituents (Mg, Mn, SO2-

4 , NO�

3 , Cl)
(Table 4).

�e calculations were performed in order to evaluate and compare the cyanide species dis-
tribution for di�erent columns extracts (A, B, C and D), at the beginning and the end of
experiment, according to given components concentrations, pH and assumed redox poten-
tial. �e Fe3+ activity was assumed to be controlled by equilibrium with soild Fe(OH)3
and Fe3(OH)8 (reactions 1 and 2 in Table 25) and the Fe(CN)-36 by the dissolution of ferric
ferrocyanide (reaction 3 in Table 25).

Determination of the di�erent cyanide species in the water (soil column extract) is ex-
tremely time consuming due to several di�erent analyses that have to be performed on
the single sample. �erefore experiments are frequently limited to ‘total cyanide’ and ‘weak
acid dissociable cyanide’ analysis. Additionally, di�erent methods (acid digestion, extrac-
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tion with sodium hydroxide etc.) can change the chemistry of the water sample, which as a
consequence alter the dissolved CN species.

In this study soil column leachate speciation was performed with a chemical equilibrium
program PHREEQC. �e distribution of cyanide species in the column extracts did not
di�er greatly, especially between starting and ending measurement. �e exception is wa-
ter from column D, where very low concentrations of cyanide were measured in the end
of the experiment (Table 26). �e speciation calculation revealed Fe(CN)-36 , CaFe(CN)�6 ,
CaFe(CN)-26 and HCN as predominant species for all soil column extracts (A, B, C, D).�is
result is most probably caused by basic pH (6.44-8.13) and assumed oxic conditions (Eh
= 500 mV). In groundwater at MGP sites most abundant are the iron-cyanide complexes
found in two oxidation states: Fe(CN)-36 and Fe(CN)-46 (�eis et al., 1994). Reducing condi-
tions will reduce Fe(CN)-36 to Fe(CN)-46 . Oxic conditions of our soil column extract explain
the presence of Fe(CN)-36 and production of labile complexes with Ca+2 (CaFe(CN)�6 and
CaFe(CN)-26 � (Table 26). �ese �ndings are consistent with the study made by Meeussen et
al. (1992a and 1994). Speciation modeling also revealed the presence of HCN in the soil col-
umn extracts. �is is not consistent with the additional measurements performed with the
FIA in order to determine the HCN concentration in the columns leachates. �e analysis
was performed directly on the water sample, without acid digestion, to exclude alternation
of the sample chemistry. �e obtained results indicated HCN concentration below limits of
detection (< 0.02 mg L-1).

According to Gosh et al. (1999; 2004) cyanide can occur in aqueous solutions in a free,
uncomplexed form as hydrocyanic acid (HCN) and its dissociation product cyanide an-
ion (CN-). As stated in the equilibrium calculations (Table 25) under oxic conditions iron-
cyanide complexes should dissolve releasing free cyanide. �is is not consistent with leach-
ing experiments using spent bog iron ore performed by �eis et al. (1994), where no free
cyanide was found in water. It is commonly known and accepted that the cyanide present in
the groundwater and soil solution at the formerMGP sites mainly occur in the form of iron-
cyanide complexes. On the other hand equilibrium calculations performed byMeeussen et
al. (1992a) indicated similar iron-cyanide complexes dissolution behavior demonstrating
free cyanide as a predominant species. According to Rennert (2002) this result demon-
strates that modelling the species distributionmay not be performed under the assumption
of a local equilibrium, because of the large di�erences between the modelled and the mea-
sured species distribution. �e di�erence between the measured and calculated cyanide
species in a water matrix can be additionally explained by very slow decomposition of these
complexes in the dark. Water containing Fe-CN complexes when exposed to the light will
release HCN, in the dark, this reaction (under this pH and pE conditions) might take 1000
of years (Meeussen et al., 1992a).
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7.3 Long-term ‘‘one-phase release’’ of the iron-cyanide complexes from the
acidic soil

�e study of the long-term iron-cyanide complexes release from the MGP soils, presented
in Chapter 5, assumes that the discharge is constrained by two phases: one available and
one strongly �xed. Applying di�erent isotherm and kinetic equations to the experimental
results obtained from the column leaching experiment (Figure 19), without separating the
data set into two phases, resulted in very low correlations. According to visual inspection of
the release curves (Figure 19) and to the low correlations it was decided, in order to extract
additional information concerning the CN release process, to divide the data set into two
phases. �is study is presented in Chapter 5. Applying the isotherm equations assumed
that the CN release is separate in time, whereas using the kinetic equation considered that
both phases occur simultaneously. �e study revealed that the two phase approach does not
exactly re�ect the release of the iron-cyanide complexes from the soil C. Own preliminary
studies had shown that the top soil C is acidic (pH = 5), has a very high total CN content
and relatively low water soluble cyanide content (Table 3) when compared to the other soils
used in this study. Furthermore, the CN release curve (Figure 19), obtained from the col-
umn leaching experiment, does not indicate a signi�cant change in the release rate, rather
pointing to the constant, but continuous process. Generally the release of iron-cyanide com-
plexes is very pH dependent and is increasing with increasing pH, which was proven by the
study conducted by Meeussen et al. (1990). �ey investigated leaching from soils contam-
inated with iron-cyanide minerals in a column experiment and a batch experiment under
di�erent pH conditions (pH 3 - 9). Low pH of the investigated soil C justify the low water
soluble cyanide content and therefore interpret the presence of only one phase.

Another acidic soil used in the leaching column experiment, was soil B (pH = 5.7), however
the slight increase of the pH, when compared to the soil C, resulted in the higher water sol-
uble cyanide content (Table 3) and in the release of the iron-cyanide complexes constrained
by two phases (Figure 19). �is result proves how pH sensitive the stability of ferric ferro-
cyanide is. Another reason can be a low OM content of soil B. Soil C was collected as a top
soil, whereas soil B was the sandy layer beneath the top soil A. According to Ghosh et al.
(1999), both ferricyanide and ferrocyanide were not restrained by the sandy aquifer mate-
rial and the lower release rate of the soil C can be additionally constrained by the possible
sorption on the organic matter, which can take place through the hydrogen bonds under
acidic conditions (Mansfeldt, 2003).

�e isotherm and the kinetic equations used in the study presented in Chapter 5, where
applied to model the release of iron-cyanide complexes from the soil C considering one
phase release. �e equations were applied to the entire data set, without dividing it into
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phases. �e parameters of the correlations are presented in Table 27. Modeling revealed the
highest correlation coe�cient when the Parabolic Di�usion equation was applied to the
data set (R2=0.98). �e correlation obtained with the Freundlich and the First Order equa-
tion was also satisfactory (R2=0.94). However the lowest standard error was obtained when
Freundlich Equation was applied. �e Elovich equation resulted in the lowest correlation
(R2=0.83) and the highest standard error (SE = 9.11). According to the visual representation
of the applied equations (Figure 37), the best �t of the regression line was obtained when
the Freundlich equation was applied to the data set.

�e short study of the long-term iron-cyanide release form soil C revealed that the dissolu-
tion mechanism of the solid CN compounds is constrained by one phase. Due to the acidic
nature of the soil, the readily dissolved CN amount is very low (Table 3), which only slightly
changes (increases) the release rate within the �rst few days of leaching (Figure 19). Except
for the Elovich, all the applied equations successfully described the data set. However, the
best visual �t of the regression line (Figure 37) and the lowest SE was obtained by using
the Freundlich equation, which was used by many scientists to describe the behavior of
organic and inorganic compounds (Chien and Clayton, 1980; Aharoni et al., 1991). �e Fre-
undlich equation is o�en used for heterogeneous surfaces and describes desorption from
solids to solutes in liquid and assumes that di�erent sites with several adsorption energies
are involved.
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8 Synthesis

8.1 General conclusions

Both in public and private sector, there is a general awareness of the need for faster, bet-
ter and cheaper methods for site characterization and remediation. �e management of
the former MGP sites can be very challenging due to the complex chemistry of the wastes.
MGP sites can provide opportunities to try new methods for the contaminant detection,
and to relate the obtained results to the existing knowledge based on other MGP sites. �e
main purpose of this research was to gain a deeper insight into detection and behavior of
iron-cyanide complexes in the soil environment, in order to improve the e�ciency of the
phytoremediation projects, and to enable rapid and non-destructive measurement in the
�eld. �is chapter presents the major objectives of the research presented in this thesis and
provides a brief conclusion concerning the obtained results.

�e �rst aim of this research was to investigate the feasibility of FP NIR spectrometer to de-
termine the CN concentrations in soil. �e process of characterizing and remediating the
MGP site involves �rst site screening, so determining the ‘hot spots’ of contaminants con-
centrations. Generally, di�use re�ectance spectroscopy provides an attractive alternative for
the laboratory measurement, due to rapid, cost-e�ective and non-destructive in-situ anal-
ysis. However, as demonstrated in Chapter 3, the limits of detection for the determination
of the cyanide concentrations are too high to replace the traditional laboratory methods.
As described in Chapter 7.1, it was quickly realized that the limitations, resulting from the
chemistry of the compound and the complexity of the soil matrix, would bring us back
to the laboratory. �e cyanide group consists of a carbon atom triple-bonded to a nitrogen
atom that will produce less fundamental stretching and bending vibrational modes than for
example the harmonics and overtones of X-H. In addition, the NIR spectra are also highly
in�uenced by the physical structure of the material including di�erent particle size, di�er-
ent colors (which in�uences the absorbance), water signal, organic matter coating or even
the signal of di�erent elements or minerals that can inhibit the cyanide band. Additionally,
the study revealed that the feasibility of FP NIR to measure cyanides in the soil improves
with advancing the sample preparation procedure.

�e part, concerning advancing the knowledge of cyanide behavior in the soils of a for-
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mer MGP sites, was initiated with the Prussian Blue stability study. Until recently, regula-
tion and management of cyanide in water and soil have been focused on total (inorganic)
cyanide content, which causes potential restraints in the remediation projects. Especially
concerning implementation of phytoremediation strategies, the lack of a standard leaching
procedure to determine the water soluble (plant available) cyanide fraction can be a key fac-
tor a�ecting the e�ectiveness of the project. Batch and column experiments, conducted for
the purposes of this study, revealed continuous dissolution of the solid iron-cyanide com-
plexes, for both alkaline and acidic soils, which question the solubility values reported in
the literature and available procedures (suggested by Standard Methods) for de�ning water
soluble cyanide fraction. �e study revealed that dissolution of ferric ferrocyanide under
circum-neutral pH, oxic conditions is a function of time and only the released amount is
soil pH dependent, thus introducing one more fraction to specify cyanide release was rec-
ommended. In this research, an approach of long-term extraction or leaching of surface
and near-surface cyanide contaminated soils with distilled water, as a reliable tool for as-
sessing the potential environmental hazard, was suggested. It was proposed to specify 1 h
of water extraction as a “readily soluble fraction”, whereas the rest of the liberated cyanide
can be determined as the “long-term water available fraction” that is di�cult to be de�ned
in time.

Another limitation, recognized while conducting the column leaching experiments, was
the lack of rapid and noninvasive methods for determining di�erent water soluble cyanide
species. �e chemical equilibrium modeling was performed to evaluate and compare the
cyanide species distribution in the column leachates, in the beginning and the end of the
experiment. �e chemical equilibrium modeling revealed free cyanide and HCN as one of
the main species, which does not correlate with the measured species distribution (FIA).
According to the literature, the cyanides present in the groundwater and soil solutions at
the former MGP sites mainly occur in form of iron-cyanide complexes. �e evident di�er-
ence between the modeled and measured cyanides implies that the chemical equilibrium
modeling should not be performed considering local equilibrium conditions.

Furthermore, stability leaching experiment revealed that long-term release of iron-cyanide
complexes from the MGP soils is governed by two phases: one readily dissolved and one
strongly �xed. To design e�ective remediation strategies it is crucial to quantify and mathe-
matically model the contaminant release rate, column studies can provide key information
concerning themechanism of the iron-cyanide complexes dissolution or desorption, where
the release rate parameters can be estimated from the isotherms of the time dependent data
using various mathematical models.

Applying the isotherm equations (Elovich, Freundlich and Parabolic Di�usion) to the col-
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umn data assumed that both phases are separate in time. For phase I, obtained results imply
that the transport process of the readily dissolved iron-cyanide complexes (hexacyanofer-
rats), taking place in the liquid phase, combinedwith the desorption of CN bound to hetero-
geneous surfaces that are in direct contact with aqueous phase (outer-sphere complexation)
is the main release mechanism. Inde�nite results for phase II, most probably indicate that
the long-term iron cyanide release from the MGP soils is a complex phenomenon driven
by various mechanisms involving desorption, di�usion and dissolution processes like the
dissolution of precipitated ferric ferrocyanide or of inner-sphere complexed ferricyanides.

Applying amultiple �rst order equation to the experimental data, assumed simultaneous oc-
currence of both phases, which is considered to closer re�ect the probable cyanide release
mechanisms from the MGP soils. �is non-equilibrium approach adequately described
the CN release from soil A, B and D, except for the soil C, where the low pH justi�ed the
low water soluble cyanide content and therefore explained the presence of only one phase.
Additional modeling, considering one phase release using di�erent isotherm and kinetic
equations, revealed that the soil C follows the mechanisms of desorption from solid hetero-
geneous surfaces to the liquid.

�e iron-cyanide release rates revealed that the CN mobility is mainly in�uenced by the
pH, by the initial CN concentration and by the possible sorption on soil organic matter.
�e cyanide release rates increased with increasing pH, decreased with low initial CN con-
centration and was retarded by an increase in OM content.

According to the literature, the mobility of iron-cyanide complexes in soil is mainly gov-
erned by dissolution and precipitation reactions. Very little is known about the potential
vertical movement of the solid iron-cyanides via colloidal transport. �e laboratory analy-
sis of the two long soil boreholes, revealed the likely migration of cyanide from the MGP
wastes layer through the sandy soil, towards the sandy loam material. �e acidic charac-
ter of the wastes and soil implied colloidal vertical transport of the ferric ferrocyanide as a
potential process in�uencing the cyanide mobility. Characteristic blue patches (accumula-
tion of precipitated Prussian Blue) and high CN concentrations detected in the sandy loam
material pointed to the sink character of the coherent soil.

Lastly, the retardation of the iron-cyanide complexes by the sandy loam soil form the MGP
Cottbus was studied in the column and batch experiments. �e laboratory studies were
successful in simulating the iron-cyanide complexes behavior in the contaminated soil of a
former MGP site in Cottbus revealing the formation of ferric ferrocyanide, from reaction
of potassium ferricyanide with iron sul�de, retardation of Prussian Blue colloids demon-
strated by blue patches and by reduction of the CN concentration in the in�ltrating solution.
Sandy loam soil retarded verticalmigration of iron-cyanide colloids due tomechanical �lter-
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ing. Spectroscopic analysis (FTIR) of the coherent soil suggested reaction with Mn oxides
(formation of K2Mn[Fe(CN)6]) as a possible retention mechanism.

In the quartz sand, precipitated ferric ferrocyanide was vertically transported along the col-
umn as a non-reactive species, changing the color of the percolation solution to blue-green.
A colloidal vertical transport of the Prussian Blue particles along the column pro�les was
demonstrated as a potential alternative process in�uencing cyanide mobility in the circum-
neutral pH and under conditions of excess iron availability.

When evaluating the environmental fate of iron-cyanide complexes, dissolution of solid
ferric ferrocyanide as well as colloidal transport should be taken into consideration. �is
research demonstrated the potential risk of soil and groundwater contamination due to
high instability of solid iron-cyanide complexes in circum-neutral pH conditions. How-
ever, in acidic environment as well as in the excess of iron, mobility of Prussian Blue can be
constrained by the vertical migration of colloids. �is research demonstrated the lack of a
standard leaching procedure to determine the water soluble cyanide fraction and the limita-
tions of using the equilibrium modeling to determine dissolved cyanide species. Presently,
many studies have been conducted to analyze the behavior and fate of cyanides in soil and
groundwater. However, more investigations should be performed to reduce the inconsis-
tency in the knowledge concerning the geochemistry of the iron-cyanide complexes.

8.2 Recommendations for further research

Although, as presented in this doctoral thesis, the behavior and fate of the cyanide in soil
have been studied intensively, several questions and problems arose from this research that
still remain to be solved. It is commonly known that phytoremediation is a promising tech-
nology for the remediation of the cyanide contamination, however it is limited by the lack
of speci�c knowledge of the physicochemical mechanisms that in�uence the cyanides fate
in the environment, biological mechanisms responsible for the transport and metabolism
of cyanide species by plants, and cyanide uptake rates and factors that in�uence these rates.

In the �eld of in-situ cyanide determination, the approach presented in Chapter 3 is de�-
nitely a step in a right direction towards a simple, rapid and non-destructive method for
the preliminary site screening concerning ‘hot spots’ of contamination. �e future investi-
gations should include larger amount of soil samples with CN concentration <1750 mg kg-1

to be used for calibration. Additionally, separately calibrating for highly organic and highly
inorganic samples, grouping soil samples according to their color and collecting the scans
at the same temperature can improve the predictive capabilities of the NIR region. Further-
more, one may also consider developing a small scale �eld portable lab, where the samples
can be dried and ground in-situ prior to scanning with FP NIR.
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Although a lot of work has been done and published concerning the behavior and disso-
lution of iron-cyanide complexes in soil, the study on the stability of these compounds
(Chapter 4) revealed higher dissolution than reported in the literature. Probably of more
importance is conducting the leaching and batch experiments using the contaminated soil
instead of synthetic solutions. Future investigations should de�nitely include the e�ects in
changes of pH and redox potential on the cyanide behavior simulating the environmen-
tal conditions. Additionally, more research has to be done to develop a standard method
for determining the water soluble fraction of cyanides. Due to the fact that the stability
study presented in Chapter 4 implied that at some conditions the water soluble fraction of
cyanides could be as high as the total content, more investigations concerning the in�uence
of the soil chemistry on the solubility of iron-cyanide should be performed.

Despite the fact that according to the previous research, the fundamental interaction of the
dissolved iron-cyanide complexes with the soil solid phase ismainly in�uenced by the disso-
lution and precipitation of the solid ferric ferrocyanide, in the non-acidic soils the cyanide
solubility might be governed by the equilibrium with another mineral like manganese iron
cyanide. �e precipitation of dissolved hexacyanoferrats in such form could also reduce the
CN concentrations in the alkaline soils. �erefore further research concerning the presence
of the di�erent iron-cyanide phases and their dissolution behavior is recommended. In the
ground water and in soil solutions of the former MGP sites, cyanide mainly exist as a dis-
solved iron-cyanide complexes, however the chemical equilibrium modeling revealed free
cyanide as the predominant species. �e evident di�erence between the modeled and mea-
sured cyanides implies that the chemical equilibrium modeling should not be performed
without local equilibrium conditions.

Generally the mobility of the iron-cyanide complexes in the soils of a MGP sites is mainly
governed by the dissolution and the precipitation of the ferric ferrocyanide. �e high insta-
bility of Prussian Blue, demonstrated in this study, does not explain the limited transport
indicated by still very high cyanide concentrations in the sandy loam layer a�er so many
years fromdisposal (closure of theMGP inCottbus was around the year 1960). �e research
presented inChapter 6 suggested the vertical colloidal transport of the ferric ferrocyanide as
a potential alternative movement. More insight into this process would be helpful in estab-
lishing physical barriers to “�lter out” the particles and to generally improve the knowledge
about the dissolution kinetics of solid iron-cyanide complexes. More research concerning
the role of the pH and redox potential variation on the precipitation of Prussian Blue with
the excess of iron is recommended to more precise study the release rates of mineral con-
taminants from waste material.
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Appendix I: Additional data for the FP
NIR calibration

Figure 33: Example of the soil spectra (without preprocessing) collected with the FP NIR and visualized with
the Phazir MG Polychromix Software.

Figure 34: Example of the soil spectra, after preprocessing using SNV and S. Golay, collected with the FP NIR
and visualized with the Phazir MG Polychromix Software.
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Appendix II: Additional data
concerning the stability of Prussian
Blue

II.3 Raw data for the column and batch experiments

Table 17: Raw data of the column leaching experiment.

Leachate collection
Column

A1 A2 B1 B2 C1 C2 D1 D2
Cyanide conc. (mg L-1)

22.06.2013 2015 1865 720 620 175 25.6 29.6
23.06.2011 1523 1245 393 385 168 135 11.2 10.6
24.06.2011 1875 1320 320 348 128 120 8.8 8.2
28.06.2011 1058 1038 245 245 123 128 7.6 7.2
29.06.2011 868 1020 243 165 90 103 6.4 5.4
30.06.2011 840 798 108 145 88 115 4.6 13.0
01.07.2011 788 775 63 83 93 3.0 3.2
04.07.2011 743 850 50 97 88 1.9
06.07.2011 740 628 45 61 92 99 3.1 1.9
07.07.2011 403 470 38 48 94 95 2.9 2.1
08.07.2011 433 435 40 43 91 99 2.6
12.07.2011 308 365 31 26 97 103 1.7
13.07.2011 240 300 30 28 84 73 1.5
14.07.2011 250 323 23 32 81 68 1.9 1.8
15.07.2011 233 273 36 24 50 75 1.3 1.8
19.07.2011 117 154 22 17 36 66 1.1 2.0
20.07.2011 105 132 25 16 37 37 1.3 1.3
21.07.2011 173 185 25 16 39 36 0.9
22.07.2011 158 145 38 30 39 0.9 1.3
26.07.2011 115 143 34 20 45 30 0.6 1.6
27.07.2011 143 145 36 19 49 44 0.8 1.7
28.07.2011 133 160 35 21 48 46 0.9
29.07.2011 105 130 34 21 46 48 0.7 2.1
02.08.2011 160 135 33 20 54 44 0.9 2.4
03.08.2011 135 135 42 25 52 33 0.9 3.0
04.08.2011 125 153 41 27 59 51 0.8 3.0
05.08.2011 113 125 19 23 49 62 0.7 3.0
08.08.2011 100 115 30 26 0 54 0.8 1.9
09.08.2011 85 108 36 19 33 43 0.9 1.8
10.08.2011 85 108 41 20 42 49 1.3 2.9
11.08.2011 93 110 41 20 42 52 0.7 2.2
12.08.2011 90 0 40 0 43 22
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Table 17 (continued)

Leachate collection

Column

A1 A2 B1 B2 C1 C2 D1 D2

Cyanide conc. (mg L-1)

16.08.2011 88 115 40 18 42 53 0.7 1.7
17.08.2011 88 83 41 22 45 49 0.6 1.5
18.08.2011 85 100 51 19 44 53 0.7 2.0
19.08.2011 88 98 43 22 37 51 0.8 2.0
26.08.2011 92 105 40 20 38 46 0.8 1.4
02.09.2011 70 87 42 18 37 45 0.7 1.2
09.09.2011 72 99 38 15 36 47 0.7 1.0
16.09.2011 60 76 34 5 30 42 0.6 0.7
23.09.2011 51 70 35 19 32 48 0.0 0.7
30.09.2011 56 69 29 36 29 41 0.6 0.6
07.10.2011 35 41 15 27 24 30 0.4 0.4
14.10.2011 28 36 13 22 22 28 0.5 0.5
21.10.2011 24 31 11 16 22 27 0.5 0.4
28.10.2011 24 35 11 18 0 27 0.5 0.7
04.11.2011 22 32 10 16 26 0.5 0.5
11.11.2011 20 26 9 8 31 0.4 0.4

Table 18: Raw data collected from the batch I experiment.

Time (h)
Sample 1 24 72 96 168 216 336 504 672 840 1344

Cyanide conc. (mg kg-1)

A1 140.0 178.2 176.5 205.4 262.2 242.5 344.1 398.4 458.6 470.7 576.7
A2 127.0 168.3 167.8 181.4 240.4 251.0 359.0 415.8 448.6 471.6 553.6
A3 138.0 172.3 172.7 195.8 250.8 260.4 378.5 455.4 542.4 539.1 657.7
B1 72.2 132.7 163.2 176.2 225.6 240.6 316.7 359.3 402.2 443.7 558.0
B2 67.2 88.1 106.9 127.7 157.7 159.8 245.5 289.3 310.8 418.3
B3 64.7 89.3 107.4 109.7 134.4 149.0 172.1 206.1 250.3 255.2 331.1
C1 30.0 51.1 58.2 64.6 94.1 100.8 166.2 206.1 275.3 312.3 396.9
C2 29.5 47.8 64.0 72.5 98.3 109.3 160.2 213.0 290.3 294.8 429.0
C3 28.6 46.5 65.2 74.4 96.9 114.4 173.2 238.7 315.3 330.8 472.6
D1 1.6 2.7 3.8 4.2 5.6 7.0 9.0 9.8 10.5 9.6 12.2
D2 1.7 2.7 3.6 3.8 4.0 5.3 6.9 8.1 9.8 9.4 10.9
D3 1.7 2.7 3.5 4.1 4.8 5.5 7.1 8.3 9.0 9.2 10.8
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Table 19: Raw data collected from the batch II experiment.

Time (h)
Sample 1 24 48 72 144 216 310 382

Cyanide conc. (mg kg-1)

A1 71.0 97.0 120.5 121.3 142.1 192.9 404.2 424.1
A2 67.0 88.1 101.9 114.5 123.8 289.8 341.2 377.6
A3 77.0 119.8 140.1 158.1 187.2 212.8 516.1 513.4
B1 27.6 53.5 65.4 69.1 88.1 102.8 138.2 153.0
B2 26.5 52.5 65.2 71.3 85.9 101.2 171.1 181.4
B3 29.3 54.4 65.2 73.5 90.7 106.2 161.0 162.3
C1 10.7 28.9 41.8 55.6 61.6 68.2 106.0 131.6
C2 11.5 32.6 45.1 51.0 70.2 73.2 118.0 145.5
C3 10.2 28.2 41.1 45.3 56.7 58.9 108.3 126.9
D1 0.0 1.3 1.8 0.0 2.4 3.9 7.4 9.0
D2 0.0 1.1 1.6 1.8 2.4 4.0 7.8 7.7
D3 0.0 1.2 1.8 2.2 2.2 3.8 7.2 8.3

Table 20: Raw data collected from the batch III experiment.

Time (h)
Sample 1

Cyanide conc. (mg kg-1)

A1 152.4
A2 154.8
A3 136.3
B1 22.2
B2 28.9
B3 26.1
C1 21.4
C2 20.9
C3 21.2
D1 0.6
D2 0.7
D3 0.6
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II.4 Correlation of column and batch experiment

Figure 35: Columns v/s batch II cyanide concentration (phase I).

Figure 36: Columns v/s batch III cyanide concentration (phase I).
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II.5 Pore volume determination for the column experiment

Table 21: Pore volume determination, for the column experiment, using field capacity value.

Soil
column

mass wet water
content

mass
water mass dry mass of the

column
mass of

column + soil
mass a�er
50 mL

(g) (%) (g) (g) (g) (g) (g)

A1 693 12.6 87.4 605.6 230 927 697
A2 697 12.6 87.9 609.1 231 965 734
B1 734 6.4 47.3 686.7 229 987 758
B2 758 6.4 48.8 709.2 228 996 768
C1 768 12.9 98.7 669.3 232 1000 768
C2 768 12.9 98.7 669.3 228 904 676
D1 676 10.6 71.9 604.1 230 887 657
D2 657 10.6 69.9 587.1 230 887 657

Soil
column

volume
start

height
end

volume
end

�led capacity
start

�led
capacity end

pore volume
start

pore volume
end

2 pore
volumes

(cm3) (cm) (cm3) (mL) (mL) (mL)

A1 431.8 19.80 388.58 0.21 0.24 91.4 91.4 183
A2 431.8 19.00 372.88 0.29 0.33 120.9 124.9 250
B1 431.8 19.00 372.88 0.17 0.19 71.3 71.3 143
B2 431.8 19.00 372.88 0.14 0.16 58.8 58.8 118
C1 431.8 22.00 431.75 0.23 0.23 98.7 98.7 197
C2 431.8
D1 431.8 20.00 392.50 0.12 0.13 52.9 52.9 106
D2 431.8 19.20 376.80 0.16 0.19 69.9 69.9 140

Table 22: Pore volume determination, for the column experiment, using porosity values.

Soil
column

mass wet
water
content

mass of
water

mass dry volume start height end volume end

(g) (%) (g) (g) (cm3) (cm) (cm3)

A1 693 12.61 87.38 605.62 431.75 19.8 388.58
A2 697 12.61 87.88 609.12 431.75 19.0 372.88
B1 734 6.44 47.29 686.71 431.75 19.0 372.88
B2 758 6.44 48.84 709.16 431.75 19.0 372.88
C1 768 12.86 98.74 669.26 431.75 22.0 431.75
C2 768 12.86 98.74 669.26 431.75
D1 676 10.64 71.94 604.06 431.75 20.0 392.50
D2 657 10.64 69.92 587.08 431.75 19.2 376.80
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Table 22 (continued)

Soil column particle density φ start φ end
pore volume

start
pore volume

end
total pore
volume

(g cm3) (mL) (mL) (mL)

A1 2.65 0.47 0.41 203.21 160.04 203.00
A2 2.65 0.47 0.38 201.89 143.02 209.30
B1 2.65 0.40 0.31 172.61 113.74 105.30
B2 2.65 0.38 0.28 164.14 105.27 104.82
C1 2.65 0.42 0.42 179.20 179.20 209.80
C2 2.65 0.42 207.80
D1 2.65 0.47 0.42 203.80 164.55 149.93
D2 2.65 0.49 0.41 210.21 155.26 149.91

Table 23: Particle density determination, for the column experiment, using pycnometers.

Pyknometer Column volume
pyknom.

mass
pyknom.

mass pyknom.+
water

mass pyknom.+
sample mass sample mass

pyknom.

(mL) (g) (g) (g) (g) (g)

1 A1 49.84 28.81 78.72 66.48 37.67 100.53
1 A2 49.84 28.81 78.72 57.82 29.02 95,.7
3 B1 49.82 28.14 78.04 72.88 44.74 104.38
1 B2 49.84 28.81 78.72 66.59 37.78 100.57
2 C1 49.88 28.09 78.04 64.64 36.55 99.19
3 D1 49.82 28.14 78.04 60.93 32.78 97.17
2 D2 49.88 28.09 78.04 66.12 38.04 99.75

Pyknometer Column mass sample
+ water

mass
water

volume
water

volume
sample

particle
density

(g) (g) (mL) (cm3) (g cm-3)

1 A1 71.72 34.05 34.14 15.70 2.40
1 A2 66.46 37.44 37.54 12.30 2.36
3 B1 76.24 31.50 31.58 18.24 2.45
1 B2 71.76 33.98 34.06 15.78 2.39
2 C1 71.10 34.55 34.64 15.25 2.40
3 D1 69.03 36.24 36.33 13.49 2.43
2 D2 71.67 33.63 33.71 16.17 2.35
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Table 24: Pore volume determination, for the column experiments, using pyknometers

Soil column mass wet water content mass of water mass dry volume start height end
(g) (%) (g) (g) (cm3) (cm)

A1 693 12.61 87.38 605.62 431.75 19.8
A2 697 12.61 87.88 609.12 431.75 19
B1 734 6.44 47.29 686.71 431.75 19
B2 758 6.44 48.84 709.16 431.75 19
C1 768 12.86 98.74 669.26 431.75 22
C2 768 12.86 98.74 669.26 431.75
D1 676 10.64 71.94 604.06 431.75 20
D2 657 10.64 69.92 587.08 431.75 19.2

Soil column bulk density
start

bulk density
end

particle
density φ start φ end Pore volume

start
Pore

volume end

(g cm-3) (g cm-3) (g cm-3) (mL) (mL)

A1 1.40 1.56 2.40 0.42 0.35 179 136
A2 1.41 1.63 2.36 0.40 0.31 173 115
B1 1.59 1.84 2.45 0.35 0.25 152 93
B2 1.64 1.90 2.39 0.31 0.21 136 77
C1 1.55 1.55 2.40 0.35 0.35 153 153
C2
D1 1.40 1.54 2.43 0.42 0.37 183 144
D2 1.36 1.56 2.35 0.42 0.34 182 127

II.6 Equilibriummodeling

Table 25: Equilibrium reactions and constants used in the cyanide speciation calculation (Meeussen et.al,
1994).

Reaction Log KX References

1. Fe(OH)3(s) + 3H�
�� Fe+3 + 3H2O 3.45 (Lindsay, 1979)

2. Fe3(OH)8(s) + 8H�
�� 3Fe+3 + e� + 8H2O 4.63 (Lindsay, 1979)

3. Fe4(Fe(CN)6)3(s) �� 3Fe(CN)6-3 + 4Fe+3 + 3e� -84.5 (Meeussen et al., 1992b)
4. 6CN� + Fe+3 �� Fe(CN)-36 43.9 (Beck, 1987)
5. 6CN� + Ca+2 + Fe+3 �� CaFe(CN)6- 46.5 (Hanania, 1974)
7. 6CN� + Fe+3 + K� �� KFe(CN)-26 45.4 (Eaton, 1967)
8. 6CN� + Fe+3 + e� �� Fe(CN)-46 49.9 (Beck, 1987)
9. 6CN� + Fe+3 + H� + e� ��HFe(CN)-36 54.3 (Capone, 1986)
10. 6CN� + Fe+3 + 2H� + e� ��H2Fe(CN)-26 56.7 (Capone, 1986)
11. 6CN� + Ca+2 + Fe+3 + e� �� CaFe(CN)-26 54.0 (Capone, 1986)
12. 6CN� + 2Ca+2 + Fe+3 + e� �� Ca2Fe(CN)6 55.3 (Capone, 1986)
13. 6CN� + Ca+2 + Fe+3 + H� + e� �� CaHFe(CN)6- 57.0 (Capone, 1986)
14. 6CN� + Fe+3 + K� + e� �� KFe(CN)-36 52.4 (Capone, 1986)
15. 6CN� + Fe+3 + 2K� + e� �� K2Fe(CN)-26 53.3 (Capone, 1986)
16. 6CN� + Fe+3 + H� + K� + e� KHFe(CN)-26 55.7 (Capone, 1986)
17. HC + CN� HCN(g) 9.2 (Capone, 1986)
18. HCN(aq) ��HCN(g) -2.8* (Capone, 1986)

* Henry’s constant given as log(mg CN(L air)-1 (mg CN(L water)-1)

GeoRS Geopedology and Landscape Development Research Series | Vol. 04 117



Table 26: The results of the modeling with the chemical equilibrium program PHREEQC for the columns A, B,
C and D.

Column start end

A

Fe(CN)-36 HCN

CaFe(CN)-6 Fe(CN)-36
CaFe(CN)-26 CaFe(CN)-6

HCN CaFe(CN)-26

B

HCN HCN

Fe(CN)-36 Fe(CN)-36
CaFe(CN)-6 CaFe(CN)-6

CN- CN-

C

HCN HCN

Fe(CN)-36 Fe(CN)-36
CaFe(CN)-6 CaFe(CN)-6
CaFe(CN)-26 CaFe(CN)-26

D

HCN HCN

CN- CN-

Fe(CN)-36
CaFe(CN)-6
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Appendix III: Additional data
concerning themodeling of the
long-term iron-cyanide complexes
release from theMGP soils

III.1 Long-term release of the iron-cyanide complexes from the acidic soil con-
sidering ‘‘one-phase’’ release

Table 27: Kinetic and isotherm equations parameters and correlation coefficient for the ‘‘one-phase’’ release
of the acidic soil.

Soil C

Elovich Equation
α a R2 SE p(mg CN kg-1 day-1) (mg CN kg-1)

0.04 25.69 0.83 9.11 < 0.01

Freundlich Equation

v x 10-3 k R2 SE p(day-1)

782.5 2.99 0.94 2.94 < 0.01

Parabolic Di�usion
Kd a R2 SE p(mg CN kg-1 day1/2) (mg CN kg-1)

12.22 21.69 0.98 4.93 < 0.01

First Order Equation
k R2 SE p(day-1)

0.018 0.94 4.94 < 0.01
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Figure 37: Kinetic and isotherm equation plots for the ‘‘one-phase’’ CN release from the acidic soil.

III.2 Correlation of the release rates, obtained after applying different isotherm
and kinetic equations, with the soil pH, OM and total CN content

Figure 38: Correlation of the release rates, according to the Elovich Equation (α x 102) to the pH, OM and
total cyanide content in a) phase I; and b) phase II.
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Figure 39: Correlation of the release rates, according to the Parabolic Diffusion Equation (Kd) to the pH, OM
and total cyanide content in a) phase I; and b) phase II.

Figure 40: Correlation of the release rates, according to the First Order Equation (k1 ; k2 x 102) to the pH, OM
and total cyanide content in a) phase I; and b) phase II.
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Figure 41: Correlation of the release rates, according to the Freundlich Equation (k) to the pH, OM and total
cyanide content in a) phase I; and b) phase II.
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Appendix IV: Additional data
concerning the retardation of the
iron-cyanide complexes in theMGP
soils

IV.1 Borehole A-21

Table 28: Properties of the borehole A-21 soil samples, based on the fresh mass of the sample.

Depth OM Water content pH EC Ecell temp Eref Eh Water soluble CN Total CN
(cm) (%) (%) (µS cm-1) (mV) (XC) (mV) (mV) (mg kg-1) (mg kg-1)

10 3.6 4.1 6.8 131.2 205.3 26.3 220 425.3 0.2 2.6
30 3.7 8.8 7.4 267.4 246.2 26.4 220 466.2 10.0 164.0
50 2.4 7.6 6.9 214.5 272.2 26.8 220 492.2 13.7 206.0
70 2.0 7.0 6.5 165.7 283.4 26.7 220 503.4 23.7 824.0
90 0.6 5.0 6.0 167.7 270.1 26.5 220 490.1 12.7 632.0
110 1.5 9.6 4.7 172.6 304.8 26.5 220 524.8 2.5 352.0
130 0.9 9.1 4.5 157.2 318.3 26.8 220 538.3 2.1 308.0
140 0.9 1.2 5.1 304.0 331.0 20.6 220 551.0 1.8 274.0
150 1.8 1.,0 6.5 1742.0 241.5 26.7 220 461.5 8.5 46.0
160 2.0 10.3 6.8 2701.0 291.0 20.6 220 511.0 9.4 31.2
170 1.4 12.1 6.9 1778.0 277.1 26.6 220 497.1 6.8 80.0
180 1.5 10.9 6.9 409.0 315.0 20.6 220 535.0 13.7 222.0
190 1.3 6.3 6.5 447.0 295.2 26.8 220 515.2 6.6 192.0
200 0.7 3.3 6.1 83.9 289.0 20.8 220 509.0 2.3 70.0
210 1.6 3.4 5.6 144.7 233.5 25.2 220 453.5 2.6 27.2
230 0.3 2.4 4.9 184.1 327.5 26.6 220 547.5 1.5 13.4
250 0.8 2.3 5.3 62.3 283.5 26.6 220 503.5 2.1 10.6
260 1.0 3.9 5.3 81.9 283.5 26.6 220 503.5 2.6 25.0
270 1.7 4.8 5.3 94.0 277.0 26.3 220 497.0 2.9 40.6
290 1.7 3.4 4.8 136.4 311.9 26.4 220 531.9 1.4 29.4
310 0.7 3.1 4.7 108.0 308.5 26.5 220 528.5 0.6 10.6
330 0.6 2.7 4.6 140.2 389.4 27.1 220 609.4 0.3 5.2
350 0.1 2.4 4.7 76.2 223.1 27.2 220 443.1 0.3 3.4
370 0.4 3.3 4.5 109.3 233.2 27.8 204 437.2 0.3 14.6
390 0.2 2.2 4.4 102.0 284.4 27.6 204 488.4 0.9 3.0
410 0.5 3.5 4.5 238.2 120.6 27.0 220 340.6 0.3 8.8
430 0.4 2.7 4.4 207.8 149.4 27.0 220 369.4 0.3 6.8
450 0.4 3.6 4.5 160.0 229.4 27.4 220 449.4 0.4 6.8
470 0.3 3.2 4.7 237.9 259.5 26.7 220 479.5 0.4 4.4
490 0.4 2.3 4.4 144.3 264.7 26.8 220 484.7 1.0 4.4
510 0.3 2.7 4.7 160.7 258.4 26.9 220 478.4 0.6 9.5
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Table 28 (continued)

Depth OM Water content pH EC Ecell temp Eref Eh Water soluble CN Total CN

(cm) (%) (%) (µS cm-1) (mV) (XC) (mV) (mV) (mg kg-1) (mg kg-1)

530 0.5 1.3 5.2 85.6 220.9 26.8 220 440.9 0.4 3.0
550 0.0 2.8 5.9 121.4 243.5 26.9 220 463.5 0.5 9.4
570 0.1 2.2 6.2 91.5 226.9 26.6 220 446.9 0.6 9.4
590 0.0 2.2 6.8 87.2 215.7 26.6 220 435.7 0.4 5.0
610 0.1 2.0 6.9 113.7 150.8 28.1 204 354.8 0.5 4.8
630 0.1 1.3 5.1 115.4 177.9 27.3 220 397.9 0.4 3.7
650 0.1 1.9 5.8 43.8 165.8 27.5 220 385.8 0.3 13.5
670 0.4 2.2 5.5 52.2 185.0 27.4 220 405.0 0.3 6.3
690 0,3 2.1 5.9 38.7 129.6 27.2 220 349.6 0.3 2.8
710 0.1 6.1 6.54 42.1 140.4 27.2 220 360.4 0.3 2.3
730 0.2 14.2 6.7 57.7 146.6 27.1 220 366.6 0.4 17.1

Table 29: Ions concentrations for the borehole A-21 soil samples.

Depth Chloride Nitrate Sulfate Ca Mg Fe Mn Al K

(cm) (mg L-1)

10 1.5 0.3 8.9 19.6 2.0 10.8 0.1 12.1 2.6
30 0.4 2.1 46.3 40.0 3.3 19.5 0.2 14.1 2.3
50 0.4 5.9 64.1 33.8 2.6 8.2 0.1 3.5 1.4
70 0.4 5.1 48.4 25.8 2.3 10.4 0.2 4.9 1.1
90 0.5 3.7 33.9 18.6 1.5 8.3 0.1 4.4 1.5
110 0.7 6.7 44.5 20.6 0.9 5.5 0.1 1.4 1.0
130 0.5 5.5 36.1 17.0 0.9 1.1 0.1 0.9 1.7
140 0.6 5.3 40.1
150 0.6 4.7 596.0 436.4 4.2 1.1 0.3 0.0 0.4
160 0.5 8.2 15490
170 0.7 4.0 705.9 489.4 4.0 0.6 0.2 0.0 0.8
180 0.5 7.4 177.0
190 0.9 4.7 179.3 76.8 1.5 0.9 0.1 0.0 0.4
200 0.2 2.2 26.2
210 0.3 2.5 31.4 15.7 1.3 6.9 0.1 6.0 0.9
230 0.4 2.2 46.8 22.4 1.0 3.7 0.1 3.0 0.5
250 0.4 1.9 17.9 9.7 1.0 5.6 < NWG 5.7 1.0
260 0.2 2.8 24.9
270 0.3 3.1 28.6 14.6 0.9 2.1 0.1 1.9 0.3
290 0.3 2.1 20.7 9.9 0.8 4.0 < NWG 2.7 0.4
310 0.3 1.3 17.2 8.0 0.7 5.2 < NWG 3.1 0.5
330 0.6 1.7 16.6 9.2 0.8 4.8 0.0 3.1 0.7
350 0.3 1.4 15.7 6.6 0.6 2.5 < NWG 1.8 0.4
370 0.3 1.6 20.4 8.4 0.7 1.1 0.0 0.8 0.5
390 0.2 1.3 26.9 11.3 0.5 0.2 0.1 0.2 0.3
410 0.3 2.0 63.6 25.6 1.1 0.0 0.1 0.0 0.3
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Table 29 (continued)

Depth Chloride Nitrate Sulfate Ca Mg Fe Mn Al K

(cm) (mg L-1)

430 0.2 1.6 43.8 18.1 1.0 0.0 0.1 0.0 0.2
450 0.3 2.5 57.6 22.0 1.4 0.0 0.1 0.0 0.3
470 0.2 1.7 74.9 29.1 1.4 0.0 0.1 0.0 0.4
490 0.4 1.7 38.6 14.3 1.0 0.0 0.1 0.0 0.2
510 0.6 2.0 35.2 13.8 1.0 0.2 0.2 0.0 0.2
530 0.5 3.1 19.3 8.1 0.9 1.8 < NWG 1.7 0.3
550 0.3 1.8 24.0 10.7 1.3 3.3 0.0 2.2 0.5
570 0.6 1.2 19.1 8.9 1.1 2.8 0.0 2.2 0.4
590 0.7 0.9 15.8 7.3 1.1 3.0 0.0 2.5 0.5
610 0.2 1.0 14.0 8.4 0.9 3.1 0.0 2.5 0.6
630 0.4 0.9 13.7 6.7 0.7 2.3 0.0 2.2 0.4
650 0.2 0.7 12.3 6.0 0.7 2.0 < NWG 1.8 0.4
670 0.4 1.0 16.3 7.1 0.8 2.5 0.1 2.4 0.4
690 0.2 0.9 10.9 4.5 0.8 3.3 0.0 3.2 0.6
710 0.3 1.4 11.2 5.8 0.8 2.6 < NWG 2.6 0.5
730 0.5 1.7 15.4 7.6 0.9 2.8 < NWG 2.4 0.4

Table 30: Concentrations of chosen elements in the borehole A-21 soil samples.

Depth Fe Mn Ca K S

(cm) (mg kg-1)

10 7454 130 6656 11007 239
30 12946 242 12464 10630 506
50 9838 107 4458 10273 496
70 5376 122 2859 10113 144
90 3800 56 2256 10678 224
110 14678 121 3634 16314 < LOD
130 10354 104 3190 14568 < LOD
140 10562 95 3285 13142 177
150 9383 87 10143 15870 1567
160 7961 65 20536 12081 5951
170 8278 89 12096 14372 2287
180 8703 87 4257 12892 339
190 6976 81 2487 8074 316
200 2636 34 1235 5747 < LOD
210 3130 40 1480 7918 < LOD
230 1951 < LOD 1372 8027 < LOD
250 1328 < LOD 1208 7902 < LOD
260 1749 < LOD 1240 8168 < LOD
270 1514 30 1384 7290 < LOD
290 1021 < LOD 1015 7341 < LOD
310 1694 < LOD 1101 6745 < LOD

GeoRS Geopedology and Landscape Development Research Series | Vol. 04 125



Table 30 (continued)

Depth Fe Mn Ca K S
(cm) (mg kg-1)

330 1408 < LOD 1120 7873 < LOD
350 2197 < LOD 1220 9927 < LOD
370 1983 < LOD 1267 12607 < LOD
390 1510 < LOD 1150 10596 < LOD
410 2202 34 1393 10002 < LOD
430 1941 < LOD 1316 12568 < LOD
450 2331 28 1564 13049 < LOD
470 2530 26 1375 9950 < LOD
490 3687 59 1512 7086 < LOD
510 3482 39 1640 8092 < LOD
530 1445 36 1380 11175 < LOD
550 1939 < LOD 1277 7304 148
570 1761 < LOD 1246 9380 < LOD
590 1067 < LOD 1350 6354 < LOD
610 1102 26 1326 7302 < LOD
630 908 < LOD 1186 7791 < LOD
650 769 < LOD 1062 7821 < LOD
670 975 < LOD 1165 9131 < LOD
690 846 < LOD 1177 7752 < LOD
710 1032 < LOD 1210 9316 < LOD
730 1246 < LOD 1435 9923 < LOD

IV.2 Borehole C-25

Table 31: Properties of the borehole C-25 soil samples, based on the fresh mass of the sample.

Depth OM Water content pH EC Ecell temp Eref Eh Water soluble CN Total CN
(cm) (%) (%) (µS cm-1) (mV) (XC) (mV) (mV) (mg kg-1) (mg kg-1)

10 2.6 10.6 7.1 301.0 256.0 25.6 220.0 476.0 2.4 12.0
20 3.6 11.3 7.2 238.6 267.0 20.7 7.0 9.6
30 2.7 10.1 6.8 575.0 266.0 25.4 220.0 486.0 11.4 334.4
40 2.7 8.1 7.0 394.0 264.0 20.7 9.1 167.6
50 0.5 5.8 6.6 140.4 294.0 25.4 220.0 514.0 3.0 8.8
60 1.9 6.2 7.0 147.7 297.0 21.3 5.3 23.2
70 0.6 6.4 6.9 137.5 292.0 25.6 220.0 512.0 3.1 54.4
80 1.7 6.6 5.8 142.2 302.0 21.3 3.7 91.2
90 1.4 7.0 5.3 271.2 305.0 25.8 220.0 525.0 2.7 140.4
100 0.1 7.0 5.7 202.2 303.0 21.7 2.6 58.6
110 0.9 9.0 7.1 421.0 288.0 25.9 220.0 508.0 3.2 7.0
130 0.8 6.5 6.8 460.0 289.0 25.9 220.0 509.0 4.5 6.4
150 0.2 3.7 7.0 119.2 281.0 25.9 220.0 501.0 1.8 2.4
170 0.5 1.8 7.4 133.3 256.0 25.8 220.0 476.0 0.9 2.4
190 0.3 2.9 7.1 57.6 276.0 25.9 220.0 496.0 1.1 2.6
210 0.3 3.6 7.4 101.8 267.0 25.9 220.0 487.0 1.4 4.4
230 0.2 3.9 7.6 103.9 222.0 25.7 220.0 442.0 1.2 2.4
250 0.3 3.3 7.9 98.5 219.0 25.4 220.0 439.0 0.9 9.6
270 0.1 2.3 7.0 68.9 277.0 26.0 220.0 497.0 0.5 2.0
290 0.4 2.0 6.0 114.1 325.0 25.6 220.0 545.0 0.3 2.0
310 0.2 2.9 7.0 65.5 250.0 25.6 220.0 470.0 0.7 2.0
330 0.2 2.4 6.8 44.0 294.0 25.0 220.0 514.0 0.6 2.0
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Table 31 (continued)

Depth OM Water content pH EC Ecell temp Eref Eh Water soluble CN Total CN
(cm) (%) (%) (µS cm-1) (mV) (XC) (mV) (mV) (mg kg-1) (mg kg-1)

350 0.5 2.8 6.9 43.0 293.0 25.1 220.0 513.0 0.0 2.0
370 0.3 2.1 7.0 71.5 277.0 25.0 220.0 497.0 0.4 2.0
390 0.3 4.0 6.7 70.1 268.0 22.8 220.0 488.0 0.4 5.4
410 0.4 3.8 7.0 57.3 292.0 24.7 220.0 512.0 0.4 2.0
430 0.5 4.8 7.2 60.9 284.0 23.7 220.0 504.0 0.0 2.0
450 0.1 3.7 7.0 35.3 292.0 24.0 220.0 512.0 0.0 16.2
470 0.3 1.4 7.1 60.4 268.0 24.4 220.0 488.0 0.0 2.0
490 0.3 1.5 6.9 71.2 290.0 24.0 220.0 510.0 0.0 2.0
510 0.4 2.1 6.3 88.2 302.0 23.6 220.0 522.0 0.0 2.0
530 0.1 2.9 6.3 23.3 301.0 24.0 220.0 521.0 0.0 2.0
550 0.2 3.4 6.7 48.4 300.0 24.0 220.0 520.0 0.0 2.0
570 0.4 4.6 7.0 58.2 284.0 23.9 220.0 504.0 0.0 2.0
590 0.1 3,1 6.9 37.7 274.0 24.0 220.0 494.0 0.0 2.0
610 0.1 1,9 6.8 29.0 304.0 24.0 220.0 524.0 0.0 2.0
630 0.2 2,0 6.7 20.3 319.0 23.9 220.0 539.0 0.0 2.0
650 0.2 2,5 6.6 19.7 313.0 24.0 220.0 533.0 0.0 2.0
670 0.1 2,0 6.6 18.3 310.0 23.9 220.0 530.0 0.0 2.0
690 0.1 7,4 6.9 49.3 292.0 23.9 220.0 512.0 0.0 2.0
710 0.1 16,6 7.0 81.1 296.0 23.9 220.0 516.0 0.0 2.0

Table 32: Ions concentrations for the borehole C-25 soil samples.

Depth Chloride Nitrate Sulfate Al Ca Fe K Mg Mn
(cm) (mg L-1)

10 2.0 6.3 26.7 14.0 25.6 16.5 8.2 2.3 0.1
20 0.8 8.9 63.1
30 1.0 0.2 191.0 91.4 1.9 6.5 5.1 0.0
40 1.0 7.0 118.0
50 1.1 1.0 40.6 22.1 25.1 20.3 5.1 2.8 0.2
60 0.7 4.0 43.7
70 0.7 0.3 48.7 23.8 24.5 24.8 5.8 2.9 0.2
80 1.0 3.6 50.9
90 0.5 0.2 66.3 2.3 28.5 3.9 1.0 0.6 0.1
100 0.4 4.1 78.4
110 0.6 1.6 168.0 76.7 0.6 0.6 0.8 <NWG
130 0.2 2.1 217.0 88.9 0.3 0.9 1.3 <NWG
150 0.3 1.4 34.6 12.7 20.8 16.2 3.2 2.0 0.1
170 0.2 0.3 25.6 7.9 18.3 11.1 2.0 1.2 0.1
190 0.5 0.6 15.3 5.0 8.7 6.1 1.2 0.8 0.0
210 0.5 0.6 28.5 8.9 18.0 10.9 2.2 1.5 0.1
230 0.4 0.9 24.8 3.7 15.9 4.8 1.0 0.7 0.0
250 0.2 0.2 15.2 5.4 11.1 5.3 1.5 0.9 0.0
270 0.3 0.2 11.6 9.4 7.6 9.5 2.2 1.3 0.1
290 0.3 0.2 8.5 7.7 6.3 9.3 2.1 1.2 0.0
310 0.2 0.3 13.3 5.1 10.4 4.9 1.4 0.9 0.1
330 0.6 0.4 11.6 5.3 6.5 5.8 1.6 1.1 0.1
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Table 32 (continued)

Depth Chloride Nitrate Sulfate Al Ca Fe K Mg Mn
(cm) (mg L-1)

350 0.2 1.3 11.7 2.0 6.1 2.1 1.1 0.7 0.0
370 0.2 0.2 11.1 18.2 7.7 18.7 4.3 2.6 0.1
390 0.5 0.3 11.3 14.8 8.1 18.5 3.6 2.0 0.1
410 0.6 0.2 14.2 10.0 8.6 11.3 2.6 1.6 0.1
430 0.7 0.3 15.0 6.6 8.4 6.1 2.5 1.2 0.1
450 0.4 0.1 7.4 9.8 5.4 11.1 2.2 1.3 0.1
470 0.2 0.2 7.5 3.7 5.5 4.5 1.3 0.9 0.1
490 0.3 0.3 7.8 3.6 5.4 3.9 1.2 0.8 0.1
510 0.4 1.1 8.3 3.4 5.4 3.5 1.2 0.8 0.1
530 0.5 0.9 5.0 4.3 3.2 4.5 1.2 0.6 0.1
550 1.1 0.8 10.5 5.8 7.1 6.4 1.8 1.2 0.1
570 0.8 0.6 12.9 8.7 8.9 8.7 3.1 1.5 0.2
590 0.7 0.1 7.7 4.0 5.0 4.0 1.8 0.8 0.1
610 0.8 0.2 5.6 3.0 4.0 3.3 1.4 0.7 0.1
630 0.4 0.3 3.6 4.3 2.9 4.2 1.3 0.6 0.1
650 0.3 0.4 2.8 3.6 3.2 3.9 1.4 0.6 0.0
670 0.5 0.4 3.1 3.5 3.0 3.4 1.1 0.5 0.0
690 2.7 1.9 7.4 2.0 6.3 2.3 0.9 0.7 0.0
710 3.9 3.8 12.8 1.8 10.5 5.8 1.2 1.2 0.0

Table 33: Concentrations of chosen elements in the soil samples of borehole C-25.

Depth Fe Mn Ca K S

(cm) (mg kg-1)

10 8121 139 6414 10687 275
20 7081 129 6874 9525 295
30 20265 228 14107 11034 722
40 14384 199 7324 9250 366
50 6124 138 3736 12930 < LOD
60 6172 142 3236 10667 < LOD
70 5870 136 3281 12623 216
80 6216 133 2950 11283 < LOD
90 5122 158 2857 11640 < LOD
100 5375 189 2750 10822 148
110 7404 335 4743 12150 308
130 6176 192 4345 13236 305
150 3803 65 1867 9795 < LOD
170 5991 49 1589 8872 < LOD
190 1857 < LOD 1324 9986 < LOD
210 2683 25 1345 9221 < LOD
230 3649 55 1534 8245 < LOD
250 1427 < LOD 1156 6709 < LOD
270 1247 < LOD 1211 7978 < LOD
290 1804 33 1303 11178 < LOD
310 1555 33 1361 9988 < LOD
330 3007 46 1395 10536 < LOD
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Table 33 (continued)

Depth Fe Mn Ca K S

(cm) (mg kg-1)

350 2749 49 1322 8865 < LOD
370 2455 47 1355 8563 < LOD
390 3999 104 1578 8682 < LOD
410 2533 43 1342 8521 < LOD
430 2128 24 1322 10462 < LOD
450 2097 23 1310 9387 < LOD
470 1637 44 1326 7109 < LOD
490 1644 33 1255 7127 < LOD
510 1601 38 1386 7647 < LOD
530 1424 34 1184 8371 < LOD
550 1447 < LOD 1221 7128 < LOD
570 2071 33 1472 9048 < LOD
590 1170 < LOD 1184 9898 < LOD
610 1144 < LOD 1131 10057 < LOD
630 1140 25 1132 9188 < LOD
650 1498 30 1154 7251 < LOD
670 1404 < LOD 1154 7190 < LOD
690 1589 < LOD 1204 9392 < LOD
710 3851 36 1348 6864 < LOD

IV.3 Batch Experiment

Table 34: Raw data of the cyanide concentration measured in the batch experiment (start CN conc.
100 mg L-1).

Solution
Time (h)

24 72 216
CN conc. (mg L-1)

Fe (II) 1 86.2 73.8 75.0
Fe (II) 2 91.4 78.8 79.0
Fe (III) 1 91.6 81.6 80.4
Fe (III) 2 88.2 88.6 84.4

Table 35: Results of the pHmeasurement for the batch experiment (start CN conc. 100 mg L-1).

Solution
Time (h)

24 72 216

pH

Fe (II) 1 6.92 7.09 7.14
Fe (II) 2 7.09 7.13 7.11
Fe (III) 1 7.01 7.05 7.11
Fe (III) 2 6.98 7.03 7.09
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Table 36: Raw data of the cyanide concentration measured in the batch experiment (start CN conc. 1000 mg
L-1).

Solution
Time (h)

24 48 120 192 360
CN conc. (mg L-1)

Fe (II) 1 937 880 745 780 750
Fe (II) 2 976 865 770 845 850
Fe (III) 1 995 917 925 870 840
Fe (III) 2 980 902 885 865 822

Table 37: Results of the pHmeasurement for the batch experiment (start CN conc. 1000 mg L-1).

Solution
Time (h)

24 48 120 192 360
pH

Fe (II) 1 6.67 6.94 6.95 7.08 7.12
Fe (II) 2 7.37 6.92 7.02 7.14 7.24
Fe (III) 1 6.85 6.69 6.85 6.81 6.92
Fe (III) 2 6.92 6.71 6.77 6.86 6.81

IV.4 1st column experiment

Table 38: Results of the pHmeasurement for the 1st column experiment.

Column pH
8 (day) 21 (day) 62 (day) 111 (day)

Quartz 5.97 5.71 5.98 6.51
Sandy loam 6.26 6.18 5.84 6.26

Table 39: Results of the EC measurement for the 1st column experiment.

Column
EC

(mS cm-1)

8 (day) 21 (day) 62 (day) 111 (day)

Quartz 3.4 3.5 3.5 2.8
Sandy loam 2.4 2.4 2.4 2.4
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Table 40: Raw data of the cyanide concentration in the 1st column experiment.

Column
Time (day)

8 (day) 21 (day) 62 (day) 111 (day)
CN conc. (mg L-1)

Quartz 1084 1084 1081 932
Sandy loam 1082 1070 1039 778

IV.5 2nd column experiment

Table 41: Raw cyanide data of the 2nd column experiment.

Time (day)
Column 1 2 3 4 5 6 7 8 9 10

Cyanide (mg L-1)

1 414.44 320.00 254.44 245.56 205.56 201.78 190.67 160.44 154.22 147.11
2 407.78 321.11 228.89 213.33 197.78 193.56 188.89 156.44 155.56 153.78
3 427.78 338.89 227.78 211.11 171.11 165.33 148.44 109.33 106.22 107.11
4 431.11 346.67 262.22 255.56 248.89 226.67 253.78 255.56 256.44 257.33
5 434.44 341.11 312.22 271.11 248.89 245.56 231.56 246.67 236.89 242.22

Time (day)
Column 11 13 17 21 36 42 47

Cyanide (mg L-1)

1 145.78 132.44 130.40 126.40 100.00 72.40 64.00
2 146.22 134.22 131.60 132.00 104.40 124.40 90.00
3 103.56 87.11 88.00 84.00 53.20 43.60 44.40
4 259.11 256.44 253.20 252.40
5 240.44 238.67 244.40 245.20 204.80 187.40 168.20

Table 42: Results of the pHmeasurement for the 2nd column experiment.

Time (day)

Column 1 2 3 4 5 6 7 8 9 10

pH

1 6.31 6.8 6.77 6.94 7.21 7.14 7.09 7.12 6.92 6.64
2 6.41 6.74 7.01 7.23 7.28 7.23 7.33 7.33 7.26 7.16
3 6.58 6.98 7.27 7.19 7.34 7.32 7.42 7.41 7.51
4 6.36 7.01 7.02 7.05 7.46 7.57 7.51 7.72 7.35 7.59
5 6.52 7.11 7.08 7.16 7.26 7.53 7.47 7.32 7.33 7.21
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Table 42 (continued)

Time (day)
Column 11 13 17 21 36 42 47

pH

1 7.2 7.42 7.31 7.32 6.91 7.11
2 7.46 7.43 7.51 7.43 6.98 7.04
3 7.61 7.65 7.65 7.64 7.4 7.24
4 7.37 7.52 7.53 7.71
5 7.16 7.22 7.28 7.38 7.03 7.02

Table 43: Results of the EC measurement for the 2nd column experiment.

Time (day)
Column 1 2 3 4 5 6 7 8 9 10

EC (mS cm-1)

1 1281 1148 976 1321 1086 1080 1097 1096 1377 1014
2 1035 931 755 819 722 826 794 699 706 802
3 964 792 624 633 589 585 682 576 576 644
4 1280 1114 1027 1012 1026 1025 1022 1041 1041 1044
5 1269 1102 1046 1018 990 980 979 975 972 979

Time (day)
Column 11 13 17 21 36 42 47

EC (mS cm-1)

1 1308 1304 1501 1450 1206 1934
2 804 959 760 824 834 1064
3 720 744 625 824 681 747
4 1037 1038 978 934
5 978 978 986 980 950 949

Table 44: Cyanide balance in the 2nd column experiment.

Column

Mass of CN in
the percolation
solution (mg)

Mass of the CN
precipitated in
the bottle (mg)

Mass of the CN
reduced the column

material (mg)

Reduced CNmass
by the column
material (%)

start end end calculated calculated

1 250 32.0 30.5 187.5 75.0
2 250 45.0 10.5 194.5 77.8
3 250 22.2 7.8 220.0 88.0
4 250 - - - -
5 250 84.1 41.1 124.8 49.9
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Table 45: Determination of the vertical distribution of total cyanide concentration within the columns (2nd

column experiment).

Column/Sample Total CN
FIA Factor CN conc. (mg kg-1)

1: 3-5cm 0.235 200 47.0
1: 9-11cm 0.417 200 83.4
1: 15-17cm 0.076 200 15.2
2: 3-5cm 0.265 200 53.0
2: 7-9cm 0.104 2000 208.0
2: 9-11 cm 0.087 2000 174.0
2: 15-17cm 0.113 200 22.6
3: 3-5cm 0.239 200 47.8
3: 7-9cm 0.166 2000 332.0
3: 9-11cm 0.055 2000 110.0
3: 15-17cm 0.046 200 9.2
4: �lter up 0.174 200 34.8
4: �lter down 0.23 200 46.0
5: quartz up 0.362 200 72.4
5: quartz down 0.47 200 94.0

Table 46: Determination of the vertical distribution of water soluble cyanide concentration within the
columns (2nd column experiment).

Sample
Water soluble CN

FIA Factor CN conc. (mg kg-1)

1: 3-5cm 0.465 25 11.6
1: 9-11cm 0.042 250 10.5
1: 15-17cm 0.459 25 11.5
2: 3-5cm 0.078 250 19.5
2: 7-9cm 0.111 250 27.7
2: 9-11 cm 0.089 250 22.2
2: 15-17cm 0.951 25 23.8
3: 3-5cm 0.687 25 17.2
3: 7-9cm 0.089 250 22.2
3: 9-11cm 0.06 250 15.0
3: 15-17cm 0.424 25 10.6
4: �lter up 0.763 25 19.1
4: �lter down 0.149 250 37.2
5: quartz up 0.121 250 30.2
5: quartz down 0.093 250 23.2
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