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a  b  s  t  r  a  c  t

This  study  deals  with  acute  and  chronic  ecotoxicity  of  leachates  from  industrially  contaminated  soils.
Analyses  focused  on  cyanides  (complex  and  free  forms)  to study  their  possible  involvement  in  leachates
toxicity.  No  acute  toxicity  on the  Microtox  and  48  h-Daphnia  magna  tests  was  found  in  leachates  collected
over  18 months,  but  a  high  chronic  toxicity  was  recorded  on  the  reproduction  of Ceriodaphnia  dubia  (EC50-
7  d  =  0.31  ± 0.07%)  and  on the  algal  growth  of  Pseudokirchneriella  subcapitata  (EC50-72  h =  0.27  ±  0.09%).
Ceriodaphnids  were  as  sensitive  to free  cyanide  as  to  complex  forms  (EC50-7  d  as CN− =  98  �g/L, 194  �g/L
and  216  �g/L for KCN,  Fe(CN)6K3 and  Fe(CN)6K4, respectively).  The  EC50-72  h  of  KCN  to  P. subcapitata
(116 �g/L)  as  CN− was  also  of  the  same  level  as the  EC50-72  h  of potassium  ferricyanide  (127  �g/L)  and
eriodaphnia dubia
seudokirchneriella subcapitata
isenia fetida
ree cyanide

ferrocyanide  (267  �g/L).  Complex  cyanides  explained  a  major  part  of the  toxicity  of leachates  of  the  soil.
On the other  hand,  cyanide  complexes  had  no  effect  on survival  of  the  earthworm  Eisenia  fetida  up to
131 mg  CN−/kg,  while  potassium  cyanide  was highly  toxic  [EC50-14  d as CN− =  74  �g/kg  soil].

Thermodesorption  treatment  eliminated  a majority  of  cyanides  from  the  soil  and  generated  much  less
toxic leachates.  Complex  cyanides  must  be  integrated  into  environmental  studies  to assess  the  impact  of
multi-contaminated  soils.
. Introduction

Past industrial activities, such as mining, coal and iron exploita-
ion for energy or steel production, have generated wastelands
nd historically contaminated soils in most developed countries. In
urope, vast programs have been launched to inventory contami-
ated sites and define action plans for management and treatment.
ational inventories indicate that metals, hydrocarbons and min-
ral oils are the harmful contaminants most frequently found in
oil and groundwater at investigated sites. The north-east of France
ith its past activities of coal and iron extraction, is especially con-

erned as it has multiple-contaminated soils with high levels of
etals and organic pollutants such as polycyclic aromatic hydro-

arbons (PAHs).
In a previous work, a multidisciplinary and long term study was

arried out to assess the fate and environmental impact of con-
aminants from a coke plant soil. A field pilot study was designed
o evaluate the efficiency of phytoremediation and thermodesorp-
ion. Thermodesorption was carried out to eliminate the major

art of PAHs, which are considered as pollutants of high concern
ue to their carcinogenic properties. Investigations targeted met-
ls and polycyclic aromatic hydrocarbons specifically to determine

∗ Corresponding author. Tel.: +33 3 87 37 85 01.
E-mail address: vasseur@univ-metz.fr (P. Vasseur).
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© 2011 Elsevier B.V. All rights reserved.

their mobility and their toxicity in untreated and treated soils. An
integrated approach associating physicochemical analyses and eco-
toxicity studies was  applied for risk assessment.

Results indicated that the bioavailability of PAHs and metals was
low in these aged soils [1].  No toxicity was recorded on invertebrate
terrestrial species despite high levels of metals and hydrocarbons
in the untreated soil [2].  On the other hand, high chronic toxic-
ity of soil leachates was  recorded on freshwater microalgae and
microinvertebrates. In contrast, leachates of the thermodesorbed
soil were much less toxic. As the thermal treatment eliminated
most PAHs from the soil (Table 1), these pollutants were suspected
of being responsible for aquatic toxicity recorded in leachates of
the untreated soil. Yet, none the 16 PAH pollutants measured in
leachates, nor metals could explain toxicity to aquatic species of the
untreated and phytoremediated soils [3]. Therefore, further inves-
tigations appeared necessary to identify soil pollutants harmful to
aquatic life.

The present study was undertaken over 18 months after the pre-
vious investigations reported above. It aimed to characterize the
unknown pollutants responsible for leachate toxicity and thermod-
egradable. A review of the processes applied in coke plants led us
to consider cyanide complexes resulting from waste and gas purifi-

cation by iron treatment as possible contaminants responsible for
the toxicity to microalgae and microinvertebrates.

Ferro- and ferricyanide complexes constitute the major forms
of cyanides in soils as a result of wastes produced after iron

dx.doi.org/10.1016/j.jhazmat.2011.09.095
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:vasseur@univ-metz.fr
dx.doi.org/10.1016/j.jhazmat.2011.09.095


370 R. Manar et al. / Journal of Hazardous Materials 197 (2011) 369– 377

Table  1
The main physico-chemical characteristics of both contaminated soils before and
after  thermal desorption (mean ± sd, standard deviation).

Untreated soil Thermodesorbed soil

Mean sd Mean sd

Soil texture
Clay % 12.8 0.2 10.4 0.05
Silt  % 23.9 1.5 19.4 0.1
Sand % 64.8 1.7 70.1 0.21
pH  7.10 0.03 7.38 0.01
C/N  26 62.0 1.4
Organic carbon % 7.25 0.25 5.8 0.2
Organic matter % 12.5 0.4 10.1 0.4

Heavy metals (mg/kg soil d.w.)
Arsenic (As) 60.75 6.13 74.50 5.45
Cadmium (Cd) 2.72 0.06 2.14 0.08
Chromium (Cr) 346 24 393.75 23.08
Cobalt (Co) 27.3 0.7 27.18 0.17
Copper (Cu) 104.5 8 109.25 1.71
Mercury (Hg) 4.0 0.7 1.54 0.24
Nickel (Ni) 155 91 102.25 2.06
Lead (Pb) 669 26 672.75 23.04
Zinc  (Zn) 2647 143 2745.00 26.46

PAHs (mg/kg soil d.w.)
Naphthalene 31 5 2.9 0.5
Acenaphthylene 1.7 0.2 2.9 0.1
Acenaphtene 84 58 0.8 0.04
Fluorene 59 25 2.6 0.1
Phenanthrene 173 55 9.3 0.3
Anthracene 62 10 6.4 0.1
Fluoranthene 260 55 15.7 0.4
Pyrene 203 35 10.6 0.4
Benzo[a]anthracene 125 18 8.2 0.3
Chrysene 108 13 5.4 0.5
Benzo[b]fluoranthene 107 14 9.1 0.5
Benzo[k]fluoranthene 63 8 3.7 0.8
Benzo[a]pyrene 107 14 8.2 0.5
Dibenzo[a,h]anthracene 12 2 4.9 0.1
Benzo[g,h,i]perylene 66 7 4.9 0.2
Indeno[1,2,3-cd]pyrene 77 11 10.7 0.4
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the sum of the concentrations of the 16 PAHs analyzed. Heavy met-
�  16 PAH US-EPA 1539 314 106.3 3.6

reatment in coke and gas manufacture plants [4].  These complexes
re persistent, while subjected to decomposition in UV light [5].
hey are non-mobile in acidic soils, but their solubility increases
ith neutralisation and alkalinisation of soils [6].  They are far less

oxic to mammals compared with free cyanide, even at high levels
f exposure [7,8]. Yet, little is known of their toxicity to inverte-
rates.

In the present study, cyanides were analyzed in leachates
rom untreated and thermodesorbed soils generated by rainwa-
ers in situ collected over eighteen months. Both acute and chronic
ioassays were used to assess ecotoxicity of leachates. The Micro-
ox and 48 h-Daphnia magna tests were applied for acute effects.
hronic toxicity to freshwater species was evaluated by popula-
ion growth of the microalgae (Pseudokirchneriella subcapitata) and
y reproduction of the microinvertebrates (Ceriodaphnia dubia). In
arallel, chronic toxicity of cyanide chemicals (free and complex
yanides) to these aquatic species was assessed in order to study
he plausibility of cyanide involvement in leachate aquatic toxicity.
otassium ferrocyanide and potassium ferricyanide were studied
s models of soluble complex cyanides released from alkaline soils,
nd potassium cyanide as a model of free cyanide. Toxicity of these
ompounds to earthworms (Eisenia fetida) was also evaluated to
rovide information about the sensitivity of terrestrial species to
yanides that is lacking in data bases.

The present ecotoxicity results support the conclusions that

yanide complexes are the main pollutants responsible for
quatic toxicity recorded in soil leachates. This work underlines
he high risk of soils contaminated with these complexes for
Fig. 1. Photo of a soil plot (2 m wide × 3 m long × 0.7 m deep) connected to a tank
allowing the collection of leachates generated by rain water percolating through the
tested soil (GISFI experimental station).

environmental and human health, once conditions favoring their
mobility and decomposition are met. This study points to the need
to include cyanide complexes in the list of priority pollutants in rou-
tine analyses of industrially contaminated soils and their leachates,
especially in the case of soils selected for requalification.

2. Materials and methods

2.1. Sampling and analyses

A multicontaminated soil was  excavated from a former cok-
ing plant in the Lorraine Region (north eastern France) in 2004.
Part of the soil (30 tons) was  treated by thermo desorption at a
temperature of 650 ◦C in a mobile unit. The untreated soil and the
thermodesorbed soil were transferred to the experimental station
of GISFI (group for integrated studies on industrial wastelands),
located at Homécourt in the same country (49◦2136N, 5◦99608E)
(http://www.gisfi.fr). Several tons of the soils (thermodesorbed or
untreated) were homogenized, sieved at 80 mm mesh size, and
used to fill in situ lysimeter plots in 2005.

Each lysimeter plot (2 m width × 3 m length × 0.7 m depth) was
equipped with a system allowing the collection of leaching water
in a stainless steel tank (Fig. 1). The leaching water collection tanks
were emptied every week or after abundant rain so as to ensure
that fresh leachates would be sampled for analyses in the follow-
ing days. Leachates collected were stored in the dark at 4 ◦C until
physicochemical and ecotoxicological analyses were undertaken
within 48 h. After decantation and filtration through 0.7 mm poros-
ity glass filters, leachates were analyzed for organic and inorganic
contaminants including total and free cyanides and for ecotoxicity
bioassays carried out on the same samples.

Representative soil samplings were carried out for analyses;
soils were mixed and sieved at 4 mm for contaminant analyses.

2.2. Chemical characterisation

The PAH congeners (US-EPA) were analyzed in soil samples and
leachates according to the AFNOR XP X33-012 [9] and the NF EN
ISO 17993 [10] standard methods, respectively, using fluorimetric
detection. Acenaphthylene was quantified using diode array. Total
PAH concentrations reported in the present study corresponded to
als in soils and leachates were analyzed as described in Bonnard
et al. [11]. Cyanide concentrations were measured in soil samples
according to ISO 11262 [12] and in leachates according to ISO 14403

http://www.gisfi.fr/


rdous Materials 197 (2011) 369– 377 371

[
b
a
t
F

2

s
K
f
(
p

(
r
(
(
c
b
c

2

i
a
5
C
t
a
f
I
c
m
a
c
p
o

2

t
7
w
w
k

2

v
p
f
u
(
h
t
o

d
O

Table 2
The main physico-chemical characteristics of leachates from the coke plant soil
before and after thermodesorption treatment (mean ± standard deviation).

Untreated Thermodesorbed

pH 7.3 ± 0.7 7.4 ± 0.8
Conductivity (mS/cm) 2.7 ± 0.2 2.6 ± 0.2
Corg (mg/L) 65 ± 16 9.5 ± 4
SO4 (mg/L) 1467 ± 36 1351 ± 35
NO3 (mg/L) 99 ± 34 7 ± 3
Cl (mg/L) 10.4 ± 7 7.2 ± 2
Heavy metals (�g/L)

As <5 <5
Cd  <1 <1
Co  36 ± 7 <5
Cr  8 ± 2 8.7 ± 2.8
Cu  16 ± 4 5 ± 2
Ni 6.6 ± 1.5 6.7 ± 2.8
Pb  <1 <1
Zn 13.5 ± 2 20.0 ± 14.5

PAHs (�g/L)
Naphthalene 0.079
Anthracene 0.014
14 other PAH <LOQ
16 PAHs <LOQ

Cyanides (mg/L)
Total cyanide 46.5 ± 14.5 0.20 ± 0.086
Free  cyanide 0.28 ± 0.2 <0.02
R. Manar et al. / Journal of Haza

13]. Physico-chemical properties of soil such as total organic car-
on, pH, grain size, texture and moisture content were measured
ccording to ISO standards by INRA, the French National Insti-
ute for Agricultural Research (http://www.lille.inra.fr/las, Arras,
rance).

.3. Chemicals tested

Potassium cyanide KCN (CAS 151-50-8) purity 98%, and potas-
ium ferrocyanide also called potassium hexacyanoferrate II,
4[FeCN6], 3H2O (CAS 13943-58-3) 98% purity were purchased

rom VWR  (Fontenay-sous-Bois, France). Potassium ferricyanide
potassium hexacyanoferrate III) K3[FeCN6] CAS 13746-66-2) 99%
urity were provided from Merck (Darmstadt, Germany).

All inorganic chemicals tested were of high quality grade
>99% purity). Calcium chloride (CaCl2, 2H2O), magnesium chlo-
ide (MgCl2, 6H2O), potassium chloride (KCl), sodium chloride
NaCl), magnesium sulphate (MgSO4, 7H2O) and sodium sulphate
Na2SO4) were purchased from Merck (Darmstadt, Germany). Cal-
ium sulphate (CaSO4, 2H2O) and calcium nitrate were provided
y VWR  (Fontenay-sous-Bois, France). Potassium nitrate was  pur-
hased from Sigma Aldrich (Steinheim, Germany).

.4. Aquatic toxicity tests

The acute toxicity tests were performed by measuring mobility
nhibition of the crustacean D. magna according to ISO 6341 [14],
nd luminescence inhibition of the bacterium V. fischeri (Microtox®

00 system, Microbics©) according to ISO NF EN 11348-3 [15].
hronic toxicity tests measured parameters indicating popula-
ion development: reproduction of Ceriodaphnia dubia over 7 days
ccording to the AFNOR NF T90-376 method [16] and growth of the
reshwater alga P. subcapitata in a 3-day batch culture according to
SO 8692 [17]. In the C. dubia reproduction test, the water used for
ulture and testing was a mineral water, a mixture of Evian–Volvic
ineral drinking waters (1/4: volume/volume). The effects of light

nd of open flasks used in the test procedure was  evaluated by
onducting the C. dubia test in the dark and/or in closed flasks in
arallel to the standard test (a light <300 lux, 16 h/8 h photoperiod,
pen containers).

.5. Terrestrial organism toxicity tests

Acute toxicity tests with E. fetida were carried out according
o the ISO 11268-1 standard method [18]. The pH was adjusted to
.0 ± 0.5 with CaCO3 to be representative of the studied soils. Earth-
orm tests were carried out at a soil moisture content of 40–60%
ater-holding capacity and during exposure, all test vessels were

ept at 20 ± 2 ◦C in a light (400–500 lux) dark cycle of 16 h/8 h.

.6. Statistical analysis and data expression

Toxicity results were expressed as effective concentration
alues reducing by 10% and 50% (EC10 and EC50) the end-
oints measured compared to controls. Toxicity endpoints, used
or the invertebrates, Microtox and algal tests, were estimated
sing the bootstrap method in the REGTOX Excel® macro
E. Vindimian, Cemagref, Montpellier, France), available from

ttp://www.normalesup.org/∼vindimian/fr index.html. A Student
-test was performed to compare the distribution of the ECx values
btained through the bootstrap method.

All statistical analyses were performed with Statistica for Win-
ows (P < 0.05; STATISTICA version 6.0 for Windows, Statsoft, Tulsa,
K).
LOQ: limits of quantification (see text).

3. Results

3.1. Physicochemical analyses of leachates from the untreated
and thermodesorbed soils

Leachates of the untreated and thermodesorbed soils presented
common characteristics, namely a high conductivity and high
concentrations of sulphates and chlorides of the same order of
magnitude (Table 2). The inorganic elements, such as metals, were
found at approximately the same concentrations in both leachates,
with concentrations below the limits of quantification for As, Cd and
Pb, and lower in leachates of the thermodesorbed soil compared to
the untreated soil for Co and Cu. The leachate pH values indicated
low alkalinity, around 7.3 for the untreated soil and 7.4 for the ther-
modesorbed soil. Organic carbon and nitrogen constituents were
present at lower concentrations in leachates of the treated soil, as
a result of the thermal treatment.

Most PAHs concentrations were below limits of quantifi-
cation (LOQ) in both samples (0.005 �g/L for acenaphthene,
phenanthrene, fluoranthene, benzo(a)anthracene, chrysene,
benzo(b)fluoranthene, benzo(k)fluoranthene, benzo(a)pyrene,
dibenzo(a,h)anthracene, indeno(1,2,3-cd)pyrene; 0.10 �g/L
for acenaphthylene; 0.02 �g/L for fluorene, pyrene, and
benzo(g,h,i)perylene). Only low concentrations of naphtha-
lene (0.079 �g/L) and anthracene (0.014 �g/L) were measured in
leachate samples of the untreated soil.

3.2. Cyanide concentrations in soils and leachates

Samples of the untreated soil contained high levels of total
cyanides 131 ± 41 mg/kg d.w., but low concentrations of free
cyanides (0.22 ± 0.01 mg/kg d.w.) near the quantification thresh-
old, indicating that almost all cyanides can be attributed to
metal-complexed cyanides. No free cyanide could be found in the
thermodesorbed soil and complex cyanides were below the limits
of quantification (LOQ < 0.2 mg/kg d.w.).
In leachates of the untreated soil, concentrations of total
cyanides were 46.5 ± 14.5 mg/L over the study period. Free cyanides
represented less than 1% of total cyanides in most cases (Table 2).

http://www.lille.inra.fr/las
http://www.normalesup.org/~vindimian/fr_index.html
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CN mg/L     = 2.6705  + 0.15013  * C. dub ia TU

Corr elation:  r = 0.949 24
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Fig. 2. Correlation between the concentration of total cyanide and toxicity
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Fig. 3. Correlation between the concentration of total cyanide and toxicity
xpressed as toxic units (TU) on reproduction of Ceriodaphnia dubia (r = 0.949).

On the other hand, leachates from the thermodesorbed soil con-
ained less than 0.5 mg/L of total cyanides, and no free cyanide was

easured (below LOQ of 0.02 mg/L).

.3. Aquatic toxicity of leachates

In leachates of the untreated soil, no acute toxicity was  recorded
sing the Microtox or 48 h-D. magna immobilisation tests. On the
ther hand, high chronic toxicity was registered on microalgae and
icroinvertebrates throughout the study period, as expressed by

he leachate concentrations inhibiting algal growth or invertebrate
eproduction by 50% (EC50), which were inferior to 1% in all sam-
les.

The EC50-72 h values inhibiting growth of the microalgae P. sub-
apitata suspensions by 50% were 0.27 ± 0.09% as evaluated from
8 samples collected over 18 months (Table 3). The mean EC50-
2 h value expressed as toxic units (TU = 100/EC50%) corresponded
o 420 ± 157 TU.

Regarding toxicity to reproduction of C. dubia, the EC50-7 d val-
es of leachates of the untreated soil were 0.31 ± 0.07%, which
orresponded to a mean of 339 ± 81 TU (n = 16) (Table 3).

Only a few number of leachates from the thermodesorbed soil
ould be collected (n = 8), due to a high water retention capacity
f the treated soil compared to the untreated one. In leachates of
he thermodesorbed soil, algal toxicity was much lower. In half
f the leachate samples, no toxicity to microalgae was recorded
EC50 > 90%), and in the other half, the algal toxicity was low with
C50-72 h values of 54 ± 18%. Toxic units were <2 TU.

As for Ceriodaphnia reproduction, toxicity of leachates of the
hermodesorbed soil was also low. No toxicity was registered in
alf of the leachate samples (EC50 > 90%), while in the other half,
he mean EC50-7 d was 65 ± 19%. The toxic units were <1.5 TU.

Toxicity of leachates to microalgae and microinvertebrates was
nalyzed in relation to total cyanide concentrations measured in
he same samples. All data from the untreated and thermodesorbed
eachates were taken into account. The TU for the non toxic sam-
les were entered as equal to 1. The total cyanide concentration was

ntered as equal to 0.02 mg/L when below LOQ. The graphs corre-
ating toxic units and total cyanides for microinvertebrates (Fig. 2)
nd for microalgae (Fig. 3) indicated a high degree of correlation in
oth cases, with a correlation coefficient r of 0.949 for invertebrates
nd 0.947 for algae.
expressed as toxic units (TU) on population growth of Pseudokirchneriella subcapitata
(r  = 0.947).

3.4. Toxicity of cyanide chemicals to microalgae and
microinvertebrates

The chronic toxicity of potassium cyanide (KCN), potassium
ferricyanide (Fe(CN)6K3) and ferrocyanide (Fe(CN)6K4) to P. sub-
capitata and C. dubia was determined by means of the standard
methods used to assess leachate toxicity.

The EC50-72 h values expressed as CN− (with a 95% confi-
dence interval) recorded on the microalgae P. subcapitata were 116
(112–125) �g/L for KCN, 158 (154–163) �g/L for Fe(CN)6K3 and 283
(270–297) �g/L for Fe(CN)6K4 (Table 3).

The EC50-7 d values expressed as CN− (with 95% confident
interval) inhibiting the reproduction of C. dubia by 50% were 98
(83–111) �g/L for KCN, 194 (181–208) �g/L for Fe(CN)6K3 and 216
(189–244) �g/L for Fe(CN)6K4 (Table 3).

In addition to testing in standard conditions, the C. dubia repro-
duction tests of cyanide complexes were carried out in dark rooms,
the other experimental conditions remaining unchanged, to deter-
mine if light used in standard method influenced the toxicity of the
ferro- and ferricyanides through a photodecomposition. The results
indicated no difference in the EC50 values in darkness or under light
of the standard method (Table 3).

The same experiment, i.e. comparison of toxicity in the dark or
in standard test conditions (<300 lux) was  carried out on a leachate
randomly selected after sampling. The results indicated that the
EC50 values to Ceriodaphnia reproduction of the leachate contain-
ing 25 mg/L total cyanides were identical in both conditions (0.47%
in the dark and 0.48% in standard conditions).

3.5. Toxicity of cyanide chemicals to earthworms

The toxicity study of Fe(CN)6K3 and Fe(CN)6K4 to the Eisenia
fetida earthworm showed that no lethality was  recorded after 14
days at concentrations in soils of up to 131 mg/kg d.w. expressed
as CN. This concentration corresponded to the mean value of total
cyanides in the untreated soil studied (Table 3).

On the other hand, KCN was much more toxic, as was  shown

by the EC50-14 d value expressed as CN, which was 74 �g/kg soil
(d.w.) with a 95% confidence interval 61–80 �g/kg soil (d.w.). The
EC10-14 d value inducing 10% mortality was  56 (32–71) �g/kg soil
(d.w.). These values indicate KCN toxicity at concentrations about
2000 times lower than the NOEC of the two  complexes.
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Table 3
The chronic ecotoxicity of leachates from the untreated and treated soils and of cyanide chemicals to aquatic and terrestrial species. EC values are given as means ± sd
(standard deviation) for leachates and mean with a 95% confidence interval (CI) for chemicals.

Sample Species Leachate origin or
chemical tested

Exposure
duration

Effect criteriaa Concentration in test medium

% of leachate
mean ± sd

CN �g/L (aquatic) or
�g/kg (soil) mean (CI)

Leachates Pseudokirchneriella subcapitata Untreated soil 72 h EC50 0.27 ± 0.09%
Treated soil 72 h EC50 54 ± 18%

Ceriodaphnia dubia Untreated soil 7 d EC50 0.31 ± 0.07%
Treated soil 7 d EC50 65 ± 19%

Cyanide chemicals Pseudokirchneriella subcapitata KCN 72 h EC50 116 (112–125)
EC10 55 (28–71)

K3Fe(CN)6 EC50 158 (154–163)
EC10 133 (91–141)

K4Fe(CN)6 EC50 283 (270–297)
EC10 142 (125–169)

Ceriodaphnia dubia KCN 7 d EC50 98 (83–111)
EC10 42 (18–52.4)

K3Fe(CN)6 7 d EC50 194 (181–208)
EC10 137 (111–161)

7  d dark EC50 173 (149–212)
EC10 71 (25–113)*

K4Fe(CN)6 7 d EC50 216 (189–244)
EC10 61 (40–114)

7  d dark EC50 231 (208–256)
EC10 88 (45–185)

Eisenia fetida KCN 14 d EC50 74 (61–80)
EC10 56 (32–71)

K3Fe(CN)6 14 d NOEC 131,000
K4Fe(CN)6 14 d NOEC 131,000

a Toxicity is expressed as the concentration of the tested sample in the test medium inhibiting the algal growth of Pseudokirchneriella subcapitata and the reproduction
o f the 
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f  the cladoceran Ceriodaphnia dubia in aquatic bioassays, and inducing lethality o
bserved effect concentration (no lethality).

* Significantly different to the EC10 value obtained in standard experimental con

. Discussion

The present work was conducted in situ in realistic conditions
f soil exposure to natural climatic events. The leachates collected
ere generated by rainwaters percolating through the soils stud-

ed. We  measured free and complex cyanides in leachates from both
 multi-contaminated soil originating from a former coke plant and
rom the same soil treated by thermodesorption. The leachate toxi-
ity of the two soils was evaluated over 18 months. No acute toxicity
as noted with the Microtox and D. magna tests, but a high chronic

oxicity to microalgae and microinvertebrates was registered in
eachates of the contaminated soil. Toxicity inhibited algal division
nd consequently population growth of P. subcapitata at very low
eachate concentrations (EC50-72 h = 0.27 ± 0.09%). Toxicity for the

icroinvertebrates C. dubia resulted in inhibition of reproduction
nd disturbance of populations at the same levels of concentrations
s for algal inhibition (EC50-7 d = 0.31 ± 0.07%). This chronic toxic-
ty was of the same order of magnitude as the toxicity registered
uring the three years prior to the present study [3].  On the other
and and in accordance with the previous results, few toxic effects
ere recorded in the leachates of the thermodesorbed soil.

.1. Pollutants responsible for the toxicity of leachates

In the contaminated soil and the corresponding leachates, total
nd complex cyanides were present at relatively high levels, while
oncentration of free cyanides was low (<1%). Chronic toxicity of
eachates appeared to correlate with cyanides, as attested by high
oefficients of correlations (Figs. 2 and 3). Obviously, correlations
re not proof of cause-effect relationships but indicators of links

equiring to be elucidated.

The fact that concentrations of cyanides reducing by 50% the
eproduction of C. dubia or the algal division were of the same
evel in diluted leachates and in solutions of ferrocyanide or of
earthworm Eisenia fetida in soil bioassays by 10% (EC10) or 50% (EC50). NOEC: no

s (P < 0.05).

ferricyanide, indicated that cyanides were responsible for the tox-
icity registered with leachates. Total cyanides inhibited by 50% the
reproduction of C. dubia at mean concentrations of 0.144 mg/L in
leachates. This concentration was  close to the EC50-7 d values of
potassium ferricyanide (0.194 mg/L) and of potassium ferrocyanide
(0.216 mg/L) measured on this aquatic species and it represented
about 70% of the EC50 values of potassium Fe–CN complexes.

As for algal toxicity, total cyanide inhibited by 50% the algal
growth of P. subcapitata at mean concentrations of 0.127 mg/L in
leachates. This concentration represented 65% of the EC50-72 h
value of potassium ferricyanide (0.158 mg/L) and 60% of the EC50
value of potassium ferrocyanide (0.283 mg/L).

Cyanide complexes alone explained most, but not all the tox-
icity to invertebrates and algae. Other pollutants in the leachates
may  have also contributed to alter ceriodaphnid reproduction and
algal growth, but to a much lesser extent than cyanides. The con-
centrations of salts, metals and PAHs were low in leachates of
the untreated soil and therefore unlikely to produce toxicity by
themselves (Table 1). Indeed the concentration of each pollutant
in leachates at the EC50s (mean values) on C. dubia (Table 5) and
on P. subcapitata (Table 6) was much lower than their EC10, NOEC
or LOEC values or their effective concentrations. As none of these
pollutants alone could induce toxicity at their concentration in
leachates, it may  be put forward that other pollutants not yet iden-
tified and/or their combined effects may  have also contributed to
the toxicity not explained by cyanides.

The present work is the first to provide chronic toxicity data of
free and complex cyanides to the freshwater cladoceran C. dubia
and the microalgae P. subcapitata and to study their toxicity to
earthworms. Metal-complexed cyanides are often considered to

be non-toxic chemical species, although they have the potential to
release free cyanides under certain environmental conditions. As
it is admitted that cyanide toxicity is driven by the free cyanide
forms (sum of HCN and CN−) known to inhibit cell respiration
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Table  4
The ecotoxicity of cyanide chemicals to freshwater and marine aquatic species (fish, invertebrates and microalgae) expressed as CN. The 95% confidence interval (CI) is given
when  possible.

Tested compound Exposure duration Effect Endpoint Concentration �g CN/L (CI) Reference

Fish
Acanthopagrus butcheria NaCN 96 h Survival LC50 70 (67–73) [27]

K3Fe(CN)6 96 h Survival LC50 1730
K4Fe(CN)6 96 h Survival LC50 20,500

Carassius auratus NaCN 96 h Survival LC50 318 [28]
Lepomis macrochirus NaCN 48 h Survival LC50 134 [28]
Lepomis macrochirus HCN 289 d Egg production NOEC <5 [29]

42  d Fry survival NOEC 15
Macquaria novemaculeata NaCN 96 h Survival LC50 109 (107–112) [27]

K3Fe(CN)6 96 h Survival LC50 2830
K4Fe(CN)6 96 h Survival LC50 285,000 (218,000–372,000)

Pimephales promelas NaCN 8 d Survival LC50 114 [28]
Pimephales promelas HCN 256 d Reproduction NOEC–LOEC 12.9–19.6 [30]
Salvelinus fontinalis HCN 144 d Reproduction NOEC–LOEC 5.7–11.2 [31]

Invertebrates
Asellus communis HCN 112 d Growth NOEC–LOEC 29–40 [26]

Reproduction NOEC–LOEC 29–40
Ceriodaphnia dubia KCN 7 d Reproduction EC50 98 (83–111) This study

EC10 42 (18–52.4)
K3Fe(CN)6 7 d Reproduction EC50 194 (181–208)

EC10 137 (111–161)
K4Fe(CN)6 7 d Reproduction EC50 216 (189–244)

EC10 61 (40–114)
Chlamys asperrimusa NaCN 48 h Survival LC50 28.6 (27.7–29.5) [24]

K3Fe(CN)6 48 h Survival LC50 128 (123–134) [24]
K4Fe(CN)6 48 h Survival LC50 686 (649–726) [24]

Cyclops viridis NaCN 96 h Survival LC50 158 [32]
Daphnia magna NaCN 96 h Survival LC50 90 [33]
Gammarus fasciatus NaCN 96 h Survival LC50 900 [33]
Gammarus pseudolimnaeus HCN 83 d Growth NOEC–LOEC 21–32 [26]

Reproduction NOEC–LOEC 16–21

Algae
Nitzschia closteriuma NaCN 72 h Population growth EC50 57 (51–61) [25]

LOEC 10
K3Fe(CN)6 72 h Population growth EC50 127 (113–142)

NOEC–LOEC 31–62
K4Fe(CN)6 72 h Population growth EC50 267 (238–301)

NOEC–LOEC 31–62
Pseudokirchneriella subcapitata KCN 72 h Population growth EC50 116 (112–125) This study

EC10 55 (28–71)
K3Fe(CN)6 Population growth EC50 158 (154–163)

EC10 133 (91–141)
K4Fe(CN)6 Population growth EC50 283 (270–297)

EC10 142 (125–169)
Popu

t
t
f
s
p
a
t
r

4

t
w
E
w
w
o
r
n

Scenedesmus quadricauda KCN 8 d 

a Marine species.

hrough inactivation of cytochrome oxidase, research focused on
hese chemical species and ecotoxicity data concerned mainly
ree cyanides [23]. Few studies on marine invertebrate and algal
pecies have been published [24,25]. Despite studies on fish [19],
lants [20,21] and wildlife vertebrates [22], little knowledge is
vailable about chronic cyanide toxicity to invertebrate species
hat would be worth protecting and considering in environmental
isk assessment.

.2. Toxicity of cyanide chemicals to aquatic species

The freshwater invertebrate C. dubia appeared to be quite sensi-
ive not only to KCN, but also to the cyanide complexes. Sensitivity
as comparable to the one of other aquatic invertebrates. The

C10-7 d value of 42 (18–52) �g/L for KCN to C. dubia reproduction
as in the range of the NOEC and LOEC values of HCN on the fresh-

ater isopod Asellus communis (29 and 40 �g/L, respectively), and

n the lotic amphipod Gammarus pseudolimnaeus (16 and 21 �g/L,
espectively) [26] (Table 4). The EC10 value of KCN on C. dubia did
ot call into question the final chronic value of 22 �g/L established
lation growth LOEC 30 [34]

from fish data and used to derive freshwater chronic criteria of
5 �g/L [35].

Ceriodaphnia appeared to be much more sensitive to the toxicity
of cyanide complexes than the marine fish species A. butcheri and M.
novemaculeata [27], while sensitivity was of about the same order
of magnitude as larvae of the marine doughboy scallop Chlamys
asperrimus [24] (Table 4).

The toxicity of cyanide complexes to C. dubia was due to their
intrinsic toxicity and not to dissociation into free cyanide in the
test medium. Indeed, the Ceriodaphnia tests carried out in the dark
gave the same response as in standard conditions using a faint
illumination (below 300 lux).

Results on the freshwater microalgae P. subcapitata also indi-
cated the high toxicity of the three cyanide salts – KCN and
potassium ferri and ferrocyanide – to algal growth. The EC50 val-
ues on P. subcapitata were quite close to the EC50-72 h values
on the marine diatom Nitzschia closterium of 57 (51–61) �g/L for

NaCN, 127 (113–142) �g/L for potassium ferricyanide, and 267
(238–301) �g/L for potassium ferrocyanide, as found by Pablo et al.
[25] (Table 4). For both algal species, toxicity followed the order:
NaCN or KCN > K3Fe(CN)6 > K4Fe(CN)6. As the light intensity in the
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Table 5
Comparison of each pollutant concentration at the mean EC50-7 d of leachates (that inhibited reproduction of Ceriodaphnia dubia by 50% in the present study) with literature
data  on the same compounds tested individually.

Concentration
corresponding to EC50-7 d

Literature data Reference

C.  dubia Reproduction

Chloride (Cl− mg/L) 0.03 NOEC 786 [37]
1020 (NaCl) [38]

Nitrate (NO3
− mg/L) 0.3 NOEC 7.1–56.5 [39]

Sulphate (SO4
2− mg/L) 4.54 LOEC 899 [40]

Cyanide (CN− mg/L) 0.144 EC50 (as CN−)
KCN 0.098 (0.083–0.111) This study
K3Fe(CN)6 0.194 (0.181–0.208)
K4Fe(CN)6 0.216 (0.189–0.243)

Heavy metals (�g/L)
As <0.01 NOEC 570 [41]
Cd  <0.002 EC50 7.2 [42]
Cr 0.008 NOEC 18.2 [43]
Co 0.127 NOEC–LOEC 6.25–12.5 [44]
Cu  0.05 EC50 1.8 (1.6–2.1) [45]
Ni 0.157 EC20 4 [46]
Pb  <0.002 EC50 5.1 (3.5–7.5) [45]
Zn 0.04 EC50 21.8 (11.5–30.3) [45]

PAHs  (�g/L)
N
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Naphthalene (�g/L) 0.24 × 10−3

Anthracene (�g/L) 0.04 × 10−3

tandard algal test is at least 6000 lux, decomposition of complexes
nto alkaline cyanides at a pH of the algal medium of 8.3 can be sus-
ected. Yet, if photodecomposition would occur, this would have

ittle incidence on toxicity results, because toxicity of free and com-
lex cyanides is of the same order of magnitude on P. subcapitata.
here was no possibility of carrying out an algal test in the dark for
omparison, because no growth would be possible.

Overall, results attested that ferrocyanide and ferricyanide
olutions are hazardous to microalgae and microinvertebrates.
n the long term, running waters solubilising iron-cyanide com-
lexes of contaminated soils may  endanger aquatic species in
ivers.
.3. Toxicity of cyanide chemicals to terrestrial invertebrates

The iron-complexed cyanides tested were not toxic to the E.
etida earthworm as shown by a NOEC ≥ 131,000 �g/kg d.w. of soil,

able 6
omparison of each pollutant concentration at the mean EC50-72 h of leachates (that re

iterature data on the same compounds tested individually.

Concentration corresponding
to EC50-72 h
P.  subcapitata 

Chloride (Cl− mg/L) 0.03 

Nitrate (NO3
− mg/L) 0.27

Sulphate (SO4
2− mg/L) 3.9 

Cyanide (CN− mg/L) 0.127 

Heavy  metals (�g/L)
As <0.01 

Cd  <0.002 

Cr  0.007 

Co  0.11 

Cu  0.04 

Ni  0.136 

Pb  <0.002 

Zn  0.036 

PAHs  (�g/L)
Naphthalene (�g/L) 0.21 × 10−3

Anthracene (�g/L) 0.04 × 10−3
OEC-7 d 510 [47]
C10-7 d >3.4 [48]

expressed as CN−. This contrasts with the high sensitivity of the
same species to free cyanide (EC50-14 d as CN− = 74 �g/kg d.w. of
soil). Free cyanide dramatically affected survival at low concentra-
tions, about 2000 times lower than NOEC of ferro- and ferricyanide.
The low toxicity of complex cyanides on earthworms explains why
no lethality had been recorded when the contaminated soil was
tested on this earthworm species. No toxicity was found on the
collembolae Folsomia candida either [3].  The latter E. fetida results
are in line with soil physico-chemical analyses which revealed that
complex cyanide species are the main cyanide forms in the con-
taminated soil.

In databases and scientific literature, there is no information on
earthworm sensitivity to any cyanide chemical that would allow

comparison with our results. Our study is the first to provide data
on free and complex cyanide chemicals to one earthworm species.

It is noteworthy that terrestrial invertebrates are quite differing
from aquatic invertebrates regarding their sensitivity to potassium

duced growth of Pseudokirchneriella subcapitata by 50% in the present study) with

Literature data References

Population growth

EC50 >15 This study

EC50 >1250 This study
EC50 (as CN−) This study
KCN 0.116 (0.112–0.125)
K3Fe(CN)6 0.158 (0.154–0.163)
K4Fe(CN)6 0.283 (0.270–0.297)

EC50 >100 [49]
EC50 46 [50]
EC50 535 (280–789) [43]
NOEC 10–15 [51]
EC50 10 [50]
EC50 47 [52]
NOEC 45 [53]
EC50 500 [54]
EC50 90 [50]

EC15-7 d 5000 [55]
NOEC-72 h >4300 [47]
EC10-22 h 1.5 [56]
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erro- and ferricyanide. The explanation for the lack of effects of
hese soluble iron cyanide complexes in soil invertebrates would
equire further investigations.

In coke plant soils, various iron-iron cyanide solids have been
eported [23]. The most important of these solid Fe–CN species is
e4[FeII(CN)6]3, a ferric ferrocyanide complex commonly known
s Prussian Blue, originating from cleaning the gas produced in
oke ovens and industrial gas works with iron hydroxides. The fer-
ic ferrocyanide complex Fe4[FeII(CN)6]3 is hardly soluble under
cidic conditions, but dissolution is favored under alkaline condi-
ions [6,36].  The pH slightly above 7 of the contaminated soil may
ave favored dissolution of ferrocyanides and production of ferri-
yanides in oxic conditions [23]. The present work underlines that
he soluble iron cyanide complexes are threatening aquatic species,
ut not soil invertebrates.

.4. Environmental quality standards for soil and water pollution

The present study stressed that not only free cyanides in soil, but
lso complexed cyanide forms should be taken into consideration
n regulations regarding toxicity of leachates to invertebrates and

icroalgae. As far as free cyanide concentrations are considered,
he concentrations recorded in the soil studied were far inferior
o environmental quality standards (EQS) of free cyanides in soils
stablished by regulations of many countries and institutions. The
QS are generally established according to the soil use, sensitive
r less sensitive, or of an agricultural, commercial or industrial use.
ree cyanides measured in the contaminated soil studied here were
elow the thresholds fixed for sensitive use by different regulations,
.9 mg/kg soil in Canada [57], 0.4 mg/kg soil in Sweden [58], 1 mg/kg
nd 20 mg/kg as target and intervention values, respectively, in The
etherlands [59] and 50 mg/kg soil in France [60].

The Swedish and Dutch regulations alone determined EQS for
otal and complex cyanides. According to Swedish regulations, the
QS for total cyanides are 30 mg/kg soil for a sensitive use and
20 mg/kg soil for less sensitive land use. The Dutch regulation
akes pH into consideration since ferric ferrocyanide complexes
re slightly soluble at pH <5 in soils, and the intervention val-
es for complex cyanides were 50 mg/kg at pH >5 and 650 mg/kg
oil at pH <5. In the present work, contaminated soil with a pH
round 7 was not in line with these requirements and consequently
t seemed necessary to eliminate the complex forms. Investiga-
ions of the thermodesorbed soil and its leachates ensured that
he thermal treatment had been efficient in eliminating cyanides
nd other thermodegradable pollutants. The thermodesorbed soil
ulfilled EQS requirements of safety for cyanides.

. Conclusion

The present study was conducted in environmentally rele-
ant conditions of soil percolation to evaluate the ecotoxicity of
eachates from a coke plant soil. The coke plant soil appeared to be
azardous to freshwater microinvertebrates and microalgae as a
esult of leaching by rain water. The removal of cyanide complexes
xplained a major part of the aquatic toxicity of leachates generated
rom the untreated soil.

Ecotoxicity of free and complex cyanide chemicals assessed on
he microinvertebrate C. dubia, and the microalgae P. subcapitata
sed in testing indicated a high sensitivity to cyanides, even in

 complex form. The high chronic toxicity of complex cyanides
ecorded on the freshwater species tested contrasted with the

light effects recorded in earthworms.

Unlike free cyanide, cyanide complexes were not toxic to earth-
orms, explaining the lack of lethal effects of the coke plant soil

o soil invertebrates. Therefore, the lack of toxicity to terrestrial

[
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invertebrates of an industrial soil contaminated with cyanide com-
plexes does not guarantee innocuity to aquatic species.

Not only free cyanides but also complex cyanides of industri-
ally contaminated soils should be considered as environmentally
hazardous pollutants requiring systematic control in wasteland
management.

The management and remediation of industrially contaminated
soils should take into consideration cyanide complexes that endan-
ger aquatic species when conditions favoring their solubility are
met. Although expensive, thermal treatment of the contaminated
soil was  revealed to be efficient in eliminating thermodegradable
pollutants and most of the aquatic toxicity of leachates through
degradation of cyanide complexes.
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