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This study investigates the effect of nickel speciation and its equilibrium kinetics on the nickel toxicity to
methylotrophic methanogenic activity. Toxicity tests were done with anaerobic granular sludge in three
different media containing variable concentrations of complexing ligands. A correlation between nickel
toxicity and the free nickel concentration failed, because not the equilibrium conditions, but the kinetics
of the speciation processes taking place in the medium (precipitation, sorption, liquid speciation, etc.)
determine nickel bio-uptake and its toxic effect. The latter was confirmed with an F-test (p-value always
ickel toxicity
etal speciation

naerobic granular sludge
onnan membrane technique

ntra-particle diffusion

lower than 0.1). It was shown that the biological activity (methane production) took place within 3–20
days upon the start of methanogenic experiments, i.e. prior the chemical–physical equilibrium of nickel
speciation was established in the methanogenic medium (10–20 days). The process of nickel sorption
in the methanogenic granular sludge was limited by intra-particle diffusion and the experimental data
fitted to the Weber–Morris sorption model. The other sorption kinetic models applied (pseudo-first order
sorption kinetics, pseudo-second order sorption kinetics and first order reversible reaction kinetics) did

ata s
not fit the experimental d

. Introduction

The widely used models for metal toxicity such as the Free
on Activity Model (FIAM) or the Biotic Ligand Model (BLM) are
ased on the assumption of chemical–physical equilibrium in the
edium. If the equilibrium state is established, toxicity of a given
etal can be estimated based on the concentration of any of the
etal species present in the medium [1]. Because the free metal

on is always present in the aqueous solution, analytical tech-
iques have intensively focused on the quantification of the free

on concentration [1–3]. However, several interfering phenomena
ave been recognized, such as the presence of competing met-
ls [1], accumulation of dissolved organic matter (DOM) on the
urface of living cells [4], interaction of complexed metals with
he cell membrane [5] and limitation of the bio-uptake by metal
ransport and dissociation [6]. Most importantly, the assump-
ion of the chemical–physical equilibrium is only fulfilled when

he physical–chemical processes (sorption, precipitation, chemical
peciation, etc.) are slower than the metal transport over the cell
embrane [1,7]. In the case that the physical–chemical processes

ecome the rate-limiting step for the bio-uptake, predicting metal
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toxicity based on the free ion concentration at steady state fails
[7].

The interaction between heavy metals and anaerobic granular
sludge has been widely studied describing the sorption capacity of
the sludge [8], kinetics of the sorption process [9] and the speciation
of metals inside the methanogenic granules – solid state speciation
[8,10]. However, the implications of these interactions, especially
of the speciation equilibrium kinetics, for heavy metal toxicity have
not yet been studied in detail.

This study aims to evaluate the effect of nickel liquid phase
speciation and its kinetics on nickel toxicity to methylotrophic
methanogenesis by anaerobic granular sludge. This was done con-
sidering also the crucial effect of nickel sorption kinetics.

2. Materials and methods

2.1. Medium composition

Three different media were prepared with different concen-
trations of EDTA and phosphates in order to vary the speciation
of nickel: medium I contained a high concentration of phosphate
and no EDTA, medium II contained both EDTA and phosphate and

medium III contained no EDTA and a minimum concentration of
phosphate (Table 1). Nickel chloride was used as the nickel source
in media I and III. The nickel-EDTA complex ([NiEDTA]2−) was pre-
pared from NiCl2 and Na2H2EDTA in molar ratio 1:1.5 and supplied
into medium II.

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:j.bartacek@unesco-ihe.org
dx.doi.org/10.1016/j.jhazmat.2010.04.029
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Table 1
Differences in the composition of the media used in the present study.

Phosphate
(mmol L−1)

Carbonate
(mmol L−1)

EDTA (mmol L−1)

Medium I 1.44 30 0
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Medium II 1.44 30 1.5 times the nickel
concentration

Medium III 0.14 30 0

Unless specified otherwise, each medium contained (in mg L−1):
H4Cl (280), K2HPO4 (250), MgSO4·7H2O (100), CaCl2·2H2O (10)
nd NaHCO3 (2520). Moreover, 5 �mol L−1 of Cu, Zn, Mn, Co, Mo,
e and W and 50 �mol L−1 of Fe were added as micronutrients.
he pH of media I–III was set to 7.0 with sodium bicarbonate. In
he nickel toxicity experiments, nickel additions of 0, 0.1, 0.3, 0.5,
.6, 0.75, 1.0 and 2.0 mmol L−1 were supplied in the media. The
ottles with the optimal nickel dosage (the bottles with the high-
st SMA for each medium) were considered as the optimal bottles
hen evaluating the Hormesis curves and when calculating the
ickel toxicity characteristics. All three media were prepared with
ltra-pure water (resistivity of 18 M� cm, Millipore Corporation,
illerica, Massachusetts, USA).

Although EDTA is usually not present in the UASB reactor influ-
nt, this ligand was chosen as an example of a strong, poorly
iodegradable ligand [11]. Moreover, EDTA has been used to

ncrease metal bioavailability of essential metals in UASB reactors
12] and its influence can thus be relevant for full-scale UASB reac-
ors. Phosphate was chosen as a weak ligand naturally present in
ASB reactors.

In the experiments with pre-incubation, the establishment of
he chemical–physical steady state prior to the methanogenic activ-
ty was assured by injecting methanol (the sole methanogenic
ubstrate) 30 days after the methanogenic sludge was in contact
ith the media supplemented with various nickel concentrations.

.2. Source of biomass

Mesophilic methanogenic granular sludge was obtained from
full-scale UASB reactor treating alcohol distillery wastewater at
edalco (Bergen op Zoom, The Netherlands). The total suspended

olids (TSS) and volatile suspended solids (VSS) concentration
f the wet sludge were 6.93 (±0.02) and 6.47 (±0.03)%, respec-
ively. The granular sludge contained 15 (±1) �g g TSS−1 Co, 110
±5) �g g TSS−1 Ni, 62 (±1) �g g TSS−1 Zn and 8.1 (±1) mg g TSS−1

e.

.3. Specific maximum methanogenic activity tests

The specific methanogenic activity (SMA) with methanol as
he substrate was determined in duplicate at 30 (±2) ◦C using a
and-held pressure meter. The produced pressure was measured
–3 times a day. Granular sludge specimens (1.00 ± 0.01 g wet wt)
ere transferred to 120 mL serum bottles containing 50 mL basal
edium with methanol (4 g chemical oxygen demand [COD] L−1),

long with different nickel concentrations.

.4. Models for nickel sorption kinetics

Four theoretical models for sorption kinetics were used to fit
he experimental data describing nickel sorption on methanogenic

ranular sludge [13,14]:

1) Pseudo-first order sorption kinetics

q = qe[1 − exp(−k1t)] (1)
Materials 180 (2010) 289–296

where q is the amount of nickel sorbed at time t, qe is the amount
of nickel sorbed at equilibrium (sorption capacity) and k1 is
the kinetic constant. The theoretical concept of this equation is
based on the assumption that the driving force of adsorption is
linearly proportional to the difference between qe and q.

(2) Pseudo-second order sorption kinetics

t

q
= t

qe
+ 1

k2q2
e

(2)

where k2 is the kinetic constant.
(3) First order reversible reaction

ln

(
CA − Ce

CA0 − Ce

)
= −krt (3)

where CA is the concentration of nickel at time t, Ce is the con-
centration of nickel at equilibrium and CA0 is the initial nickel
concentration. kr is the overall kinetic constant of the reversible
chemical reaction (A ⇔ B) that can be considered as a sum of the
kinetic constant of both reactions (A → B and B → A).

(4) Weber–Morris sorption model

q = kWM
√

t + I (4)

where kWM is the Weber–Morris kinetics constant and I is
the intercept describing the fast initial sorption of nickel. The
parameters of Weber–Morris model (kWM and I) were calcu-
lated from the data obtained before q reached 95% of qe in each
experiment. The Weber–Morris model assumes that the intra-
particle diffusion is the process controlling the overall kinetics
of the sorption process [13]. In the case that no other pro-
cesses control the sorption kinetics, the intercept I equals to
zero. According to Febrianto et al. [14], the diffusion coefficient
within the granules can be calculated (assuming an uniform
granule diameter) as follows:

D = �

8640

(
dpkWM

qe

)2

(5)

where D is the nickel diffusion coefficient and dp is the granular
diameter.

2.5. Statistics for evaluation of the toxicity experiments

The Hormesis model was used to fit the experimental data
describing nickel toxicity as described by Bartacek et al. [15]. The
parameters of the model were calculated in accordance with Scha-
benberger et al. [16]:

E[y |x ] = ı + ˛ − ı + �x

1 + � exp[ˇ ln(x)]
(6)

where E[y|x] represents the average response at dosage, ˛, ˇ, �
and � are parameters and x is the metal dosage. ˛ was consid-
ered as a constant that gives the SMA value when x goes to zero
and was determined using the blank bottles; ı was considered
as a constant that gives the SMA value at x going to infinity and
it was assumed to be 0 mg COD (g VSS d)−1; � is responsible for
the Hormesis effect, and ˇ and � are responsible for the slope of
the increase or decrease of the curve. The parameters were calcu-
lated using nonlinear regression in Microsoft Office Excel® (Thames
Valley Park, Reading Berkshire, UK). The main characteristic of
the toxicity curves is the concentration causing 50% reduction of
the SMA measured in blank (IC50) and the SMA under the opti-

mal conditions (SMAmax). These parameters were derived from the
Hormesis model.

The toxicity data obtained (IC50 and SMAmax) were related to
the nickel concentration using the statistical analysis described
previously [15]. For each medium, a single toxicity curve for each
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Table 2 gives the kinetic constants and coefficients of determi-
nation (R2) obtained from the pseudo-first order sorption kinetics,
pseudo-second order kinetics, first order reversible reaction kinet-
ics and Weber–Morris kinetic models. The pseudo-first order,
J. Bartacek et al. / Journal of Haz

ickel fraction (added, dissolved and free) was plotted. To decide
hether the three curves obtained for a certain fraction are similar

mong the three sets of experiments, the F-test was used with a
-value indicating the probability that the three compared curves
re identical.

.6. Dissolved nickel concentration

The dissolved nickel concentration was measured in filtered
pore size of 0.45 �m) samples taken from the system (granu-
ar sludge – liquid medium). The liquid medium samples were
aken during pre-incubation of the mixture (no substrate added, 30
±2) ◦C, anaerobic conditions, shaking at 75 rpm). The value of the
issolved nickel concentration [c(Ni)diss] related to a given supplied
mount of nickel [c(Ni)added] was determined after establishing
teady state in the bulk solution, as no changes in total dissolved
oncentration of nickel occurred over a period of several days.

.7. Determination of nickel sorption

The sorbed nickel fraction was calculated as the difference
etween the amount of metal added and the total dissolved
etal concentration in the medium. It has been previously shown

hat precipitation and adsorption/absorption of metals in granular
ludge cannot be distinguished [17]. Therefore, all the processes
oupled with metal transfer between the solid and liquid phase are
eported here as overall sorption/precipitation.

.8. Concentration of free nickel species

The free nickel concentration was determined directly in the
ranular sludge/medium mixture under anaerobic conditions at 30
±2) ◦C using the Donnan membrane technique (DMT) as described
y Bartacek et al. [15]. The free nickel (Ni2+) concentrations related
o given nickel concentrations in the given system (media I, II, and
II) were measured under the same conditions as applied in the SMA
xperiments, but without substrate.

.9. Chemical analyses

The nickel concentration was determined by inductively cou-
led plasma with optical emission spectrometry (Varian, Palo
lto, California, USA) as described by Zandvoort et al. [18]. Val-
es of TSS and VSS concentrations were determined according to
PHA/AWWA/WEF [19]. All chemicals were of analytical or biolog-

cal grade and purchased from Merck (Darmstadt, Germany).

. Results

.1. Nickel speciation in granular sludge

.1.1. Kinetics of nickel sorption/precipitation
Fig. 1a shows the kinetics of nickel sorption/precipitation in the

hree different media for the nickel addition of 0.3 mmol L−1. While
he nickel concentration remained unaffected in medium II, at least
00 h was needed to reach the plateau in media I and III. (1) In
ontrast, massive sorption/precipitation occurred in media I and
II. Especially with the nickel additions lower than 1 mmol L−1, the
oncentration in the solution (at the end of both the DMT and the
oxicity experiments) was as low as 0.001 mmol L−1 and more than
9% of the nickel had precipitated. Comparing the nickel concen-

rations in media I and III at the end of the toxicity tests, slightly
igher (1–3 �mol L−1) values were measured in medium I for addi-
ions lower than 1 mmol L−1. In contrast, the end-concentrations
f nickel were higher in medium III when 1 and 2 mmol L−1 of
ickel were added (Fig. 1a). The dissolved nickel concentrations at
Fig. 1. Example of the kinetics of methane formation and metal dynamics when the
granular sludge was fed with methanol in the presence of nickel (0.3 mmol L−1).
(a) Kinetics of nickel sorption/precipitation in medium I, II and III. (b) Methane
production per bottle by granular sludge incubated in medium I, II and III.

the end of the DMT experiments in medium I were higher than in
medium III, except for the two lowest nickel additions (Fig. 1b). The
latter was because the dissolved nickel concentrations measured in
the DMT experiments in medium I were considerably higher than
those measured in the toxicity experiments. In contrast, the dis-
solved nickel concentrations measured in the DMT experiments in
media II and III were approximately as high as those measured in
the toxicity experiments using these media.

Figs. 1 and 2a shows the kinetics of nickel sorption/precipitation
in the three different media for the nickel addition of 0.3 mmol L−1.
While the plateau in the nickel concentration was reached immedi-
ately in medium II, at least 500 h was needed in media I and III. This
was much longer than expected from parallel experiments with
cobalt [15] and implies that the process of methane production (in
media I and III) took place whilst the nickel concentration was still
decreasing (Fig. 1b).
Fig. 2. An example of the measured data fitted with pseudo-first order kinet-
ics, pseudo-second order kinetics, first order reversible reaction kinetics and
Weber–Morris plot. The data were measured for an initial nickel concentration of
0.75 mmol L−1 in medium III.
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Table 2
Kinetic constants and coefficients of determination (R2) obtained by applying different kinetics models on the data measured with various initial nickel concentrations (c0)
in media I and III.

c0 [mmol L−1] Pseudo-first order equation Pseudo-second order equation First order reversible
reaction model

Weber–Morris modela

k1 [h−1] R2 k2 [g mg−1 h−1] R2 kr [h−1] R2 kid [mg g−1 h−1/2] R2

Medium I
0.10 0.0113 0.988 0.0047 0.969 0.0127 0.993 0.28 0.979
0.30 0.0117 0.996 0.0014 0.979 0.0110 0.997 0.74 0.972
0.50 0.0094 0.976 0.0010 0.917 0.0118 0.951 0.99 0.995
0.75 0.0097 0.966 0.0011 0.884 0.0096 0.967 1.16 0.998
2.00 0.0112 0.938 0.0010 0.848 0.0078 0.961 1.94 0.990

Medium III
0.10 0.0093 0.879 0.0061 0.955 0.0113 0.931 0.33 0.991
0.30 0.0099 0.988 0.0019 0.971 0.0103 0.991 0.72 0.995
0.50 0.0103 0.982 0.0011 0.963 0.0110 0.979 1.03 0.993
0.75 0.0062 0.911 0.0006 0.924 0.0082 0.938 1.23 0.989
2.00 0.0037 0.901 0.0005 0.754 0.0029 0.952 1.48 0.962

a The data for the Weber–Morris model were derived from the liner part of the Weber–Morris plots as shown in Fig. 3.
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III were approximately as high as those measured in the toxicity
experiments using these media.

Fig. 4 shows concentrations of the free nickel ion (Ni2+) at
various total dissolved concentrations measured upon the estab-
Fig. 3. Weber–Morris plots for nickel sorption in media I (a) and III (b) w

seudo-second order and first order reversible reaction kinetics
hows very similar and reasonably high R2 values (0.926–0.986).
owever, the high R2 values are given by agreement between the

atter models and the experimental data obtained at the end of
xperiments (at very low nickel concentrations) and none of these
odels was able to describe sufficiently the decrease of the nickel

oncentration, especially during the first 400 h (Fig. 2). In contrast,
he experimental data could be fitted very well in the period from
ime 0.2 h (after the initial sorption) up to 100–400 h (depending on
he initial nickel concentration) when the steady state was reached
ith the Weber–Morris model (Figs. 2 and 3). This model consid-

rs the intra-particle transport as the limiting step of the sorption
rocess.

Note that the kinetic constant depended on the initial nickel
oncentrations for all kinetic models used (Table 2). The kinetic
onstant of the Weber–Morris model increased systematically with
he initial nickel concentration in media I and III. Similarly, also the
nitial sorption (I) increased in both media I and III with increasing
nitial nickel concentration.

.1.2. Nickel speciation
As EDTA is a strong ligand, almost all the supplied nickel

89–98%) was always present in solution in the medium
ontaining [NiEDTA]2− (medium II). In contrast, massive sorp-
ion/precipitation occurred in media containing NiCl2 with and

ithout phosphates (respectively, medium I and III). Especially
ith the nickel additions lower than 1 mmol L−1, the concentra-

ion in the solution (at the end of both the DMT and the toxicity
xperiments) was as low as 0.001 mmol L−1 and more than 99%
f the nickel had precipitated. Comparing the nickel concentra-
e initial nickel concentrations (c0) of 0.1, 0.3, 0.5, 0.75 and 2.0 mmol L−1.

tions in media I and III at the end of the toxicity tests, slightly
higher (1–3 �mol L−1) values were measured in medium I for addi-
tions lower than 1 mmol L−1. In contrast, the end-concentrations of
nickel were higher in medium III when 1 and 2 mmol L−1 of nickel
were added. The dissolved nickel concentrations at the end of the
DMT experiments in medium I were higher than in medium III,
except for the two lowest nickel additions. The latter was because
the dissolved nickel concentrations measured in the DMT experi-
ments in medium I were considerably higher than those measured
in the toxicity experiments. In contrast, the dissolved nickel con-
centrations measured in the DMT experiments in media II and
Fig. 4. Concentration of free nickel ion (Ni2+) in medium I, II and III as a function of
the total dissolved nickel concentration.
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ig. 5. The SMA obtained under various nickel concentrations in medium I, II and
ickel.

ishment of the sorption equilibrium. The curves show a linear trend
ith R2 of 0.95, 0.90 and 1.00 for medium I, II and III, respectively.

he average percentage of the abundance of the free ion was 20,
.1 and 57% for medium I, II and III, respectively. Because the phos-
hates and EDTA concentration was the only variable between the
edia I–II, the variations in nickel speciation can be related to these

ifferences in the concentration of these ligands.

.2. Nickel toxicity to methylotrophic methanogenesis

Two types of batch toxicity experiments were performed in
rder to examine the effect of the nickel-speciation kinetics: (1)
ubstrate was supplied at the same moment as the nickel dosage
nd (2) substrate supplied after a pre-incubation (30-day) of the
ranular sludge in the nickel containing media.
.2.1. Toxicity of nickel when dosing nickel and methanol
imultaneously

When no nickel was added to the medium (Fig. 5), the observed
MA was approximately 40% lower compared to the SMA at the
ptimal nickel addition (100 �mol L−1 for all three media). Nickel
e nickel concentration was expressed as total added (a) dissolved (b) and free (c)

additions exceeding the optimal amounts caused a decrease in
the SMA of the granular sludge. As Fig. 5a shows, the toxicity of
nickel addition in the three media increased in the order: medium
II < III < I. The maximal values of the SMA were achieved when 0.1,
0.6 and 0.1 mmol L−1 nickel was added to medium I, II and III,
respectively. The optimal nickel addition according to the modeled
Hormesis curves was 0.16, 0.58 and 0.23 mmol L−1 for medium I, II
and III, respectively. The IC50 value ranged for the three media from
0.48 mmol L−1 (medium I) up to 1.05 mmol L−1 (medium II). The
standard deviation of the IC50 value for the total added nickel for
the three media was 0.18 mmol L−1 (i.e. 19% of the average value).

When the dissolved nickel concentration was taken into account
for the calculations, the IC50 values ranged from 0.0007 mmol L−1

(medium III) up to 0.97 mmol L−1 (medium II) and the toxicity of
nickel increased in the order: medium II < I < III. The standard devia-
tion between the IC50 values for the three media was 0.32 mmol L−1
(i.e. 172% of the average value).
When the concentration of the free nickel species was taken

in account for the calculations, the IC50 values ranged from
0.0002 mmol L−1 (medium III) up to 0.0035 mmol L−1 (medium I)
and the toxicity of nickel increased in the order: medium I < II < III.
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Table 3
The SMAmax and IC50 values obtained from the batch-experiments with correlation coefficient (R2) for fitting the experimental data with the Hormesis model. The data are
supplemented with average value (AVG), relative standard deviation (STDEV) of IC50 and SMAmax between measurements in the three media (for each nickel fraction).

Medium I Medium II Medium III AVG STDEV (%)

Nickel addition
SMAmax (mg CH4-COD (g VSS)−1 d−1 740 560 600 633 15
IC50 (mmol L−1) 0.84 1.18 0.91 0.97 19
R2 0.935 0.938 0.865

Probability that the three toxicity curves are identical 0.7%

Dissolved nickel
SMAmax (mg CH4-COD (g VSS)−1 d−1 745 560 601 635 15
IC50 (mmol L−1) 0.089 1.089 0.0012 0.324 172
R2 0.830 0.940 0.980

Probability that the three toxicity curves are identical <0.1%

Free nickel
SMAmax (mg CH4-COD (g VSS)−1 d−1 735 560 619 638 14

T
w

b
a
h
h
t

3
c

c
w
f
v
w
o
0

t
s
n

4

4

m
e
t
o
w
t
m
t
p
u
a
n
t
t
i

tion. Thus, the free nickel fraction cannot be correlated with nickel
toxicity again, as confirmed by the F-test (data not shown), even
when the methanogenic activity takes place after a stable state was
established in the system. Nickel transport into Methanobacterium
IC50 (mmol L−1) 0.062
R2 0.795

Probability that the three toxicity curves are identical

he standard deviation between the IC50 values for the three media
as 0.002 mmol L−1 (i.e. 97% of the average value).

The probability (p-value) that the three curves could be replaced
y one common model curve was <1% in the cases of the total added
nd dissolved nickel and 10% in the case of free nickel. The slightly
igher p-value for the free nickel fraction was rather given by the
igher deviation in the data on the free ion concentration than by
he close similarity of the three curves (Fig. 5c).

.2.2. Toxicity of nickel after 30-day pre-incubation in a nickel
ontaining media

The SMA values obtained in the second type of the nickel toxi-
ity experiments were comparable with the SMA values obtained
ithout applying a 30-day pre-incubation in media I and III, except

or the zero-nickel addition (i.e. control). In contrast, the SMA
alues obtained in medium II with the 30-day pre-incubation
ere substantially higher than those obtained previously with-

ut a pre-incubation period in the nickel concentration range
–0.75 mmol L−1.

The same statistical analysis as performed with the first type of
oxicity experiments was performed (Fig. 6). Again, no significant
imilarity between the toxicity curves was found for any of the
ickel fractions (Table 3).

. Discussion

.1. Prediction of nickel toxicity to anaerobic granular sludge

This study shows that nickel toxicity to methylotrophic
ethanogenesis by anaerobic granular sludge measured in batch-

xperiments cannot be estimated based on the concentration of
he free nickel species (Ni2+) only: different toxicity curves were
btained for the free nickel fraction in methanogenic test media
ith a different ligand compositions (Fig. 5c). The reason was that

he physical–chemical processes taking place in the methanogenic
edium in the presence of anaerobic granular sludge (precipi-

ation, sorption and chemical speciation) were slower than the
arallel biological processes (methane production and nickel bio-
ptake; Fig. 1). It has been shown previously that the FIAM as well

s BLM models are valid when the bio-uptake takes place under
early equilibrium conditions [1,20]. The latter is fulfilled when
he physical–chemical processes in the bulk liquid are faster than
he biological processes [1]. As a consequence of the slow precip-
tation/sorption of nickel in media I and III in the present study,
0.0015 0.0005 0.002 97
0.951 0.979

10%

predicting nickel toxicity based on the free ion concentration at
steady state fails, i.e. the FIAM cannot be directly applied to predict
nickel toxicity in anaerobic granular sludge [7].

Fig. 6 shows that concentrations of the free nickel species
measured upon pseudo-equilibrium establishment cannot be used
directly to estimate nickel toxicity in the system under investiga-
Fig. 6. The SMA obtained under various nickel concentrations in medium I, II and
III when the sludge was pre-incubated for 30 days in the nickel containing media
prior to the substrate (methanol) supplementation. The nickel concentration was
expressed as total added (a) dissolved (b) and free (c) nickel.
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ryantii cells occured in maximally 4 h after nickel injection [21].
his indicates that the bio-uptake of nickel (resulting in nickel tox-
city) takes place even prior to the start of methanogenic activity,

hich is much slower than the nickel uptake (several days). Thus
he nickel uptake took place independently on the methanogenic
ctivity, well before the chemical equilibrium was established in
he medium. The latter was true even when methanol was added
nly after a pre-incubation period of 30 days (Fig. 6).

.2. Nickel sorption onto anaerobic granular sludge

.2.1. Mechanism of nickel sorption onto anaerobic granular
ludge

Figs. 2 and 3 show that the process of nickel sorption in anaer-
bic granular sludge under conditions of media I and III can be
artially modeled using the Weber–Morris kinetic model, indicat-

ng that intra-particle diffusion acts as the rate-limiting process
14,22]. However, the process consists of three distinctive periods:
1) a fast initial sorption in the first minutes upon nickel injection,
2) a slow sorption process limited by intra-particle diffusion and
3) final equilibrium establishment. Similar interpretation of exper-
mental data as a sequence of steps limited by different processes
initial sorption, intra-particle diffusion and equilibrium establish-

ent) was presented also by Popuri et al. [23] for nickel and cupper
orption in chitosan coated PVC beads or by Vimonses et al. [24] for
orption of organic dyes by clay.

As Fig. 3 shows, a substantial part (in average 16%) of the nickel
njected was sorbed almost instantaneously (within 10 min) in the
ludge. This initial sorption was proportional to the nickel dosage
Table 2), suggesting that the initial sorption can be related to the
dsorption on the easily accessible sorption sides of methanogenic
ranules such as the surface of the granules [23,25].

Subsequently to the initial sorption, nickel sorption slowed
own following the Weber–Morris model (Figs. 2 and 3). Thus,
major part of nickel (at least 80%) is sorbed during a sorption

rocess that is limited by the intra-particle diffusion rate. Note
hat the sorption rates in this phase of the process were similar in

edium I and III (Table 2) indicating that the carbonate and phos-
hate concentration in the media did not have a substantial effect
n the sorption process. The observed increase in the kWM values
ith increasing initial nickel concentration can be explained by the

ncreasing effect of the driving force resulting in enhanced diffusion
f nickel in the solid phase [26].

Finally, when the nickel sorption (q) amounted to 95–99% of
he equilibrium sorption (qe), a third period of the sorption process
tarted that was limited by the low nickel concentrations in the
edia.

.2.2. Effect of sorption mechanism on nickel toxicity measured in
atch experiments

Nickel toxicity to anaerobic granular sludge, when studied in
atch experiments, can only be studied under dynamic condi-
ions, because when toxic dosages of nickel are introduced into

ethanogenic medium, the sorption process will be slower than
he parallel biological processes (nickel bio-uptake, methane pro-
uction). The latter hinders the prediction of nickel toxicity to
naerobic granular sludge. Van Hullebusch et al. [9] did not observe
he slow nickel sorption on a methanogenic granular sludge from
he same full-scale UASB reactor as used in this study. How-
ver, the latter authors used much greater sludge concentrations

33.2 g TS L−1 compared to 1.38 g TS L−1 used in this study), result-
ng in a much lower qe (up to 6.5 mg g TS−1 compared to the range
–60 mg TS L−1 in this study). Thus, the sorption observed by Van
ullebusch et al. [9] corresponds with the initial sorption capacity

I) of the granular sludge as observed in the present study (Table 2).
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Note that applying such a low nickel/biomass ratio, only negli-
gible amounts of nickel stay in solution (in order of magnitude
of �mol L−1), resulting in the absence of nickel toxicity (Fig. 5a
and c).

4.3. Effect of 30-day pre-incubation of anaerobic granular sludge
in methanol-free methanogenic medium on SMA

The SMA values of the control bottles (without nickel addi-
tion) containing media I and III substantially increased (almost
to the level of SMAmax) after a 30-day pre-incubation period. The
latter suggests that the nickel contained in the granules in a non-
bioavailable form (e.g. precipitates) was mobilized (by desorption,
dissolution, etc.) during the pre-incubation period, reaching the
non-limiting concentrations when the methanogenic activity was
started. Anaerobic granular sludge indeed contains a stock of non-
bioavailable metals [27], which can be released as a consequence
of changes in metal speciation induced by environmental changes
[28]. Alternatively, the metal speciation can be changed by apply-
ing an electro-kinetic treatment [29]. The present study suggests
that this pool of essential metals can also be remobilized by pre-
incubation in a metal free medium.

4.4. Effect of ligands

The common assumption that complexation decreases heavy
metal toxicity [1] was confirmed in the present study: the toxic
nickel concentrations (considering the total added nickel) with
EDTA present in medium II was substantially higher than the
toxic nickel concentrations in the other two media (Table 2). The
presence of phosphates in medium I increased substantially the
complexation of nickel (Fig. 4), however, this complexation did not
decrease the toxic effect of nickel (Fig. 5a). The latter suggests that
the nickel complex with phosphates ([NiHPO4]) is either not strong
enough to restrict nickel bio-uptake (stability constant according to
Visual Minteq – pK = 19.9 compared to [NiEDTA]2− with pK = 20.11)
or that the nickel bio-uptake takes place prior to the [NiHPO4] for-
mation.

5. Conclusions

This study showed that the kinetics of nickel sorption and
chemical speciation in the methanogenic granular sludge are
crucial for nickel toxicity to methylotrophic methanogens. As
shown in the sorption kinetics experiments, the nickel sorption
in the methanogenic granular sludge is partially intra-particle
diffusion-limited, which results in the slow establishment of the
chemical–physical equilibrium in the methanogenic medium. The
intra-particle diffusion was confirmed by fitting the experimental
data by Weber–Moris model. The results suggest that determina-
tion of equilibrium speciation of nickel in the medium studied is
not sufficient for estimation of nickel toxicity.
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