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of Nickel from Aqueous Media

ABSTRACT This study evaluated the efficacy of a microbial biofilm in
removing Ni ions in aqueous media. The biofilm was developed incorporating
a garden soil fungus with a bacterium isolated from Ni-rich serpentinite soil.
The biofilm was characterized using microscopy, scanning electron
microscopy, Fourier transform infrared (FTIR) investigations, and Boehm and
potentiometric titrations. Ni removal was determined using batch experiments
as a function of pH, Ni concentration, and time. The adsorption isotherm
assay was conducted with varying Ni concentrations from 25 to 500 mg/L for
4 days. Isotherm and kinetic modeling were applied to the experimental data to
understand the mechanisms of Ni removal. The zero point charge at pH 4.5
indicated the pH values greater than 4.5 is favorable for Ni adsorption. Acidic
nature of the biofilm was reflected from Boehm titration data showing higher
number of acidic groups than basic groups. With the increase in initial Ni
concentration, the uptake increased from 3.43 to 38.16 mg/g. Hill, the best-
fitted isotherm model, indicated a maximum adsorption capacity of
165.37 mg/g. After 4 days, the adsorption rate reached an equilibrium with a
maximum sorption of ~30 mg/g for an initial concentration of 100 mg/L.
Kinetic model fitting with Power function further demonstrated the
chemisorptive interaction of Ni with the biofilm surface. A clear involvement
of functional groups of the biofilm in Ni bonding was observed from the
attenuated total reflection (ATR)-FTIR spectrum. The microbial biofilm
showed an efficient but slow removal of Ni from aqueous media.

KEYWORDS FTIR, fungal-bacterial biofilm, isotherm, kinetics, nickel

INTRODUCTION

Bioremoval of heavy metal ions through biosorption is considered as one of
the best approaches in metal ion remediation in wastewater. In relation to the
cost and skilled operations involved in other processes, bioremoval is an eco-
friendly regenerative process with a higher efficiency. Biosorption is a process
that involves the use of biological materials to form complexes with metal ions
using their functional groups (Krishnani et al. 2008).

Many different agricultural wastes such as peanut husk, rice husk, wheat bran
and sawdust, activated carbon, and biochar have been used as potential
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biosorbents for removal of heavy metals (Hegazi 2013;
Trakal et al. 2014; Sewwandi et al. 2012). Even though
they are economically favorable, they pose a question
for safe disposal. However, conventional bioremedia-
tion techniques are incapable of removing high con-
centrations of metal ions in dynamic systems such as
wastewater (Sewwandi et al. 2012). Thus, a regenerating
system with high bioremoval capacity for heavy metal
ions is an urgent need for the industries. At the
moment, the use of biofilms in soil and water remedia-
tion is considered as a newly emerging field (Corcoll
et al. 2012; Ferris et al. 1989).

Biofilm is a community of microorganisms
enclosed with extracellular polymeric substances
(EPS) (Seneviratne et al. 2008). The EPS is a com-
plex mixture of macromolecular polyelectrolytes
including polysaccharides, proteins, and nucleic
acids (Omoike and Chorover 2004). These EPS
building molecules contain ionizable functional
groups such as carboxyl, phosphoric, amine, and
hydroxyl groups (Haghseresht and Lu 1998). There-
fore, they display a considerable sorption capacity
to most positively charged metal cations, leading to
reduced metal transport (Liu, Lam, and Fang 2001;
Ngwenya, Sutherland, and Kennedy 2003; Texier,
Andrés, and Le Cloirec 1999; Yee and Fein 2001).
The adhesion to surfaces and binding organic and
inorganic ions through physical and chemical sorp-
tion are two key functions of EPS that supports the
biosorption processes (Liu, Lam, and Fang 2001).

Many studies have reported successful heavy metal
removal by using different monoculture bacterial bio-
films (Quintelas, Fonseca et al. 2009; Quintelas, Rocha
et al. 2009; Toner et al. 2005). Fungal-bacterial bio-
films (FBBs) are more apparent in the field of biofilms
as biofertilizers (Seneviratne et al. 2009). Furthermore,
they have shown a potential to be used in wastewater
reactors for heavy metal remediation purposes (Herath
et al. 2013). Studies have shown that the performance
of the fungal-bacterial biofilms are higher than that of
the mono- or mixed cultures of bacterial biofilms (Her-
ath et al. 2013). Among the heavy metals found in
wastewaters, Ni is one of the frequently detected in bat-
tery (Jadhav and Hocheng 2013), electroplating, and
Zn-based casting industries (Periasamy and Namasi-
vayam 1995). Discharge of these wastewaters without
proper treatment may release excessive concentrations
of Ni ions into the surrounding environment. Hence,
this work aims to develop a Ni-resistant fungal-bacterial
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biofilm (FBB) to investigate the bioremoval behavior
of Ni in aqueous solutions.

METHODOLOGY
Biofilm Formation

Serpentine soils are known to provide a hostile habi-
tat for plant growth and productivity, mainly due to
the presence of high levels of trace metals, such as Ni,
Cr, and Co (Alves et al. 2011). Serpentine soils in Was-
gamuwa, Sri Lanka, were used in this study to isolate
the bacterium. Nickel concentration in serpentine soils
was found to be more than 6000 mg/kg (Vithanage
et al. 2014). Nickel-resistant bacteria were isolated in
NA (nutrient agar) from serpentine soil in Wasgamuwa.
Each bacterium was coupled with an Aspergillus sp. fun-
gus as a carrier in a low-nutrition medium incorporated
with czapex dox (CZ) and allowed to form fungal-bac-
terial biofilms in a rotatry shaker. Initial screening of
different fungi from garden soil showed that the Aspergil-
lus sp. was the best for biofilm formation and Ni adsorp-
tion for the selected bacteria. Here, we focused on garden
soil fungi, as in the case of this biofilm they are consid-
ered as the carrier for the bacteria. The biofilms were
observed through microscope and were screened for Ni
adsorption with a Ni concentration series (25, 50, 75,
100, 200, 300, and 500 mg/L). The selected biofilm was
used for further Ni adsorption studies.

Potentiometric Titration

One gram of the FBB was equilibrated well at the
desired ionic strength for 24 h. Prior to the equilibra-
tion and also throughout the titration, the sample was
purged with pure N, (99.996%) to minimize CO,
contaminations. Three titration experiments were
performed on the basis of different electrolytic concen-
trations (0.1, 0.01, and 0.001 M NaNOs). The initial
pH of FBB suspension was approximately 4, and it was
raised to 9 with 0.0989 M NaOH before the titration
commenced. The surface charge (op) was calculated
using Equation 1.

O_H:(CA_CB+[021H]_[H+]) (1)

where oy is the surface charge (C m™?), Cy is the added
acid concentration, Cy is the added base concentration,
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[OH] is the hydroxyl ion concentration, [H"] is the
proton concentration, 4 is equilibrium OH™ and H*
concentrations for a given quantity of solid used

gL,

Boehm Titration

The Boehm titration method (Oh and Yum 2004)
was used to determine the surface functional groups
containing oxygen. The procedure was modified as in
Goertzen et al. (2010) to avoid CO, contaminations,
reducing its effect on the endpoint. A suspension of
FBB (1 g) with 0.05 M sodium hydroxide, sodium car-
bonate, sodium bicarbonate, and hydrochloric acid
were prepared, shaken for 3 h, and the filtrate was
titrated for the remaining acid or base concentrations
in the solution with an autotitrator (Orion 940 auto-
chemistry analyzer; MA, USA). Before the titration,
the samples were degasified for 30 min and titrated
immediately while continuing degassing during the
titration. The various free acidic groups were derived
assuming that NaOH neutralizes carboxylic, lactonic,
and phenolic groups; Na,COj3 neutralizes carboxylic
and lactonic groups; and NaHCOj; neutralizes only
carboxylic groups (Goertzen et al. 2010). The quantity
of the different possible surface groups were calculated
through the difference in the calculated amount of
surface functionality that reacted (#CSF) as given in
Equation 2:

nCSF = [B] Vi — [HC1] Vic: - Va/ Vs 2)

where #CSF = moles of carbon surface functionalities
on the surface of BF (umol g™'); [B], Vi = concentra-
tion and volume of the base mixed with BF; V, = vol-
ume of aliquot taken from the Vg; [HCI], Vo =
concentration and volume of acid added to the V.

Biosorption Edges

The pH is one of the most important factors, since
hydrogen ions themselves are strongly competing with
cationic metal ions, and it also determines the valence
state of the ions and their precipitation process. A pH
range between 3 and 9 was used in this experiment
with 500 mg/L Ni concentration. Acids, bases, and
stock solutions were prepared in deionized, distilled
water. Precalibrated acids and base solutions of
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0.0989 M NaOH and 0.1073 M HNO; were used for
pH adjustments.

Biosorption Isotherm Assays

Batch experiments were conducted using 1 g of the
fungal-bacterial biofilm in 50 ml of different concen-
trations of heavy metal solutions (25, 50, 100, 200,
300, 500, 750, and 1000 mg/L) in 100-ml Erlenmeyer
flasks. The pH of the solutions was measured before
and after the sorption. The Erlenmeyer flasks were kept
at 35°C, with moderate stirring for 4 days. Samples
were filtered through 0.45-mm cellulose acetate filter

papers and analyzed for Ni using atomic absorption
spectrophotometry (GBC 933AA; NSW, Australia).

ATR-FTIR Investigations

Infrared spectra of both the biofilm and the metal
loaded biofilm were obtained using a Fourier transform
infrared (FTIR) spectrometer (Nicolet 6700; MA,
USA). For the FTIR study, biofilm was centrifuged and
dried, followed by weighing. Then attenuated total
reflection FTIR (ATR-FTIR) was conducted with finely
ground biomass.

RESULTS AND DISCUSSION
Biofilm Formation

About 1 g of the FBB was formed in 5 days. The
microscopic (under the oil immersion lens of the
microscope and the scanning electron microscope)
observations clearly showed that the fungal mycelium
was colonized with the bacterial cells (Figure 1). In gen-
eral, microbial biofilms are formed adherent to biotic
or abiotic surfaces (Seneviratne, Weerasekara, and Zava-
hir 2010). It was noticed that in this case, the fungal
mycelium acts as the attaching surface for the bacteria
(Figure 1a).

Potentiometric Titrations

The surface charge of the adsorbent could be consid-
ered as one of the parameters that affect the adsorption
process. Potentiometric titration data revealed the pH
range in which FBB surface can adsorb and desorb pro-
tons from the solution (Figure 2). The zero point
charge (pH,,c) of the biofilm was observed at the pH

Microbial Biofilm for Bioremoval of Ni
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FIGURE 1 (a) Light microscopic image of the fungal mycelium colonized by bacterial cells of the microbial biofilm. (b) Scanning elec-

tron micrograph of the microbial biofilm.

of 4.55, indicating that the biofilm surface becomes
negatively charged when the pH value is higher than
4.55. There the surface has a net negative or anionic
charge, and the surface would participate in cation
attraction and cation-exchange reactions. When the
pH is less than zero point charge, the surface has a net
positive charge; therefore, the surface will attract anions
and participate in anion-exchange reactions. It reflects
that the cation adsorption is favorable at pH values
greater than 4.55. As observed in the adsorption edge
data, the Ni adsorption has increased as the solution
pH value increases. Since the zero point charge is 4.55,
Ni adsorption is favorable at pH values greater than
pH,pc. Therefore, under the pH values of the natural
environment, this biofilm is capable of adsorbing Ni

-0.0010 - —o—0.1M
-0.0015
-0.0020 -

-0.0025 +

Excess Charge, mol/dm’

-0.0030 |

pH

FIGURE 2 Variation of surface charge with pH based on three
different ionic strengths. Symbols represent experimental data;
solid lines represent model calculations. Titration ranged from
pH 4 to 9 and pH,,. = 4.5.

M. Seneviratne et al.

ions from aqueous solutions. Furthermore, this biofilm
potentially be used to remediate the heavy metal con-
taminated waters without changing the pH of the
media.

Boehm Titration

The surface functional groups of the biofilm were
examined and quantified by standard Boehm titration
under an inert environment (Goertzen et al. 2010). Dif-
ferent surface functional groups in the biofilm are pre-
sented in Table 1. The FBB consisted of high
concentration of acidic groups than the basic groups
(2702 and 1994 umol g, respectively). Among the
acidic sites, the biofilm was rich in phenolic groups,
which are about 40 times higher than that of the car-
boxylic groups. Based on the Boehm quantification,
the acidic groups were increased in the order of carbox-
ylic < lactonic < phenolic groups (Table 1).

Adsorption Edges

The influence of the solution pH on the equilibrium
Ni uptake levels of the biofilm was determined for dif-
ferent pH values below the Ni precipitation limit. The
results indicated that the Ni adsorption was high at low
pH levels; at pH 3, the Ni adsorption was 22 mg/g and
decreased to 13 mg/g as it reaches to 4.55 (Figure 3),
the pH,,c. The exchange of protons and Ni ions on the
biofilm surface may be the reason behind high adsorp-
tion at pH 3.0. With the increase in pH values greater
than 4.55, the adsorption showed an increment with
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TABLE 1 Physiochemical Parameters of the Biofilm

Parameter Value
pH of the biofilm 3.5
Total acidic groups (umol g~ ") 2702
Total basic groups (umol g~") 1994
Carboxylic groups (umol g~") 46
Lactonic groups (umol g’1) 552
Phenolic groups (umol g~ ") 2103

the increase of pH. Adsorption showed a maximum of
41.02 mg/g at pH 9.0. This could be explained as elec-
trostatic attraction of Ni ions to the negatively charged
surface of the biofilm beyond the pH, .

Biosorption Isotherm Experiments

Maximum adsorption of 100 mg/g was reached at
initial Ni concentration of 500 mg/L (Figure 4a). With
the increase in the initial Ni concentration, the uptake
increased; however, the removal percentage decreased.
For instance, on changing the initial Ni concentration
from 25 to 500 mg/L, the amount of biosorbed Ni
increased from 3.43 to 38.16 mg/g, but the removal
percentage decreased from 12.36% to 6.87%. This
could be explained as at lower concentrations, the ratio
of the initial moles of Ni to the available surface area is
low and subsequently the fractional sorption is inde-
pendent of the initial concentrations (Quintelas et al.
2008). On the other hand, the available sites become
fewer compared with the number of molecules of Ni

45

]
40 @
354
30 4

254

15

Adsorption amount, mg/g

104

pH

FIGURE 3 Dependence of Ni adsorption capacity with pH of
the medium. Initial concentration used was 500 mg/L.

243

present at higher concentrations. Therefore, the
removal percentage of Ni depends on the initial
concentration.

Experimental data were fitted to a number of iso-
therm models (Hill, Langmuir, Freundlich, Redlich
and Peterson, Temkin, and Dubinin-Raduskevich
[DR]) in order to understand the mechanism of Ni bio-
removal (Figure 4a). The data were best fitted with the
Hill model, with R?= .988 (Table 2). In the Hill model
of adsorption, it is also considered as homogeneous
like Langmuir and the adsorption is treated as a cooper-
ative process due to adsorbate-adsorbent interactions
(Ringot et al. 2007). Hence, a cooperative Ni sorption
can be proposed for the studied microbial biofilm. The
Langmuir model quantitatively describes the formation
of a monolayer adsorbate on the outer surface of the
adsorbent. Thereby, the Langmuir model represents
the equilibrium distribution of metal ions between the
solid and liquid phases, assuming that all adsorption
sites have equal affinity for the adsorbate and therefore
only monolayer adsorption occurs. Langmuir separa-
tion factor, Ky, indicates the adsorption nature to be
either unfavorable (K > 1), linear (Kg = 1), favorable
(0 < Kg < 1), or irreversible (Kgr = 0). Langmuir separa-
tion factor (0 < Kg < 1) indicated that Ni sorption is a
favorable reaction with monolayer adsorption
(Figure 4b), whereas the maximum adsorption capacity
(Oimax) was determined to be 235.54 mg/g, with
R?= 985, showing that the reaction is well fitted to
Langmuir adsorption isotherm.

The Freundlich isotherm is commonly used to
describe the adsorption characteristics for the heteroge-
neous surfaces with different affinities. Unlike the
Langmuir isotherm, the Freundlich isotherm does not
imply a maximum adsorption capacity of the sorbent.
It indicates favorability of the adsorption by the func-
tion 7z If # = 1, then the partition between the two
phases are independent of the concentration. Where
n < 1, it indicates a favorable process, and if z > 1, the
process is not favorable for adsorption (Tseng and Wu
2008). Since 7 < 1 (7 = 0.752) in Freundlich isotherm,
it is a favorable sorption process (Table 2). R* = .975
shows the validness of Freundlich isotherm with this
study.

In general, for a given horizon, R* decreased in the
order Hill > Langmuir > Freundlich > Redlich-Peter-
son > Temkin > DR. Among all the adsorption iso-
therm models studied, the Hill adsorption is the best-
fitted model, with a correlation coefficient of .988. The

Microbial Biofilm for Bioremoval of Ni
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FIGURE 4 (a) Experiment data of the Ni adsorption in different Ni concentrations. Symbols represent the experimental data, whereas
the solid line represents calculated results using nonlinear least squares fit. (b) Plot of the Langmuir separation factor for the microbial

biofilm with the initial Ni concentration at pH 5.

Temkin model and DR model showed poor correlation
coefficient values, indicating that these models did not
fit with the experimental data.

Biosorption Kinetic Studies

The adsorption demonstrate an increase of the
adsorption with the increase of time. After the adsor-
bate formed a thin monolayer over the surface, the
capacity of the adsorbent decreased. Hence, the adsorp-
tion rate became constant and reached an equilibrium.
In this study, the adsorption was gradually increased
during the first 2 days (from 9.77 to 12.15 mg/g). A
drastic increment of sorption was observed from the
2nd to the 4th day (from 12.15 to 29.87 mg/g). After
4 days, the adsorption rate reached an equilibrium,
with a maximum sorption of 30 mg/g for an initial
concentration of 100 mg/L.

The adsorption kinetics of Ni at pH 4.5 was
described by the first-order, second-order, pseudo-first-
order, pseudo-second-order, simple Evolich, parabolic
diffusion, and power function models. The first-order
equation is often describes the reactions at the particle/
solution interface. In the pseudo-first-order equation, a
solid capacity is assumed from nondissociating molecu-
lar adsorption onto biosorbents. The pseudo-second-
order adsorption kinetic rate equation is based on the
assumption of chemisorption of the adsorbate on the
adsorbents. The simple Elovich model is developed to
describe the kinetics of heterogenous chemisorptions
processes. The parabolic diffusion equation is often

M. Seneviratne et al.

used to indicate rate-limiting diffusion-controlled phe-
nomena. It successfully describes metal reactions on
soils and soil constituents. Power function models are
frequently used to describe rates of homogeneous
chemisorption process (Sparks 1989).

With respect to the calculated values of correlation
coefficient (R?) and standard error of estimation (SEE),
the power function can be considered as the best-fitted
model (Table 3). This denotes that the interfacial inter-
action between Ni and the microbial biofilm or its EPS
is homogeneous, which corroborates the fit to Hill and
Langmuir isotherm modeling. The poorest fit of all
with the experimental data was observed by pseudo-sec-
ond-order equation. The equilibrium sorption data
were satisfactorily fitted in the order of power function
> pseudo-first-order > simple Elovich > parabolic dif-
fusion > second-order > first-order > pseudo-second-
order.

ATR-FTIR Analysis

FTIR analysis of the biofilm showed different func-
tional groups that are responsible for the metal ion
adsorption (Figure 5). Peaks characteristic to main
functional groups of the microbial biofilm appeared at
1032, 1079, 1149, 1229, 1401, 1450, 1544, 1654, 1750,
2350, 2850, 2926, and 3384 cm™'. The presence of
many bands indicates the complex nature of the bio-
film. The biofilm showed a broad and strong band in
the region of 3200-3600 cm~ !, which could be
ascribed to the presence of yO-H of the hydroxyl
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TABLE 3 Kinetic Parameters of Ni Bioremoval in Biofilm Media

Model Equation Parameter R? SEE
First order In(g,) =1In(q0) — k1t k4 0.2595 .8812 0.2116
1 9o 8.1571
Second order —=— —fot k> 0.0149 .8831 0.0147
O % 9.3023
Pseudo-first order In(ge — ;) =In(ge) — Fat k4 0.6919 .9235 0.4422
¢ 1 1 Qe 61.8059
Pseudo-second order Pl + (—)t k; 0.0001 .5139 0.0253
a 12‘qe Te ] e 85.4700
Elovich g:=—=In(aB) + <—) Int a 22.9958 .8881 3.9245
B B B 0.0715
Parabolic q=a+kt'? a —12.5200 8854 3.3296
kp 19.8310
Power function In(g,) =In(&) + kIn(z) b 8.9155 .9250 0.1680
k¢ 0.7462

group (Pagnanelli et al. 2012). The appearance of the
band at 3384 cm™! absorbance may be due to the
N-H stretch of amine groups (Park et al. 2005). The
absorption peak at 2926 cm ™ is ascribed to the asym-
metric stretching of yC-H bond of the -CH, groups
combined with that of the -CHj groups (Kazy, Das,
and Sar 2006). A peak at 1750 cm™! is due to the
C=0 stretching of carbonyl of carboxylic and ester
groups (Yun et al. 2001). In the bare biofilm spectrum,
the yC=0 of amide I and §NH/yC=0O combination
of the amide II bond were present at 1654 and
1544 cm ™!, respectively, indicating the presence of car-
boxyl groups (Kazy, Das, and Sar 2006). The strong
band that appeared at 1078 cm™' is attributable
to phosphate groups, whereas the peaks at
1032-1229 cm™! are due to the presence of C-O
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FIGURE 5 Changes in FTIR spectra of Ni-treated and not
treated biofilms.
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group in ether (Figure 5). In the control spectrum, the
bands in between 1400 and 1500 cm ™" are due to the
presence of the carboxyl groups (Kazy, Das, and Sar
2006). The bending vibrations of C-H in alkanes and
the stretching are ascertained by the peak at 1401 and
1405 cm ™}, respectively.

The FTIR spectra of Ni-loaded fungal-bacterial bio-
film, in the range of 800-1700 cm ™!, were taken to
confirm the presence of functional groups that are usu-
ally responsible for the biosorption process. An
obvious change in the peak position and intensity at
1700-500 cm ™" region could be assigned to the forma-
tion of intense d(M-0O) and d(O-M-0O) bonds (M =
metal ion) (Sar et al. 1999). A shift in peak position
and more intensity in the spectrum of 3600-
3200 cm ™' region in the Ni-loaded biofilm indicates
the binding of Ni with amino and hydroxyl groups
(Pradhan, Singh, and Rai 2007). Peak change at
1078 cm ™ shows the involvement of phosphate on Ni
binding. A marked shift of the 1544 cm™' peak to
1558 cm ™! region suggested a strong interaction of Ni
with carboxyl groups (Kazy, Das, and Sar 2006). Fol-
lowing Ni sorption, the spectra exhibited a sharp
increase in the peak intensities in between 1400 and
1500 cm ™!, indicating the strong role of carboxyl
groups in Ni binding. Interestingly, in the Ni-loaded
spectrum, the 1078 cm ™! peak has been split, forming
three new peaks at 1032, 1084, and 1149 cm™, indicat-
ing strong role of phosphate in Ni binding (Figure 5).
Also, the appearance of new peaks in 1000 and
500 cm ™! range may have been attributed to the phos-
phate interactions with Ni (Arai and Sparks 2001). In
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general, the FTIR spectral analysis strongly supports the
involvement of the carboxyl and phosphate groups in
Ni binding by the microbial biofilm.

CONCLUSIONS

The behavior of the fungal-bacterial biofilm in Ni
adsorbtion was investigated in this study. Microscopic
and scanning electron microscopic images indicated
prevalence of fungi in the microbial biofilm. Since the
zero point charge of the biofilm was around pH 4.5,
adsorption of Ni was more favorable at pH values
greater than 4.5. Adsorption of Ni onto biofilm was
studied with five different adsorption isotherm models,
and the best-fitted model was the Hill model. Maxi-
mum Ni adsorption was calculated as 165 mg/g
according to the Hill isotherm.

Biofilm-Ni interaction was found to be a monolayer
homogenous adsorption with no interaction between
adsorbate molecules on adjacent sites of the biofilm.
The mechanism of adsorption is proposed as chemi-
sorption, which involves sharing of electrons between
adsorbent and adsorbate. Hence, Ni sorption by the
biofilm seems to be strong due to the negatively
charged acidic sites and the involvement of basic sites
as observed by pH, ;. and Boehm data. The adsoption
kinetics were very well described by the power function
model. Since power function models are frequently
used to describe rates of homogeneous chemisorption
process, the chemisorption nature of the process is fur-
ther confirmed. The FTIR spectral analysis of the bio-
film before and after Ni adsorption showed the
involvement of various functional groups such as car-
boxylic, ester, alkenyl, and phosphate on the adsorp-
tion process. The data indicate an efficient but slow
removal of Ni by the microbial biofilm. Hence, this
microbial biofilm may particularly be in the interest of
contaminated soil remediation.
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