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Abstract

Efficient removal of dissolved nickel was observed in a biologically active moving-bed ‘MERESAFIN’ sand filter
treating rinsing water from an electroless nickel plating plant. Although nickel is fully soluble in this waste water,
its passage through the sand filter promoted rapid removal of approximately 1 mg Ni/l. The speciation of Ni in the
waste water was modelled; the most probable precipitates forming under the conditions in the filter were predicted
using PHREEQC. Analyses of the Ni-containing biosludge using chemical, electron microscopical and X-ray
spectroscopic techniques confirmed crystallisation of nickel phosphate as arupite (Ni3(PO4)>.8H,0), together with
hydroxyapatite within the bacterial biofilm on the filter sand grains. Biosorption contributed less than 1% of
the overall sequestered nickel. Metabolising bacteria are essential for the process; the definitive role of specific
components of the mixed population is undefined but the increase in pH promoted by metabolic activity of some
microbial components is likely to promote nickel desolubilisation by others.

Introduction Escherichia coli strain was augmented four-fold by in-
serting the nixA gene (coding for the Ni transport sys-
tem HpNixA; Eitinger & Mandrand-Berthelot 2000)
from Helicobacter pylori (Krishnaswamy & Wilson

2000). However, genetically modified microorganisms

Microbial nickel uptake and bioaccumulation

Nickel is an essential trace element which serves as a

co-factor for several enzymes such as those involved
in the metabolism of molecular hydrogen, urea and
methane. The state-of-the-art of bacterial transport
systems for the controlled uptake of nickel was re-
cently reviewed by Eitinger & Mandrand-Berthelot
(2000). A nickel resistant, hyper-accumulating strain
of the fungus Neurospora crassa was described by
Kumar et al. (1992), but there is no information about
its application in bioremediation technology. Hyper-
accumulating plants are more common and are of ma-
jor interest for biomining applications (Robinson et al.
1997; Anderson et al. 1999) and soil bioremediation,
e.g., Alyssum lesbiacum accumulates more than 30 mg
Ni/g dry weight when grown on contaminated soil
(Kramer et al. 1996). Recently, Ni accumulation by an

will probably be unacceptable in an open waste wa-
ter treatment system and attention is focused on the
use of naturally occurring microbial strains for nickel
removal.

Physico-chemical nickel biosorption

The biosorptive capacity for nickel has frequently
been shown to be low in contrast to other transition
metals, e.g., Cu>™, Pb2* or Ag™, in accordance with
the Irving-Williams series, an empirically determined
series of stability constants of organo-metal complexes
(Irving & Williams 1953). The biosorptive capacities
of several microorganisms and chemical properties
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Fig. 1. Major soluble Ni-species of 0. mM NiSO4 added to pure water at 25 °C; pH adjustment with HySO4/NaOH calculated with
PHREEQC. Total soluble Ni (bold line), Ni>* (@), NiIOHT (4), Ni(OH), (A), Ni(OH)3~ (¥), NiSO4 (W), Ni(SO4)22~ ().

of nickel in that context have been summarised and
discussed by Tsezos et al. (1995).

Without obvious differences between the major
groups of microorganisms, the biosorptive capacities
of algae, bacteria and fungi range between 5 and
50 mg Ni/g dry matter, corresponding to high equi-
librium concentrations of 100 mg/l and above, and
neutral to slightly acidic pH values (Lu et al. 1998;
Sag & Kutsal, 1995, 1997, 1999; Lau et al. 1999;
Ceribasi & Yetis 2001; Donmez & Aksu 2001; Klim-
mek & Stan 2001). In the concentration range of
practical interest for bioremediation studies (typically
only a few mg/1) nickel biosorption only reaches 0.5 to
10 mg/g (Galun & Galun 1988; Traxler & Wood 1990;
Cabral 1992; Ramelow et al. 1992; Wong & Pak 1992;
Holan & Volesky 1994; Asthana et al. 1995; Tsezos
et al. 1995; Ivanitsa et al. 1999). However, some of
the higher published values were obtained at pH values
>7.5 (e.g., Wnorowski 1991; Wong & Fung 1997) and
must be disregarded in this context, as modelling of
nickel speciation suggests the formation of nickel hy-
droxides (Figure 1) and hence the capacity of biomass
to trap precipitates rather than sorb nickel ions is mea-
sured. In the low mg/l concentration range the Ni**

cation is the dominant species up to pH 7.5 (Figure 1;
Baes & Mesmer 1976). Precipitation starts to occur at
2-3 pH units below the pK, of the aqua complex; the
pK., value of Ni2T is 9.9 (Hughes & Poole 1991).

A pH value of 6 and above has been reported
as optimal for Ni biosorption by bacteria. Below
pH 7 the competition for binding sites by protons be-
comes evident, and biosorption decreases markedly
with decreasing pH (Figure 2). For algae and fungi
lower pH optima are reported, pointing to bonds with
higher affinity (Kambe-Honjoh et al. 1997; Klimmek
& Stan 2001), and reflecting different cell surface
compositions between microbial groups.

The data summarised above were obtained un-
der laboratory conditions, either in distilled water or
in ‘non-complexing’ buffers like PIPES or HEPES.
In real solutions with more complex ionic matrices
competition by other cations plays an important role,
especially due to the low affinity of nickel for biomass.
Lead (25 mg/l), for example, reduced Ni biosorp-
tion of Rhizopus arrhizus by 50% (Sag & Kutsal
1997), calcium, chromium(IIl) and iron(Il) affected
Ni biosorption by Aspergillus niger (Natarajan et al.
1999), and sodium, present in high concentrations



569

100 ° ® ® —
~
3
~ 80 -
<
S
L oV
>
Q 60
wv
2
Q
< 40 -
O
S
-
%
- 20 -
0 1 ' T I I T I L] | T r

pH

Fig. 2. Normalised pH-dependence of Ni biosorption by bacteria (¢, Lu et al. 1998), yeast (@, Kambe-Honjoh et al. 1997) and algae (M,

Ramelow et al. 1992).

in a Ni-electroplating water, completely inhibited Ni
biosorption by cyanobacteria (Corder & Reeves 1994).
Hence, biosorption of nickel alone could not become
an efficient treatment technology for actual waste wa-
ters with complex ionic matrices and low pollutant
concentration levels. In contrast, other processes lead-
ing to a much higher loading of biomass (e.g., biopre-
cipitation) make use of biosorbed nickel on nucleation
sites which facilitate overall nickel accumulation. In
this respect biosorption would become important as an
initial step in a successful bioremediation process for
nickel sequestration.

Nickel bioprecipitation and biocrystallisation
processes

Nickel can be bioprecipitated onto cell surfaces with a
number of biogenic precipitant ligands, as described in
the literature for other metals, for example Ni2* could
be removed as its phosphate precipitate since metal
phosphates are highly insoluble. Accordingly, heavy
metals were removed as their phosphates via the activ-
ity of cell-bound phosphatase (PhoN) of Citrobacter
sp. N14 or an E. coli strain containing a homologous

phoN gene (Basnakova er al. 1998b). However, Ni*
was not removed by this technique (Bonthrone et al.
1996).

In contrast to metal phosphates, the formation of
metal sulphides is the most prominent mechanism
for biologically mediated heavy metal precipitation.
Many heavy metals and some metalloids form sul-
phides with very high stability constants, for example
10718, 10719-726 and 10733, for FeS, NiS and HgS,
respectively (Morel 1983). The reaction is widely used
in conventional waste water treatment, when complex
forming substances like short-chain organic acids,
NTA or EDTA, hinder the usual neutralisation precip-
itation with lime or caustic soda. However sulphide
itself (applied as H»S or NayS) is harmful, underlying
statutory emission regulations. For effective precipita-
tion it must be added in excess, and residual sulphide
must then be removed. Furthermore, most metal sul-
phides form only small particles or colloids with poor
settling characteristics, usually necessitating a pol-
ishing filter. Synthetic organosulphides have recently
become available, offering easier dosage, better set-
tling sludge, and easy removal of excess. However,
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they are expensive and can be used economically only
under special conditions (Miihlbacher 1994).

Sulphide can also be made available by sulphate-
reducing bacteria (SRB) which transfer electrons
anoxically to oxidised inorganic sulphur species as ter-
minal electron acceptors; H,S (and HS™, respectively,
depending on pH; pK, = 6.99) is the final product
of this dissimilatory sulphate reduction. Organic acids
(e.g., lactate, butyrate, acetate, propionate, formate),
alcohols and molecular hydrogen are typical electron
donors (Schlegel 1992).

This biological route offers several advantages
compared to conventional chemical precipitation. Sev-
eral pilot and full-scale applications using sulphidic
bioprecipitation are now in operation for the treatment
of mining water, industrial waste water and ground-
water (White e al. 1997; Saunders 1998; Piimpel &
Paknikar 2001). Although it is possible to grow SRB
in medium in the absence of agents to poise the Ep,
production of excess H»S is required for this purpose
(Postgate 1979). Since excess H,S production is prob-
lematic (above) an aerobic route may be preferable,
particularly in oxic wastewaters.

In the presence of sodium carbonate, the formation
of mixed precipitates of nickel carbonate and hydrox-
ide (xNiCO3.yNi(OH),.zH,0) can be observed in the
moderately alkaline pH range. The higher the pH, the
higher the proportion of the hydroxide (Miihlbacher,
1994). This was exploited using a BICMER (Bacteria
Immobilised Composite MEmbrane Reactor) reactor
(Peys et al. 1997) for the removal of Ni from wastewa-
ter. Here, the Ni-resistant bacterium Ralstonia metal-
lidurans CH34 (Mergeay et al. 1985; Siddiqui et al.
1989; Diels et al. 1995a) and Alcaligenes xylosoxi-
dans 31A (Schmidt et al. 1991) were employed in the
BICMER system, comprising a composite membrane
(polysulfone and zirconium oxide) supporting a bacte-
rial biofilm challenged under a tangential flow (Diels
et al. 1995b, c). Nutrients were provided from the
other side of the membrane and diffused to the biofilm.
Ni was removed by precipitation of nickel carbonates
by both microorganisms. In the case of CH34 the Ni-
precipitation could only be induced by the addition of
Cd or Zn ions at the nutrient side of the membrane
but the Ni precipitation process was self-induced in
the case of A. xylosoxidans. Both bacteria harbour a
large plasmid, encoding for Ni-resistance, by the cnr-
or ncc-operon, respectively (Nies 1992; Tibazarwa
et al. 2000). These operons encode a chemiosmotic
Ni-hydrogen efflux system (antiport), which resulted
in high Ni concentrations exterior to the outer cell

membrane with a subsequent metal precipitation at
local Ni-binding sites (various functional groups) on
extracellular polysaccharides. The initial Ni-binding
was used as a nucleation site for the further crystallisa-
tion of, in this case, Ni-carbonates. Ni concentrations
could be reduced from 14.8 mg Ni/l to below 1 mg
Ni/l.

The above suggests that nickel bioprecipitation is
promoted by the presence of nucleation sites. This
concept was illustrated previously, where removal of
thorium as its phosphate was promoted by the pre-
deposition of nucleation foci of a dissimilar metal
phosphate, in this case LaPOy, giving a co-crystal of
lanthanum and thorium phosphate (Yong & Macaskie
1998). A co-crystal was also obtained with Ni>* in the
presence of uranyl ion, (Bonthrone et al. 1996) which
was subsequently attributed to intercalation of Ni**+
within the crystalline lattice of cell surface-bound
HUO,P04.4H;0 (Basnakova & Macaskie 1997; Bas-
nakova et al. 1998a), in accordance with the known in-
tercalative ion exchange properties of this ‘host’ crys-
tal (Clearfield 1988). A bioinorganic ion-exchanger
was developed using HUO,PO4.4H;0 pre-deposited
on the biomass, which functioned in repeated depo-
sition and washing cycles for removal and recovery
of Ni using desorbents such as citrate (Basnakova &
Macaskie 1997), which requires a secondary treat-
ment step to degrade the citrate to release Ni**
(Thomas et al. 2000), or seawater, yielding the sol-
uble nickel-chloride complex (Basnakova & Macaskie
2001). However this approach is limited by the range
of host crystals that can be used as ion-exchangers
for Ni2*; the use of uranium is unattractive due to
its long-lived radioactivity. Zirconium (IV) phosphate
has similar ion-exchange properties (Clearfield 1988)
but attempts to intercalate Ni*T into biologically-
manufactured Zr(HPO4), were unsuccessful; only
amorphous zirconium phosphate was found on the
cells, with no interpretable X-ray powder diffraction
pattern (Basnakova & Macaskie 1999) and not the re-
quired crystalline material (Clearfield 1988). Attempts
to use biogenic Ti(IV) or Sn(IV) phosphates as hosts
for Ni2* were, similarly, unsuccessful (Basnakova &
Macaskie 1999) and, given the problems inherent in
the use of U(VI) (above), this approach is unattractive
for a routine Ni-removing bioprocess.

The MERESAFIN concept

The MERESAFIN process (MEtal REmoval by SAnd
Filter INoculation; Diels et al. 1998; MERESAFIN
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Fig. 3. Major soluble species of Ni in a typical filter feed water sample. Calculated with PHREEQC using analytical data presented in Table 1,
with theoretical addition of HySO4 and NaOH, respectively. Total soluble Ni (bold line), Ni2+ (@), NiCO3 (W), NiHCO37L (%), Ni(C03)22*

(4), NiSO4 (4).

1999) was designed to combine the optimal condi-
tions for more than one of the above processes of
metal immobilisation in a single-stage treatment sys-
tem for industrial waste water. The approach uses a
continuously operated moving-bed Astrasand® filter
(Assen 1995) which is inoculated with a mixed pop-
ulation of selected metal biosorbing, bioprecipitating
and biodegrading bacteria (Diels et al. 1999; Pernfuf}
et al. 1999; Piimpel et al. 2001). Active biofilms form
on the sand grains by continuous supply of nutrients.
Parts of the biofilm, including the bound metals, are
detached from the sand grains by attrition in the inter-
nal airlift and in the sand washer of the filter and are
continuously removed from the device. Base layers of
biofilms remain on the sand grains, and biofilms are
replenished in the next cycle (Diels et al. 1999).

One of four pilot plants based on this concept was
commissioned at a metal plating company in Vienna,
Austria, to treat waste water from an electroless nickel
plating line. In the course of optimisation of the metal
removal process the metabolic activity of bacteria in
the filter was increased by increasing the dosage of
carbon source and electron acceptors during several

months of operation (Piimpel ef al. 2001). A correla-
tion between carbon consumption and nickel removal
was found (r = 0.75).

The purpose of this study was to elucidate the
role of the microorganisms and the mechanisms re-
sponsible for Ni removal in the MERESAFIN process,
allowing for better process steering and optimisation.
The metal accumulative properties of the filter mi-
croorganisms as well as the speciation of the feed
water nickel and the form of the nickel on the biomass
were investigated.

Materials and methods
Biofilm

Samples of biofilm-laden sand grains were collected
from a pilot-scale MERESAFIN moving-bed sand
filter plant treating waste water from an electroless
nickel plating line (details of operation and data on
metal removal were published by Pernful3 ez al. (1999)
and Piimpel er al. (2001)). Sand grains covered with
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Fig. 4. Saturation indices of nickel hydroxide (solid line) and nickel phosphate (dashed line) in the filter feed water. Calculated with PHREEQC
using analytical data presented in Table 1, with theoretical addition of H»SO4 and NaOH, respectively.

biofilm and associated precipitated metals were pe-
riodically taken from the top of the filter bed and
analysed using scanning and transmission electron mi-
croscopy (SEM, TEM) with energy dispersive X-ray
microanalysis (EDAX). Excess biomass was continu-
ously sloughed off from the sand grains during normal
operation in the filter, collected in a lamella separator
and thickened in bag filters. This material (biosludge)
contained a metal burden (see later) accumulated dur-
ing the sand filter operation.

Water analyses

Total element concentrations in feed water, extracts
and digests were analysed by ICP-Atomic Emission
Spectrometry (Perkin-Elmer Plasma 400): Ca, Fe, Mg,
P, Ni and Zn, Flame-Atomic Absorption Spectrom-
etry (Perkin-Elmer 2100): Ni in biosorption experi-
ments, and by Flame- Atomic Emission Spectrometry
(Perkin-Elmer 2380): K and Na.

Concentrations of organic acids originally present
in the waste water or added as nutrient were deter-
mined by HPLC: Aminex HPX-87H column (Biorad),

0.5 ml/min 2 mM H;SOy4, 40 °C, UV-detection at
213 nm.

Biofilm and biosludge analyses

Sand grains were periodically removed from the fil-
ter and stored in the waste water (see Table 1) at
4 °C. For analysis samples were washed gently in
distilled water and examined using scanning electron
microscopy as described by Finlay et al. (1999). For
examination of metal uptake biofilm was dislodged
by vortex-mixing, air dried on formvar-coated tita-
nium grids and carbon coated prior to examination
by transmission electron microscopy using EDAX as
described previously (Basnakova er al. 1998a; Finlay
et al. 1999).

Nickel biosorption by biosludge

Biosludge was dried at 40 °C for 24 h and pul-
verised. In order to estimate the biosorption capacity
of the biosludge and exclude any interference from
previously-bioprecipitated metals it was necessary to
equilibrate the biosludge to a fixed pH prior to the



Table 1. Typical analysis of the filter feed water.
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Parameter  Conc. [mg/l]  Parameter Conc. [mg/l]  Parameter  Value

Ca 34 0, 6.1 pH 7.5

Na 18 Carbonate-C 14 Ey +400 mV
K 9.1 Sulphate-S 8 T 25°C
Mg 7.9 Phosphate-P 14.5

Ni 3.92 Ammonium-N 5.3

Fe 0.08 Lactate 25.6

Zn 0.02 Acetate 25

4For modelling purposes the equivalent value of 66 uM was used (Mol. wt. = 58.7).
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Fig. 5. SEM image of biofilm on a sand grain from the pilot filter (left), and TEM close-up with EDAX-scan of the arrowed precipitate (right).

contact experiments: A slurry of 35 g dry material
in 500 ml of water was stirred at 250 rpm. The pH
was maintained at a value of 3.5 by periodic addition
of HNO3 as the pH of the slurry drifted to alkaline,
reaching equilibrium after ~24 h. The solid phase was
collected by centrifugation (30 min at 5000 g) and
dried as before.

Biosorption equilibrium isotherms were deter-
mined by contacting Ni-containing waste water (Ta-
ble 1), spiked with nickel nitrate (Ni(NO3)2.6H>0)
up to 100 mg Ni/l, with 0.5 g of dry biosludge. The
contact volume was 100 ml in stoppered Erlenmeyer
flasks of 250 ml, agitated on an orbital shaker at
250 rpm at a constant temperature of 25 °C for 24 h,
and the initial pH was adjusted to 3.5 by dropwise ad-
dition of 0.1 M HNOj3. (Nickel, in the range of the
concentrations used in the biosorption experiments, is
present in solution predominantly in the soluble ionic
form Ni%* at the chosen pH value; Figure 1).

Following the 24 h of contact the solutions were
separated from the biomass by centrifugation as above
and filtered through 0.45 um preweighed Millipore
membrane filters in a glass vacuum filtration appara-

tus. Approximately 20-25 ml of each solution were
first filtered and discarded to bring the filter to ad-
sorption equilibrium with the solution. The subsequent
filtrate was then collected for pH and nickel (C. in
equation 1) analyses. The membrane filters were dried
and weighed, and the difference of weight before and
after filtration was used as the dry weight basis (M
in equation 1) for calculation of sorption/desorption
equilibrium uptake capacities.

Due to the high nickel pre-loading of the biosludge
a fraction of the metal was leached into solution (Cgg
in equation 2) and analysed before spiking with ad-
ditional nickel (Cs in equation 2). The biosorption
equilibrium uptake capacity for each sample was cal-
culated according to the following mass balance on the
metal ion expressed by equations 1 and 2:

q=V(Cy—-Co)/M (1
Co = Cgg + Cs, )

where q is the biosorption equilibrium metal uptake
capacity in [mg/g], V is the sample volume in [1], Cp
is the initial metal ion concentration in [mg/l], C, is
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Fig. 6. Leaching of nickel from biofilm with HCI (2 independent experiments: @ with fitted line), and data calculated with PHREEQC for NiS

(A), Ni3(POy), (B), Ni(OH), (C), NiO (D), and Nis(OH)sSOy (E).

the equilibrium metal ion concentration in [mg/l], M
is the dry weight of the biomass in [g], Cpg is the
leached background metal ion concentration in [mg/1],
Cs is the spiked metal ion concentration in [mg/1].

Glassware and other materials were carefully
cleaned in order to avoid sample contamination ac-
cording to the following protocol: Rinsed with tap
water, soaked (24 h) in a 2% detergent solution (Decon
Prolabo), rinsed with tap water, soaked (3 d) in 0.1 M
HNOs3 solution, and finally rinsed with deionized wa-
ter. Mean relative errors of metals analysis were less
than 10%.

Extraction of nickel and other elements from
biosludge

Biofilm-loaded filter sand (10 g wet weight) and KCl
(100 mg for adjustment of ionic strength) were added
to 100 ml distilled water in an Erlenmeyer flask
(250 ml). The pH of the slowly stirred suspension was
controlled by the automatic addition of 100 mM HCI
(Metrohm titrator). The pH setpoint was decreased by
0.5 pH units every 24 h to pH 1. Samples (5 ml) were
filtered through 0.2 um syringe membrane filters and

stabilised with 1 drop of 65% HNO3 for metals analy-
sis. The efficiency of extraction was related to a wet
digest: 3 aliquots of 1 g of the same fresh sand, and
sand after the extraction, respectively, were boiled in
5 ml 65% HNO3 to near dryness in volumetric flasks
of 50 ml, and made up to volume with 1% HNO3;.
In extracts and digests, the concentrations of Ca, Fe,
K, Mg, Na, P, Ni and Zn were analysed as described
above.

X-ray powder diffraction analysis (XRD) of
precipitates

Precipitates were extracted from the biofilm due to
interference by biomass on the XRD signal. In all
extraction steps the original slightly alkaline pH and
ambient temperatures was retained in order to avoid
any chemical alteration of the Ni-phase. 30 g of filter
sand carrying biofilms were shaken by tilting in a neu-
tral detergent solution (1% RBS Neutral Konzentrat,
Carl Roth GmbH) for 24 h. The dense precipitates
were then separated from biomass by centrifugation
through a 40% sucrose solution (1000 g, 10 min).
The pellet free of biomass by microscopic exami-



nation, was dried at room temperature and analysed
with a Bruker-AXS D-8 Powder X-ray diffractometer
(Cu-target 40 V, 40 mA, scintillation-counter stepsize
0.01°, counting time 10 s).

Speciation modelling

The computer code PHREEQC (MS-DOS version 1.6,
U.S. Geological Survey) with database Minteq and
additional thermodynamic constants of Ni-complexes
(Morel 1983; Shuttleworth & Unz 1993) was used
to model (i) Ni-speciation in pure water and filter
feed water, (ii) influence of microbial metabolism
on Ni-speciation, and (iii) acid-resolubilisation of Ni
from appropriate solid Ni-phases for evaluation of the
experimental data of Ni-extraction with HCL.

Results

Characterisation of the filter feed water

The sand filter was fed with rinsing water from an
electroless nickel plating line containing nickel sul-
phate, phosphates, and organic acids at a neutral pH.
A typical analysis is shown in Table 1. It was found by
experiment that chemical precipitation of nickel hy-
droxide with caustic soda started at pH 9, which is
in agreement with the model predictions for loss of
soluble Ni species presented in Figure 3.

Speciation modelling of the feed water with
PHREEQC confirmed the pattern of removal of sol-
uble nickel and also suggested that at pH 7 to 8 most
of the soluble nickel should be present as Ni’t and
NiCOs (Figure 3), with carbonate being the key deter-
minant of nickel speciation. Neither the organic acids
present (for control of nickel speciation in the concen-
trated, more acidic plating bath) nor ammonium ion
markedly affect the fate of soluble nickel. Amongst the
solid nickel phases only nickel hydroxide (Ni(OH);)
and nickel phosphate (Ni3(PO4),) were taken into ac-
count by PHREEQC. Nickel phosphate reaches the
maximal concentration in the pH range from 7 to 8§,
and only exceeds the saturation level (saturation index
= (), if inorganic carbon is below 0.3 mM. Ni(OH),
never touches the saturation level under the conditions
and the pH range regarded (Figure 4). From this theo-
retical approach, which is based on analytical data of
the feed water, nickel phosphate and nickel hydroxide
are the thermodynamically favoured nickel phases, but
these should not precipitate spontaneously without al-
teration of the water composition. Indeed, preliminary
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experiments using uninoculated sandfilters showed no
retention of Ni by the sandfilter itself (unpublished
work).

Biofilm and biosludge analysis

The sand filter was inoculated with a mixed pop-
ulation of five bacterial strains (Pseudomonas men-
docina AS302, Arthrobacter sp. BP7/26, R. metal-
lidurans CH34, P. fluorescens K1/8a, Methylobacillus
sp. MB127, all with potent biosorptive and bioprecip-
itative mechanisms of metals removal (Piimpel et al.
2001). After eight months of operation R. metallidu-
rans CH34 was a major component of the biofilm,
none of the other added strains could be identified
with certainty (Pernful} et al. 1999) and the propor-
tion of unculturable organisms introduced from the
waste water could not be determined. Examination
of the metal-loaded sand grains by scanning electron
microscopy showed clear colonisation by microbial
biofilm (Figure 5, left panel). Using TEM electron
opaque areas were visible (Figure 5, right panel; ar-
rowed in inset). Analysis by EDAX (Figure 5, right
panel) confirmed the presence of nickel in the deposits,
apparently co-precipitating with Na, Ca, and P. Quan-
titative analysis was not done at this stage (see later)
but the data indicate a deposit comprising a mixture of
Ca(NaPQy)», and Ni(NaPQy),> and/or Ni3(POy4);.

Biosorption of Ni by biosludge

In biosorption experiments with the nickel loaded filter
biosludge (composition in Table 3) at pH 3.5 a por-
tion of the biofilm-bound nickel was leached from the
solid to the liquid phase (leaching pattern according
to Figure 6) before spiking the solution with addi-
tional nickel, giving equilibrium concentrations of 76
to 92 mg/l Ni (Cpg in Table 2). Therefore, biosorptive
capacities could not be analysed for nickel equilibrium
concentrations below 76 mg/1. Although the pH drifted
from 3.5 to 5.7-5.8 during the biosorption experiments
due to the high buffering capacity of the material,
only biosorptive nickel binding could account for the
observed nickel depletion of the solution; according
to model predictions for the respective water matrix
(Figures 3 & 4) and precipitation experiments, nickel
precipitation only occurs above pH 7. The amount of
the metal sorbed per unit weight of dry material and
unit weight of biomass, respectively, was calculated
(Table 2). (Biomass is assumed to equal the volatile
fraction of 350—400 mg/g dry material, determined as
loss on ignition; Table 3.)
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Table 2. Biosorption results from equilibrated biosludge.

Biosorption capacity

End [mg Ni/g dry material]  [mg Ni/ g biomass]

Cs 8:1¢} Co Ce
[mg Ni/l] [mg Ni/l]  [mg Ni/l] [mg Ni/l]  Start
0 76 76 72 3.5
5 79 84 76 3.5
10 80 90 77 3.5
20 84 104 81 3.5
30 86 116 90 3.5
50 88 138 107 3.5
100 92 192 152 3.5

5.7 0.8 2.0
5.7 1.5 4.0
5.7 2.5 6.6
5.7 4.6 12.0
5.8 5.1 13.4
5.8 6.1 16.0
5.7 7.9 20.7

(Cg spiked concentration; Cpg leached background; Cy initial concentration; Ce equilibrium concentration)

Table 3. Major components of continuously produced biosludge (proposed typical composition).

Component Content in dry material [mg/g]  Proposed compounds Methods

Biomass 350400 bacteria and exopolymers  loss on ignition at 800-900 °C

Ca 100-200 hydroxyapatite; gypsum total: acid digestion — ICP
species: X-ray diffraction, PHREEQC

Si 70-80 quartz (from carrier) total: acid digestion — ICP
species: X-ray diffraction

Ni 50-60 arupite total: acid digestion — ICP
localisation: EDAX
species: X-ray diffraction

Fe 20-40 FeOOH, Fe; 03, Fe30y4 total: acid digestion — ICP
species: PHREEQC

Al As, Co, Cu, Mg, Zn 10-20 Not investigated total: acid digestion - ICP

Due to of the complexity of the biosludge, which
contained a high content of extant nickel precipitates
and other inorganic material, the results, although not
quantitative, provide an indication of the contribution
of biosorption to the overall nickel removal process.
Since the sand filter operates continuously each cycle
will include newly-divided cells available for a new
biosorption and precipitation cycle. The biosludge was
generated in the sand filter challenged with an equi-
librium concentration of 2-3 mg Ni/l waste water,
with a respective nickel loading of 50-60 mg Ni/g
total solids (Table 3) and 130-160 mg Ni/g biomass
(calculated with the volatile fraction as above). Un-
der the same conditions as the ones prevailing in the
filter, biosorption alone would contribute only much
less than 1 mg Ni/g biomass at the appropriate low
equilibrium concentration of 2-3 mg Ni/l (Table 2),
which is less than 1% of the overall sequestered nickel.
From the biosludge analysis (above) a bioprecipitation
mechanism was implicated, which formed the focus of
subsequent tests.

Chemical analysis and modelling

The biosludge had a relatively high content of inor-
ganic material, ranging from 60 to 65% of the dry
material. Nickel, the target heavy metal of the removal
process, reached a 6% content at the end of the pi-
lot operation. Other main elements of the sludge were
silicon (from small quartz particles chipped from the
carrier sand material), phosphorus, iron and calcium
(Table 3).

From preliminary biosorption experiments con-
ducted using the bacteria selected for filter inoculation,
in addition to biosludge from the filter (see above), and
also from literature data (Tsezos et al. 1995), it is clear
that processes other than biosorption contributed to the
observed high nickel content of the biofilm. EDAX
analysis of sections of biofilm bacteria failed to detect
intracellularly bioaccumulated nickel but showed the
metal, together with phosphorus, calcium and sodium
in extracellular particles (Figure 5), pointing to an
extracellular biomineralisation process.



Acid extraction was used to estimate the stability
of the Ni-bonds involved and to narrow the spectrum
of possible solid phases by comparison of stability
constants and calculated dissolution behaviours. The
initial pH stabilised at pH 8 in the extraction experi-
ment with biofilm bearing sand from the filter (c.f. the
original value of the filter effluent was 7.5; Table 1).
No nickel dissolved at this pH during the first 24 h,
whereas the solubilisation of Ni occurred mainly in
the range of pH 6.5 to 4, under addition of HCI (Fig-
ure 6), with total leaching at pH 1. Nickel extractions
from several possible nickel solid phases were mod-
elled in parallel using PHREEQC and compared to
the experimental data (Figure 6). In the concentration
range of interest, Ni(OH);, Nis(OH)¢SO4 and NiO
(bunsenite) are fully soluble at pH 7 and could there-
fore be excluded. The dissolution pattern of Ni3(PO4)>
between pH 7-5.5 partially overlaps with the experi-
mental data and could explain approximately 50% of
the Ni-extraction. NiS (millerite) dissolves between
pH 4-2.5; the small increase in the experimental curve
in this pH range could be attributed to a minor content
of millerite in the sample. However, no sulphur was
detected by examination with EDAX (Figure 5) and
the oxic conditions of the sand filter and washer would
have precluded growth of sulphate-reducing bacteria.
Since no other Ni-phase included in the PHREEQC
database has stability constants between those of NiS
and Ni3(POy4);, a major part of the extraction curve
still requires explanation; this was not attributable
to desorption of biosorbed material since biosorption
comprised less than 1% of the biosludge-bound Ni
(above).

Further analysis using X-ray powder diffraction
(XRD) of isolated particles (Figure 7) confirmed
that Ni was present as crystalline Ni3z(PO4),.8H,0
(arupite) which was converted to NiO by heat treat-
ment of the precipitate at 200 °C, showing that Ni is
present as a separate phase. For modelling purposes
(Figure 6) the thermodynamic data of only amorphous
Ni3(PO4), were available; taking into consideration
the usually higher stability of crystalline phases, it
is likely that the arupite phase was more stable to
acid dissolution. In addition to the diagnostic peak
of arupite (Figure 7, arrowed), the XRD spectrum
(Figure 7) was completely characteristic of poorly
crystallised hydroxyapatite, in accordance with the
X-ray emission energies characteristic of Ca and P
(Figure 5) and was identical to the spectrum of bio-
genic hydroxyapatite obtained using metal phosphate
precipitating Serratia sp. (P. Yong and L.E. Macaskie,
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unpublished; the Serratia was previous classified as a
Citrobacter sp: Pattanapipitpaisal et al. 2002).

Discussion

Although nickel is fully soluble in the plating waste
water, its passage through the sand filter promoted
removal of ~1 mg Ni/l within the few minutes re-
tention time. Increases in microbial metabolic activity
gave correspondingly enhanced nickel removal from
solution (r = 0.75; Piimpel et al. 2001), suggest-
ing a microbially-assisted process promoted by R.
metallidurans CH34 (the predominant organism), to-
gether with the naturally-developed population, which
probably included a proportion of non-culturable or-
ganisms, the specific contributions of which cannot be
quantified.

Nickel is stable in the natural, slightly alkaline pH
range (7.5 to 8) of the dilute waste water. The mod-
elling software PHREEQC suggested nickel cation —
Ni?* and nickel carbonate — NiCO3 as the major sol-
uble species (Figure 3). The organic acids present in
the water apparently had no impact on nickel speci-
ation here, although they are needed to stabilise the
thousand-fold higher metal concentration in the more
acidic plating bath. Experimental and theoretical in-
vestigations showed nickel precipitation to start near
pH 9 (Figure 3), with Ni(OH), predominant at high
pH (Figure 4). According to the calculations, only one
additional solid phase, nickel phosphate — Ni3(POy4),
should be considered in the relevant pH and concen-
tration range. Calculated with PHREEQC, but not
shown here in detail, the saturation index of this nickel
phosphate is very sensitive to changes in carbonate
concentration (itself pH-dependent), but nickel phos-
phate per se would be soluble in the actual water
matrix (Figure 4); it is likely that additional carbon-
ate is being contributed via bacterial metabolism (see
below).

As expected from earlier investigations with the
bacteria used for filter inoculation, in a simple water
matrix (Tsezos et al. 1995), and using the respective
waste water (Piimpel et al. 2001), the biosorption of
nickel ions to functional groups of biomass was shown
to contribute <1% to the mass of sequestered nickel.
Nevertheless, by the formation of nucleation sites
for subsequent crystallisation biosorption may play a
paramount role in the overall removal process, as pre-
viously shown with the precipitation of other metal
phosphates by immobilised Citrobacter sp. (Bon-
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Fig. 7. X-ray powder diffractogram of precipitates isolated from biofilm from the pilot sand filter (A), and reference spectra of hydroxyapatite

(B) and arupite (C). Diagnostic arupite peak arrowed.

throne et al. 2000; Macaskie et al. 2000). Here, it was
shown using 3'P NMR, that nucleation onto phosphate
groups of bacterial lipopolysaccharide preceded more
sustained metal phosphate biomineralisation. In the
present case transmission electron microscopy showed
electron opaque particles within the microbial biofilm,
but outside the cells (Figure 5), containing Ni, Ca,
P and Na, pointing to possible co-precipitation or
crystallisation processes. With the EDAX data no sto-
ichiometric calculation was done, but Ca(NaPQy),,
Ni(NaPOy)2, Niz(POy4), or mixtures thereof are likely;
in the previous case substantial Na was also found and
the formation of a mixed metal/sodium phosphate con-
cluded (Bonthrone et al. 2000; Macaskie et al. 2000).
The comparison of experimental and theoretical disso-
lution studies of the precipitates with acid (Figure 6)
also pointed to nickel phosphate, and X-ray powder
diffraction analysis (XRD; Figure 7) confirmed the
presence of crystalline arupite, Niz(PO4),.8H20. It
is likely that the precipitate comprised a mixture of
Ni(NaPOj4)> and Ni3(PO4)>2. A clear XRD spectrum
was obtained also for (poorly crystallised) hydroxya-
patite — Cajo(PO4)6(OH), (Figure 7). It is likely that
the calcium mineral was, similarly, a mixture of hy-
droxyapatite and Ca(NaPOg);; the latter would proba-
bly be an amorphous solid, not detectable by XRD.

From the above it is concluded that phosphorus
is a key element in microbial nickel immobilisation.
Fuhrmann and Rothstein (1968) reported a 5-20-fold
increase in nickel uptake by bakers’ yeast, which was
pre-treated with phosphate. Sar er al. (2001), using
EDAX and XRD, suggested that nickel, deposited in
the membrane and periplasm of P. aeruginosa cells,
was in the form of crystalline nickel phosphides —
NisP4, NiP», Nij»Ps and nickel carbide — Ni3C. Itoh
et al. (1998) found intracellular particles containing
mainly Fe, Cr, Ni and P in Acidiphilium rubrum,
and concluded the presence of a Fe—Cr—Ni alloy from
XRD spectra. Klimmek & Stan (2001) increased the
biosorption capacity of algae four-fold by phospho-
rylation of the biomass, suggesting the participation
of cell surface phosphate groups in metal binding,
as was also found using 3'P NMR (Bonthrone e al.
2000; Macaskie et al. 2000). However, precipitation
of nickel phosphate in the current study contradicts
the negative results for Ni bioprecipitation reported
previously for the metal phosphate accumulating Cit-
robacter sp. (Bonthrone et al. 1996). Other experi-
ments (Pattanapipitpaisal et al. 2002) have shown that
this strain is unable to bioprecipitate Cr>* as CrPOy4
under conditions where LaPO4 was precipitated ex-
tensively. However, Cr>* was co-deposited with phos-



phorus by a strain of Bacillus pumilis suggesting that
differences in cell surface nucleation sites between
Gram positive and Gram negative bacteria may be
contributory. R. metallidurans is Gram negative but
the mixed sand filter population also contained mem-
bers of the Gram positive Nocardiaceae (Pernfuf et al.
1999); it is possible that Ni biomineralisation requires
contributions from these organisms (biosorption and
nucleation foci) and also R. metallidurans (see below).
The precipitation-supporting surface characteristics of
bacteria (and also exopolymers, which form a major
part of the organic material in biofilms) are only one
aspect; alteration of the chemical matrix by micro-
bial metabolism may also be necessary. An alkaline
pH drift is often associated with microbially mediated
metals removal. The sand filter bacteria shifted the pH
to 9 or above in batch growth within 2 days, using the
organic acids present in the waste water as carbon and
energy sources (Ebner 2001); in the filter bulk fluid
the pH never increased to >8.2, due to the low water
retention time of 12 to 30 min.

The biofilms on the sand grains are thin because
of the regular cleaning passage through the airlift
(by SEM: Figure 5). The development of a steep pH
gradient above the biofilm is therefore unlikely; fur-
thermore, pH values above pH 8.5 would favour the
formation of nickel hydroxide rather than of phosphate
(Figure 4).

The modelling study unmasked carbonate as a very
strong regulator of nickel speciation in the waste water
matrix. About 1 mM of carbonate is sufficient to shift
nickel precipitation from pH 7.5 (Figure 1) to near 9
(Figure 3). The biofilm bacteria grow on organic acids
using oxygen and then nitrate as electron acceptors
and thereby add further carbon from their metabolism
to the inorganic carbon (CO;) pool. Carbonate precip-
itation could be a key factor controlling the inorganic
carbon speciation. Reliable analytical data was not
available from within the biofilm micro-environment;
the EDAX microprobe technique cannot measure car-
bon reliably, while the use of proton induced X-ray
emission analysis (PIXE: see Bonthrone et al. 2000
for references), which has a greater sensitivity and can
also measure the light elements, has insufficient reso-
lution to probe at the sub-micron level. However in this
case nickel removal was strictly correlated with micro-
bial substrate turnover (» = 0.75; Piimpel et al. 2001),
and nickel biosorption by the continuously produced
biomass was negligible.

One of the inoculated bacteria, R. metallidurans
CH34 (former name Alcaligenes eutrophus CH34),
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recovered in high numbers (50% of the culturable or-
ganisms) from the sand filter, carries a well understood
mechanism of metal resistance, which leads to the
bioprecipitation of metal carbonates via local alkalin-
isation of the medium (Diels er al. 1995b). In the
BICMER reactor system, with immobilised bacteria
(Diels et al. 2000), CH34 alone was able to bioprecip-
itate nickel carbonate after induction of the resistance
mechanism with cadmium or zinc (Diels et al. 1995b);
a contribution of this mechanism to nickel removal in
the MERESAFIN sand filter is therefore very likely,
especially since traces of zinc are present in the waste
water. In the present mixed culture system it is likely
that this strain is responsible for the observed increase
in pH which would also promote metal phosphate
deposition following nucleation onto the appropriate
members of the consortium.

Conclusions

Nickel-phosphorus interactions have been shown to
contribute the largest portion of microbially mediated
nickel sequestration. The speciation model predicted
the preferred formation of nickel phosphate, which
was confirmed by XRD and which was localised in ex-
tracellular deposits with TEM and EDAX. Metabolis-
ing bacteria are required for the process, the definitive
role of individual bacteria is not clear but nickel re-
moval is correlated with the substrate consumption.
The following processes contribute:

e Biosorption of nickel ions to functional groups
at cell envelopes and exopolymers, forming nucle-
ation foci;

e Entrapment of micro-precipitates and colloids
in the gel-like biofilm, forming crystallisation tem-
plates;

e Metal resistance mechanism of R. metallidu-
rans CH34, creating high local carbonate concen-
trations due to the chemiosmotic efflux system
(metal-proton antiport: Nies & Silver 1989) of
metal ions and ensuing high exocellular pH which
may also promote arupite deposition onto extant
precipitation foci.
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