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Abstract

Objectives For reduction of Cr(VI) the Pd-catalyst is
excellent but costly. The objectives were to prove the
robustness of a Serratia biofilm as a support for
biogenic Pd-nanoparticles and to fabricate effective
catalyst from precious metal waste.

Results Nanoparticles (NPs) of palladium were
immobilized on polyurethane reticulated foam and
polypropylene supports via adhesive biofilm of a
Serratia sp. The biofilm adhesion and cohesion
strength were unaffected by palladization and catalytic
biofilm integrity was also shown by magnetic reso-
nance imaging. Biofilm-Pd and mixed precious metals
on biofilm (biofilm-PM) reduced 5 mM Cr(VI) to
Cr(IlT) when immobilized in a flow-through column

P. Yong - L. E. Macaskie (D<)

School of Biosciences, University of Birmingham,
Edgbaston, Birmingham B15 2TT, UK

e-mail: l.e.macaskie @bham.ac.uk

W. Liu - Z. Zhang
School of Chemical Engineering, University of
Birmingham, Edgbaston, Birmingham B15 2TT, UK

D. Beauregard
Department of Chemical Engineering and Biotechnology,
University of Cambridge, Cambridge CB2 3RA, UK

M. L. Johns

School of Mechanical and Chemical Engineering,
University of Western Australia, 35 Stirling Highway,
Crawley, WA 6009, Australia

reactor, at respective flow rates of 9 and 6 ml/h. The
lower activity of the latter was attributed to fewer,
larger, metal deposits on the bacteria. Activity was lost
in each case at pH 7 but was restored by washing with
5 mM citrate solution or by exposure of columns to
solution at pH 2, suggesting fouling by Cr(II)
hydroxide product at neutral pH.

Conclusion A ‘one pot’ conversion of precious
metal waste into new catalyst for waste decontamina-
tion was shown in a continuous flow system based on
the use of Serratia biofilm to manufacture and support
catalytic Pd-nanoparticles.

Keywords Biofilm - Catalyst - Chromate reduction -
Palladium - Precious metals - Serratia sp.

List of symbols

A Displacement propagator: probability
distributions of displacement over a set
observation time

W Work (J) done by an applied force to detach
biofilm from the support

Introduction

Precious metal (PM)-based catalysts are widely used
as industrial catalysts but concerns about their high
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production costs and the need for stable nanopartic-
ulate catalysts for high activity have led to the
recognition of biogenesis as a means to synthesise
precious metal-nanoparticles (NPs) supported on
bacteria (Deplanche et al. 2011; de Corte et al.
2012). Bio-Pd-NP catalysts combine the benefits of
homogeneous and heterogeneous catalysis (Creamer
et al. 2007) with the stabilization of the Pd-NPs against
agglomeration and permit their re-use without attrition
or loss (Bennett et al. 2013). However free bacteria
require encapsulation for use within columns. Gran-
ularized self-adhered biomass can immobilize cat-
alytic Pd-nanoparticles (Suja et al. 2014) but granules
(in a similar way to gel-encapsulation) may have low
permeation properties.

Reduction of Cr(VI) by ‘bio-Pd’ has been well-
reported (e.g. Mabbett et al. 2006; Humphries et al.
2006; Chidambaram et al. 2010; Deplanche et al. 2014)
and defined Pd-nanocatalyst immobilized on a para-
digm Serratia biofilm on a reticulated foam matrix
functioned in the continuous reduction of Cr(VI)
(Beauregard et al. 2010), a problematic environmental
contaminant produced by various industries.

Application of PM catalysts per se to waste
decontamination is not probably cost-effective. How-
ever PMs can be bio-refined from wastes into new
catalytic materials (e.g. reviews by Macaskie et al.
2011; Deplanche et al. 2011; De Corte et al. 2012), the
activity of which can be comparable to (or exceed) that
of pure metal catalysts (Mabbett et al. 2006; Yong
et al. 2010; Macaskie et al. 2011; Murray et al. 2015).

The first aim of this study was to confirm the
robustness of the Serratia biofilm before and after
formation of Pd-NPs (biofilm-Pd) and while reducing
Cr(VI) under continuous-flow. The objective was then
to compare the activity of a flow-through biofilm-Pd
reactor in the reduction of Cr(VI) with that containing a
mixed precious metal catalyst (biofilm-PM) made from
an industrial processing waste. Such an immobilized
catalyst could pave the way for making an inexpensive
catalyst from one waste to remediate another.

Materials and methods

Biofilm growth and preparation of ‘palladized’
cells and biofilms

Serratia sp NCIMB 40259 was grown continuously
in a 2.51 air-lift fermenter under carbon (lactose)-
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limitation (Macaskie et al. 2005; Beauregard et al.
2010), with up to 240 washed polyurethane-reticulated
foam (RF) discs [diameter (d) 2 cm; height (h) 0.45 cm,
“TM307”; supplied by Recticel, Belgium] threaded on
cotton strings secured within the vessel (sideways-on to
the up-flow). The culture was maintained at steady-state
(D = 0.1/h; 7 days) then the biofilm-foam discs [each
~ 8.5 mg dried biomass as calculated from the ODgq of
biomass suspension squeezed from the foam; biomass/
dry weight conversion was as described by Mabbett
et al. (2006)] were withdrawn into a sealed vessel over
saline (4 °C, in air) until use. For biofilm growth on
polypropylene (PP) discs the fermentation was in a
250 ml air-lift fermenter (identical aspect ratio to the
2.51 vessel) with 50 discs cut from a PP container
[d = 2.0 cm;h = 0.1 cm; un-sanded or sanded (Grade
0 sandpaper, Roebuck, UK; 100 strokes each)] as above
(21 days). Each PP disc contained ~6.2 and ~7.7 mg
dry biomass for unsanded and sanded discs, respectively
(determined by scraping the material from the discs and
estimation via ODgq after cell resuspension). Culture
outflow (planktonic cells) was retained (between 2 and
7 days), harvested by centrifugation and washed in
isotonic saline (8.5 g NaCl/l) twice.

For palladization planktonic cells were resuspended
at an appropriate ODggo in 10 mM HNO; containing
2 mM Na,PdCl, [to 25 % (w/w) Pd: dry biomass, i.e. 3
parts by mass of bacteria to 1 part by mass of Pd], left to
stand [2 h; for biosorption of Pd(I)] and H, was
bubbled through (15 min). Black ‘bio-Pd’ (gravity-
settlement, overnight) was harvested by centrifuga-
tion, washed with water and processed for electron
microscopy. All of the Pd(Il) was removed as deter-
mined by assay of residual solution (Mabbett et al.
2006). For mixed precious metal catalyst from waste
the same procedure was followed except that, in lieu of
2 mM Pd(II) solution, the cells were suspended in an
industrial reprocessing waste [supplied with some
compositional details by Degussa Ltd, Germany and
supplemented with laboratory Pd(II) waste solution to
mask the exact composition (Mabbett et al. 2006)]
which was diluted 500-fold in water (pH was adjusted
to 2.3). The final composition of the diluted waste was
(mM) Pt, 2.8, Rh 0.14 (manufacturer’s data) and total
Pd, 1.9 [manufacturer’s data plus additional known
laboratory supplement (Mabbett et al. 2006)]. Prepa-
ration of biofilm-Pd PP discs (unsanded and sanded
discs with biofilm) was done similarly, by immersion
of the disc in the Pd solution (to the same loading of Pd
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as for the free cells). For preparation of biofilm-Pd on
reticulated foam (RF) discs a glass column stoppered at
each end charged with seven biofilm-coated foam discs
without (controls) or with 2 mM Pd(II) solution as
above was filled with 7 ml (column fluid volume)
allowed to stand (>2 h) then H, was introduced into the
column (~ 10 min). The solution was drained and
discarded Pd(Il) was fully reduced and retained as
Pd(0) (as above). This procedure was repeated until the
loaded Pd(0) was 10 % of the biomass dry weight (w/
w) [or 25 % (w/w) for electron microscopy]. For
waste-precious metal-loaded biofilm columns (bio-
film-PM), the processing waste was used in lieu of
2 mM Pd(Il) solution, except that H, was put in the
column for >30 min to ensure the metal ions were fully
reduced (confirmed by assay as above; Rh was ignored
as this component was small). The procedure was
repeated until it was calculated that 10 % (w/w) ratio of
PM (in total): biomass was achieved.

Examination of samples by electron microscopy

Planktonic cells or biofilms on PP discs and RF discs
with (25 wt% Pd(0) or PM) or without added metals
were fixed with 2.5 % (v/v) glutaraldehyde (in 0.1 M
sodium cacodylate/HCI buffer pH 5.2; 4 °C; 1 h). For
scanning electron microscopy samples were dehy-
drated at ambient temperature, carbon-coated and
examined using an environmental scanning electron
microscope (ESEM: FEI Philips FEG ESEM X1.30) in
high vacuum mode (Macaskie et al. 2005). For
transmission electron microscopy (TEM) free cells
with [25 % (w/w) metal] or without Pd/PM were fixed
as above, stained, embedded and sectioned and the
sections were placed onto a copper grid and viewed
under a JEOL 1200CX2 TEM (Mikheenko et al.
2008). Bio-manufactured Pd was confirmed by energy
dispersive X-ray microanalysis and confirmed as
Pd(0) by X-ray powder diffraction as described
previously (Deplanche et al. 2010; Bennett et al.
2013) by comparison of the obtained XRD pattern
with references in the Joint Committee for Powder
Diffraction Studies (JCPDS) data base.

Determination of biofilm adhesion and cohesion
strength before and after palladization

Biofilm-coated PP discs were examined before and
after ‘palladization’ (as above). The adhesive and

cohesive strength of biofilm on the PP discs was
measured using a micro-manipulation technique
(Chen et al. 2005) using a sensitive force transducer
(10 g, Kulite, USA). The force required to remove the
biofilm away from the substrate at a speed of 1.1 mm/s
versus sample time was measured, and the obtained
data were used to calculate the adhesive strength,
defined as the work done by the applied force F(t) per
unit area of the biofilm (Chen et al. 2005). Hence the
total work, W (J) done by the applied force, F(t), to
detach biofilm from the support may be calculated as
the integral of:

dW = Fdx (1)

where the distance dx is vdt, so that

d fe
W:4(tC—tA)A Fdr (2)

where d is the diameter of the circular disc, and t, and
tc the first and last times at which the probe touched
the biofilm surface. The apparent adhesive strength of
a biofilm sample, c (J/mz), defined as the work
(W) required to remove the sample per unit area
(A) from the surface, is then given by: c = W/A,
assuming complete coverage of the disc surface by
biofilm, which was confirmed by electron microscopy.

Examination of immobilized cell discs
and columns using magnetic resonance imaging

Non-invasive magnetic resonance imaging (MRI) was
used to visualize the biofilm coating on foam discs in a
cylindrical flow cell (columns as above). Images were
acquired using a Bruker DMX spectrometer featuring
a 4.7 T vertical-bore super-conducting magnet using a
"H (detected exclusively) resonance frequency of
200.17 MHz. 3D images of the reticulated foam flow
cell were acquired with an isotropic resolution of
140 pm using the RARE imaging pulse sequence
(Henning et al. 1986). This employed a recovery time
of 2.5 s, an echo time of 6.8 ms and a RARE factor of
64. 2D velocity images were acquired using standard
spin-echo imaging supplemented with pulsed field
gradients (using gradients of 0.5 and 10 G cm™"). This
employed a 2 mm slice thickness and a 330 um in-
plane resolution. Displacement propagators were also
acquired using the bipolar pulsed field gradient
technique (Cotts et al. 1989). Displacement
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propagators are probability distributions of displace-
ment over a set observation time, A; in measurements
here a value of 500 ms was employed. In this work this
measurement is used to consider variations in velocity
(displacement A" before and after inclusion of
biofilm and biofilm-Pd into the flow cell.

Cr(VI) reduction by biofilm-Pd and biofilm-PM
in a flow-through reactor

Glass columns containing seven biofilm-Pd or biofilm-
PM-coated foam discs [made from Pd(II) solution or
metal waste, respectively] were challenged (up-flow)
with solutions containing 0.5 mM NaCrO, and
25 mM sodium formate [electron donor for Cr(VI)
reduction] under three conditions: (i) in 10 mM HCI
(pH 2); (ii) in 20 mM MOPS/NaOH buffer (pH 7) or
(iii) in 20 mM MOPS/NaOH buffer (pH 7) with,
where stated, 5 mM citrate buffer pH 7 [to chelate
liberated Cr(Ill) and minimize precipitation of
Cr(OH); in the reactor]. Columns and solutions were
degassed with O,-free N, (15 min) before filling the
columns with solutions (i,ii or iii as above) and
standing overnight. Cr(VI) solutions were then
pumped upwards through the columns [bed vol
10 ml; flow rate (F) of 6 or 9 ml/h or as indicated].
Outflow samples were assayed for residual Cr(VI)
using diphenylcarbazide (Mabbett et al. 2006). A
previous mass balance of bio-Pd-catalyzed Cr(VI)
reduction accounted for removed Cr(VI) as Cr(III)
(Mabbett et al. 2006) and the Cr-speciation was
confirmed in the Serratia biofilm-Pd column system
by MRI (Beauregard et al. 2010). All experiments
were done twice using independent bioPd preparations
i.e. made from two separate fermentations; the repro-
ducibility was within 5 % throughout.

Results and discussion

Formation of metallic-nanoparticles on free cells
and biofilms

To visualize palladium-nanoparticle (Pd-NP) deposi-
tion, free cells from the fermenter outflow were
initially examined. ESEM shows control cells with no
surface features (Fig. 1a) whereas Pd-challenged cells
bore nodules (~50 nm) on the cells (Fig. 1b), while
TEM of a cell section (Fig. 1c) shows cell-bound
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nanoparticles, similar to those reported previously on
cells of E. coli (Deplanche et al. 2010, 2014) and D.
desulfuricans (Deplanche et al. 2014) and comprising
palladium metal, shown by energy dispersive X-ray
microanalysis, and identified as Pd(0) by X-ray
powder diffraction, where the peaks corresponded to
those for Pd(0) in the JCPDS database (results were as
described for E. coli in Deplanche et al. 2010).

In Gram-negative fermentative bacteria the method
of Pd-NP catalyst manufacture involves coordination
of Pd(II) ions to cellular functional groups followed by
hydrogenase-mediated reduction to Pd(0) into sup-
ported Pd-NPs (Mikheenko et al. 2008; Deplanche
et al. 2010). Aerobically-grown cells [i.e. not express-
ing hydrogenases, although one has been described in
Salmonella by Parkin et al. (2012)] of E. coli (Foulkes
et al. 2011) and aerobically-grown Serratia sp.
(Deplanche et al. 2014) also deposited catalytically-
active Pd-NPs but the aerobic mechanism(s) of bio-
genesis is not known. The mechanism of Pd(0)
deposition by the cells grown in the air-lift fermenter
requires confirmation but this accords with Pd(0)
formation by aerobically grown E. coli (Foulkes et al.
2011) and also with the observed reduction of Pd(II)
by a hydrogenase-deficient E. coli mutant (Deplanche
et al. 2010).

Planktonic cells were challenged with the PM waste
in lieu of Pd(II) solution. The concentration of Pd(II)
was 1.9 mM with a further ~3 mM contributed by Pt
and Rh, giving a total of ~5 mM soluble PMs. While
cells challenged with Pd(II) alone showed discrete Pd-
NPs, evenly dispersed (Fig. 1c), cells challenged with
the metal mixture showed fewer, much larger deposits
(Fig. 1d). A detailed analysis of the NPs was not done
but a previous study (Mabbett et al. 2006) used proton
induced X-ray emission analysis of corresponding
precious metal-nanoparticles (PM-NPs) on D. desul-
furicans to establish the metal content as (by mass)
17 % Pt, 33 % Pd, 5.5 % Ag, 2.7 % Mg and 41.8 %
Al, i.e. approximately equimolar Pd and Pt with some
Agona ‘carrier’ of Al and it was assumed that the NPs
on Serratia were of similar composition.

Figure le shows a SEM image of native biofilm on
a polypropylene (PP) disc, with individual cells
apparent, crosslinked and intermeshed by strands of
dehydrated, collapsed extracellular polymeric materi-
als (EPM) (Fig. le; inset). It was not possible to
differentiate between collapsed EPM, pili or indeed
curli, amyloid structures protruding from cell surfaces
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as a tangled matrix which play a role in biofilm
formation (Bokranz et al. 2005). On deposition of
Pd(0) the biofilm was better defined (Fig. 1f), with a
nodular appearance of individual cells (Fig. 1f, inset)

similar to the planktonic cells (Fig. 1b. Similar results
were obtained using biofilm immobilized on reticu-
lated foam (not shown). The higher definition can be
attributed to the crosslinkage and shrinkage of the
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«Fig. 1 Localization of Pd deposits on Serratia cells visualized
by electron microscopy. a and b SEM images under ESEM (high
vacuum mode; planktonic cells) of cells before (a) and
following b palladization (25 % of the bacterial dry weight as
described in “Materials and Methods” section). Bars are
500 nm. ¢ TEM of a single cell showing deposited palladium
nanoparticles. d Corresponding cell treated with industrial
precious metal processing waste. Bars are 500 nm. e, f Biofilm
on the surface of a polypropylene disc without (e) or with
(f) metallic palladium deposits (‘biofilm-Pd’) 25 % of biomass
dried weight, w/w) examined under ESEM (high vacuum mode
after carbon coating). Note that the cells appear to be crosslinked
by collapsed EPM strands in the absence of Pd deposits (Fig. le,
inset) but in the palladized biofilm the residual crosslinking
strands appear to be absent while the cells have a nodulated
appearance as in Fig. 1b. (Figure 1f and inset). Bars are 10 um.
The nodules were confirmed as Pd using energy dispersive
X-ray microanalysis and as Pd(0) by X-ray powder diffraction
(not shown)

EPM strands by metal cations into well-defined,
compacted structures surrounding the cells (Macaskie
et al. 2000).

The planktonic cells were taken from the air-lift
culture outflow. However since the O, gradient was
not measured in the biofilm the participation of
hydrogenases in a proportion of cells within an
anaerobic niche cannot be ruled out. Hydrogenase
upregulation occurs during shift into anaerobiosis;
even a few seconds is sufficient to induce genes of
anaerobic pathways (Schweder et al. 1999). A hetero-
geneous environment due to insufficient mixing would
be more pronounced in a three-phase (gas, liquid,
solid) biofilm system. In addition, biofilms function as
a significant reservoir of potential planktonic cells
arising via controlled cell detachment (Bester et al.
2005). Hence the planktonic fraction may have
contained cells arising from the biofilm via turnover.
For these reasons, a direct comparison between
planktonic and biofilm-cells is not trivial and was
not attempted but Fig. 1 shows that the Pd deposition
on biofilm-cells was similar to their planktonic
counterparts.

Robustness of biofilms with and without Pd

Initial tests using fluorescent dye showed that the
biofilm adhered tightly to the glass surface of the
fermenter under a water jet. Biofilm-columns must
function under a continuous flow for extended periods,
hence robustness is essential. A study using E. coli
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showed that, while biofilm formed under the condi-
tions described here, it detached from the support
within a few days (C. Mennan and L.E. Macaskie,
unpublished work). The Serratia biofilm maintained
integrity but this has not been quantified previously.
Several authors have described the mechanical prop-
erties of biofilm but results are difficult to compare as
different techniques were used; mechanical parame-
ters have been described in terms of shear strength
(Poppele and Hozalski 2003; Mohle et al. 2007) tensile
strength and elastic modulus (Stoodley et al. 1999). In
this study, the biofilm adhesion and cohesion strength
was estimated using a micromanipulation method
(Chen et al. 2005; Liu et al. 2006) (Table 1).
Roughening the support approximately doubled the
work needed to detach the fresh biofilm but made little
difference after palladization. Using unsanded disc the
adhesion and cohesion strength were the same within
experimental error before and after palladization
(Table 1). The adhesion tests were carried out using
polypropylene discs (since these could be roughened).
Similar results were obtained using glass microscope
slides (not shown).

The appearance of reticulated foam (RF) discs is
shown in Fig. 2a and b; the latter shows clearly the
biofilm layer on the foam mesh which appears dark in
MRI (Fig. 2 d) due to the lower water content of
biomass as compared to interstitial water. Figure 2¢
shows 2-dimensional slices extracted from 3D high
resolution MRI images of foam columns before and
after inclusion of Serratia biofilm and Pd. The
structure of the foam is evident (Fig. 2c, left).
Addition of the Serratia and the Pd result in localized
signal loss (Fig. 2d), predominately due to a reduction
in T, signal relaxation. To examine for blockages (due
to dislodged biofilm) 2D MRI velocity maps were

Table 1 The adhesion and cohesion strength of Pd-biofilm on
polypropylene discs

Biofilm support Work done to detach the biofilm (J/m?)

Native biofilm Pd-biofilm
PP unsanded disc  1.76 + 0.31 1.37 £ 0.22
PP unsanded disc  3.36 + 0.75 1.71 £ 0.19

Biomass adhesion and cohesion strength was measured using a
manipulation technique and presented as work-done per unit
area (J/m?) to detach the biofilm from the supporting surfaces
(mean = standard deviation, n > 3), as described in
“Materials and Methods” section
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Fig. 2 Examination of
catalyst material by
magnetic resonance imaging
a Reticulated foam disc

(2 cm diameter x 0.5 cm
height) before biofilm
formation. b Portion of foam
(1 cm x 0.5 cm) before
(top) and after (bottom)
biofilm formation. ¢ Slices
from 3D MRI images for the
columns packed with 2 cm
diameter foam discs; before
(left) and after (right)
formation of biofilm and Pd
deposition. d 2D velocity
images acquired from a
column packed with foam
discs with biofilm and Pd.
The velocity component in
the superficial flow direction
is shown for slices parallel
and perpendicular to the
column axis. e Propagators
(expressed as velocity
probability distributions) for
the column packing for fresh
foam (filled circle) and with
inclusion of biofilm (filled
square) and biofilm-Pd
(filled diamond)
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recorded of the biofilm-Pd foam flow cell in two
orthogonal directions (Fig. 2d). Whilst the flow was
not homogeneous, and entrance/exit effects (higher
velocity channels) are evident, there was no evidence
of any substantial blockage of the pore space. Such 2D
images only capture information from a portion of the
column defined by the slice thickness employed. To
explore variations in flow field more thoroughly,
displacement propagators were acquired as shown in
Fig. 2e for the foam, foam + biofilm and foam +
biofilm-Pd samples as probability distributions of
velocity (Displacement A™"). No increase in stagnant
flow was evident as shown by the probability distri-
butions as a consequence of the treatment. Figure 2e
shows a slight shift to higher velocities following
treatment, indicative of a slight, expected reduction in
system porosity as part of the void space around the
foam struts becomes occluded with the biofilm. An
identical result for the native and palladized biofilm
was obtained, suggesting that the increased thickness
of each cell due to its Pd-layer (Fig. 1a,b) is counter-
balanced by contraction of the biomaterial upon
mineralization as suggested in Fig. le,f.

Reduction of Cr(VI) catalysed by bio-Pd
and palladized biofilms

Neither planktonic cells nor biofilms reduced Cr(VI)
in the absence of Pd(0). Biofilm-Pd coated RF discs
were challenged with Cr(VI) in flow-through columns
(Fig. 3). In accordance with the strong biofilm adhe-
sion (above) no biofilm or Pd was detected in column
exit flows. At pH 2 (Fig.3a) at a flow rate
(F) = 12 ml/h Cr(VI) was removed continuously. At
higher flow rates (15 and 18 ml/h) some activity was
lost after ~2 bed volumes (Fig. 3a). In contrast at pH
7 (Fig. 3b) activity was lost after only ~ 1 bed volume
at 9 ml/h but this was mitigated by addition of 5 mM
citrate [which chelates Cr(III) product and suppresses
formation of Cr(OH);]. Citrate was not required at pH
2 even at higher flow rates (Fig. 3a) and the inhibition
at pH 7 was attributed to fouling with nascent colloidal
Cr(III) hydroxide.

Mabbett et al. (2006) concluded, from mass balance
data, and in line with other authors, that loss of Cr(VI)
equated to its reduction to Cr(Ill). Although this
Serratia sp. has high phosphatase activity when grown
under these conditions (Macaskie et al. 2005), it
proved impossible to remove Cr(IlI) by precipitation
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as its phosphate via this enzymatic route; indeed,
addition of excess PO, ions to Cr*" in vitro gave no
CrPOg; hence precipitation of Cr(IIl) as its phosphate
within the column could be discounted, especially
since no exogenous phosphorus source was provided.
Tests using °'P MRI to check for liberation of
phosphate and possible formation of a soluble species
of chromium phosphate were inconclusive, attributed
to the low sensitivity of MR techniques to P as
compared to protons and its relatively low concentra-
tion in the columns.

The above tests confirm this biofilm system as a
stable immobilized catalyst. Next, the use of precious
metals sourced from a commercial waste was tested.
Industrial waste compositions are typically confiden-
tial and commercially-sensitive (as details of the
parent process could be back-calculated). As a condi-
tion of its provision, no detailed analysis was carried
out on the waste solution (concentrations of key metals
were provided by the supplier) and its composition
was masked with additional waste Pd(II) from labo-
ratory stock to the concentration shown (Mabbett et al.
2006). This study was designed to confirm that, in
principle, a waste source is compatible with a biofilm-
system. Wastes will vary substantially between and
even within industrial sources as processing technolo-
gies evolve; materials may vary even within one
operation and hence each study using a waste as a
resource is unique.

The activity of biofilm-PM columns is shown in
Fig. 3c. Columns were tested at 6 ml/h. Without
citrate only columns at pH 2 retained activity; at pH 7
without citrate activity was lost rapidly, as with Pd-
catalyst (Fig. 3c). Citrate addition improved the
removal of Cr(VI), with comparable activities
[>95 % removal of Cr(VI)] between the biofilm-
PM-columns held at 2/3 of the flow rate as their pure
Pd(0) counterparts (Fig. 3c). The lost activity at pH 7
was attributable to the formation of a passivation layer
of CrOOH which would coat the mineral surface and
prevent further electron transfer to Cr(VI) (Manning
et al. 2006). However >95 % Cr(VI) reduction was
restored using biofilm-PM columns (F = 6 ml/h)
when the inhibited column was ‘rescued’ with pH 2
solution following challenge at pH 7 for several days
(not shown), i.e. Cr(VI) reduction done at pH 2 can
reverse the inhibitory passivation. This is a positive
factor for use in real Cr(VI) remediation processes as
many industrial waste solutions are produced at low
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Fig. 3 Cr(V]) reduction in columns with seven biofilm
immobilized-Pd or biofilm-PM discs. Columns were filled with
degassed Cr(VI) solutions and left overnight and then solution
was passed through the columns at various flow rates (F: ml/h).
A control column with biofilm-foam discs (no palladium) gave
no Cr(VI) reduction (not shown) at all conditions tested. Data
are mean from two experiments; errors were within 5 %. 3a
Biofilm-Pd column challenged with pH 2 solution (no citrate) at
flow rates of (ml/h): 12 (filled diamond); 15 (filled circle): 18

pH. Periodic ‘refreshment’ of the column at pH 2
overcomes the need and expense of adding citrate
continuously, which would also add to the biological
oxygen demand (BOD) of the final solution. At flow
rates of 12 and 6 ml/h, respectively, the biofilm-Pd
and biofilm-PM columns removed 95-100 % of
0.5 mM Cr(VI) continuously over 5 days with sus-
tained activity (the longest times tested). Previous
work using using Serratia biofilm-Pd in sequential

(filled triangle). 3b Biofilm-Pd column challenged with pH 7 (no
citrate) solution at flow rates of (ml/h) open diamond: 6; open
square: 9, and supplemented with 5 mM citrate buffer at a flow
rate of 9 ml/h (filled square). 3¢ Biofilm-PM column challenged
with various solutions at a flow rate of 6 ml/h as follows: filled
diamond pH 2, no citrate; filled square pH 7, no citrate; filled
triangle pH 7, with 5 mM citrate. All data are means from two
experiments; errors were within 5 %

experiments (Beauregard et al. 2010) showed that
columns are stable over at least several weeks.

The biofilm-PM columns were approximately 66 %
as active as the biofilm-Pd columns (6 and 9 ml/h
respectively was required for complete removal of
Cr(VI)). The underlying reason was not investigated
but since the PM-NPs were fewer and larger (Fig. 1d;
c.f. Fig. 1c) a simple surface area effect may be a
sufficient explanation. The effect of Al as a ‘diluent’
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(Mabbett et al. 2006) is not known. A comparison of
catalysts made using ‘pure’ Pd(II) and metal mixtures
is made difficult using real waste sources, not only
because of the differing metal compositions between
samples but due to the co-presence of other agents. For
example, Murray et al. (2015) found that the high
catalytic activity seen in catalyst sourced from model
waste solution (the PM content was based on real
automotive catalyst leachate) was decreased by
sourcing the metals from the real waste leachate; the
inhibitory effect was mimicked by ‘spiking’ the model
system with other components found in the real waste.
On the other hand, metal mixtures from real wastes
were sometimes found to enhance the catalytic activity
as compared to using ‘pure’ metals (e.g. Yong et al.
2010).

In conclusion, this study shows the potential for
biofilm-PM as an inexpensive remediation catalyst via
strong biofilm adhesion to support materials. While
reticulated foam has insufficient mechanical strength
for large scale operation, various porous matrices for
optimal biofilm support and activity have been the
subject of numerous previous investigations (e.g. see
Kafai 2011).
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