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Introduction
Although the terms acid mine drainage (AMD)
and acid rock drainage (ARD) prevail in the lit-
erature, many metal mine discharges are of
circum-neutral pH owing to the bu2ering of
acidity generated by sulphide weathering by
carbonate-rich country rock. Over 6 % of rivers
in England and Wales have recently been iden-
ti3ed as having metal pollution at levels ex-
ceeding aquatic life standards due to dis-
charges from metal mines (Mayes et al. 2009).
Assessments of the pH distribution of such
discharges suggest 85 % have a pH between 6
and 8, while around 5 % have pH <4 (Mayes et
al. 2010; Jones et al. 2013). The most common
metal pollutants in these circum-neutral dis-
charges are Zn > Pb > Cd > Cu (Jarvis and Mayes
2012). Many researchers are currently investi-
gating low-cost technologies to strip such mo-
bile metals from waters, notably Zn, given its
ubiquity and toxicity to aquatic life at modest
concentrations (Alabaster and Lloyd 1980).
These passive technologies encompass biore-
actors, sorbent media as well as low-cost reac-
tants based on recycled industrial by-products
(Gandy and Jarvis 2012, Mayes et al. 2011, War-

render et al. 2011). While all have shown prom-
ise in various settings, the perennial ambitions
to develop treatment technologies that can
ally e2ective metal removal with low residence
time, small land footprint and treatment
longevity still remain elusive for many circum-
neutral metal mine waters.

In recent years, studies on biofilms have
found they are capable of storing large inven-
tories of trace metals (Rogerson et al. 2008).
Biofilms are communities of cyanobacteria,
sulphate reducing bacteria and photosyn-
thetic diatoms, held together in a matrix of
extracellular polymeric substances (EPS). The
biofilm EPS is formed as a product of bacterial
metabolic reactions, and although the EPS
components can be highly variable depend-
ent on what bacterial strains are present, they
typically comprise of polysaccharides and
proteins, nucleic acids, lipids and humic sub-
stances (Sutherland 2001). EPS molecules
contain the ionisable function groups, car-
boxyl, phosphoric, amine and hydroxyl, all of
which give the EPS a net negative charge
(Hullebusche et al. 2003). This negative
charge allows the EPS to sequester cationic
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metals (Me²⁺) from the water column. The
EPS effectively protects an ecosystem, inhab-
ited by cyanobacteria and photosynthetic mi-
crobes, governed by processes that are inde-
pendent of those occurring in the bulk water
column (Bisset et al. 2008). During daylight
hours photosynthetic microbes utilise carbon
dioxide which increases pH, while during
night time hours when respiration predomi-
nates carbon dioxide is released and thus the
pH lowers. Bisset et al. (2008) observed that
despite water column fluctuations in pH of
between 7.8 and 8.9, the pH at the biofilm sur-
face was 9.4 in the light and 7.8 in the dark.
The implications of this internal pH change
are two-fold. Internal changes in pH can re-
sult in chelated metals being released from
the EPS (Hullebusch et al. 2003). However, in
alkaline streams the increased pH and chela-
tion of Ca²⁺ by the biofilm can promote car-
bonate precipitation within the film, a poten-
tial sink for other divalent metals (Me²⁺), and
a process that would not occur otherwise by
thermodynamic means alone (Rogerson et al.
2008). Recent field assessment of biofilm Zn
concentrations in circum-neutral streams
draining areas of former Pb and Zn mining in
North Yorkshire, UK, showed median Zn con-
centrations of 1800 mg/L (range: 800–
4100 mg/L), a bioconcentration factor of over
3500 from the water column under baseflow
conditions (Jones et al. 2013). There is there-
fore considerable opportunity to use biofilm
as a tool to remediate areas that are affected
by mine drainage. However, further research
is needed to elucidate the pathways for metal
uptake (e.g. biomineralization versus sorp-
tion) and permanence of metal removal in
biofilms. This paper aims to assess these
processes through in-vitro experiments of
biofilms cultured from mine-impacted
streams. This serves both to improve our un-
derstanding of biolfims as a control on con-
taminant transport in mine-affected streams,
but also to underpin approaches to harness
biofilms for polishing treatment applications
metal mine discharges.

Methods
Batch experiments
Static batch experiments are a useful tool for
answering a speci3c question, and were suit-
able to compare the e2ects that separate treat-
ments to the bio3lm had on metal concentra-
tions in solution. For each experiment using
an agitated 4ask method, 150 mL of mine
water was placed into a cleaned 250 mL conical
4ask with 5 g of bio3lm. Bio3lm was collected
on the day of the experiment and transported
in such a way that would avoid any denaturing
of the bio3lm quality. Bio3lm and water was
collected from Dukes Level mine discharge (Lat
54°04′43N, Long 1°57′41W), a major mine
drainage level with ambient Zn concentrations
of 950 µg L⁻¹ and major ion chemistry charac-
terised by Ca²⁺–HCO₃⁻–SO₄²⁻-dominated wa-
ters. Each experiment was le1 for 21 days in a
controlled environment laboratory which was
set up to simulate summer conditions in the
UK (ambient air temperature set at 18 °C ±1 °C,
with 8 hours UV light/d). Treatments were ap-
plied to the 4asks to observe the di2erent ef-
fects of photosynthesis on metal uptake. Each
4ask was wrapped in a material to alter the
amount of UV light that passed through to the
bio3lm. This was done on a four treatments
that ranged through full light (FL: 6.82 kLux),
high light (HL: 4.83 kLux), low light (LL:
2.64 kLux) and no light (NL: 0 kLux) exposures.
A1er the incubation period, bio3lm 4asks
where sampled for aqueous metal concentra-
tion. A 3ltered (0.45µm) 14 mL sample of water
was taken and acidi3ed immediately in prepa-
ration for trace metal analysis by a Perkin
Elmer OES optima 5300DV Inductively Cou-
pled Plasma Optical Emission Spectrometer. A
blank and standard suite where analysed every
15 samples to check instrument calibration,
and wavelengths were selected in accordance
with standard methods (USEPA Method 200.7).

Flume Experiments
Continuous 4ow 4ume experiments were
adapted from previous work by Pedley et al.
(2009), with the objective of observing long-
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term cycling of biogeochemical parameters,
and assessing the in4uences on trace metal
mobility in a controlled environment. The
novelty of this system is built around the cul-
ture and long term maintenance of bio3lm
communities collected from environmentally
relevant 3eld sites; in this case metal mine im-
pacted streams in North Yorkshire, UK. The
4ume experiments had a recirculating design
permitting the experiment to proceed under
controlled environmental conditions with no
external in4uence. The 4ume consists of a
50cm long, 7 cm wide polycarbonate gutter,
lined with carbonic fabric and small rocks to
aid colonisation and, given the 4ow rates ap-
plied, increase water turbulence throughout
the vertical water column (Fig. 1). Gutter was
housed in a purpose built Perspex 4ume box.
Flow was driven by a Waston Marlow 300 se-
ries tube pump, with four 313D pump head at-
tachments (Watson Marlow, Falmouth, UK),
running at 55 rpm, through peristaltic tubing
(1.6 mm wall, 4.8 mm bore). The mesocosm
was subjected to a 8:16 day:night light cycle
(light: Thorn Lopak 250 W HPS-T sodium
lamp), in a windowless, air conditioned labo-
ratory (ambient air temperature 18 °C ± 1 °C).

Two 4umes where colonised with bio3lm
(sourced as per 4ask experiment), and one was

sterilised before the experiment with an 10 %
acid rinse (HNO₃), ethanol rinse and 3nally ul-
trapure (18 Ω) water rinse, and le1 uncolonised
to act as control 4ume. Electrodes where
placed in the 4umes to constantly monitor pH
(Pinpoint pH monitor, American Marine Inc.)
and conductivity (Pinpoint Conductivity Mon-
itor – Freshwater Hardness, American Marine
Inc.). 14 mL water samples were taken every
three days to establish initial trends of total
metal removal in the system. Water analysis
proceeded as per 4ask experiments. Non-para-
metric statistical tests were applied to discon-
tinuous percentage data in Minitab v. 15. Geo-
chemical analysis is undertaken using
PHREEQC Interactive 2.18.3 and the WATEQ4F
database.

Results and discussion
Batch experiments
Static batch experiments show bio3lm is capa-
ble of high levels of metal uptake, with an av-
erage metal uptake of 80 %, and a maximum
of 99 % removal. Control data (empty 4ask and
water) show Zn is still being removed, most
likely due to sorption onto glassware or precip-
itation from the water column (Fig. 2). How-
ever, the removal of Zn is signi3cantly lower
(Kruskal Wallis: H: 20.4, df: 4, p<0.001) in con-

Fig. 1 Schematic diagram of
continuous .ow experimen-

tal apparatus
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trol treatments (median of 36 % Zn removal)
than in the bio3lm occupied 4asks (median
74 % Zn removal) suggesting that bio3lm is re-
sponsible for the bulk of Zn removal from the
water column (Fig. 2). There is no signi3cant
di2erence in median Zn removal rates be-
tween the light treatments and those with no
light present (Kruskal Wallis: H: 6.69, df: 3, p =
0.08). However, while the data suggests that
metal uptake is not a2ected by changes in light
intensity (i.e. metal removal continues with no
light present), it is important to note the small
volumes of water used and the amount of zinc
in the sample vessel was 3nite.

Other studies have shown how divalent
metal uptake into bio3lms is chemoselective
via chelation of divalent metals by extracellu-
lar polymeric substances (EPS); a process
which usually favours ions those with a low
charge density (zi²/ri ratios; Rogerson et al.
2008). The replenishment of EPS would re-
quire a light source in order to keep the pho-
totrophic component of the bio3lm alive and
its structural integrity maintained over long
periods of time. By the end of the experiment,
the NL bio3lm is completely degraded and is
in a 3ne “powdery” form, whereas the bio3lms
FL, HL, and LL are still functioning as normal
with its structural integrity maintained. The
removal of Zn from the NL 4ask suggests it is
possible that metal removal occurred before

bio3lm degradation in the NL 4ask. This up-
take in the absence of growth is consistent
with chelation of ions within the EPS matrix as
opposed to direct uptake within photosynthe-
sising organisms.

Flume experiments
The 4ume experiments proceeded for 66 days
and Fig. 3 shows the systematic decline in dis-
solved Zn in the water column, with 78 % of
initial Zn removed by the bio3lm. The control
4ume (with sterilised bio3lm – shown as
dashed lines in Fig. 3) show initial Zn removal,
which levels o2 a1er around 3 weeks. Both the
active (non-sterilised) 4umes (number 1 and 2)
show Zn removal which continues until the
end of the trial, albeit at slightly lower rates
with time. These patterns are again consistent
with the abiotic removal of metals from the
water column by EPS in the sterilised treat-
ments and the production of new EPS in active
4umes maintaining removal over the longer
term: a total of ≈ 9.5 m³ of water was circulated
through each 4ume. The abrupt spike in 4ume
2 a1er day 22 is likely to be due to entrainment
of a small amount of organic debris in the
sample. Observations of water pH highlight
the micro-environment created by the bio3lm
which would be conducive to greater sorption
of Me²⁺ and also potentially shi1 saturation of
key mineral phases (notably ZnCO₃, CaCO₃ and

Fig. 2 % Zn removal in batch experiments Fig. 3 Zn removal over time in mesocosms
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amorphous Zn oxides) towards solid phase
precipitation. Water pH of the original mine
water ranges from 6.38 to 7.71 (mean of 7.16; n
= 15), while the mean daytime pH obtained
from sensors within the bio3lm is 9.18 (range
7.81-9.70, n = 245). This is consistent with the
observed geochemical micro-environment in
other calcifying bio3lm mesocosms (e.g. Bis-
sett et al. 2008) where daytime pH values far
higher than those common in the bulk water
column are apparent due to photosynthetic
carbon utilisation. Table 1 highlights the di2er-
ences in saturation state for some relevant
phases based on di2erences in water column
and bio3lm pH alone, without taking into ac-
count potential concentration of divalent met-
als by EPS chelation. It is apparent that the
bio3lm pH leads to waters supersaturated in
amorphous zinc oxide and calcite, which could
play a key role in direct Zn uptake, or through
sorption or co-precipitation onto calcite (e.g.
Zachara 1991). The di2erences in daytime and
nighttime pH are also stark, highlighting a key
potential control on diel cycling of Zn in the
water column (Nimick et al. 2011).

Management implications
Previous attempts to remove Zn from mine
discharges have had mixed results. The adap-
tation of anoxic limestone drains to encourage
smithsonite (ZnCO₃) precipitation has been in-
vestigated at 3eld scale and although showing
initial promise, removal rates of 10 – 30 % were
a product of the difficulty of maintaining nar-
row geochemical operating conditions under
3eld conditions (Nuttall and Younger 2000).
Much research e2ort has also gone in to devel-
oping bioreactors or sorbent-based systems
for mine water removal. Although sulphate-re-

ducing bioreactors have typically been fo-
cussed on highly acidic mine waters (where al-
kaline media and action of sulphate reducing
bacteria help bu2er the pH), there have been
successful applications of bioreactors for cir-
cum neutral waters. For example Gandy and
Jarvis (2012) report average area-adjusted Zn
removal rates of 0.4 g m⁻²day ⁻¹ in pilot 3eld
systems in northern England. However, main-
taining efficient 4ow distribution through
dense reactors and concerns over the waste
status of spent organic and metal-rich sub-
strate remain issues to be overcome. Sorbents,
or reactive media are another option that have
been explored by many workers. Generally
sorbents are capable of high metal removal
rates, up to 99 % removal of zinc) which ini-
tially sounds promising, however, this level of
uptake can only be maintained for small vol-
umes of water (≈ 200 L), as functional sites for
metals to sink to are saturated, the removal ef-
3ciency drops (Warrender et al. 2011). Further-
more, while modest volumetric removal rates
have been maintained for reasonable
timescales in 3eld sorbent-based systems,
these e2ects have been ascribed to the coloni-
sation of bio3lm communities on the surface
of the sorbent media (e.g. Mayes et al. 2009b).
The advantage of the bio3lm is that it is a com-
munity of living organisms, so the EPS which
they create, is constantly being replenished.
This e2ectively means that sites for metal up-
take are constantly being produced, resulting
in higher efficiencies being maintained. Com-
parisons of preliminary data here with other
mine water treatment schemes reveal similar
metal removal rates in terms of area adjusted
removal rates. The area adjusted removal rates
rely on a calculation between residence time

Table 1 Saturation indices
for selected phases under

di,erent pH conditions: am-
bient mine water pH, bio-lm

daytime pH and bio-lm
nighttime pH.

pH CaCO3 ZnCO3 ZnO (a) 
Mine water (7.16) -1.03 -1.13 -2.10 
Flume (daytime: 9.18) 1.71 -1.98 0.29 
Flume (nighttime: 7.87) 0.00 -0.98 -0.16 
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(the time taken for water to 4ow through the
4ume system) and 4ow (L/s), which takes into
account the metal load removed per unit sur-
face area of bio3lm per day (g m⁻²d ⁻¹). The
mean removal rates for the 4umes was
0.16 g m⁻²d ⁻¹ (min = 0.13, max = 0.20 g m⁻²d ⁻¹)
which was achieved with a 9.6 minute mean
residence time. Pilot and 3eld studies utilising
algal mats have been seen to achieve a similar
order of magnitude of Zn removal with re-
moval rates of 0.47 g m⁻²d ⁻¹ and 0.25 g m⁻²d⁻¹ re-
spectively observed (Kalin 1998). The removal
rates documented here are also well above the
range of those quoted for wetland systems (e.g.
Gillespie et al. 1999, Song et al. 2001).

Conclusions and further work
Bio3lm holds the potential to be a low cost,
passive remediation tool. Bio3lms are ubiqui-
tous in circum-neutral pH, metal-rich waters
and play a crucial role in the diel and seasonal
cycling of trace elements (e.g. Nimick et al.
2011). The laboratory studies here highlight
how natural bio3lm communities can be read-
ily cultured and maintained under controlled
conditions in the laboratory. Under these con-
ditions, zinc removal was consistent and long-
lived; the production of EPS appears to replen-
ish sites for metal uptake within the bio3lm.
Zn removal rates are consistent with many
other systems, but it is the low residence time
and longevity of treatment without mainte-
nance that are most promising for developing
bio3lms into a treatment option. Harnessing
these low-energy biological processes in re-
mote locations, where modest Zn concentra-
tions impact headwater streams of otherwise
high amenity value, could provide a new ap-
proach in mine water treatment. Future work
is concentrating on elucidating these uptake
mechanisms in greater detail through a range
of solid phase assessments, assessing the per-
manence of Zn removal, and evaluating the
scope for engineering systems at full scale. The
latter will also include laboratory evaluation of
synthetic EPS for Zn removal. Given the evi-
dence here suggests that the Zn uptake is only

indirectly controlled by photosynthetic
processes and it is the EPS production that
maintains e2ective removal through chelation
of Me²⁺, there may be considerable scope for
enhancing metal removal with synthetic EPS.
Determining these speci3c metal uptake path-
ways and optimal operating conditions are
going to be crucial to underpin 3eld develop-
ment of e2ective bio3lm-based treatment sys-
tems in the future.

References
Bissett A, Reimer A, De Beer D, Shirasishi F, Arp G (2008)

Metabolic microenvironmental control by
photosynthetic biofilms under changing macroenvi-

ronmental temperature and pH conditions.Applied
Environmental Micropalaeontology 74:6306 – 6312

European Commission (2000) Directive 2000/60/EC
Establishing a framework for community action in
the field of water policy. [“The Water Framework Di-
rective”]

Gandy CJ, Jarvis AP (2012) The influence of engineering
scale and environmental conditions on the per-
formance of compost bioreactors for the remedia-
tion of zinc in mine water discharges. Mine Water
and the Environment 31: 82–91.

Gillespie WB, Hawkins WB, Rodgers JH, Cano ML, Dorn
PB (1999) Transfers and transformations of zinc in
flow-through wetland microcosms. Ecotoxicology
and Environmental Safety 43:126–132

van Hullebusch ED, Zandvoort MH, Lens PNL (2003)
Metal immobilisation by biofilms: Mechanisms
and analytical tools. Reviews in Environmental Sci-
ence and Biotechnology, 2:9–33

Jarvis AP, Mayes WM (2012) Prioritisation of abandoned
non coal mine impacts on the environment
SC030136/R2: the national picture. Environment
Agency Report SC030136/R14

Jones A, Rogerson M, Greenway G, Mayes, WM (2013)
Mine water geochemistry and metal flux in a major
historic Pb-Zn-F orefield, the Yorkshire Pennines,
UK. Environmental Science and Pollution Research,
accepted, in press

Kalin M (1998) Biological polishing of zinc in a mine
waste management area, in: Geller W, Klepper H, Sa-
lomons W, (Eds.), Acidic Mining Lakes: Acid Mine
drainage, Limnology and Reclamation. Springer,



Golden CO; USA IMWA 2013“Reliable Mine Water Technology”

Wolkersdorfer, Brown & Figueroa (Editors) 389

Heidelberg, p 321–334.
Nimick D, Gammons CH, Parker SR (2011) Diel biogeo-

chemical processes and their effect on the aqueous
chemistry of streams: A review. Chemical Geology
283:3–17

Nuttall CA, Younger PL (2000) Zinc removal from hard,
circum-neutral mine waters using a novel closed
bed limestone reactor. Water Research 34:1262–1268

Mayes WM, Gozzard E, Potter HAB, Jarvis AP (2008)
Quantifying the importance of diffuse mine water
pollution in a historically heavily coal mined catch-
ment. Environmental Pollution 151:165–175

Mayes WM, Johnston D, Potter HAB, Jarvis AP (2009) A
national strategy for identification, prioritisation
and management of pollution from abandoned
non-coal mine sites in England and Wales. I.
Methodology development and initial results. Sci-
ence of the Total Environment 407: 5435–5447

Mayes WM, Potter HAB, Jarvis AP (2009b) Novel ap-
proach to zinc removal from circum-neutral mine
waters using pelletised recovered hydrous ferric
oxide. Journal of Hazardous Materials 161: 512–520

Mayes WM, Davis J, Silva V, Jarvis AP (2011) Treatment
of zinc-rich acid mine water in low residence time
bioreactors incorporating waste shells and
methanol dosing. Journal of Hazardous Materials
193: 279–287

Pedley M, Rogerson M, Middleton R (2009) Freshwater

calcite precipitates from in vitro mesocosm flume
experiments : a case for biomediation of tufas. Sed-
imentology 56:511–527

Rogerson M, Pedley M, Wadhawan JD, Middleton R
(2008) New insights into biological influence on the
geochemistry of freshwater carbonate deposits.
Geochima et Cosmochimica Acta 72:4976–4987

Song Y, Fitch M, Burken J, Nass L, Chilukiri S, Gale N,
Ross C (2001) Lead and Zinc removal by laboratory-
scale constructed wetlands. Water Environment Re-
search 73:37 – 44

Sutherland I (2001) Biofilm exopolysaccharides: a
strong and sticky framework. Microbiology 147(Pt 1)
: 3–9.

Warrender R, Pearce NJG, Perkins WT, Florence KM,
Brown AR, Sapsford DJ, Bowell RJ, Dey M (2011) Field
Trials of Low-cost Reactive Media for the Passive
Treatment of Circum-neutral Metal Mine Drainage
in Mid-Wales, UK. Mine Water and the Environment
30:82 – 89

Zachara JM, Cowan CE, Resch CT (1991) Sorption of di-
valent metals on calcite. Geochimica et Cos-
mochimica Acta 55:1549–1562.



IMWA 2013 Golden CO; USA“Reliable Mine Water Technology”

Wolkersdorfer, Brown & Figueroa (Editors)390


