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a  b  s  t  r  a  c  t

Plastic was tested to select biofilm support media that would enhance nitrification in the presence of heterotrophs.

Eight  different types (acrylonitrile butadiene styrene, nylon, polycarbonate, polyethylene, polypropylene, polyte-

trafluoroethylene (PTFE), polyvinyl chloride and tufnol) were immersed in an aerobic fed-batch reactor receiving

domestic settled wastewater. Nitrification rates did not correlate with biomass concentrations, nor surface rough-

ness  of the plastics as measured by atomic force microscopy (AFM). The maximum nitrification rate of 1.5 g/m2 d−1

was obtained from biofilms growing on PTFE which had the lowest surface adhesion force (8 nN). Nitrification rates

for  the biofilms were inversely correlated with the attraction forces as measured by AFM.
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1.  Introduction

Biofilm processes are frequently used for aerobic biological
wastewater treatment. The conventional trickling filter has
been a mainstay and recent developments include rotating
biological contactors (RBCs) and biological aerated filters (BAF)
(Boller et al., 1994; Mendoza-Espinosa and Stephenson, 1999).
These processes are often designed to remove ammonia as
well as organic carbon, as measured by biochemical oxy-
gen demand (BOD). As heterotrophic bacteria responsible for
BOD removal have faster growth rates and higher yield coef-
ficients compared to autotrophic nitrifying bacteria, in order
for combined BOD removal and nitrification to occur, the reac-
tor is designed to operate at a lower BOD loading (Grady
et al., 1999). Common to all the processes is an inert sup-
port media on which a biofilm grows. Selection of appropriate
materials has been the aim of much research in the past
but has almost entirely focussed on mesoscale, i.e. reactor-
scale, investigations such as using laboratory scale reactors or
pilot plants e.g. Moore et al. (1999). Most attempts to manipu-
late bacterial population to improve treatment processes are
undertaken with suspended growth systems (Stephenson and
Stephenson, 1992); for example, the use of immobilisation in
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gels to enhance performance of activated sludge (Bouchez
et al., 2009). However, for biofilm systems, research has con-
centrated on the selection of the media, and has usually been
for a single species under laboratory conditions, e.g. Robledo-
Ortíz et al. (2010). The experiments described in this paper
were designed to select biofilm support media to treat wastew-
aters that would enhance growth of nitrifiers in the presence
of heterotrophs. Atomic force microscopy (AFM) was used to
determine the important media properties for the enhance-
ment of nitrification.

2.  Materials  and  methods

A 175 l tank was set up as a fed-batch aerobic reactor treating
settled primary sewage in order to grow biofilm on 8 differ-
ent plastic media. In one half of the tank 9 aquarium diffuser
stones (Aquatics-online Ltd., Bridgend, UK) were used to aer-
ate the tank at a rate of 2–4 l/min; the plastic media samples
were submerged in the other half to reduce the scouring effect
on biofilm that would attach to the plastic. Each sample was
end on to the flow in order to aid the even distribution of
liquid over the surface of the plastic. A centrifugal pump (Pla-
ton Flowbits, Basingstoke, UK) circulated the tank contents to
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Table 1 – Characteristics of plastics and biofilms.

Parameter Material

PC ABS PTFE PP Tu Ny PE PVC

Ra (nm) 6 34 162 25 62 107 603 75
Rmax (nm) 0.28 0.75 2.02 1.85 1.96 2.75 6.58 2.10
SA (nm2) 5639 5891 5839 5719 5735 5799 6322 5737
Surface adhesion force (nN) 11.7 nd 8.0 10.5 12.5 40.0 21.0 23.5
Dry biomass (g/m2)

Week 8 46.8 56.4 44.7 33.1 40.7 56.2 36.5 17.3
Week 10 35.2 51.9 24.7 42.2 42.2 50.5 40.6 22.0

Nitrification rate (g/m2 d−1)
Week 8 0.24 0.02 1.52 0.19 0.26 0.00 0.04 0.01
Week 10 0.39 0.36 0.32 0.17 0.49 0.07 0.15 0.06

nd, no data.

ensure good mixing. The tank was initially seeded with 20 l
of Return Activated Sludge (RAS) taken from an on-site pilot
plant; 80 l of tap water and 75 l of settled sewage from Cran-
field University’s sewage treatment works were then added to
make up the volume. A hydraulic retention time (HRT) of 48 h
was maintained by draining half the volume of the tank once
a day and refilling with 87.5 l of fresh settled sewage with BOD
concentrations around 90–190 mg/l and ammonia 5–37 mg/l
(Chang et al., 2001).

Experiments were conducted on 8 different plastic
sheets: acrylonitrile butadiene styrene (ABS), nylon (Ny),
polycarbonate (PC), polyethylene (PE), polypropylene (PP),
polytetrafluoroethylene (PTFE), polyvinyl chloride (PVC) and
tufnol (Tu), all supplied by Model Products Ltd. (Wootton,
UK). Each sheet was cut into 5 strips 40 cm long and 6 cm
wide. These were fixed to a frame made of PVC pipe and
suspended horizontally in the tank. The strips could be
removed from the tank and sacrificed for nitrification tests.
The nitrification rates of the biofilms grown on the plas-
tics were tested at 8 and 10 weeks by withdrawing plastic
strips from the tank. These were then immersed in a mea-
suring cylinder with 2 l of a synthetic feed adapted from
Hanaki et al. (1990) containing 80 mg/l as N ammonium bicar-
bonate as the sole source of ammoniacal nitrogen, 76 mg/l
K2HPO4, 30 mg/l KH2PO4, 33.75 mg/l MgSO4·7H2O, 41.25 mg/l
CaCl2·2H2O, 0.375 mg/l FeCl3·6H2O, 0.0338 mg/l MnSO4·H2O,
0.0021 mg/l CuSO4, 0.0012 mg/l Na2MoO4·2H2O, and 0.035 mg/l
ZnSO4·7H2O. The strips were aerated via an aquarium dif-
fuser stone for 24 h and the ammonia decay monitored.
Dissolved oxygen was maintained at >7.5 mg/l and tem-
perature ranged from 18.0 to 23.5 ◦C. When needed, the
pH was maintained between pH 7 and 8 by addition of
0.1 M hydrochloric acid (Analar Grade, Merck, Poole, UK).
Biomass was determined at the end of each test by com-
bining suspended solids that had scoured off during the
test with the biofilm removed from the plastic. All 2 l of
the suspension was filtered through a pre-weighed glass
microfibre paper (MF  200, Fisherbrand, UK) prior to determi-
nation of volatile solids by a standard method (Clesceri et al.,
1998).

In parallel, each plastic was analysed for its surface prop-
erties by atomic force microscopy (AFM). A Nanoscope IIIA
Atomic Force Microscope (Digital Instruments, Santa Barbara,
CA, USA) was used to image  and obtain surface roughness
values and to measure force on the surface. The nanoprobe
cantilevers (Lot Oriel Group, UK) were made of silicon nitride
(Si3N4) with a spring constant of k = 1 N/m. Digital software

(Nanoscope version 4.42r4) was used to analyse the topo-
graphic images of the surface, as well as the force-distance.
The scanning rate in z-direction was maintained at 45 Hz. The
AFM tapping mode in air was used to image  the surface char-
acteristics of the plastics. From the topographic images, the
roughness of the plastics was expressed in three ways: as
the surface area (SA) taking into account the topography for
a given x–y distance; as the average roughness value for the
area sampled (Ra), i.e. the overall average distance between the
peaks and valleys; and as the maximum range of the profile
(Rmax), i.e. the height difference between the deepest valley
and the highest peak. Surface adhesion and repulsion forces
were also determined for plastics using AFM. Force curves
were generated for all plastics with the exception of ABS and
surface adhesion forces were determined according to Fang
et al. (2000).

3.  Results  and  discussion

Plastics ranked in order of roughness (roughest to
smoothest) based on AFM measurement of Ra were
PE > PTFE > Ny > PVC > Tu > ABS > PP > PC (Table 1). Average
roughness (Ra) values ranged from 6 to 603 nm (PC and PE
respectively). The Rmax and SA measurements were also
greatest for PE at 6.58 nm and 6322 nm2 respectively and least
for PC at 0.28 nm and 5369 nm2 respectively. Plastics could
generally be ranked in a similar order based on Rmax and SA
values, with the exception of PTFE and ABS. Irregular, rough
polymeric surfaces generally promote bacterial adhesion
and biofilm deposition (Katsikogianni and Missirlis, 2004).
Biomass was monitored in the early weeks until growth had
stabilised from week 8 onwards. Variations between weeks 8
and 10 will in part be caused by changes in influent BOD and
ammonia concentrations as real settled sewage was used.
Whilst mean biomass accumulation over the experimental
period was greatest in ABS and Nylon at 52.5 and 47.5 g/m2

respectively and least in PVC at 19 g/m2 (Table 1), there
was no correlation with surface roughness. Additionally,
no significant correlation was observed between surface
roughness or topography of plastics and nitrification rate.
Indeed, the nitrification rate was at the lower end of the range
for the plastic which had the highest surface roughness, PE,
at 0.04–0.15 g/m2 d−1. Conversely, PC, which had the lowest
observed surface roughness, had a relatively high nitrification
rate at 0.24–0.39 g/m2 d−1 (Table 1). In one example Quirynen
and Bollen (1995) noted surface roughness as the more
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