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a b s t r a c t

Increased popularity of attached-growth wastewater treatment systems (e.g. biological

aerated filtration processes—BAF) has created the need for a rapid and reliable method of

characterizing biofilms. In addition to the mass of the biofilm that may serve as a control

parameter for attached-growth treatment systems, the nitrogen content of the biofilm is

also of great interest with increasingly strict nitrogen removal guidelines. Existing methods

that may be used to analyse biofilms in such processes involve complex sample preparation

and microbiological expertise that limit their application in many biofilm wastewater

treatment studies and at existing treatment facilities as a feasible method of monitoring the

biofilm. This paper describes a simple technical procedure that enables biofilm samples

attached to polystyrene beads to be characterized in terms of the biofilm mass and the

nitrogen content of the biofilm. The proposed protocol incorporates an agitation procedure

that demonstrates 99.9% removal of the biofilm from polystyrene beads; a modified TSS

procedure that measures the removed biofilm mass; and subsequently a modified total

Kjeldahl nitrogen (TKN) procedure that enables the nitrogen content of the biofilm to be

measured directly on the filter. Moreover, this protocol allows numerous beads to be

analysed with limited manipulation and without the loss of critical mass.

& 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Over the last 20 years, regulations governing the discharge of

treated wastewaters have become increasingly stringent with

respect to nutrient loads and specifically the release of

nitrogen in various forms. Strict control of contaminant levels

has fuelled the development of new technologies for waste-

water treatment, leading to the implementation of biological

aerated filtration (BAF) treatment systems. BAFs incorporate

inert substratum that filter suspended solids (SS) and support

attached bacterial growth in the form of biofilms within

compact units. The main advantage of the attached-growth

BAF treatment systems over conventional, suspended growth

treatment systems is their ability to maintain high concentra-

tions of active biomass. This high concentration of biomass

enables BAFs to treat elevated applied loads in relatively short
r Ltd. All rights reserved.
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retention times while maintaining moderate footprints as

compared to suspended growth, activated sludge and aerated

lagoon systems (Gilmore et al., 1999; Le Tallec et al., 1997).

In addition to high concentrations of biomass, BAFs also

enable the maintenance of a high biomass age, which favours

the selective development of specific slow-growing bacteria

such as nitrifiers (Bryers, 2000). Thus, BAF treatment systems

are not only being used to remove SS, biological oxygen

demand and chemical oxygen demand in secondary treat-

ment facilities but have also found increasing use as both

secondary and tertiary wastewater treatment systems that

demonstrate good rates of NH4
+ removal (Rogalla et al., 1992).

Specifically, the addition of nitrifying BAFs in series with

existing activated sludge or lagoon systems is an attractive

means of upgrading an existing system to achieve nitrification

while minimizing space and capital investment requirements.

dx.doi.org/10.1016/j.watres.2008.02.023
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The rate of nitrogen removal from the system is directly

governed by the concentration and activity of the nitrifying

bacteria; thus successful control and operation of BAF

treatment systems require the biofilm to be regularly

monitored and in turn easily characterized. Although micro-

biological procedures presently exist to analyse the ecological

community of nitrifying bacteria in biofilms (Manz et al., 1992;

Mobarry et al., 1996; Amann et al., 1998; Schramm et al., 1998;

Daims et al., 1999), the intricate and elaborate sample

preparation requirements and microbiological expertise re-

quired of these techniques limit their current application for

many researchers and wastewater treatment facility techni-

cians. Moreover, the simple analyses of the total suspended

solids (TSS) that are often used at suspended growth

treatment systems cannot be used directly in attached-

growth treatment systems.

The microorganisms of interest within BAF systems exist

attached to the substratum as sessile cells embedded within

an extracellular polymeric substance matrix (Carpentier and

Cerf, 1993; Elder et al., 1995; Costerton et al., 1995; Dunne,

2002). An accurate method of measuring the mass of the

biofilm can provide additional control of the treatment

system and in turn optimize the efficiency. Excessive biofilm

mass clogs BAF systems and reduces access of the substrate,

nutrients and constituents of interest within areas of the

treatment system. On the other hand, an insufficient amount

of biofilm mass can indicate an aggressive backwashing

procedure that may be stripping the biofilm of active

organisms. Thus, accurately measuring the biofilm mass is

of importance to optimizing attached-growth treatment

systems. It should also be noted that an accurate measure-

ment of the mass of biofilm requires an effective detachment

process. In addition to quantifying the mass of the attached

biofilm, the concentration of nitrogen incorporated in the

cellular material within the biofilm is also of great interest.

Being able to determine the biofilm’s nitrogen content

permits the nitrogen mass balance within a treatment system

to be evaluated. The well-established total Kjeldahl nitrogen

(TKN) analysis can be used to quantify the nitrogen content of

a known mass of sampled biofilm. However, reliable TKN to

biofilm weight ratios can only be achieved if the biofilm is

effectively removed from the substratum.

The objective of this work is to present a rapid and reliable

analytical procedure that accurately quantifies the mass and

the nitrogen content of biofilm attached to polystyrene

bead substrata. The technical procedure incorporates well-

established techniques with critical adjustments to minimize

loss of mass and measurement error during the analysis. The

procedure is composed of (i) an agitation technique to remove

the biofilm from the polystyrene bead, (ii) a TSS technique to

weigh the biofilm on a filter and (iii) a TKN analysis of the

filtered biofilm for the evaluation of nitrogen content.
2. Materials and methods

2.1. Biofilm samples

Biofilms analysed in this study were sampled from nitrifying

BAF up-flow laboratory reactors. Nitrifying biofilms were
grown on 3.871.2 mm diameter polystyrene bead substrata

(John Meunier Inc.), with specific surface areas of approxi-

mately 1200 m2/m3 within laboratory reactors. The tempera-

ture within the reactors ranged from 20 to 4 1C; the hydraulic

retention time ranged from 1 to 4 h depending upon the

temperature; the superficial velocity was maintained at

21.1 m/min with a recirculation pump; the pH was between

7.2 and 7.8; and the dissolved oxygen (DO) ranged between 6

and 14 mg/L. The design of the laboratory reactors allow for

the substratum to be removed from the reactor with

minimum disturbance to the biofilm. Synthetic wastewater

(SWW) solution, devoid of carbon, was used to provide

nutrients to the biofilm within the reactors. The laboratory

reactors were allowed to run for a period of 6 months before

the analytical testing commenced and the testing phase

concluded after 48 months. The influent SWW contained high

concentrations of NH4
+ (275 mg/L N) and was devoid of NO2

�

and NO3
�.

2.2. Microscopic biofilm characterization

Individual beads with attached biofilm were analysed without

any preparation using a Hitachi S-4300SE/N environmental

scanning electron microscope (ESEM). The samples were

placed into the vapour chamber of the ESEM and surface

images of the sample were recorded at magnifications

ranging from 30� to 1000� . The percent coverage of the

biofilm on the bead substratum and the average thickness of

the biofilm were quantified from the ESEM images using

image analysis software (Vision Assistant 7.1). The detached

biofilm, after it had been removed from the bead surface, was

also analysed. The Olympus IX71 fluorescent microscope was

used to analyse the detached biofilm both in phase contrast

mode and as a fluorescently stained specimen. The samples

were analysed on a slide at 40� magnification. The staining

process used in this study is the BacLight live/dead staining

kit from Molecular Probes (L13152).

2.3. Detachment of biofilm from substratum

Beads with attached biofilm were sampled from the labora-

tory reactors and placed in 50 mL conical bottom disposable

centrifuge tubes (Fisher Scientific) containing 30 mL distilled

water. Up to 30 beads at a time were placed in one centrifuge

tube. The centrifuge tubes were agitated at the maximum

setting of 10 for 5 min on a vortex mixer (Fisher Scientific).

The beads float to the top of the liquid level in the centrifuge

tube while the detached biomass settles. The centrifuge tubes

were allowed to rest for an additional 5 min to allow the

biomass to settle completely prior to removing the beads. The

beads were removed from the centrifuge tubes with sterile

tweezers and rinsed with distilled water while making certain

that the rinse water returns to the centrifuge tubes to ensure

that all the removed biomass was contained within the tube.

2.4. Determination of biofilm mass

The biofilm mass within the centrifuge tube was determined

by performing a TSS analysis. The TSS methodology used in

this study was a modification of Standard Method 2540 D
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Table 1 – Biofilm coverage of the bead surface
(mean7standard deviation) determined by ESEM

Sample Percentage area of bead
surface covered by

biofilm (%)

No agitation 77.672.8

2.5 min of agitation 4.671.1

5 min of agitation 0.170.1

Clean bead 0.070.0
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(APHA, 2000). The technique consists of filtering the entire

contents of the centrifuge tube using a Millipore HVLP filter

(Fisher Scientific) with an average pore size of 0.45mm instead

of the suggested Millipore AP-40 filter (Fisher Scientific) with a

nominal pore size of 0.70mm. The weight of the biofilm was

determined by drying the filter at 105 1C until a constant mass

was measured. The TSS value was calculated as the

difference in weight prior to filtration and post-filtration.

2.5. Nitrogen analysis of filtered biofilm

The TKN analysis used to determine the nitrogen content of

the biofilm on the filter consists of a digestion step followed

by nitrogen analysis. The digestion step used in this study is

based upon the work of Isaac and Johnson (1976). The filter

containing the biofilm was placed directly into a 75 mL

Kjeldahl digestion tube (SCP Science) for analysis. Then,

10 mL of a digestion solution (54.5 g H2SeO3 in 50 mL deionized

water added to 1.25 L of concentrated H2SO4) was added to the

digestion tube followed by 3 mL of 30% H2O2. The digestion

takes place at 370 1C for approximately 45 min. The Millipore

HVLP filter completely dissolves during the digestion step.

The digested sample was then analysed for nitrogen content

on a Technicon Industrial Systems TRAACS 800 automated

analyser (Industrial Method no. 825-87T).
3. Results and discussion

3.1. Detachment of biofilm from substratum

The agitation method used in this study has been tested to

confirm that below detection limit values to insignificant

amounts of biofilm remained on the bead substratum

following agitation and that fragmentation of the bead did

not occur during the agitation period. ESEM images of biofilm

samples taken after 6 months of maturation demonstrated a

thin, dense biofilm with a non-uniform covering of the

exterior of the bead. The average percent coverage of the

biofilm on the beads sampled for this study is 77.6% (Table 1),

with an average biofilm thickness of approximately 2575 mm.

ESEM imaging visually demonstrates an increase in the

removal of biofilm from the bead with increased vortexing

time (Table 1). Increasing the agitation time above 5 min,

however, did not further affect the removal of biofilm. Five

minutes of agitation results in an average of 0.1% of the bead

remaining covered by biofilm. This small percentage of

attachment remaining on the bead surface following 5 min

of agitation proved to be very difficult to remove and does not

become separated from the bead by exposing the bead to

longer agitation times. ESEM images show that the 0.1%

biofilm coverage left on the bead exists predominantly within

the pore spaces of the bead, which may explain the difficulty

in its removal from the bead surface. However, due to the fact

that the biofilm remaining attached after 5 min of agitation

represents under 0.2% of the initial 77.6% coverage of biofilm,

this small percentage of biofilm coverage is insignificant in

relation to the extent of biofilm originally attached to the

bead prior to agitation. This procedure was repeated on 20

beads after various times of agitation, with the results shown
in Table 1. Fig. 1 shows ESEM images of beads after various

agitation times at magnifications of 400� and 300� . Fig. 1a

shows a typical bead covered with biofilm that has not been

agitated; Fig. 1b shows a bead with biofilm after 2.5 min of

agitation; Fig. 1c shows a bead with biofilm after 5 min of

agitation; and Fig. 1d shows a clean bead. The biofilm (seen as

white and light grey) in Fig. 1a is visually evident on the bead

surface (seen as black or dark grey). The quantity of biofilm in

Figs. 1b and c is significantly less and is therefore more difficult

to identify in the images. The biofilm in Figs. 1b and c can be

located using the white arrows superimposed on the images.

Fragments of the bead substratum breaking off or chipping

away during agitation will result in false increases in the TSS,

which would ultimately result in inaccurate measurements of

the biofilm weight and the percentage of nitrogen within the

biofilm. Although no fragments of the bead could be seen

within the collection water following agitation, sets of clean

beads were tested to verify whether they produced false TSS

results. In addition, microscopic techniques were used to

analyse the bead surfaces for apparent breaks and to analyse

the collecting water for particles or bead fragments other

than the removed biofilm.

TSS analysis of clean beads that underwent agitation showed

below detection limit levels of TSS weight values, implying that

no fragmentation of the bead substratum occurs during

agitation. This finding is also supported by ESEM images of

the bead surfaces following agitation, which demonstrate no

breaking or chipping of the bead surface. The images in Fig. 1

show that the porous surfaces of beads, which were subjected

to the agitation procedure, demonstrate no apparent area

where bead material broke off or chipped away due to agitation.

In addition, twenty 10mL aliquot samples of the collecting

water from five sets of bead agitations were placed on glass

slides and microscopically analysed. The collecting water

showed no evidence of bead fragmentation. Fig. 2 shows a

removed piece of biofilm with no bead material suspended in

the collecting water following agitation. Thus, the results

shown in Figs. 1 and 2 along with Table 1 demonstrate that

99.9% of the biofilm can be effectively removed from the

surface of polystyrene beads without fragmenting the bead and

producing false weight values.

3.2. Determination of biofilm mass

Following the removal of biofilm from the bead surface, the

collecting water containing the detached biofilm is filtered to

determine the mass of the biofilm per bead using a modified
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Fig. 1 – ESEM images of bead surfaces: (a) 400� magnification of bead with biofilm; (b) 300� magnification of bead with

biofilm vortexed for 2.5 min; (c) 300� magnification of bead with biofilm vortexed for 5 min; (d) 300� magnification of clean

bead with no biofilm.

Fig. 2 – Biofilm suspended in collecting water following agitation of beads: (a) 400� magnification, phase contrast

microscopic view; (b) 400� magnification, fluorescent illumination of the biofilm following BacLight staining.
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TSS method. The TSS method used in this study is tested to

confirm that the Millipore HVLP is capable of filtering the

biofilm samples without losing material through the filter and

that the filter does not significantly reduce the rate of

filtration. The traditionally used Millipore AP-40 filter has a

nominal pore space of 0.7mm as compared to the 0.45mm

average pore space of the Millipore HVLP filter; hence the

Millipore HVLP filter should enable an equal or greater

amount of biofilm to be removed from solution. Table 2

shows representative biofilm mass of samples from four sets
of beads that have been filtered using the HVLP Millipore and

AP-40 filters. Samples 1 and 2 are composed of the biofilm

removed from five beads; sample 3 is composed of the biofilm

removed from three beads; and sample 4 is composed of the

biofilm removed from 15 beads. The weight of the filtered

biofilm demonstrates that the HVLP Millipore filter is capable

of filtering the same quantity of biofilm as the AP-40 Millipore

filter. Thus, the HVLP Millipore filter is an acceptable

replacement to the AP-40 Millipore filter for filtering the

removed biofilm. Although the smaller pore space allows
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Table 2 – Comparison of filtered biomass weights using
the AP-40 and HVLP filters

Sample Number of
beads

Filter Total biomass per
sample (g)

1 5 HVLP 0.0020

AP-40 0.0020

2 5 HVLP 0.0023

AP-40 0.0022

3 3 HVLP 0.0012

AP-40 0.0011

4 15 HVLP 0.0064

AP-40 0.0064
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smaller constituents to be removed by the HVLP filter, it also

reduces the rate of filtration. The reduced filtration rate is not

critical in this study due to the small sample volumes

analysed (30 mL) and the small quantity of biofilm within

the samples.

Fig. 3 – Nitrogen content per gram of carrot leaves analysed

without a filter and with a Millipore AP-40 filter.
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Fig. 4 – Nitrogen content per gram of carrot leaves analysed

without a filter and with a Millipore HVLP filter.
3.3. Nitrogen analysis of filtered biofilm

Following evaluation of detached biofilm mass using the

filtering method described in Section 3.2, a TKN method is

used to determine the total nitrogen content of the filtered

sample. The TKN method used in this study is tested to

demonstrate that the digestion phase of the TKN analysis

does not affect the measured nitrogen content of the sample.

Analysing the biofilm directly on the filter eliminates any

potential loss of material that may occur during removal of

the biofilm from the filter prior to the TKN analysis. However,

it is necessary to test whether the nitrogen analysis will be

affected if (i) the filter releases nitrogen; (ii) the filter amplifies

the nitrogen content; (iii) the filter absorbs or adsorbs

nitrogen; or (iv) the filter masks the nitrogen content within

the sample. All of these effects will ultimately lead to

inaccurate measurements of the nitrogen content of the

sample.

Samples containing known ‘‘solid nitrogen’’ standards in

the form of dry carrot top leaves were used to validate the

proposed TKN method. Biofilm is not used as a standard

within this study because of the possible nitrogen variance

within biofilms. Samples containing varying amounts of

dry carrot leaf standards along with samples filtered onto

both Millipore AP-40 and HVLP filters were analysed for TKN.

Table 3 reveals that standards evaluated without filters

demonstrated small but statistically significant differences

in nitrogen content when compared to standards that were

analysed in combination with the Millipore AP-40 filters. Fig. 3

shows the measured nitrogen content plotted per mass

of carrot leaves for samples with no filters and for samples

with AP-40 filters. The mean value of the weight percent

(g nitrogen/g carrot leaves) results obtained for the samples

without a filter do not lie in the 95% confidence interval range

calculated for the results using the Millipore AP-40 filter

(Table 3). Hence, biofilm samples filtered onto the AP-40 filters
cannot be analysed for nitrogen content using the TKN

method without removal of the biofilm from the filter.

Samples containing known concentrations of carrot leaf

standards (no filter), however, demonstrate statistically

negligible differences in nitrogen content when compared

to standards that were analysed directly on HVLP filters

(Table 3). Fig. 4 shows the nitrogen content plotted per mass

of carrot leaves for samples with no filters and for samples

with HVLP filters. The mean nitrogen weight percent mea-

sured for the samples with no filter lies within the 95%

confidence interval range calculated for the Millipore HVLP
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Table 3 – Mean, standard deviation and 95% confidence intervals for TKN data obtained with and without filtersa

Data series Weight % (g nitrogen/g standard)

Mean Standard deviation 95% confidence interval
(lower limit–upper limit)

No filter 2.20 0.085 2.17–2.22

HVLP filter 2.19 0.103 2.16–2.22

AP-40 filter 2.02 0.097 1.99–2.05

a Data shown in Fig. 4.
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filter results (Table 3). In addition, hypothesis testing of the

weight percent results of the samples with no filters and the

samples with the HVLP filters indicate that the means of

these two distinct populations are statistically equivalent.

The results shown in Figs. 3 and 4 along with Table 3

demonstrate that the biofilm remaining attached to the

Millipore HVLP filter following the mass analysis of the

biofilm can directly undergo TKN analysis. The ability to

conduct the TKN analysis on the sample, with the biofilm

attached to the filter, eliminates the need to remove the

biofilm from the filter and thus ensures conservation of mass.

Furthermore, the nitrogen content measurements are deter-

mined from the same sample as the mass measurement, thus

reducing the amount of samples needed for the analysis.
4. Conclusion

The proposed analytical procedure has been successfully

verified as a rapid and reliable technique to quantify the mass

and nitrogen content of biofilms attached to polystyrene

beads. Experimental results demonstrate that 5 min of

vortexing results in removal of 99.9% of the biofilm from the

bead surface. In addition, TSS analysis using the Millipore

HVLP filter demonstrates no loss of material and a satisfac-

tory rate of filtration. Moreover, the experimental work

indicates that the HVLP filter was statistically neutral with

respect to the digestion phase and the nitrogen analysis

phase of the TKN method.

The proposed method allows simple and reliable analysis of

biofilm from numerous beads with limited manipulation. The

analytical procedure is also advantageous in that the

procedure eliminates the tedious task of attempting to

remove biofilm from the filter without losing critical mass.

Future considerations include the application of this techni-

que to biofilms other than nitrifying biofilms (e.g. secondary

treatment plant biofilms with large carbon loads). Further-

more, application of the technique to biofilms adhered to

substrata other than polystyrene beads (e.g. activated carbon)

would be of great interest.
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