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Abstract An increasing number of wastewater treatment
plants require post-treatment to remove residual nitrogen and
phosphorus. This study investigated various harvesting regimes
that would achieve consistent low effluent concentrations of
nitrogen and phosphorus in a phototrophic biofilm reactor.
Experiments were performed in a vertical biofilm reactor under
continuous artificial lighting and employing artificial wastewa-
ter. Under similar conditions, experiments were performed in
near-horizontal flow lanes with biofilms of variable thickness.
It was possible to maintain low nitrogen and phosphorus con-
centrations in the effluent of the vertical biofilm reactor by
regularly harvesting half of the biofilm. The average areal
biomass production rate achieved a 7 g dry weight m > day '
for all different harvesting frequencies tested (every 2, 4, or
7 days), corresponding to the different biofilm thicknesses.
Apparently, the biomass productivity is similar for a wide range
of biofilm thicknesses. The biofilm could not be maintained for
more than 2 weeks as, after this period, it spontaneously
detached from the carrier material. Contrary to the expecta-
tions, the biomass production doubled when the biofilm thick-
ness was increased from 130 um to 2 mm. This increased
production was explained by the lower density and looser
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structure of the 2 mm biofilm. It was concluded that,
concerning biomass production and labor requirement, the
optimum harvesting frequency is once per week.

Keywords Microalgae - Harvesting - Biofilm thickness -
Wastewater treatment - Nitrogen removal - Phosphorus
removal

Introduction

Microalgal biofilms can be applied for wastewater treatment
and post-treatment of wastewater effluents to remove nitrogen
(N) and phosphorus (P) (Boelee et al. 2012). As in all
phototrophic systems, microalgal biofilms exhibit the poten-
tial to recover the N and P incorporated in the produced
microalgal biomass. Biofilm systems also possess several
advantages over suspended systems. First, biofilm systems
are able to perform during shorter hydraulic retention times,
and, secondly, it is easier to harvest the biomass from biofilm
systems than from suspended systems. In addition, the
microalgae in the biofilm are protected from pollutants due to
diffusional gradients (Godos et al. 2009; Sabater et al. 2002).
While suspended microalgal systems experience a high energy
input (Norsker et al. 2011), biofilm systems are expected to
demand less energy due to the easier harvesting and the ab-
sence of mixing (Ozkan et al. 2012). Finally, the evaporation of
the water from the biofilm can be considered a disadvantage of
biofilm systems although this evaporation also cools the bio-
film, preventing the temperature in the biofilm from becoming
too high (Murphy and Berberoglu 2012).

Microalgal biofilm systems can be applied as post-
treatment of municipal wastewater when the discharge of N
and P must be reduced as a consequence of stricter regulations
such as the EU Water Framework Directive. In concordance
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with this directive, the N and P concentrations must be re-
duced from the current European discharge requirements of
10mgNL " and 1 mgP L™" to concentrations appropriate for
discharge to ‘sensitive’ water bodies. Current Dutch guide-
lines for these sensitive water bodies are 2.2 mg L™ total N
and 0.15 mg L™ total P. Laboratory studies have demonstrated
that microalgal biofilms are able to remove N and P from
wastewater effluent at removal rates of 0.1-1.3 ¢ N m > day '
and 0.006-0.19 ¢ P m > day ' (Gonzélez et al. 2008; Godos
et al. 2009; Boelee et al. 2011) and can attain effluent concen-
trations below the target values mentioned above (Boelee et al.
2011).

Generally, the growth of phototrophic biofilms follows a
two-phase pattern. The first phase is the growth phase which
begins with the colonization of the carrier material often by
diatoms and green algae (Biggs 1996; Johnson et al. 1997).
The biomass initially grows exponentially and, later, linearly,
and the community evolves toward filamentous green algae
and cyanobacteria (Biggs 1996; Johnson et al. 1997; Sekar
et al. 2002). Biofilm growth subsequently decreases, and at a
certain biofilm thickness, the growth becomes equal to the
losses experienced through respiration, cell death, parasitism,
disease, and grazing. This initiates the beginning of the second
phase, the loss phase, where losses exceed growth (Biggs
1996).

When applying microalgal biofilms for wastewater treat-
ment, the biofilm should be continuously maintained in the
exponential or linear growth phase. This ensures a high bio-
mass production and, thereby, a high nutrient removal rate.
Regular harvesting of the biofilm can maintain the biofilm in
the growth phase by preventing the biofilm from reaching the
thickness at which the loss phase begins. When harvesting the
biofilm, a fraction of the biomass should remain on the carrier
material to allow continuous growth and removal of nutrients.
This can, for instance, be achieved by employing scraping as a
harvesting technique (Johnson and Wen 2009; Ellwood et al.
2011). However, only minimal attention has been paid to
harvesting microalgal biofilms, and therefore, it is uncertain
what amount of the biofilm should be harvested and at what
frequency this harvesting should occur.

The aim of this study was to assess the fraction of a
phototrophic biofilm that should be harvested and the frequen-
cy of harvesting required to maintain effluent concentrations
below 2.2 mg N L' and 0.15 mg P L™". A comparison was
conducted between harvesting the entire biofilm surface and
harvesting only half of the biofilm back to the carrier material.
In addition, the effect of three different harvesting frequencies
was determined on the biomass production rate and on the N
and P effluent concentrations in a vertical phototrophic bio-
film reactor. Finally, the hypothesis that biomass productivity
decreases with increasing biofilm thickness was investigated
in horizontal flow lanes with biofilms of 130, 250, 500 um, 1,
and 2 mm.
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Materials and methods
Vertical phototrophic biofilm reactor

Figures la and 2 depict the vertical phototrophic biofilm
reactor employed in this study. The biofilm was grown on a
0.125 m? layer of Polyfelt Geolon PE180 (TenCate
Geosynthetics, The Netherlands), a polyethylene-based wo-
ven geotextile. This layer was situated on top of a layer of
Polyfelt P120, a polypropylene-based nonwoven geotextile
(TenCate Geosynthetics), and both layers were fixed to a
polypropylene support plate. To obtain a homogeneous liquid
distribution, a flexible tube (Masterflex Norprene L/S 16,
Cole-Parmer, USA) was positioned above the polypropylene
plate 5 mm above the biofilm. This tube was cut along its
length such that the liquid dripped from the tube onto the
biofilm, resulting in a completely wet biofilm. A gutter placed
below the biofilm collected the liquid which was then pumped
to a 400 mL recycle vessel. In this vessel, the pH was mea-
sured and controlled at pH 7 by a pulse-wise addition of CO,
gas. This CO, addition resulted in an average inorganic car-
bon concentration in the effluent of 10.5 mg L™", correspond-
ing to 8.53 mg L 'bicarbonate (HCO5 ") at pH 7. The liquid,
with an average temperature of 21 °C, was recycled at
170 mL min' and mixed with the inflow of 7 mL min’
synthetic wastewater. The overflow of the recycle vessel re-
sulted in the effluent of the biofilm reactor. This effluent was
amassed and stored in the dark at 2 °C for a maximum of 24 h
to determine the dry weight concentration of the suspended
biomass. To prevent microalgal growth outside of the Polyfelt
layer, the gutter featured a polypropylene cover, all tubing was
black, glassware was brown, and all glassware and connec-
tions were covered in aluminum foil.

The phototrophic biofilm was continuously illuminated by
a bank of four compact fluorescent lamps (MASTER PL-L
Polar 36 W/840/4P, Phillips, The Netherlands) at an average
light intensity of 180 umol photons m % s~'. The light inten-
sity was measured with a 27t PAR quantum sensor (SA190,
LI-COR Biosciences, USA) arranged at the level of the bio-
film surface. Nutrient loading rates of 0.8 g N m  day ' and
0.08 g P m? day ' were selected (Table 1) which were
comparable to previous work where maximum uptake capac-
ities of 1.0 g N m 2 day' and 0.13 g P m 2 day ' were
determined at 220 pmol photons m > s~ ' (Boelee et al. 2011).

Horizontal flow lanes

The flow lane biofilm reactor (Ontwikkelwerkplaats WUR, The
Netherlands) is schematically illustrated in Fig. 1b. This flow
lane reactor had five parallel 80 cm long and 3.5 cm wide flow
lanes. The five flow lanes had edges of 3.5 mm on both sides
and depths of 130, 250, 500 um, 1, and 2 mm. The flow lanes
were separated by vertical side walls with a height of 1.5 cm.
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Synthetic wastewater entered a rotatable container posi-
tioned above the flow lanes with a flow rate of
4.4mL min ', While the container was filling, the center point
of gravity changed, and the container rotated when filled
causing a wave to roll over the flow lanes. The flow lane setup
was positioned at an angle of 4° to enable the liquid to flow
over the lanes. The liquid, with an average temperature of
24 °C, was collected at the end of the lanes and pumped to a
400 mL recycle vessel. In this vessel, the pH was measured
and controlled at pH 7 by a pulse-wise addition of CO, gas.
From the recycle vessel, a recycle flow of 200 mL min~" was
combined with the influent and returned to the rotatable
container. The overflow of the recycle vessel resulted in the
effluent of the system.

The phototrophic biofilms in the flow lanes were continu-
ously illuminated by LED light (FYTO Panel-Model B cool
white LEDs, 280 pc, PSI, Czech Republic). Employing a light
controller (Light Controller LC 150, PSI, Czech Republic),

@ recycle flow 200 mL min™'

Fig. 1 Schematic overview of the vertical phototrophic biofilm reactor (a) and of the horizontal flow lane setup (b)

the light intensity was specified at 200 pmol photons m > s .

The light intensity was measured with a 27t PAR quantum
sensor (SA190, LI-COR Biosciences, USA) situated at the
level of the biofilm surface. Plates covered with aluminium
foil were positioned at the sides of the flow lanes to produce a
more uniform light distribution among the biofilms.

Microalgal biofilm cultivation

Microalgal biofilm material was scraped from the surface of a
settling tank of the effluent of the municipal wastewater treat-
ment plant in Leeuwarden, The Netherlands, and further culti-
vated on small PVC sheets as described in Boelee et al. (2011).
During the experiments with the vertical biofilm reactor, the
Polyfelt sheet was inoculated by rubbing it with the PVC sheets
containing biofilm. The flow lanes were also inoculated by
rubbing them with the PVC sheets containing biofilm and also
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Fig. 2 The vertical phototrophic biofilm reactor (a), a close-up of the biofilm before harvesting (b), harvesting part of the biofilm with the adhesive

comb (¢), and the biofilm setup after harvesting (d)

by rubbing fresh biofilm material from the wastewater treat-
ment plant in Leeuwarden over the bottom of the lanes.

The synthetic wastewater effluent supplied to the vertical
biofilm reactor was designed to resemble the effluent from a
typical municipal wastewater treatment plant and contained
10 mg L' NO; -N and 1.1 mg L' PO,>"-P. In addition, the
synthetic wastewater contained (micro) nutrients based on
Wright’s cryptophyte medium (Andersen 2005) to rule out
limitations of nutrients other than N or P. The synthetic waste-
water lacked an organic carbon source in order to avoid
heterotrophic growth. The synthetic wastewater composition
of the vertical biofilm reactor was as follows—60.67 mg L™
NaNO3, 36.76 mg L~ ! CaCl,.2H,0, 36.97 mg L!
MgS0,4.7H,0, 28.42 mg L' Na,Si05.9H,0, 6.19 mg L'
K,HPO,. Trace elements and vitamins—3.82 mg L!
EDTA.2H,0, 1.90 mg L' FeCls, 10 pg L™ CuS0,.5H,0,
22 ug L' ZnS0,4.7H,0, 9.99 nug L™' CoCl,.6H,0,
0.147 mg L' MnCl,.2H,0, 6.00 pg L™' Na,MoO,4.2H,0,
1.00 mg L' H3;NOs, 0.10 mg L™ vitamin B1, 0.5 pg L™
vitamin H, 0.5 pg L' vitamin B12.

The biofilms contained within the horizontal flow lanes
were grown under light limitation by applying elevated nutri-
ent concentrations at a high loading rate of 3.5 ¢ N m 2 day '
and 0.38 g P m 2 day ', as indicated in Table 1. In this manner,
a dark zone may develop in the biofilm which will be accom-
panied by losses through respiration and cell death. The
synthetic wastewater effluent of the horizontal flow lanes
was as follows—442 mg L' NaNO;, 268 mg L'

CaCl,.2H,0, 269 mg L' MgS0,4.7H,0, 207 mg L'
Na,Si03.9H,0, 45.1 mg L' K,HPO,. Trace elements and
vitamins—2.78 mg L™' EDTA.2H,0, 1.38 mg L' FeCl;,
7.29 nug L' CuS0,4.5H,0, 16 pg L' ZnS0,.7H,0,
7.27 ug L' CoCl,.6H,0, 0.107 mg L' MnCl,.2H,0,
4.37 ug L' Na,M004.2H,0, 0.729 mg L™' H3NOs,
0.0728 mg L' vitamin B1, 36.4 pug L' vitamin H,
36.4 ug L' vitamin B12.

Harvesting experiments

Three different experiments were performed: Experiments 1
and 2 in the vertical biofilm reactor and Experiment 3 in the
horizontal flow lanes. Table 1 demonstrates the harvesting
procedures that were followed during the three experiments.
In Experiment 1, the entire biofilm was scraped from the
0.125 m? surface on days 26, 55, and 77 using a spatula, after
which phototrophs could only have remained between the
fibers of the Polyfelt material. In Experiment 2, a scraper
was employed which was constructed from an adhesive comb.
This scraper was designed to harvest half of the biofilm back
to the Polyfelt material and was scraped over the biofilm from
top to bottom, as illustrated in Fig. 2c. Harvesting occurred
every 2, 4, or 7 days (Experiments 2A, 2B, and 2C). The
biofilms in the flow lanes of Experiment 3 were harvested by
running a blade over the edges of the flow lanes every day
from Monday through Friday. In this manner, only the top
layer of the biofilm was harvested, and the remaining biofilm

Table 1 The NO; -N and PO,> -P loading rate, harvesting method and frequency of the three experiments

Experiment Experimental NO;™-N loading rate PO,*-P loading rate Harvesting Harvesting
setup (g m >day ! (gm >day " method frequency

1 Vertical reactor 0.8 0.08 Scraping entire biofilm Every +20 days

2A Vertical reactor 0.8 0.08 Scraping half of the biofilm Every 2 days

2B Vertical reactor 0.8 0.08 Scraping half of the biofilm Every 4 days

2C Vertical reactor 0.8 0.08 Scraping half of the biofilm Every 7 days

3 Flow lanes 35 0.38 Scraping entire top of the biofilm 5 days per week
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was of the thickness determined by the depth of the flow lanes
(130, 250, 500 um, 1, or 2 mm).

Analytical procedures

The NO5 -N and PO4* -P concentrations were monitored
daily in the influent and effluent of the vertical biofilm reactor.
In addition, the suspended solids were measured in the efflu-
ent every 3 days. Samples were extracted from the influent
and effluent, filtered through a 0.45 pum filter (Millex-LCR,
Merck Millipore, USA), and analyzed for NO; -N and PO, -
P with ion chromatography (Compact IC 761, Metrohm,
Switzerland). The Compact IC 761 was equipped with a
conductivity detector with the pre-column Metrosep A Supp
4/5 Guard and with the column Metrosep A Supp 5, 150/
4.0 mm (Metrohm). The collected effluent was filtered
through pre-weighed glass fiber filters (GF/F, Whatman,
UK) to determine the suspended dry weight. These filters
were dried at 105°C for at least 24 h.

To determine the dry weight of the harvested biomass, it
was dried at 105°C for at least 24 h. The harvested biomass
was not washed with distilled water in order to prevent break-
age of the cells. The biomass density of the wet biofilms was
estimated from the volume of the wet biofilm and its dry
weight content. In Experiment 2, the volume of the harvested
biomass was measured in a graduated cylinder for each har-
vest. In Experiment 3, the volume of all five flow lanes was
known, and, therefore, following the final harvest at the end of
the experiment, all remaining biomass was removed from
inside the flow lanes, and its dry weight was determined.

The C, N, and H content of dried and ground biomass was
measured in duplicate with an elemental analyzer (EA 1110,
ThermoQuest CE Instruments, USA) utilizing a vertical
quartz tube (combustion tube) maintained at 1,000°C with a
constant flow of helium at 120 mL min ', an oxidation cata-
lyst (WO3) zone, a copper zone followed by a Porapack PQS
column maintained at 60°C, and finally, followed by a TCD
detector. To determine the Ca, Fe, K, Mg, Na, P, S, and Si

Fig. 3 Phormidium in the green
top of the biofilm (a) and
Phormidium together with other
phototrophs in the browner
bottom of the biofilm (b)

content, duplicates of the biomass were digested using 10 mL
HNO; (68 %) per 0.5 g dry biomass. During digestion, the
temperature was increased over a 15-min duration until
180 °C was achieved in a microwave (ETHOS 1, Milestone,
Italy) at 1,000 W, and these conditions were maintained for
another 15 min. Following digestion, the concentrations of the
elements were measured with inductive coupled plasma (Op-
tima 5300 DV equipped with an optical emission spectrome-
ter, Perkin Elmer, USA). The ash content was determined by
burning the dried ground biomass at 550 °C for 2 h and
dividing the ash weight by the dry weight.

Microscopy

Digital images of the biofilm were taken using a camera (Canon
IXUS 105) and a Leica DM750 microscope (x400). The iden-
tification of microalgae was performed according to the Water
quality-Guidance standard for the surveying, sampling, and
laboratory analysis of phytobenthos in shallow running water
(EN 15708) using an Olympus CX 31 microscope.

Calculation of the elemental composition
The molar elemental composition of the biofilm, including

oxygen, was calculated according to Duboc et al. (1999) using
the measured weight of C, H, N, S, P, and ash.

Results

Biofilm growth in the vertical biofilm reactor

During Experiments 2A-C, the biofilm was green before
harvesting while the underlying layer uncovered after
harvesting was brown. The biofilm thickness varied over the
surface, and gas bubbles of varying sizes were observed
within the biofilm as depicted in Fig. 2b. Microscopic obser-
vations such as those demonstrated in Fig. 3 indicated that the
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top layer of the biofilm consisted almost exclusively of the
filamentous cyanobacterium Phormidium. This was in con-
trast to Experiment 1 where this cyanobacterium was not
observed before or after harvesting the biofilm. A single
dominating species is often observed in phototrophic
biofilms, especially when the biofilm is growing fast (Zippel
and Neu 2005) as was the case in these experiments.
Phormidium is a well-known filamentous cyanobacterium
that was also dominant in other studies (Johnson et al. 1997;
Guzzon et al. 2008; Ellwood et al. 2011). In the bottom layer
of the biofilms in Experiments 2A—C, different cyanobacteria
and microalgae were also identified including the
cyanobacteria Pseudanabaena, the diatom Nitzschia, and
the green microalgae Scenedesmus. Species at the bottom of
the biofilm have been suggested to be physiologically adapted
to withstand prolonged exposure to light-limiting conditions
(Johnson et al. 1997; Steinman and MclIntire 1987). This
pattern was consistently observed throughout Experiments
2A-C and is comparable with findings in other studies in
artificial streams and biofilm incubators (Johnson et al.
1997; Guzzon et al. 2008).

Removal of NO; -N and PO,> -P in the vertical biofilm
reactor

Figure 4 depicts the concentrations of NO; -N and PO,* -P in
the effluent of the vertical biofilm system during Experiment
1. Until day 23, the NO; -N and PO, -P concentrations had
only slightly decreased to 7.3 mg NO; -N L™ and 0.36 mg
PO,> P L. After the entire biofilm was harvested on day
26, the NO; -N and PO,> -P concentrations decreased more
rapidly. On day 37, the lowest concentrations were achieved
0f0.66 mgNO; -N L' and 0.03 mg PO,> P L', after which
the nutrient concentration began to increase. A similar pattern
was observed following the subsequent two harvests, but the

time required to achieve the lowest effluent concentrations
shortened after each harvest—14 days after the first harvest,
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Fig. 4 Effluent concentrations of NO5 -N and PO,> -P during Experi-
ment 1 with an influent of 10 mg NO; -N L' and 1.0 mg PO,> -PL".
The dotted lines indicate the time of harvest when the entire biofilm was
scraped from the carrier material
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Fig. 5 Effluent concentrations of NO; -N and PO,> -P during Experi-
ment 2A (a), Experiment 2B (b ), and Experiment 2C (¢) with an influent
of 10mgNO; -NL " and 1.0 mg and PO,>-P L. The dotted lines (a—
¢) indicate the time of harvest when about half of the biofilm was scraped
from the carrier material; the grey line (c¢) indicates the time when the
biofilm fell from the carrier material
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Fig. 6 The areal biomass production rates during Experiment 1
(harvesting the entire biofilm), Experiment 2A (harvesting every 2 days),
2B (harvesting every 4 days), and Experiment 2C (harvesting every
7 days)

8 days after the second, and only 6 days after the third.
However, the NO5; -N and PO437-P concentrations remained
low for only a brief period of time.

Figure 5 presents the effluent concentrations of NO; -N
and PO,>"-P during Experiments 2A—C when approximately
half of the biofilm was harvested. The effluent concentrations
remained low throughout the experiments and were, generally,
below the target values of 22 mg N L' and 0.15 mg P L.
An increase in the NO; -N and PO,> -P concentrations can be
ascertained immediately after most harvests in Experiment
2A, and this increase became more evident at the lower
harvesting frequencies in Experiments 2B and C.

Experiment 2C did not exhibit an increase in the effluent
concentrations of NO; -N and PO,* -P above the target
values of 2.2 mg N L™ and 0.15 mg P L™" following the first
two harvests. Therefore, it was decided to postpone the third
harvest until the effluent concentrations increased above the
target concentrations. Figure 5c indicates that, surprisingly,
such an increase was not evidenced. After 9 days, the biofilm
fell from the carrier material, and the same occurred after a
consecutive growth period of 11 days.

Biomass production in the vertical biofilm reactor

Figure 6 illustrates that the areal biomass production rate was
excessively variable during the experiments and that no clear
differences were observed between the different harvesting
frequencies of Experiments 2A—C. However, the areal bio-
mass production rate in Experiment 1 whereby, the entire
biofilm was harvested, was considerably lower than the pro-
duction rates in Experiments 2A—C. For all harvesting re-
gimes, the biomass production of the first one or two harvests
was lower than the production of the later harvests.

The average areal biomass production rates of Experiments
1 and 2 are compared in Table 2. The average biomass
production rate of Experiment 1 was 2.7 g dry weight m >
day ! while the average biomass production rate of Experi-
ments 2A—C was 7 g dry weight m > day ' (the first harvests
were not taken into consideration). This biomass production,
combined with the applied light intensity of 180 pmol photons
m %5 ', results in a biomass yield on light energy of 0.18 g dry
weight mol ™! photons for Experiment 1 and of 0.43 and 0.46 g
dry weight mol ™' photons for Experiments 2A and 2B—C.

Table 2 also demonstrates the water content of the biofilms
which was determined at 90 % in Experiment 1 and 94 % in
Experiments 2A—C. The ash content of the biomass ranged
between 39 and 88 mg g ' dry weight. The biofilm density
was estimated from the measured volume and dry weight of
the harvested biomass during Experiments 2A—C. The biofilm
thickness was estimated based on the biofilm surface area, the
measured volume of the harvested biomass, and the assump-
tion that half of the biofilm was harvested. The biofilm density
diminished with decreasing harvesting frequency or increas-
ing biofilm thickness from 59 g dry weight L™" at 500 pm to
31 g dry weight L™" at 4.2 mm.

Mass balances N and P of the vertical biofilm reactor

Figure 7 provides the N and P mass balances for Experiments
1 and 2A-C. The average suspended dry weight

Table 2 The average areal biomass production rate, biomass yield on light energy, and the water content (measured as difference between wet and dry
biomass) for Experiments 1 and 2, and the measured ash content and the estimated biofilm density and biofilm thickness for Experiment 2

Experiment ~ Areal biomass Yield (g dry weight ~ Water Biomass ash content  Estimated density =~ Estimated
production rate mol photons ') content (%) (mg g ' dry weight) (g dry weight L")  biofilm thickness
(g dry weight m 2 day ") (pum)

1 2.7 (n=2) 0.18 90 (n=2)

2A 6.7 (1.9 n=17) 0.43 94 (0.8 n=17) 62 (20 n=4) 59 500

2B 7.2 (£0.82 n=5) 0.46 94 (£0.007 n=5) 88 (x22 n=3) 47 1,300

2C 7.1 (£0.95 n=3) 0.46 94 (£1.6 n=3) 39 (9 n=3) 31 4,200

In brackets, the standard deviation and the number of samples, n
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Fig.7 The mass balance for N (a) and for P (b). The mass balance shows
the dissolved N or P in the effluent, the N or P in suspended solids in the
effluent, the N or P in the harvested biomass, and the missing fraction as
the percentage of the influent values for Experiments 1 and 2A—C

concentrations were 7.5 mg L~ during Experiment 1;
1.4 mg L™" during Experiment 2A; and 0.9 mg L™ during
Experiments 2B and 2C. It was assumed that the N and P
content of these suspended solids was identical to the N and P
content of the biomass in the biofilm. Figure 7 illustrates that
only 1 % N and P departed from the system as suspended
solids in the effluent in Experiments 2A—C. In Experiment 1,
this was more extensive with 6 % N and 9 % P leaving the
systems as suspended solids. The distribution of N and P was
very similar in Experiments 2A—C where 63 % of N and 85 %
of P was harvested with the biomass, and only 12 % of N and
9 % P departed from the reactor in a dissolved form with the
effluent. In Experiment 1, only 26 % of N and 39 % of P was
harvested with the biomass, and a major fraction of the nutri-
ents left the reactor in dissolved form with the effluent
(45 % N and 26 % P). The mass balances could not be
completed as between 22 and 25 % of the N was unaccounted
for and between 2 and 26 % of the P was unaccounted for.

@ Springer

Biofilm growth in the flow lanes

To investigate the effect of biofilm thickness on biomass
production in more detail, in Experiment 3, biofilms were
grown in flow lanes with varying thicknesses of 130, 250,
500 pwm, 1, and 2 mm. The biofilms were harvested back to the
default thickness 5 days a week. It proved difficult to harvest
exactly to the default biofilm thickness as the biomass in the
biofilms clung together resulting in often large patches of
biofilm being harvested. This harvesting allowed sections of
the flow lanes to be uncovered by the biofilms, as demonstrat-
ed in Fig. 8. Moreover, the structure of the thickest 2 mm
biofilm in lane 5 was especially different from the other
biofilms. This biofilm had a looser structure and contained
more filamentous phototrophs and more gas bubbles.

Biomass production rates in the flow lanes

All five biofilms in the horizontal flow lanes of Experiment 3 had
an area of 0.0266 m? available for phototrophic growth. Figure 9
presents the cumulative biomass produced in each flow lane.
During the first 3 weeks (day 0-20), PO,> precipitated in the
influent supply vessel. Therefore, K,HPO4 was dissolved in a
separate vessel and directly added to the system beginning on day
22. After day 22, the biomass production rate increased. The daily
biomass production varied due to the uncontrolled harvesting
described previously. Nevertheless, the cumulative biomass pro-
duction exhibited the greatest biomass production of 398 g dry
weight m 2 in the 2 mm biofilm and the lowest biomass produc-
tion of 234 g dry weight m 2 in the 130 um biofilm.

Table 3 shows the average areal biomass production rates
between days 22 and 50. The biomass production rates of the
two thinnest biofilms were 4.5 g dry weight m > day '. The
other biofilms exhibited an increasing biomass production rate
with thicker biofilms. The highest average areal biomass
production rate of 9.9 g dry weight m 2 day ' was attained
with the 2 mm biofilm. From these production rates, the
biomass yields on light energy were calculated between 0.26
and 0.57 g dry weight mol ' photons. The biomass density of

Fig. 8 The biofilms in the flow lanes 1 (130 pum), 2 (250 um), 3
(500 pm), 4 (1 mm), and 5 (2 mm)
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Fig. 9 The cumulative biomass production of the biofilms 130 pum,
250 pm, 500 um, 1 mm, and 2 mm (days 0-20 precipitation of PO,
in the influent)

the five biofilms was determined at the end of the experiment
when all biofilms were completely harvested. Table 3 indi-
cates that this density decreased from 215 g dry weight L™" at
250 pum to 37 g dry weight L' at 2 mm. The thinnest biofilm
of 130 um had a density of 104 g dry weight L.

Elemental composition biomass

The elemental composition of the biomass was determined in
order to construct the N and P mass balances depicted in Fig. 7.
In Table 4, the composition of the biofilms harvested during
Experiments 1-3 are compared with an average elemental
composition of microalgae (Healey 1973). While the elemental
composition of the biofilms of Experiments 1 and 2A—C was
comparable to the composition in accordance to Healey (1973)
and also to recently reported values in biofilm photobioreactors
(Posadas et al. 2013), Experiment 3 exhibited an increased
content of P, magnesium (Mg), and calcium (Ca). These exten-
sive amounts of P, Mg, and Ca indicate that precipitation of
calcium and magnesium phosphates occurred in the biofilm.
This also corresponds with the low amount of carbon (C) in the
biofilm material, indicating that less C was fixed than expected
if the biofilm was constructed entirely of phototrophic biomass.

Table 3 The average areal biomass production rate from weeks 4-8, the
average biomass yield on light energy, and the corresponding biofilm
density for the biofilms of 130, 250, 500 pm, 1, and 2 mm

Biofilm  Average areal biomass Yield (g dry Density (g
thickness  production rate (g dry weight mol dry weight
(um) weight m 2 day ") photons ™) LY

130 45 0.26 104

250 45 0.26 215

500 5.5 0.32 188

1,000 6.8 0.40 97

2,000 9.9 0.57 37

Table 4 The average elemental composition of the harvested biofilm for Experiment 1 and Experiment 2A—C and the elemental composition of the biomass from the final harvest of Experiment 3 as

milligrams element per gram total dry weight

N(mgg') H(mgg') P(mgg') K(mgg') Simgg') Mg(mgg') Fe(mgg') Ca(mgg') Na(mgg') Si(mgg')

C(mgg")

Experiment

77.9 65.8 10.4 6.76 5.62 3.36 3.58 5.05 0.620 0.410

443

10
5

0.222 (£0.074)*
3.02 (1.5)

54

0.47 (+0.047)
530 (1.4)

1.99 (+0.20)
81.0 (£7.3)
6.1

8.7

2.72 (+0.59)

2.85 (£0.20)
31.5 (&14)

5.6

3.88 (£0.21)
5.52 (£0.37)

59

8.84 (£0.81)
535 (1.1)

17.3

767 (@3.8)  66.8 (32.0)  8.78 (£0.63)
49.9 (14.8) 449 (+1.7)  35.6 (£2.3)
65 11

55

450 (+8.7)

A-C

0.16 (0.083)

59

304 (= 24)

430

Microalgae

average

In brackets the standard deviation, the average microalgae composition from (Healey 1973)

n.d. not determined, » number of samples

=4)

2The average only of the samples above the detection limit of 0.0662 mg g™ ' (n
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The low Si content in all of the experiments implies that the
number of diatoms in the biofilms was minimal.

Based on the elemental composition measurements and the
ash measurement, the average molar elemental composition of
the biomass in Experiment 2 was ClHl_7700.59N0_15P0‘00880.0032,
corresponding to a molar C/N/P ratio of 133:19:1. Whereas the
H, N, and S content is comparable to other studies, the O content
is high compared with the range of 0.40-0.47 reported by others
(Hecky and Kilham 1988; Duboc et al. 1999; Kliphuis et al.
2010). The N/P ratio is close to the ratio of 20:1 that was supplied
and was also found previously by Boelee et al. (2011) employing
identical wastewater effluent.

Discussion

‘When applying phototrophic biofilms as wastewater treatment, a
thick biofilm is preferable as it requires less harvesting and
results in more biomass per harvest. This study has demonstrated
that the biomass production rates are comparable for biofilms
harvested every 2, 4, or 7 days in a vertical biofilm reactor.
Consequently, with similar biomass productions at different
harvesting frequencies, the nutrient uptake rates and effluent
concentrations obtained in a reactor with thick biofilms are
comparable to a thin biofilm, while less labor is required and
each harvest yields more biomass. Therefore, it will be optimal
to maintain as extended time intervals as possible. With intervals
exceeding 7 days, there is a risk of biofilm detachment which
was emphasized in Experiment 2C. It is, therefore, concluded
that the optimum harvesting frequency is once a week for a
phototrophic biofilm reactor in which a section of the biofilm is
harvested (as in this study). Within this period, the biofilm will
remain stable and effluent concentrations will remain low.

This study investigated the hypothesis that biomass produc-
tivity decreases with increasing biofilm thickness. A low bio-
mass production is undesirable as this will result in lower
nutrient removal rates and higher nutrient effluent concentra-
tions. The results of the vertical phototrophic biofilm reactor
exhibited that the desired low effluent concentrations of
22mg N L " and 0.15 mg P L' can only be obtained when
harvesting half of the biomass but not when harvesting the
entire biofilm. However, the results did not support the hypoth-
esis of thicker biofilms being less productive as no differences
were discovered between the areal biomass production rates
with different harvesting frequencies (Experiment 2). In addi-
tion, the effluent N and P concentrations consistently remained
below the target concentrations, though more frequent
harvesting resulted in more stable effluent concentrations.

The hypothesis that an increasing biofilm thickness results in
lower biomass production rates was also tested in more detail
by growing biofilms of specific thicknesses under light limiting
conditions (Experiment 3). The results demonstrated that the
biomass production rate even increased with increasing biofilm

@ Springer

thickness, whereas the biomass density decreased with thicker
biofilms. Furthermore, the thickest biofilm of 2 mm was found
to have a more loose structure with more filamentous
phototrophs compared with the thinner and denser biofilms. It
is presumed that the light regimes experienced by the
phototrophs were comparable for the thin and thick biofilms
because the biofilm density approximately halved when the
biofilm thickness doubled. This provides a similar number of
phototrophs in the thin and thick biofilm and, therefore, a
similar amount of light available for each phototroph. There-
fore, the light regime was not responsible for the difference in
biomass production between the different biofilm thicknesses.

The results suggest that the thickness of the biofilm affects its
structure and, subsequently, its biomass production and nutrient
uptake. In studies of bacterial biofilms, it was discovered that
biofilms thicker than 400 pm had a lower density than thinner
biofilms (Hoehn and Ray 1973; Bishop et al. 1995). A biofilm
with a lower density will presumably result in an increased flux
of nutrients into the biofilm as a decrease in the biomass volume
fraction results in a higher effective diffusive permeability
(Stewart 1997). Furthermore, the higher water content of a low
density biofilm may enable more convection inside the biofilm,
resulting in less diffusion limitations. In addition to the low
density, the irregular surface of the thick biofilms in this study
is also expected to provide lower mass transfer resistances and a
higher diffusion rate of nutrients at the interface of the biofilm
and the bulk liquid (De Beer et al. 1994; Wiésche et al. 2002).
Additional measurements of the O, profiles of the different
biofilms determined that only the thick 2 mm biofilm had a
profile which was constant at all depths with O, concentration of
more than 100 % dissolved oxygen. This implies the presence of
active phototrophs throughout the entire biofilm thickness,
which corresponds with the assumed deep penetration of the
nutrients. Cumulatively, the higher nutrient flux and deeper
penetration of nutrients into thick biofilms with a low density
appear to have led to increased biomass productions.

The biomass yield on light energy was almost equal at the
different biofilm thicknesses of the vertical biofilm reactor in
Experiment 2, ranging between 0.43 and 0.46 g dry weight
mol ™" photons. The biomass yield on light energy ranged
between 0.26 and 0.57 g dry weight mol™' photons in the
flow lanes of Experiment 3. In suspended microalgal cultures
in photobioreactors, higher yields have been measured of
0.8 g dry weight mol™' photons (Morita et al. 2000; Kliphuis
etal. 2010). A similar yield of 0.8 g dry weight mol ' photons
has also been considered possible for a vertical biofilm reactor
(Boelee et al. 2012) but was not achieved in this study. This
lower biomass yield on light energy may have been caused by
the PO,* limitation in the biofilm. Nevertheless, the mea-
sured yields are higher than biomass yields on light energy
measured in other biofilms setups of 0.15-0.27 g dry weight
mol ! photons at lower light intensities with monocultures of
phototrophs (Johnson and Wen 2009; Ozkan et al. 2012).
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Table 5 The calculated penetration depths of NO; PO437, and HCO;™
into the biofilm during Experiment 2 and of HCO; when HCO; ™ in the
water is in equilibrium with the air, in addition, the light intensity at each
penetration depth for low light adapted to high light adapted phototrophs

Compound Penetration ~ Light intensity
depth (um)  at the penetration
depth (umol photons m 2 s")
NO;~ 355 10-35
PO, 150 40-75
HCOj3;  (experiment) 250 20-50
HCOj (air equilibrium) 25 125-150

Employing well-known models (e.g., described in (Pérez
et al. 2005)), estimations were made of the penetration of light,
CO,, NO;, and PO,”" into the biofilms of Experiment 2 (see
Appendix, Penetration of NO;  PO,> and HCO;"). Table 5
indicates that PO,>~ had the smallest penetration depth of
150 pm, therefore, constituting the limiting nutrient. Light
can also limit microalgal growth in the biofilm when the light
intensity is lower than the compensation point, i.e., the light
intensity at which the rate of photosynthesis is equal to the rate
of respiration. This compensation point is reported to be be-
tween 8 and 40 pmol photons m 2 s~' (Hill 1996; Clegg et al.
2012). At the penetration depth of the limiting nutrient (of
PO,), the light intensity was calculated to range between 40
and 75 pmol photons m 2 s~' (see Appendix, Penetration of
light) which is higher than the compensation point. It is,
therefore, expected that PO,>~ was indeed the limiting com-
pound during Experiment 2. In this study, the synthetic waste-
water was enriched with CO, for pH control, and the
phototrophs were, therefore, not CO,-limited. However, in
the situation when CO, can only diffuse from the ambient
air, CO, will constitute the limiting compound with a penetra-
tion depth of 25 um. Therefore, CO, addition to the liquid will
be required to maintain a high biomass production, unless the
wastewater contains sufficient inorganic carbon to sustain
microalgal growth (Van Vooren et al. 1999).

The estimated biofilm thicknesses in the vertical biofilm
reactor (500 um, 1.3, and 4.2 mm) are greater than the esti-
mated penetration depths of light, CO,, and nutrients. How-
ever, the actual biofilm thickness was even larger due to the
gas bubbles which were entrapped in the biofilm and were
discharged from the biofilm only during harvesting (and, thus,
not included in the measurements). It was presumed that, at a
certain biofilm thickness, the net phototrophic growth would
decrease due to increased rates of endogenous respiration and
cell death. Presumably, the time-scale of the experiments in
this study had not been long enough to observe these losses.

The vertical phototrophic biofilm reactor achieved the de-
sired low effluent concentrations of 2.2 mg N L' and 0.15 mg
P L. These measured effluent concentrations were not
corrected for evaporation. While correction for evaporation

could result in even lower effluent concentrations, no correc-
tion will be made in full-scale systems. The loss of some water
will not pose a problem in such full-scale systems as the final
effluent be discharged to surface waters and not re-used. In
addition, the evaporation of part of the wastewater provides an
easy and efficient way to the cool the biofilm, which could
otherwise get too warm during solar noon on sunny days
(Murphy and Berberoglu 2012).

Finally, for phototrophic biofilms in wastewater treatment,
the method employed to supply the wastewater onto the
biofilm is of great significance. The elemental composition
of the biomass indicated the presence of precipitates in the
biofilms of the flow lanes in Experiment 3, which is in contrast
to the biofilms of the vertical reactor in Experiment 2. The
precipitation in the flow lanes was most likely the result of the
different manner of supplying liquid onto the biofilm between
the two experiments. Whereas wastewater flowed continuous-
ly over the biofilm in the vertical reactor of Experiment 2,
waves rolled over the biofilm in the horizontal flow lanes of
Experiment 3 which may have resulted in a longer retention
time of the liquid inside the biofilm. This longer retention time
could have allowed the phototrophs to take up additional CO,
and NO;3;  accompanied by a larger pH increase inside the
biofilm. As precipitation of calcium or magnesium phosphates
occurs at elevated pH, this may explain the precipitation that
was detected in the biofilms within the flow lanes.

In conclusion, the present study has demonstrated that it
was possible to continuously achieve effluent values below
22mg N L' and 0.15 mg P L™" employing a phototrophic
biofilm reactor. To attain these low effluent values, it is nec-
essary to frequently harvest a section of the biofilm but not the
entire biofilm. The biomass productivity is optimal for a wide
range of biofilm thicknesses as was indicated by the similar
biomass production rate of 7 g dry weight m 2 day ' when
harvesting every 2, 4, or 7 days. Additional measurements in
flow lanes demonstrated that, contrary to expectations, the
areal biomass production rate increased with increasing bio-
film thicknesses from 130 pm up to 2 mm. Nevertheless, it is
expected that increasing the biofilm thickness further will
eventually result in lower biomass production due to losses
exceeding the biomass growth. The optimal harvesting fre-
quency was determined to be once a week as the biofilm
remains stable during this period (no self-detachment), and
the system maintains low nutrient effluent concentrations.
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Appendix

Penetration of NO3~, PO,*", and HCO;~

The algal growth on NO3, PO4*, and CO, can be de-
scribed by a stoichiometrical reaction equation. With the
measured elemental composition of the biomass, this equation
is as follows:

1 COy + 0.15 NO3~ + 0.008 PO4> + 0.0036 SO4> + 0.98 H,0—
CH; 7700.59No0.15P0.008S0.0036 + 1.35 O, + 0.18 OH™

From this stoichiometrical growth equation, the yield of the
different components can be calculated. The biomass content
and the yields are shown in Table 6.

The penetration depths of NO;, PO,>", and HCO; are
calculated according to the following formula as described for
instance in Perez et al. (2005):

0.035 7

0.030 A

0.025 4

0.020 4

0.015 4

0.010 A

E, pars (mol pmol-PAR™ nm™)

0.005 4

0.000 T T T T T ]
400 450 500 550 600 650 700
Wavelenght (nm)

Fig. 10 The normalized spectral distribution of the PAR photons (E,, par A
400-700 nm) of the Phillips Master PL-L

with L, the penetration depth of nutrient i (meters), D; the
diffusion coefficient of nutrient 7 (square meters per second),
C,./p the concentration of nutrient i at the liquid-biofilm
interface (grams per cubic meter), L, the maximum specific
growth rate (per second), Y; the yield of biomass on nutrient i
(gram biomass per gram nutrient i), and C, the algae concen-
tration (gram per cubic meter).

Table 6 shows the parameters that were used for the calcu-
lation. For the concentrations at the biofilm surface, it was

Table 6 Parameters for calculat-

ing the penetration depth of Parameter Value

Reference

NO; -, PO4>", and HCO; ™ in the
biofilm and parameters for calcu- A 1

Chosen

lating the light intensity at the Hinax (5 12x107° Average for Phormidium from Blier et al. (1995);
penetration depths Fujimoto and Sudo (1997); Talbot et al. (1991)
a)? For Chlorella sorokiniana
Biomass content CH; 77059 Measured (average)

NO, 1 SPO,OOS S0A0036

Cricos b (g Cm”) 8.53
0.096

Crnozw (g N m—a) 22

Calculated from the measured average total inorganic
carbon of 10.5 mgL™" at pH 7 during the experiment

Calculated from the equilibrium value of CO, in
water and air at pH 7

Target value
Target value

*Data shown in Fig. 10

® Data shown in Fig. 11

@ Springer

Cros v (2P mﬂ) 0.15
C,(gm™) 4.6 x 10*
d 2
DHCO; (m’s ") 938107 '¢
DPO,> (m*s ") 4161070
DNO; (m’*s ) 1.29107°

EnparA (nmil) b

PFD;, (umol m2s™")
YN (g biomass g ' N)
YP (g biomass g ' P)
YC (g biomass g ' P)

z

Phillips Master PL-L
spectrum
180

12.2
103.5
2.1

50 steps

Measured (average)

average from Lin et al. (2003); Wolf et al. (2007)
average from Liu et al. (2003); Lyons et al. (1982)

average from Liu et al. (2003); Satoh et al. (2004);
Wolf et al. (2007)

Measured

Measured during experiment
Calculated
Calculated
Calculated
Calculated
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Fig. 11 The specific absorption coefficient (ay) for Chlorella sorokiniana

assumed no mass transfer limitation occurred at the liquid—
biofilm interface.

Penetration of light

The following formula was used to calculate the light intensity
at depth z inside the biofilm:

A=700
Z (PFDin'En,PAR,,\'efa”CX.Z'd'A)‘) [umol m ™ s™']
A=200

PFD(z) =

with PFDy, the photon flux density of the incoming light
(picomoles per square meter per second), E ,,parx the normal-
ized spectral distribution of the PAR photons (400-700 nm
nm ), a, the specific absorption coefficient (square meters
per gram), C, the algae concentration (grams per cubic meter),
z the biofilm depth (meters), d a light-path enhancement
factor (—), and AA the wavelength interval (nanometers).

Table 6 shows the parameters that were used for this
calculation. To obtain the E, para for the Phillips Master
PL-L lamps for the experiments, the spectral photon flux
density was measured using a fiber-optic CCD-based
spectroradiometer (AvaSpec-2048 detector, Fiber FC-IR100-
1-ME, Avantes, Eerbeek, The Netherlands) at 1-nm intervals
(for details on the measurement protocol, see Vejrazka et al.
(2011)). This measurement was normalized for the PAR range
to obtain the normalized emission spectrum according to the
following equation:

PFD,

E,par ) = m[nm_l]

with PFD,, the spectral photon flux density (micromoles per
square meter per second per nanometer) and PFD, the photon
flux density in the PAR range(400—700 nm, micromoles per
square meter per second). Figure 10 shows E; par of the
Phillips Master PL-L lamps. The a, used for phototrophs
adapted to high light conditions (top layer of the biofilm)

was the a, measured for Chlorella sorokiniana shown in
Fig. 11 (for details on the cultivation see Kliphuis et al.
(2010) and for details of the measurement protocol see
Vejrazka et al. (2011)). In order to simulate low light adapted
phototrophs this a, was multiplied with a factor 2.
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