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A B S T R A C T

The use of microalgae for the treatment of municipal wastewater makes possible to supply oxygen and save
energy, but must be coupled with bacterial nitrification to obtain nitrogen removal efficiency above 90%. This
paper explores how the concentration of Total Suspended Solids (TSS, from 0.2 to 3.9 g TSS/L) affects the
nitrification kinetic in three microalgal-bacterial consortia treating real municipal wastewater. Two different
behaviors were observed: (1) solid-limited kinetic at low TSS concentrations, (2) light-limited kinetic at higher
concentrations. For each consortium, an optimal TSS concentration that produced the maximum volumetric
ammonium removal rate (around 1.8–2.0 mg N L�1 h�1), was found. The relationship between ammonium
removal rate and TSS concentration was then modelled considering bacteria growth, microalgae growth and
limitation by dissolved oxygen and light intensity. Assessment of the optimal TSS concentrations makes possible
to concentrate the microbial biomass in a photobioreactor while ensuring high kinetics and a low footprint.
1. Introduction

Ammonium oxidation is mandatory in sensitive areas due to eutro-
phication risks and its toxicity for aquatic life (inter alia Kennish and de
Jonge, 2011). In municipal wastewater treatment plants (WWTPs)
ammonium undergoes full nitrification, a process with a considerable
effect on the design, footprint and costs (Jaramillo et al., 2018). In
particular, very high electrical energy is required to supply a large amount
of external oxygen for nitrification (Åmand et al., 2013; Luo et al., 2019).

Within this context, in recent years, microalgal-bacteria consortia
have gained increasing attention as they are able to produce an ideal self-
sustaining system that treat wastewater with high ammonium removal
efficiency (Subashchandrabose et al., 2011; Liu et al., 2017; Wang et al.,
2018). Although both microalgae and cyanobacteria (hereafter referred
to as microalgae) are able to utilize various forms of nitrogen, with
ammonium being preferred (Krustok e al., 2016; Wang et al., 2016), this
direct uptake of nitrogen is not enough to obtain a removal efficiency
above 90–95% in municipal wastewater with competitive HRT (Hy-
draulic retention Time) with respect to activated sludge (Judd et al.,
2015). Combination with bacterial nitrification is thus a likely solution
(Leong et al., 2018; Vargas et al., 2016; Gonz�alez-Fern�andez et al., 2011;
Rada-Ariza et al., 2017; Ye et al., 2018.
i).
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Photosynthetic oxygenation makes it possible to sustain organic
matter removal and nitrification without the need for external energy,
except natural light. At the same time, CO2 resulting from organic matter
decomposition is fixed by microalgae. In this way, wastewater treatment
can be achieved saving energy and mitigating CO2 (Vu and Loh, 2016;
Gonçalves et al., 2017).

While open system as high rate algae ponds (HRAPs) can only be
controlled to a limited extent, closed photo-bioreactors (PBRs) are more
suitable for optimization and efficient nitrification (Karya et al., 2013;
Wang et al., 2018). However, in PBRs, important design parameters such
as kinetics have been largely overlooked (Decostere et al., 2016) and the
removal process appears slower and less robust than activated sludge
(Judd et al., 2015). This may arise mainly from some limitations, such as
the lower biomass concentration in PBRs compared to activated sludge
and the lower volumetric ammonium removal rates.

In aerated suspended solids processes, as activated sludge, an increase
in the concentration of solids is expected to produce higher volumetric
removal rates (Henze et al., 2008) and thus a smaller volume and foot-
print for the plant, if a sufficient amount of external oxygen is provided.
However, in microalgal-bacteria based systems an excessive increase in
solids concentration may reduce the light penetration, causing
self-shading, reducing in-situ photosynthetic oxygenation and limiting
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the overall microbial oxidation kinetic (Anbalagan et al., 2017).
Knowledge of the optimal solids concentration in a given
microalgal-bacterial system is therefore of extreme importance (Sun
et al., 2019).

A very broad range of solids concentrations, from 0.1 to 8 g TSS/L
(TSS, Total Suspended Solids) has been reported with open or closed
systems (Judd et al., 2015). In general, the literature recommends not
maintaining biomass concentrations at excessively high levels in order to
avoid self-shading phenomena (Bilad et al., 2014; Udaiyappan et al.,
2017; Luo et al., 2017). However, until now, little has been known about
the influence of solids concentration on the performances and kinetics of
PBRs and no rational approach and systematic study exist to estimate the
optimal value.

This paper explores how solids concentrations (in terms of TSS) affect
the kinetics of bacterial nitrification in microalgal-bacteria consortia
treating real municipal wastewater, without external aeration. In
particular, consortia derived from two different PSBRs (Photo-
Sequencing-Batch-Reactors) and composed of bacteria, microalgae and
inert compounds were considered.

For each consortium, the ammonium removal rate was experimen-
tally determined through AUR (Ammonium Utilisation Rate) tests at
different TSS concentrations. Then the optimal solids concentration was
estimated by modelling the ammonium removal rate as a function of TSS.
Dissolved oxygen and light intensity were taken into account as limiting
factors for bacteria and microalgae, respectively. Since there is not a
consolidated mathematical expression to describe light limitation
(B�echet et al., 2013), the Monod, Steele and Platt-Jassby models were all
regarded. It was speculated that the optimal TSS concentration, for a
given system, may depend on floc structure and dimension as well as
mixing regime and operational factors (such as light distribution and
geometry). The assessment of the optimal TSS concentrations enables the
microbial biomass in a PBR to be concentrated rationally, keeping the
volumetric ammonium removal rate as high as possible.

This paper provides new insights into the design of PBRs in order to
ensure high ammonium removal without external aeration, and to lower
footprint.

2. Materials and methods

2.1. Photo-sequencing batch reactors

Two PSBRs, named PSBR1 and PSBR2, were implemented as
described in Foladori et al. (2018b) and managed with continuous
feeding of wastewater for two years (performances were partially pub-
lished in Foladori et al., 2018b). The working volume was set at 1.5 L and
2 L for PSBR1 and PSBR2, respectively. Every 48 h, a volume of 0.75 L
Figure 1. PSBRs cycle and respective consortia. Fo

2

and 0.7 L was fed into PSBR1 and PSBR2, respectively, resulting in a
Hydraulic Retention Time (HRT) of 4 d and 5.8 d; in agreement with
other experiences in literature that indicate a range between 2 and 6
d (Mu~noz and Guieysse, 2006). It is worth noting that these systems were
not optimized with respect to the HRT and there was scope for a signif-
icant footprint reduction.

The two PSBRs differed in the length of photoperiod as indicated in
Figure 1: (1) PSBR1 was continuously illuminated and produced “Con-
sortium 1A00 and “Consortium 1B”; (2) PSBR2 alternated light phases and
dark phases to simulate real conditions and produced “Consortium 2”.

PSBRs were illuminated with artificial lights arranged on one side of
the reactors. Light was supplied to PSBR1 by a fluorescent lamp (F30W/
33, General Electric, UK) and to PSBR2 by a led lamp (8 led�0.5 W;
Orion, Italy), which provided a constant photosynthetically active radi-
ation (PAR) of 45 μmol photon m�2 s�1 and 30 μmol photon m�2 s�1,
respectively.

Light intensities were measured with a quantum sensor SQ-520
(Apogee Instruments, USA) near the top of the liquid surface inside the
reactors. A constant PAR was applied for two reasons: (1) to exclude the
daily and seasonal influence of sunlight fluctuations on the microbial
activity and the consequent difficulties in the interpretation of parame-
ters (Lee et al., 2015); (2) to avoid the risk of photoinhibition of the ni-
trifying bacteria and mitigation of this risk by TSS (Vergara et al., 2016).
In this way, only the TSS concentration was considered as affecting light
penetration and shading.

External addition of supplementary CO2 was not required in the
PSBRs. The CO2 produced by bacteria was enough to maintain the pH in
the optimal range.

2.2. Influent real wastewater

The PSBRs were fed with pre-settled wastewater collected from the
Trento Nord municipal WWTP (Italy) which receives the sewerage of
about 100,000 population equivalent. No filtration of wastewater was
performed before feeding. The average composition of the influent pre-
settled wastewater is shown in Table 3.

2.3. Microalgal-bacterial consortia

The feeding with real wastewater originated spontaneous microalgal-
bacterial consortia composed of heterotrophic and ammonium oxidizing
bacteria, eukaryotic microalgae and cyanobacteria. The microorganisms
embedded in flocs were characterized by high robustness in response to
load fluctuations and good settleability. The development, through nat-
ural selection, of such a complex community was favored by real
wastewater according to Krustok et al. (2015).
cus on the applied light and dark conditions.



Table 1. Simplified Gujer matrix considering the two processes affecting the
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2.4. Analytical methods

Total COD (tCOD; Chemical Oxygen Demand), TSS, TKN (Total
Kjeldhal Nitrogen), NH4

þ-N, NO2
- -N, NO3

- -N, Total N and Total P were
analyzed according to Standard Methods (APHA, 2002). Soluble COD
(sCOD) was measured after filtration of the sample on
0.45-μm-membrane. The parameter TSS in the mixed liquor was
measured using the gravimetric method after filtration of the mixed li-
quor onmembranes with a pore size of 0.45 μm and drying at 105 �C. TSS
was assumed as a reference for the biomass concentration inside the
PSBRs. Although total solids (both suspended or dissolved) may
contribute to hindering the passage of light through the solution. TSS
analysis was used here instead of total solids as it is the common mea-
surement to quantify solids in WWTPs. To facilitate comparison with
conventional activated sludge processes, the most widespread systems
worldwide, TSS were therefore considered to be more appropriate here.

Microscopic observations were performed using a Nikon Optiphot
EFD-3 Microscope (Nikon, Japan) to morphologically characterize the
microalgal-bacterial consortia.

Online probes (all from WTW, Germany) were applied to measure
Dissolved Oxygen (DO), temperature and pH continuously in the PSBRs.

2.5. AUR tests

Ammonium utilization rate (AUR) was measured for each microalgal-
bacterial consortium at various TSS concentrations. The AUR tests were
performed in the PSBRs in batch mode.

Prior to start of the AUR test, a sample was analyzed to check
ammonium concentration in the PSBR. Then, a known amount of
ammonium was added in the PSBR to achieve an initial concentration of
approximately 15 mg NH4

þ-N/L. In cases with a pH lower than 7 at the
beginning of the test, a buffer solution was added to raise pH to around 8
in order to prevent nitrification inhibition due to low pH. The duration of
the test was 4–6 h. Samples were collected every hour and analyzed for
NH4

þ-N, NO2
- -N and NO3

- -N after filtration on 0.45-μm membranes.
The volumetric AUR was calculated considering the slope of the

straight line that interpolates the experimental NH4
þ-N concentrations

over time and was expressed as mg N L�1 h�1. The specific AUR was
calculated dividing the volumetric AUR by the TSS concentration and
was expressed as mg N g TSS�1 h�1.

AUR tests were performed with the aim of evaluating TSS influence
on the nitrification rate. Therefore, each consortium was tested at five
different TSS concentrations. Low TSS concentrations were obtained by
extracting part of the mixed liquor and diluting the remaining part with
effluent wastewater (to not alter the saline composition). High TSS
concentrations were obtained reducing the working volume (not
exceeding -15%) by extracting the supernatant. To avoid qualitative and
quantitative biomass variations, tests were performedwithin a week with
18 h between consecutive tests.

2.6. Modelling the ammonium removal rate

A simple model was implemented to explain the relationship between
ammonium removal rate and TSS concentration. In the model, two main
processes were considered:

1) aerobic growth of nitrifying biomass, responsible for ammonium
oxidation and oxygen consumption;

2) photoautrophic growth of microalgae, responsible for the production
of oxygen used in nitrification.
component SO.

No. Process Component Process rate

SO

1 Aerobic growth of nitrifying bacteria -α1 μN,max⋅ f (SO) ⋅ XN

2 Photoautrophic growth of microalgae þα2 μALG,max⋅ f(I) ⋅ XALG
2.6.1. Nitrifying bacteria growth
Under constant environmental parameters (temperature and pH) and

a non-limiting substrate (NH4
þ in this case), the specific growth rate of

nitrifying bacteria (μN; Eq.1) depends only on their maximum specific
3

growth rate (μN,max) and a limiting factor that is a function of the oxygen
concentration (SO) in the mixed liquor.

μN ¼ μN;max ⋅ fðSOÞ (1)

2.6.2. Photoautotrophic algal growth
Analogously, in the case of non-limiting factors for microalgae except

light, the specific growth rate of microalgae (μALG; Eq. 2) depends on
their maximum specific growth rate (μALG,max) and a function of the light
intensity (I).

μALG ¼ μALG;max ⋅ fðIÞ (2)

2.6.3. Conceptual model
Using the Activated Sludge Models (ASMs) framework (Henze et al.,

2000), a simplified Gujer matrix (Table 1) was written to describe syn-
thetically the processes involved in the production and consumption of
the component SO. In this matrix, α1 and α2 are stoichiometric co-
efficients, while XN and XALG are the concentrations of nitrifying biomass
and microalgae biomass, respectively.

From the Gujer matrix, the derivative of SO with respect to time was
described in Eq. (3).

dSO

dt
¼ � α1 ⋅ μN;max ⋅ fðSOÞ ⋅ XN þ α2 ⋅ μALG;max ⋅ fðIÞ ⋅ XALG (3)

During the AUR tests, the oxygen produced by microalgae was
completely consumed by the nitrifying bacteria, resulting in a constant
(zero) SO. The derivative dSO/dt was therefore zero. Eq. (3) can be
rearranged to express f (SO) as described in Eq. (4).

fðSOÞ¼
α2 ⋅ μALG;max ⋅ fðIÞ ⋅ XALG

α1 ⋅ μN;max ⋅ XN
(4)

The ratio XALG/XN is a property of a given consortium and does not
change during a relatively short AUR test. It can thus be considered as a
constant. The terms α1, α2, μN,max and μALG,max are also constant. All these
terms were therefore grouped in a single constant value, k, defined in Eq.
(5).

k¼α2 ⋅ μALG;max ⋅ XALG

α1 ⋅ μN;max ⋅ XN
(5)

In this way, oxygen limitation (f (SO)) was expressed as a simplified
function of light limitation (f(I)) in Eq. (6).

fðSOÞ¼ k ⋅ fðIÞ (6)

The specific rate of substrate utilization (in this case ammonium) is
related to the specific growth rate of bacteria taking into account the
yield coefficient of nitrifiers (YX/N) as described in Eq. (7).

Specific ammonium removal rate ¼ μN
YX=N

¼ μN;max ⋅ fðSOÞ
YX=N

(7)

Finally, replacing f (SO) (Eq. 6) and grouping the constants in the
symbol k00, the specific ammonium removal rate results a function of X
only (see Eq. 8).
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The volumetric ammonium removal rate (Eq. 9) was obtained by
multiplying the specific rate (Eq. 8) by the concentration of solids per
unit of volume (X).

Volumetric ammonium removal rate ¼ k00 ⋅ f ðIÞ ⋅ X (9)

2.6.4. Functions for light limitation
Various functions have been proposed in literature to describe the

limitation of light intensity on microalgal growth (B�echet et al., 2013;
Wagner et al., 2016). Here three proposals were considered according to
Table 2

In the functions of Table 2, the light intensity, I, was expressed ac-
cording to Lambert-Beer's law (Eq. 10) that considers the attenuation of
incident light intensity (I0) due to the solid concentration in the reactor
(X), while k’ is the extinction coefficient.

I¼ I0 ⋅ e�k
0
⋅X (10)

2.7. Statistical analysis

Statistical calculations were done with Microsoft® Excel. To find the
best fitting for the experimental results, regression analysis was per-
formed using the least-square method in Microsoft® Excel. This method
finds the optimal parameter values by minimizing the sum of the squared
residuals (experimental data minus model predictions).

3. Results and discussion

3.1. Performances of the PSBRs in the removal of TSS, COD and N forms

The PBR configured as a sequencing batch reactor, that includes
separated phases for settling and discharge, favored the selection of
microalgae–bacteria bioflocs with good settleability in agreement with
other studies in the literature (inter alia Arcila and Buitron, 2016).

Mean removal of TSS (Table 3) was 76 � 18 % in PSBR1 (effluent
concentrations of 59 � 58 mg TSS/L) and 94 � 8% in PSBR2 (effluent
concentrations of 14 � 18 mg TSS/L), indicating a slightly better per-
formance of PSBR2 in the settling of solids. The microalgal-bacterial
consortia developed in the PSBRs were composed of flocs and dense
aggregates with a settling velocity comparable to that of efficient
Table 2. Functions considered for describing the light limitation, according to
Wagner et al. (2016).

Function name f(I) Parameters Reference

Monod fðIÞ ¼ I
KI þ I

KI B�echet et al. (2013)

Steele
fðIÞ ¼ I

IS
exp
�
1 � I

IS

�
IS Wagner et al. (2016)

Platt-Jassby
fðIÞ ¼ tanh

�
αðI � ICÞ
μALG;max

�
IC, μALG,max Wagner et al. (2016)
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granular sludge (data not shown). This aspect is extremely important to
sustain cost-efficient microalgae separation by gravity sedimentation,
according to other observations in literature (inter alia Tiron et al.,
2015).

The removal efficiency of COD (ηCOD) in the PSBRs (Table 3) was
calculated according Eq. (11), taking into account the soluble COD in the
effluent in order to exclude the influence of non-settleable solids that
depends on the structure of the consortia.

ηCOD¼ tCOD� sCOD
tCOD

� 100 (11)

ηCOD was 89 � 4% and 91 � 4% in PSBR1 and PSBR2 respectively,
with no significant differences among the systems. These values were
similar to the efficiency of conventional activated sludge municipal
wastewater treatment. It is worth noting that this performance was ob-
tained here without artificial aeration. COD was mainly oxidized by
heterotrophic bacteria using DO and nitrates as electron acceptors,
although a moderate contribution by microalgae under mixotrophic
growth cannot be excluded (Alcantara et al., 2015). The DO for bacteria
was produced by photosynthesis, while nitrates were produced from
nitrification.

Ammonium removal was 96� 7% and 99� 2% in PSBR1 and PSBR2,
respectively (Table 3), without significant differences between the two
systems. This high performance was similar to that of activated sludge,
but in the PSBRs the bacterial nitrification was supported by the photo-
synthetic oxygenation capacity of the microalgal-bacterial consortia.
TKN removal was affected by the nitrogen content in the effluent TSS that
depends on settling capacity and was thus higher in PSBR2 (Table 3). A
significant denitrification was observed especially in PSBR2 under dark
conditions, when DO in the PSBR dropped to zero.

Theoretically, total N removal may be attributed to a number of
simultaneous processes (Liu et al., 2017): (i) bacterial nitrification fol-
lowed by denitrification and loss of N2 in the atmosphere; (ii) biomass
uptake of nitrogen, (iii) ammonia stripping and loss in the atmosphere.
Here the average Total N removal, 50� 14% and 69� 10% in PSBR1 and
PSBR2 respectively (Table 3), was mainly due to nitrification and partial
denitrification. Conversely, N assimilation into biomass was relevant
marginally, as a consequence of the small amount of excess sludge pro-
duced (data not shown). Ammonia stripping also played a minor role,
because pH increased slightly over 9.0 after complete oxidation of the
ammonium (Foladori et al., 2018a). Therefore, the low N assimilation
and stripping resulted in a considerable availability of NH4

þ in the mixed
liquor, stimulating the development of nitrifying bacteria. Similar ob-
servations have been reported by Karya et al. (2013) in a
wastewater-treating PBR, where up to 81–85% of ammonium was nitri-
fied by bacteria rather than being taken up by microalgae. Bacterial
nitrification in the system is beneficial as it enables two additional ben-
efits to be obtained: (i) avoidance of NH3 volatilization, which was
replaced by the more sustainable emission of denitrified N2, (ii) reduc-
tion of the inhibitory effects of NH3 concentration on microalgae growth
(Vergara et al., 2016).



Table 3. Concentrations of influent and effluent wastewater and removal efficiency in the two PSBRs (mean � standard deviation).

Parameter Influent concentration (mg/L) PSBR1 PSBR2

Effluent concentration (mg/L) Removal efficiency (%) Effluent concentration (mg/L) Removal efficiency (%)

tCOD 301 � 96 99 � 6 66 � 15 41 � 9 85 � 6

ηCOD - - 89 � 4 - 91 � 4

TKN 63 � 19 7 � 4 88 � 8 2 � 1 97 � 2

NH4
þ-N 54.4 � 12.3 1.9 � 4.1 96 � 7 0.6 � 1.1 99 � 2

NO2
- -N 0.1 � 0.1 0.3 � 0.7 - 0.1 � 0.1 -

NO3
- -N 1.1 � 0.3 24.4 � 8.2 - 18.0 � 7.7 -

Total N 63 � 18 31 � 9 50 � 14 20 � 8 69 � 10

Total P 5.3 � 1.7 3.7 � 1.9 36 � 28 2.6 � 0.8 40 � 20

TSS 249 � 80 59 � 58 76 � 18 14 � 18 94 � 8

Figure 2. Profiles of NH4
þ-N, NO3

- -N, DO and pH during a typical AUR test
(example of a test carried out at 1.0 g TSS/L). The slope of the linear fitting of
NH4

þ-N data represents the ammonium removal rate.
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3.2. Measurement of the ammonium removal rates

Figure 2 shows a typical AUR test carried out at a solid con-
centration of 1.0 g TSS/L. Ammonium concentration and pH
decrease while nitrates increase due to bacterial nitrification (Dutta
and Sarkar, 2015). During the test, nitrite concentrations may in-
crease up to a few milligrams per liter, but they were depleted after
the complete removal of ammonium (data not shown). To calculate
the ammonium removal rate, the NH4

þ-N data were interpolated
linearly. The NH4

þ-N decrease was considered instead of the NO3
- -N

increase, as nitrate concentration may be underestimated due to the
occurrence of simultaneous denitrification in the inner anoxic zone
of the flocs.

In the AUR test in Figure 2, the volumetric ammonium removal rate
was 1.6 mg NH4

þ-N L�1 h�1. For a comparison, the transformation rate of
NH4

þ-N into NO3
- -N was evaluated by Tiron et al. (2015) who found

values in the range of 0.14–1.5 mg NH4
þ-N L�1 h�1. This wide range

depended on the level of DO, which varied in that research from zero just
after feeding to very high non-limiting values.

With regard to the DO profile during the test in Figure 2, in the
presence of NH4

þ a long phase with DO constantly near zero was observed
(called “zero-DO phase” according to Foladori et al., 2018a). This in-
dicates that the oxygen provided through photosynthesis was used
completely for the bacterial nitrification. Despite this zero-DO phase, the
process was still proceeding and no significant variations in ammonium
removal rate were observed during the test.
5

3.3. Influence of TSS on the ammonium removal rate

A series of AUR tests were performed to measure the ammonium
removal rate at different TSS concentrations, from 0.2 to 3.9 g TSS/L
considering all the microalgal-bacterial consortia (but under the same
PAR and mixing), according to the synthesis in Figure 3. The range of TSS
concentrations tested here was wider than others in literature. García
et al. (2017) applied biomass concentrations from 1.2 � 0.3 g TSS/L to
2.8 � 0.3 g TSS/L. Other studies investigated nutrient removal at con-
centrations up to 1.37 g TSS/L (Judd et al., 2015). Especially when pure
algal strains were considered, solid concentrations were relatively low;
for example, the maximum concentration was 1.2 g/L for Chlorella sp. (Li
et al., 2011). In this way, the present research contributes by adding
results at relatively high TSS concentrations.

The results obtained here are shown in Figure 3, where the volumetric
ammonium removal rate (expressed as mg N L�1 h�1) and the specific
ammonium removal rate (expressed as mg N g TSS�1 h�1) are plotted as a
function of the TSS concentration.

3.3.1. The maximum volumetric ammonium removal rate identifies the
optimal TSS concentration

For all the consortia, a rise in the volumetric ammonium removal rate
occurred when the TSS concentration increased (Figure 3). An optimal
condition then appeared, when the nitrification rate reached the
maximum value. A further increase in TSS concentration did not provide
an advantage in terms of nitrification rate, despite a larger availability of
biomass. In fact, for higher solid concentrations, a decrease in the volu-
metric ammonium removal rate was observed.

In more detail, two parts can be distinguished:

1) a first rising part: a higher concentration of solids produces a higher
volumetric ammonium removal rate. In this part, the process occurs
with enough light and DO, and the nitrification rate is only limited by
the amount of biomass (solid-limited kinetic);

2) a second decreasing part: a mutual shading of biomass occurs. Light
penetration is reduced and nitrification rate is limited by the lower
oxygen production rate caused by the increased shadow effect
(Udaiyappan et al., 2017) (light-limited kinetic).

Between these parts, the maximum ammonium removal rate iden-
tifies the optimal TSS concentration for a system. Different values were
observed for each consortium: the optimum was 0.7, 2.6 and 1.6 g TSS/L
for consortia 1A, 1B and 2, respectively (Figure 3). This difference was
associated with the different structure of the flocs, compared in Figure 4,
that directly affects the self-shading. In the case of consortia 1A and 2
(Figure 4) the biomass was organized in a larger amount of medium-sized
flocs (average floc size of 0.4 mm and 0.2 mm, respectively, Table 4) that
formed a higher turbid suspension where self-shading was predominant.
Conversely, the structure of consortium 1B (Figure 4) was based on
sparse very large granules with an average floc size 0.6 mm (Table 4)



Figure 3. Volumetric and specific ammonium removal rate as a function of the TSS concentration for three microalgal-bacterial consortia. (a),(b),(c) Volumetric rate
for consortia 1A, 1B and 2, respectively. The optimal TSS concentration that produces the maximum removal rate is indicated for each consortium.(d), (e), (f) Specific
rate for consortia 1A, 1B and 2, respectively.

Figure 4. Comparison of the flocs structure for the three microalgal-bacterial consortia. (a) consortium 1A, (b) consortium 1B and (c) consortium 2.
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Table 4. Comparison of the floc size, the TSS concentration and the maximum
volumetric ammonium removal rate for the three microalgal-bacterial consortia.

Consortium Average floc size
(μm)

TSS
(g TSS/L)

Maximum volumetric ammonium
removal rate (mg NH4

+-N L�1 h�1)

1A 400 0.7 1.86

1B 600 2.6 2.01

2 200 1.6 1.91

Figure 5. Specific ammonium removal rate as a function of TSS for the three
microalgal-bacterial consortia.
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(and up to 1.5 mm) which allowed light to pass more efficiently through
the suspension.

3.3.2. The volumetric ammonium removal rate is similar among consortia
The maximum volumetric ammonium removal rates (found in cor-

respondence with the optimal TSS concentration) for each microalgal-
bacterial consortium are compared in Table 4. The rates were
comprised in a small range of 1.8–2.0 mg NH4

þ-N L�1 h�1. These values
were remarkably higher than other results in literature. The NH4

þ-N
transformation rate was up to 1.6 mg NH4

þ-N L�1 h�1, as referred by Tiron
et al. (2015). Ammonium reduction of 0.81–7.66 mg NH4

þ-N L�1 d�1

(corresponding to hourly values of up to 0.32 mg NH4
þ-N L�1 h�1) was

reported by Riane;o et al. (2012).
The fact that the consortia investigated were characterized by similar

maximum ammonium removal rates (Table 4) can be explained by
similar TKN loads applied in the PSBRs, that supported a similar growth
of nitrifying biomass in the three consortia (nitrification was demon-
strated to be the only important process in nitrogen oxidation, see Section
3.1). In other words, the amount of nitrifying bacteria (XN, expressed as g
VSS/d; VSS ¼ Volatile Suspended Solids) depended on the composition
of the influent wastewater and the removed load (ΔTKN, expressed in g
TKN/d), according to the relationship in Eq. (12) (Tchobanoglous et al.,
2003).

XN ¼YN �ΔTKN (12)

where YN is the specific yield for nitrifiers (expressed as g VSSproduced/g
TKNremoved).

Conversely, the amount of microalgal biomass produced in the con-
sortia also depended on the availability of external factors such as light or
CO2.

At a given TKN influent load, a consortium developed with a higher
TSS concentration does not contain a larger nitrifying biomass, but rather
a larger microalgal biomass.

Microscopic observations of the consortia revealed bacteria,
microalgae and cyanobacteria embedded with inert solids forming dark
green or brown dense flocs and granules (Figure 4). In particular: (1) the
consortia 1A and 2 were characterized by the smallest flocs (average
floc size of 0.4 mm and 0.2 mm, respectively, Table 4) with a limited
presence of filamentous microorganisms; (2) consortium 1B was formed
by larger granules with an average floc size of 0.6 mm (Table 4) and it
was the consortium with the largest presence of filamentous cyano-
bacteria. Notwithstanding that consortium 1B, characterized by the
highest TSS concentration (i.e. 2.6 g TSS/L), was the richest in photo-
synthetic cyanobacteria, the nitrification rate was approximately the
same (Table 4).

In synthesis, while the amount of nitrifying bacteria in a given con-
sortium is strictly associated with the TKN load in the influent, the
microalgal biomass may exploit external resources and may increase
freely in the system. Therefore, despite a higher TSS concentration in a
consortium, the maximum volumetric nitrification rate is primarily the
result of the applied TKN load.

3.3.3. The specific ammonium removal rate decreases with TSS
concentration

The specific ammonium removal rate as a function of TSS was
interpolated with a linear fitting for each consortium (Figure 3). In all
7

three cases, the very high regression coefficient (R2 > 97%) indicated the
high strength of the linear correlation.

The comparison between the three consortia is shown in Figure 5,
where a clear decreasing behavior can be observed. The higher specific
rate of 4.4 mg NH4

þ-N g TSS�1 h�1 was found at the lowest concentration
of 0.2 g TSS/L, while it decreased progressively to 0.4 mg NH4

þ-N g TSS�1

h�1 (reduction by 91%) at the highest concentration of 3.9 g TSS/L.
A distinct change in slope was observed at a TSS concentration of

around 0.6 g TSS/L.
At concentrations <0.6 g TSS/L (Figure 5), the higher specific

removal rates were due to two different but coexisting effects:

1) High oxygen production: the scarce biomass permitted an easier
passage of light in the reactor and thus the production of oxygen was
greater. A higher DO concentration originated an enhanced diffusion
of oxygen and thus a larger part of the flocs became aerobic. As a
consequence, more biomass was reached by oxygen and the specific
ammonium removal rate resulted higher;

2) Low oxygen consumption: DO consumption was lower because less
bacteria consumed less oxygen. As a consequence a greater avail-
ability of oxygen remained for the biomass and the specific rate of
nitrifiers resulted higher.

At concentrations >0.6 g TSS/L (Figure 5), most of the light was
absorbed by a thin layer of biomass that produces oxygen only in the
external part of the flocs, while lack of light and oxygen occurred in the
deeper layers. Other authors have indicated that light shading may occur
in PBRs when operating at a biomass concentration higher than 1 g/L
(Luo et al., 2017).

Despite the fact that the specific removal rate was higher at low TSS
concentrations, it led to an even smaller volumetric rate (expressed as mg
N L�1 h�1) due to the low availability of biomass in the PSBR.

In PBRs aimed at obtaining complete wastewater treatment, it is
preferable to obtain the highest volumetric ammonium removal rate
rather than the highest specific rate, in order to reduce the footprint of
the plant. With higher TSS, photosynthesis may be less efficient, but it
may be enough to produce a sufficient amount of oxygen to support full
nitrification.
3.4. Experimental results fit to the simplified model

The experimental results of the specific and volumetric ammonium
removal rate were then fitted according to the conceptual model
described in Section 2.6.3 and including three different equations to
describe light limitation (Table 2). The results are summarized in
Figure 6.



Figure 6. Results of the fitting of volumetric and specific ammonium removal rate as a function of the TSS concentration for the three microalgal-bacterial con-
sortia.(a),(b),(c) Volumetric rate for consortia 1A, 1B and 2, respectively. (d), (e), (f) Specific rate for consortia 1A, 1B and 2, respectively.
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For all the functions, the model enabled a good fitting of the experi-
mental data to be obtained for both volumetric and specific rates. Mon-
od's equation was slightly worse and this was not surprising as it was
based on the simplest form. However, all the fitted curves very clearly
confirmed the occurrence of two well defined parts, already observed in
section 3.3.1: (1) the rising part, where low TSS and a solid-limited ki-
netic occurs, (2) the decreasing part where high TSS and a light-limited
kinetic occurs and the ammonium removal rate tends progressively to
zero.

The model used here for the fitting of the experimental results was
able to describe the relationship between the ammonium removal rate
and the TSS concentration in a PBR. This finding may help in the man-
agement of the complex microalgal-bacterial consortia involved in PBR
and to identify the optimal conditions for design.

4. Conclusions

This paper proposes a standardized procedure for measuring both
volumetric and specific ammonium removal rate in batch tests under a
8

given value of irradiance and for a given TSS concentration. Performing
4–5 batch tests at different TSS concentrations with a duration of 4–5 h
each, it was possible to identify easily the optimal interval of TSS asso-
ciated with the maximum ammonium removal rate of the system. When
TSS concentration differs from this optimum value, the nitrification ki-
netic decreases due to: (1) a solid-limited kinetic when TSS is below the
optimum, originated by an insufficient amount of biomass in the system,
(2) a light-limited kinetic when TSS is above the optimum, due to a less
efficient exploitation of light and production of oxygen. The optimal TSS
concentration able to produce the maximum volumetric ammonium
removal rate (around 1.8–2.0 mg N L�1 h�1) was found for three
microalgal-bacterial consortia. A good fitting with a mathematical model
(based on bacteria and microalgae growth and limitation by DO and light
intensity according to Monod, Steele and Platt-Jassby equations)
confirmed the experimental relationship between ammonium removal
rate and TSS concentration.

Assessment of optimal solids concentration can thus help in the
design of PBRs when enhanced nitrification is required to meet stringent
nitrogen limits for the discharge of wastewater.
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