*Revised Manuscript (clean for typesetting)
Click here to view linked References
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12 Abstract

13 In the treatment of real municipal wastewater with photo-sequencing
14 batch reactors (PSBR), operating strategies able to achieve high levels of
15 pollutant removal, but reduce the hydraulic retention time (HRT), are
16 imperative for making microalgae-bacteria consortia more competitive
17 than conventional activated sludge systems. In regard to real-time
18 monitoring, on-line probes like Dissolved Oxygen (DO), pH and
19 oxidation-reduction potential (ORP) are cheap and reliable, but their
20 exploitation has been largely overlooked in PSBRs. This paper proposes
21 the use of DO, pH and ORP profiles to reveal the evolution of wastewater
22 treatment in a PSBR treating real municipal wastewater with a mixed
23 consortium of microalgae and bacteria. The PSBR ensured removal
24 efficiency of 87£5% for COD and 98+2% for TKN without external
25 aeration; indeed, photosynthesis was the only driver of the oxygen
26 production. Considering the combined effects of photosynthetic
27 oxygenation and microbial oxygen consumption, some practical
28 information was gathered to understand the complex profiles of the on-
29 line parameters. During dark and light phases, Zero-DO values, DO and

30 pH raises, and their relative peaks were discussed to evaluate correctly
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the conclusion of the wastewater treatment and therefore to adjust the
duration of the PSBR cycle. In particular: (1) two simultaneous
“characteristic points”, “Ammonia valley” (pH profile) and “DO
breakpoint” (DO profile), detected univocally the complete ammonium
removal; (2) the absolute peaks of DO, pH and ORP at maximum
irradiance revealed that wastewater treatment was complete and the cycle
could be concluded. In this way, these characteristic points were
exploited for the optimization of the PSBR cycle, which was concluded

after 15-26 h, reducing the HRT by more than 45%.

Keywords. Microalgae; Photobioreactor; On-line monitoring; Wastewater treatment;

Nitrification.

1. INTRODUCTION

Microalgal-based wastewater treatments have been studied since the early 1950s [1].
However, in recent years, they have received increasing attention due to the
sustainability of engineered photobioreactors that are moving towards small footprint
and energy saving. The growing problem of global warming, the increasing energy
consumption in the water sector, and the high costs of excess sludge disposal entail a
paradigm shift in the configurations of conventional wastewater treatment plants
(WWTPs) to become more environmentally and economically sustainable. In this
regard, a particularly attractive alternative may be the use of microalgae-bacteria
consortia as an engineered system, where symbiotic relations between microalgae and
bacteria may be advantageously exploited for wastewater treatment [2,3,4,5,6].

Most of the recent literature focuses on the use of pure microalgae strains to treat

synthetic wastewater (or filtered wastewater) excluding bacteria inocula and
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microorganisms naturally present in real wastewater. Therefore, the reproducibility of
real operational conditions of WWTPs is limited because the development of complex
and heterogeneous consortia of microalgae, cyanobacteria and aerobic/anaerobic
microorganisms, is hindered. Although microalgae and natural algal blooms have been
tested in combination with enriched bacterial strains [7,8] or activated sludge [5,9,10],
the scientific literature on the treatment of real wastewater with microalgal-bacterial
consortia is still extremely scant.

Suspended-biomass reactors operating at lab scale as photo-sequencing batch reactors
(PSBR) are among the configurations most used for the implementation of microalgal
consortia [11]. PSBRs offer the advantages of batch feed and sequencing phases that are
operations easy to implement and control.

Knowledge about pollutant removal in PSBRs with microalgal-bacterial consortia is
still in its infancy. However, preliminary results appear promising. Garcia et al. [12]
observed in a photobioreactor with hydraulic retention time (HRT) of 2 days, an organic
matter removal of 89+2%, similar to that typically achieved in conventional activated
sludge systems and in conventional high rate algal ponds treating domestic wastewater.
Regarding total nitrogen and ammonium removal, microalgal-based systems may be
inefficient (e.g. slow nitrogen assimilation, low efficiency of NH4" nitrification)
requiring very long HRTs in the range of 2-5 days [13,14]. In contrast, HRTs up to 1
day are enough to obtain nitrogen removal efficiencies of 60-80% in conventional
nitrification-denitrification activated sludge systems. Therefore, the design of operating
strategies able to achieve high levels of nitrogen removal with reasonable HRTs is
essential to make microalgal-bacterial consortia more competitive than activated sludge
systems, especially for PSBRs.

PSBRs monitoring is usually based on chemical analyses. Although chemical analyses

are essential for evaluating effluent quality and pollutants removed loads, they are
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expensive, time-consuming and cannot be exploited in real-time because they are
available with a certain delay. For real-time monitoring, on-line analyzers of direct
chemical parameters (such as ammonium, nitrate+nitrite, phosphate, etc.) could be
applied, but they require a certain level of maintenance - in some cases, frequent
calibrations - and they are not always accessible at reasonable costs. Conversely, probes
that measure indirect parameters such as Dissolved Oxygen (DO), pH and oxidation-
reduction potential (ORP), are cheap, robust, reliable and user-friendly [15,16].

The importance of real-time monitoring based on DO, pH and ORP profiles has already
been demonstrated in activated sludge systems such as sequencing batch reactors
(SBRs) and alternating oxic-anoxic activated sludge [15,17,18]. In these studies,
variations along profiles have made it possible to detect “characteristic points™ useful
for understanding the ongoing biological processes [19]. More precisely, a characteristic
point is a key indicator of the activated sludge process, denoted by a sharp change along
a parameter profile. Usually, this variation coincides with the depletion of a compound
or the transition from one process to another. For example, the end of nitrification in
activated sludge SBRs can be identified by a point of minimum in the pH profile called
“Ammonia Valley” and a flex in the DO curve called “DO breakpoint™ that occurs
simultaneously [20,21]. Similarly, the end of the denitrification process corresponds to
the “nitrate knee”, a flex in the ORP profile [20,21]. The presence of a characteristic
point may suggest that the treatment process is complete and therefore that the treatment
phase can be concluded [17,18,22], while the absence suggests that the cycle needs to
be prolonged to guarantee the required removal performance. The variation of online
indicator such as pH, ORP and DO were demonstrated closely related with the nutrient
removal performance, and this permits to establish the real time control of bioprocesses
[23].

In regard to photobioreactors, nutrient removal is dependent on a number of parameters,
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including DO concentration and pH. Although DO and pH monitoring occurs with a
certain frequency in PSBRs [3,7,24,25], the data have not yet been used as means to
control or manipulate the process. Indeed, these key parameters appear to have been
largely overlooked in PSBRs [13].

Considering the necessity of reducing HRTs of PSBRs, and thus footprint and energy
consumption, the possibility to adopt on-line DO/pH/ORP sensors to control and
optimize the process, appears very interesting.

This paper explores real time monitoring of DO, pH and ORP in a PSBR treating real
municipal wastewater with a mixed consortium of microalgae and bacteria. The
objective is to find some characteristic points that may help understand how the
treatment process evolves over time.

Microalgae-based processes are affected by natural light. Since photosynthesis produces
oxygen and induces pH variations, the evolution of DO, pH and ORP profiles may
differ significantly from that observed in activated sludge processes, for which a wide
literature exists. In this case, the profiles induced by photosynthetic microorganisms
overlap with the profiles produced by bacterial processes. This results in complex 24-h
profiles more difficult to understand.

To our knowledge, this is the first time that DO, pH and ORP profiles have been
investigated in depth in a PSBR treating real wastewater with a mixed microalgal-
bacterial consortium. This paper provides some suggestions on how to understand these

profiles in detail.

2. MATERIALS AND METHODS

2.1. Influent wastewater

Influent pre-settled wastewater was collected from the Trento Nord municipal WWTP
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(Italy), which treats a population equivalent (PE) around 100,000 PE. Before the
feeding in the PSBR, no filtration of the wastewater was performed. In this way, solids
and microorganisms naturally present in the pre-settled wastewater were fed into the

reactor.

2.2. Photo-sequencing batch reactor and microalgae-bacteria consortium

The PSBR consists of a cylindrical bench-scale reactor made of Pyrex glass (0.29 m
high and 0.13 m wide) with a working volume of 2 L, not sealed from atmosphere
(Figure 1A). The system was operated with pumps, a lamp and a mixer controlled by
timers. Peristaltic pumps (Kronos Seko, Italy) were used to pump the influent and
discharge the effluent. The volume of influent wastewater fed into the PSBR every
cycle was 0.7 L.

Sunlight entered the laboratory but the reactor was never directly exposed.
Consequently, light was also supplied by a cool-white lamp (8 led x 0.5 W; Orion, Italy)
arranged on one side of the reactor. Since daylight may vary in intensity and time, the
artificial light was used to ensure a photoperiod of 16 h. In this way, a better
understanding of on-line profiles was possible because a certain amount of irradiance
was guaranteed throughout the light period.

During the reaction phase, the biomass was mixed by a magnetic stirrer set at about 200
rpm to avoid excessive turbulence and reoxygenation from air. To be noted is that
absolutely no external aeration was provided. Temperature of mixed liquor was 22.2°C
on average. Biomass that occasionally stuck to the reactor walls, was detached in order
to allow light penetration into the reactor.

A consortium of microalgae and bacteria was acclimatized for more than one year in the
PSBR. Microscopic observations showed the presence of Chlorella, Diatoms and

filamentous cyanobacteria embedded in dense flocs together with a large amount of
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heterotrophic bacteria (Figure 1B). This experimentation was carried out on the
acclimatized biomass, from November 2016 to March 2017. Total suspended solids
(TSS) in the PSBR were maintained at a concentration of approximately 1.3 g TSS/L.
This biomass concentration was identified as optimal for fully exploiting volumetric
kinetics and light diffusion (data not shown).

< insert Figure 1 here >

2.3. Typical cycle in the PSBR

The PSBR cycle consisted of four phases with a total duration of 48 h: (1) Feed, with a
duration of 0.08 h; (2) React, 47.5 h; (3) Settlement, 0.5 h; (4) Draw, 0.08 h. The React
phase comprised two photoperiods of 16 h light/8 h dark. The sequence of light periods
(LP1, LP2) and dark periods (DP1, DP2) is shown in Figure 2. The cycle started at 8.00
a.m. with the Feed phase. Then, the first light phase (LP1) began immediately after the
feeding. The sequence of light and dark resulted in an alternation of periods with high
and low DO. As shown in Figure 2, light periods (LPs) affected microalgal
photosynthesis, stimulating oxygen production and thus favouring aerobic conditions.
Instead, during dark periods (DPs), oxygen was consumed by both bacteria and
microalgal respiration, and therefore anoxic conditions occurred.

Due to the good settleability of the biomass (Figure 1C), only a period of 0.5 h was
assigned to the Settlement phase.

< insert Figure 2 here >

2.4 Analytical methods
The following chemical parameters were analyzed in influent and effluent wastewater
according to Standard Methods [26]: total COD, soluble COD (sCOD), TSS, TKN,

NH,-N, NO,™-N, NO;-N and PO43'-P. The parameter sCOD was measured after



188

189

190

191

192

193

194

195

196

197

198

199

200

201

202

203

204

205

206

207

208

209

210

211

212

213

filtration of the sample on 0.45-um-membrane. TSS were measured in the mixed liquor,
according to APHA [26], to determine the biomass concentration in the PSBR.

DO, pH, ORP and temperature were continuously recorded (every 10 min). DO and
temperature were measured with an OXI3401 meter coupled with the sensor
CellOx®325 and with a Multi3410 meter equipped with the sensor FDO®925 (all from
WTW, Germany). The parameters pH and ORP were measured with pH3310 meters
coupled with the electrodes Sentix®41 and Sentix® ORP, respectively (all from WTW,
Germany).

Light intensity (irradiance, IRR) was measured as photosynthetically active radiation
(PAR) using a SQ-520 quantum sensor (Apogee Instruments, USA) placed inside the
reactor, near the top of the liquid surface. Artificial light provided an average light
intensity of 25+5 umol quanta-m™-s™.

Microscopic observations were performed using a Nikon Optiphot EFD-3 Microscope

(Nikon, Japan) to characterize the morphology of the microalgal-bacterial consortium.

2.5 Track studies

Track studies were performed in the PSBR to measure the dynamics of the N-forms
during a typical cycle. Samples were collected every hour, then filtered and analysed for
NH,", NO, and NOj;". The volumetric removal/production rate of nitrogen compounds
(mg N L' h'") was estimated considering the slope of the straight line that interpolates
the experimental concentrations over time. The specific removal/production rate of
nitrogen compounds (mg N g TSS™ h™") was obtained by dividing the volumetric rate by

the TSS concentration in the mixed liquor.

3. RESULTS AND DISCUSSION
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3.1. PSBR ensures removal efficiency of COD > 85% and TKN > 95% without
external aeration

The main characteristics of influent and effluent wastewater together with the removal
efficiency are shown in Table 1. The average concentrations of COD, sCOD, TSS, N
and P forms in the influent wastewater match typical values expected in pre-settled
wastewater [27]. Although real wastewater presented large fluctuations of influent
concentrations (Figure 3), high and stable removal efficiency were observed in the
PSBR for COD (87+5%, Figure 3A), producing average effluent concentrations of 34+9
mg COD/L and 25+9 mg sCOD/L (Table 1). These results are comparable to those
observed in the microalgal treatment of secondary domestic wastewater in outdoors
pilot raceways which showed COD removal efficiency in the range 80-90% [28]
permitting to respect the discharge limits according to Directive 98/15/CEE.

The effluent TSS concentration was very low (7.4+6.2 mg TSS/L on average), due to
the good settleability of the biomass developed in the PSBR which formed dense
aggregates of microalgae, bacteria and inerts which entered the system with the real
wastewater. This behavior differed significantly from that reported by other studies,
where the uses of pure Chlorella or other pure strains have often been associated with
difficult sedimentation and separation problems [2,29,30]. By contrast, the development
of mixed microalgal and bacteria consortia can ensure a significant improvement in
settleability [4,11]; hence, they are currently gaining increasing attention in wastewater
treatment.

With regard to nitrogen forms, average TKN removal efficiency was 98+2% (Figure
3B). As a result of a stable nitrification in the system, effluent ammonium was 0.6£1.2
mg NH, -N/L, effluent nitrites were negligible, while nitrates were 19.0+7.4 mg NO; -
N/L. These results are in agreement with the observation of Zhang et al. [31] in algal-

bacterial granules in a photobioreactor treating synthetic domestic wastewater. In this
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study the ammonia removal efficiencies was 97-99%, with negligible values of nitrites
and accumulation of nitrates [31].
In the microalgal treatment of secondary wastewater, the influence of pH 7-9 on
nitrification was negligible and ammonium was rapidly oxidized by nitrification, which
prevented N-NH," stripping [28].
The mass balance of total nitrogen indicated that 68+10% was removed by synthesis
and spontaneous denitrification. Anoxic conditions favorable for denitrification
occurred in various instances: (i) during the dark phases of the PSBR cycle, when DO
drop to zero because not supplied by photosynthesis; (ii) during the light phases, when
oxygen demand surpassed photosynthetic oxygenation, within the dense clusters of
microalgae, bacteria and abiotic solids. For a comparison, Zhang et al. [31] observed
TN removal efficiency from 59.8% to 70.5% after the formation of mature granules in a
photobioreactor.

< insert Table I here >

< insert Figure 3 here >

The detailed monitoring of a typical cycle (48 hours) is shown in Figure 4 where the
variations of NH4 -N, NO;-N and sCOD are indicated over time. The profiles DO and
pH were clearly correlated with both light and nutrient removal performance. DO
dropped to zero immediately after feeding and remained very low during LP1 and DP1
periods, while pH eventually reached a valley due to the nitrification process.

The concentration in the influent wastewater was 234 mg COD/L and 78 mg sCOD/L
and it decreased during the LP1 period due to the aerobic oxidation, leading to a
mimimum sCOD of 21 mg/L.

At the beginning of the subsequent LP2 period, pH and DO increased rapidly and

sharply as a result of the absence of ammonium and the presence of light which
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favoured photosynthesis. Surprising, the profile of sCOD correlates with irradiance. A
significant release of SCOD was observed in coincidence with the peaks of DO and pH.
This behavior is not clear and further investigation is required. The sCOD increase may
be the results of the release of Soluble Algal Products but the mechanisms of their
formation and their effects are still not clear. At the end of the cycle, the sCOD
stabilized, resulting in an effluent COD concentration of 21 mg/L.

Since no external aeration was provided, photosynthetic activity was the only driving
force to produce the oxygen necessary for COD oxidation and TKN nitrification. Hence,
the consortium of cyanobacteria, microalgae and heterotrophic/nitrifying bacteria
resulted in a symbiotic system able to ensure a self-sustained treatment process with
high removal efficiency of COD and TKN. Similar observations were highlighted by
Garcia et al. [12] treating domestic wastewater in a novel anoxic-aerobic
photobioreactor.

< insert Figure 4 here >

3.2. The light source affects the shape of the DO profile : sunlight vs. artificial light
DO and Irradiance were monitored throughout some typical PSBR cycles. To study the
effect of the light source on photosynthetic activity, and thus on DO profile, the feeding
phase was skipped. In this way, the influence of oxygen consumed by bacteria to
oxidize readily biodegradable substrates was excluded. Without feeding, only
endogenous respiration of the biomass occurred. Therefore, the changes of DO in the
reactor were mainly associated with light variations, and thus photosynthetic
oxygenation, because biomass respiration consumed approximately a small amount of
oxygen over time.

The effect of sunlight and artificial light on photosynthetic activity was examined in

detail. Three different cases were considered. Figure 5 shows the effect of sunlight (5A),
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artificial light (5B) and both (5C) on DO profile.

In the case of sunlight (Figure 5A), the daily variations of irradiance shape a steep and
narrow curve with a peak around midday. This produces a perfectly overlapped DO
profile with a coinciding peak. Also, Posadas et al. [28], treating primary domestic
wastewater in outdoor raceways, showed that DO variations were well correlated with
the sunlight, regardless of the raceway configuration and operational conditions.
Instead, because artificial light (Figure 5B) produces a constant irradiance, it generates a
step-function profile that reflects the adopted photoperiod (lamp on from 08.00 to
midnight). As in the case of sunlight, the DO profile follows that of irradiance. Figure
5B shows that DO initially increases and then remains approximately constant until the
end of the light period. On reaching the saturation level, DO changes smoothly because
of temperature (data not shown). As soon as the lamp is turned off, without
photosynthetic oxygenation, DO decreases as a result of endogenous respiration.

The profile of irradiance produced by sunlight was completely different from that
produced by artificial light. Consequently, DO profiles with different shapes were
generated by different rates of photosynthesis in the PSBR.

In the third case, the combination of sunlight and artificial light (Figure 5C) produces an
irradiance profile comparable to the superposition of each individual case. As a
consequence, the DO profile is the combination of the single effects previously
observed: (i) maximum DO values at midday when solar irradiance is maximum,; (ii)
relatively high DO values during the whole light-phase supported by artificial light; (ii1)
gradual DO decrease during the dark when the light is off. As shown in figure 5C, DO
values are higher than those obtained with a single light source, in some cases reaching
oversaturation level.

These simple observations yielded better understanding of the complex DO profiles

generated in the PSBR throughout the experimentation, feeding influent real wastewater
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in the presence of sunlight and artificial light. A detailed description of the observed DO
profiles is provided in section 3.3.

< insert Figure 5 here >

3.3. The profiles of DO, pH and ORP reveal the evolution of wastewater treatment
The profiles of irradiance, DO, pH and ORP during three typical cycles in the PSBR,
fed with real wastewater, are shown in Figure 6. All the profiles were clearly affected
by the alternation of light and dark periods during the cycle and, in particular, by
sunlight during the first part of the light periods. As shown in figure 6A, maximum
irradiance took place around midday.

During a typical cycle very strong variations of parameters occurred:

(1) DO varied greatly from zero to oversaturation (Figure 6B). As in the case presented
in Figure 5C, the DO profile followed that of irradiance. However, feeding
wastewater resulted in a long period at DO zero over the first part of the cycle.
Hence, much larger DO variations were observed;

(i1) pH ranged from 7.5 to 9.0 (Figure 6C);

(i11)) ORP changed from negative values immediately after feeding (around -200 mV), to
positive values at the end of the light periods (around +200 mV). This change
indicates the transition from an initial reducing environment (negative ORP values)
to an oxidizing environment (positive values) (Figure 6D). It is well known that the
ORP measurement is not a true thermodynamic parameter and that the absolute
ORP value does not furnish any process significance, it being a mere indicator of
the oxidative-reductive state of the system.

< insert Figure 6 here >

On simultaneous consideration of the profiles of irradiance, DO, pH and ORP (Figure

13
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6A, B, C, D, respectively), it is possible to identify a sequence of significant phases for

each cycle:

1) “Zero-DO+light” phase (progressive time = 0-16 h): this usually coincides with the
first light period (LP1) and is characterized by DO values close to zero (Figure 6B).
Immediately after the feeding phase, the system requires a huge amount of oxygen to
oxidize the biodegradable substrates and ammonium of the influent wastewater.
Since this phase is identified during the LP1, light is available (figure 6A) and thus
photosynthesis occurs. Although oxygen is continuously provided in the system, it is
not enough to satisfy the requirement of the biomass. Therefore, DO is zero (Figure
6A) because oxygen is immediately consumed by bacteria to oxidize biodegradable
COD and NH,". Other studies confirmed that nitrifiers were active in removing
ammonium even if the oxygen concentration was close to 0 mg/L [32].

In some cycles, a very short DO peak may appear in this phase, in particular around
midday when solar irradiation is maximum. As explained in section 3.2,
photosynthesis is affected by available light, and hence a peak of the irradiance could
result in a higher oxygen production that may momentarily surpass the biological
demand. As a consequence of enhanced photosynthetic activity, also a pH peak may
be noted (Figure 6C). Photosynthesis induces pH increase because of HCO3 uptake
(see section 3.3.2). Figure 6C shows that after the maximum irradiance, pH
decreased until the end of this phase. Therefore, there was another process that
counterbalanced the photosynthesis effect on pH. Since wastewater contains
ammonia, the pH decrease was induced by nitrifying bacteria (see section 3.3.1).
This phase presents conditions with apparently no oxygen, but it must not be
confused with an anoxic phase where oxygen is not available. In fact, even if DO is
zero, the presence of oxygen can be recognized because the ORP profile increases

toward positive values (Figure 6D), indicating oxidative conditions. Stimulated by
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2)

3)

solar irradiance, photosynthesis ensures a reasonable production of oxygen. In this
phase, it is pointless to provide external oxygen, whilst it is more advantageous
completely to exploit the free-of-charge oxygen provided by photosynthetic
organisms (microalgae and cyanobacteria). Despite oxidative condition at the end of
this phase, zero-DO values suggest that the oxidation process is not completed, and
hence some biodegradable COD and NH," may still be in the reactor. If nitrification
is not completed, nitrite, along with nitrate, may be found.

“Zero-DO+dark™ phase (progressive time = 16-24 h): this is defined by the beginning
of the first dark period (DP1) and zero-DO concentration. In the dark, no oxygen
production occurs, and respiration (i.e. oxygen consumption) results in a zero-DO
concentration. Figure 6D shows that as soon as the light is turned off, the ORP
profile presents an immediate decrease and then remains approximately stable during
the whole dark period. In this phase, local anoxic condition may occur. Therefore, if
biodegradable COD is available, denitrification of nitrate produced during the “Zero
DO-+light-phase” may take place. However, since the pH profile does not show a
significant trend (Figure 6C), denitrification is a minor process.

“Sunrise” phase (progressive time = 24-28 h): this is denoted by a significant
increase in the DO concentration that usually occurs during the second light period
(LP2) when solar irradiance increases. The DO reaches a peak, in correspondence to
the maximum irradiance that occurs around midday. As observed in section 3.2, the
DO peak may reach oversaturation level. In this phase, the oxygen production
surpasses the oxygen demand of the biomass. Because biodegradable substrates were
depleted in the previous phases, only a small residual NH," concentration may
remain and oxygen is mainly consumed by respiration. Indeed, the DO profile shown
in Figure 6A is similar to that of Figure 5C (observed when only respiration

occurred). Since photosynthetic oxygenation prevails over oxygen consumption, DO
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increases sharply (Figure 6A). Also ORP increases significantly towards positive
values (Figure 6D), indicating oxidative conditions. In this phase, along with DO, pH
increases remarkably due to photosynthesis. This effect was not counterbalanced by
the acidification produced by bacterial nitrification due to the scarcity or absence of
NH," that was consumed in the previous phases.

High DO values together with high ORP values (oxidative condition) suggest that the
oxidation process is completed. Therefore, biodegradable COD and NH,4 " have been

consumed. Since the nitrification is completed, only nitrate should be found.

4) “Sunset” phase (progressive time = 28-40 h): this is characterized by the decrease of

DO together with the decrease of solar irradiance.

As a consequence of the progressive reduction of solar irradiance during the second
light period (LP2), photosynthetic activity slows down. Therefore, since endogenous
respiration is almost constant while oxygen production diminishes, this results in a
decreasing DO profile (Figure 6B). Depending on the balance between produced and
consumed oxygen, DO profile may decrease with a more or less steep slope.
However, if the production of oxygen equals the oxygen consumed by the biomass,
DO profile may remain constant. As shown in figure 6D, high ORP values
demonstrates that DO is enough to maintain oxidative conditions. The reduction of
photosynthetic activity lead to a less uptake of HCO; (see section 3.3.2) and

therefore pH profile decreases progressively (Figure 6C).

5) “Dark” phase (time = 40-48 h): this coincides with the second dark period (DP2).

Due to the absence of photosynthesis in the dark, DO is progressively consumed and,
depending on the respiration rate, may reach zero. Since in this phase only
respiration occurs, the slope of DO profile can be exploited to calculate the Oxygen
Uptake Rate (OUR) of the biomass (Figure 7). Considering the three cycles of Figure

6, an average volumetric OUR of 1.8+0.3 mg O, L' h™' was obtained taking into
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account the linear part of the curves (Figure 7). The volumetric OUR obtained
corresponds to a specific value of 1.6+0.3 mg O, g TSS™' h™ (TSS =1.18+0.1 g
TSS/L). The OUR calculated certainly corresponds to the endogenous respiration of
the biomass, because in this final phase of the cycle biodegradable substrates and
ammonium can be considered completely oxidized. As shown in figure 6D, ORP
decreases as a consequence of oxygen consumption but does not reach low negative
values. ORP reaches the minimum values (< -100 mV) during the subsequent
feeding of anaerobic fresh wastewater that induces a change from aerobic conditions
to a fermentation stage.

Although local anoxic condition may occur inside the flocs, denitrification of the
remaining nitrate can be excluded because biodegradable COD is not available.

< insert Figure 7 here >

From the profiles of DO, pH and ORP it was possible to identify some relevant
characteristic points (discussed in the following sections). These characteristic points

may be exploited in the on-line control and optimization of the process.

3.3.1. “DO breakpoint” and “Ammonia Valley” reveal the end-point of ammonium
No external aeration was provided in the PSBR, and oxygen was produced only during
the light periods of the cycle. As observed in section 3.3, bacterial oxidation, in
particular nitrification, causes a consumption of DO that may drop to zero (Zero
DO+light phase). In regard to nitrification, the utilization of alkalinity leads to a

progressive decrease of pH according to the following reaction [27].
0.098C0O, + NH;" + 1.8630, + — 0.0196 CsH;NO, + 0.98NO5™ + 0.0941 H,O + 1.98H"

As shown in figure 6C, pH decreases during the “Zero-DO+light phase” indicating that

the acid-based effect by nitrification dominated in the reactor. Once nitrification is
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complete and ammonium is totally oxidized, DO is no longer consumed for this
purpose, and its concentration raises very rapidly and sharply due to the continuous
oxygen production by photosynthesis (Sunrise phase, Figure 6B), which depends on the
available light. Consequently, also pH increases sharply (Figure 6C).

The endpoint of ammonium originates a characteristic point in the DO profile called
“DO breakpoint”, indicated in the three cycles of Figure 6B. The “DO breakpoint™
occurs in concomitance with a characteristic point in the pH profile as shown in Figure
6C: when ammonium is completely depleted, pH starts to rise and a local minimum
called “Ammonia valley” occurs in the pH profile. The increase in pH could be due to
stripping of CO, from the system, but She et al. [33] suggested that it might be related
to the buffer capacity of the medium after ammonium oxidation is finished.

Since TKN load is widely fluctuating in the influent real wastewater, the completion of
nitrification may have different durations, so that Ammonia valley may appear in the
“Zero-DO+light” phase (see 31 cycle in Figure 6C) or in the subsequent “Sunrise”
phase (see 1*' and 2™ cycles in Figure 6C).

The perfect correspondence between the endpoint of ammonium and the two
characteristic points (DO breakpoint + Ammonia valley) was demonstrated in the track
study of Figure 8.

Figure 8A shows that as soon as ammonia oxidation is completed, DO and pH rise
sharply. Also the ORP profile showed a change in slope (Figure 8B), but this behavior
was not always appreciable in all the cycles. Thus, ORP is not recommended for an on-
line control of the process. Conversely, the two characteristic points “DO breakpoint”
and “Ammonia valley” can be recognized very well and can thus be usefully exploited
to identify the conclusion of the cycle when ammonium removal is required. The
breakpoint in the DO curve, also named “ammonium breakpoint™, coupled with the

“ammonia valley” was effectively used by She et al. [33] to indicate the end point of
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nitritation and to adjust the duration of the aerobic phase in accordance with the
variation of influent NH, -N concentration, avoiding from high DO and excess aeration.
In the track study of Figure 8, the ammonium removal rate was 2.04 mg NH;-N L' h™!
(corresponding to 2.57+0.32 mg NH;"-N g TSS™ h!; TSS concentration in the PSBR
was 0.79+0.1 g TSS/L). To be noted is that this remarkable nitrification rate was
obtained without external aeration (thus without electric energy) and with a DO profile
close to zero. Moreover, the specific rate of 2.57+0.32 mg NH;"-N g TSS™ h™! was
similar to typical ranges expected for activated sludge.

At the same time, nitrates were produced at a rate of 0.71 mg NOs-N L™ h™!
(corresponding to 0.90+0.12 mg NO3-N g TSS™ h™', approximately half of the
nitrification rate), indicating that denitrification occurred due to the low DO in the bulk
liquid.

< insert Figure 8 here >

3.3.2. At the maximum irradiance, the peaks of DO, pH and ORP reveal the end of
the treatment
As shown in section 3.2, the maximum irradiance is associated with the maximum of

photosynthetic activity. According to the following reaction [34]:
106 HCO3™ + 16NH," + HPO,” + 92 H' — Cj06H2630110N 6P + 1060,

HCOj; uptake dominates the acid-base effect of photosynthesis. Therefore, during the
light periods a pH increase is induced in the system so that HCO3 uptake may result in a
peak of pH at maximum irradiance.

In regard to photosynthetic oxygenation, at maximum irradiance, oxygen consumption
affects the extent of the DO peak. The relative maximum in the ORP profile appears in
correspondence to the peak of irradiance due to aerobic conditions stimulated by a

higher rate of photosynthesis.
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The coincidence between the maximum irradiance and the absolute peaks of DO, pH
and ORP can be appreciated in the “Sunrise” phase of Figure 6.

During the “Zero-DO+light” phase, there is a large amount of biodegradable substrate
to be oxidized. Therefore, due to high oxygen consumption the peaks of DO is very
small and in some cases it may be difficult to recognize (Figure 6B). In this phase,
nitrification counterbalances the acid-base effect of photosynthesis, affecting the extent
of pH peak (Figure 6C). Moreover, a less marked ORP peak (Figure 6D) is the result of
the feed of anaerobic fresh wastewater which induces anoxic conditions and thus
negative ORP values at the beginning of the cycle.

In the subsequent “Sunrise” phase, when the irradiance is maximum, the peaks of DO,
pH and ORP become more sharply defined and reach higher values, because the
biodegradable substrates are completely removed.

To sum up, the achievement of well-defined absolute peaks of DO, pH and ORP is the
signal that the wastewater treatment is completed and consequently that the cycle can be
concluded. Considering the cycles in Figure 6, control over the process on the basis of
these characteristic points permits conclusion of the treatment after 15-26 hours instead

of 48 hours, reducing the HRT by more than 45%.

4. CONCLUSIONS

This paper has demonstrated that is possible to exploit continuous measurement of the

on-line parameters DO, pH and ORP to evaluate correctly the conclusion of the

wastewater treatment and thus shorten the HRT of a PSBR. Although photosynthetic

oxygenation strongly affects DO, pH and ORP, characteristic points revealing the state

of the ongoing biological process were detected along these complex profiles:

- “Ammonia valley” (pH profile) and “DO breakpoint” (DO profile) as key indicators
of the complete ammonium removal;

- Absolute peaks of DO, pH and ORP in conjunction with maximum irradiance, as
20
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detectors of COD and TKN complete removal, indicating that the PSBR cycle could
be ended.
In this way, the PSBR cycle was shortened by more than 45%, resulting in a significant

reduction of foot-print and costs of the treatment.
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CAPTIONS OF FIGURES
Figure 1. (A) The photo-sequencing batch reactor. (B) Microscopic observations of
microalgae-bacteria clusters. (C) Very good settleability of the biomass in the Imhoff

cone.

Figure 2. Sequence of the light and dark periods, and overview of the ongoing-

biological process in the PSBR typical cycle.

Figure 3. (A) COD and sCOD in the influent and effluent wastewater and removal
efficiency of COD; (B) TKN and NH4+-N in the influent and effluent wastewater and

removal efficiency of TKN.

Figure 4. (4) Profiles of COD, NH4N, NO>-N and NO;-N during light and dark phases

in an entire 48-hour typical cycle. (B) Profiles of online parameters pH and DO.

Figure 5. Irradiance and DO profiles during the PSBR cycle (without feeding) with

different light sources: (A) sunlight,; (B) artificial light; (C) sunlight + artificial light.

Figure 6. Sequence of three typical cycles in the PSBR and profiles of irradiance, DO,
pH, ORP. The profiles reveal a sequence of typical phases affected by the alternation of

light and dark periods, and related to the treatment process.

Figure 7. Endogenous Oxygen Upake Rate of the biomass obtained from the profile of

DO concentration during the “Dark’ phase.

Figure 8. Track study in the PSBR to demonstrate the coincidence of two characteristic
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CAPTIONS OF TABLES

Table 1. Characterization of influent and effluent wastewater and removal efficiency in

the PSBR (avg.+st.dev.).
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Table 1

Parameter No. samples in | Concentration (mg/L) Removal
influent and effluent Influent Effluent efficiency (%)
COD 16-45 292+101 34+9 87+5
sCOD 16-45 119+21 25+9 79+3
TKN 16-45 64+20 1.2£1.2 98+2
NH,"-N 16-45 55+13 0.6+1.2 99+3
NO;-N 16-45 0.1+0.1 0.1+0.1 -
NO;-N 16-45 1.1£0.3 19.0+£7.4 -
Total N 16-45 66+20 20+7 68+10
PO,”-P 16-45 2.7+0.8 2.240.8 16£17
TSS 16-13 143£72 7.4+6.3 93+4
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