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ABSTRACT

Microalgal growth and ammonium removal in a P-free medium have been studied in two
batch photobioreactors seeded with a mixed microalgal culture and operated for 46 days. A
significant amount of ammonium (106 mgN-NH,-1™") was removed in a P-free medium,
showing that microalgal growth and phosphorus uptake are independent processes. The
ammonium removal rate decreased during the experiment, partly due to a decrease in the
cellular phosphorus content. After a single phosphate addition in the medium of one of the
reactors, intracellular phosphorus content of the corresponding microalgal culture rapidly
increased, and so did the ammonium removal rate. These results show how the amount of
phosphorus internally stored affects the ammonium removal rate. A mathematical model was
proposed to reproduce these observations. The kinetic expression for microalgae growth
includes a Monod term and a Hill’s function to represent the effect of ammonium and stored
polyphosphate concentrations, respectively. The proposed model accurately reproduced the

experimental data (r=0.952, P-value<0.01).

Keywords

Ammonium removal; microalgae; mathematical modeling; phosphate; wastewater.
HIGHLIGHTS

e Ammonium removal takes place uncoupled from phosphate uptake
e Ammonium removal rate depends on the amount of phosphorus internally stored
e Effect of stored polyphosphate on ammonium removal modelled using Hill’s equation

e Enhanced ammonium removal at polyphosphate content higher than 2.2% dry weight
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1. INTRODUCTION

Interest on microalgae has increased during the last decades as they constitute a promising
alternative for obtaining value-added products and biofuels such as biodiesel, biohydrogen
biogas or biocrude. Moreover, microalgal systems for wastewater treatment have long been
proposed and studied [1]. These systems range from open-pond cultures to closed
photobioreactors [2] and focus primarily on the removal of inorganic nutrients such as

ammonium, nitrate and phosphate.

Several studies have proved the suitability of microalgal cultures for nutrient removal in
diverse wastewaters. These studies, which showed different degrees of nutrient removal
efficiencies, generally agree that the most important advantages of microalgae utilization for
this purpose are CO, abatement and the possibility of reusing biomass as fertilizer or as
renewable source of energy [3-5]. On the other hand, the process spares the otherwise
necessary cost of nutrients for algae cultivation. Currently, a rather extended opinion in the
scientific community is that the production of algae-based biofuels, at least in the short-term,

is neither economically nor energetically feasible without simultaneous wastewater treatment

[6].

Phosphorus is an essential component of microalgae. According to the Redfield ratio [7], it
constitutes 0.87% of its dry weight. Phosphorus is present in basic cell constituents such as
phospholipids, nucleic acids or nucleotides. It can also be accumulated to higher levels inside
the microalgal cells, where inorganic polyphosphate serves as reservoir. As reviewed by
Powell et al. [8], there are two mechanisms involved in this accumulation: over-

compensation, which occurs after re-exposure to phosphorus following a starvation phase, and
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luxury uptake, where microalgae accumulate much more phosphorus than it is needed for

their survival without previous exposure to P-poor medium.

Different studies, which aimed at defining the polyphosphate accumulation and phosphate
uptake dynamics, have shown a relationship between phosphorus stress in the medium and
low polyphosphate content in the cells, together with recovery of polyphosphate levels after
addition of phosphorus [9-10]. It is also known that starvation enhances the phosphate uptake
rate. The effect of P-starvation on ammonium uptake rate is, however, less known. Previous
studies did not focus on the influence that polyphosphate content exerts on the nitrogen

uptake velocity, as these studies were not undertaken with a wastewater treatment approach.

In the wastewater treatment field mathematical models are useful tools for process design,
WWTP scale-up or upgrade, or water quality prediction. Up to now, microalgal growth
modelling has been tackled with a diversity of approaches. There are various examples of
different complexity-level models which determine phytoplankton evolution in the
ecosystems [11-13], content and evolution of intracellular components of interest such as
lipids or sugars [14], specific metabolism of single species [15], microalgal production inside

photobioreactors [16] or others.

The present work was designed to study the ammonium removal process in a phosphate-free
medium and the relationship between the microalgal intracellular phosphorus content and the
ammonium removal rate, with a view to designing suitable strategies for wastewater
treatment. Therefore it is also the aim of this work to define a kinetic expression for
microalgae growth considering the effect of ammonium concentration in the medium and the
amount of internally stored polyphosphate on the rate of this process. To this aim, a

mathematical model considering microalgae growth and death was proposed and model
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parameters were obtained by minimizing differences between experimental data and model
predictions. This model should be useful for prediction of ammonium removal rates in

wastewater treatment systems.

A microalgal culture was fed only with ammonium in a lab-scale photobioreactor (PBR) and
afterwards separated into two identical PBRs. Phosphate was supplied only to one of them.
Nutrient uptake kinetics of the two PBRs were studied, as well as biomass composition (%N
and %P). Microalgae production-in terms of chemical oxygen demand and suspended solids-
was assessed. The experimental data obtained was successfully reproduced by the proposed
model. This model can be useful for designing strategies and predicting the behavior of

wastewater treatment systems where nutrient removal is achieved by microalgal growth.

2. MATERIALS AND METHODS

2.1. Experimental setup

Three identical PBRs were used in this study (initial reactor, Nitrogen Only Reactor and
Nitrogen and Phosphorus Reactor, as it will be explained in section 2.2). Each PBR consisted
of a cylindrical, transparent methacrylate tank (20 cm internal diameter) with a total volume
of 10 liters (see fig. 1a). The PBRs were closed and the algae culture was mixed by recycling
the headspace gas through four fine bubble diffusers mounted at the bottom. Both PBRs were
equipped with electronic sensors in order to obtain online measurements of conductivity,
oxidation reduction potential, temperature, pH and dissolved oxygen. The probes were
connected to a multiparametric analyzer (CONSORT C832, Belgium) and an oximeter (Oxi
320, SET WTW, Germany), respectively. These devices were in turn connected to a PC for

data monitoring and storage. Data sampling was conducted every 60 s.
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pH in the PBRs was maintained around 7.5 to avoid undesirable processes such as phosphate
precipitation and free ammonia stripping. Pure CO; (99.9%) from a pressurized cylinder was
injected into the gas flow whenever pH exceeded the setpoint of 7.5. Recycling gas from the
headspace contributes to minimize the CO, requirements for pH control. Since the reactors
were closed CO, stripping was also minimized but since they were not hermetically sealed
extreme overpressure and overaccumulation of oxygen were avoided. Four arrays of 3 vertical
fluorescent lamps (Sylvania Grolux, 18 W) 10 cm apart from each other continuously
illuminated each PBR from a minimum distance of 10 cm. Photosynthetically active radiation
(PAR) of 153 + 16 uE m™ s was measured at the surface of the reactors as the arrow in fig.
1b) indicates. The PBRs were placed inside a climatic chamber with air temperature control
set to 20 °C. Due to the constant illumination the temperature in the culture resulted in 25.5

°C.

A phosphate-free medium, adapted from [17] was used in this study, one litre of which was
composed of 115 g (NH4),SQO4, 150 mg CaCOg3, 400 mg CaCl,-H,0, 400 mg Na,SeO3.5H,0,
350 mg MgS0,.7H,0, 54 mg (NH;)sM070,.4H,0, 30 mg ZnCl,, 30 mg HBO3, 30 mg
NiCl,-6H,0, 18 mg CuCl,-2H,0, 12 mg K;SO,, 1.2 mg FeCl3-4H,0, 1.2 mg CoCl,-6H20,

0.6 mg EDTA, 0.3 mg MnCl,-4H,0.

2.2. Operation

7L of a microalgal culture was maintained for 19 days in ammonium-rich and phosphate-free
medium in a lab-scale PBR as described in section 2.1, called initial reactor. Ammonium in
the form of (NH,4),SO,4 was manually added at the beginning of the experiment and when its
concentration dropped below 4 mg NH,-N-1™ (day 7). On day 19, when ammonium

concentration had reached again 4 mg NH4-N-I"%, the 7 L culture was split into two PBRs,
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with a working volume of 3.5 L each. These two PBRs will henceforth be called NOP
(Nitrogen Only Reactor) and N&PR (Nitrogen and Phosphorus Reactor) and were not carried
out in duplicate. Immediately after the splitting, ammonium in the form of (NH;).SO, was
added into NOR, reaching a concentration of 28 mg NH,-N-17, and phosphate in the form of
KH,PO, was added into N&PR, reaching a concentration of 12 mg PO,4-P-I™. From then on,
both reactors were operated for 27 days. Ammonium was added again in both reactors when
its concentration dropped below 4 mg NH4-N-I"* (day 29 in NOR and days 20, 22 and 29 in

N&PR)

2.3. Microorganisms

The initial reactor was seeded with microalgae isolated from the walls of the secondary
clarifier in the Carraixet WWTP (Valencia, Spain) and maintained in the laboratory under
semi-continuous feeding conditions with a cellular retention time of 4 days and continuous
illumination varying between 114 and 198 tE m™ s™*. The effluent of a submerged anaerobic
membrane bioreactor (SANMBR, described in [18]) was used as growth medium. This
effluent displays a variable N/P ratio and has been proved to sustain algal growth [5].
Microalgae from the Chlorococcum genus together with cyanobacteria (Spirulina sp. and

Pseudoanabaena sp.) were identified as the main groups present.

2.4. Analytical Methods

Nutrient removal was evaluated by regular measurements of inorganic nitrogen and
phosphorus levels in the samples taken from the PBRs. Ammonium (NH4-N), nitrite (NO,-N),

nitrate (NO3-N) and phosphate (PO4-P) were determined according to Standard Methods [19]
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(4500-NH3-G, 4500-NO2-B, 4500-NO3-H and 4500-P-F, respectively) in a Smartchem 200
automatic analyzer (Westco Scientific Instruments, Westco). Total nitrogen in the algae
culture was measured using standard kits (Merck, Darmstadt, Germany, 100613). The acid
peroxodisulphate digestion method [19] was used for total phosphorus (TP) measurements.
The nitrogen content of the algae biomass was calculated as the difference between total
nitrogen and soluble nitrogen. Likewise, the phosphorus content of the algae biomass (total
suspended phosphorus, TSP) was calculated as the difference between total phosphorus and
orthophosphate concentration. Total and volatile suspended solids (TSS and VSS), as well as

chemical oxygen demand (COD) were determined according to Standard Methods [19].

All reported results were obtained from the previous analyses conducted in duplicate, except

for TSS and VSS where single analysis were made.

3. RESULTS AND DISCUSSION
3.1. Nutrient removal

The composition of the biomass in the initial reactor (7 L PBR) after inoculation is included
in table 1. According to [20], a phosphorus concentration in the biomass greater than 3%
suggests that phosphate luxury uptake has taken place. Therefore, the studied microalgal
biomass had stored, before the beginning of this experiment (during the cultivation under

semi-continuous mode), more phosphate than needed for growth.

Figs. 2a and 2b show the ammonium and phosphate evolution in the NOR and N&PR,
respectively. The experiment started in the 7 L initial reactor with biomass inoculation and
ammonium addition. The initial VSS and ammonium concentrations were 340 mgVSS-1™ and

32 mg NH4-N-I"%, respectively. Ammonium was added again after 7 days because its
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concentration was below 4 mg NH,-N-1™. During this first period, which is common in both
graphs, phosphate concentration in the medium was zero (fig. 2). However, the microalgal

biomass removed a total of 58 mg NH,-N-I™.

Table 1 summarizes the evolution of TSS, VSS and suspended COD in the two reactors
during the experiment. Yield coefficients were calculated as the ratio between the amount of

biomass generated, measured as VSS and COD, and the ammonium removed.

VSS as well as suspended COD concentrations clearly increased in both reactors due to
microalgae growth (table 1). This increase was greater in N&PR since the amount of

ammonium and phosphate taken up was higher.

The biomass P content visibly decreased in the initial reactor and in the NOR, since the
microalgae growth took place using the internally stored polyphosphate. In the N&PR the
biomass P content sharply increased on day 19 (to a maximum of 2.8%) due to phosphorus

addition and immediate uptake. It decreased from then on for the rest of the experiment.

VSS yield coefficients are similar in the NOR, N&PR and in the initial reactor, whereas the
N&PR shows a slightly higher COD yield coefficient. It is hypothesized that this difference
could be attributed to the amount of phosphate taken up in N&PR: growth in NOR took place
without phosphate addition, like in the initial reactor, while in N&PR phosphate was
available and taken up by microalgae. However, analytical error of the performed
measurements (VSS and COD) hinders a clear conclusion on the subject. Biomass N content
obtained in the present work is in accordance with the general Redfield formulation [6] of

9.20 % (0.092 gN-g™).

3.1.1. Nitrogen Only Reactor
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As shown in fig. 2a, microalgal ammonium uptake took place during all the experiment (46
days in total) in the NOR, without any external phosphate addition. This fact demonstrates
that ammonium and phosphorus uptake from the medium are two independent processes-in
the sense that one can occur without the other-, and clearly demonstrates that this microalgal
culture presents a great capacity for removing a high amount of ammonium in the absence of
phosphate in the medium. In this reactor a total of 106 mgN-NH,-1™ was removed without

phosphate in the culture medium.

After each ammonium addition its uptake took place at a constant rate until ammonium
concentration decreased to values around 10-13 mg NH4-N-I" (Fig 2a. Filled lines turn into
dashed lines). The ammonium uptake rate significantly decreased when ammonium
concentrations were below this threshold. This low ammonium affinity observed in these
experiments should be taken into account in the design of PBRs for wastewater treatment
since large tank volumes or high hydraulic retention times will be required to obtain very low
ammonium concentrations. An exception to this was the last slope, when the constant rate was
not maintained below 20 mg NH4-N-I™%. This exception will be discussed later in this section.
In the NOR, the ammonium uptake rate decreased with time throughout the experiment, likely
due to a decrease in the internally stored polyphosphate. The selfshading effect of the culture
also exerted its influence: biomass growth during the experiment led to a decrease in the
available light for microalgae even when the incident light remained constant. The calculated
ammonium removal rates (slopes shown in fig. 2a) decreased from 0.209 mgN-1™*-h™ at the
beginning of the experiment to 0.09 mgN-I™*-h™ at the end of the experiment. The specific
removal rate (mgN-mgSSV™-h™) (table 2) decreased during all the experiment. As no
phosphate was added at any time in the NOR, the P required for biomass growth could only be

taken from their internal P pool, which microalgae had accumulated during the previous phase

10



217  of cultivation under semicontinuous conditions. This internal polyphosphate consumption
218  during the experiment led to a decrease in the biomass P content, which reached 0.8% (0.008
219 gP-gVSS™) at the end of the experiment (at day 46, see table 1), when ammonium removal
220  was taking place at a very slow rate. These results suggest the existence of a relationship

221  between the P content of the cells and the ammonium removal rate. The final biomass P

222 content is a very small value compared to the initial biomass composition (indicated in table
223 1). Itis, according to [20] still higher than the minimum amount of internal phosphorus for
224  cell survival (between 0.2 — 0.4% in dry weight). In fact, [21] has shown a minimum

225  phosphorus content after starvation phase of 0.185 % (0.00185 gP-g™* biomass). However,
226 approaching these minimum values of intracellular P content makes ammonium uptake rate
227  decrease. Around day 35 of the experiment, biomass in the NOR reached what seems quite a
228  critical P content. The ammonium uptake rate decreased to very slow values although

229  ammonium concentration was still 20 mgNH,-N-1™. At the same time, as table 1 shows,

230  suspended solids significantly increased along the experiment. Mutual shading of the

231 microalgae attenuates light in the PBR and microalgal growth was therefore also slowed down

232 for this reason.
233 3.1.2. Nitrogen and Phosphorus Reactor

234 Phosphate was added to N&PR on day 19 and reached a concentration of 11.7 mg PO,-P-1™.
235 Phosphate removal started immediately and its removal rate was 2 mg PO4-P-I*-h™* until

236 phosphate concentration was nearly zero. This removal rate was very high, considering that
237  while the added phosphate was consumed, only 2.1 mg NH,4-N were taken up by the

238  microalgae. The resulting N:P uptake ratio of 0.18 is very low, which is due to the phosphorus
239  starvation condition of the biomass. The majority of literature values on microalgal phosphate

240  uptake rate under balanced conditions are well below the presented value: [3] reported, for
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Chlorococcum, a value of 0.0475 mg PO,-P -1-h™ and (22] reported a value of 0.083 mg PO,-P
.1-h* for Chlorella sp. [23] reported for Chlorella protothecoides a closer value to the one

presented in this work of 1.3 mg PO4-P-1"-h™.

N&PR was spiked with ammonium for a third, fourth and fifth time (fig. 2b). As previously
observed in the NOR, the ammonium uptake rates kept constant after the ammonium additions
but decreased when ammonium concentration in the medium reached values below 10-13 mg
NH4-N-I". The value obtained for the ammonium removal rate after phosphate addition in the
N&PR showed a significant increase, due to a fast increase in intracellular phosphorus
concentration. Ammonium removal rate decreased along the rest of the experiment, as in
NOR, due to an increase of selfshading and a decrease in phosphorus content. At the end of
the experiment, ammonium concentrations reached lower values in N&PR than in NOR, and
still maintained a faster decreasing trend. At this point, P content of the biomass had reached
0.017 gP-gVSS™, which is higher than the biomass P content reached in NOR (0.008

gP-gVSS™).

These results suggest that ammonium removal rate depends on the amount of phosphorus
stored in microalgae. Other authors modelled phytoplankton colimitation by nitrogen and
phosphorus [24] assuming that the maximum potential for N uptake takes place at high
concentrations of intracellular phosphorus, which is in accordance with the experimental

results obtained now in this work.

The specific ammonium uptake rates (with respect to VSS) obtained in the N&PR and the
associated biomass P content are shown in table 2, demonstrating how intracellular
polyphosphate content exerted a drastic and positive influence in the specific ammonium

removal rate: it decreased for the first 2 injections into initial reactor, continued decreasing
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after the N injections into NOR and increased in N&PR after P addition, catching up with the
initial value of 6x10* mgN-mgSSV™*- h™. The addition of phosphorus in the medium was the

only difference between reactors.

The data shown in table 2 demonstrates therefore a high sensitivity of the specific ammonium
removal rate to microalgal P content: the higher the biomass P content the higher the specific
ammonium removal rate. However, the relationship between these variables is far from linear:
a sharp increase is observed in the specific ammonium removal rate when biomass P content
lies between 2.2 and 2.6%. After phosphate addition, the specific ammonium removal rate
rose from 2.11x10™ for a P content of 2.2% to 6.07x10™ mgN-mgSSV™*- h* for a P content of
2.6%. When biomass P content decreased down to 2.0% due to microalgae growth without
phosphate addition the specific ammonium removal rate decreased to a value closed to that
previously observed. On the other hand, the selfshading effect due to biomass growth is
evidenced by the fact that almost no difference is observed between the ammonium uptake in
the initial reactor (6.15x10™ mgN-mgSSV- h*) and the “recovered” uptake rate in N&PR
(6.07x10™* mgN-mgSSV-h™') while biomass has quite a different P content (3.7 % and 2.6 %
P, respectively) and thus a faster ammonium uptake rate would be expected in N&PR if

intracellular content was to be the only influencing factor.

Comparison between the performances of both reactors shows that, for this microalgal
culture, below the threshold of around 2.2 — 2.6% of internal phosphorus the nitrogen uptake
rate decreases considerably and around 1% the microalgal culture is unsuitable for ammonium
removal applications due to the slow rate obtained. It has been demonstrated that under
phosphorus limitation the nitrogen uptake process takes place at much slower rates. The

obtained data also suggest that selfshading influences growth and nutrient uptake rates.
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Therefore, these two factors (available light and available intracellular phosphorus content)

will be taken into account in the modelling step.

The present work has confirmed, for this microalgal culture, two main consequences of

phosphate addition to a P-starving culture:

-Phosphorus supplementation to the medium increases the ammonium removal rate by

increasing the amount of polyphosphate the biomass is able to accumulate.

-The added phosphate is removed at a fast rate due to the prior starving conditions. This could
be useful in the development of different strategies for wastewater nutrient removal and also
shows that biomass growth can still take place with low amounts of phosphorus, as already
reported by [25]. These authors proposed a P-starvation cultivation mode to minimize
phosphorus resource consumption. A low biomass P content might not be a drawback in some
cases, as for instance within a biorefinery concept, where ammonium removal rates are of no

concern, or substances of interest are not fertilizers.

3.1.3. Biological nutrient removal

All conclusions drawn from this study are based on the assumption that ammonium and
phosphate removal are solely due to microalgal uptake, as the pH control assures that neither
free ammonia stripping nor inorganic salts precipitation takes place. Further indication that no
inorganic precipitation occurred is the fact that the VVSS percentage was always higher than

92% of TSS.

The algal culture studied was mainly composed of three species: Chlorococcum sp., Spirulina

sp. and Pseudoanabena sp. A pure culture has not been used in this study as the aim of this
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work is to analyze the behavior of the culture which evolved from feeding a PBR with the
effluent of a SANMBR [5]. The results obtained might be applied to those cultures with
similar species composition, since the results obtained in a microalga culture composed of
close-phylogenetic species with similar nutrient requirements and similar growth conditions
might reveal comparable absorption patterns. However, culture from different microalgae
clade might show different growth and ammonium removal rates.

On the other hand, the low nitrite and nitrate concentrations measured during all the
experiment (highest measured values were 2.2 mg NO,-N-I* and 1.7 mg NOs-N -1 indicate
no bacterial nitrification/denitrification activity took place. Constant soluble COD levels

(stable around 134 mg COD-I™") support this hypothesis.

3.2. Mathematical model

3.2.1. Proposed model

A mathematical model focused on the kinetics of microalgal ammonium uptake was proposed
with the aim of representing the ammonium removal process observed in the PBRs. The main

characteristics of the proposed model are:

- Microalgal ammonium uptake rate does not depend on phosphate concentration in the
medium, since ammonium uptake still takes place in a phosphate depleted medium. The rate
of this process depends on the amount of phosphate stored. Hill function is proposed to
simulate the influence of internal phosphorus concentration on ammonium removal rate since

a sharp increase was observed when biomass P content exceeded 2.2%.

- Microalgal ammonium uptake rate depends on ammonium concentration. The Monod

Kinetics is used to simulate this dependency.

15



331 - Biomass is assumed to have a constant composition, excluding the polyphosphate internally

332 stored, which is itself a separate component in the model.

333  -Phosphate uptake and thus intracellular phosphate accumulation is not considered in the
334  model since this process was not experimentally studied (took place only once when P was
335 supplemented) and thus experimental data is insufficient for obtaining the corresponding
336  kinetic constants. It is considered that the amount of phosphate removed from the medium
337  becomes intracellular polyphosphate. As previously explained, chemical precipitation is

338  avoided with pH control.

339  -Microalgal death is modelled using a first order kinetics: death rate depends on microalgal
340 concentration. Microalgal death produces inert particulate organic material, with the same N
341 and P composition as the active biomass. No solubilisation processes are considered. The
342  polyphosphate of the dead cells is considered to stay unavailable for further microalgal

343  growth.

344  -The light influence on the microalgal growth is modelled using the Steele function (1), as

345  suggested by [26] or [27]. A weighted average light intensity, which takes into account the
346  reactor’s geometry and the self-shading factor of the microalgae, is used. It is calculated

347  dividing the reactor into discrete concentric sections and applying Lambert-Beer’s Law (2) for

348  calculating a uniform light for each section.

I I
349 PR exp(l - k.J 1)

350 I=1Iy-exp(—a-TSS:z) 2
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Where | is light intensity (UE-m™-s™), ki is the optimal light intensity (LE-m™-s™), a is the
microalgal self-shading factor (m?-gTSS™), and z (m) is the distance from the surface of the

reactor.
The components considered in the model are:

X g » Microalgal biomass, expressed in mgCOD:-I™, excluding internally accumulated

polyphosphate.

X s, Intracellular stored polyphosphate, expressed in mgP-1™. It is not included in the mass of

X

Alg *

X o, iNert particulate organic material, expressed in mgCOD-I". Generated in the death

process of microalgae, this component accumulated in the reactor during the experiment.

S, » AMMonium concentration in the medium, expressed in mg NH,-N-I™,

The kinetic equations proposed for microalgal growth (3) and death (4) are:

I n

r=uX 'S_:"-"I_-exp(l— J 1-— Kypp 3)
| Kk

k' n X "
XPP +[ %Algj

Alg (4)

The time evolution of all the components can be obtained from the following differential

equations:

ax kxpp™
d—ilg:ll'XAzg‘M‘L'exp(l—é)'<1— . xPP )n>_b'XAlg (5)

ks+SNHa K
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ASNH4

. S I I kxpp™
- nvag ‘U Xayg 'ﬂ'k_i'eXp(l_k_i)'<l_¢n> (6)

ks+SnHa ki

dx . S I ! kxpp"
dlt’P = —lpag 1" Xarg * NHa | exp(1 — k_l) . (1 - %) —b-Xpp (7)
Xaig

dXpe
%zb'XAlg (8)

Where ipajg (gP-gCOD™) is the phosphorus content of the microalgal structure (constitutional
P in Xalg), Inalg (gN-gCOD™) is the nitrogen content of the microalgal structure, i is the
maximal growth rate (h™), Ks represents the halfsaturation constant for ammonium (mgN-1™),
kxep represents the ratio Xpp/Xaig that leads to a 50% reduction of the maximal growth rate

(gP-gCOD™), n is a constant from Hill function, and b is the microalgae death rate (h™).

3.2.2. Model calibration

Model parameters were determined using the Solver program in Microsoft ® Excel software
2007 for minimizing the residual sum of squared errors between the two sets of experimental

data (ammonium concentrations in N&PR and NOR) and the model predictions.

Initial microalgae, debris, and polyphosphate concentrations are required in order to solve the
differential equations. These values can be estimated from suspended COD and TSP
measurements (9 and 10) jointly with the steady-state debris balance (11) applied to the

reactor where the microalgae were cultivated in semicontinuous mode.

susp.COD = Xpep + Xag 9)
TSP = Xpp +ipxaig " Xaig (10)
b'XAlg'H :XDeb (11)
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where 6 is the cellular retention time in the semicontinuous reactor where the microalgae used

for inoculum were cultivated.

The corresponding boundary conditions were set in the solution procedure every time a
reactor was spiked with ammonium. Polyphosphate concentration in N&PR was increased
according to the observed phosphate decrease during the following 7 hours after the
phosphate addition. The initial values for the model parameters were selected based on
previous experience and on literature. All concentrations were calculated with a time step of 5

minutes.

inalg Was established at the initial nitrogen biomass composition (9% gN-gCOD™) and for
Ipaig @ value of 0.1% (gP-gCOD™) was chosen, which is necessarily below the phosphorus
total composition of 0.5% (gP-gCOD™) at the end of the experiment and accounts only for
structural phosphorus and not polyphosphate. Figs. 3a and 3b show the model predictions for
ammonium concentration and the experimental values along the experiment for NOR and
N&PR, respectively. The obtained parameters, shown in table 3, accurately reproduce the
experimental data in both reactors, as shown in fig. 4, where predicted values are plotted
against their analytical values with a Pearson correlation coefficient of r=0.952 (P-value <

0.01, statistical analysis carried out using SPSS 16.1).

For further model validation, a set of data from a shorter but analogous experiment was used.
The experiment consisted of an identical reactor where the same procedure as in N&PR was
followed, with the difference that phosphate was added to the medium after 7 days and the
experiment was stopped after 18 days. Moreover, phosphorus was added at a higher
concentration of 37 mgP-1™ (fig. 5). Biomass, ammonium and phosphate were characterized

as described in section 2.4 in this work. The parameters shown in table 3 were introduced in
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the model to obtain the corresponding predicted values, which are shown in fig. 5, and also
plotted versus their analytical values in fig. 4. The obtained accuracy (r=0.97, P-value <

0.01) confirms the suitability of the model and the determined parameters.

One of the most important effects of the higher concentration of added phosphate was that
Xpp/Xalg ratio reached a maximum of 4% mgP-mgTSS™. The simulation shows that from day
12 of the experiment biomass P content stayed stable around 3% mgP-mgTSS™, since
ammonium was not available for growth. The high internal phosphorus concentration
achieved might be the reason why remaining phosphate in the medium was not taken up by

the microalgae during this period, as can be seen in fig. 5.

The values obtained for u and kg are comparable to those obtained by [24]. These authors fit
ammonium uptake by Scenedesmus sp.LX1 using a Monod equation and obtained values
between 0.005 - 0.025 h™ for u and 4.5 - 13.3 mgN-1™ for K. The obtained value for kxgp is in
complete accordance with the observations made. Literature k; values vary in a wide range
between 20 and 500 W-m ([28] and [26], respectively), in which our 200 pmol-m?-s™* would
be included. The selfshading factor, a, also varies in a wide range in literature. Similar values
to ours are used in [29-30]. The value obtained in this study for microalgae death rate (b =

0.002 h™) compares with literature values ranging from 0.0008 h™* [31] to 0.0058 h™* [32].

Measured and predicted COD values are shown in table 4, together with predicted Xai4 and
Xpep. The predictions of the COD values for initial reactor are in very good accordance with
measured values. For NOR and N&PR the model underestimates COD. Because of the higher
mean analytical error in COD measurements, the model has been calibrated to minimize the
error in the response for ammonium concentration. The parameters obtained are those which

allow the best prediction of ammonium concentration and not of suspended COD values. On
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the other hand, the assumption of a constant microalgal N composition (set to its initial
measured value of 9%) is a simplification of reality. With a different and/or varying
microalgal N content, predicted COD values would have been certainly different. Including a
variable microalgae N content according to factors such as N stress, etc., might be the way for

improving a model of this kind. This was, however, out of the scope of this paper.

4. CONCLUSIONS

Microalgal growth and ammonium removal in the absence of phosphorus were studied in two
mixed cultures of autochthonous microalgae. The results showed that microalgal growth and
phosphorus uptake are independent processes. It was also proved that ammonium removal
rate depends on the amount of phosphorus internally stored. The proposed microalgal growth
model, which includes a Monod term for the effect of ammonium concentration, Hill’s
function for the effect of the stored polyphosphate concentration and Steele’s function for
light influence, accurately reproduced the experimental data. Further research should make
use of these results for the development of nutrient removal strategies using microalgal

cultures.
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FIGURE LEGENDS

Fig. 1: a) Experimental setup; b) illumination and measuring point.
Fig. 2: Ammonium and phosphate evolution in a) NOR and b) N&PR during the whole

experiment.

Fig. 3: Time evolution of ammonium concentration in @) NOR and b) N&PR, along with

model predictions.

Fig. 4: Predicted values plotted against their corresponding analytical values. Empty dots
correspond to this experiment for model calibration and full dots correspond to data from

previous experiment for model validation.

Fig. 5: Time evolution of ammonium and phosphate concentrations in the model validation

dataset, along with model predictions.
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560 TABLES

561

562  Table 1: Biomass evolution in the reactors and calculated yields.

Susp Biomass N Biomass P Yield coefficient Yield coefficie

T TSS®  VSS? b
ime (d) (mg- |-1) (mg- I'l) COD content content Y N-vss Y N-cop
(mg:1") (gN-gvSs™) (gP-gvss™)  (gvSS:gN')  (gCOD-gN™)
0 380 340 517 11.8% 3.7% - --
19
end of Initia 0% 0% . .
(end of initial 882 817 1176 12.0% 1.6% 8.2 11.3
reactor)
. 0 . 0 . .
ond ;6N oR) 1330 1224 1880 10.8% 0.8% 8.8 128
46 . .
(end of N&PR) 1583 1460 2320 10.6% 1.7% 8.7 13.9

563  Mean analytical error: 2 50 mg-1™"; ® 70 mg-I™;

564

565
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566  Table 2: Calculated net and specific ammonium removal rate after each ammonium addition

567 in each reactor, together with biomass P content at those moments (beginning of slope).

Reactor Slope Removrflll raﬁe Slope Specific remov_all rfalte BiomassPco_rlltent
number  (mgN-I"-h™) error (mgN-mgVSS™-h™) (gP-gVSS™)

nitial 1 0.209 0.018 6.15x10™ 3.7%

2 0.121 0.002 2.11x10™ 2.2%

\ 3 0.152 0.001 1.86x10™ 1.6%

4 0.090 0.009 8.79x10 1.0%

3 0.514 0.051 6.07x10™ 2.6%

P 4 0.247 0.004 2.41x10™ 2.0%

5 0.176 0.014 1.41x10™ 1.5%
568
569
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570  Table 3: Obtained parameters

Parameter Units Obtained value
M ht 0.042
ks mgN-I" 12
n - 1.35
Kypp mgP-mgCOD™ 0.027
k; uE -m?.s71 200
b ht 0.0005
a m?.gTSS™ 0.03
571
572
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573  Table 4: Measured COD values. Predicted total COD, Xaig and Xpep Values.

Measured Predicted X Xoe
Time (d Susp COD Susp COD 9. €
0 (inoculum) 517 517 434 83
19 1176 1132 535 596
(end of initial reactor)
46
1 1554 7 11

(end of NOR) 880 55 35 96
46

(end of N&PR) 2320 1624 412 1212

574
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585  Fig. 3
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