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ABSTRACT

The present work determines the effect of phosphorus content on phosphate uptake rate
in a mixed culture of Chlorophyceae in which the genus Scenedesmus dominates.
Phosphate uptake rate was determined in eighteen laboratory batch experiments, with
samples taken from a progressively more P-starved culture in which a minimum P
content of 0.11% (w/w) was achieved. The results obtained showed that the higher the
internal biomass P content, the lower the phosphate removal rate. The highest specific
phosphate removal rate was 6.5 mgPO4-P-gTSS™-h"t. Microalgae with a P content
around 1% (w/w) attained 10% of this highest removal rate, whereas those with a P
content of 0.6% (w/w) presented 50% of the maximum removal rate. Different kinetic
expressions were used to reproduce the experimental data. Best simulation results for
the phosphate uptake process were obtained combining Steele equation and Hill
function to represent the effect of light and intracellular phosphorus content,

respectively.
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1. INTRODUCTION

Large amounts of phosphate are one of the causes of eutrophication in aquatic
environments, together with other inorganic nutrients like ammonium, nitrite or nitrate.
Several treatments for phosphate removal from wastewater can be applied, such as
chemical precipitation or biological phosphorus removal by means of polyphosphate
accumulating organisms and other bacteria present in activated sludge systems.
However, in the last decades, the use of microalgae for inorganic pollutant removal has

raised increasing attention.

Microalgae are photosynthetic microorganisms which use light energy and CO; for
growth, and whose ability to remove inorganic nutrients from different wastewaters has
been widely reported (De Alva et al. 2013, Gentili 2014, Ruiz-Marin et al. 2010, Samori
et al. 2013, Van den Ende et al. 2014). On the other hand, microalgae are a renewable
energy source, since they can be transformed into biogas, biodiesel, biocrude,
biohydrogen and others (Razzak et al. 2013). Additionally, the recovery of inorganic
nutrients from wastewaters in an organic form converts microalgae also into valuable
fertilizers. The combination of these advantages makes microalgae an attractive option

for wastewater treatment.

Phosphorus is an essential component in microalgae: according to the Redfield ratio it
represents the 0.87% of its dry weight (Redfield 1958). However, in practice, microalgal
P content varies, due to diverse mechanisms of adaptation to the medium. Reynolds
(2006) estimated the minimum phosphorus cell quota to be around 0.2-0.4% of ash-free
biomass, although some species show a minimum value which is an order of magnitude
smaller. In fact, Wu et al. (2013) determined a minimal P content or subsistence quota

of 0.016% by fitting real data to a growth model for Scenedesmus sp. LX1. Minimal
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intracellular phosphorus concentrations are achieved when microalgae grow under P-
starving conditions, as in the work by Markou (2012), who measured a minimum of
0.185%. On the other hand, when luxury phosphorus uptake takes place, microalgal P
content can rise up to values like 3.85% as measured by Powell et al. (2009).The main
phosphorus storage bodies in microalgae are polyphosphates, which are unbranched
chains of PO4™ groups linked together by oxygen bridges. The amount of polyphosphate
present in the cells depends on different factors, such as the available phosphate in the

medium, light or temperature (Powell et al. 2008).

In the wastewater treatment field, mathematical models constitute useful tools for
process and equipment design, WWTP construction and upgrade or water quality
prediction. It is thus essential to have available models that describe in quantitative

terms the observed microalgal behavior in the context of nutrient removal.

Most models found in literature for phosphate uptake from the medium use Michaelis-

Menten Kinetics (1):

dSpos _ (d5P04) Spoa 1)

dt dt max ks+Spoa

where S, represents phosphate concentration in the medium and kg is the
halfsaturation constant for phosphate uptake. However, this model cannot reproduce the
observed phenomenon of enhanced phosphate uptake rate due to internal phosphorus
deficiency. Michaelis-Menten uptake kinetics is often combined with Droop equation

for growth rate (Bougaran et al. 2010, Kwon et al. 2013):

U= HUmax * (1 - qTTm) (@)
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Where piq, (d?) is the maximum specific growth rate, q is the internal microalgae P
content (quota) (MgP-gTSS™) and gy, (MQP-gTSS™?) is the minimum internal nutrient

quota for microalgal growth.

However, in these models the internal cell quota does not affect phosphate uptake rate.
Some authors have developed model extensions to take into account the influence of

internal phosphorus content in the maximum phosphate uptake rate:

Klausmeier and Litchman (2004) defined the maximum phosphate uptake rate as a

function of the cells internal P quota with the following term (3):

4SPo4) g cg—gu:
(d5P04) :( dt )max Kinh=c(q=4qmin)
max

dt d—AmintKinn

@)

Where kinn (MgP-mgTSS™) and ¢ (dimensionless) are parameters to model the uptake

inhibition.

Bougaran (2010) used eq. 4 for modeling the down-regulation in the uptake rate of an

external nutrient by its own internal quota:

dSpos _ (dSP04) . _Amax—4 (4)

dt dt Jmax 9max—9min

where gmax (MgP-mgTSS™?) represents the hypothetical maximum value for P quota.

Other authors have proposed more complex models for phosphate assimilation: John
and Flynn (2000) included 3 phosphorus pools within the cell, and Yao et al. (2011)
took into account surface adsorption and desorption, together with the P-pool size and P
stress level. The measurements needed for the calibration of these models are also of

increased complexity.
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It is the aim of this work to study the influence of the intracellular P content on the
phosphate uptake rate from the medium and to evaluate different kinetic expressions to
find the best one for predicting phosphate removal rates at different biomass

compositions.

To this aim, algae adapted to grow in P-sufficient medium were progressively deprived
from phosphorus, so that the cells P content gradually decreased. Different samples
from the resulting culture were used to seed 18 different batch experiments where
phosphate was added and its removal rate was measured. Equations found in literature
were used to fit the obtained data with moderately good results. A new expression was
developed which improved for the present culture of Scenedesmus sp. the accuracy of

model predictions. Light influence was also taken into account in all cases.

2. MATERIALS AND METHODS

2.1. Microorganisms

Microalgae were isolated from the walls of the secondary clarifier in the Carraixet
WWTP (Valencia, Spain) and maintained in a 7 L laboratory semicontinuous reactor
using the effluent of a submerged anaerobic membrane bioreactor (SANMBR, described
in Giménez et al. 2011) as growth medium. This effluent displays a variable N/P ratio
and has proved to sustain algal growth (Ruiz-Martinez et al. 2012). The biomass in the
laboratory reactor formed a stable ecosystem where the dominant microalgae belonged

to the Chloroccocal order, of which >99% to the Scenedesmus genus.
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2.2. Experimental setup and operation

2.2.1. Semicontinuous reactor

The 7 L laboratory reactor consisted of a cylindrical methacrylate tank, which was kept
at a constant temperature of 28°C and under continuous illumination of 156 + 17 pE m™
s, pH was regulated at 7.5 with pure CO; injections (for a more detailed reactor
description see Ruiz-Martinez et al. 2012). Cellular retention time was 4 days. During
the study, an artificial P-free medium was used for microalgae growth instead of the one
described in section 2.1, which had been previously used for culture maintenance. Thus,
the internal microalgae P content started to decrease, since the culture was not supplied
with any phosphorus during the whole study, which lasted 45 days. One liter of the
artificial medium was composed of 135 mg (NH4)2SO4, 150 mg CaCO3z, 400 mg
CaCl2-H20, 400 mg Na,Se03.5H,0, 350 mg MgSO4.7H20, 54 mg (NH4)sM0702.4H.0,
30 mg ZnCl,, 30 mg HBO3z, 30 mg NiCl,-6H.0, 18 mg CuClz-2H20, 12 mg K2SO04, 1.2

mg FeCls-4H20, 1.2 mg CoCl2-6H20, 0.6 mg EDTA and 0.3 mg MnCl-4H0.

2.2.2. Batch reactor

The batch experiments were carried out in a 2 L cylindrical glass reactor equipped with
electronic sensors in order to obtain on-line temperature and pH measurements. The
reactors were placed inside a climatic chamber with air temperature control set to 20°C.
Due to the constant illumination the temperature reached 28°C. The probes were
connected to a multiparametric analyzer (CONSORT C832, Belgium), which was in
turn connected to a PC for data monitoring and storage. Data sampling was conducted
every 60 s. A fine bubble diffuser was mounted at the bottom of each reactor in order to

mix the algal culture by injecting compressed air. 8 vertical fluorescent lamps (Sylvania

7



143

144

145

146

147

148

149

150

151

152

153

154

155

156

157

158

159

160

161

162

163

164

Grolux, 18 W) continuously illuminated the reactor from a distance of 8 cm from all
sides. Photosynthetically active radiation (PAR) of 180 + 21 uE m? s was measured at

the reactor surface.

2.2.3. Batch experiments

Different samples taken from the semicontinuous reactor were used to seed 18 batch
experiments along the experimental period of 45 days. Each batch experiment started
with the transfer of 1.9 L of the culture from the semicontinuous reactor into the batch
reactor. Phosphate in the form of KH2PO4 was then supplied, and phosphate
concentration in the medium was regularly measured in order to determine its uptake
rate. Additionally, nitrite, nitrate and ammonium concentrations were also determined,
as well as total suspended solids (TSS), volatile suspended solids (VSS) and total
phosphorus concentration. The batch experiments lasted between 4 and 26 hours,
according to the observed phosphate uptake rate. To avoid phosphate precipitation and
free ammonia stripping, pH value in all the experiments was maintained around 7.5 by

pure (99.9%) CO- injection from a pressurized cylinder.

2.3. Analytical Methods

Nutrient removal was evaluated by measuring inorganic nitrogen and phosphate levels
in the samples taken from the reactors. Ammonium (NHas-N), nitrite (NO2 -N), nitrate
(NO3-N) and phosphate (PO4- P) were determined according to Standard Methods

(APHA 2005) (4500-NH3-G, 4500-NO2-B, 4500-NO3-H, and 4500-P-F respectively)
in a Smartchem 200 automatic analyzer (Westco Scientific Instruments, Westco). The

acid peroxodisulphate digestion method (APHA 2005) was used for total phosphorus
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(TP) measurements. The phosphorus in the algae biomass (total suspended phosphorus,
TSP) was calculated as the difference between total phosphorus and orthophosphate
concentration. TSS and VSS were determined according to Standard Methods (APHA
2005). All reported results were obtained from the previous analyses conducted in

duplicate.
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3. RESULTS AND DISCUSSION

3.1. Biological phosphate removal

The pH control system was activated in all the experiments immediately after seeding,
which means that CO, was automatically injected whenever pH value exceeded 7.5.
This pH control assured that neither free ammonia stripping nor inorganic salts
precipitation took place. Thus, all conclusions drawn from this study are based on the

assumption that ammonium and phosphate removal are solely due to biological uptake.

Phosphate was added into each batch culture after seeding, and the first sample was
taken after mixing (ca. 20 s). Initial phosphate values reached 18+1.3 mgPOs-P-I in all
cases. Table 1 shows the initial biomass P content and TSS concentration for each batch

experiment.

The initial biomass P content in the batch experiments show a general decreasing trend
since the microalgae used in each experiment were taken from the culture in the
semicontinuous reactor, fed with a P-free medium (table 1). The study was prolonged
until the analytical value for biomass P content went below 0.2%, as this is, according
to Reynolds 2006, a general minimum P content value for cell survival. The lowest P
content that the microalgae in the culture finally reached was 0.11%. The polyphosphate
concentration in the microalgae at this stage was assumed to be almost nonexistent, and

P content was assumed to be almost completely structural phosphorus.

The initial total suspended solids in the last six batch experiments is clearly higher than
in the others (table 1), due to a period of 10 days (between batch experiments number
12 and 13) when no purge was extracted from the reactor. This procedure caused an

increase in the TSS of the culture, which allowed the study of the phosphate uptake rate

10
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over a wider range of initial biomass concentration. Data from a wider range of TSS
was used to take into account the selfshading effect of the microalgae in the kinetic
expression proposed. Variable TSS concentration makes the available light for

photosynthesis variable even at constant external illumination rates.

Fig. 1 shows the phosphate concentration evolution in the medium for the 18 batch
experiments. It can be observed that phosphate concentrations can be fitted to a straight
line in all cases, being the slope of this line the phosphate removal rate (mgPO4-P-I*-h°
. It can be observed, for all batch experiments, that during the first hours after

phosphate addition its uptake rate is constant.

Since the lowest phosphate concentration reached was 8 mgP-I(at the end of batch
experiment 17) it can be stated that phosphate removal rate is constant for phosphate
values between 8 and 18 mgP-IL. This fact indicates that, should a Michaelis-Menten
kinetics be applied to model the influence of phosphate concentration in the medium on
phosphate uptake rate, the halfsaturation constant used would be in any case well below
8 mgP-I". On the other hand, high phosphate concentration in the medium at the end of
all batch experiments indicates that no phosphorus limitation occurred at any point of

the experiment.

The smallest phosphate uptake rates were measured in the first batch experiments, when
microalgae P content presented the highest values (fig. 1). The majority of literature
values on microalgal phosphate uptake rate under balanced conditions are similar or
lower than the values obtained for these first experiments: Dickinson et al. (2013)
reported a phosphate uptake rate of 0.104 mgPO4-P-1™-h" for Scenedesmus sp.,

Aravantinou et al. (2013) reported for Chlorococcum a value of 0.0475 mgPQO4-P-1"1-h?,

11
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and Aslan and Kapdan (2006) reported a value of 0.083 mgPOs-P-It-h! for Chlorella

sp.

In contrast, phosphate uptake rates for the last batch experiments (with P-starved cells)
reach much higher values than those observed in the first batch experiments, reaching a
maximum of 2.9 mg-1"t-h%. This value is not far from the one obtained in a previous
work (Ruiz-Martinez et al. 2014), where a phosphate uptake rate of 2 mgPO4-P-I-h?t

was achieved.

Therefore, the general trend is to find higher phosphate removal rates in those cultures
where microalgae have a smaller P content, although some exceptions can be found to
this observation. Since these exceptions are due to the different TSS concentration in
the batch cultures and its corresponding selfshading effect, phosphate uptake rates
should be compared using specific values (mgPO4-P-gTSS™t-ht). To this aim, in fig. 2,
the phosphate specific uptake rate has been represented versus the biomass P content at

the beginning of each batch experiment.

The lower specific removal rates were observed in those batch experiments in which
biomass presented a higher P content (fig. 2). It can be appreciated that when the culture
P content was above 1% (w/w), the specific phosphate removal rate was less than 10%
of the maximum removal rate achieved. The region around 0.5% P content is the
concentration at which phosphorus cellular content reduced phosphate uptake to half of
its highest value. The batch experiments with initial P content below 0.40% (empty dots
in the graph) are an exception to the general tendency of faster phosphate uptake rate
with smaller biomass P content. These batch experiments are those carried out at higher
initial TSS content. Thus, the light available for the microorganisms in these last

experiments was smaller than in the other experiments due to the markedly higher

12
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suspended solids concentration, which resulted in higher selfshading levels. Therefore,

taking the light influence into account in the modeling process proves to be necessary.

This study shows an enhancement of phosphate uptake rate (regulated by light
availability) with decreasing biomass P content through the successive batch
experiments. Since the phosphate concentration in the medium was the same at the
beginning of all batch experiments, this observation suggests that not only the external
phosphate level, but also the internal biomass phosphorus concentration that the
microalgae are able to achieve influences the phosphate uptake rate. Therefore, the
biomass P content (relatively easily known by analyzing its composition) proves to be

an important indicator of the possible nutrient uptake rate for a given species.

3.2. Biomass production and composition

Biomass yield on phosphorus (Yp, mass of generated biomass divided over the mass of
phosphorus taken up) varied along the batch experiments. The maximum Yp value (120
mgTSS-mgPO4-P1) was measured for the batch with the higher initial P content, and
very low Yp values (2-3 mgTSS-mgPO4-P) correspond to P-starved cells (fig. 3).
Actually, these low values account only for the absorbed phosphate mass (mg PO4) and
suggest no new biomass formation. Low biomass production in the cases of low initial P
content is explained directly by the lack of this essential nutrient and also by the
hindered N uptake: a smaller initial P content reduces the nitrogen uptake velocity
(Ruiz-Martinez et al. 2014), that being one of the causes for eventual lower biomass

formation.

The observations of this study suggest that, when the P-stress is relieved, the microalgae

first take up high amounts of phosphate from the medium at an increased rate, which is

13
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higher the greater the P deficiency is. On the other hand, the slighter the P deficiency is,

the higher the rate at which biomass is generated.

The highest value for final biomass P content was 2.33%, which indicates that the
biomass capacity to take up phosphate from the medium is probably not exhausted at
that point. As reviewed in section 1, compositions of up to 3.85% P have been reported
before. Therefore, it could be assumed that (through a process of luxury uptake) in a

longer batch, final P content and final biomass concentrations could reach higher values.

3.3. Modeling the phosphate uptake process

The aim of this section is to establish a mathematical expression for modeling the
phosphate uptake process by microalgae. The structure of this expression will consist of
a maximum phosphate uptake rate multiplied by different terms (eq. 5). Each of these
terms includes the effect of a different factor in the phosphate uptake rate: A Monod
term models the effect of phosphate concentration, the Steele function (Steele 1977)
was chosen to model the light influence and a term txpp Will be established to model

the influence of the intracellular P content of the microalgae:

dSpos _ (d5P04) __SPos

I I
a0 o T exp (1 - k_) * Txpp )

max KstSpos ki

where ki is the optimal light intensity (UE-m2-sY) and | is a weighted average light
intensity (LE-m-s'!) which takes into account the reactor’s geometry and the self-
shading factor of the microalgae. | is calculated dividing the reactor into discrete
concentric sections and applying Lambert-Beer’s Law (eq. 6) for calculating a uniform

light for each section.

I =1, -exp(—a-TSS:z) (6)
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where lo is the incident light intensity on the reactor surface (UE-m2-s1), z (m) is the
distance from the reactor surface, TSS are expressed in mgTSS-I* and a is the
microalgal selfshading factor (m?-gTSS™), for which a value of 0.0758 was used in this

study, based on Ketheesan and Nirmalakhandan 2004.

Other factors which were constant during the experiments, such as ammonium
concentration, temperature, salinity or pH of the medium, have not been taken into

account in the kinetic expression.

Since phosphate concentration in the medium was the same at the beginning of each
batch experiment, the Monod phosphate term had a constant value. On the other hand,
since initial phosphate concentration was high (18 mgP-I™t) compared with usual ks
values found in literature for Scenedesmus sp. (0.037-0.124 mgP-1" in Reynolds 2006,
0.0353 mgP-It in Rouzic and Bertru 1997), the Monod phosphate term did not have any
regulating effect over the maximum uptake rate: its value was thus close to one in all

cases. This term will be hereafter considered as constant, and included with

(M) into a single parameter Kvax. Expression (5) then becomes:
dat max

dSpo4

I 1 1 -
22 = Kygax i 0xp (1= 1) - o (mgP-mgTSS™ hr”) ™)

3.3.1. Intracellular P content

The term t4pp IS meant to reproduce the effect of the biomass intracellular P content on
the phosphate uptake rate. Initially, two expressions found in literature and presented in
section 1 were used to reproduce the obtained data: that of Klausmeier and Litchman

2004 (eq. 3), and that of Bougaran et al. 2010 (eq. 4). The combination of them with

15
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equation (6) and (7) gives the following two expressions for modeling the phosphate

uptake rate (eqg. 8 and eq. 9, respectively):

as K ‘Kinh—C(@—qmi Iy-exp(—a-TSS-z) Ip-exp(—a-TSS-z)
PO4 __ HBMax'Kinh (4—qmin)  lo-exp - exp (1 __ lo-€xp (8)
dat d—Amin*Kinn ke; k;
and
dSpos __ Amax—4 Ip-exp(—a-TSS z) Ip-exp(—a-TSS-z)
d - KMax ' — ki * €Xp 1- ki (9)
t Amax—9min i i

Model parameters were determined using the Solver program in Microsoft ® Excel
2007 software for minimizing the residual sum of squared errors between the
experimental data and the model predictions. However, some restrictions had to be
applied in parameters gmax and gmin due to their biological significance. The values
obtained for model parameters are shown in table 2. Fig. 4a shows predicted phosphate
uptake rates using both expressions, represented against intracellular P content, together
with the experimental values. Both model predictions are also represented in fig. 4b
against the experimental values. Statistical analysis was carried out using SPSS 16.1,
which showed, for eq. 8 a Pearson correlation coefficient of 0.929 (P-value < 0.01) and

for eg. 9 a Pearson correlation coefficient of 0.581 (P-value < 0.05).
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The phosphate uptake rate prediction is therefore acceptable using eq. 8 and quite poor
using eg. 9. On the other hand, eq. 8 makes it necessary to calibrate 4 parameters, one

more than eq. 9.

Based on these results, and on the observation of the data obtained as represented in fig.
2, where a fast change in phosphate uptake rate is observed around a certain biomass P
content (0.4 — 0.6 %), Hill equation was proposed for modeling the influence of
intracellular stored phosphorus on the phosphate uptake rate. The resulting full equation

that describes phosphate uptake from the medium is therefore:

dSpos __
a KMax :

kxpp" Io-exp(-a-TSS-z) exp (1 _ Io-exp(—a-TSS-z)) (10)

X n k; k;
kXPPn+( PP XAlg) i i

being Xpp/Xalg the intracellular stored polyphosphate, expressed in gP-g TSS™, kxep
(gP-gTSS™?) the ratio of Xpp/Xalg that leads to a 50% reduction of the maximal uptake
rate (50% effect concentration) and n the regulation coefficient or Hill number. Hill
equation is of a similar nature to the sigmoidal functions used by John and Flynn (2000)
and Flynn (2005) to describe internal P pools dynamics or by Yao et al. (2011) to model
phosphate uptake from the medium. Originally used in enzymology, Hill allosteric
regulation model has previously shown to successfully reproduce the influence of
intracellular P content on the ammonium uptake rate (Ruiz-Martinez et al. 2014). De la
Hoz Siegler et al. (2011) studied its use for N uptake, in order to reproduce his
observations of growth uncoupled from nitrogen uptake and the consequent
accumulation of intracellular nitrogen compounds. Hill equation showed the best fit
among the studied models. However, he concluded that a simpler model like Michaelis-

Menten should be chosen in exchange of a slightly worse fit.
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In this study, the intracellular stored polyphosphate was calculated as the difference
between the total suspended phosphorus (measured) and the P content of the microalgal
structure (constitutional or structural phosphorus, not polyphosphate), which was
considered a constant of the model, ipaig (QP-gTSS™). For ip a1g a value of 0.1% (0.001
gP-gTSS™) was set, which is below the phosphorus total composition at the end of the
experiment (0.0011 gP-gTSS™). It is assumed that at the final point there is nearly no

polyphosphate in the cells.

A local sensitivity analysis of eqg. (10) was performed, setting the initial parameters
values based on previous experience and literature. Sensitivity was calculated as

described in Marsili-Libelli et al. 2001:

_ Ax 'Pjnom

"I APj Xpom

Where Spj is the sensitivity of parameter Pj with respect to the state variable x, which
was, in this case, the average calculated specific phosphate uptake rate. Pjnom is the
parameter nominal value and Xnom is the model response when the nominal parameters
are used. The applied parameter variation (APj) to obtain the test values with which to

calculate Ax was £20% of Pjnom.

The sensitivity analysis gives information about the impact of the parameters into the
response of the model. The results indicate that the biggest influence is exerted by
parameter Kvax, followed by kxpp and ki. Hill number, n, bears the least significance.
This result is however dependent on the initial value of kxpp, due to the shape of Hill
function when represented against Xep/Xaig for different kxep values. This function
takes values close to zero or close to one for most of the spectrum, and values between

zero and one for a narrow range of Xpp/Xaig. How abrupt that change is depends on Hill
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number, n, so it is logical that the influence of this parameter is only detected in a local
sensitivity analysis when the initial values are close to the point where the change takes
place. Therefore, if a sensitivity analysis was performed in specific points of the P
content spectrum (for example, only the first batch experiments, or only the last batch
experiments), the results might be different, since the sensitivity analysis was performed

on the average phosphate uptake calculated for all batch experiments.

Model parameters were determined using the Solver program in Microsoft ® Excel
2007 software for minimizing the residual sum of squared errors between the
experimental data and the model predictions. The best fit obtained for the parameters is

shown in table 3.

The proposed model accurately reproduces the experimental data (figs. 5a and 5b).
Pearson correlation coefficient (P-value < 0.01) was 0.971. These results clearly
improve those obtained with eq. 9. The advantages with respect to eq. 8 are two: a better

fit and one parameter less which needs to be calibrated.

Literature ki values vary in a wide range between 20 and 500 W-m (Broekhuizen et al.
2012 and Reichert et al. 2001, respectively), in which the value obtained in this study of
180 pumol-m?-st would be included. Regarding kxep, 0.5% is the value for P content
around which phosphate uptake rate is 50% of its maximum. The value obtained for
maximum phosphate uptake is 8 mgP-gTSS™-h%, which is also in agreement with the
fact that the highest obtained value in the experiment was 6.90 mgP-gTSS™*-ht, being
Monod and Hill term for that batch experiment almost one and the light influence term

0.85.
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4. CONCLUSIONS

A Scenedesmus sp. culture was progressively deprived from phosphorus and, as a
consequence, phosphate uptake rate rose. Equations found in literature reproduce the
obtained data moderately good. A new expression was proposed, which includes a
Steele term for modeling the light influence and Hill equation for modeling the
influence of the biomass phosphorus content. The presented model improved the
accuracy obtained and decreased the number of parameters needed. It can be used for
phosphate removal rate prediction based on the microalgal composition, and thus it
represents a useful tool for designing and simulating wastewater treatment systems

using microalgal cultures.
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FIGURE LEGENDS

Fig. 1: a-h) Phosphate concentration in the medium during the batch experiments. Initial
values can be fitted to a straight line in all cases, being the slope of this line the

phosphate removal rate (mgPO4-P-I1-h™).

Fig. 2: Specific phosphate uptake rate of the Scenedesmus sp. culture plotted against
their intracellular P content. Empty dots correspond to the batch experiments with initial
P content below 0.40%. Suspended solids in the batch reactors were higher at that point

(last days of experiment).

Fig. 3: Dependence between biomass yield on phosphorus and initial polyphosphate

content of the cells.

Fig. 4: a) Experimental values of phosphate uptake rate together with model predictions,
using eq. 8 (empty squares) and eq. 9 (full squares); b) Parity chart for phosphate uptake
rate: rates according to eq. 8 (empty squares) and eq. 9 (full squares) versus

experimental values.

Fig. 5: a) calculated (eg. 10) and observed phosphate uptake rates plotted together vs
initial %P content; b) calculated phosphate uptake rates (eg. 10) plotted vs observed

phosphate uptake rates.
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523 TABLES

524  Table 1: Initial %P for each batch, together with the measured initial biomass

525  concentration.

ex;?E:]ent DaY of initial %P 1 el TS?
umber experiment (mgP-mgTSS™)  (mgTSS-17)
1 1 1.47% 486
> 2 1.25% 421
3 3 1.04% 360
1 7 0.90% 358
5 8 0.95% 414
5 9 1.29% 357
v 11 0.36% 285
3 14 0.51% 264
9 15 0.53% 262
10 17 0.76% 398
11 18 0.53% 321
1 19 0.26% 229
13 29 0.49% 552
14 30 0.57% 424
15 34 0.30% 552
16 35 0.26% 500
17 41 0.18% 655
18 45 0.11% 566

526

527



528  Table 2: Obtained parameters for eq. 8 and 9

Kmax L . ki (max Qmin Kinh
(mgP:mlg)TSS (mlgz rSoF) (MgP-mgTSSY) (mgP-mgTSS?) (mgP-mgTssy) — °
(Klai(irr?ei o) 0.01 139.4 0.10% 0.36%  0.00264
(Boqug'aaan) 0.005 29.6 1.47% 0.10%
529
530
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531  Table 3: Parameter sensitivity for eq. 10 and best fit obtained

Parameter Sensitivity ~ Best fit value
Kyrax (MgP-ht-mgTSS?) 1 0.008
kxep (gP-gTSS™?) 0.733 0.51%
Ki (ULE-m2-st) 0.626 180
n 0.006 3.2

532
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