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Abstract: Determination of the dynamics between microalgae and bacteria in pig farming biogas
digestate is vital for a consistent and reliable application towards sustainable wastewater treatment
and biofuel production. This study assesses the reliability of using physicochemical parameters as
indicators for the rapid evaluation of microalgal bacterial dynamics in real digestate under impacts of
light, nutrient loads, and N:P ratios. The relationship between variation profiles of nutrients, biomass
and physicochemical properties in each experiment was analyzed. High light and high nutrient
load enhanced biomass growth and nutrient removal rate. Ammonium addition (high N:P ratio)
elevated NH3 level which inhibited the growth of microalgae, subsequently reducing the biomass
growth and nutrient removal. Low N:P ratio triggered the accumulation of phosphorus and the
growth of chlorophyll-a but exerted little influence on treatment. Variation profiles of dissolved
oxygen, nutrient and biomass were highly consistent in every experiment allowing us to identify the
shift from microalgal to bacterial predomination under unfavorable conditions including low light
intensity and high N:P ratio. Strong linear correlation was also found between total nitrogen removal
and electrical conductivity (R2 = 0.9754). The results show the great potential of rapid evaluation of
microalgal bacterial dynamics for large scale system optimization and modelling.

Keywords: biomass production; microalgal bacterial dynamics; pig farming biogas digestate;
physicochemical parameters; wastewater treatment

1. Introduction

Wastewater from pig farming has become a serious environmental threat in many
developing countries. In the East and Southeast Asian regions, pig farming consumes
88.0% of the total livestock water requirement and emits significant amounts of nutrients to
water systems, posing a considerable risk of eutrophication [1]. Ineffective management,
especially in small-scale pig farming, has resulted in discernible nutrient surpluses ranging
from 48 to 75 g N kg−1 pork and 4 to 9 g P kg−1 pork for nitrogen (N) and phosphorous
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(P), respectively [2]. In small-scale pig farming, biogas digesters are used as the only
wastewater treatment method prior to environment discharge [3]. Due to its inefficient
treatment, digestate released from biogas digesters contain high levels of nutrients, up to
698–3355 mg N L−1 of total nitrogen (TN) and 14.4–107.8 mg P L−1 of total phosphorus
(TP) [4]. This nutrient-rich biogas digestate can be a cause of eutrophication but at the same
time a source of nutrients to grow microalgae for biofuel production [5,6].

The use of microalgal biomass as energy-rich material for biofuel production has been
widely recognized [7]. In comparison with other conventional energy crops, microalgae
showed competitive advantages such as year-round production with high areal productiv-
ities (20–33 t ha−1 yr−1), cultivation in non-arable land as well as low land requirement,
and high lipid (4–35%) or carbohydrate (15–64%) accumulation thus resulting to high
biofuel yield (24–137 m3 ha−1 yr−1) [8]. The role of microalgae in wastewater treatment
has also long been acknowledged [9,10] especially in tertiary treatment systems such as
waste stabilization and aerobic ponds [11]. Via symbiotic cooperation with bacteria in
wastewater, microalgae consumes and hence enhances the removal of nutrients in tandem
with pathogens [12] and heavy metals [13]. During photosynthesis, microalgae offer oxygen
to heterotrophic bacteria to oxidize organic pollutants while using carbon dioxide released
from aerobic respiration, thus reducing the energy consumption and pollutant volatilization
risk of the wastewater treatment process [10]. In other words, microalgae help improve the
wastewater treatment efficiency. In this context, microalgae have been deployed in many
wastewater treatment systems for the dual purposes of enhanced treatment efficiency and
biomass production to underpin sustainable biofuels production [14].

In combined microalgae wastewater treatment processes, the harmonious interactions
between microalgae and bacteria play a vital role. On one hand, the cooperation between
microalgae and bacteria enhances microbial growth and hence the process performance [15].
It has been indicated that synergistic symbiosis between microalgae and bacteria in raw
pig farming wastewater could increase the biomass concentration from 33.3% to 72.2%,
therefore elevating NH4

+-N and PO4
3−-P removal efficiencies from 12.8% and 35.7% to

99.5% and 96.1%, respectively, comparing to axenic algal cultures [16]. The incorporation
between those micro-organisms has also improved the settling ability of algal biomass, thus
facilitating its harvest [17]. On the other hand, algal bacterial interactions in wastewater
are highly dynamic and susceptible to external factors. For example, nutrient concentration
and grazer were reported as the main causes (accounting for 80%) of variation in algal
community structure in outdoor cultivation [18]. Rapid turnover (typically less than
one week) in algal population structure and number of cells has also been observed in
laboratory photobioreactors [19]. Notably, the relative amount of microalgae versus bacteria
in wastewater could impact the system performance and the growth of algal biomass [20,21].
Therefore, monitoring the dynamics between microalgae and bacteria in wastewater is
crucial for a consistent and reliable system in real applications regarding wastewater
treatment and biomass production. Recent studies on combined microalgae wastewater
treatment, however, have mainly focused on removal of different pollutants or general
biomass production while little attention has been paid to the dynamics of microalgae and
bacteria in wastewater.

Using mathematical models has been one approach to understanding the dynamics be-
tween microalgae and bacteria in combined microalgae wastewater treatment [22]. Recent
models that comprise basic physical and biokinetic parameters have successfully simulated
the growth of microalgae and bacteria in wastewater whereby complex interactions be-
tween nutrient amount, dissolved oxygen (DO), pH, and microbial biomass occur [23,24].
Despite these achievements, more efforts are required to improve the simulation in terms
of hydrodynamics and light attenuation or gas transfer in the algal bacterial system, and to
provide more comprehensive experimental data on real combined microalgae wastewater
treatment [25].

The other approach to studying algal–bacterial dynamics relies on experimental data
obtained in respirometers inoculated with microalgae and bacteria [26]. Under strictly
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controlled conditions, the impacts of light intensity, temperature, or nutrient sources on the
growth of microalgae and bacteria can be quantified accurately [27]. This approach provides
an independent measurement of biological activity of microalgae and bacteria and hence
overcomes the uncertainty derived from model calibration without reliable experimental
data [28]. However, it exhibits limited applicability in real combined microalgae wastewater
treatment systems due to its rigorous requirements for controlling external factors.

Constant monitoring of physicochemical parameters including dissolved oxygen
(DO), pH, or oxidation-reduction potential (ORP) has shown great potential in the real-time
control of the bioprocesses in wastewater treatment facilities [29]. Via analysis of the link
between nutrient variation profiles and the profiles variation of DO, pH and ORP, it has
been pointed out that the treatment processes could be followed with high accuracy by
monitoring those indirect parameters [30]. In systems employing microalgae and bacteria,
until recently, the potential of using DO and pH variation profiles for monitoring treatment
performance has been investigated [31]. It has also been reported that complete removal
of ammonium in the reactor could be detected via a sudden sharp increase in both DO
and pH profiles (known as a DO breakpoint or an Ammonia valley, respectively) while
the appearance of high peaks in DO, pH and ORP profiles under maximum irradiance
suggested the end of a treatment cycle due to the complete removal of Chemical Oxygen
Demand (COD) and Total Kjeldahl Nitrogen (TKN) [32]. In terms of microalgal bacteria
dynamics evaluation, a recent study has indicated that constant monitoring of DO in
open raceway ponds allowed the calculation of the general oxygen production rate (OPR)
and oxygen uptake rate (OUR) which have direct links to the growth of microalgae and
bacteria in wastewater [33]. Nevertheless, the evaluation of microalgal bacterial dynamics in
wastewater using physicochemical parameters still requires further investigation, especially
under the impacts of crucial factors on their growth such as nutrient concentration, light
intensity or N:P ratio [12].

This study aims to investigate the use of physicochemical parameters including DO,
pH and Electrical Conductivity (EC) for evaluating the dynamics between microalgae and
bacteria in real pig farming biogas digestate under the impacts of light intensity, nutrient
concentration and N:P ratio. For this purpose, lab-scale experiments were carried out
using batch reactor inoculated with axenic microalgae and digestate from a pig farming
biogas reactor. Relationship between wastewater characteristics, biomass growth and
profiles of DO, pH and EC were analyzed to provide insight into the interactions between
microalgae and bacteria and shed light on the reliability of the physicochemical parameters
as indicators for microalgal bacterial dynamics evaluation under these conditions.

2. Materials and Methods

Laboratory scale experiments were conducted under different conditions of light
intensity, nutrient concentration and N:P ratio. In previous studies on the application of
microalgae in wastewater treatment, real wastewater was commonly used as bacterial
inoculum and nutrient supply [34]. This approach allows for the study of the interac-
tions between microalgae, bacteria and wastewater under similar conditions to real cases.
Therefore, real pig-farming biogas digestate was used in this study.

2.1. Biogas Digestate and Microalgae Inoculation

The digestate was collected at the outlet of an underground biogas digester receiving
waste from a household pig farm located in Yen So Commune, Hoai Duc District, Hanoi,
Vietnam. After collection, the digestate was settled overnight and then filtered with filter
paper (pore size of 20–25 µm) to remove large, suspended matters while remaining its
major bacterial community. The filtered digestate was then used as cultural medium
for microalgae and as bacterial inoculum. To achieve different nutrient loads for the
experiments, the filtered digestate was diluted with tap water. The initial characteristics of
the raw and the 5- and 10-times diluted filtered digestate are provided in Table 1.
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Table 1. Initial characteristics (average with standard deviation) of filtered biogas digestate and its
diluted wastewater (X5 and X10 stand for 5- and 10- times dilution, respectively) used in this study.

Parameters Filtered Wastewater X5 X10

COD (mg COD L−1) 1173.3 ± 200.6 166 ± 31.1 93.5 ± 2.1
TN (mg N L−1) 777.2 ± 103.8 167.9 ± 5.8 80.3 ± 12.7

NH4
+-N (mg N L−1) 625.3 ± 174.1 120.7 ± 39.5 67.8 ± 28.1

NO2
−-N (mg N L−1) 0.16 ± 0.03 0.18 ± 0.05 0.16 ± 0.08

NO3
−-N (mg N L−1) 0.19 ± 0.24 5.4 ± 1.2 6.9 ± 1.3

TP (mg P L−1) 35.9 ± 6.0 6.9 ± 2.4 3.9 ± 1.2
PO4

3−-P (mg P L−1) 25.8 ± 5.6 3.5 ± 0.3 2.7 ± 0.9
TSS (mg L−1) 369.8 ± 141.6 77.0 ± 38.2 44.3 ± 31.6

Microalgae Chlorella vulgaris has been widely recognized due to its adaptability to
different wastewater types and hence recommended in systems combining wastewater
treatment and biofuel production [7]. In this study, the axenic strain Chlorella vulgaris
obtained from the Department of Environmental Hydrobiology, Institute of Environmental
Technology, Vietnam Academy of Science and Technology, Hanoi, Vietnam was used as
microalgal inoculum. The Chlorella vulgaris was enriched in CB medium to reach the
stationary growth phase with biomass concentration of 66.0 ± 16.1 mg L−1 before use in
all experiments.

2.2. Experimental Setup

Each experiment was conducted in a 5 L glass cylindrical beaker (26.5 cm of height
and 18 cm of diameter, Bomex, Shanghai, China) with a working volume of 4.5 L (Figure 1).
All experiments were operated in batch mode for 14 days under laboratory condition with
temperature of 27.3 ± 2.9 ◦C. This temperature level is close to the optimal range (28–35 ◦C)
for algal growth [35], ensuring minor adverse impacts on the experiments. Proper mixing
was ensured by a magnetic stirrer at 400 rpm without mechanical aeration, allowing materials
to be evenly distributed in the beaker, avoiding negative impact of stagnant zone. Constant
illumination was obtained from 12 cool white light LEDs (LED Hard Tube Strip 2835 SMD
220 V, 6500 K, Hanoi, Vietnam) positioned 10 cm away from the beakers in vertical direction
(Figure 1). Light intensity was controlled by plugging a fixed number of LEDs. A photoperiod
of 14 h light:10 h dark was applied in every experiment, which was suggested to improve
microalgal growth [36]. Two levels of light intensity were applied including 12.7 ± 3.1 and
5.9 ± 2.5 µE s−1 m−2 for high and low levels (p value < 0.05), respectively. Although the light
intensities applied in this study were at low level comparing to other studies [37], positive
impact of low light level on increasing microalgal chlorophyll content was suggested [38].
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Different nutrient loads were applied by diluting filtered digestate with tap water at
various ratios (Table 2). For each experiment, 1 L of axenic culture microalgae was mixed
with 0.8 L or 0.4 L of filtered digestate and then 2.2 L or 2.6 L tap water to obtain 5- or
10-times diluted digestate, respectively. Besides light intensity and nutrient load, the impact
of extreme N:P ratios in the digestate on the dynamics of microalgae and bacteria was
also studied. Desired ratios of N:P were achieved by modifying the level of NH4

+-N or
PO4

3−-P in a reactor, which are the most dominant form of N and P in pig farming biogas
digestate [4]. At the beginning of the experiment, 3.06 g L−1 of NH4Cl (200 mg N L−1 of
NH4

+-N) (99.8%, Merck, Germany) or 0.26 g L−1 of KH2PO4 (15 mg P L−1 of PO4
3−-P)

(99.5%, Merck, Germany) were added to each reactor. Both chemicals were commonly used
as nitrogen [39] and phosphorus [40] sources for culturing microalgae, respectively. As a
result, the N:P ratio was modified from an original value of 22.1 ± 3.4, within the optimal
range of 10–30 for algal growth [12] to a high value of 53.2 and a low value of 4.2, indicating
phosphorus and nitrogen limitations, respectively. Overall, in this study, 6 experiments
were conducted in 3 stages (Table 2), in which two experiments with different nutrient
loads or N:P ratios were conducted while light intensity remained constant.

Table 2. Operational characteristics of different experiments.

Stage Name Light Intensity (µE s−1 m−2) N:P Ratio Nutrient Load (Dilution)

1
HL.X5 High (12.7 ± 3.1) 22.1 ± 3.4 High (x5)

HL.X10 High (12.7 ± 3.1) 22.1 ± 3.4 Low (x10)

2
LL.X5 Low (5.9 ± 2.5) 22.1 ± 3.4 High (x5)
LL.X10 Low (5.9 ± 2.5) 22.1 ± 3.4 Low (x10)

3
HL.X10.N High (12.7 ± 3.1) High (53.2) Low (x10)
HL.X10.P High (12.7 ± 3.1) Low (4.2) Low (x10)

2.3. Sample Collection and Analytical Procedure

Sample collection was performed every working day to assess the treatment perfor-
mance of microalgae and bacteria and obtain the variation profile of nutrient and biomass
in each experiment. At 9 a.m., a volume of 100 mL of well mixed liquid was drawn from
the beaker, filtered by nitrate cellulose filters paper of 0.45 µm porosity and analyzed for
ammonium nitrogen (NH4

+-N) (manual spectrometric method, ISO 7150-1:1984), nitrate
nitrogen (NO3

−-N) (spectrometric method using sulfosalicylic acid, ISO 7890-3:1988), ni-
trite nitrogen (NO2

−-N) (molecular absorption spectrometric method, ISO 6777:1984) and
orthophosphate (PO4

3−-P) (ammonium molybdate spectrometric method, ISO 6878:2004).
Chemical oxygen demand (COD) (colorimetric method, SMEWW 5220D:2012), total nitro-
gen (TN) (catalytic digestion after reduction with Devarda’s alloy method, ISO 10048:1991)
and total phosphorus (TP) (ascorbic acid method, SMEWW 4500P C:2012) were analyzed
every 2 days (3 times per week). The growth of microalgae and bacteria in digestate was
followed everyday by a measure of the total suspended solids (TSS) (ISO 11923:1997) and
chlorophyll-a (Chl-a) following spectrophotometric method [41].

Variation profile of dissolved oxygen (DO), pH, electrical conductivity (EC), and water
temperature were obtained by recording data every 30 s at the middle point of the beaker
along vertical direction using a multiparameter meter (HI98194, Hanna Instruments, Hun-
gary). The probes were positioned on one side to avoid biomass clogging and obstruction
to the flow due to agitation (Figure 1).

2.4. Sample Collection and Analytical Procedure

Digestate treatment performance was evaluated by the efficiency and the rate of
nutrient removal using the following equations:

R%,t =

(
C0 − Ct

C0

)
× 100% (1)
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Rt =
C0 − Ct

t − t0
(2)

where R%,t and Rt are removal efficiency (%) and removal rate (mg L−1 d−1) at time t,
respectively; C0 and Ct are material concentration in the mixed liquor expressed in mg L−1

at initial time t0 and at time t (day).
To assess the growth of microalgae and bacteria, the production rate of biomass was

calculated (3). The biomass of microalgae could be estimated (4) by assuming that the algal
biomass has constant chlorophyll-a content of 1.5% of the dry weight [42]:

Pt =
Xt − X0

t − t0
(3)

Xalg= CChl-a ×100/1.5 (4)

where Pt is the biomass production rate (mg biomass L−1 d−1) at time t; Xt and X0 are biomass
concentration (mg biomass L−1) at time t and initial time t0, respectively. Xalg is the algal
biomass corresponding to the concentration of Chl-a, denoted as CChl-a (mg Chl-a L−1).

The recorded DO profile in each experiment was used to evaluate dynamics between
microalgae and bacteria in terms of their activities in the digestate. The observed DO
dynamics in the reactor with (5) and without light (6) can be generally described as:

dO2,light

dt
= OTR − OUR + OPR (5)

dO2,dark

dt
= OTR − OUR (6)

where oxygen transfer rate (OTR), oxygen uptake rates (OUR), and oxygen production
rates (OPR) stand for oxygen transfer, uptake, and production rates, respectively, in light
and dark conditions expressed in mg O2 L−1 d−1.

The OTR equals the product between the volumetric mass transfer coefficient (kLa)
and the difference between measured and the saturation level of DO in water [43]. Since
kLa is specific for each system as well as operational condition, in this study, the kLa value
of 8.1 (1 d−1) was measured following dynamic method [44] in the same beaker under the
same operational conditions (agitation, temperature, etc.). Hence the OTR corresponding
to each value of DO recorded was calculated accordingly.

Data statistical analysis was performed using R software. Pearson’s correlation analy-
sis was applied to explore correlation between two parameters. The difference between
data obtained from various experiments was determined to evaluate the impact of the spe-
cific operational conditions on algal bacterial dynamics. The comparison of two data sets
started with normal distribution determination using the Shapiro–Wilk test and then the
homoscedasticity evaluation by Fisher–Snedecor test. In case of normal distribution, either
the Student t-test or the Welch test was applied for equal or unequal variances, respectively.
Otherwise, the Mann–Whitney–Wilcoxon test was used. For multiple dataset comparison,
normally distributed datasets were determined for homoscedasticity by the Bartlett test.
Then significant differences were analyzed using the Analysis of Variance (ANOVA) or
ANOVA-Welch correction for equal or unequal variances, respectively, followed by pair-
wise t-test. Otherwise, the Kruskal–Wallis test followed by Pairwise Wilcoxon Rank Sum
Tests was used. All tests were applied with the threshold value of 0.05. Mean values were
presented with standard deviations. Nutrient and biomass concentration variations were
presented with measurement errors.

3. Results and Discussion

Data on wastewater characteristics, biomass and physicochemical were obtained for
each experiment. The link between those data were analyzed to reveal the dynamics
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of microalgae and bacteria and the reliability of using physical chemical parameters as
indicators for rapid evaluation of the dynamics.

3.1. Evaluation of the Microalgal Bacterial Dynamics under the Impacts of Light and Nutrient Load

The general assessment of the main processes governing treatment performance of
microalgae and bacteria under different light intensities and nutrient concentrations was
made. The link between profiles variation of physical chemical parameters and nutrient as
well as biomass of microalgae and bacteria were evaluated.

3.1.1. General Assessment of the Main Processes Governing Treatment Performance

In this study, all experiments were conducted in batch mode, allowing us to obtain
the global removal efficiency and removal rate of major pollutants in pig farming digestate
under different light intensities and nutrient loads (Table 3). All experiments showed
good levels of treatment both in terms of nutrient removal rates (TN and TP removal
rate of 3.4–12.2 mg N L−1 d−1 and 0.17–0.52 mg P L−1 d−1, respectively) and nutrient
removal efficiencies (TN and TP removal of 61.3–92.2% and 71.8–82.4%, respectively). The
results achieved in this study are comparable to those reported in similar work employing
microalgae Chlorella vulgaris cultivated in 10-fold diluted pig farming digestate treatment
with 88% (4.8 mg N L−1 d−1) of TN removal and 81% (0.7 mg P L−1 d−1) of TP removal [45].

Table 3. Treatment performance including removal rate and removal efficiency under the impacts of
light and nutrient load.

Parameters HL.X5 HL.X10 LL.X5 LL.X10

COD removal
Rate (mg L−1 d−1) 6.8 4.6 4.0 3.8

Efficiency (%) 46.8 65.2 36.1 51.6

TN removal
Rate (mg L−1 d−1) 12.2 6.0 9.5 3.4

Efficiency (%) 92.2 87.8 75.5 61.3

NH4
+-N removal

Rate (mg L−1 d−1) 11.4 7.3 13.2 6.8
Efficiency (%) 100 100 100 99.2

TP removal
Rate (mg L−1 d−1) 0.52 0.30 0.33 0.17

Efficiency (%) 78.7 81.2 82.4 71.8

PO4
3−-P removal

Rate (mg L−1 d−1) 0.23 0.25 0.22 0.10
Efficiency (%) 79.9 97.4 86.1 65.1

Light intensity and nutrient load exhibited positive impacts on algal bacterial nutrient
removal which increased removal rates (Table 3). It has been indicated that in treatment
systems using microalgae and bacteria, removal of nutrients such as N and P mainly rely
on algal processes while COD reduction is due to bacterial oxidation [46]. Hence, increase
in illumination, followed by improved algal activities, could enhance nutrients removal
in the system. This impact was clearly observed in TN and TP removal as TN and TP
removal rates increasing from 3.4 (9.5) to 6.0 (12.2) mg N L−1 d−1 and from 0.17 (0.33) to
0.30 (0.52) mg P L−1 d−1 for low (high) nutrient load, respectively. Similar results have
been reported earlier showing positive link between light intensity and nutrients uptake
by six freshwater diatoms [47]. Other results on the performance of Chlorella vulgaris
in wastewater under various light intensities also show an increase in removal rate from
10.58 ± 1.02 to 17.31 ± 0.38 mg N L−1 d−1 and from 1.17 ± 0.09 to 1.31 ± 0.15 mg P L−1 d−1

of N and P removals, respectively, when rising light intensity from 36 to 180 µE m−2 s−1 [36].
Higher nutrient removal rates achieved in 5-times diluted digestate suggested good

adaptation of Chlorella vulgaris in this wastewater. It has been earlier reported that higher
nutrient load resulted in an improved performance of microalgae under favorable environ-
mental conditions (i.e., during summer) [48]. However, more concentrated nutrient level
in the 5-times diluted digestate could require longer time for complete removal and thus
lead to lower removal efficiencies (Table 3). The same conclusion has been made in a study
using Chlorella vulgaris for pig farming wastewater treatment under various dilution rates
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that the highest biomass growth was achieved under the most concentrated wastewater
(5-fold dilution) but the highest removal efficiencies were obtained under 20-fold diluted
wastewater (39.6% and 91.3% of nitrogen removal efficiency for 5-fold and 20-fold dilution
ratios, respectively) [49].

The impacts of light intensity and nutrient load on removal of COD followed a similar
pattern in which higher levels of those factors improved COD removal rate while lower
concentration of digestate resulted in higher removal efficiencies (Table 3). COD removal
efficiencies in this study were generally from low to adequate levels compared to the range
of 60.5–70.2% reported in an earlier study [49], suggesting the dominant role of microalgae
in treatment performance and hence longer retention time would be required for enhanced
bacterial removal efficiency of organic matter.

Global evaluation of physicochemical data can also provide additional information
on the main processes of microalgae and bacteria in digestate and the average values of
those parameters are summarized in Table 4. In an algal bacterial system, high levels of
DO and pH indicate good photosynthesis of microalgae [35] which was the case in this
study. Adequate values of oxygen (4.2–6.2 mg O2 L−1) and pH (8.6–9.1) were maintained
during all experiments that are comparable with the typical range (5.6–9.7 mg O2 L−1 of
DO and 7.2–8.4 of pH) reported by literature on the same topic [18,50,51]. The results are
in agreement with good treatment performance and thus support the predominance of
microalgae suggested above. However, no significant difference was found between DO
and pH levels obtained in the four experiments (p values > 0.05). This was contrary to
the positive correlation between daily DO values and nutrient concentrations as well as
light intensity reported in another study [52]. Therefore, analysis of the link between those
parameters should be established based on daily data which are discussed later.

Table 4. Average values of physicochemical parameters (with standard deviations) and biomass
production rate under the impacts of light and nutrient load.

Experiments DO (mg L−1) pH EC (µS cm−1) TSS Production Rate
(mg L−1 d−1)

Microalgal Production
Rate (mg L−1 d−1)

HL.X5 5.2 ± 3.3 9.1 ± 0.3 1725.8 ± 395.1 20.6 14.9
HL.X10 6.2 ± 2.6 9.0 ± 0.4 996.4 ± 215.5 19.8 9.2
LL.X5 5.3 ± 2.7 8.9 ± 0.9 1390.0 ± 275.9 18.3 7.9

LL.X10 4.2 ± 3.8 8.6 ± 0.7 836.2 ± 137.2 15.5 7.1

A clear relationship between nutrient loads and their EC levels was recorded with
higher nutrient load resulting to higher values of EC (p values < 0.05) while no significant
difference was found between EC levels with different light intensities (p values > 0.05)
(Table 4). Electrical conductivity (EC) has been earlier recognized as a crucial parameter
for monitoring pollutant concentrations in wastewater [53]. It has been reported that EC
showed linear correlation to the concentration of various pollutants including diclofenac,
propranolol, ibuprofen or atenolol in wastewater with high coefficient values (r) from
0.781 to 0.908 [54]. In an algal bacterial system, EC also exhibited strong correlation
with the reduction of Escherichia coli by Chlorella vulgaris [55] as well as with the growth
of microalgae in sewage water [56]. Further correlation analysis between EC variation
profile and nutrient concentration as well as biomass growth under the impact of different
conditions is addressed in the following section.

The growth of microalgal bacterial biomass was assessed in terms of TSS production
while at the same time, the productivity of microalgae was evaluated based on Chl-a pro-
duction rate in each experiment (Table 4). Biomass production rates obtained in this study
with diluted digestate were 15.5–20.6 mg L−1 d−1 with corresponding algal production
of 7.1–14.9 mg L−1 d−1. The results are comparable to the range of 5.3–18.5 mg L−1 d−1

reported by various studies on similar conditions [19,57]. The favorable effect of high
light intensity and nutrient load on the growth of microalgae was observed by higher
growth rates of 14.9/9.2 mg L−1 d−1 (in HL.X5/HL.X10, respectively) comparing to
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7.9/7.1 mg L−1 d−1 (in LL.X5/LL.X10, respectively). In addition, microalgal bacterial
biomass also increased accordingly from 18.3/15.5 mg L−1 d−1 (LL.X5/LL.X10, respec-
tively) to 20.6/19.8 mg L−1 d−1 (in HL.X5/HL.X10, respectively), confirming the positive
and dominant role of microalgae in the biogas digestate treatment. Consequently, enhanced
growth of microalgae as well as total biomass resulted in the improvement of treatment
performance as discussed above.

3.1.2. Assessment of the Treatment Process Dynamics between Microalgae and Bacteria

Further evaluation on the dynamics of treatment processes of microalgae and bacteria
in pig-farming digestate was achieved via analysis of the profile variation of nutrient con-
centrations (Figures 2 and 3) in the reactor. The main form of nitrogen in pig farming biogas
digestate used in this study was NH4

+-N, accounting for 56.6–98.2% of TN with low levels
of NO2

−-N and NO3
−-N (2.9–8.9% of TN) (Figure 2), which is typical for this wastewater

type [4]. Therefore, complete removal of nitrogen in the digestate would link directly to the
reduction of NH4

+-N via bacterial nitrification and subsequently denitrification processes
or via microalgal cellular uptake as well as NH3 gas stripping [42]. As can be noticed in
experiments under high light intensity (HL.X5 and HL.X10), the concentrations of NH4

+-N
as well as TN gradually decreased throughout the entire period (Figure 2a,b), respectively)
suggesting the main removal mechanisms of TN in this case could be NH4

+-N cellular up-
take and/or NH3 stripping. Moreover, the low levels of NO2

−-N and NO3
−-N maintained

at the same time indicates low level of nitrification. In addition, with a constantly high level
of oxygen (Table 4) detected in the reactors (5.2 ± 3.3 and 6.2 ± 2.6 mg O2 L−1 in HL.X5 and
HL.X10, respectively), the dominant condition would be aerobic and hence denitrification
was unfavorable. Another study cultivating Chlorella vulgaris in pig-farming wastewater
showed similar nitrogen variation patterns with both TN and NH4

+-N decreasing during
the experiment indicating ammonium incorporation in the microalgal cell as the main
removal mechanism [58].

On the other hand, nitrogen removal of microalgae and bacteria followed a different
pattern under low light intensity (LL.X5 and LL.X10 as shown in Figure 2c,d, respectively).
During the first week, NH4

+-N was effectively reduced to a minor level while TN con-
centration also decreased accordingly accounting for 62.6% and 57.6% of TN removed
for LL.X5 and LL.X10, respectively. However, as NO2

−-N started to increase at the end
of the first week and maintained a significant level during the second half of the experi-
ments, the TN removal efficiencies during this period were at low levels (12.9% and 3.7%
for LL.X5 and LL.X10, respectively). Results obtained at the first half of the experiments
follow a similar trend observed under high light intensity in which nitrogen uptake as
well as ammonia gas stripping were possibly the dominant processes. In contrary, high
levels of nitrite maintained during the second half of the experiments (46.4 ± 7.9 and
19.2 ± 3.0 mg N L−1 for LL.X5 and LL.X10, respectively) suggest the significant role of
nitrification in the reactors. It has been indicated earlier that ammonia-oxidizing bacteria
(AOB), responsible for the first step of nitrification, have shorter generation time and hence
are able to increase quickly in numbers compared with nitrite-oxidizing bacteria (NOB) [59].
The difference between their growth rates could directly affect the nitrification process, for
instance in the high level of nitrite a in reactor during start-up period. A similar result was
observed in a raceway pond employing microalgae and activated sludge for wastewater
treatment in which high concentration of NO2

−-N was detected at the effluent during the
first three weeks of the operation before being replaced by NO3

−-N form [33]. As with the
experiments conducted under low light intensity, light penetration into the bulk solution
inside reactors was reduced, especially with the increase of algal bacterial biomass. Light
intensity penetrated into the mixed liquid could decrease 44.1% after 2 cm of water depth
at the microalgal concentration of 70 mg L−1 and increase to 64.7% of reduction at higher
concentration of 180 mg L−1 [60]. As a consequence, insufficient light at the second half of
the experiments might inhibit algal activities, allowing nitrifying bacteria to thrive.
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The concentration of phosphorus (Figure 3a,d) in all experiments followed similar
patterns with a gradual reduction of TP concentration throughout the entire period regard-
less of the light intensities or nutrient loads applied. In algal bacterial treatment systems,
the two main mechanisms of removing phosphorus are cellular accumulation and phos-
phorus precipitation at high pH level (higher than pH 9) [61]. In this study, the average
pH levels recorded in HL.X5, HL.X10, LL.X5 and LL.X10 experiments were 9.1, 9.0, 8.9
and 8.6, respectively (Table 4) suggesting a low contribution of phosphorus removal via
precipitation, leaving microbial uptake as the potential dominant process. Moreover, the
N:P ratio of the digestate used in this study was 22.1 ± 3.4 (mg N mg−1 P), within the
optimal range for microalgal growth [12] which confirms the dominant role of phosphorus
cellular accumulation as nitrogen was also quickly consumed, especially at high light
intensity. At the end of these experiments, the remaining phosphorus concentrations in
digestate were at low levels of 1.8, 0.9, 0.9 and 0.9 mg P L−1 of TP for HL.X5, HL.X10, LL.X5
and LL.X10 experiments, respectively.
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3.1.3. Microalgal Bacterial Dynamics Assessment under the Impacts of Light and Nutrient Load

Biomass evolution during the experiment (Figure 4) was used to assess the impacts
of light intensity and nutrient load on the dynamics between microalgae and bacteria in
pig-farming digestate. Under the condition of high light intensity, microalgae showed a
continuous growth throughout two weeks of the experiments (HL.X5 and HL.X10) except
for a short lag time at the beginning and the last three days where algal growth ceased
(stable at 205.7 ± 16.3 and 121.7 ± 9.0 mg L−1 of HL.X5 and HL.X10, respectively), pos-
sibly due to low nitrogen and phosphorus concentration (Figure 2a,b and Figure 3a,b,
respectively). In these experiments, microalgal biomass accounted for 56.5 ± 14.5% and
52.4 ± 10.6% (of HL.X5 and HL.X10, respectively) of total biomass, suggesting a domi-
nant contribution in biomass production as well as reconfirming its role in nutrient re-
moval. Similar proportion of 55.6% microalgae in the algal bacterial biomass has also
been reported in another system treating domestic wastewater [62]. As indicated above,
decrease in light intensity resulted in lower growth of microalgae and hence the global
treatment performance of the system. This conclusion was further confirmed by lower algal
growth observed in LL.X5 and LL.X10 experiments with algal biomass only contributed
42.3 ± 13.1% and 45.3 ± 6.5% of total biomass, respectively (p values < 0.05). Adequate
growth of microalgae was noticed during the first half of LL.X5 and LL.X10 experiment
with average productivities of 13.2 and 8.5 mg L−1 d−1, reaching 96.6 and 64.3 mg L−1 on
the 7th day, respectively. Concentrations of microalgae then stabled around 110.2 ± 9.7 and
80.2 ± 8.4 mg L−1, respectively during the second half of the experiments. The results are
highly consistent with the conclusion made above on the change in predominance from
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microalgae to bacterial based on nutrient variation profiles. Notably, nutrient load variation
due to different digestate dilution rates show insignificant difference in microalgal contents
of the total biomass (p values > 0.05).
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Continuous recording of DO concentration in each reactor allowed us to calculate daily
oxygen uptake rate (OUR) and oxygen production rate (OPR) (Figure 5), providing insight
into the photosynthesis of microalgae and oxidation process of bacteria, respectively [63].
Under high light intensity, similar levels of OPR and OUR were obtained in both HL.X5 and
HL.X10 experiments (p values > 0.05). After the short lag time at the beginning of each test,
OPR and OUR were respectively 65.2 ± 11.6 mg O2 L−1 d−1 and 61.6 ± 11.2 mg O2 L−1 d−1

for HL.X5 while the values of 56.4 ± 16.7 mg O2 L−1 d−1 and 50.7 ± 8.3 mg O2 L−1 d−1,
respectively were achieved in HL.X10. It was also noticed that more concentrated nu-
trient load condition showed slightly higher levels of OPR and OUR compared to more
dilute equivalents although a significant difference was only detected between OUR values
(p value < 0.05). The difference could be due to lower biomass density maintained in
HL.X10 versus HL.X5. Similar results have also been reported in which comparable levels
of OPR and OUR were obtained at sufficient light condition with high values of OPR and
OUR rates up to 210.0 ± 25.5 mg O2 L−1 d−1 and 222.5 ± 53.0 mg O2 L−1 d−1, respectively
corresponding to biomass levels of 1600 ± 500 mg L−1 [33]. The increasing trends of OPR
data obtained in HL.X5 and HL.X10 experiments are consistent with the growth profiles
of microalgae analyzed above. The OPR values raised from 16.9 and 20.9 to 72.8 and
77.8 mg O2 L−1 d−1, respectively during the first ten days, in line with the active treat-
ment due to good microalgal growth period. OPR then stable around 73.2 ± 4.6 and
65.3 ± 1.8 mg O2 L−1 d−1 for the last three days of the experiments, respectively, when the
microalgal growth ceased due to low level of nutrients.
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As mentioned above, low light intensity resulted in poor nutrient removal at the
second half of the experiments (LL.X5 and LL.X10), possibly due to the inhibition of algal
process under the combination of low light and high biomass density. The OPR and OUR
data obtained in LL.X5 experiment (Figure 5c) showed otherwise with similar levels of
45.5 ± 11.3 mg O2 L−1 d−1 and 47.8 ± 12.5 mg O2 L−1 d−1, respectively (p value > 0.05).
On the other hand, a clear shift from the domination of microalgae to bacteria was shown
in the data of LL.X10. In fact, the OPR value decreased from 53.3 ± 10.5 mg O2 L−1

d−1 to 17.7 ± 4.7 mg O2 L−1 d−1 while OUR raised from 34.0 ± 3.3 mg O2 L−1 d−1 to
66.8 ± 2.8 mg O2 L−1 d−1 (p values < 0.05). The transitional period during days six and
seven accorded with a rising in NO2

−-N level (Figure 2d), as well as with the poor growth
of microalgae, suggesting an increase in bacterial activity.

3.2. Evaluation of the Microalgal Bacterial Dynamics under the Impacts of Extreme N:P Ratios

The general assessment of the main processes governing treatment of microalgae and
bacteria under the extreme condition of different N:P ratios was made. The link between
profiles variation of physical chemical parameters and nutrient as well as biomass of
microalgae and bacteria were subsequently evaluated.

3.2.1. General Assessment of the Main Processes Governing Treatment Performance

Previous studies have suggested good tolerance of Chlorella vulgaris towards high level
of ammonium in pig farming wastewater in which the microalgae could growth under
the concentration from 800 to 1600 mg N L−1 of ammonium, much higher than in this
study (initial concentration of 240.4 mg N L−1) [57]. Unexpectedly, the poor treatment
performance obtained in HL.X10.N experiment suggests otherwise (Table 5). Both removal
rates as well as removal efficiencies of nutrients achieved in this experiment were at low
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levels compared with the test under similar conditions but without NH4
+-N addition

(HL.X10, Table 3). The only exception was in the NH4
+-N removal rate in which a slightly

higher value was obtained (8.9 mg N L−1 d−1 of HL.X10.N versus 7.3 mg N L−1 d−1 of
HL.X10). However, this result could be due to the conversion of NH4

+-N to NO2
−-N and

NO3
−-N forms via nitrification as the TN removal efficiency of HL.X10.N was poor. It

has been indicated that a high pH level due to microalgal photosynthesis could move the
NH3/NH4

+ equilibrium in wastewater toward NH3 formation, raising ammonia fraction
from 0.4% at pH 7 to 80% at pH 10 (water temperature of 20 ◦C) [64]. Therefore, the
undesired performance could be attributed to the elevation of NH3 at the beginning of the
experiment in which NH3 ranged from 6.0 mg N L−1 to 15.2 mg N L−1 in the first three
days, hence potentially inhibiting the growth of the microalgae [65]. Indeed, it has been
earlier reported that at this NH3 level, a significant reduction in bioactivities of Chlorella
vulgaris was observed [66] while a reduction of 50% of their growth (EC50) was reached at
50.1 mg NH3-N L−1 [67]. In the same manner, comparable COD removal rate (4.2 mg O2 L−1)
was achieved during the first five days of the HL.X10.N experiment, reducing 23.6% of
total COD in digestate (Table 3). However, as a consequence of poor algal growth during
the following period, COD removal was decreased, resulting in a minor total removal of
organic matter.

Table 5. Microalgal bacterial performance including average removal rate, removal efficiency, biomass
production rate and physicochemical parameters (with standard deviations) under the impacts of
extreme N:P ratios.

Parameters HL.X10.N L.X10.P

COD removal
Rate (mg L−1 d−1) 0 (4.2 1) 0.5 (6.7 2)
Efficiency (%) 0 (23.6 1) 9.6 (64.4 2)

TN removal
Rate (mg L−1 d−1) 2.6 2.6
Efficiency (%) 11.9 88.0

NH4
+-N removal

Rate (mg L−1 d−1) 8.9 9.2
Efficiency (%) 48.0 100

TP removal
Rate (mg L−1 d−1) 0.02 1.33
Efficiency (%) 6.0 89.1

PO4
3−-P removal

Rate (mg L−1 d−1) 0.08 1.26
Efficiency (%) 19.3 89.9

TSS production rate (mg L−1 d−1) 11.3 40.3
Microalgal production rate (mg L−1 d−1) 2.4 13.2
DO (mg L−1) 1.8 ± 1.9 5.3 ± 3.2
pH 6.3 ± 0.8 9.5 ± 0.8
EC (µS cm−1) 2923.0 ± 97.8 782.2 ± 204.5

Note: 1 Removal rate and removal efficiency for the first five days of the experiment. 2 Removal rate and removal
efficiency for the first seven days of the experiment.

Poor algal growth in HL.X10.N was further confirmed by low levels of microalgal bac-
terial biomass and microalgal biomass productivities (11.3 and 2.4 mg L−1 d−1, respectively)
with low average values of DO (1.8 ± 1.9 mg O2 L−1) and pH (6.3 ± 0.8) (p values < 0.05)
comparing with the HL.X10 experiment. During the first three days of the experiment, a
certain level of algal growth was noticed with DO level of 3.8 ± 2.5 mg O2 L−1 and pH of
7.7 ± 0.2 which reduced to 1.2 ± 1.1 mg O2 L−1 of DO and 5.8 ± 0.2 of pH in the remaining
period (p values < 0.05). A high EC level detected in HL.X10.N experiment was due to
a high concentration (3.06 g L−1) of NH4Cl added to the digestate at the beginning of
the test.

In contrary to HL.X10.N, high phosphorus concentration in HL.X10.P resulted in a
sharp increase at phosphorus removal rate (Table 5), both in terms of TP (4.4-times higher)
and PO4

3−-P (5-times higher) comparing to HL.X10 and other experiments (Table 3). The
high removal rates performed in this experiment also resulted in high removal efficien-
cies (89.1 and 89.9% for TP and PO4

3−-P removals, respectively), comparable with other
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experiments at high light (HL.X5 and HL.X10, Table 3). A small enhancement was no-
ticed in NH4

+-N removal rate obtained in HL.X10.P comparing to HL.X10 (9.2 versus
7.3 mg N L−1 d−1, respectively) while no difference was found in NH4

+-N removal rate
and TN removal (rate and efficiency) between two experiments. In terms of organic matters
oxidation, HL.X10.P showed comparable removal rate (6.7 mg O2 L−1 d−1) and removal ef-
ficiency (64.4%) (Table 5) with HL.X5 (Table 3) after the first week of the experiment. Quick
removal, however, could lead to the depletion of nutrients in the reactor and hence decrease
the total removal of COD. Another reason could be due to the release of carbohydrates
due to the accumulation of phosphorus in algal cell resulting in a higher concentration
of organic matter in the mixed liquid [68]. In general, a high level of phosphorus only
led to increased TP and PO4

3−-P removal rate while similar performances were obtained
in other aspects. It has been suggested that microalgae, including Chlorella vulgaris have
the ability to store phosphorus in their cells and hence could tolerate a wide variation of
N:P ratios [69]. Moreover, it has also been reported that higher phosphorus concentration
in wastewater enhanced phosphorus removal whereas minor impact on growth as well
as nitrogen removal via algal cellular accumulation was noticed [70]. The results in this
study show similar behaviors of microalgae under high level of phosphorus as well as an
improvement in bacterial activities under such condition.

The conclusion made above is supported by the similar levels (p values > 0.05) of DO,
pH and EC in HL.X10.P (Table 5) comparing to the HL.X10 experiment (Table 4). Concern-
ing biomass growth, higher growth of microalgae (derived from Chl-a data) than HL.X10
was noticed which is at the same level with HL.X5 experiment (13.2 versus 14.9 mg L−1 d−1,
respectively). This is in agreement with another study reporting positive correlation be-
tween Chl-a content of microalgal cell and phosphorus concentration [71]. However, a
large increase in microalgal bacterial biomass productivity, of 2-times that of the HL.X10
experiment (40.3 versus 19.8 mg L−1 d−1, respectively), was achieved. Consequently, a high
value of total biomass (572 mg L−1) was obtained at the end of HL.X10.P experiment. One
possible reason could be that the accumulation rate of phosphorus in microalgal cells under
high concentration of phosphorus in the digestate was higher than the increasing rate of
Chl-a, leading to an underestimation of microalgal biomass using Chl-a. Indeed, it has been
reported that Chl-a content in microalgal cell could be varied under different culture condi-
tions including nutrient ratio variation [72]. Since polyphosphate accumulating bacteria
require anaerobic and aerobic conditions [73], adequate levels of DO (5.3 ± 3.2 mg O2 L−1)
maintained in the reactor during HL.X10.P experiment suggests a minor contribution of
bacteria in phosphorus removal.

3.2.2. Assessment of the Treatment Process Dynamics between Microalgae and Bacteria

The indication that high level of NH3 at the beginning of the HL.X10.N experiment
could lead to poor performance in the nitrogen removal of microalgae as well as bacteria
was further confirmed by assessing the nitrogen evolution in the reactor. Figure 6a shows
that the effective removal of nitrogen via NH4

+-N uptake and/or NH3 stripping only
occurred during the first three days, accounting for 25.2% of NH4

+-N removal and 8.3%
of TN removal. After this short duration, nitrification became the dominant process in
NH4

+-N reduction as high levels of NO2
−-N and to some extent, NO3

−-N were maintained
(26.2 ± 8.4 and 8.0 ± 3.8 mg N L−1 of NO2

−-N and NO3
−-N concentrations, respectively)

during the remaining period of the experiment. At the same time, the TN concentration was
stable around 245.4 ± 5.8 mg N L−1 in which nearly no nitrogen was actually eliminated
from the digestate.

Similar to nitrogen removal, low algal growth due to the addition of NH4
+-N in

digestate resulted in a low level of phosphorus reduction (HL.X10.N, Figure 6c). The only
significant decrease in phosphorus concentration was observed during the first three days
of the experiment in which a 14.4% of TP removal was achieved. The average pH level
recorded in this test was 6.3 ± 0.8 (Table 5) with the highest pH value of 8, hence the main
mechanism of phosphorus removal could rely on microbial uptake. In the following period,
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TP concentration was maintained around a stable 4.6 ± 0.3 mg P L−1. It was also noted that
PO4

3−-P concentration showed an increasing trend which could be due to the continuous
conversion from organic phosphorus to orthophosphate [74].
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Rapid removal of nitrogen was observed in the first week of the HL.X10.P experiment,
leading to a complete removal of NH4

+-N and 75.4% of TN (Figure 6b). The results
suggest strong activities of microalgae in nitrogen removal with the dominant processes
being nitrogen incorporation into the cells as well as potential NH3 gas stripping. Further
reduction of TN hence could be due to quick consumption of NH4

+-N converted from
organic nitrogen with minor effects from nitrification represented by a low level of NO2

−-N
and NO3

−-N concentrations during the test. During the second half of the experiment, only
6% of the initial TN was removed. Likewise, a strong removal of P was obtained during
the first week (Figure 6d). During this period, 75.8% of TP was removed while only 13.3%
reduction in TP was obtained during the second half of the experiment. The results confirm
the dominant role of microalgae in nutrient removal during the first half of the HL.X10.P
experiment leading to a nutrient depletion condition during the second half.

3.2.3. Microalgal Bacterial Dynamics Assessment under the Impacts of Extreme N:P Ratios

Concerning the HL.X10.N experiment, the growth of microalgae as well as total
biomass were only witnessed during the first five days of the experiment (Figure 7c), in
which algal biomass increased from 3.3 to 53.2 mg L−1 and from 45 to 128 mg L−1 for
total biomass. This growth duration was a little longer than the active treatment period
of three days observed above (Figure 6a,c) suggesting the ability of Chlorella vulgaris in
withstanding the toxicity of NH3 even for a few days [66]. After this period, microalgal
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growth ceased, varying around 37.3 ± 7.1 mg L−1 while total biomass gradually increased
to 192 mg L−1 suggesting the biomass gaining in this duration was mainly due to bacterial
growth. The results are in agreement with the strong nitrification process observed at that
time. Overall, poor microalgal growth was supported by the low algal content achieved in
this experiment of 27.2 ± 9.1% (p value < 0.05).
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OPR data (Figure 7a) were in agreement with the conclusion made above on microalgae
inhibited by NH3 in digestate. During the first three days, corresponding to the active
period of nutrient removal, the OPR value was 44.6 ± 8.4 mg O2 L−1 d−1 followed by a low
level of 5.8 ± 4.3 mg O2 L−1 d−1 from the next day until the end of the experiment. OPR
data showed good fit with the microalgal biomass evolution (Figure 7a,c) as well as the
nutrient variation profiles (Figure 6a,c), confirming the reliability of using this parameter
for rapid assessment of microalgal bacterial dynamics. In contrary to OPR, OUR was
stable at 61.3 ± 6.4 mg O2 L−1 d−1 indicating normal activities of bacteria. The result is in
agreement with the literature in which, although accumulation of NH3 could be harmful
to nitrifying bacteria [75], bacterial tolerance over this substance (up to 2 g N L−1) was
reported to be much higher than in the case of microalgae [76].

In the case of the HL.X10.P experiment, a steady growth of both microalgae and total
biomass was obtained under phosphorus-rich condition (Figure 7d). After a lag phase
in the first day, sharp increases were seen in the growth of both parameters during the
first week from 50 to 316 and from 3.1 to 97.3 mg L−1 for total biomass and microalgae,
respectively. As shown above, during this period, effective growth of microalgae resulted
in the majority proportion of nutrients being consumed. The growths were much slower
in the second half of the experiment which both microalgae and total biomass increased
1.8 times at the end of the test. This was in line with the nutrient scarcity period reported
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above. Surprisingly, the algal content in total biomass obtained in this experiment was
29.2 ± 1.8%, as low as the result from HL.X10.N experiment (p value > 0.05). This result
further confirms the underestimation of algal biomass achieved in this study based solely
on Chl-a data.

A consistent pattern was observed in daily OPR data (HL.X10.P, Figure 7b) with the
OPR level of 65.4 ± 18.2 mg O2 L−1 d−1 during the first nine days of the test. At the same
time, the OUR stabilized at a lower level of 52.7 ± 8.4 mg O2 L−1 d−1 (p value < 0.05),
indicating the dominance of microalgae during the period. The OPR then dropped to
17.2 ± 4.1 mg O2 L−1 d−1 during the remaining period, possibly related to the low nutrient
level after rapid removal while OUR remained the same.

3.3. The Potential Use of Physicochemical Data for Microalgal Bacterial Dynamics Evaluation

Results from this study showed strong synchronization between nutrient, biomass as
well as OPR/OUR evolution in the reactor. Hence the potential of using these conventional
parameters as quick and reliable indicators of microalgal bacterial dynamics in real cases
is evident. Since microalgal growth and its ability to accumulate energy-rich compounds
such as carbohydrates or lipids are highly susceptible to various factors, the knowledge of
microalgal status in wastewater is vital for a successful application of culturing microalgae
towards biofuel production. The results of our study suggest that by regular monitoring of
simple parameters, the growth of microalgae and its condition could be quickly assessed
and any harmful conditions (i.e., NH3 inhibition or starvation) could be acknowledged
in a short time (as short as one day). Moreover, the results could also be employed in
mathematical model during calibration and validation processes.

It was also noticed that the reduction of EC recorded in each reactor showed, to
some extent, synchronization with the removal of TN in the experiment (Tables 4 and 5).
Under high light conditions, as TN gradually reduced from 172.0 to 13.4 and from 89.3 to
10.9 mg N L−1, the corresponding EC levels also decreased regularly from 2342 to 1219 and
from 1387 to 757 µS cm−1 in HL.X5 and HL.X10 experiments, respectively. Similar results
were obtained under low light condition which EC profiles recorded in LL.X5 and LL.X10
experiments could follow the high reduction of TN due to algal uptake during the first
week of the tests. During this period, EC levels reduced from 1924 to 1169 and from 1134 to
712 µS cm−1 (for LL.X5 and LL.X10, respectively) then stabilized around these values until
the end of the experiments, at the same time as with low TN removals.

Strong relationships between EC and TN were also detected in HL.X10.N and HL.X10.P
where a higher level of TN dynamics was observed. In the HL.X10.P experiment, rapid
removal of TN in the first seven days was able to be followed by an EC profile in which
a decrease from 1264 to 662 µS cm−1 was obtained, followed by a stable EC level of
647 ± 9.7 µS cm−1 in the second half of the test. The poor removal of TN in the HL.X10.N
experiment was also be represented in which a short reduction of EC level from 3146 to
2767 µS cm−1 was detected during the first three days of the test while a gradual increase
was followed to a value of 3081 µS cm−1 at the end. Overall, the removal of TN due to
microalgae shows strong correlation with EC reduction showing an explanation of 97.54%
(Figure 8). The use of EC data as indicators for online monitoring of piggery wastewater
characteristics was recognized and applied intensively with high accuracy ranging from 86
to 97% [77]. This study suggests the potential application of this parameter as a quick and
reliable indicator for monitoring TN removal by microalgae.

The economic gain by using physicochemical parameters to follow microalgal bacterial
dynamics is evident, especially in large scale system. Indeed, via this simple process, the
growth of microalgae could be quickly assessed and poor microalgal growth could be
detected quickly without the need of complex mathematic models and costly chemical
analysis. Earlier cost analyses have indicated that the total expenditure for producing
microalgae using wastewater in open pond system could range from $0.59 to $1.08 kg−1.
The production cost was highly sensitive to biomass productivity in which a 20% in-
crease/decrease of the annual productivity could lead to a reduction/gain of 7.4/11.1% in
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production cost [78]. The most popular microalgal production systems, open ponds, are
highly susceptible to external factors such as temperature and sun light resulting to the
productivity of between 2.5 and 28 kg ha−1 h−1 [79]. The change in microalgae production
cost subsequently impacts the price of biofuel, ranging from $10.87 to $13.32 gal−1 at a
biomass production cost of $0.79–$0.96 kg−1 [80]. Therefore, the approach is promising in
terms of reduction of chemical analysis cost as well as prevention of potential losses during
the biomass production process.
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4. Conclusions

In this study, the use of physicochemical data for the rapid determination of microalgal
bacterial dynamics was evaluated. Batch experiments cultivating microalgae Chlorella
vulgaris in real pig farming biogas digestate under different light intensities, nutrient
loads and N:P ratios were conducted. The relationship between variation profiles of
nutrient and biomass concentrations as well as physicochemical parameters obtained in
each experiment were analyzed. Overall, higher light intensity and higher nutrient load
showed improvement in both biomass growth as well as nutrient removal rate. Under
ammonium-rich condition (high N:P ratio), microalgae were inhibited due to high NH3
level resulting in low biomass growth and nutrient removal. On the other hand, the
addition of phosphorus (low N:P ratio) greatly enhanced phosphorus removal rate, total
biomass growth and, to a lesser extent, microalgal biomass but had little effect on COD
and nitrogen removal, suggesting the phosphorus accumulation effect. OPR and OUR
data derived from DO profile of each experiment were highly consistent with the variation
of nutrient and biomass concentrations, revealing insight into the dynamics between
microalgae and bacteria in each system and allowing quantitative assessment of their
actives under various conditions. Nutrient removal and biomass growth also showed
high level of synchronization with the physicochemical data. Specifically, a strong linear
correlation was found between TN removal and EC (R2 = 0.975), hence EC could be used as
a quick and reliable indicator for TN removal estimation. Results from this study suggest
the use of physicochemical data as a quick, simple and reliable method for rapid monitoring
microalgal bacterial dynamics in large scale systems. The method showed potential in
the reduction of economic losses due to operational failure in large scale systems, hence
further optimizing microalgae-based systems toward sustainable development. Further
assessment should be made on industrial scale facility over long periods as well as under
the impact of other parameters such as different photoperiods or continuous cultivation
modes in order to validate and optimize this method.
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Nomenclature

Chl-a Chlorophyll-a
COD Chemical Oxygen Demand
DO Dissolved Oxygen
EC Electrical Conductivity
LED Light Emitting Diode
N Nitrogen
NH4

+-N Ammonium nitrogen
NO2

−-N Nitrite nitrogen
NO3

−-N Nitrate nitrogen
OPR Oxygen Production Rate
OTR Oxygen Transfer Rate
OUR Oxygen Uptake Rate
ORP Oxidation-Reduction Potential
P Phosphorus
PO4

3−-P Orthophosphate
TN Total Nitrogen
TP Total Phosphorus
TSS Total Suspended Solids
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