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A B S T R A C T   

Microalgae production is still expensive, driving the need to lower costs while strengthening the industry’s 
environmental sustainability. Microalgae are recognized tools for efficient wastewater treatment, offering the 
recycling of nutrients and water for agriculture, and producing biomass rich in growth-promoting compounds to 
improve plant productivity and resistance to adverse conditions. The use of wastewater can reduce cultivation 
costs as it is a source of nutrients and water. Alternative low-cost methods can significantly decrease harvesting 
costs, which represents one of the most expensive steps of the whole process. 

The goal of this work was to evaluate the potential of wastewater-grown microalga biomass for agriculture 
purposes. To reduce production costs, the microalga Tetradesmus obliquus was produced in pre-treated photo- 
Fenton (PF) piggery wastewater in combination with the use of different harvesting techniques - electro
coagulation, flocculation, and centrifugation, and different combinations. From the wastewater treatment pro
cess, two fractions (biomass and supernatant) were evaluated for germination and growth of wheat (Triticum 
aestivum L.) plants and compared to non-harvested microalga culture (MC), distilled water, and Hoagland 
(synthetic) solution. The concentrated resulting from PF was also tested as a biofertilizer. 

The results confirm that both biomass and supernatants are useful for agricultural applications. The obtained 
biomass elicited a 20–105 % increase in germination index compared to the control, while supernatants were 
inhibiting. The opposite trend was observed at later stages of wheat growth, where the nutrient-enriched su
pernatants and the PF concentrate (PF-CC) increased the number of tillers (3–5) and leaves (30–42) after 83 days. 
Wheat plants treated with MC and PF-CC produced similar number of ears (3.4 ± 0.5 and 6.0 ± 4.1 ears per 
plant, respectively) than the synthetic control (5.7 ± 1.4) after 182 days. All fractions obtained from the process 
can be used in a zero-waste process.   

1. Introduction 

The growing world population has put immense pressure on agri
culture and livestock production. To fulfil the rising nutritional de
mands, farmers have relied on the use of chemical fertilizers to enhance 
agricultural yields [1]. Poor management practices dependent on the 
excessive application of fertilizers have led to serious environmental 
issues like pollution of soil, air and water, soil salinity, increasing pest 

resistance, loss of soil fertility, threatening food security, biodiversity, 
and human health [1]. Animal products are an important protein source 
worldwide since they are complete in all essential amino acids compared 
to most plant-derived proteins [2,3]. However, their water footprint is 
substantially larger, and their production generates enormous volumes 
of highly pollutant wastewater (WW) that, when discharged without the 
proper treatment, can contaminate water bodies and endanger the sur
rounding ecosystems [4]. 
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Sustainable approaches in the agricultural and livestock sector are of 
maximal importance to improve global food security. Microalgae can 
offer solutions to both wastewater treatment and agricultural fertilizing 
issues. They can recover the nutrients from WW, making it a low-cost 
and readily available nutrient source [5]. However, agro-industrial ef
fluents tend to be highly rich in organic matter, ammonia, and suspen
dend solids, which inhibits the growth of microalgae in complete 
medium. A pre-treatment step using photo-Fenton (PF) to treat piggery 
wastewater (PWW) before microalgae-based treatment that allowed the 
direct use of PWW for microalgae production, without any dilution with 
freshwater [6]. Photo-Fenton is an advanced oxidation method used for 
the degradation of organic pollutants in water. It involves the generation 
of highly reactive hydroxyl radicals through the interaction of hydrogen 
peroxide (H2O2) and iron (Fe2+) ions in the presence of UV–vis radia
tion. During the process, iron is renerated cyclically between Fe3+ and 
Fe2+. The hydroxyl radicals are extremely powerful oxidants (E0

ox = 2.8 
V) capable of breaking down a wide range of organic compounds into 
smaller, less harmful molecules. The efficiency of PF is highly dependent 
on the H2O2/Fe ratio to assure a complete reaction and the full con
sumption of H2O2. Furthermore, the reaction is more effective at acidic 
pH, between 2.8 and 3 [7,8]. The PF process offers several advantages, 
including its effectiveness in treating recalcitrant pollutants, short re
action time, and mild reaction conditions (room temperature and pres
sure) [9]. The introduction of UV light increases the reaction rate but 
requires extra energy costs. Nonetheless, these can be minimized using 
open ponds under solar irradiation [10]. 

Microalgae have biostimulant properties due to the action of growth- 
stimulating compounds (e.g., phytohormones, polysaccharides, amino 
acids, polyamines, and fatty acids), while other secondary metabolites 
with bioactive properties (e.g., antimicrobial, antiviral, and antioxidant 
compounds) can improve plant tolerance to stress or improve soil ag
gregation and stability [11,12]. 

Microalgae pose an opportunity for the agroindustry, but high pro
duction costs limit the biomass application to high-value products, while 
commodity markets, such as animal feed or biofertilizers remain 
economically unsustainable [13]. Harvesting is one of the most critical 
steps of the microalgae industry, accounting for up to 30 % of the total 
production costs [14]. Thus, more cost-efficient harvesting methods that 
are fast in industrial operations and do not compromise biomass quality 
are required [15]. 

A multi-step harvesting approach using flocculation and electro
coagulation has been shown as a promising tool for concentrating 
biomass and saving centrifugation costs [16]. Flocculation using 
chemical compounds and natural polymers, such as chitosan, could be a 
promising approach to concentrate microalgal biomass, with high 
biomass recovery efficiencies for strains with agricultural potential. 
Electrocoagulation (EC) with alternative electrodes (Fe, Mg, and Zn) 
could efficiently recover biomass with minimal energy and time re
quirements [17]. Both electrocoagulation and flocculation rely on the 
use of positively charged compounds that induce cell charge neutrali
zation, promoting floc formation and biomass sedimentation [16]. 
Introducing chemical compounds, polymers, or metals to harvest 
microalgal biomass can result in contaminated biomass for high-value 
applications [18] but cheaper technologies such as flocculation or 
electrocoagulation have the potential to enrich biomass with beneficial 
elements for agricultural or animal feed markets. For example, chitosan 
has antimicrobial activity for pest control [19] and Nannochloropsis 
biomass after electrocoagulation was enriched with essential nutrients, 
whose bioavailability was beneficial in cherry tomato plants [20]. 

This work proposed the recovery of the nutrients from piggery 
wastewater (PWW) using microalga Tetradesmus obliquus and the com
plete use of the obtained fractions (biomass, supernatant and PF pre
cipitate). The study aimed to reduce microalgal production costs by 
using a low-cost medium like WW and using two alternative harvesting 
methods to select the best combination for the germination and plant 
growth of wheat (Triticum aestivum L.), since this crop is used in swine 

feed formulations, supporting a circular bioeconomy. 

2. Materials and methods 

2.1. Effluent feedstock 

The piggery wastewater was collected from a stabilization pond in 
the pig farm Herdade do Pessegueiro—Valorgado, at Glória do Ribatejo, 
Portugal (39◦00′09.0′′ N, 8◦38′45.5′′ W) on October 2021 and was stored 
at 4 ◦C until handling. PWW is the liquid fraction of the pig slurry, which 
is a mixture of pig excreta from animals at all stages of development, 
including sows and piglets, and the water used to clean the housing 
facilities, after a primary in situ solid-liquid separation. The composition 
of PWW is given in Table 1. 

2.2. Photo-Fenton pre-treatment 

The photo-Fenton experiments were carried out in batch mode in a 5 
L reactor with a working volume of 4 L, placed in a setup designed and 
built in the Department of Renewable Energy at LNEG. The setup and 
optimized operation conditions were previously described [6]. The pH 
of PWW was initially adjusted to 3 using cc. H2SO4, and iron sulphate 
(FeSO4⋅7H2O) was added (1.0 g Fe2+/L). H2O2 (35 wt%) was added to 
the reactor at 10.5 g/L. PWW was exposed to the UV light for 120 min at 
room temperature and mixed at 400 rpm. At the end, the pH was 
adjusted to 7.0 using 6 M NaOH, and the pre-treated effluent was left to 
settle overnight. To remove suspended iron precipitates, the supernatant 
was filtered through a paper filter (11 μm, Whatman). The supernatant 
was then used for microalga cultivation and the concentrate (PF-CC) was 
stored at − 18 ◦C for wheat trials. 

2.3. Culture conditions 

The microalga Tetradesmus obliquus (ACOI 204/07, ACOI Culture 
Collection, Coimbra University, Portugal) was cultivated in 5 L bubble- 
column photobioreactors (PBRs) using piggery wastewater pre-treated 
with photo-Fenton (PF-PWW) as the culture medium (Table 2). Cul
tures were kept growing during the experimental trial (6 months) and 
were harvested every 15 days for the plant experimental trials. Fresh 
culture medium was added after harvesting to maintain cultures at 
exponential growth. Cultures were maintained at room temperature 
(21 ◦C) with an air flux of 0.6 vvm under continuous fluorescent light 
(60 μE/m2s). The cultures were inoculated with an initial concentration 
of 0.3 g/L (ash-free dry weight - AFDW). 

Table 1 
Piggery wastewater composition: pH, conductivity (k), total Kjeldahl nitrogen 
(TKN), ammonia (NH4

+), phosphate (PO4
3− ), and chemical oxygen demand 

(COD).  

pH k (mS/ 
cm) 

TKN (mg N/ 
L) 

NH4
+ (mg/ 

L) 
PO4

3− (mg/ 
L) 

COD (mg O2/ 
L) 

7.72 22.2 ±
0.3 

1855 ± 0.3 1257 ± 14 198 ± 46 8305 ± 169  

Table 2 
Composition of piggery wastewater pre-treated by photo-Fenton: pH, conduc
tivity (k), total Kjeldahl nitrogen (TKN), ammonia (NH4

+), phosphate (PO4
3− ), 

and chemical oxygen demand (COD).  

pH k (mS/ 
cm) 

TKN (mg N/ 
L) 

NH4
+ (mg/ 

L) 
PO4

3− (mg/ 
L) 

COD (mg O2/ 
L) 

7.72 19.1 ±
0.0 

1302 ± 70 950 ± 28 0.15 ± 0.02 762 ± 41  
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2.4. Harvesting 

T. obliquus was harvested using flocculation (F), electrocoagulation 
(EC), centrifugation (C), flocculation followed by centrifugation (F + C), 
and electrocoagulation followed by centrifugation (EC + C). The har
vested biomass and respective supernatants were collected and stored at 
− 18 ◦C and 4 ◦C, respectively, for further experiments and analysis. 

2.4.1. Electrocoagulation (EC) 
The EC setup was composed of an external direct current power 

source (HY3005D, Mastech, Taiwan) connected to a pair of flat electrode 
plates. The cathode was made of titanium coated with platinum while 
the anode was combined with zinc, magnesium, and iron plates. Anode 
and cathode electrodes were fixed parallel to each other at 1 cm apart 
and immersed in 500 mL of microalga culture using 600 mL glass flasks. 
EC trials were done in batch mode with cultures stirred at 150 rpm and 
using previously optimized conditions (initial pH of 8, current density of 
55 mA/cm2 for 8 min) [17]. After EC treatment the cultures were left to 
settle for 30 min and the biomass concentrate and supernatant were 
collected. 

2.4.2. Flocculation (F) 
Flocculation experiments were done in 2 L glass flasks using a Jar 

Test (AMF/60, Vittadini, Italy). The pH of microalga cultures was 
adjusted to 5.5 using 1 M HCl or 1 M NaOH [21]. The flocculant chitosan 
was added to the microalga culture at 25 mg/L (based on preliminary 
experiments) and stirred for 1 min at 150 rpm to allow flocculant 
dispersion. Stirring was then slowed down to 15 rpm for 5 min to allow 
the formation of microalgal flocs. Finally, the stirring was stopped, and 
the flocs were left to settle for 30 min. 

2.4.3. Centrifugation (C) 
Centrifugation was operated at 4000 ×g for 5 min at 4 ◦C (6-16KS, 

Sigma, Japan). The microalga culture was directly centrifuged, as well 
as the biomass concentrates from flocculation (F + C) and electro
coagulation (EC + C). 

2.5. Biomass processing and biochemical analysis 

Biomass samples of T. obliquus were freeze-dried (Heto Power Dry 
LL3000, Thermo Scientific, USA) for biochemical analyses of proteins, 
sugars, and lipids. Protein content was estimated through the Lowry 
method in samples previously treated with NaOH 0.1 M [22]. Lipid 
content was obtained gravimetrically after Soxhlet extraction with n- 
hexane for 6 h. Carbohydrates content was determined by subtracting 
the other fractions. Moisture and ash were determined gravimetrically 
by drying in an oven at 105 ◦C until constant mass and by incineration at 
550 ◦C in a muffle furnace. 

2.6. Agricultural trials 

2.6.1. Preparation of irrigation solutions 
The biomass harvested by individual or combined techniques was 

diluted with distilled water to prepare microalgae suspensions at a 
concentration of 0.2 g AFDW/L. The supernatants from each harvesting 
process were applied directly (no dilution). A total number of 11 
treatments were tested (Fig. 1). 

2.6.2. Germination 
The germination tests were performed in Petri dishes using wheat 

(Triticum aestivum L.) seeds. Each Petri dish was lined with filter paper 
(Whatman No. 1) and 15 seeds were placed. A volume of 5 mL of each 
irrigation solution was added to the seeds. There were three replicates 
per treatment (45 seeds in total). Distilled water was used as the nega
tive control. Seeds were incubated at 20 ◦C in the dark for 5 days in a 
growing chamber (FITOCLIMA S600 PL, Aralab, Portugal). The number 
of germinated seeds in each Petri dish was counted, and the root and 
shoot lengths were measured. The germination index (GI) was deter
mined according to Zucconi et al. using Eq. (1) [23]: 

GI (%) =
G × L

Gw × Lw
× 100 (1)  

where G and Gw correspond to the total number of germinated seeds and 
L and Lw to the root length for the tested conditions and the negative 
control (distilled water), respectively. 

Fig. 1. Schematic diagram of the downstream process of the microalga Tetradesmus obliquus: direct microalga culture (MC), concentrated biomass (CC) and 
respective supernatant (S) harvested by centrifugation (C), flocculation (F), electrocoagulation (EC), flocculation + centrifugation (F + C), and electrocoagulation +
centrifugation (EC + C). 
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2.6.3. Wheat growth 
The commercial substrate (Terra de Montemor) used in this trial was 

composed vegetation soil, bio humus, dry peat, and vitamins. Perlite 
(SIRO) was mixed with the substrate at a ratio of 1:20 (Table 3). The 
chemical composition of this mixture was determined (Table 4). The soil 
was slightly acidic, had no salinity effects, and was rich in macro and 
micronutrients. 

2.6.4. Seedling preparation 
After germination, 5 seedlings were randomly selected from each 

treatment, and transplanted to a mixture of perlite and soil (1:20). 
Seedlings were incubated in a growth chamber (FITOCLIMA S600 PL, 
Aralab, Portugal) for 15 days at 20 ◦C, under a light/dark photoperiod of 
16 h/8 h. The tested irrigation solutions were the same as in the 
germination trials (Fig. 1). A positive control consisting of Hoagland 
solution at 1/4 strength (to avoid nutrient toxicity) was used. The plants 
were watered weekly with 5 mL of the respective solutions and when
ever necessary with distilled water to maintain soil moisture. 

2.6.5. Greenhouse trial 
After 15 days, the seedlings were transplanted into pots (0.5 L) 

containing a mixture of perlite and soil (1:20). The growth trial was 
conducted in a greenhouse at Instituto Superior de Agronomia 
(38◦42′28.697′′ N, 9◦11′6.187′′ W) for 182 days. Throughout the trial, 
plants were transferred to successive bigger pots (1.6 and then 3 L) to 

avoid growth inhibition or root asphyxia. Plants were watered once a 
week with irrigation solutions (microalga suspensions and supernatants) 
and distilled water alternately. Distilled water and full Hoagland solu
tion were used as negative and positive controls, respectively. The initial 
irrigation volume was 50 mL per pot (0.5 L), which was increased pro
portionally to the amount of soil used, as the size of the pots grew (1.6 L 
– 100 mL; 3 L – 200 mL) [24]. Plants were measured for root and shoot 
length, number of tillers, and leaves, 83 days after sowing (DAS). At this 
point, only plants showing significant growth were maintained (MC, PF- 
CC, and supernatant treatments), while plants treated with harvested 
microalga suspensions were ended. Although with reduced growth, the 
plants treated with distilled water (negative control) were maintained 
for comparison. At the end of the trial (182 DAS), the length of the 
shoots, fresh weight, and number of tillers and ears were measured for 
all plants. Soil samples were collected for mineral analysis before and at 
the end of the trial. 

2.6.6. Analysis of soil, concentrate, irrigation solutions, and plants 
Samples of soil, photo-Fenton concentrate (PF-CC) and plants (shoot 

and ears) were oven dried for 24 h at 65 ◦C, while the irrigation solutions 
were filtered prior to the analysis. 

The pH and conductivity (k) were measured with a potentiometer. 
The organic matter content was determined through the total organic 
carbon method by dry combustion in the Ströhlein apparatus [25]. 
Micronutrients were quantified by atomic absorption spectrophotom
etry, after extraction with 0.5 M acetic acid solution [26]. For the 
quantification of the saturation bases, the Schollenberger method was 
applied, using ammonium acetate solution (NH4OAc) 1 M buffered at 
pH 7 for the extraction, and NH4

+ as the “index cation”. Quantification 
was subsequently performed on an atomic absorption spectrophotom
eter (Skalar, Netherlands). The Egnér-Riehm method was used for the 
determination of extractable K and P. The quantification of phosphorus 
was performed through molecular absorption spectrophotometry in a 
segmented flow autoanalyser (Skalar, Netherlands), while potassium 
quantification was by flame photometry [27]. Mineral nitrogen was 
determined through molecular absorption spectrophotometry, in a 
segmented flow autoanalyser (Skalar, Netherlands) [28]. 

Soil permeability problems due to irrigation water were evaluated by 
calculating the Sodium Adsorption Ratio (SAR) according to Eq. (2) 
[29]. 

SAR =
[Na+]

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
[Ca2+]+[Mg2+]

2

√ (2)  

2.7. Statistical analysis 

One-way ANOVA was used to evaluate the effects of irrigation so
lutions on the germination index and on the growth parameters of wheat 
plants. The p-values resulting from the sum of square analyses were used 
to describe the impact of the factors, while Tukey’s post hoc test was 
used to detect differences among the tested conditions. For all tests, a 
significance level (α) of 0.05 was considered and outliers were initially 
disregarded using Minitab® 19.1. 

3. Results 

3.1. Biomass production 

T. obliquus was able to grow in undiluted PWW pre-treated with 
photo-Fenton even at higher ammonia levels (950 ± 28), which was not 
possible in raw PWW (1257 ± 14). In this medium, the pH of the culture 
tended to decrease below the pka of NH4

+/NH3 (9.25), meaning that most 
is in the form of NH4

+, which is less toxic to microalgae. This way, the 
microalga could achieve an average productivity of 66.4 ± 17.8 mg/L/ 
d and removal efficiencies of 37.3 ± 1.7 % of NH4

+, 100 ± 0.0 % of PO4
3−

Table 3 
Description of the commercial substrate (Terra de Montemor) and perlite (SIRO) 
used for the experiments.  

Commercial substrate Perlite 

Organic Matter …………………..……. 
50 % 

Pore volume …………..……….……… 95 
% 

pH ……………..……………………. 
5.3–6.4 

Aeration capacity ……………………… 
65 % 

Nitrogen ………………………….. 
1.1–1.2 % 

Granulometry …………….………… 3–6 
mm 

Phosphorus …...……….……......... 
0.7–1.1 % 

Conductivity ……………………. 3–5 μS/ 
cm 

Potassium ...…………….…............ 
0.7–1.0 % 

pH ……………………………………… 6–7 

Calcium ………………….….......... 
0.5–0.7 %  

Magnesium ..……….……….......... 
0.1–0.2 % 

Moisture …………………..……......…. 
50 %  

Table 4 
Chemical composition of the mixture of soil and perlite (20:1) used for the ex
periments: pH, conductivity (k), organic matter (OM), potassium oxide (K2O), 
phosphorus (P), carbon (C), ammonia (N-NH4

+), and nitrate (N-NO3), micro
nutrients (Cu, Fe, Mn, and Zn) and base saturation (Ca2+, Mg2+, Na+, K+).  

pH k (μS/cm) OM (%C) Macronutrients (mg/kg) 

N-NH4
+ N-NO3 P K2O 

5.63 834.5 12.23 77.55 <2.50 129.1 635.5   

Microelements (mg/kg) 

Fe Cu Zn Mn 

131 2.09 5.58 219   

Base saturation (%) 

GSB Ca2+ K+ Mg2+ Na+

99.1 58.48 9.96 21.92 8.77  
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and 48.6 ± 1.7 % of COD (Table 5). 
The biomass harvested by centrifugation was rich in protein (>50 %, 

Fig. 2), as expected due to the high availability of N, especially in the 
form of ammonia [30]. A higher protein content could also result in 
higher content of amino acids known to have a biostimulant effect 
[31,32]. Moreover, the biostimulant effect could also come from car
bohydrates, more specifically polysaccharides [33,34]. Flocculated 
biomass had a slightly higher composition of carbohydrates (28.4 % vs. 
20.5 % when applying centrifugation), which could be accounting for 
the chitosan present in the biomass (Fig. 2). The low lipid contents of 
T. obliquus (<3 %, Fig. 2) can be explained by their active growth under 
non-limiting N concentration, which is mobilized for protein synthesis 
[30]. 

Electrocoagulation had a more significant effect on the biomass 
composition since the ash content was very high (about 60 %, Fig. 2). 
This was due to the metals released from the electrodes during EC [17]. 
Subtracting the ash, the protein, carbohydrate, and lipid contents were 
similar between F and EC biomass samples (58.3, 31.7, and 3.3 %, 
respectively, for F, 54.3, 32.4, and 3.5 %, respectively, for EC). From the 
agricultural point of view, the enriched biomass by metals could be 
beneficial for fulfilling the plant’s nutrient requirements. However, the 
EC parameters should be further optimized to meet the proper metal 
contents within the biomass for target applications. 

3.2. Composition of irrigation suspensions and photo-Fenton concentrate 

The pH of all irrigation solutions was initially adjusted to 7, but the 
determined values were all slightly acidic (Table 6). MC, F-CC, EC-CC 
and EC + C-CC had conductivity values below 3000 μS/cm, presenting 
only mild to moderate restrictions. The supernatants had >10 times 
higher k values than the biomass suspensions, meaning they should have 

severe restrictions to their use. Since the k values for all irrigation sus
pensions were >5000 μS/cm, regardless of the SAR value, they pre
sented no application restrictions. The SAR value was also used to assess 
the toxicity of Na. For all conditions, considering that surface irrigation 
was carried out, its use had severe application restrictions. Although 
there was a high amount of this ion in the irrigation suspensions, they 
also contained high levels of Ca and Mg, which provided an ion balance 
that minimizes infiltration problems and runoff risks. 

The irrigation suspensions also contained relevant amounts of 
organic matter (OM), which can contribute to build soil structure and 
permeability (Table 6). There was a contribution to increasing infiltra
tion and the impediment of surface runoff that can contaminate sur
rounding water bodies [29]. 

Macro and micronutrient analyses of irrigation solutions showed 
much higher concentrations in supernatants than in microalgae sus
pensions (Table 6). The most significant differences were in N contents 
since N-NH4

+ concentrations in supernatants (57.6–571.1 mg/L) were 
much higher compared to harvested algal suspensions (2.1–10.1 mg/L). 

Photo-Fenton concentrate (PF-CC) is acidic (4.96) and has a high k 
and OM (Table 7). It is rich in N in N-NH4

+ form, P due to the precipi
tation with iron during the neutralization step of the photo-Fenton 
process, and very rich in K. As expected, it is enriched in Fe, which is 
added to the pre-treatment process. 

An expected production of 8 t/ha was assumed (maximum expected 
production value according to Veloso et al. [29]) to assess the recom
mended NPK fertilization based on the initial soil composition (Table 8). 
For the assumed production value, P and K fertilization was not neces
sary since the initial soil was rich in both nutrients (Table 4). This meant 
that the irrigation solutions provided these nutrients in excess. In terms 
of N, it was necessary to supply 77.60 kg/ha to the soil. The quantity of N 
provided by each irrigation solution (MC, C-S, F-S, EC-S, F + C-S, and EC 
+ C-S) and PF-CC during the whole trial was determined (Table 8). 

3.3. Wheat plant trials 

3.3.1. Germination index 
The harvesting method significantly influenced the GI, with relevant 

increases compared to the control (p < 0.05). The microalga suspensions 
(directly or after each harvesting approach) showed a positive effect on 
the GI (Fig. 3). The highest GI were obtained on seeds watered with C 

Table 5 
Productivity (PX) of Tetradesmus obliquus in pre-treated piggery wastewater and 
removal efficiencies of ammonium (NH4

+), phosphate (PO4
3− ), and chemical 

oxygen demand (COD).  

PX (mg/L/d) Removal (%) 

NH4
+ PO4

3− COD 

66.4 ± 17.8 37.3 ± 1.7 100 ± 0.0 48.6 ± 1.7  

Fig. 2. Chemical composition of Tetradesmus obliquus biomass grown in piggery wastewater pre-treated by photo-Fenton after harvesting by centrifugation (C), 
flocculation (F), electrocoagulation (EC). Results are shown as mean ± standard deviation (n = 2). 
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and F biomass, 205 and 198 %, respectively. EC, F + C, and EC + C 
biomass samples had no significant effects on GI as compared to MC or 
the water control (p > 0.05). EC biomass accumulated electrode metals 
because of water electrolysis and coagulation, thus possibly affecting 
seed germination. However, no significant differences in GI for EC when 
compared to MC, C, and F (p > 0.05) suggested this was not the case 
here. Centrifuged biomass after flocculation (F + C) suggested no bio
stimulant effects on seed germination. The supernatants of each har
vesting process showed no biostimulant effect, with the GI values being 
lower than the GI of the water control (Fig. 3). 

3.3.2. Wheat growth at tillering and stem elongation stage 
All plants watered with the supernatants showed a positive and 

similar effect on plant growth 83 DAS (Fig. 4). Plants watered with EC-S 
were able to develop a similar number of tillers than the positive control 
(p > 0.05) (Fig. 4a). A longer main tiller (approx. 40 cm) was observed 
when compared to the positive control (Hoagland solution, approx. 30 
cm) (p < 0.05) (Fig. 4b). No significant differences were detected be
tween the supernatants of the different harvesting techniques, with all 
treatments providing positive results for potential applications in agri
culture. Plants watered with the harvested microalga suspensions, per
formed similarly to the negative control, with decreased plant growth (p 
> 0.05). 

3.3.3. Wheat growth at maturation stage 

3.3.3.1. Plant growth. No significant differences were detected in the 
fresh weight between all conditions and the positive control (p > 0.05), 
except for the negative control (Fig. 5a). The length of the shoots treated 
with the supernatants (C-S, F-S, EC-S, F + C-S and EC + C-S) were sta
tistically different from the condition MC (p < 0.05). No differences in 
shoot length were observed between MC, PF-CC, and positive control (p 
> 0.05) (Fig. 5b). 

No significant differences in number of ears were detected between 
the positive control and the PF-CC, MC, F-S, EC-S and EC + C-S condi
tions (p > 0.05). PF-CC was the condition that provided a more similar 
efficiency to that of the synthetic solution, since the ears are the main 
goal of wheat crop cultivation (Fig. 6). 

3.3.3.2. Plant composition. The values obtained for the negative control 
(distilled water) were within the reference range for almost all nutrients. 
However, K was lower and Ca, Fe and Mn were higher (Table 9). The 
concentration of micronutrients, like Fe and Mn, easily pass from defi
ciency to toxicity. Thus, high values of Fe and Mn suggest toxicity for the 
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Table 7 
Composition of concentrate resulting from the photo-Fenton process of piggery 
wastewater: pH, conductivity (k), organic matter (OM), primary macronutrients 
(N-NH4

+, N-NO3, K), secondary macronutrients (Ca, Mg), micronutrients (Fe, Cu, 
Zn, and Mn), and beneficial elements (Na).  

pH k (μS/cm) OM (%C) Macronutrients (mg/kg) 

N-NH4
+ N-NO3 P K2O 

4.96 45,980 21.65 3544 <2.50 188.0 25,475   

Microelements (mg/kg) 

Fe Cu Zn Mn 

343 45.2 33.2 249   

Base saturation (cmol(+)/kg) 

Ca2+ K+ Mg2+ Na+

5.03 19.7 3.02 19.6  
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plant (Table 9). The positive control (Hoagland) has a higher N con
centration and a lower P, Fe and Zn concentration. For the remaining 
concentrations, the values are in agreement with the reference ones 
[29]. The high concentration of Zn in plants (>70 mg/kg) watered with 
the supernatants from EC (EC-S and EC + C-S) is related to the accu
mulation of Zn in the supernatants due to electrode release during the 
harvesting process. 

For PF-CC, all values were within the reference range [29], excluding 
N which was below (N: 17.5–30.0 g/kg). MC has the concentration of 
macronutrients (primary and secondary) and micronutrients within the 
expected range [29]. For all plants treated with supernatants, the values 
of N, P, Ca, and Mg were within range (N: 17.5–30.0 g/kg; P: 2–5 g/kg; 
Ca: 2–10 g/kg; Mg: 1.5–10 g/kg). The values of K, S, and Zn (K: 
15.0–30.0 mg/kg; S: 1.5–6.5 g/kg; Zn: 20–70 mg/kg) were high. Mn 
levels were higher for plants treated with supernatants compared with 
the other conditions, but were within the expected range (16–200 mg/ 
kg). B was high for all conditions (B: 1.5–4 mg/kg) [29], but still below 
toxicity levels [35]. For all conditions the values obtained (Table 9) are 
within the imposed maximum limits displayed in the Directive 2002/ 
32/EC (Cd: 1 mg/kg of feed and Pb: 10 mg/kg of feed) in feed intended 
for animal feed [36]. 

It was not possible to characterize the ears, for all conditions, 
because there was not enough plant material to carry out the analyses 
(Table 10). For macronutrients, N and P, all conditions presented values 
within the reference interval, and were, in some conditions, slightly 
above [29]. For K, in plants treated with Hoagland, MC and PF-CC, the 
concentration of this primary macronutrient is low, and better results 
were found, in terms of the number of ears, for these same conditions. 
Similar results were found between MC, PF-CC and the positive control. 
For all conditions, micronutrients contents were present at concentra
tions similar to the reference values [29]. The Cd and Pb values were 
also below the maximum stipulated values (Table 10) [36]. 

3.3.4. Soil composition 
A clear difference in the effect of microalgal suspensions and su

pernatants on the soil conductivity was observed after 83 days 
(Table 11). While the application of microalga suspensions reduced the 
initial k value (834.5 μS/cm) by less than half, the use of supernatants 
caused a significant increase to values higher than 5000 μs/cm 
(Table 11). These results indicate that the supernatants contained nu
trients in more soluble ionic forms, which were more available for plant 
uptake. The use of supernatants enriched soil with potassium oxide 
(K2O), and nitrogen (in both NH4

+ and NO3
− forms). There were no sig

nificant changes in metals among the different conditions, except for Zn, 
which was higher at EC and EC + C supernatant and biomass conditions. 
These results may be due to Zn being included as one of the anode plates 
used for electrocoagulation. Through the analysis of percentages of base 
exchanges, it was possible to confirm that the microalgal suspensions 
enriched the soil more in Ca2+ and Mg2+, while the supernatants 
enriched the soil in K+ and Na+. To avoid excessive soil salinity, irri
gation was alternated between the irrigation suspensions and distilled 
water. 

All test conditions had slightly acidic pH, except for PF-CC which was 
neutral. Hence, all pH were adequate for plant growth. Soil salinity was 
measured by k and indicated whether there is the accumulation of salts 
in the soil. For the supernatants, high soil salinities were obtained, while 
for the controls, PF-CC and MC, soils had low salinities. The organic 
matter (OM) content was classified as being very high for all conditions. 
A high percentage of OM in the soil increases its water-holding capacity, 
making it available to plants. It also improves aeration and soil struc
ture, favours nutrient availability and increases cation exchange ca
pacity. The cation exchange capacity (CEC) is defined by the ability of 
the soil to absorb cations, with the most frequent values varying be
tween 2 and 50 cmol(+)/kg [29]. All conditions were characterized by 
CEC values close to 100, which indicates that the soils had a high 

Table 8 
Nitrogen supplied to soil (kg/ha) from the supernatants obtained after the different harvesting methods during the whole growth trial (182 days). Excess nitrogen is 
presented in the parenthesis.  

Soil (kg/ha) Recommended (kg/ha)a Irrigation suspensions (kg/ha) PF-CC 

MC C-S F-S EC-S F + C-S EC + C-S 

182.4 260 155.9 (78.29) 1393 (1316) 1404 (1327) 1272 (1194) 1445 (1368) 1329 (1251) 83.92 (6.32)  

a Based on an expected wheat production of 8 t/ha, according to Veloso et al. [29]. 

Fig. 3. Germination index (%) of wheat (Triticum 
aestivum L.) seeds treated with Tetradesmus obli
quus from: direct culture (MC) (green) and su
pernatants (yellow) after harvesting by 
centrifugation (C), flocculation (F), electro
coagulation (EC), flocculation followed by 
centrifugation (F + C) and electrocoagulation 
followed by centrifugation (EC + C). Water as a 
control (blue) corresponds to the germination 
index of 100 %. PF-PWW is the photo-Fenton pre- 
treated piggery wastewater prior to microalga- 
based treatment (orange). Different letters indi
cate significant differences among treatments 
(Tukey’s test, p < 0.05), and results are shown as 
mean ± standard deviation (n = 3). (For inter
pretation of the references to colour in this figure 
legend, the reader is referred to the web version of 
this article.)   
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capacity to retain nutrients and water. 
An accumulation of N in soils was observed from 83 to 182 DAS, but 

was less pronounced in MC and PF-CC treated soils (Table 12). The levels 
of the other macronutrients were relatively stable throughout the 
experiment (Tables 11 and 12). There was a more pronounced enrich
ment of the soil in micronutrients. In PF-CC treated soil, the Fe content 
more than doubled, from 239 to 568 ppm between 83 and 182 DAS, 
which was justified by the high Fe content present in the concentrate 
that resulted from the photo-Fenton process (Table 7). 

4. Discussion 

4.1. Germination 

The harvesting method significantly influenced the GI, with relevant 
increases compared to the control (p < 0.05). C and F biomass had 
significantly higher GI than the control (p < 0.05), 205 and 198 %, 
respectively. The positive GI results obtained with the C biomass (205 
%) could be associated with the shear stress caused to cells, facilitating 
the release of bioactive compounds [37]. The same happened with low 

Fig. 4. Growth characteristic of Triticum aestivum L. 
83 days after sowing: a) Mean number of tillers, b) 
Main tiller length, and c) Mean number of leaves 
treated with Tetradesmus obliquus (after 83 days): 
direct culture (MC), biomass (green) and supernatants 
(yellow) after harvesting by Centrifugation (C), Floc
culation (F), Electrocoagulation (EC), Flocculation +
Centrifugation (F + C), and Electrocoagulation +
Centrifugation (EC + C). Distilled water and Hoag
land solution were used as negative and positive 
controls, respectively (blue). PF-Cc is the concentrate 
from the photo-Fenton process (orange). Different 
letters indicate significant differences among treat
ments (Tukey’s test, p < 0.05), and results are shown 
as mean ± standard deviation (n = 5). (For interpre
tation of the references to colour in this figure legend, 
the reader is referred to the web version of this 
article.)   
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disruption treatments, where partial but not fully disrupted T. obliquus 
cells were more effective in boosting the GI of wheat [38]. Also an in
crease of 20 % in GI of wheat seeds treated with suspensions of Chlorella 
sorokiniana and spent medium after microalga cultivation, suggesting 

the microalga excretes bioactive molecules to the medium that can 
enhance germination [39]. The present GI values agree with those ob
tained in wheat seeds treated with T. obliquus grown in 5 % PWW (GI =
120 %) [40]. This can be related to microalgae synthesizing a diversity 

Fig. 5. Growth characteristic of Triticum aestivum L. evaluated at the end of the trial (182 days after sowing): a) Fresh weight and b) length of shoots treated with 
Tetradesmus obliquus: direct culture (MC), and supernatants (yellow) after harvesting by Centrifugation (C), Flocculation (F), Electrocoagulation (EC), Flocculation 
+ Centrifugation (F + C), and Electrocoagulation + Centrifugation (EC + C). Distilled water and Hoagland solution were used as negative and positive controls, 
respectively (blue). PF-Cc is the concentrate from the photo-Fenton process (orange). Different letters indicate significant differences among treatments (Tukey’s test, 
p < 0.05), and results are shown as mean ± standard deviation (n = 5). (For interpretation of the references to colour in this figure legend, the reader is referred to 
the web version of this article.) 

Fig. 6. Ear growth characteristics (182 days after sowing): a) Mean number of ears per wheat (Triticum aestivum L.) plant treated with Tetradesmus obliquus: direct 
culture (MC), and supernatants after harvesting by Centrifugation (C), Flocculation (F), Electrocoagulation (EC), Flocculation + Centrifugation (F + C), and Elec
trocoagulation + Centrifugation (EC + C). Distilled water and Hoagland solution were used as negative and positive controls, respectively. PF-Cc is the concentrate 
from the photo-Fenton process. Different letters indicate significant differences among treatments (Tukey’s test, p < 0.05) and results are shown as mean ± standard 
deviation (n = 5). b) Photography showing the wheat plants treated with Hoagland solution (positive control), direct culture (MC), photo-Fenton concentrate (PF- 
CC), and supernatant from flocculation (F-S). 
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of biologically active molecules, such as phytohormones, which are 
known to influence seed germination [12,41]. 

The positive GI (198 %) results of F biomass could be related to the 

use of chitosan, which promote seed germination and seedling growth 
under low-temperature stress [42,43]. Chitosan is a non-toxic polymer 
derived from chitin, which is biodegradable, ecologically accepted, and 
food grade, therefore not compromising the applications of the micro
algae biomass [44]. The cationic properties of chitosan facilitate 
microalgae harvesting and can also adsorb to plant surfaces, thus 
extending the contact time and increasing proximity between the plant 
and the microalgae biomass. This effect could also promote the efficacy 
of bioactive compounds in boosting seed germination. 

When centrifugation is done after flocculation (F + C) or electro
coagulation (EC + C), the germination boositing effect of the biomass is 
reduced. In the first case, the centrifugal forces might break microalga- 
chitosan flocs, lowering the amount of chitosan present in the biomass. 
Free chitosan could also bind to plants and impede microalgae cells from 
binding to seedling tissues, decreasing the contact time and proximity of 
microalgae biomass. In EC + C, C might increase the toxic concentration 
of metals in the algal biomass which ultimately leads to a negative 
response of the GI [45]. 

In general, centrifugation is considered to be an expensive method of 
microalgae harvesting because it requires more energy, specialized 
equipment, and maintenance costs and can be more labor-intensive than 
chitosan flocculation. Chitosan flocculation can be a cost-effective 
method for large-scale microalgae harvesting, as it requires relatively 
simple equipment and it is easily scaled up. Although the cost of chitosan 
can vary depending on the supplier, it is generally considered to be a 
relatively low-cost chemical compared to other chemicals used in 
microalgae harvesting [46]. This way, flocculation seems to be the best 
method for harvesting biomass to be used for seed germination. 

The direct use of the PF-PWW on wheat seeds indicated that the high 
concentration of nutrients has a phytotoxic effect as no seeds germinated 
(Fig. 3). The high concentration of NH4

+ presents in the PWW, is usually 
attributed as the main toxicity factor in swine waste [47], with previous 
studies demonstrating a negative correlation between the NH4

+ con
centration and seed germination [48]. However, after microalgae-based 
treatment, the inhibitory effect is greatly reduced, with GI similar to the 
control (p > 0.05). The proximity of the supernatant’s nutrient contents 

Table 9 
Chemical composition of wheat shoots treated with supernatants obtained after different harvesting methods: primary macronutrients (N-NH4

+, N-NO3, K), secondary 
macronutrients (Ca, Mg, S), micronutrients (Fe, Cu, Zn, Mn, and B), and beneficial elements (Na).  

Parameter H2O Hoagland MC C-S F-S EC-S F + C-S EC + C-S PF-CC 

Primary macronutrients (g/kg) 
N –  15.7  21.9  33.6  29.3  30.0  32.8  30.8  9.89 
P 3.66  5.41  4.51  4.24  3.97  3.87  3.92  4.03  2.16 
K 8.97  23.9  26.3  48.2  48.7  42.1  45.9  44.3  25.4  

Secondary macronutrients (g/kg) 
Ca 5.38  2.66  2.66  3.00  2.84  3.04  2.81  3.36  3.16 
Mg 2.86  2.49  1.43  1.94  2.96  3.52  3.26  3.14  3.75 
S 1.80  3.31  1.64  4.42  12.8  14.0  10.9  12.9  15.7  

Micronutrients (mg/kg) 
Fe 339  138  161  197  205  216  253  202  198 
Cu 19.9  15.2  16.4  18.8  18.7  17.4  18.8  17.3  14.6 
Zn 63.0  71.9  34.7  62.8  88.2  108  79.2  117  30.1 
Mn 145  61.9  62.8  180  202  192  186  185  66.3 
B 8.32  6.68  12.2  27.2  26.3  22.6  23.3  23.6  7.26  

Beneficial elements (g/kg) 
Na 3.59  0.278  1.00  15.2  16.6  13.3  17.2  18.1  0.845  

Heavy metals (g/kg) 
Cr 9.54  6.50  5.95  5.71  5.86  5.56  5.99  5.02  6.36 
Ni 2.92  1.46  1.73  1.65  2.00  1.43  2.55  2.15  1.35 
Cd 0.161  0.299  0.292  0.217  0.259  0.287  0.263  0.234  0.0960 
Pb 3.19  2.09  1.71  2.76  2.55  1.45  2.23  2.30  2.52 

MC: Microalga culture; C: Centrifugation; F: Flocculation; EC: Electrocoagulation; F + C: Flocculation + Centrifugation; EC + C: Electrocoagulation + Centrifugation. 

Table 10 
Ear composition of wheat plants treated with supernatants obtained after 
different harvesting methods: primary macronutrients (N-NH4

+, N-NO3, K), 
secondary macronutrients (Ca, Mg, S), micronutrients (Fe, Cu, Zn, Mn, and B), 
and beneficial elements (Na).  

Composition Hoagland MC PF-CC 

Primary macronutrients (g/kg) 
N  25.7  33.0  18.4 
P  5.04  4.51  4.09 
K  7.66  9.78  6.32  

Secondary macronutrients (g/kg) 
Ca  0.593  0.649  0.53 
Mg  1.86  1.35  1.11 
S  2.13  2.03  1.52  

Micronutrients (mg/kg) 
Fe  81.2  131  94.8 
Cu  17.9  18.2  15.9 
Zn  98.1  59.3  61.8 
Mn  45.6  91.3  44.5 
B  3.32  6.64  4.71  

Beneficial elements (g/kg) 
Na  0.081  0.166  0.103  

Heavy metals (g/kg) 
Cr  6.22  9.65  6.86 
Ni  2.61  3.88  1.61 
Cd  0.131  0.152  0.019 
Pb  1.69  2.58  2.42 

MC: Microalga culture; F: Flocculation; EC + C: Electrocoagulation +

Centrifugation. 
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to the toxicity limits could explain the decreased GI values [49]. Still, the 
nutrient contents in the supernatants may be more adequate for later 
stages of plant development (vegetative growth), since during germi
nation, grain seeds degrade their own storage molecules to obtain en
ergy [50]. 

4.2. Wheat growth 

At an initial growth phase (growth chamber), the microalgal sus
pensions were sufficient for wheat growth. However, these same sus
pensions proved to be insufficient for more developed plants (Fig. 4), 
which is explained due to the low concentrations of macro and micro
nutrients (Table 6). 

Improved growth occured in wheat plants supplemented with su
pernatants at later growth stages (Figs. 4 and 5) since they were richer in 
nutrients, especially N (Table 6). This element plays a key role in plant 
performance, it combines with carbon (C), hydrogen (H), oxygen (O), 
and sulphur (S) to create amino acids, which are the building blocks of 
proteins, and are used in the formation of the protoplasm, the site for cell 
division and thus for plant growth and development. N is also needed for 
all the enzymatic reactions in plants, and is a major constituent of the 
chlorophyll molecule, therefore being essential for photosynthesis [51]. 

The soil used for this experiment was rich in nutrients (Table 4), 
requiring only minimal N fertilization. Thus, the beneficial effect of the 
microalga or supernatants could be more pronounced when applied to 
poor soils, as it was evidenced with the application of Chorella vulgaris to 
marginal soils, replacing mineral fertilizers in wheat growth [52]. An 
accumulation of N in soils was observed from 83 (Table 11) to 182 DAS 
(Table 12), but was less pronounced in MC and PF-CC treated soils A 
high amount of N promotes plant growth, but when in excess, it is not 
completely absorbed by the plant, and in its nitric form is easily leached 
while contaminating the surrounding waters. The majority of N was 
found in the ammoniacal form (N-NH4) which is a good indication, since 
this ion is more retained in the soil adsorption complex, there being less 
prone to soil leaching. Nitrate (N-NO3) is quite soluble in water and is 
not retained in the soil. As it is quite mobile, it is dragged to the deeper 
layers of the soil, by percolation waters, but also by surface runoff waters 
[29]. Thus, it is convenient to have more nitrogen in the ammoniacal 
form than in the nitric form, which is verified in almost all soils 
analyzed, except the positive control soil (Hoagland’s solution), where 
the nitrogen source is in the form of nitrate. 

The high value of K (>30 g/kg) of plants was expected, since the 
supernatants also had a higher value (Table 5), and the plant assimilated 
this macronutrient (Table 9). K is necessary for carrying out protein 
synthesis and cell division [29]. Low content of this macronutrient can 
decrease the number of cell divisions and, consequently, plant growth, 
which can explain the reduced growth of plants with the negative con
trol (Fig. 5). In terms of Fe, there is the biofortificartion of the ears of 
wheat plants treated with MC and PF-CC. An accumulation of Zn, Fe, Mn 
and Cu in wheat grains treated with cyanobacteria was also obtained 
previously [53]. 

Aside from the supernatants, the PF-CC also improved the wheat 
growth and ear production (Fig. 6). The valorization of this fraction is 
important since PF-CC is a by-product from photo-Fenton pre-treatment, 
and by evidencing its potential as an organic fertilizer, it can become a 
co-product on the promotion of sustainable agriculture by reducing the 
demand of chemical fertilizers. MC could also offer benefits since it is a 
less processed fraction of the microalga biomass production (no har
vesting means lower costs), which improves the economic feasibility of 
the whole process. This result could be due to growth-promoting mol
ecules produced by microalgae, which promote a better nutrient uptake 
by plants. An improved ear number of wheat plants treated with Nostoc 
piscinale in various field experiments carried out over three years [54]. A 
reduction of 75 % of chemical fertilization of wheat by applying mi
crobial consortiums, including cyanobacteria species [55]. Improve
ment in plant weight of wheat treated with wastewater-grown microalga Ta
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suspensions (7.4–33 %) with 25 % N savings in chemical fertilization 
was also previously shown [56]. This could be due to growth-promoting 
molecules produced by microalgae, which promote a better nutrient 
uptake by plants. Thus, a promising strategy could be the combination of 
MC with PF-CC in order to provide both essential nutrients and bioactive 
compounds to improve the nutrient uptake and promote plant growth. 

5. Conclusions 

T. obliquus grown in PF-PWW improved seed germination and pro
vided faster root and shoot growth. The various tested fractions 
(biomass, supernatant, and PF precipitate) were shown to serve different 
purposes during the different wheat growth stages. The use of centri
fugation and flocculation as a harvesting method had a very positive 
impact on wheat seed germination, with the microalga biomass 
achieving a GI of 187 and 205 %, respectively. Supernatants from the 
microalga cultivation were also a valuable irrigation suspensions for 
agriculture to sustain plant growth and resulted in a higher number of 
leaves and tillers. PF precipitate was an important input of essential 
nutrients, achieving similar ear productivity compared to positive con
trol. Ultimately, this strategy is not only crucial to develop more envi
ronmentally sustainable treatments for agro-industrial effluents but 
could contribute to minimize microalgal production costs by using a 
low-cost and readily available source of nutrients. The generation of 
treated water for irrigation and biomass will help alleviate the ever- 
growing pressure on water resources and reduce the dependence of 
non-renewable fertilizers for agriculture. Furthermore, microalga could 
be a vehicle for delivering the nutrients present in manure in a more 
controlled manner, avoiding nutrient runoff that contaminate aquatic 
environment. 
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Table 12 
Final composition of the soil treated with the different supernatants, photo-Fenton concentrate (PF-Cc) and controls (distilled water and Hoagland solution) 182 days 
after sowing: pH, conductivity (k), organic matter (OM), potassium oxide (K2O), phosphorus (P), ammonia (N-NH4

+), and nitrate (N-NO3), micronutrients (Fe, Cu, Zn, 
and Mn) and base saturation (Ca2+, K+, Mg2+, and Na+).  

Parameters dH2O Hoagland MC C-S F-S EC-S F + C-S EC + C-S PF-Cc 

pH  6.7  6.2  6.3  5.9  6.2  5.9  5.7  5.7  6.6 
k (μs/cm)  406  552  1244  6512  7687  6366  4626  6345  667 
OM (%)  22.7  22.7  22.0  22.7  18.0  23.1  24.8  21.8  27.7 
GSB (%)  98.9  99.8  99.8  99.6  99.9  99.3  99.4  99.7  99.5 
Primary macronutrients (ppm)          

N-NH4  4.50  9.50  157  1662  1889  1347  871  1412  24.7 
N-NO3  9.20  136  13.1  99.9  112  123  133  137  18.6 
P  68.5  101  35.9  48.8  51.5  39.8  29.9  37.7  64.0 
K2O  943  1129  1535  7305  5628  5351  4469  4817  959 

Micronutrients (ppm)          
Fe  128  173  157  139  128  165  140  157  568 
Cu  5.01  5.42  15.22  4.36  5.46  4.86  4.52  4.80  7.85 
Zn  10.6  11.5  12.3  16.4  17.8  125  11.9  93.4  26.0 
Mn  64.8  81.1  71.9  67.9  74.9  64.0  68.3  68.4  174.2 

Base saturation (cmol(+)/kg)          
Ca2+ 23.8  27.4  25.2  31.3  35.3  28.1  30.6  31.3  26.7 
K+ 2.78  2.92  3.55  14.1  15.1  13.7  9.90  15.6  2.34 
Mg2+ 7.40  8.40  6.90  7.55  7.59  10.5  6.46  11.1  7.00 
Na+ 2.99  2.43  6.90  29.3  32.4  29.2  22.6  30.0  4.60 

MC: Microalga culture; C: Centrifugation; F: Flocculation; EC: Electrocoagulation; F + C: Flocculation + Centrifugation; EC + C: Electrocoagulation + Centrifugation. 
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