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Abstract: This study investigates the influence of photoperiod and wastewater concentration on the
growth of microalgae and cyanobacteria for the removal of environmentally significant parameters
(COD, BOD, Cr, Fe, color, chlorides, nitrogen compounds, and phosphates) from dyeing wastewater.
A two-factor central composite design with surface response was employed, involving two algae
species (Chlorella and Scenedesmus sp.) and two cyanobacteria species (Hapalosiphon and Oscillatoria
sp.). The findings indicated that extended photoperiods (>13 h) and higher wastewater concentrations
(70–80% v/v) enhanced biomass production across all strains. However, Hapalosiphon and Chlorella
sp. (1.6 and 0.45 g/L) exhibited better tolerance to the wastewater’s high toxicity, resulting in higher
biomass concentrations and improved COD and BOD removal by Hapalosiphon sp. (75% and 80%,
respectively). Further analysis of the obtained biomass revealed their potential applications. Among
the cyanobacteria, Hapalosiphon sp. synthesized the highest concentrations of total proteins and lipids
(38% and 28% w/w, respectively), while Oscillatoria sp. displayed a high protein content (42% w/w).
In contrast, the algae demonstrated a strong propensity for storing substantial quantities of total
carbohydrates (65% and 57% w/w for Scenedesmus and Chlorella sp., respectively). These results
signify the feasibility of cultivating photosynthetic microorganisms in industrial dyeing wastewater
as a sustainable source of nutrients for targeted metabolite production.

Keywords: dyeing wastewater; cyanobacteria; microalgae; biomass; metabolites; response surface

1. Introduction

Dyeing wastewater is an effluent produced during the dyeing, dismantling, washing,
and cleaning of garments in the textile industry. This industry uses large amounts of water
and a wide range of dyes and synthetic chemicals at various stages of the production
process [1]. This wastewater can contain multiple chemical substances, depending on
the products used. They are characterized by high levels of pollutants and the presence
of substances such as solvents, detergents, dyes, plasticizers, binders, volatile organic
compounds, surfactants, chlorobenzenes, phenols, pentachlorophenols, bleaching agents,
and heavy metals [2,3] which may pose risks to both human well-being and the natural
environment. It has been reported that the chemical compounds in dyeing effluents can be
toxic to aquatic life, negatively affecting marine ecosystems and reducing biodiversity. The
effect on human well-being is substantial, resulting in liver and kidney impairment, skin
inflammation, persistent bronchitis, nasal discomfort, the potential for cancer, and DNA
harm. [4,5]. To minimize the impact of dyeing wastewater, it is essential to implement
sound management practices, such as installing treatment systems. These systems can help
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eliminate or reduce wastewater pollutants before discharge, protecting the environment
and public health [6]. Various treatment processes have been developed to treat this
wastewater, including physical, chemical, and biological treatment processes to treat it
economically and efficiently [7]. The main physical treatment processes include filtration,
flocculation, and adsorption [8].

Methods based on filtration and flocculation are useful for effluents containing dis-
persed dyes. However, they are not very practical for wastewater containing reactive and
vat dyes, and the solids generated during treatment are considerable [9,10]. Methods like re-
verse osmosis (RO), nanofiltration (NF), and ultrafiltration (UF) have been employed for the
treatment of textile effluents, yielding favorable outcomes in the reduction in parameters
such as biological oxygen demand (BOD), chemical oxygen demand (COD), and color [11].
However, these processes have the disadvantage of high investment and operating costs,
the generation of other wastes, and the technological development necessary for their opera-
tion and maintenance, which are challenging to implement in less developed countries [12].
Adsorption processes have attracted much attention due to their efficiency in improving
the decolorization of wastewater. The adsorbents’ high affinity and recombination ability
are their most important properties. Some, such as activated carbon, have proven effective
for dyes like Acid Blue 25 (AB25) [13], but the difficulty of their regeneration and their price
limit their application [14].

Among chemical methods, oxidation processes are the most employed techniques for
breaking down dyes. Under environmental conditions, these processes can either partially
or entirely degrade the original toxicants and their chemical by-products, such as dyes,
pesticides, etc. Oxidation processes such as UV/H2O2 have been shown to produce com-
plete decolorization after 20 min and a 63% removal of total organic carbon in 90 min [15];
similarly, combinations of TiO2/UV/H2O2 have achieved decolorizations of up to 64% with
illumination times of 100 min [16]. Other technologies, such as cavitation, can reduce color
content and improve the biodegradation index (BI) (BOD5/COD ratio) [8]. According to
Mishra et al. [17], high removal rates of rhodamine can be achieved by coupling cavitation
with chemical reagents (H2O2, CCl4, and Fenton reagent). The disadvantage of using these
methods is the generation of some by-products that cannot be recycled as waste or solids,
and finally, the development of technologies that sometimes limit their application.

On the other hand, biological processes usually use microorganisms that can thrive
under harsh conditions. The efficiency of elimination depends on the ratio between organic
load and dye, as well as on the concentration of microorganisms, temperature, oxygen
concentration in the system, and photoperiod [18]. The advantages of biological processes
include environmental compatibility, competitive cost, non-hazardous metabolites, and
reduced water consumption [19]. In recent times, microalgae and cyanobacteria have
emerged as sustainable remedies for eliminating harmful substances present in various
wastewater types, such as agricultural runoff [20], domestic wastewater [21], agroindustrial
wastewaters [22–25], and landfill leachate [26]. It was reported that Cosmarium species
could attenuate malachite green dye at temperatures of 5–45 ◦C and pH 9, demonstrating
its ability to treat wastewater containing this pollutant [27].

Microalgae can remove total organic carbons, total nitrogen, and various dyes. Dhaouefi
et al. [28] demonstrated a reduction of 80% of orange 3 disperse dye and 75% of blue 1
disperse dye using an anoxic/aerobic photobioreactor at a contact time of 10 days [28].
There is limited work on the cultivation of microalgae and cyanobacteria in real dyeing
effluents, most being from synthetic effluents with a single dye; however, there are some
reports on the use of Chlorella sp. and Oscillatoria sp. strains for the treatment of dyeing
effluents. Nagaraj et al. [29] reported on the culture of S. pevalakii in textile wastewater at a
concentration of 60% (v/v) and found that the highest percentage of metabolites was found
in carbohydrates (50.1% w/w), followed by lipids (17.82% w/w), pigments (16.8% w/w),
and proteins (13.2% w/w). On the other hand, it was found for cyanobacteria that the
process of dye degradation involves several mechanisms that allow the decomposition and
elimination of various dyes of natural and synthetic origin. One of these processes is extra-
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cellular degradation, in which the dye molecules are degraded to smaller and less polluting
compounds with the help of extracellular enzymes produced by cyanobacteria [30]. It is
clear that both microalgae and cyanobacteria play an important role in different aquatic
ecosystems and can degrade various types of pollutants; however, effluent discharges with
dyes can inhibit their growth. Hence, although they can grow under these conditions,
it is possible that some dyes and compounds present in these effluents, given their low
biodegradability, may remain in the water body or, as a result of degradation, intermediate
compounds are generated that can affect aquatic life [31]. This aspect supports the need for
studies to evaluate the effect of factors such as wastewater concentration on the growth
and production of metabolites in microalgae and cyanobacteria in order to determine their
effectiveness in biotreating dye wastewater.

Currently, there are no reports on the effects of photoperiod and effluent concen-
tration using a response surface methodology on biomass production and recovery of
metabolites of interest in real dying wastewater; therefore, this work aims to contribute to
the knowledge of possible process optimization measures for variables such as photope-
riod and biomass production in nutrient reduction using microalgae and cyanobacteria in
recalcitrant effluents such as dying effluents.

2. Materials and Methods
2.1. Physicochemical Characterization of Dyeing Wastewater

The water sample was obtained from a textile and dyeing company in Cúcuta (Norte de
Santander, Colombia). Sampling was performed during the operating day, and a composite
sample was obtained. The sample was stored in 5 L amber bottles kept refrigerated at
4 ◦C and taken to the laboratory at Universidad Francisco de Paula Santander (Cúcuta,
Colombia). The physicochemical characterization was done according to Standard Methods
23rd Edition [32]. The parameters analyzed are shown in Table 1.

Table 1. Physicochemical characterization of dyeing effluents.

Parameter Units Standard Methods Code

COD mg × L−1 5220C
BOD mg × L−1 5210B-4500-OG

Nitrates mg × L−1 4500-NO3 B
Nitrites mg × L−1 4500-NO2 B

Ammonia nitrogen mg × L−1 4500-NH3 F
Phosphates mg × L−1 4500-P C

Total Suspended Solids mg × L−1 2540D
Heavy Metals (Fe, Cr) mg × L−1 3111D

Sulfides mg × L−1 4500-S2 F
Chlorides mg × L−1 4500-ClB

Total Hardness mg × L−1 CaCO3 SM2340C
pH pH units 4500B

Conductivity µS × cm−1 2510B

2.2. Microorganisms

Two algae (Scenedesmus and Chlorella sp.) and two cyanobacteria (Hapalosiphon and
Oscillatoria sp.) were obtained from the INNOValgae collection (Universidad Francisco
de Paula Santander, Cúcuta, Colombia). Both algae were grown in liquid bold basal
medium, while the cyanobacteria were grown in liquid BG-11 medium. Every strain was
grown in 1 L GL-45 flask with 600 mL of culture media under a 12–12 h photoperiod,
110 µmol m−2s−1, mixed with filtered air enriched with 1% (v/v) of CO2 at a flow of
0.6 vvm and 25 ± 2 ◦C [33].
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2.3. Experimental Design

A central composite design (CCD) with two levels (Table 2) was created on Design
Expert software (StatEase, Minneapolis, MN, USA, EEUU). The variables evaluated were
wastewater concentration and photoperiod; the response variable was biomass. The
experimental design resulted in 14 experiments conducted in triplicate. The dye water was
sedimented for 30 min in a high-rate pilot settler in the UFPS unit operations laboratory
and then used for cultivation with the different strains. A 500 mL GL-45 flask with 300 mL
working volume (40 mL of algae plus 260 mL of wastewater) was used for each experiment.
Each flask was grown for 20 days at 200 µmol m−2s−1, 25 ± 2 ◦C and mixed with filtered
air enriched with 1% (v/v) CO2 (Figure 1).

Table 2. Experimental design for microalgae and cyanobacteria.

Experiment Wastewater Concentration Photoperiod Light/Dark

% v/v Hours
1 20 8
2 50 8
3 20 21
4 50 21
5 35 14.5
6 35 14.5
7 35 14.5
8 56.21 14.5
9 35 14.5
10 35 23.69
11 35 14.5
12 35 5.30
13 35 14.5
14 13.78 14.5
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Figure 1. Diagram of the experimental process.

2.4. Biomass Concentration and Nutrient Removal

Before inoculation, the wastewater was autoclaved and adjusted to pH 7.0. For each
experiment, a 500 mL GL-45 flask with 250 mL of working volume was used (25 mL of algae
plus 225 mL of wastewater). Each flask was grown for 20 days under 200 µmol m−2s−1,
25 ± 2 ◦C and mixed using filtered air enriched with 1% (v/v) of CO2 [33]. The wastewater
concentrations and the light/dark cycles were adjusted according to the experimental design.

The ash-free biomass was determined according to Moheimani and Borowitzka [34].
After 20 days, the biomass produced was recovered through filtration in a 45 mm

GFC fiber filter (5 mL per filter); each flask was filtered 6 times. The filters were dried on



ChemEngineering 2023, 7, 90 5 of 18

a silica bed (60 ◦C, 24 h). After drying, the filters were kept in the desiccator until they
reached a constant weight (±2 h), and then weighed [35]. After reaching constant weight,
the filters were incinerated in a muffle furnace (450 ◦C, 5 h). Nitrates, phosphates, and COD
measurements were completed according to the standard methods for examining water
and wastewater [32]. For PO4, the vanadomolybdophosphoric acid colorimetric method
was used (SM-4500-P C). For nitrates, the spectrophotometric UV-VIS detection method
was used (SM-4500-NO3-B). For COD, the closed reflux colorimetric method was used
(SM-5220 D). The samples analyzed were taken in triplicate.

Total organic carbon (TOC) was determined using a TOC analyzer (Thermo Fisher
Scientific, Waltham, MA, USA). The operating conditions were a sample volume of 0.5 mL,
water chase volume of 1.0 mL, injection line rinse on, injection line rinse volume of 0.5 mL,
acid volume of 0.5 mL, ICS parge flow 200 mL min−1, carrier gas delay time 0.40 min, ICS
parge time 50 min, detector sweep flow 500 mL min−1, furnace sweep time 1.0 min, and
system flow 200 mL min−1.

2.5. Carbohydrate Extraction and Quantification

A Falcon tube containing 0.5 mL of 1 M H2SO4 and a filter with known biomass was
used for the experiment. The mixture was homogenized in a vortex for 2 min, and then
5 mL of 1 M H2SO4 was added to it. The mixture was incubated in a water bath at 100 ◦C
for 1 h. After that, the sample was centrifuged at 4000 rpm for 10 min at five ◦C. In a
glass tube, 2 mL of the supernatant was collected, and 1 mL of 5% phenol was added. The
sample was shaken with a vortex at medium speed for 1 min and allowed to settle at room
temperature for 30 min before scanning at 485 nm [34]. A calibration curve ranging from 0
to 1.5 mg L1 was constructed to determine the concentration, and Equation (1) was used to
calculate total carbohydrates.

Total carbohydrates (mg × mL−1) = (0.0116 × OD485) + 0.0712 (1)

2.6. Total Lipids Extraction and Quantification

To determine the total lipid content of a sample, a filter with a known amount of
biomass was heated at 100 ◦C for 10 min in a mixture of 100 mL ultrapure water and 2 mL
concentrated H2SO4. Then, freshly prepared sulfo-phospho-vanillin (SPV) was added to
the mixture and incubated at 37 ◦C and 200 rpm for 15 min. Finally, the mixture was read at
a wavelength of 530 nm [35]. The entire process was repeated three times and a calibration
curve ranging from 0 to 1.5 mg L1 was generated. Equation (2) was used to calculate the
total lipid content of the sample.

Total lipids (µg) = (OD530 − 0.0236)/0.0106 (2)

2.7. Protein Extraction and Quantification

Total protein content was measured according to Slocombe et al. [36]. Three milliliters
of 24% trichloroacetic acid (TCA) wase added to a Falcon tube containing a filter with
known biomass. The mixture was heated at 95 ◦C for 15 min in a water bath. After adding
9 mL of ultrapure water, the mixture was centrifuged (5000 rpm, 20 min, 4 ◦C). The pellet
was then reconstituted in 0.5 mL of Lowry-D reagent and heated in a water bath (55 ◦C,
60 min). Samples were centrifuged twice at (4500 rpm, 15 min). A total of 175 µL of the
supernatant was mixed with 3325 µL of Lowry D and incubated at room temperature for
10 min. Finally, 350 µL of Folin–Ciocalteu reagent was added and the sample stood at
room temperature for 30 min. Samples were read at 600 nm. Protein quantification was
performed according to Equation (3), and a calibration curve ranging from 0 to 5000 µg L−1

was constructed.

Total protein (mg L−1) = (2038.5 × OD600) + 59.706 (3)
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2.8. Total Carotenoids Extraction and Quantification

Falcon tubes containing filters with a fixed amount of biomass were utilized. To each
sample, 1 cm3 of 0.5 mm glass beads and 5 mL of ketone vehicle were added. The samples
were then homogenized for 3 min in a vortex at 100 rpm and centrifuged at 4500 rpm for
10 min at 4 ◦C. The resultant supernatant was collected, and its absorbance was measured
at a wavelength of 450 nm [37]. By using Equation (4), the total concentration of carotenoids
was calculated.

Total carotenoids (mg/mL) = (OD450 × sample volume × 10)/2500 (4)

2.9. Phycobiliproteins Extraction and Quantification

To determine the phycocyanin concentration, filters containing known cyanobacterial
biomass were placed in Falcon tubes and suspended in 10 mL of a 0.15 M phosphate-buffered
solution with a pH of 7.0. Then, 2 g of glass beads were added, and the samples were allowed
to rest for 1 min before being shaken three times for 2 min each at maximum speed. The
samples were then stored at 4 ◦C for 24 h, followed by centrifugation at 3400 rpm for 15 min.
Finally, the absorbance was measured at 620, 652, and 562 nm, and Equations (5)–(7) were
used to calculate the phycocyanin concentration as explained in [38].

C-PC (g L−1) = {[OD620 − (0.474 × OD652)]}/5.34 (5)

A-PC (g L−1) = {[OD652 − (0.208 × OD620)]}/5.09 (6)

PE (g L−1) = {[OD562 − (2.41 × C-PC) − (0.849 × APC)]}/9.62 (7)

3. Results and Discussions
3.1. Physicochemical Characterization of Dyeing Wastewater

Dyeing wastewater characterization is essential for ensuring compliance with envi-
ronmental regulations and protecting public health. In recent years, several studies have
been conducted to analyze the composition of dyeing wastewater and develop effective
treatment methods [36–38]. Table 3 shows the physicochemical characterization of the
dyeing effluents.

Table 3. Results of physicochemical characterization of wastewater.

Parameter Units This Research [38] [39] [40] [41] [42]

COD mg × L−1 974.7 ± 3.1 598 689 622 12,690 1700
BOD mg × L−1 290.33 ± 2.5 225.56 248 214.2 2667 782

Nitrates mg × L−1 42.95 ± 0.91 65 29.06 24.3 5.18 n/a
Nitrites mg × L−1 6.34 ± 0.09 1.25 n/a 3.23 n/a n/a

Ammonia nitrogen mg × L−1 18.45 ± 0.21 35.6 n/a 15.6 n/a 10.5
Phosphates mg × L−1 9.1 ± 0.72 n/a n/a 0.96 40.39 12.4

Total Suspended Solids mg × L−1 1345.31 ± 2.61 587.43 235 602.4 n/a n/a
Fe mg × L−1 1.98 ± 0.01 7.5 2.36 7.5 n/a 17.77
Cr mg × L−1 1.067 ± 0.01 n/a n/a 0.1 n/a 3.56

Chlorides mg × L−1 594 ± 0.12 850.67 2586 893.88 198.39 286
Total Hardness mg × L−1 CaCO3 612.21 ± 2.5 n/a n/a n/a n/a 1054

pH pH units 5.8 ± 0.1 6.1 7.5 5.98 4.94 6.25
Conductivity µS × cm−1 893.56 ± 3.4 1145 15.2 1302 1675 1180

n/a: not applicable.

The physicochemical characterization of the dyeing effluents shows low biodegradabil-
ity (0.29 BOD/DQO), a phenomenon similar to other reported studies [36,39,42]; similarly,
the concentrations of nitrogen compounds (nitrates, nitrites, and ammonia nitrogen) were
similar to the average ranges reported in other studies (Table 3). Phosphate concentra-
tions are within the range of other studies, where average phosphate concentrations of
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10–45.5 mg × L−1 were reported. Dyeing effluents can vary in their composition and con-
centration of contaminants, depending on the processes and chemicals used during the
dyeing process [39,43]. However, several studies have pointed to common physicochem-
ical characteristics of these effluents: in terms of pH, depending on the use of different
salts, bases, and acids, the pH can vary between acidic values (<5) and alkaline values
(>9) [36,44]; the COD concentration can range from 750 to 13,000 ppm, and most authors
cite BOD/CBD ratios of 0.15–0.4. These results are like those found in this work, indicating
a higher concentration of recalcitrant compounds that are not readily biodegradable by
microorganisms; therefore, the search for microorganisms that can degrade this type of
wastewater is a biotechnological potential not only for the treatment of these wastewaters,
but also for their use. The concentration of nitrogen compounds is related to the use of dyes
and nitrogen-containing chemicals in textile dyeing processes; nitrate concentrations have
been reported to be in the range of 35 to 80 ppm, and ammonium nitrogen concentrations
are usually between 25 and 65 ppm [45]. As for the concentration of phosphates, they are
typically present in dyeing wastewater at relatively low concentrations, generally ranging
from 0.5 to 20 mg × L−1. The phosphates present in dyeing effluents are due to the use of
chemicals such as phosphate-based dyes, dyeing auxiliaries, detergents, and other additives
used during the process that contain these compounds.

3.2. Biomass Production and Nutrient Removal

The growth of both algae and cyanobacteria in textile wastewater can be influenced
by several factors that can favor or inhibit growth; much of this process depends on the
physicochemical properties of the wastewater, especially the availability of nutrients such
as NO3

− and PO4
−3, which are necessary for their growth [46]. The presence of dyes in

these effluents can reduce the ability of algal strains to grow; compounds such as aromatic
amine, benzidine, and its derivatives can affect the growth rate, just as the concentration of
the dye affects the availability of light for microalgal species [47,48].

Cyanobacteria have been shown to grow at a higher rate than microalgae; these
organisms’ ability to fix nitrogen may enable their development, as physicochemical charac-
terization results showed low nitrate availability, explaining the low biomass concentration
of microalgae. There is limited work on bioremediation of actual dye wastewater by
microalgae and cyanobacteria. There are no reports on using Hapalosiphon sp. in these
processes. However, some authors have indicated that the process of degradation of these
dyes by cyanobacteria may involve absorption processes, extracellular binding by electro-
static interactions or van der Waals forces, and enzyme-mediated intracellular metabolism
in which the dye may be broken down into other, less toxic compounds, providing a
mechanism of detoxification of these compounds in terms of their cellular function [49,50].
In this study, the cyanobacteria showed more significant degradation and adjustment of
dyes in the residual water than the microalgae.

Table 4 presents the results of the ANOVA analysis for the four strains. In the case of
Chlorella sp., an F-value of 34.17 suggests that the model is significant, which implies that
such a large F-value cannot be due to the noise of the experiments. For Chlorella sp., wastew-
ater concentration and photoperiod are the most significant variables (p-value < 0.05). On
the other hand, the lack of fit F-value of 2.06 implies that the lack of fit is not significant
relative to the pure error. There is a 25.11% chance that such a large F-value for lack of fit is
due to noise.

For Scenedesmus sp. (Table 4), the photoperiod and residual water concentration with
the linear trend is significant, and the photoperiod with the quadratic trend is significant
in the model. Values greater than 0.1000 indicate that the model terms are not significant.
If there are many non-significant model terms (not counting those needed to support the
hierarchy), model reduction may improve the model. A lack of fit F-value of 0.04 implies
that the lack of fit is insignificant relative to the pure error. There is a 98.97% chance that
such a large F-value for lack of fit is due to noise.
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Table 4. ANOVA analysis for biomass of evaluated strains.

Strain Source Sum of Squares df Mean Square F-Value p-Value

Chlorella sp.

Block 0.0008 1 0.0008
Model 0.0595 3 0.0198 34.17 <0.0001 *

A-Wastewater 0.0287 1 0.0287 49.57 <0.0001 *
B-Photoperiod 0.0210 1 0.0210 36.12 0.0002 *

A2 0.0098 1 0.0098 16.82 0.0027 *
Residual 0.0052 9 0.0006

Lack of Fit 0.0038 5 0.0008 2.06 0.2511 **
Pure Error 0.0015 4 0.0004
Cor Total 0.0655 13

Scenedesmus sp.

Block 0.0063 1 0.0063
Model 0.2082 5 0.0416 83.78 <0.0001 *

A-Wastewater 0.0731 1 0.0731 147.11 <0.0001 *
B-Photoperiod 0.0624 1 0.0624 125.51 <0.0001 *

AB 0.0006 1 0.0006 1.26 0.2991 **
A2 0.0713 1 0.0713 143.50 <0.0001 *
B2 0.0000 1 0.0000 0.0913 0.7713 **

Residual 0.0035 7 0.0005
Lack of Fit 0.0001 3 0.0000 0.0355 0.9897 **
Pure Error 0.0034 4 0.0008
Cor Total 0.2179 13

Oscillatoria sp.

Block 0.0206 1 0.0206
Model 0.9950 2 0.4975 85.89 <0.0001 *

A-Wastewater 0.0963 1 0.0963 16.62 0.0022 *
B-Photoperiod 0.8987 1 0.8987 155.15 <0.0001 *

Residual 0.0579 10 0.0058
Lack of Fit 0.0264 6 0.0044 0.5581 0.7509 **
Pure Error 0.0315 4 0.0079
Cor Total 1.07 13

Hapalosiphon sp.

Block 0.0206 1 0.0206
Model 0.9950 2 0.4975 85.89 <0.0001 *

A-Wastewater 0.0963 1 0.0963 16.62 0.0022 *
B-Photoperiod 0.8987 1 0.8987 155.15 <0.0001 *

Residual 0.0579 10 0.0058
Lack of Fit 0.0264 6 0.0044 0.5581 0.7509 **
Pure Error 0.0315 4 0.0079
Cor Total 1.07 13

*—Significant. **—Not significant.

In the case of cyanobacteria, Oscillatoria sp. showed that the model’s F-value of 85.89 is
significant, indicating that there is only a 0.01% chance that this large F-value is due to noise.
If the p-value is less than 0.0500, the model terms are significant. For the case of Oscillatoria
sp., the residual water concentration and photoperiod are significant model terms. Values
greater than 0.1000 indicate that the terms used in the model are not statistically significant.
The lack of fit F-value of 0.56 suggests that the lack of fit is not significant compared to the
pure error. This means there is a 75.09% chance that such a high F-value for lack of fit is
due to random variation or noise.

Finally, the model for Hapalosiphon sp. was discovered to be significant (Table 4), with
an F-value of 206.30. This means there is only a 0.01% possibility that such a large F-value
is due to noise. When p-values are less than 0.0500, it indicates that the model terms are
significant. Both wastewater concentration and photoperiod, and the interaction between
these variables, were determined to be significant model terms. Values greater than 0.1000
indicate that the model terms are not significant. Similarly, the F-value for lack of fit of 5.73
implies that the lack of fit is not significant. There is only a 5.77% chance that such a large
F-value for lack of fit is due to noise.
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Figure 2 shows the surface analysis for each of the microalgae and cyanobacteria
strains in relation to the effects of photoperiod and effluent concentration on biomass
production. It can be concluded that the best growth concentration is above the 50% mark
(v/v) for all strains evaluated. The photoperiod also shows that the optimal growth ranges
could be 10 to 21 h of light/darkness. Based on the results obtained, a new experimental
design was carried out using the results of the original experimental design, which is
presented in Section 3.3.
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Figure 2. Response surface analysis for biomass production of (a) Chlorella sp., (b) Scenedesmus sp.,
(c) Oscillatoria sp., and (d) Hapalosiphon sp.

3.3. Validation of the Optimal Conditions

According to the response surface analysis results, the initial values were optimized
using a central composite design (CCD) with two levels of response surface analysis for
each of the strains studied. The values of the optimization design are shown in Table 5.

With the optimization experimental design results, ANOVAs were obtained for each
of the strains evaluated and are presented in Table 6. The ANOVA results for Chlorella
sp. indicate significance; the large F-value is unlikely due to noise. Additionally, p-values
less than 0.05 indicate significant model terms. In this case, the linear behavior of the
wastewater and photoperiod and the quadratic behavior of the wastewater are significant
model terms. Values above 0.1000 indicate that the model terms are not significant. With
regard to the fit, the F-value for lack of fit of 2.06 implies that the lack of fit is not significant
in relation to the pure error. There is a 25.11% chance that such a large F-value for lack of
fit is due to noise, indicating a positive and non-significant lack of fit. As for Scenedesmus
sp., an F-value of 115.03 implies that the model is significant; there is only a 0.01% chance
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that such a large F-value is due to noise. In this case, the linear and quadratic behavior of
the variables wastewater concentration and photoperiod are significant terms of the model.
The F-value for misfit of 5.04 implies a 7.62% chance of a misfit F-value due to noise.

Table 5. Optimal initial conditions and conditions for the optimization design.

Strains
Wastewater Concentration

% v/v

Photoperiod
Light/Dark

h

Low Medium High Low Medium High

Chlorella sp. 50 75 100 8 12 16
Scenedesmus sp. 50 75 100 14 17 20
Oscillatoria sp. 50 75 100 17 20 23

Hapalosiphon sp. 50 75 100 17 20 23

Table 6. ANOVA analysis for biomass of the studied strains.

Strain Source Sum of Squares df Mean Square F-Value p-Value

Chlorella sp.

Model 0.0595 3 0.0198 34.17 <0.0001 *
A-Wastewater 0.0287 1 0.0287 49.57 <0.0001 *
B-Photoperiod 0.0210 1 0.0210 36.12 0.0002 *

A2 0.0098 1 0.0098 16.82 0.0027 *
Lack of Fit 0.0038 5 0.0008 2.06 0.2511 **

Scenedesmus sp.

Model 0.2082 5 0.0416 83.78 <0.0001 *
A-Wastewater 0.0731 1 0.0731 147.11 <0.0001 *
B-Photoperiod 0.0624 1 0.0624 125.51 <0.0001 *

AB 0.0006 1 0.0006 1.26 0.2991 *
A2 0.0713 1 0.0713 143.50 <0.0001 *
B2 0.0000 1 0.0000 0.0913 0.7713 **

Lack of Fit 0.0001 3 0.0000 0.0355 0.9897 **

Oscillatoria sp.

Model 1.31 5 0.2621 133.19 <0.0001 *
A-Wastewater 0.1375 1 0.1375 69.87 <0.0001 *
B-Photoperiod 0.0398 1 0.0398 20.23 0.0028 *

AB 0.0047 1 0.0047 2.38 0.1665 **
A2 0.7865 1 0.7865 399.60 <0.0001 *
B2 0.4839 1 0.4839 245.86 <0.0001 *

Lack of Fit 0.0081 3 0.0027 1.91 0.2687 **

Hapalosiphon sp.

Model 1.49 5 0.2977 87.50 <0.0001 *
A-Wastewater 0.1540 1 0.1540 45.25 0.0003 *
B-Photoperiod 0.0484 1 0.0484 14.24 0.0070 *

A2 0.0020 1 0.0020 0.5951 0.4657 *
B2 0.9770 1 0.9770 287.10 <0.0001 *

Lack of Fit 0.0257 5 0.0051 5.73 0.0577 **

*—Significant. **—Not significant.

In Oscillatoria sp., it is evident that the model F-value of 133.19 implies that the model
is significant; there is only a 0.01% chance that such a large F-value is due to noise. In this
case, the linear and quadratic behavior of the wastewater concentration and photoperiod
are significant terms of the model. In this case, the F-value for lack of fit of 1.91 implies
that the lack of fit is not significant in relation to the pure error. There is a 26.87% chance
that such a large F-value of misfit is due to noise. Finally, for Hapalosiphon sp., the model
F-value of 115.03 indicated that the model is significant; there is only a 0.01% chance that
such a large F-value is due to noise. It was found that the linear and quadratic behavior of
wastewater concentration and photoperiod are significant terms of the model. The lack of
fit F-value of 5.04 implies a 7.62% chance of such a significant lack of fit F-value being due
to noise.
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Figure 3 shows the results of the response surface analysis for the optimization of the
data obtained in the original experimental design.
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The response surface allowed us to obtain the variables to confirm the process condi-
tions (Table 7).

Table 7. Optimal conditions were obtained from response surface analysis using Design Expert
software.

Strain Wastewater Concentration
% v/v

Photoperiod
Light/Dark

h

Chlorella sp. 80 13.5
Scenedesmus sp. 81 18.5
Oscillatoria sp. 75 19.2

Hapalosiphon sp. 75 19

Ten replicates were performed to confirm the conditions described in Table 7, and a
T-Test Student ANOVA statistical analysis was performed using Prism-GraphPad software.
Figure 4 shows the results of the verification of the optimal conditions.
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Biomass production is generally related to the dye degradation rate; the type and
concentration of dye significantly affects biomass production. However, textile effluents
have different types and concentrations of dyes that affect the biomass of microalgae and
cyanobacteria [51]. Although there are few studies on real dye effluents, reports on the use
of microalgae and cyanobacteria in textile effluents have shown that the concentration of
dye in the system improves the removal rate due to the increased contact opportunities be-
tween the dye molecules and the microalgae and cyanobacteria cells during the biosorption
process and is also a driving force for overcoming all the barriers for mass transfer of the
dye molecules between the cells [28,50]. Degradation of dyes requires a source of nitrogen
and phosphorus and, depending on the type of metabolism (autotrophy, mixotrophy, and
heterotrophy), a source of organic carbon [40,52]. In this work, it was shown that nitrate
concentration in wastewater affects the growth of Scenedesmus and Chlorella sp., while it has
no effect in the case of cyanobacteria since they can fix nitrogen. Finally, it has been pointed
out that the effluent concentration and light cycle affect the biomass production process of
both microalgae and cyanobacteria [53]; this work has shown that the optimization of these
parameters increased the biomass production in all the strains evaluated. Figure 5 shows
the removal of contaminants from the conditions by each strain.

As shown in Figure 5, the removals of most parameters were above 50%, and the
strain with the best pollutant removal was Hapalosiphon sp. (Figure 5) which effectively
removed COD (75%), nitrates (97%), ammonium (88%), TDS (90%), Fe (91.4), and Cr
(92.3%). COD, nitrogen, and phosphorous are critical indicators for evaluating the quality
of dyeing wastewater; the assimilation of nitrogen and phosphorous compounds by mi-
croalgae cyanobacteria helps the metabolism and growth of these organisms and, therefore,
consumes any organic substrate and reduces the COD present in the wastewater [54]. This
work demonstrated 85% higher removals of nitrogen and phosphorus compounds, leading
to COD removals above 65% for the evaluated strains.
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3.4. Production of Metabolites of Interest

Figure 6 shows the percentage of metabolites produced by Scenedesmus, Chlorella,
Oscillatoria, and Hapalosiphon sp. grown in industrial dyeing wastewater according to the
biomass production optimization conditions obtained. Evidently, the highest production
was obtained in the strains of cyanobacteria: 38.5% for Hapalosiphon sp. and 42.3% for
Oscillatoria sp.; in carbohydrates, the microalgae strains obtained the highest production
percentages: 65. 38% for Scenedesmus sp. and 57.68% for Chlorella sp. For lipids, the strain
Hapalosiphon sp. showed the highest accumulation (25.88%), and finally, the cyanobacteria
showed the highest pigment concentration. The variation in metabolite production rates
between microalgae and cyanobacteria primarily arises from the distinct metabolic traits
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exhibited by these organisms [55]. Factors such as biomass density, molecular weight, the
type of algal biomass, species variations, metabolic activity, growth stage, environmental
circumstances, and the presence of nutrients in the wastewater can influence the levels and
buildup of metabolites [56]. There are few studies on the cultivation of microalgae and
cyanobacteria in real dyeing effluents, while most studies are on synthetic effluents using a
single dye; however, there are some reports on the use of Chlorella sp. and Oscillatoria sp.
strains for the treatment of dyeing effluents.

ChemEngineering 2023, 7, x FOR PEER REVIEW  15  of  19 
 

This work demonstrated 85% higher removals of nitrogen and phosphorus compounds, 

leading to COD removals above 65% for the evaluated strains. 

3.4. Production of Metabolites of Interest 

Figure 6 shows the percentage of metabolites produced by Scenedesmus, Chlorella, Os‐

cillatoria, and Hapalosiphon sp. grown in industrial dyeing wastewater according to the bi-

omass production optimization conditions obtained. Evidently,  the highest production 

was obtained in the strains of cyanobacteria: 38.5% for Hapalosiphon sp. and 42.3% for Os‐

cillatoria sp.; in carbohydrates, the microalgae strains obtained the highest production per-

centages: 65. 38%  for Scenedesmus sp. and 57.68%  for Chlorella sp. For  lipids,  the strain 

Hapalosiphon sp. showed the highest accumulation (25.88%), and finally, the cyanobacteria 

showed the highest pigment concentration. The variation in metabolite production rates 

between microalgae and cyanobacteria primarily arises from the distinct metabolic traits 

exhibited by these organisms [55]. Factors such as biomass density, molecular weight, the 

type of algal biomass, species variations, metabolic activity, growth stage, environmental 

circumstances, and the presence of nutrients  in  the wastewater can  influence the  levels 

and buildup of metabolites [56]. There are few studies on the cultivation of microalgae 

and cyanobacteria in real dyeing effluents, while most studies are on synthetic effluents 

using a single dye; however, there are some reports on the use of Chlorella sp. and Oscilla‐

toria sp. strains for the treatment of dyeing effluents. 

 

Figure 6. Metabolite production of Chlorella sp., Scenedesmus sp., Oscillatoria sp., and Hapalosiphon 

sp. 

Nagaraj et al. [29] reported on the cultivation of S. pevalakii in textile wastewater at a 

concentration of 60% and found that the highest percentage of metabolites was found in 

carbohydrates (50.1% w/w), followed by lipids (17.82% w/w), pigments (16.8% w/w), and 

proteins (13). In this work, proteins were found to be the metabolite with the highest pro-

duction for Oscillatoria sp. (42.4% w/w), while for the other metabolites, the results were 

similar, except for pigments, where the concentration of Oscillatoria was lower. In the case 

of Chlorella, Tamil et al. [57] reported the highest biomass production of C. vulgaris in a 

50% dilution of textile effluent, achieving carbohydrate production percentages of 34.6% 

w/w and  lipid percentages of 13.88% w/w. Compared with  the  results obtained  in  this 

study, it was found that the accumulation of carbohydrates (54.7% w/w) was higher, and 

the concentration of lipids was similar. Regarding Scenedesmus, the existing reports refer 

to biomass production; however, Selvan et al. [58] reported on the growth of Scenedesmus 

sp. and Desmosdesmus sp. strains in synthetic water with dyes, where the percentage of 

protein achieved was 1.8% w/w for Scenedesmus sp. and 1.5% w/w; in this study, the per-

centage of protein production was higher than that (10.05% w/w); Arutselvan et al. [59] 

reported a lipid accumulation of 39% w/w for S. dimorphus strain, a higher value than that 

Figure 6. Metabolite production of Chlorella sp., Scenedesmus sp., Oscillatoria sp., and Hapalosiphon sp.

Nagaraj et al. [29] reported on the cultivation of S. pevalakii in textile wastewater at
a concentration of 60% and found that the highest percentage of metabolites was found
in carbohydrates (50.1% w/w), followed by lipids (17.82% w/w), pigments (16.8% w/w),
and proteins (13). In this work, proteins were found to be the metabolite with the highest
production for Oscillatoria sp. (42.4% w/w), while for the other metabolites, the results were
similar, except for pigments, where the concentration of Oscillatoria was lower. In the case
of Chlorella, Tamil et al. [57] reported the highest biomass production of C. vulgaris in a
50% dilution of textile effluent, achieving carbohydrate production percentages of 34.6%
w/w and lipid percentages of 13.88% w/w. Compared with the results obtained in this
study, it was found that the accumulation of carbohydrates (54.7% w/w) was higher, and
the concentration of lipids was similar. Regarding Scenedesmus, the existing reports refer to
biomass production; however, Selvan et al. [58] reported on the growth of Scenedesmus sp.
and Desmosdesmus sp. strains in synthetic water with dyes, where the percentage of protein
achieved was 1.8% w/w for Scenedesmus sp. and 1.5% w/w; in this study, the percentage of
protein production was higher than that (10.05% w/w); Arutselvan et al. [59] reported a lipid
accumulation of 39% w/w for S. dimorphus strain, a higher value than that achieved in this
study for the Scenedesmus sp. strain (15.63% w/w). Regarding Hapalosiphon sp., there are still
no reports in the literature about its use in the treatment of wastewater from the dyeing and
textile industries. It is worth highlighting the enrichment of proteins (39.3% w/w) and lipids
(25.88% w/w), which reached the highest concentration in this study. Some studies have
reported that the production of biomass and metabolites in microalgae and cyanobacteria
largely depends on the degradation capacity of the various dyes that make up the dyeing
effluent and become sources of nitrogen, carbon, and phosphorus [56]. In genera such as
Chlorella sp. and Scenedesmus sp., it has been found that degradation of dyes can occur
in two ways: a phase I involving hydrolysis reactions, oxidation, or reduction processes
involving enzymes such as hydroxylases, carboxylases, monooxygenases, dioxygenases,
and decarboxylases, And a phase II including biodegradation reactions by enzymes such
as hydrolases, catalase transferases, glutamyl-tRNA dehydrogenase, malate/pyruvate
mono(di)-oxygenase, dehydratases, catalases, reductases, glutathione S-transferases, and
pyrophosphate carboxylase/decarboxylase [58,60]. With respect to cyanobacteria, it was
found that the process of dye degradation involves several mechanisms that allow the
degradation and elimination of various dyes of natural and synthetic origin. One of the
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processes is extracellular degradation, in which the dye molecules are degraded to smaller
and less contaminating compounds with the help of extracellular enzymes produced by
cyanobacteria. Another process is intracellular degradation, in which enzymes of the
genus azoreductases attack the azo bonds present in the dyes and decompose the dye
molecules [30,51].

4. Conclusions

Recently, microalgae and cyanobacteria have been proposed as sustainable solutions
for removing pollutant compounds in wastewater. Studies have also been initiated on
using these microorganisms in dyeing wastewater due to their ability to tolerate extreme
environments, assimilate compounds in sewage, and utilize the biomass produced due
to the metabolites produced: lipids, proteins, phytohormones, carbohydrates, and pig-
ments. In this study, the use of microalgal strains (Scenedesmus sp. and Chlorella sp.) and
cyanobacteria (Oscillatoria sp. and Hapalosiphon sp.) for bioremediation of dyeing wastewa-
ter, biomass production, and metabolites of interest were tested, analyzing the effects of
the photoperiod and wastewater concentration. The results showed that for most of the
strains studied, longer light cycles of more than 18 h favored growth, except for Chlorella
sp., whose photoperiod was 13 h/11 h light/dark. A residual water concentration of
75% v/v proved optimal for the studied strains’ growth. The strain exhibiting the best
pollutant removal was Hapalosiphon sp., which effectively removed COD (75%), nitrates
(97%), ammonium (88%), TDS (90%), Fe (91.4), and Cr (92.3%). In terms of metabolite
production, the highest production of proteins was obtained in the cyanobacterial strains,
38.5% for Hapalosiphon sp. and 42.3% for Oscillatoria sp.; in the case of carbohydrates, the
microalgae strains obtained the highest production percentage, 65.38% for Scenedesmus sp.
and 57.68% for Chlorella sp. Regarding lipids, the strain Hapalosiphon sp. showed the highest
accumulation (25.88%), and finally, in terms of pigment concentration, the cyanobacteria
showed the highest accumulation. The cyanobacteria have greater adaptability due to their
ability to fix nitrogen. Their potential use depends on the metabolite to be recycled, so this
work provides a basis for further research on the utilization of this wastewater through
optimization processes to obtain a metabolite of interest. It is, therefore, necessary to
continue researching the use of these microorganisms as a biotechnological strategy for the
treatment of dyeing effluents; it is essential to evaluate the treated effluent by investigating
the compounds that may remain as residual or intermediate products generated during
the treatment bioprocess, to determine not only the use of the biomass generated, but
also the possibility of reincorporating the treated effluents into the production process,
guaranteeing the sustainability of the process.
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