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Abstract Microalgae are a unique renewable
resource utilized since ages, serving as a reser-
voir for the production of various metabolites. In
this study, dairy waste water (DWW) is used as
the nutrient media for the cultivation of microal-
gae. This study focuses on the phycoremediation
process of converting rich nutrients in the effluent
into biomass and removing contaminants using
microalgae. The specific growth rate reached the
maximum of 0.55 day~' in Desmococcus oliva-
ceous, followed by 0.39 day~' for Scenedesmus
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dimorphus, 0.23 day_1 in DCS (consortia com-
posing all three strains in equal ratio), and lastly
0.22 day~! in Chlorella vulgaris. The biomass pro-
ductivity was 1.44 g L™ day™!, 1.06 g L™! day~!,
0.88 g L' day™!, and 0.65 g L~! day™! in D. oli-
vaceous, S. dimorphus, C. vulgaris, and DCS,
respectively. The COD and BOD removal per-
centage was 82.85% and 45.40% in D. olivaceous,
81.98% and 44.25% in C. vulgaris, 80.73% and
53.45% in S. dimorphus, and 80.10% and 43.10%
in DCS, respectively. These results emphasize the
promising role of algae in dairy effluent treatment,
highlighting the effluent as a suitable medium for
microalgae cultivation. It verifies the circular bio-
economy concept where the treated wastewater is
converted into value-added products.

Keywords Phycoremediation - Dairy effluent -
Semi-continuous - Water quality - Sustainable
environment

Introduction

India, one of the major industrialized countries with
diversified areas, emerged as an indigenous industrial
hub surpassing global anticipation and emerging as
one of the world’s booming economies. But on the
other hand, rising environmental pollution decreases
the quality of life, causing global ecological crises
and climatic fluctuations (Renuka et al., 2015). A
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few major sources of pollution are large volumes of
effluents, both in solid and liquid forms, generated by
breweries, sugar mills, distilleries, dairy industries,
food-processing industries, tanneries, and paper-pulp
industries (Enamala et al., 2018; Ghashghaie et al.,
2022). These threats have posed thoughtful chal-
lenges for the scientific community in maintaining the
sustainability of our planet for the current and future
generations.

Untreated wastewater from industries and agri-
cultural runoff has excess nutrients like nitrogen
and phosphorous that lead to eutrophication, oxy-
gen exhaustion, and loss of important flora and
fauna, and sometimes to the total degradation of
water bodies that can be estimated using SWAT
(the Soil and Water Assessment Tool) software
(Ostad-Ali-As, 2022; Renuka et al., 2015). There-
fore, there is an immediate need to detect inexpen-
sive, eco-friendly techniques that require nominal
infrastructure and inputs that can be utilized by
the common person or poorly educated population.
Though many physical and chemical methods are
developed for wastewater treatment, they have their
limitations due to the toxicity of the end products
released (Abatenh et al., 2017; Arora & Khosla,
2021; Azubuike et al., 2016).

Bioremediation is an integrated approach which
includes degradation, depletion, adsorption, or detox-
ification of hazardous wastes from the surrounding
by the action of microorganisms. Bioremediation
employs microbes like bacteria, fungi, actinomy-
cetes, and earthworms to transform toxic chemicals
to release CO,/CH, and water (Choi et al., 2018).
In phycoremediation, researchers employed plants
(including algae and lower plants) and associated
microflora to remove contaminants including nutri-
ents and heavy metals. Transferring this technology
for industrial wastewater treatment is a promising
option due to the following merits of microflora: (i)
CO, sequestration potency (Enamala et al., 2018); (ii)
biotransformation, bioaccumulation, or bioaugmenta-
tion of the toxic chemical substances in the environ-
ment; (iii) easy adaptability to the natural environ-
ment and climatic fluctuations; and (iv) eco-friendly
and cheap alternative to other methods ( Sirisha et al.,
2017; Swetha et al., 2016).

In India, milk is one of the most important com-
modities needed for everyday life. In 1970, the Indian
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Government initiated a new operation flood called the
White Revolution after witnessing the success of the
Green Revolution that increased crop productivity
in wheat and rice. The main objectives of the opera-
tion were (i) to feed the growing population, (ii) to
increase the market share value to the producer, (iii)
to improve productivity for the dairy farmers, (iv) to
generate income for small farmers and landless peo-
ple, and (v) to move cattle farms from cities to rural
areas. These strategies rapidly increased the country’s
milk production and promoted India as one of the
largest milk producers in the world (Feil et al., 2020).
Operation flood was a rural development program
started by the National Dairy Development Board
of India (NDDB) in three phases during the period
1970-1996, and later, this operation transformed into
the White Revolution by AMUL (Anand Milk Union
Limited), a Gujarat-based cooperative societies lead
to the success of the Operation Flood Programme
(Amul - Milk, 2021).

Currently, India produces 147 million tonnes of
milk annually, which is double the quantity produced
by the USA. The excess milk production makes India
the largest milk exporter with annual milk produc-
tion worth Rs. 2422.85 crores (295.469 million USD)
(Moitra, 2021).

Control operations are involved in all produc-
tion stages, including sanitary conditions (cleaning),
storage, transportation, processing, and packaging
to maintain the good quality of produced milk. It is
one of the most polluting industries generating about
0.2-10 L of effluent per liter of processed milk, which
is 2.5 times more than the volume of milk production
(Liu et al., 2016). In 2020, the FAO estimates that
928 million tonnes of milk were produced, generat-
ing approximately 2320 million tonnes of wastewa-
ter (FAO, 2021). Dairy effluent from all the above
processes contains soluble organics, suspended sol-
ids, chloride, sulfates, trace organics, oil, and grease
(Chokshi et al., 2016; Maurya et al., 2016). These
components increase the biological oxygen demand
(BOD) and chemical oxygen demand (COD) (Kothari
et al., 2012; Ummalyma & Sukumaran, 2014). Due
to the fermentation of milk sugar to lactic acid, dairy
waste becomes rapidly acidic and contributes to
immediate high oxygen demand.

Besides milk constituents, the wastewater has
detergents, sanitizers, and caustic soda used for
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washing purposes (Chokshi et al., 2016; Kothari
et al., 2012). The essential nutrients (N and P) in
dairy effluent are suitable for bacterial growth,
favoring the anaerobic decomposition of pollutants
(Barrera Bernal et al., 2008).

Deploying microalgae for remediation is the
most cost-effective technology to remove nutrients
and increase biomass productivity for by-product
development (Do et al., 2019; Kumar et al., 2019;
Ummalyma & Sukumaran, 2014).

The emerging applications of biotechnology in
efforts to reduce environmental degradation and
promote long-term sustainability have broadened
the scope of algal bioremediation. Moreover, the
treated water can be used for irrigation purposes,
with enriched nutrient content that can promote
plant growth and development (Dominic et al.,
2009). Microalgal remediation is a simple, eco-
nomical, and environmentally friendly approach in
treating effluent while simultaneously enhancing
the agronomic traits of plants. The novelty involved
in the study is to reduce the cost of media by suggest-
ing an alternative cheap and effective commercial-
grade fertilizer mix with nitrogen, phosphate,
and potassium, thereby reducing the cost of effluent
treatment. The media cost of microalgal culturing
is not feasible for large-scale production. Replac-
ing commercial-grade fertilizers will reduce the
production cost and space occupied by conven-
tional unit operations. Also, the treated residual
water and biomass are recommended for irrigation
to produce plants with higher yield and significant
biomass, indirectly making the industry a place of
zero-waste discharge. This sustainable method of
remediation is also capable of remediating haz-
ardous substances disposed off in the environment
(Ostad-Ali-Askari, 2022).

The Indian Government has strict rules and reg-
ulations for effluent discharge to protect the envi-
ronment (Prevention and Control of Pollution Act
1974; The Environment Protection Act 1986). The
main objective of this study is to focus on address-
ing the reformation of water quality to meet the
minimum standards set by the government for the
discharge of effluents from the dairy industry by
implementing appropriate industry transferrable
technology cost-effectively, benefitting both the
industry and society.

Materials and methods
Collection of dairy effluent

The dairy waste water (DWW), collected at the inlet
of ETP (effluent treatment plant) of a dairy indus-
try located in Tamil Nadu, was filtered using a 100
mesh strainer to remove solid suspended particles and
stored in the cold room at 4 °C until further investiga-
tion (Chinnasamy et al., 2010).

Selection of species and maintenance of culture

Based on previous studies, Desmococcus olivaceous
(NRMCFO0124), Scenedesmus dimorphus NRMCF0157),
and Chlorella vulgaris (NRMCFO0128) (Kumar et al.,
2019; Umamaheswari & Shanthakumar, 2016; Zhang
et al., 2018) were obtained for the study from the National
Repository for Microalgae and Cyanobacteria [NRMC],
Bharathidasan University, Tiruchirappalli, Tamil Nadu,
India.

A morphological study of the selected microalgae
strains was conducted under a trinocular light micro-
scope LM-52-1803 to check cross-contamination.
SEM was done to analyze the structural changes
in the algal cells after the absorption of contami-
nants from untreated raw effluent. Later, 10 ml of
each microalgal strain was inoculated into 180 ml
of ChulO medium in a 250-ml Erlenmeyer flask and
kept in an incubator shaker (100 rpm, 25 °C, 2500 1x).

Bioreactor designing and setup

Scaling up to large volumes (culture: effluent vol-
ume was maintained in a 4:1 ratio) was done using
sterilized tap water and added commercial fertiliz-
ers with an equal proportion of nitrogen, phospho-
rus, and potassium (Purity Originals Npk 19:19:19).
Plastic bubble top PET cans with 10 L capacities and
an upper lid with an opening for aeration tubes were
used for scaling up to pilot scale. The selected cul-
tures adapted to fertilizers were slowly scaled up to 4
L with an optical density of more than 0.2 and growth
not exceeding 11-15 days of sub-culture (exponential
phase) for better results. Aeration was provided using
an electricity-powered air pump for proper mixing.
LED lights of 60 umol m~2 s~ light intensity (white
LED lights) were fitted to maintain 16:8 h light: dark
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period. After scaling to a 4 L culture volume, 1 L of
effluent was added to the culture. After 24 h, 1 L cul-
ture was removed and replaced with 1 L raw effluent
to mimic the effluent treatment process in industries
with a semi-continuous inlet and outlet. The same
process was repeated every 24 h for the next 5 days to
replace the entire culture volume with effluent.

Algal growth conditions and biomass estimation

Microalgae growth parameters were monitored turbidi-
metrically at 680 nm and the OD obtained was used to
calculate the doubling time and specific growth rate.

Algal dry cell weight (DCW) was calculated using the
gravimetric method by harvesting a microalgal culture
of 15 ml in a pre-weighed centrifuge tube, centrifuged at
5000 rpm for 5 min. The pellet was dried for 24 h in a hot
air oven at 60 °C. The dry weight of biomass was cal-
culated daily and calculated using the standard formula
(Chen et al., 2018; Saranya & Shanthakumar, 2019) as
given below:

Biomass yield (mg/L) = The final weight of the
Eppendorf tube — Initial weight of empty Eppendorf.

Specific growth rate and doubling time

Algal growth was analyzed from the optical density read-
ing measured at 680 nm every 24 h for calculating the dou-
bling time and specific growth rate (Chokshi et al., 2016)
using a UV-VIS spectrophotometer (Agilent—Cary 3500
UV-VIS spectrophotometer). Based on the OD reading,
the doubling time and specific growth rate were calculated
using the following formula (Egs. 1 and 2):

td =2.303 X (log OD, —log OD,) +1, — 1, (1)

1 =0.693 +td )

(OD, and OD, are optical density readings of day 2
and day 1; ¢, and ¢, are the time of observation of read-
ing) (Balaji et al., 2014b; Barrera Bernal et al., 2008).

Chlorophyll A estimation
Chlorophyll A content of untreated control effluent
and treated effluent were estimated by centrifugation

at 5000 rpm for 5 min, and the pellets were washed
2-3 times with distilled water, then re-suspended in
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2 ml acetone and boiled till the pellets turned color-
less (Saranya & Shanthakumar, 2019). After com-
plete cell disruption, the solution was again centri-
fuged at 13,000 rpm for 5 min, and the supernatant
was taken for measuring the optical density at 565 nm
and 540 nm using a spectrophotometer (Spectro-
quant@Pharo 300) (Balaji et al., 2014a). The chlo-
rophyll A (Chl A) content was determined using the
formula (Eq. 3):

Chl A = 12.7 (OD565) — 2.69 (OD540) 3)

Physicochemical parameter analysis

On the 5th and 10th days, physicochemical param-
eters were analyzed. Temperature and pH were
recorded daily using the centigrade thermometer
and electrode pH meter. Water quality is assessed
before and after adding dairy effluent for the follow-
ing parameters: sulfide, chloride, fluoride, nitrite,
nitrate, ammoniacal nitrogen, alkalinity, and hard-
ness were determined by following the APHA pro-
tocol (APHA, 2012). Dissolved oxygen content was
recorded every 24 h using a DO meter to rapidly
confirm the oxygen level increase on the decrease of
BOD and COD. All the sample analysis was done
following the standard the APHA (1998) protocol
and Indian standard IS: 3025-1964, 10 days after
the addition of effluent.

Nutrient removal efficiency of microalgae

Nitrite and nitrate estimation was done by direct
nesslerization to induce the reduction of ammonia
by the addition of reducing agent Devarda’s alloy
before and after treatment (5th and 10th days). Simi-
larly, ammoniacal nitrogen in treated samples was
estimated using Nessler’s reagent, and the color
developed was photometrically measured at 410 nm.
Nitrates were estimated by coupling with diazotized
sulfanilic acid and N-(1napththyl)-ethylene dihydro-
chloride to form reddish purple azo dye at pH 2.0 to
2.5 (Sahrawat & Prasad, 1975). Olsen’s method was
used to estimate phosphorus in the effluent before and
after treatment (Wolf & Baker, 1985). The reduction/
removal percentage of BOD, COD, and TDS was cal-
culated as follows (Eq. 4):
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Table 1 Characteristics of dairy effluent

Parameters Untreated raw effluent  Permissible
acceptable limit by
CPCB

Color Turbid (milky white) 15

Odor Foul smell Agreeable

Turbidity NTU 2 5

pH 5.68+0.12 6.5-8.5

Alkalinity 376 +0.05 200

Hardness 332+1.15 200

COD 1960+ 1.50 250

BOD 172 +1.21 80

TDS 1546 +0.98 500

Unit is mg/L for all parameters excluding color, odor, NTU,
and pH

CPCB Central Pollution Control Board

Removal percentage (%) = [(Ci - Cf)/C,»] x 100 (4)

where Ci is the initial concentration (mg/L) and Cf
is the final concentration (mg/L) (Asadi et al., 2019;
Saranya & Shanthakumar, 2019).

Statistical analysis

All study experiments were performed in trip-
licates (n=3), and the data was represented as
mean + standard error. One-way ANOVA was con-
ducted to analyze the significant mean values of
important parameters like BOD, COD, TDS, nitro-
gen, and phosphate using Tukey’s HSD (honestly
significant difference) test for the four microalgal
cultures (Barrera Bernal et al., 2008; Khemka &
Saraf, 2015).
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Results and discussion
Characterization of dairy effluent

We characterized the dairy effluent before and after
treatment for various parameters like pH, TDS,
BOD, COD, alkalinity, hardness, and turbidity as
mentioned in Table.1. The nutrient profiling deter-
mined for DWW collected for the study was found
to be similar to the characteristics of DWW reported
earlier (de Queiroz et al., 2020; Malla et al., 2015).

Morphological analysis of algal cells

Figure 1 shows the cells of the microalgal species
D. olivaceous, C. vulgaris, and S. dimporphus at
10 um scale. In the SEM analysis, the cells looked
swollen due to the accumulation of dissolved solids
from the DWW on the 10th day of the experiment.
The SEM images of the microalgae before and after
treatment are shown in Fig. 2. The cells show prom-
inent structural alteration in their surface due to
exposure to pollutants from the effluent. Due to the
absorption of pollutants, the cells of C. vulgaris are
completely damaged with a granular, uneven, and
porous surface.

Scaling up to bioreactor setup

The total cost of commercial-grade fertilizers is
Rs. 215/- for 450 g. About 100 mg/L was observed
to be necessary for the rapid growth of algal cells.
Frequently used algal culture (chulO) media costs
around 6872/- for 100 g and about 123 mg/L is

Fig. 1 Microscopic images of microalgal species. a Desmococcus olivaceous, b Chlorella vulgaris, ¢ Scenedesmus dimorphus
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Fig. 2 Scanning electron microscope images of microalgal species before and after treatment with DWW. a, b Desmococcus oliva-

ceous. ¢, d Chlorella vulgaris. e, f Scenedesmus dimorphus

required for effective growth. Commercial-grade
fertilizers reduce the media cost to Rs. 8404.79/- for
every 1000 L media. Substitution of the media with

@ Springer

fertilizers is approximately 175 times cheaper and
involves much less unit operation and infrastructure
for the remediation.
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Algal growth estimation

After the setup of the microalgal culture in 10 L plastic
cans, the culture conditions were maintained at con-
stant temperature (25 °C) and light intensity (2500 Ix).
The optical density at 680 nm was taken every 24 h to
estimate the cell growth after adding the effluent.

The dry biomass estimated was 1.44 g L™!, 0.88 g
L', 1.06 g L', and 0.65 g L™! in D. olivaceous, S.
dimorphus, C. vulgaris, and the DCS consortium
after treatment with DWW (Fig. 3a). The dry bio-
mass showed higher results when compared with the
control. A higher biomass was obtained with D. oli-
vaceous and S. dimorphus than the other two species.

Specific growth rate and doubling time

The specific growth rate reached the maximum of
0.55 day™! for D. olivaceous, 0.22 day~" for C.vulgaris,
0.39 day~! for S. dimorphus, and 0.23 day™' for the
DCS mixed culture on the Sth day of cultivation. The
growth slowed after the 5th day due to the entry of cells
into the late stationary phase and nutrient depletion. In
continuous mode, the growth rate was maintained for
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longer when the effluent is added daily. The algal cells
survived until the 10th day of the experiment, even
when the addition of effluent was stopped on the 5th
day for the acclimatization process. A growth rate of
0.24 day™" for D. olivaceous, 0.17 day™" for C.vulgaris,
0.09 day~! for S. dimorphus, and 0.20 day™' for the
DCS mixed culture was obtained, respectively. D. oli-
vaceous had a peak growth rate on the 5th day of about
0.55 day™! and maintained growth till the 10th day
with a growth rate of 0.24 day~!. However, C. vulgaris
could not survive after the Sth day, and the growth rate
reached as low as 0.09 day™' on the 10th day (Fig. 3b).
The doubling time of the algal cells is the exact inverse
of the specific growth rate with C. vulgaris and S.
dimorphus having a maximum doubling time of 4.16 t;
and 7.93 t, followed by 2.83 t; and 3.39 ty in D. oliva-
ceous and the DCS consortia on the 10th day of experi-
ment (Fig. 3c).

Chlorophyll A estimation
The chlorophyll A content in D. olivaceous, S. dimor-

phus, C. vulgaris, and the DCS consortium was deter-
mined as 6.66 ug/mL, 2.22 pg/mL, 6.23 pg/mL, and
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Fig. 3 Microalgal cell growth analysis. a Dry biomass estimation. b Specific growth rate (u). ¢ Doubling time. d Chlorophyll A estimation
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5.13 pg/mL respectively. Chlorophyll A content was
77% for S. dimorphus, 76% for DCS consortia, 57% for
D. olivaceous, and 48% for C. vulgaris. It was difficult
to grow Chlorella sp., under dark conditions (Fig. 3d).
The other species with low chlorophyll content could
adapt to the dark.

Physicochemical characteristics

The color of the effluent treated with D. olivaceous,
S. dimorphus, C. vulgaris, and DCS consortium
changed on day 2 to mild greyish white, on day 5 to
greenish-yellow, and on day 10, it completely turned
to green. The increase in algal biomass and their pho-
tosynthetic activity changed the color and odor of the

dairy effluent. The physicochemical characteristics
of dairy effluent before and after treatment are repre-
sented in Table 2. The odor changed to an acceptable
level from an offensive smell.

The pH of the untreated effluent was found to be
more acidic due to the accumulation of lactic acid
produced by the decomposition of lactose under
aerobic conditions (Benemann et al., 1987). In
our study, the pH of the dairy effluent wastewater
increased from 5.68 to 7.52 with D. olivaceous and
C. vulgaris, whereas pH increased to 7.50 and 7.58
in S. dimorphus and the DCS consortia (Fig. 4a). An
increase in pH is due to the uptake of CO, and bicar-
bonate from the wastewater by the photosynthesis of
microalgal species.

Table 2 Physicochemical characteristics of DWW after treatment on the 5th and 10th days using microalgae

Parameters Raw untreated Time period Effluent characteristics after treatment with microalgae (mg/L)
effluent (mg/L) - - - -
D. olivaceous S. dimorphus C. vulgaris DCS consortia

Nitrite 0.68+0.04 Sth day 0.55+0.07 0.45+0.05 0.36+0.04 0.30+0.04

Removal % 19.12 33.82 47.06 55.88

10th day 0.18+0.03 0.14+0.02 0.24+0.08 0.16+0.02

Removal % 73.53 79.41 64.71 76.47
Nitrate 32.6+1.90 Sth day 28.6+1.18 18.8+0.83 2324043 255+1.2

Removal % 32.86 55.87 45.54 40.14

10th day 10.0+1.11 9.8+1.12 14.3+0.32 13.2+0.83

Removal % 76.53 77.00 66.43 69.01
Ammoniacal nitrogen 55.25+1.89 5th day 23.5+0.09 34.6+0.65 52.12+0.23 48.0+0.85

Removal % 57.47 37.38 5.67 13.12

10th day 5.52+0.04 4.42+0.41 3.55+0.19 6.19+0.19

Removal % 90.01 92.00 93.57 88.80
Phosphorus 28.4+2.54 Sth day 18.5+0.17 15.65+0.15 21.5+0.20 18.5+0.15

Removal % 34.86 44.89 24.30 34.6

10th day 8.3+0.10 9.47+0.21 5.8+0.24 5.1+0.20

Removal % 70.77 66.65 79.58 82.04
Fluoride 4.0+0.20 Sth day 40+13 3.5+0.95 3.8+0.72 4.0+0.20

Removal % 0.00 1.50 5.00 0.00

10th day 1.5+0.72 02+1.15 1.2+0.85 1.5+0.17

Removal % 62.50 95.00 70.00 62.50
Chloride 304+1.76 Sth day 171+0.31 173+0.32 97+1.38 143+1.35

Removal % 43.75 43.09 68.09 52.96

10th day 56+0.13 53+0.13 54+0.91 51+1.29

Removal % 81.58 82.57 82.24 83.22
Sulfide 159+1.64 Sth day 12.5+0.65 7.73+0.62 9.81+0.28 10.62+0.81

Removal % 21.38 51.38 38.30 33.21

10th day 6.5+1.11 2.4+0.65 3.1+0.25 2.7+0.3

Removal % 59.12 84.91 80.50 83.02

All data are represented as mean + SD values, where n=3
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Fig. 4 Analysis of a pH and b dissolved oxygen level after treatment with microalgae

Fluoride concentration became significantly
reduced from 4.0 to 0.2 mg/L (95%) in the S. dimor-
phus treated sample, followed by 62.50% in both D.
olivaceous and DCS consortia, and 70% in C. vul-
garis. Similarly, the chloride and sulfate concentra-
tions reduced by 81.58% and 59.12% in D. oliva-
ceous, 82.57% and 84.91% in S. dimorphus, 82.24%
and 80.50% in C. vulgaris, and 83.22% and 83.02% in
the DCS consortia.

Dissolved oxygen levels increased gradually from
day 1 of effluent treatment because of the increased
cell growth of the microalgae. After day 8, a few
species gradually had a small reduction in DO level
due to nutrient depletion and a fall in cell growth.
The DO level increased from 3.73 to 6.67 in 8 days
for D. olivaceous treated with effluent, whereas for
S. dimorphus, C. vulgaris, and the DCS consortia,
the level went up from 2.83 to 6.20 in 8 days, 3.50
to 6.57 in 7 days, and 1.77 to 5.23 in 7 days, respec-
tively, after treatment on 10th day (Fig. 4b). The DO
level was found to be inversely proportional to BOD
and COD values. The higher the reduction percentage
of BOD and COD, the higher the dissolved oxygen
level assuring better water quality to support aquatic
life. The photosynthetic activity of the green species
increases dissolved oxygen content as the microbial
biomass and growth rate increases gradually from
day 1 to day 8 as reported by Umamaheswari and
Shanthakumar (2016).

Nutrient removal efficiency

A high inoculation culture density is important
in increasing algal growth and nutrient removal

efficiency. Nitrate, nitrite, and ammoniacal nitrogen
are the free inorganic forms of nitrogen in excess
in agro-based wastewater and enhance microalgae
growth. On the first day, immediately after the addi-
tion of the effluent, the initial values of most of the
parameters like nitrate, nitrite, ammoniacal nitrogen,
and phosphorous were recorded to have higher val-
ues than the permissible limits fixed by the govern-
ment bodies. But microalgae cultures could utilize
the available nutrients in the DWW for their growth
and increase in biomass by simultaneously reducing
the organic load of nutrients that pollute the environ-
ment they are discharged (Kothari et al., 2013; Wang
et al., 2010).

The successful adaptation of dairy wastewater
as a suitable growth medium in microalgal cultures
was a good example of phycoremediation supported
by the consumption of excess nitrogen and phos-
phorous from the DWW. As mentioned earlier, the
physicochemical properties analyzed on the 10th
day substantially reduced all the parameters. Pre-
vious studies describe the algal property of using
nitrite and ammonia only when there is low availabil-
ity of nitrates (Richards & Mullins, 2013). Nutrient
removal depends directly on the uptake of nutrients
and biomass harvest and indirectly depends on two
mechanisms called ammonia—nitrogen volatiliza-
tion and orthophosphate precipitation (Nurdogan
& Oswald, 1995). The present analysis reports a
reduction of nitrates from 32.6 to 10 mg/L (76.53%)
in D. olivaceous, 9.8 mg/L (77%) in S. dimorphus,
14.3 mg/L (66.43%) in C. vulgaris, and 13.2 mg/L
(69.01%) in DCS consortia-treated samples. Nitrite
reduction was found to be reduced to 79.41% in S.
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dimorphus, 76.47% in DCS consortia, 73.53% in D.
olivaceous, and 64.71% in C. vulgaris, respectively.
Ammoniacal nitrogen was reduced to its maximum
by C. vulgaris (93.57%), followed by S. dimorphus
(92%), D. olivaceous (90.01%), and DCS consortia
(88.80%), respectively.

Nutrients from animal manure accumulated in the
soil, but they get washed off, leading to a nutrient loss
for plants and eutrophication of the water reducing
the water quality.

The high percentage of phosphorous in raw efflu-
ent may be due to overusing detergents in our daily
life. Phosphate increases the biological activity of
microbes and decreases the DO content of wastewa-
ter, thereby decreasing the water quality (Nandini
et al.,, 2013). In our study, the phosphorous content
was reduced by 70.77% in D. olivaceous, 66.65% in
S. dimorphus, 79.58% in C. vulgaris, and 82.04% in
the DCS consortia after the 10th day of treatment. The

Fig. 6 Removal percentage

DCS consortia-treated effluent found a high reduction
percentage (Khemka & Saraf, 2015). The reduction
of nitrites, nitrates, ammoniacal nitrogen, and phos-
phorus is recorded in Table 2, showing the 5th- and
10th-day reduction. A similar phosphate reduction
of 83% by Scenedesmus was observed in fermented
swine effluent. In another case study, high phosphate
reduction was recorded in effluent treatment using S.
quadricauda (Kim et al. (2007). In our study, D. oliva-
ceous and S. dimorphus exhibited significant removal
of organic nitrogen sources, whereas the DCS consor-
tia reduced the maximum organic nitrogen.

The reduction percentage of COD was lower than
the BOD because of the dominance of microalgae.
The major indicators of organic pollutant load are
the reduction of BOD and COD. Biological activity
by microalgae is the main reason for the decrease in
the effluent after treatment. Kotteswari et al. (2012)
documented a 47.34% reduction in BOD and a

of BOD, COD, and TDS in
microalgal species

Removal Percentage

rr

BOD

§ D+C+S§ D C

§ D+C+S D C § D+C+S§
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Table 3 Tukey’s HSD

between physicochemical Deismococcus Chlorella vulgaris S?enedesmus DCS
variable and groups of olivaceous dimorphus
selected microalgae after Nitrites —0.005 ~0.000 ~0.002 —0.003
10 days Nitrates ~0.006 ~0.003 ~0.005 ~0.002
Ammoniacal Nitrogen 0.000 0.000 —0.001 —0.001
Fluoride —0.002 —0.002 —0.003 —0.001
Phosphorous —0.008 —0.008 —0.008 —0.003
Chloride —0.001 —0.001 —0.001 —0.001
Sulfide -0.019 —0.005 —-0.007 —0.003
pH 0.159 0.081 —-0.096 —-0.002
The sign (-) indicated a TDS 0.000 0.000 0.000 0.000
decrease in nutrients and BOD -0.016 —0.007 0.000 —0.002
the other no sign indicates CoD 0.000 0.000 0.000 0.000

an increase in the parameter

24.69% COD reduction in dairy effluent when treated
with Spirulina platensis. The removal efficiency of
Scenedesmus sp. was reported to be maximum in
domestic effluents by Zhang et al. (2018). BOD and
COD reduced from 3.34 to 1.23 mg/L and 9.1 to
4.93 mg/L in Chlorella pyrenoidosa and from 3.34 to
1.84 mg/L and 9.1 to 5.2 mg/L in Scenedesmus abun-
dans after treatment (Nandini et al., 2013).

In our study, the maximum reduction of BOD was
found to be in S. dimorphus (53.45%) followed by D.
olivaceous (45.40%), C. vulgaris (44.25%), and the
DCS consortia (43.10%), respectively, on the 10th day
of treatment. Similarly, COD reduction was recorded
to be maximum in D. olivaceous (82.85%), followed
by C. vulgaris (81.98%), S. dimorphus (80.73%), and
finally the DCS consortia (80.10%) (Fig. 5a-b).

In this study, the total dissolved solids (TDS) were
reduced to 53.93% by D. olivaceous, which is much
lower when compared to the influent. In reality, the
TDS range of the dairy effluent exceeded the limits
prescribed by CPCB (1995). In our study, TDS was
reduced to 75.82%, 72.89%, 70.70%, and 69.05%
by the microalgal species D. olivaceous, S. dimor-
phus, C. vulgaris, and the DCS culture. The overall
removal efficiency of pollutant removal is depicted in
Fig. 6 for BOD, COD, and TDS in percentage. Simi-
lar results have been reported by Kotteswari et al.
(2012), where S. platensis reduced TDS by 74.37%.
Murugesan and Dhamotharan (2007) reported a
36.19% and 19.16% reduction of TDS in oil refin-
ery and petroleum effluents, respectively (Kotteswari
et al., 2012).

Statistical analysis

Tukey’s HSD between the different physicochemi-
cal variables among the four microalgae in treating
dairy wastewater showed a statistically significant
correlation (p<0.001; n=3) for the removal of
the following parameters like nitrate (C. vulgaris),
ammoniacal nitrogen (D. olivaceous, C. vulgaris),
and TDS (all 4 species). Univariate analysis of
variance (ANOVA) showed a significant effect
(» <0.05) for sulfide removal in D. olivaceous. The
majority of the other physicochemical parameters
including nitrite (all species excluding C. vulgaris),
nitrate (all species), ammoniacal nitrogen (S. dimor-
phus, DCS consortium), fluoride (all species), phos-
phorous (all species), chloride (all species), and
sulfide (all species excluding D. olivaceous) showed
significant correlation with p <0.01. The pH of D.
olivaceous, C. vulgaris, and S. dimorphus did not
show any significant increase, whereas the changes
in pH of the DCS consortium were substantial cor-
relations (p <0.01) (Table 3).

Conclusion

This study showed that microalgae are an effective
alternative to conventional wastewater treatment. The
substantial reduction of the nitrogen and phosphorus
load on the 10th day in D. olivaceous and S. dimor-
phus confirms the elimination of the major agents of
eutrophication, including TN, TP, TDS, BOD, and
COD. In this study, the reduction percentage of BOD
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(53.45%), COD (82.25%), and TDS (75.82%) was
maximally obtained by D. olivaceous and S. dimor-
phus. The effective use of commercial-grade fertilizers
for scaling up microalgal cultures makes the technol-
ogy economically adaptable to the industrial scale. In
the future, successful technology transfer to industries
is required, leading to large-scale microalgal biomass
production. This opens up an avenue for producing
other value-added products like biofuel, biofertilizer,
and livestock production, thereby making wealth from
waste leading to zero-waste management. Therefore,
phycoremediation has dual benefits for industries and
society, providing a greener environment with addi-
tional inexpensive and safe by-products.
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