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A B S T R A C T

The dairy industry, notorious by generating wastewater rich in organic and nitrogenous content, 
necessitates sustainable recycling solutions. Biological treatment emerges as a cost-effective and 
chemical-free alternative. This study delves into the potential of microbial consortium, a mi-
crobial consortium, for recycling dairy effluent, aiming at water reclamation and environmental 
sustainability. Effluent samples from Madurai’s Dairy Industry underwent microbial consortium 
treatment in a recycling prototype, with treatment efficacy assessed through physicochemical 
parameters and contaminant removal efficiency.

Guided by a biodegradability index of 4.51, the study showcased EM’s impact, revealing a 
notable decrease in pH levels, fostering an alkaline environment (2.35 ± 0.06 ppt). Dissolved 
oxygen increased significantly to 4.50 ppm, indicating improved aerobic conditions. EM treat-
ment led to substantial reductions in calcium (53 %), magnesium (95 %), nitrogen (22 %), sulfate 
(79 %), phosphate (86 %), BOD (78 %), and COD (82 %). In contrast, dairy effluent treated 
without microbial consortium during the sludge activation process exhibited negligible water 
quality improvement.

These findings underscore microbial consortium efficacy in advancing biological treatment of 
dairy effluent, demonstrating a significant reduction in contaminants and showcasing its potential 
for sustainable water reclamation. Improved alkalinity, dissolved oxygen, and nutrient content 
further signify positive impacts on ecosystem health. Microbial consortium emerges as a prom-
ising avenue for recycling dairy effluent, offering an economically viable and environmentally 
friendly solution. The study emphasizes the crucial role of microbial treatments in achieving 
efficient water reclamation, contributing to a cleaner and sustainable environment. Future 
research and broader implementation of microbial consortium in dairy industry wastewater 
management are recommended for enhanced environmental benefits.

1. Introduction

A substantial and varying milk and dairy products occur worldwide [1], and India is the leading milk producer, with a production of 
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approximately 221.06 million tons [2]. Millions of people in India depend on the dairy sector for their living, which significantly boosts 
the nation’s economy [3], and it is well evident that the stable growth of the industry to meet out the rising domestic and global 
demands for dairy products [4]. The dairy and milk processing industries, which consume a significant volume of water [5], are crucial 
commodities. Additionally, these industries also discharge large volumes of effluents, a byproduct of extensive water consumption 
from various natural sources, including municipal water supplies. Apart from water usage, dairy industries generate a substantial 
volume of effluents during cleaning, pasteurization, and packaging processes [6,7]. The volume of effluent generated by dairy pro-
cessing can be 2–10 times greater than the volume of milk processed to obtain milk products [8].

Dairy processing effluent contains high levels of organic matter, nutrients, and pathogens, making it into a cause for concern [9], as 
environmental pollution occurs through discharge of the dairy effluents. The presence of high concentration of organic substances, 
Farizoglu et al. [10] and Kaur [11] would be possibly causing significant water pollution effect through eutrophication. More 
adversely, elevated water temperature, pH alterations, and increased levels of phosphate and nitrate contents [12] in the dairy effluent 
and hence the dairy effluents are necessarily subjected into proper treatment methods. Discharging dairy effluents without proper 
treatment methods has been associated with deleterious environmental impacts [13] and poses potential hazards to human health 
[14–16]. Implementing advanced technologies for wastewater treatment can help to mitigate the negative effects on the environment 
caused by these processes [17].

To address these environmental challenges, it is imperative to develop robust principles, guidelines, and technologies for dairy 
effluent management [11]. This is particularly important in the context of sustainable industry development, where proper envi-
ronmental protection is a key consideration [18]. The adopting effective dairy effluent recycling practices has emerged as a vital 
component of industrial pollution management systems, aligning with the broader goals of sustainable industry practices.

While recycling and reusing treated effluents can contribute to sustainability efforts, it is crucial to acknowledge the presence of 
residual contaminants. These contaminants pose challenges to water quality and hinder compliance with environmental and agri-
cultural water reuse standards [19,20]. Therefore, a comprehensive approach to dairy effluent management must address not only 
treatment processes but also the mitigation of residual contaminants to ensure that the recycled water meets established standards. 
Hence the development and implementation of suitable dairy effluent recycling practices are essential for effective industrial pollution 
management. By integrating advanced principles, guidelines, and technologies, the dairy industry can contribute to environmental 
preservation and sustainable development while meeting water quality standards for both agricultural and environmental reuse.

Aeration coupled with filtration has proven to be effective in wastewater recycling, as demonstrated by Ravish Singh et al. [21]. A 
myriad of reports detail various recycling and treatment procedures for dairy effluent. Biological treatments, including microbes [22], 
bioremediation [23–26], phytoremediation [27,28], plant-based coagulants [29], reverse osmosis [30], electrocoagulation [31,32], 
nanoabsorbents [33], and anaerobic treatment [34], have been explored. Physiochemical methods, which are expensive and lack 
efficient COD removal [13], pose potential environmental pollution risks when treated water is utilized in crop irrigation [35]. 
Cost-effective biological wastewater treatment technologies with significant removal of organic substances and nitrogen from dairy 
effluent have been identified [13,22,36]. Microbial consortia are often made up of a variety of microorganisms naturally oxidizing the 
pollutants and complex organic compounds present in the contaminated water. The selection and cultivation of certain microbial 
populations that are unique to the effluents composition can improve the effectiveness of pollutant removal [37]. Therefore, 
nutrient-rich dairy effluent is converted into ammonium by the activity of microbial consortium has another benefit of making into 
ammonia-rich biofertilizer and thereby reducing CO2 emissions [38]. Understanding the composition and biochemical properties of 
wastewater microbiota, along with the optimal metabolic and physico-chemical conditions are crucial for the adoption and to achieve 
the efficient biological wastewater treatment [39]. Moreover, the use of microorganisms can have the possibility of thriving under 
certain environmental conditions prevailing in contaminating pollutants and successfully remediate the site [40].

The application of green technologies in wastewater treatment, leading to reduced energy consumption and a minimized ecological 
footprint, contributes to sustainable water management [17]. Efficient energy transfer within the microbial consortium is facilitated by 
one group of microbes oxidizing organic matter and producing electron donors, while another group functions as electron acceptors. 
This process enables more effective degradation of organic matter and transfer of electrons, ultimately resulting in enhanced overall 
energy production within the consortium. Consequently, the microbes are able to flourish and sustain each other in a symbiotic 
relationship [41,42]. Hence, commercially available Effective Microorganisms™ (EMs) culture contains beneficial microorganisms 
including lactic acid bacteria, photosynthetic bacteria, and yeast [43,44]. These microorganisms facilitate the decomposition of 
complex organic compounds present in food industry effluent into simpler substances. These simpler compounds undergo further 
degradation into carbon dioxide, water, and biomass, thereby reducing the biological oxygen demand (BOD) and chemical oxygen 
demand (COD) of the effluent. EM promotes microbial floc formation by secreting extracellular polymeric substances (EPS). These 
flocs settle more easily, reducing suspended solids in the effluent. EM suppresses pathogenic bacteria in wastewater through 
competitive exclusion, where beneficial microbes defeat pathogens for resources and produce antimicrobial compounds that inhibit 
pathogen growth. EM reduce malodorous compounds like hydrogen sulfide and ammonia by promoting aerobic degradation over 
anaerobic processes, preventing the formation of foul-smelling gases, and improving air quality in wastewater treatment [45] (Plate 1).

The application of EMs efficiently performing the environmental remediation [46] at several instances, including the wastewater 
treatment [47,48], dye removal, and biodegradation of PAHs [49]. EM technology has been demonstrated with encouraging results 
pertinent to restoring water quality [50,51], treating wastewater [18,52,53], removing pollutants such as phosphorus, total suspended 
substances, nitrogen, and chemical oxygen demand (COD) [54] and reducing sludge volume [55]. Furthermore, the use of these 
microbes in domestic and industrial treatments has no adverse effects, making recycled water suitable for safe landfilling and reuses 
[43,56]. EMs Produce substances that act as antioxidants, inhibit harmful microbes, enhance the growth of beneficial organisms, and 
detoxify harmful substances [57–59].
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Addressing water scarcity and treating wastewater consistently to high quality offers a dependable and easily accessible water 
supply, particularly in regions facing freshwater shortages [60]. The reuse of recycled greywater, which utilizes biological treatment in 
cotton crop development, has resulted in significantly better yield and fiber quality [61] and has shown promise in various non-potable 
uses [62]. Additionally, resource recovery, including nutrient and energy extraction from wastewater, has been successfully imple-
mented [63].

Despite significant advancements in the biological treatment of dairy effluent, there remains a lack of comprehensive under-
standing of the unique group of microbial consortia for enhanced treatment efficiency. Building on the findings of Lavanya and Kannan 
[18,63], who highlighted the superior performance of EMs in treating municipal and food industrial effluents compared with other 
recycling methods, this study aimed to elucidate the efficacy of microbial consortium in the biological treatment of dairy effluent 
compared that with without addition of the microbial consortium during the sludge activation process. A control group was established 
to evaluate the baseline performance without the addition of microbial consortium. The control samples underwent the same envi-
ronmental conditions and operational parameters of temperature, pH, and retention time without addition of EM microbial consortium 
treatment. This allowed us to determine the effects of microbial consortium by comparing the control group to the microbial con-
sortiumtreated samples in terms of BOD, COD, salinity, conductivity, nutrient reduction, removal of TDS, turbidity, and odor control. 
The quality of treated water in terms of Removal Efficiency (RE), and treatment efficacy of microbial consortium was further analyzed 
via ANOVA and Principal Component Analysis (PCA) applied in this experiment. The ultimate goal is to establish microbial consortium 
as a viable alternative for improving the overall quality of treated dairy effluent.

2. Materials and methods

2.1. Description of the study area and sampling

Tamil Nadu state owned Government’s Milk Co-Operative Society (Latitude 9◦55′34.1″ and Longitude 78◦08′33.7″), South India. 
Effluent samples were collected directly from the outlet point of the Aavin industry, in Madurai during January and February 2019. 
Dairy effluent samples were collected in new clean plastic bottles, using a standard collection procedure [64] and stored at 40 ◦C in the 
laboratory for the water quality analysis and further recycling experiments.

2.2. Function of microbial consortium

Certified Effective MicroorganismTM, culture, containing a consortium of microbes, including Rhodopseudomonas palustris, Lacto-
bacillus casei, and Saccharomyces cerevisiae, was used to activate the culture. Lactobacillus casei involved in the fermentation of organic 
matter, producing lactic acid as a byproduct and also contributes to the breakdown of complex carbohydrates and proteins into simpler 
compounds [65,66], facilitating further degradation by other microorganisms in the consortium. Rhodopseudomonas palustris play a 
vital role in energy cycling by using light as an energy source for the oxidation of organic and inorganic compounds. They participate in 
nitrogen fixation, the breakdown of toxic substances, and the degradation of organic pollutants [67]. Photosynthetic bacteria also 
produce bioactive compounds that promote the growth of other beneficial microorganisms. Saccharomyces cerevisiae contribute to the 
decomposition of organic material, particularly carbohydrates, through fermentation [68]. They produce ethanol and other metabolic 
byproducts that can be further utilized by other microorganisms in the consortium. Additionally, yeasts enhance the aggregation of 
suspended solids and floc formation by secreting extracellular polymeric substances (EPS), which help bind particles together [69]. 
The reduction in nutrient levels in EM-treated wastewater is attributed to the metabolic activities of photosynthetic bacteria and the 
bioaccumulation of nutrients by various microorganisms in the consortium. Yeasts and lactic acid bacteria secrete extracellular 
polymeric substances (EPS), which facilitate the aggregation of suspended solids and bacteria into larger flocs. These flocs are more 
easily settled in the sedimentation process, reducing the concentration of suspended solids in the effluent. The photosynthetic bacteria 
and lactic acid bacteria favor aerobic metabolic pathways, which produce CO₂ and water instead of foul-smelling gases. Additionally, 
lactic acid bacteria can convert sulfur-containing compounds into non-volatile forms, further minimizing odors.

2.3. Microbial consortium culture preparation

The microbial consortium culture was prepared by dissolving 250 g of jaggery in 1 L of distilled water, followed by adding of 150 ml 
of commercial EM culture into the jaggery solution. The mixture was then transferred into clean plastic bottles and incubated for 5 
days, under air-tight condition. The culture was properly maintained by releasing excess gas to be removed from the extended mi-
crobial culture prepared container bottles avoiding excessive foaming [51]. Using the extended form of the microbial consortium, 
Bokashi (Jp: fermented) balls were prepared by mixing them with commercial grade sodium aluminium silicate (zeolite) and rolling 
them in freshly plucked teak leaves. Then the prepared Bokashi balls were stored in an airtight container, for 7–9 days to facilitate 
fermentation. These Bokashi balls were used in sludge activation during dairy effluent recycling treatment.

2.4. Recycling treatment prototype

A prototype of the Effluent Treatment (ET) system with a 5 L capacity (Fig. 1) was fabricated, comprising an effluent collection 
tank, flocculation through mechanical aeration, a settling tank, and a final filtration process for the collection of reclaimed water. The 
dimensions of the standard treatment plant model, as per Samer [70] and Qasim [71], were used to scale this prototype appropriately.
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In the effluent collection tank, the raw effluent sample was mixed with microbial consortium Bokashi balls, and the subsequent 
processes were conducted as detailed in previous work [18]. Aeration (5mpa) was performed using a mechanical aerator (1.25L/min) 
for 6 h, followed by a 12h settling period in the settling tank with retention. Afterwards, the cleaned water at the top of the tank runs 
through a sand filter for further purification. The treated water was then collected. For the dairy industry effluent sample, a similar 
procedure was employed, excluding the addition of microbial consortium inoculums for sludge activation. Following the treatment 
process, the recycled water was collected and stored for physico-chemical analysis.

Effluent samples were collected from different phages of the treatment process viz.. 

a. Aerator tank
b. Settling down tank
c. Filter bed tank

2.5. Water quality analysis

The physical characteristics and water chemistry were analyzed using the standard procedures APHA, 2012. Temperature, pH, 
Dissolved Oxygen (DO), Salinity, Electrical Conductivity (EC), Total dissolved solids (TDS), and Turbidity were measured with a Water 
Analysis Kit (Systronics Model No. 371). Wet chemical analysis was applied to analyze Biological Oxygen Demand (BOD), Chemical 
Oxygen Demand (COD), acidity, alkalinity, total hardness, calcium, magnesium, nitrogen, sulfate, and phosphate.

After the effluent recycling process was completed, the removal efficiency (RE) of pollutants from the recycled water samples was 
used to calculate the rate of degradation of organic and inorganic components.

Fig. 1. Series of strategic steps designed in the recycling process of dairy effluent, utilizing microbial consortium (EM means beneficial microbi-
al consortium).
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2.6. Statistical analysis

Descriptive statistics were calculated using SPSS software (version 16.0). To analyze treatment effects between the variables, One- 
way and Two-way ANOVA methods were applied with significance determined at the P ≤ 0.05 level. Principal Component Analysis 
(PCA) was carried out using PAST software version 4.03 for a comprehensive examination of the relationships between the analyzed 
variables.

3. Results and discussion

3.1. Physical quality of treated effluent

The raw effluent samples extracted from the dairy industry exhibited a distinct milky white hue coupled with a potent rancid odor, 
as outlined in Table 1. This observation aligns with the findings from a prior study by Kushwaha et al. [72] and Birwal et al. [73], 
affirming the prevalence of these characteristics in such samples. These pronounced attributes can be attributed to the heightened 
concentration of organic molecules including lipids, proteins, and lactose in the dairy effluent [22], substantiating the need for a 
comprehensive biological treatment process. Anaerobic treatment [74] potentially reduced the organic load of the dairy effluent. A 
favourable temperature range between 20 and 30 ◦C is required to promote the best possible biological processes [75] in the 
wastewater recycling treatment. A similar temperature range was observed in dairy effluent treated using a microbial consortium 
(Table 1).

The Biodegradability Index (BI) provides valuable information for determining the extent to which organic matter in wastewater is 
readily biodegradable by microorganisms [76]. The BI of the effluent sample stood at 4.51 (Table 1), which is comparable to the BI 
measurements in various industrial wastewater samples [18,77] and the dairy effluent falls within a range conducive to biological 
treatment processes. The BI rises when oxidizing agents are used because they tend to decrease the amount of organic pollutants that 
can be broken down [78]. Hence, dairy effluent treated with a microbial consortium effectively utilized organic pollutants, resulting in 
a Biodegradability Index (BI) of 3.63, compared to a BI of 5.21 for effluent treated without the microbial consortium (Table 1). The pH 
of dairy effluent, known for its dynamic variations, particularly in relation to production scale [75], and its level is important for every 
step of treating dairy effluent [79]. The existence or lack of different ionic substances can affect the effluent pH [80] and found to be 
effectively regulated in this microbial consortium experiment. Optimal degradation rates were achieved at a pH of 6.5, promoting 
efficient decomposition of organic compounds and minimizing the environmental impact [81]. The initial alkaline pH of the raw dairy 
effluent, attributed to the use of alkaline cleaning solutions in the dairy industry [82], was effectively mitigated by the microbial 
consortium treatment. The application of microbial consortium significantly reduced the alkaline pH from 8.18 ± 0.05 to 7.47 ± 0.01 
(Table 2), showcasing its efficacy in modulating the pH. This is in line with the alkalinity reduction achieved through the application of 
rice husks in coagulant form [83]. Moreover, pH of the dairy effluent significantly influences the permeate quality during nano-
filtration [84] and a proper pH management can help prevent fouling and maintain high permeate quality in the treatment process. 
From this view and the experimental result confirm the effectiveness of the microbial consortium in contaminant removal from dairy 
effluent. Moreover, the pH level of the sedimentation tank sample is more acidic compared to without microbial consortium treated 
effluent due to the efficient degradation [85] of lactose content in the dairy effluent by the lactic acid bacteria found in the microbial 
consortium. A similar degradation study was previously reported by Slavov [13]. With the confirmation of this beneficial effect of 
microbial consortium treatment, it is affirmed that dairy effluent treated with microbial consortium is suitable for safe landfilling in an 
eco-friendly manner.

The oxidation-reduction process, which is crucial for enhanced pollutant degradation, relies heavily on oxygen levels. The rapid 
depletion of oxygen in water can be achieved by discharging wastes that have a high oxygen demand [86]. Hence, effluent with lower 
DO levels has a higher organic matter content [87]. The raw effluent with a notably low DO level of 3.50 ppm, which further decreased 
after sludge activation without microbial consortium treatment (2.05 ppm). Conversely, the application of microbial consortium 
during the sludge activation process resulted in an improved DO level of 4.50 ppm (Table 2). This positive impact on DO levels aligns 
with previous research highlighting the beneficial role of microbial consortium in increasing DO [88], thereby controlling the growth 
of pathogenic microbes and mitigating unpleasant odors in wastewater [89,90]. The release of effluent that requires oxygen can 
quickly remove oxygen from natural water resources [91] and this environment may lead to the cause of aquatic organisms to die. 
Therefore, utilizing microbial consortium in the dairy effluent can help restore the balance and health of water bodies, through 
improved microbial remediation.

The use of salt in cheese production leads to a significant concentration of salt in the resulting dairy effluent [92]. Due to the low 

Table 1 
Physico-chemical Quality of Dairy Effluent Before and After Application of Microbial Consortium in Water Recycling.

Parameters Raw diary effluent Without microbial consortium treated effluent With microbial consortium treated effluent

Colour Milky white Pale black Transparent
Odor Strong rancid Moderate Less
Temperature 29.7◦ C 29.3◦C 28.1◦ C
TDS/Conductivity ratio 0.53 0.56 0.68
Bio-degradability Index 4.51 5.21 3.63
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economic value of saline effluents [93], it is essential to perform a proper treatment process with cost-effectively as possible. The 
salinity levels in dairy effluent, which typically range from 1.2 ppm to 1.6 ppm [94], were unexpectedly higher in both the raw dairy 
effluent and the samples from the sludge activation process, measuring 2.35 ppt and 2.66 ppt, respectively (Table 2). Similarly, the 
range of salt content generates in cheese-making process [95] which can be harmful when discharged onto arable lands. The appli-
cation of the microbial consortium significantly decreased the salinity to 0.97 ppt, surpassing the effectiveness of nanofilter technology 
in salt and mineral removal from effluent [96]. This reduction in ionic strength was consistent with the higher removal of conductivity 
observed in the aerobic treatment than in the anaerobic treatment [97].

Conductivity is used to determine the presence of impurities in water and to quantify the ionic components dissolved in it [94]. The 
raw dairy effluent exhibited a higher conductivity value of 3.25 mS cm− 1(Table 2), which decreased to 2.38 mS cm− 1 during sludge 
activation without microbial consortium and further reduced to 1.26 mS cm− 1 with microbial consortium application. This reduction 
in conductivity indicates the effectiveness of microbial consortium in treating dairy wastewater. These findings are in line with 
previous research involving rice husk slurry [98] microbial fuel cells [99] and electro-coagulation [100] for dairy effluent treatment. 
However, the high cost of these processes may limit its practical application in large-scale dairy wastewater treatment facilities.

The salinity level’s dependence on Total Dissolved Solids (TDS) was evident, with minimal TDS removal observed in sludge 
activation without microbial consortium treatment (1.34 ppm), contrasting with considerable TDS removal in microbial consortium 
treated effluent (0.66 ppm). This effect is attributed to the separation of most of the bio-solids by sand filtration after the microbial 
consortium treated the dairy wastewater and such a result aligns with the similar phytoremediation, primary clarification, and sand- 
carbon filter [101] effects observed for TDS reduction, which improved water quality [28]. Notably, raw dairy effluent displayed 
remarkably low TDS and EC ratio. However, after the application of microbial consortium treatment, a substantial increase in the ratio 
to 0.68 was observed, indicating significant enhancement in the sludge activation process (Table 2). This trend mirrors the findings for 
treated the cheese industrial effluent [102].

Microorganisms consume organic matter and suspended particles for their growth and survival, which contributes to the effluents 
decreasing the turbidity levels [27]. The disruption of the association between conductivity and TDS is attributed to the physical 
conditions of contaminants present in the effluents [102]. The turbidity in the raw dairy effluent was notably high at 84.67 NTU and 
subsequently decreased reduced to 2.07 NTU following microbial consortium treatment than without microbial consortium (10 NTU) 
treatment (Table 2). This reduction indicates the efficacy of the microbial consortium treatment in removing both TDS and turbidity 
from dairy effluent, which is consistent with findings from the use of jute waste rice husks, and bioflocculant [5,103]. Hence, the 
application of microbial consortium in dairy effluent treatment can help improve water quality by promoting the breakdown of organic 

Table 2 
One-way Analysis of Variance for Water Quality in Raw Dairy Industry Effluent, Without and With microbial consortium in Sludge Activation. Values 
are presented as mean ± SE (n = 3); different letters in each row indicate significant differences (p ≤ 0.05) based on the Student Newman-Keuls Test.

Without microbial consortium treatment With microbial consortium treatment

Parameters Tap 
water

Raw 
effluent

Aerator tank 
effluent

sedimentation tank 
effluent

Filter 
effluent

Aerator tank 
effluent

sedimentation tank 
effluent

Filter 
effluent

pH 7.11 ±
0.03

6.83 ±
0.02a

8.33 ± 0.02e 8.39 ± 0.01e 8.18 ±
0.05b

7.73 ± 0.09c 6.86 ± 0.02a 7.47 ±
0.01d

DO(ppm) 5.40 ±
0.07

3.50 ±
0.3d

2.53 ± 0.08bc 2.53 ± 0.10bc 2.05 ±
0.02a

2.40 ± 0.07b 2.90±0c 4.50±0e

Salinity(ppt) 0.13 ± 0 2.35 ±
0.06b

2.67±0d 2.66±0d 2.57 ±
0.01c

3.02 ± 0.01e 3.16 ± 0.01f 0.97 ±
0.01a

EC(mS cm− 1) 0.18 ± 0 3.25±0d 2.68 ± 0.02c 2.71 ± 0.01c 2.38±0b 3.75 ± 0.01f 3.35 ± 0.01e 1.26±0a

TDS(ppm) 0.09 ± 0 1.75±0d 1.65±0c 1.65±0c 1.34±0b 1.85±0e 1.92 ± 0.01f 0.66±0a

Turbidity 
(NTU)

0.00 ± 0 84.67 ±
0.4e

39.33 ± 1.08d 27.33 ± 0.4c 10±0b 87 ± 0.7f 26.33 ± 0.4c 2.07 ±
0.04a

Acidity(mg/l) 0.21 ±
0.01

1.10 ±
0.15c

0.43 ± 0.01b 0.46 ± 0.01b 1 ±0a 1.83 ± 0.08e 1.39 ± 0.08d 0.5±0a

Alkalinity 
(mg/l)

1.07 ±
0.08

4.13 ±
0.08d

3.80 ± 0.14c 3.73 ± 0.08c 2.60 ±
0.14b

5.17 ± 0.04f 4.67 ± 0.08e 1.40 ±
0.14a

Hardness(mg/ 
l)

10.00 ±
0

52.67 ±
0.40f

37.67 ± 0.4e 21.67 ± 0.40c 13.33 ±
0.8b

32.33 ± 0.81d 21±0c 5.33 ±
0.40a

Calcium (mg/ 
l)

2.38 ±
1.63

8.68 ±
0.82b

12.02±0c 20.16 ± 0.14d 48.09±0e 85.50 ± 1.63f 84.16±0f 4.08±0a

Magnesium 
(mg/l)

4.23 ±
0.09

50.43 ±
0.76f

34.74 ± 0.4e 16.71 ± 0.40d 2.31±0b 11.55 ± 0.70c 0.54±0a 2.70 ±
0.09b

Nitrogen(mg/ 
l)

14.66 ±
0

102.60±0b 706.66±0f 130.66±0c 906.00 
±0g

208.89 ±
5.44e

165.33 ± 1.22d 80±0a

Sulfate(mg/l) 5.37 ± 0 225.37±0f 8.95±0a 111.94±0d 129.85 
±0e

102.98±0c 101.49±0c 46.71±0b

Phosphate 
(mg/l)

10.79 ±
1.3

529.12 ±
9.05f

241.30±0d 163.00±0c 508.69 
±0b

273.91±0e 280.60 ± 4.09e 76.46 ±
2.89a

BOD(mg/l) 2.27 ±
0.04

64.3 ±
0.26f

14.7 ± 0.16a 15.0 ± 0.07a 20.7 ±
0.04b

14.0 ± 0.07a 18.0±0ab 14.3 ±
0.04a

COD(mg/l) 80.00 ±
0

290±0g 120±0e 113.33 ± 2.04d 108±0b 140±0f 110±0c 52±0a
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pollutants and reducing suspended solids, ultimately leading to clearer effluent discharge.

3.2. Chemical quality of the treated dairy effluent

The acidity of raw effluent was 1.10 mg/l, while the acidity of the sludge activated with and without microbial consortium was 
0.46 mg/l and 0.5 mg/l, respectively. The alkalinity level of the raw effluent (4.13 mg/l) could not be reduced using sludge activation 
performed in the prototype (Table 2). However, treatment with the microbial consortium resulted in a notable reduction, in the 
alkalinity level to 1.40 mg/l. This consistent state achieved through syntrophic metabolism is a critical aspect of effluent treatment, 
contributing to enhanced water quality in the recycling treatment process. Hence, the application of the microbial consortium was 
found to be effective in reducing the alkalinity level (Table 2), further confirming the previous work of Nyaki and Njau [88].

A higher hardness level (52.67 mg/l) was found in the raw effluent, and microbial consortium application significantly reduced the 
hardness in the aerator and settling tanks, with a considerably lower hardness (5.33 mg/l) than that in the untreated effluent (13.33 
mg/l) (Table 2). Therefore, microbial consortium treatment could be considered a much more effective technique than the relatively 
more expensive and less efficient reverse osmosis process, as shown by Sankar et al. [104]. Therefore, these experimental results 
indicate the effectiveness of the microbial consortium in significantly reducing of alkalinity and hardness of dairy effluents, resulting in 
improved water quality.

Calcium levels in dairy effluents ranged from 1.4 to 960 mg/L [105]. The application of the microbial consortium to the dairy 
effluent in the present study resulted in a significant reduction in calcium and magnesium contents, followed by the raw dairy effluent 
which had higher values of these contents (Table 2). These experimental results are in accordance with those of Singh et al. [106], who 
reported efficient removal of calcium from wastewater via bacterial degradation. In addition, higher concentrations of calcium and 
magnesium in the effluent improve precipitation [107] and bioflocculation activity [108], respectively.

Dairy effluent has largely reduced amounts of nitrogen and phosphate, which are generated from proteinaceous dairy wastes [109], 
and sanitizers used in post-production cleaning operations [110]. Significantly lower nitrogen content was detected in the dairy 
effluent samples treated with the microbial consortium (80 mg/L), than in the effluent without microbial consortium (906 mg/L) 
treatment (Table 2). Nitrogen and phosphorus contents in dairy effluent were effectively reduced by microalgae, especially Chlorella 
vulgaris [111]. Likewise, the application of aeration and activated sludge processes reduced nitrogen and phosphorus contents due to 
the utilization of such compounds as food sources for bacterial growth [14]. This indicates that microbial consortium treatment is 
effective in reducing the nitrogen content of the raw effluent. Therefore, the experimental procedure for the promising technology 
treatment employed in the recycling of dairy effluent was found to be very effective.

High concentrations of sulfates in wastewater can have laxative effects [112] and pose risks to human health and aquatic eco-
systems if released into the environment. The raw effluent had higher sulfate and phosphate contents 225.37 mg/l and 529.12 mg/l, 
respectively. This value was found to be very high in comparison to the usual range of sulfate levels in dairy effluents [15]. No sig-
nificant reduction in sulfate and phosphate contents was detected in the effluent treated with sludge activation without microbial 
consortium (Table 2). Nanotechnology-incorporated bioremediation has been previously reported to effectively reduce phosphate 
levels in dairy effluent [113]. However, the application of microbial consortium effectively reduced the phosphate content up to 76.46 

Table 3 
Two Factor-analysis of water quality parameters in the raw dairy effluent and after the recycling treatment, using with and without the application of 
microbial consortium (***Significant at p ≤ 0.001; **Significant at p ≤ 0.01 and *Significant at p ≤ 0.05 levels).

Interaction between treatment points Raw effluent Vs treated effluent Without microbial 
consortium × With microbial 
consortium

Error

Without microbial 
consortium

With microbial 
consortium

RE × without 
microbial 
consortium

RE × with 
microbial 
consortium

Df F6,21 F3,12 F3,12 F1,6 F1,6 F1,6 F6,21

pH *** *** *** *** *** *** 0.04
DO(ppm) *** *** *** ** ** *** 0.03
Salinity(ppt) *** *** *** * *** *** 0
Conductivity(mS 
cm− 1)

*** *** *** *** *** *** 0

TDS(ppm) *** *** *** *** - *** 0
Turbidity(NTU) *** *** *** *** *** *** 0.62
Acidity(mg/l) *** *** *** *** *** - 0.01
Alkalinity(mg/l) *** *** *** *** *** ** 0.02
Hardness(mg/l) *** *** *** *** *** *** 0.57
Calcium (mg/l) *** *** *** *** ** - 0.96
Magnesium(mg/ 
l)

*** *** *** *** *** ** 0.40

Nitrogen(mg/l) *** - *** - * * 8.89
Sulfate(mg/l) * - * - * * 0
Phosphate(mg/ 
l)

*** *** *** * *** *** 30.62

BOD(mg/l) *** *** *** *** *** *** 0.032
COD(mg/l) *** - * - * * 1.19
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mg/L (Table 2), which clearly indicates that microbial consortium treatment has the ability to reduce phosphate levels. The Sulfate and 
phosphate contents in dairy effluent are utilized as food sources for the development of Delftia species [114]. Based on these findings, 
the use of bioremediation increased the formation of biofilm and decreased the nutrient content, thereby improving the overall 
treatment effectiveness [115].

The use of bacterial consortia has been shown to reduce the BOD and COD levels of effluent [116]. Similarly, the BOD level in the 
raw dairy effluent was 64.3 mg/l, and a substantial reduction in the BOD level was found in the microbial consortium treated effluent, 
compared to that in the effluent without microbial consortium treatment (Table 2). COD depends on organic matter contaminants 
[117]. The COD reduction was greater in the microbial consortium treated effluent than in the sludge activated without microbial 
consortium. Likewise, a significant COD reduction was observed when dairy effluent was treated with electro-coagulation [33] and 
nano–absorbent [31] technologies. However, high electric voltage application requires higher energy inputs; hence, the process has a 
high cost [118] considering its cost-effectiveness, which would ideally be an effective method for reducing BOD and COD levels 
(Table 3). Seesuriyachan et al. [119] reported that lactic acid bacteria, a predominately occur in the dairy effluents; significantly 
contribute to COD reduction levels. Aerobic conditions are employed in this effluent treatment, which has been proven for be more 
efficient to the degradation of organic contents than anaerobic treatment [120,121].

3.3. Removal Efficiency (RE) of contaminants from dairy effluent

High calcium and nitrogen contents were detected in the sludge activated without the addition of the microbial consortium 
(Fig. 2a), and a considerable reduction in nitrogen was detected in the microbial consortium treated samples. The results of this 
experiment, using microbial consortium containing Lactobacillus, further agreed with the findings of Gil-Pulido et al. [122] and Ahmad 
et al. [19], who showed that Lactobacillus sp. was effective in significantly removing ammonia from wastewater.

The application of microbial consortium in dairy effluent treatment resulted in a relatively greater reduction in BOD (78 %) and 
COD (82 %) than sludge activation without microbial consortium treatment (Fig. 2b). The results of the present study prove that this 
approach is much more effective than previously reported methods [117]. Similarly, the microbial consortium-treated effluent showed 
a significant phosphate reduction (86 %) compared with that of sludge activated without the addition of microbial consortium (Fig. 2a 

Fig. 2. Removal Efficiency of Analyzed Physico-Chemical Parameters in Dairy Effluent with and without Microbial Consortium Application.
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and b). A higher rate of sulfate and magnesium removal was noticed in the microbial consortium treated dairy effluent. Similar results 
were observed in our previous work on wet grinding effluent recycling treatment using an EM consortium [18].

3.4. Factor analysis

Two-way ANOVA interpretation has been extensively applied in water quality assessment studies of freshwater ecosystems [123]. 
A highly significant difference (P ≤ 0.001) was observed for the microbial consortium treated effluent (Table 3). The treatment efficacy 
was further confirmed by examining the factors of treatment stage versus all treatment stages, microbial consortium treatment versus 
stage without microbial consortium treatment, and the interaction between without microbial consortium treated effluent versus 
microbial consortium treated effluent (Table 3). The analysis can facilitate the recognition of relationships among these factors which 
might impact the overall water quality.

Nitrogen, sulfate content, and COD were not found to be removed using sludge activation, without microbial consortium appli-
cation. In contrast, the effluent treated with microbial consortium showed a significant reduction (P ≤ 0.05) (Table 3). These findings 
underscore the importance of employing microbial consortium treatment for achieving the efficient reduction of nitrogen, sulfate, and 
COD in wastewater treatment processes. Overall, these results highlight the promising potential of microbial consortium treatment as a 
sustainable and effective solution for dairy effluent treatment.

3.5. PC analysis of treated water quality

During the experimental period, the recycling of dairy effluent underwent various treatment stages, which were segregated into 
four principal components (PCs) with total percentages of variance of 35.816 %, 29.017 %, 16.261 %, and 12.99 %. The cumulative 
percentage of these four PCs ranged from 35.816 % to 94.086 % (Fig. 3).

The initial principal component captures the most significant variability within the dataset followed by the next component [124]. 
The five most influential PCs were DO, salinity, conductivity, turbidity, acidity, and hardness. Among them, turbidity and hardness are 
sensory characteristic indices [125] those are determining the suitability of water for consumption and other uses. Magnesium and 
COD emerged as the second-strongest loading parameters, with BOD exhibiting the greatest negative influence. The degree of organic 
pollutants in recycled effluent may be determined using the COD [126]. By maintaining low levels of organic pollutants, reclaimed 
effluent can be safely utilized for various non-potable applications [127]. Sulfate and nitrogen were identified as the third-strongest 
parameters, and this pattern of compound segregation aligns with previous findings in water quality assessments [128,129].

Olive mill waste underwent treatment through various biological methods, and the recycling treatment efficiency was assessed 
using PCA, which is recognized as an effective tool for such analyses [130,131]. The PCA results indicated the presence of a few 
outliers, suggesting some variability in effluent management (refer to Fig. 3).

These findings imply that dissolved oxygen, salinity, conductivity, turbidity, acidity, and hardness exerted the most significant 
influence on effluent management treatment efficiency (Fig. 3). Notably, this study revealed that efficient bacteria play a crucial role in 
mineralizing contaminants and effectively decomposing organic waste.

3.6. Scale and applicability of microbial consortium

The scalability of microbial consortium treatment is promising due to its cost-effective mass production and adaptability to in-
dustrial, agricultural, and environmental contexts. However, large-scale application faces challenges such as varying efficacy across 
different environments, logistical difficulties in distribution and storage, and regulatory hurdles. Additionally, climate, soil types, and 

Fig. 3. PCA biplots of dairy industry effluent (DE) treated with and without microbial consortium application during sludge activation, accom-
panied by Varimax with Kaiser Normalization method (EM means beneficial microbial consortium).
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local biodiversity can impact performance, requiring region-specific adjustments. To address these challenges, localized customization 
of the microbial consortium treatment and pilot testing in diverse regions are recommended to optimize performance and ensure 
environmental compatibility across different geographic areas.

3.7. Long-term efficacy of microbial consortium

The use of microbial consortium is the self-sustaining nature of microbial populations. Over the long term, microbes can adapt to 
various environmental conditions in wastewater, such as fluctuating nutrient loads, temperature changes, and variations in organic 
and inorganic pollutants. This adaptability allows EM consortium to maintain their effectiveness even as wastewater composition 
changes. The economic viability of using microbial consortia, such as EM, in wastewater treatment is based on several key cost-saving 
advantages. Purchasing EM cultures is relatively affordable compared to the high upfront investments needed for advanced waste-
water technologies. These microbial consortia can be integrated into existing systems without significant infrastructure modifications, 
reducing capital expenditure [132]. One major cost-saving benefit is the reduction in sludge production. Microbial consortia treatment 
lowers sludge production, reducing the costs associated with transportation and disposal, which can account for up to 50 % of 
traditional wastewater treatment costs [133] The possible reduction in the need for additional chemical treatments or remediation 
efforts due to the sustained efficacy of microbial consortium.

This study primarily focuses on the environmental benefits and the effectiveness of microbial consortium in improving water 
quality, and reducing pollution, conserving water, and promoting sustainability. Cleaner water supports a diverse range of aquatic 
organisms, including those sensitive to pollution, reducing pollutant stress, and preventing the spread of invasive species. It also 
minimizes nutrient overload, improves oxygen levels, and preserves ecosystem health. The microbes in the water contribute to nutrient 
cycling in the soil, enhancing plant growth and resilience. By promoting the reuse of microbial consortium treated water, supports a 
circular water economy, where water is reused in closed-loop systems instead of being wasted. This leads to more sustainable water 
management and reduces the environmental footprint of industries and urban areas. It also enhances recreational activities, reduces 
the cost of treating water for human consumption, and reduces the prevalence of diseases like cholera, dysentery, and typhoid. 
Improved water quality also boosts economic activities like tourism, fishing, and agriculture, supporting livelihoods that depend on 
natural resources.

EM consortium also minimizes the need for chemical disinfection treatments, such as chlorination or UV radiation, reducing costs 
associated with chemicals and energy consumption. Overall, the application of microbial consortium reduced operational cost, energy 
requirements, and minimal infrastructure needs contribute to more efficient wastewater treatment, enhancing effluent quality without 
the need for expensive equipment or complex processing. Application of microbial consortium in effluent treatment often highlight its 
simplicity, low cost, and environmental benefits, making it a viable long-term solution for sustainable water management.

Plate 1. The diagram illustrates the interaction of the microbial consortium with food industry effluent to achieve various treatment objectives.
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4. Conclusion and future prospects

Our research highlights the effectiveness of the biological treatment method utilizing the microbial consortium as a sustainable and 
environmentally sound system in the recycling of the dairy effluent. The study demonstrates significant removal of contaminants, 
including reductions in nitrogen, sulfate, phosphate, BOD, and COD, affirming the efficacy of the microbial consortium treatment over 
traditional sludge activation processes.

Key findings indicate that the microbial consortium-treated effluent exhibited substantial improvements in water quality pa-
rameters. Notably, the microbial consortium treatment resulted in a significant reduction of phosphate and sulfate contents, which are 
typically challenging to mitigate using conventional methods. Additionally, the microbial consortium treatment improved the DO 
levels, which is crucial for enhancing the degradation of organic matter and maintaining aerobic conditions favourable for microbial 
activity.

These outcomes underscore the potential of microbial consortium technology not only to achieve high removal efficiencies for 
various pollutants but also to offer a cost-effective alternative to more energy-intensive and expensive physico-chemical methods. The 
bioremediation approach with microbial consortium proves to be a promising solution for the dairy industry, particularly in regions 
with stringent environmental regulations and sustainability goals.

Future research should concentrate on optimizing EM formulations for various types of wastewater, such as industrial, agricultural, 
and household wastewater. The application of EM in a range of industries may be expanded for increasing overall efficacy. This may be 
increased by changing the microbial composition to target specific pollutants or waste streams, such as heavy metals, pharmaceuticals, 
or emerging contaminants. The adoption of microbial consortium based bioremediation methods presents a viable path forward for 
sustainable industrial practices. It highlights the importance of continuous scientific inquiry and technological innovation to refine 
these processes, ensuring their effectiveness and environmental benefits are maximized. As industries strive towards greener practices, 
the insights gained from this study serve as a beacon for embracing eco-friendly solutions that preserve natural resources and promote 
a health-conscious environment.
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