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ABSTRACT
An experiment was conducted during 2024-25 at the Soil and Water Management Research Unit, NAU, Navsari to evaluate the efficacy of microbes for degradation of DSW using FCRD with three treatments (M0-without inoculation, M1-Aspergillus niger @1 g/L and M2-Pseudomonas fluorescens @10 ml/L) and five replications. Nitrogen content in DSW was declined by 32.16% (M2) and 30.51% (M1) over M0. M2 showed the minimum phosphorus content (97.39 mg/L), reflecting a 14.21% reduction over M0. M2D1 (88.18 mg/L) showed 25.42, 19.67 and 21.68% reduction over M0D1, M0D2 and M0D3, respectively. Potassium was the lowest in M1 (5,483.43 mg/L), representing a 40.15% reduction over M0. While, M2D1 (5,094.12 mg/L) exhibited 45.46, 44.27 and 43.43% reduction over M0D1, M0D2 and M0D3. M1D1 (407.64 mg/L) also showed Sodium reduction of 26.50, 31.50 and 32.27% over M0D1, M0D2 and M0D3. M1D1 (998.88 mg/L) interaction significantly reduced Calcium by 44.51, 45.48 and 45.79% over M0D1, M0D2 and M0D3. Decrement in Magnesium due to M1D1 (1,206.92 mg/L) was 23.10, 26.94 and 18.01% over M0D1, M0D2 and M0D3. The decrement in Sulphate due to M2D1 (5,218.00 mg/L) was 23.91, 24.28 and 11.26% over M0D1, M0D2 and M0D3. M1 recorded the lowest mean Fe content (19.50 mg/L), while M1D1 showing a 53.12% reduction over M0D1. M1 also gave significantly lower mean Mn content (2.74 mg/L). The lowest values for Zn (1.78 mg/L) and Cu (1.16 mg/L) were observed in the M1D1 interaction. Overall, Pseudomonas fluorescens (M2) was most effective in reducing N, P and SO4-2, especially at 10th day, whereas Aspergillus niger (M1) efficiently lowered K, Na, Ca, Mg and heavy metals (Fe, Mn, Zn, Cu) during the same period.
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1. INTRODUCTION
	Industries play a vital role in driving a nation’s economic growth, yet the rapid pace of industrial development often results in improper management and unsafe discharge of industrial wastes (Chauhan and Dikshit, 2007). Among various agro-based sectors, the sugarcane (Saccharum officinarum L.) industry is particularly significant, contributing substantially to the socio-economic progress of many countries. Alongside sugar production, this industry generates several byproducts, including bagasse, press mud and distillery spent wash (DSW). Distilleries, which manufacture alcohol, are recognized as one of the most polluting industrial sectors because nearly 88% of the raw materials used end up as waste. In molasses-based distillation units, the production of a single liter of ethanol can produce approximately 15 liters of spent wash. This effluent is typically dark brown, acidic, viscous and hydrophilic, with a strong unpleasant odor. Its intense coloration mainly results from melanoidin, a complex, brown, high-molecular-weight polymer that is highly resistant to degradation. Due to its recalcitrant nature, melanoidin often passes through conventional wastewater treatment systems and is eventually released into the environment, where it causes serious ecological problems. The discharge of untreated distillery spent wash into natural water bodies reduces light penetration, which diminishes photosynthetic activity and lowers dissolved oxygen levels, ultimately threatening aquatic ecosystems (Pazouki et al., 2008). When applied to land, the effluent can also be harmful, because it decreased soil alkalinity, manganese availability, suppressing seed germination and plant growth (Agrawal and Pandey, 1994).
	Although various physical, chemical and biological approaches have been explored for treating and detoxifying distillery effluent, many conventional methods require large quantities of reagents and produce substantial sludge. In contrast, microbial degradation has emerged as a more sustainable and efficient alternative. Biological treatment not only reduces the toxicity of spent wash but also improves its suitability for agricultural use, offering an environmentally friendly, economical and safe solution for waste management.
2.   MATERIAL AND METHODS
2.1 Collection of spent wash
            The distillery spent wash used in this study was obtained from the distillery unit of Gandevi Sugar Factory located at Ambheta, Gandevi in the Navsari district of Gujarat. The sampling site situated between 20.78405° N latitude and 72.98555° E longitude. The spent wash was collected during October 2024 and subsequently utilized for further experimental analysis.
2.2 Preparation of 25% Spent Wash
             After collecting the spent wash from the Distillery Plant of Gandevi Sugar Factory, Ambheta, Gandevi, a 25% working solution was prepared by diluting the raw distillery spent wash with water. The resulting diluted spent wash was transferred into 2.5-liter amber glass bottles and stored for subsequent analyses.
2.3 Physio-chemical Characterization of Distillery Spent Wash Sample
	The variation in physico-chemical properties of the distillery spent wash specifically N, P, K, Na, Ca, Mg, SO4-2 and heavy metals such as Fe, Mn, Zn and Cu was assessed before and after microbial treatment. All analyses were carried out following the standard procedures outlined by APHA (1999).
2.4 Methodology
            Fifteen amber-colored bottles, each with a capacity of 2.5 liters, were filled with the 25% diluted spent wash collected from the Distillery Plant of Gandevi Sugar Factory, Ambheta, Gandevi. An experiment consisted of three treatments: M1 - which received a pure culture of Aspergillus niger at 1 g/L, M2 - which was inoculated with Pseudomonas fluorescens at 10 mL/L and M0, was kept as the uninoculated control. After thorough mixing, all bottles were incubated at room temperature for a period of 30 days. To ensure uniform microbial activity and proper interaction within the medium, the bottles were shaken daily. For periodic assessment, each treatment was prepared in three sets with five replicates. One complete set per treatment was utilized for sampling on the 10th, 20th and 30th days. During each sampling interval, the distillery spent wash was analyzed for nitrogen, phosphorus, potassium, sodium, calcium, magnesium, sulphate and the heavy metals like Fe, Mn, Zn and Cu.
Table 1: Properties of raw and 25% spent wash
	Sr. No.
	Nutrient
(mg/L)
	Method of
analysis
	Reference
	Raw Spent wash
	25% diluted Spent wash

	1.
	N
	Microkjeldahl
	Bremner and Mulvaney (1982)
	5,720
	2,284

	2.
	P
	Spectrophoto-metry
	Jackson (1973)
	406
	106

	3.
	K
	Flame photometry
	Jackson (1973)
	36,240
	9,630

	
	Na
	
	
	1,775
	660

	4.
	Ca
	Versenate titration
	Jackson (1973)
	5,400
	1,800

	
	Mg
	
	
	3,960
	1,440

	5.
	SO4-2
	Turbidimetric method
	Pivinski (1985)
	5,070
	2,250

	6.
	Fe
	Atomic
Absorption Spectrophoto-metric
	Page et al. (1982)
	75.89
	32.85

	
	Mn
	
	
	13.33
	3.18

	
	Zn
	
	
	12.9
	3.37

	
	Cu
	
	
	0.94
	0.19


3.  RESULTS AND DISCUSSION
3.1 Effect of Microbial Inoculation and Incubation Period on N, P and K Content of Distillery Spent Wash 
	Among the microbial treatments, the uninoculated control (M0) recorded the highest nitrogen (N) concentration (3,173.13 mg/L) in DSW. In comparison, significantly lower N levels were observed in the Pseudomonas fluorescens treatment (M2) and the Aspergillus niger treatment (M1), with values of 2,152.63 mg/L and 2,204.99 mg/L, respectively. It indicated reduction of 32.16% (M2) and 30.51% (M1) over the control. Across incubation periods, the lowest N concentration (2,226.15 mg/L) was noted on the 10th day. Regarding the interaction effect, the lowest N content (1,687 mg/L) found in M1D1, which showed a reduction of 45.83%, 48.41% and 46.19% compared with M0D1, M0D2, and M0D3. These findings indicated that both microbial inoculation and incubation duration play a crucial role in lowering nitrogen content in DSW, with Pseudomonas fluorescens being the most effective, followed by Aspergillus niger. Similar trends have been reported in earlier studies. Chandra et al. (2018) observed reductions in total nitrogen and ammonical nitrogen during microbial treatment, attributing this to microbial utilization of nitrogen for metabolic activities and growth. Likewise, Ratna and Kumar (2022) reported substantial decreases in total nitrogen and nitrite concentrations in spent wash treated with Pseudomonas spp.
Table 2: Effect of microbial inoculation and incubation period on N content (mg/L) of DSW
	Microbial 
inoculation
	N (mg/L)

	
	Incubation period (Day)
	Mean (M)

	
	10th (D1)
	20th (D2)
	30th (D3)
	

	M0
	3,114.56
	3,269.80
	3,135.04
	3,173.13

	M1
	1,687.00
	2,282.26
	2,645.70
	2,204.99

	M2
	1,876.88
	2,187.02
	2,394.00
	2,152.63

	Mean (D)
	2,226.15
	2,579.69
	2,724.91
	2,510.25

	Source
	S.Em. (±)
	CD at 5%
	CV (%)

	M
	55.86
	160.85
	8.61

	D
	55.86
	160.85
	

	M×D
	96.74
	278.61
	



Phosphorus (P) content in the DSW varied significantly among the treatments. The uninoculated control (M0) recorded the highest mean P concentration (113.53 mg/L), whereas the Pseudomonas fluorescens treatment (M2) had the lowest (97.39 mg/L), which was statistically at par with the Aspergillus niger treatment (M1). These values correspond to reduction of 14.21% (M2) and 10.61% (M1) compared with the control. Across incubation periods, 10th day showed the lowest P content (100.59 mg/L). The interaction effects were also significant. The lowest P concentration (88.18 mg/L) occurred under M2D1, reflecting reductions of 25.42%, 19.67% and 21.68% compared to M0D1, M0D2 and M0D3, respectively. It was found that Pseudomonas fluorescens was the most effective in P reduction. The progressive decline in phosphorus may be attributed to microbial uptake, immobilization and enzymatic processes that convert organic P into inorganic forms. Similar results were reported by Chavan et al. (2006), who observed a substantial reduction in P concentration using Pseudomonas sp. and by Bhamare and Kakulte (2022), who also noted marked reductions in total phosphorus after bacterial inoculation due to enzymatic activity.
Table 3: Effect of microbial inoculation and incubation period on P content (mg/L) of DSW
	Microbial 
inoculation
	P (mg/L)

	
	Incubation period (Day)
	Mean (M)

	
	10th (D1)
	20th (D2)
	30th (D3)
	

	M0
	118.23
	109.77
	112.59
	113.53

	M1
	95.36
	103.83
	105.23
	101.48

	M2
	88.18
	101.81
	102.19
	97.39

	Mean (D)
	100.59
	105.14
	106.67
	104.13

	Source
	S.Em. (±)
	CD at 5%
	CV (%)

	M
	1.74
	5.00
	6.46

	D
	1.74
	5.00
	

	M×D
	3.01
	8.67
	


The highest mean K concentration (9,161.67 mg/L) was observed in the control (M0), whereas the lowest values were recorded in the Aspergillus niger treatment (5,483.43 mg/L), followed by the Pseudomonas fluorescens treatment (5,888.89 mg/L). These indicated the reduction of 40.15% (M1) and 35.72% (M2) compared with the control. Regarding incubation effects, the lowest average K content (6,657.47 mg/L) was observed on the 10th day. The interaction analysis revealed that M2D1 had the lowest potassium content (5,094.12 mg/L), which showed 45.46%, 44.27% and 43.43% reduction over M0D1, M0D2 and M0D3, respectively. Overall, the fungal treatment showed greater efficiency than the bacterial treatment in reducing K, likely due to enhanced microbial uptake or solubilization processes. Similar outcomes were reported by Yadav and Chandra (2012), who observed an 85.70% decline in potassium due to microbial bioaccumulation and metabolic transformation during biodegradation. Agnihotri (2011) also documented a decline in potassium content in spent wash treated with Aspergillus spp., from 5,030.9 ppm to 3,753.2 ppm (25.47% reduction).
Table 4: Effect of microbial inoculation and incubation period on K content (mg/L) of DSW
	Microbial 
inoculation
	K (mg/L)

	
	Incubation period (Day)
	Mean (M)

	
	10th (D1)
	20th (D2)
	30th (D3)
	

	M0
	9,340.00
	9,140.00
	9,005.00
	9,161.67

	M1
	5,538.29
	5,688.00
	5,224.00
	5,483.43

	M2
	5,094.12
	6,048.00
	6,524.54
	5,888.89

	Mean (D)
	6,657.47
	6,958.67
	6,917.85
	6,844.66

	Source
	S.Em. (±)
	CD at 5%
	CV (%)

	M
	103.17
	297.11
	5.83

	D
	103.17
	NS
	

	M×D
	178.69
	514.60
	





Fig.1 Effect of microbial inoculation and incubation period on reduction of N, P and K content in distillery spent wash

3.2 Effect of Microbial Inoculation and Incubation Period on Na, Ca, Mg and SO4-2 Content of Distillery Spent Wash 
Both microbial treatments (M1 and M2) resulted in lower sodium (Na) concentrations compared with the control (M0). Aspergillus niger (M1) recorded the lowest mean Na content (468.15 mg/L), followed closely by Pseudomonas fluorescens (M2) at 478.17 mg/L. These values correspond to reductions of 19.82% (M1) and 18.10% (M2) over the control. Across incubation periods, the lowest Na concentration was observed on the 10th day, which showed reduction of 6.19% and 19.53% compared to the 20th and 30th days, respectively. The interaction between inoculation and incubation time was found significant. The lowest Na content (407.64 mg/L) occurred under M1D1, which was statistically at par M2D1. Under M1D1, Na content decreased by 8.35% and 26.26% compared to M1D2 and M1D3, while reductions of 26.50%, 31.50% and 32.27% were recorded over M0D1, M0D2 and M0D3, respectively. These results indicated that microbial inoculation especially with Aspergillus niger substantially enhances sodium reduction in DSW, likely due to ion uptake, immobilization or exchange processes. Similar findings were reported by Tripathi et al. (2021), who observed a 74% decrease in Na⁺ during microbial treatment. Agnihotri (2011) noted an 81.82% reduction in Na content with Aspergillus spp. due to microbial absorption and precipitation of soluble salts.
Table 5: Effect of microbial inoculation and incubation period on Na content (mg/L) of DSW
	Microbial
inoculation
	Na (mg/L)

	
	Incubation period (Day)
	Mean (M)

	
	10th (D1)
	20th (D2)
	30th (D3)
	

	M0
	554.64
	595.08
	601.82
	583.85

	M1
	407.64
	444.76
	552.06
	468.15

	M2
	425.14
	439.19
	570.17
	478.17

	Mean (D)
	462.47
	493.01
	574.68
	510.06

	Source
	S.Em. (±)
	CD at 5%
	CV (%)

	M
	8.40
	24.19
	6.37

	D
	8.40
	24.19
	

	M×D
	14.55
	41.90
	



The uninoculated control (M0) recorded the highest calcium (Ca) concentration (1,824.94 mg/L), indicating that the introduced microbial treatments (M1 and M2) significantly reduced Ca content in the DSW. The lowest Ca content (1,104.07 mg/L) was observed in the Aspergillus niger treatment (M1), showing that this fungus was more effective than the bacterial treatment (M2). Overall, Ca content decreased by 39.50% in M1 and 25.14% in M2 compared with the control. Across incubation periods, the lowest Ca concentration (1,363.38 mg/L) was observed on the 10th day, representing reductions of 3.83% and 9.96% compared with the 20th and 30th days, respectively. The interaction effect (M×D) was significant, with the lowest Ca value (998.88 mg/L) recorded under M1D1. Under this treatment, Ca content were 10.39% and 16.67% lower than M1D2 and M1D3. The data further showed that decrement in Ca content in spent wash due to M1D1 was 44.51%, 45.48%, and 45.79% over M0D1, M0D2 and M0D3, respectively. These findings suggested that microbial inoculation particularly with Aspergillus niger greatly enhances calcium reduction, likely through ion absorption or sequestration mechanisms. Similar results were reported by Ebah and Okpokwasili (2022), who documented a 65.62% reduction in Ca levels following fungal treatment and by Ansari et al. (2012), who also observed substantial reductions in Ca content in microbially treated spent wash.
Table 6: Effect of microbial inoculation and incubation period on Ca content (mg/L) of DSW
	Microbial 
inoculation
	Ca (mg/L)

	
	Incubation period (Day)
	Mean (M)

	
	10th (D1)
	20th (D2)
	30th (D3)
	

	M0
	1,800.10
	1,832.13
	1,842.58
	1,824.94

	M1
	998.88
	1,114.67
	1,198.66
	1,104.07

	M2
	1,291.16
	1,306.10
	1,501.12
	1,366.13

	Mean (D)
	1,363.38
	1,417.63
	1,514.12
	1,431.71

	Source
	S.Em. (±)
	CD at 5%
	CV (%)

	M
	11.04
	31.79
	2.98

	D
	11.04
	31.79
	

	M×D
	19.12
	55.07
	


Significantly higher Mg concentration (1,564.45 mg/L) in DSW was recorded under M0, which was statistically similar to M2 (1,487.66 mg/L), while the lowest value (1,373.01 mg/L) was observed in M1. Overall, Mg reduction under M1 and M2 was 12.24% and 4.91%, respectively, over M0, likely due to microbial uptake or microbially induced Mg precipitation. Across incubation periods, the minimum Mg concentration (1,375.43 mg/L) was found on the 10th day. The M×D interaction was significant, with the lowest Mg content (1,206.92 mg/L) observed in M1 at the 10-day interval (M1D1). Reductions in Mg under M1D1 were 6.59% and 25.50% compared to M1D2 and M1D3, while 23.10%, 26.94% and 18.01% over M0D1, M0D2 and M0D3, respectively. Similar findings were reported by Chavan et al. (2006), who noted a reduction from 2,160 to 200 mg/L by Pseudomonas spp. Bhamare and Kakulte (2022), recorded a drop from 2,550 to 440 mg/L in bacterially treated DSW, revealed that microbial inoculation can immobilize Mg²⁺ through biosorption or precipitation.

Table 7: Effect of microbial inoculation and incubation period on Mg content (mg/L) of DSW
	Microbial 
inoculation
	Mg (mg/L)

	
	Incubation period (Day)
	Mean (M)

	
	10th (D1)
	20th (D2)
	30th (D3)
	

	M0
	1,569.34
	1,652.00
	1,472.00
	1,564.45

	M1
	1,206.92
	1,292.00
	1,620.10
	1,373.01

	M2
	1,350.02
	1,546.00
	1,566.97
	1,487.66

	Mean (D)
	1,375.43
	1,496.67
	1,553.02
	1,475.04

	Source
	S.Em. (±)
	CD at 5%
	CV (%)

	M
	27.9
	80.35
	7.32

	D
	27.9
	80.35
	

	M×D
	48.33
	139.17
	


Pseudomonas fluorescens (M2) recorded the lowest SO4-2 content (5,966.08 mg/L), which was statistically at par with M1 (6,042.17 mg/L), with reductions of 7.65% (M1) and 8.81% (M2) over M0. Among incubation periods, the lowest SO₄²⁻ concentration (5,945.29 mg/L) was observed on the 10th day, while the highest (6,326.50 mg/L) was observed on the 30th day, with a gradual rise from 6,279.50 mg/L on 20th day to 6,326.50 mg/L on 30th day. A significant M×D interaction showed that Pseudomonas fluorescens on the 10th day (M2D1) produced the lowest SO4-2 content (5,218.00 mg/L), illustrated its strong early-phase efficacy. SO₄²⁻ reduction under M2D1 was 23.91%, 24.28% and 11.26% compared with M0D1, M0D2 and M0D3, respectively. The overall increase in SO₄²⁻ with extended incubation likely reflects substrate depletion for sulphate-reducing microbes or possible sulphate regeneration as cells release stored SO₄²⁻. Comparable trends were reported by Chandra et al. (2018), who noted a reduction in SO₄²⁻ from 13,463.33 ± 3.78 mg/L to 3,756.66 ± 6.80 mg/L (72.09%) with a bacterial consortium. Tripathi et al. (2021) also found that, total SO₄²⁻ dropped from 3.543 ± 0.329 to 1.111 ± 0.87 mg/L (50-60% reduction) in biologically treated distillery wastewater.
Table 8: Effect of microbial inoculation and incubation period on SO4-2 content (mg/L) of DSW
	Microbial
inoculation
	SO4-2 (mg/L)

	
	Incubation period (Day)
	Mean (M)

	
	10th (D1)
	20th (D2)
	30th (D3)
	

	M0
	6,857.87
	6,891.14
	5,880.10
	6,543.04

	M1
	5,760.00
	5,874.46
	6,492.05
	6,042.17

	M2
	5,218.00
	6,072.88
	6,607.36
	5,966.08

	Mean (D)
	5,945.29
	6,279.50
	6,326.50
	6,183.76

	Source
	S.Em. (±)
	CD at 5%
	CV (%)

	M
	137.50
	395.97
	8.61

	D
	137.50
	NS
	

	M×D
	238.15
	685.84
	






Fig. 2 Effect of microbial inoculation and incubation period on reduction of Na, Ca and Mg content in distillery spent wash
3.3 Effect of Microbial Inoculation and Incubation Period on Heavy Metal (Fe, Mn, Zn and Cu) Content of Distillery Spent Wash 
In treatment M0 (without inoculation), the mean Fe concentration was highest (33.36 mg/L), whereas M1 (Aspergillus niger) recorded the lowest value (19.50 mg/L), which was statistically at par with M2 (20.95 mg/L). Fe content decreased by 41.55% in M1 and 37.20% in M2 compared to M0. Across the incubation periods, the lowest Fe content (23.43 mg/L) was observed on the 10th day. Interaction effects showed that M1D1 reduced Fe by 53.12%, 50.58% and 43.23% over M0D1, M0D2, and M0D3, respectively. Likewise, M2D1 resulted in reductions of 52.04%, 49.44% and 41.93% relative to the same M0 treatments. Verma et al. (2022) similarly observed substantial declines in Fe from 65.02 mg/L to 13.01 mg/L in pulp-paper effluent treated with bacteria, attributed to biosorption, precipitation or redox transformation of Fe²⁺ into insoluble forms.
Table 9: Effect of microbial inoculation and incubation period on Fe content (mg/L) of DSW
	Microbial 
inoculation
	Fe (mg/L)

	
	Incubation period (Day)
	Mean (M)

	
	10th (D1)
	20th (D2)
	30th (D3)
	

	M0
	36.07
	34.22
	29.79
	33.36

	M1
	16.91
	19.97
	21.63
	19.50

	M2
	17.30
	21.99
	23.56
	20.95

	Mean (D)
	23.43
	25.39
	25.00
	24.60

	Source
	S.Em. (±)
	CD at 5%
	CV (%)

	M
	1.12
	3.23
	17.64

	D
	1.12
	NS
	

	M×D
	1.94
	5.59
	


The highest mean Mn concentration (4.52 mg/L) was observed in M0 (no inoculation), whereas Aspergillus niger (M1) produced the lowest Mn content (2.74 mg/L) in DSW. Reductions in Mn due to microbial inoculation were 39.38% for M1 and 22.79% for M2 compared with M0. The lowest Mn content (1.65 mg/L) was recorded at the 10th day under M1 treatment in which Mn decreased by 75.15%, 55.88% and 48.11% over M0D1, M0D2 and M0D3, respectively. Chaturvedi et al. (2006) similarly reported that microbial treatment can markedly lower Mn levels, noting a 98.34% reduction in inoculated spent wash due to bioaccumulation and enzymatic conversion of Mn into less soluble forms. Other studies also confirm that both bacteria and fungi can oxidize Mn²⁺ to Mn⁴⁺, promoting precipitation and removal from the solution.
Table 10: Effect of microbial inoculation and incubation period on Mn content (mg/L) of DSW
	Microbial 
inoculation
	Mn (mg/L)

	
	Incubation period (Day)
	Mean (M)

	
	10th (D1)
	20th (D2)
	30th (D3)
	

	M0
	6.64
	3.74
	3.18
	4.52

	M1
	1.65
	3.47
	3.10
	2.74

	M2
	3.71
	3.58
	3.16
	3.49

	Mean (D)
	4.00
	3.60
	3.15
	3.58

	Source
	S.Em. (±)
	CD at 5%
	CV (%)

	M
	0.17
	0.50
	18.86

	D
	0.17
	0.50
	

	M×D
	0.30
	0.87
	


Treatment M0 recorded the highest mean Zn concentration (5.68 mg/L) in the DSW, whereas microbial treatments M1 and M2 significantly reduced Zn levels to 2.53 mg/L and 2.80 mg/L, respectively. Overall, Zn content declined by 55.45% under M1 and 50.70% under M2 compared with M0. In interaction effect, the lowest Zn level was observed in M1D1 (1.78 mg/L). Reductions due to M1D1 were 71.87%, 67.58%, and 65.77% relative to M0D1, M0D2 and M0D3, while M2D1 resulted in decreases of 50.87%, 43.35% and 40.19% over the same corresponding M0 treatments. Chau et al. (2023) also reported reductions in Zn content from 8.1 ± 0.35 to 7.8 ± 0.32 mg/L in tannery effluent treated with Aspergillus niger, attributing the decline to biosorption, complexation and cellular uptake. Other findings similarly indicate that fungal enzymatic activity and chelation enhance Zn removal.
Table 11: Effect of microbial inoculation and incubation period on Zn content (mg/L) of DSW
	Microbial 
inoculation
	  Zn (mg/L)

	
	Incubation period (Day)
	Mean (M)

	
	10th (D1)
	20th (D2)
	30th (D3)
	

	M0
	6.33
	5.49
	5.20
	5.68

	M1
	1.78
	2.81
	2.98
	2.53

	M2
	3.11
	2.74
	2.54
	2.80

	Mean (D)
	3.74
	3.68
	3.57
	3.67

	Source
	S.Em. (±)
	CD at 5%
	CV (%)

	M
	0.09
	0.27
	9.86

	D
	0.09
	NS
	

	M×D
	0.16
	0.47
	


The highest mean Cu concentration (1.81 mg/L) was recorded in the control (M0), whereas microbial inoculation resulted in notable reductions, with Cu content decreased by 28.18% in M1 and 18.78% in M2 compared with M0. Across incubation periods, the lowest mean Cu level (1.43 mg/L) occurred on the 20th day (D2) which was statistically at par with 10th day (D1). The lowest Cu content (1.16 mg/L) was observed in M1D1, which was statistically at par with M1D2, M2D1 and M2D2. Relative to M0D1, M0D2 and M0D3, M1D1 (1.16 mg/L) reduced Cu content by 40.81%, 29.26% and 36.26%, while M2D1 lowered Cu by 38.77%, 26.83% and 34.06%, respectively. Agnihotri (2011) similarly reported that Aspergillus spp. effectively removed Cu from biomethanated distillery effluent, decreasing levels from 0.097 ppm to 0.0198 ppm (79.59%), attributed to microbial sequestration or conversion of Cu into less bioavailable forms during treatment.




Table 12: Effect of microbial inoculation and incubation period on Cu content (mg/L) of DSW
	Microbial 
inoculation
	Cu (mg/L)

	
	Incubation period (Day)
	Mean (M)

	
	10th (D1)
	20th (D2)
	30th (D3)
	

	M0
	1.96
	1.64
	1.82
	1.81

	M1
	1.16
	1.29
	1.45
	1.30

	M2
	1.20
	1.36
	1.83
	1.47

	Mean (D)
	1.44
	1.43
	1.70
	1.52

	Source
	S.Em. (±)
	CD at 5%
	CV (%)

	M
	0.06
	0.18
	15.84

	D
	0.06
	0.18
	

	M×D
	0.11
	0.31
	



Fig. 3 Effect of microbial inoculation and incubation period on reduction of Fe, Mn, Zn and Cu content in distillery spent wash
4. CONCLUSION
The findings of this study clearly showed that Aspergillus niger and Pseudomonas fluorescens effectively contributed to the biodegradation and detoxification of distillery spent wash, though their efficiencies differed across parameters and incubation periods (10th, 20th and 30th days). Pseudomonas fluorescens proved more effective in reducing nitrogen (N), phosphorus (P) and sulphate (SO₄²⁻) content particularly on the 10th day, compared with both the uninoculated control and Aspergillus niger. In contrast, Aspergillus niger excelled in decreasing potassium (K), sodium (Na), calcium (Ca), magnesium (Mg) and heavy metals such as iron (Fe), manganese (Mn), zinc (Zn) and copper (Cu) at the 10-day interval. Overall, the results indicated that both microorganism offers distinct advantages and using them together or in sequence could further strengthen bioremediation efficiency.
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