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Abstract 

This study aimed to assess the heavy metals accumulation patterns by some native plants such 

as Achyranthus aspera L., Amaranthus viridis, Basella alba L., Sesbania bispinosa, Pedalium murex L., 

and Momordica doica, which have been traditionally employed for medicinal and food purposes. The 

plants were grown on complex distillery waste containing a mixture of organometallic compounds. 

Results revealed bioaccumulation of Mn, Cd, Fe, Cr, Cu, As, Se, Mo, and Co in their roots, shoots, and 

leaves in levels higher than the surrounding sludge. A. aspera was noted as root accumulator for Mn 

(16.95 mg kg−1), Zn (30.12 mg kg−1), Fe (240.40 mg kg−1), Co (3.19 mg kg−1), while Se (4.07 mg kg−1), Mo 

(4.36 mg kg−1), was accumulated selectively in the shoot of the plant. Similarly, S. bispinosa, P. murex, 

and M. doica were found as root accumulators for Mn, Fe, and Ni. A. viridis accumulated Cd, Zn, and 

Cu in the shoot and leaves of the plant. The high bioconcentration factors (BCF) and translocation 

factors (TF) observed in these native plants (>1) suggested their tendency to hyperaccumulate heavy 

metals. The findings highlighted that these plants as a potential metal accumulator may pose health 

hazards and deteriorate the medicinal property if grown on such wastes. 

Keywords: Medicinal plants Heavy metals Androgenic waste Phytoremediation Detoxification 

1. Introduction 

Heavy metal pollution in soil, water, and food material is a major threat to human health. Industrial 

wastes and geo-genic activities are the major sources of heavy metals in the environment (Annan et 

al., 2013; Shammi et al., 2016; Sharma et al., 2021b). In India, several industries like distilleries, 

tanneries, pulp paper industries, electroplating industries, steel, and iron industries discharge a 

mixture of heavy metals along with various complex organic wastes into the environment. Due to the 

complexity in the matrix and non-degradability of the heavy metals, such discharge poses significant 

challenges for its remediation (Gupta and Sinha, 2007; Chandra et al., 2017; Kumar et al., 2013; Sushil 

and Batra, 2006). Heavy metals tend to accumulate in the soil, water, and plants in the environment, 

which could contaminate the food chain subsequently ((Chandra et al., 2009; Sharma et al., 2020b; 

Sharma and Rath, 2020; Singh et al., 2012). For example, Indian mustard grown in distillery effluent 

irrigated soil showed significant accumulation of heavy metals (Cd, Cu, Fe, Mn, Ni, and Zn) in their 

edible parts (i.e. seeds and leaves) and could pose a health risk to humans (Bharagava et al., 2008). It 

is noteworthy that at <10% (v/v), the effluent showed an inducible effect on the growth of the mustard 

plant; while at >10% (v/v), the effluent showed an inhibitory effect on the various physiological 

parameters of the plants. 
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Various physicochemical methods i.e. filtration, flocculation, reverse osmosis, and chemical 

precipitation have been used for remediation of heavy metals from the terrestrial and aquatic 

environment, but they are energy-intensive and not cost-effective (Blöcher et al., 2003; Dialynas and 

Diamadopoulos, 2009; Bratskaya et al., 2009). Phytoremediation has emerged as a promising green 

technology for the decontamination of metals in polluted sites (Ghassemzadeh et al., 2008; Singh et 

al., 2017; Sharma et al., 2020a). Recent studies have highlighted the phytoextraction potential of some 

native plants such as weeds and grasses from metal-contaminated sources and organometallic 

industrial sludge disposed sites (Gupta and Sinha, 2007; Chandra et al., 2018; Franchi et al., 2017; 

Sharma et al., 2021a). Among the potential metal accumulators, several are known as food and 

medicinal plants (Shammi et al., 2016; Singh and Prasad, 2014). According to the World Health 

Organization (WHO), more than 70% of the modern world’s population rely on medicines of herbal 

origin for their health care (Jaison and Muthukumar, 2017; Annan et al., 2013). The herbal preparation 

is presumed to be safe from all the contaminants, but studies have shown that they may be 

contaminated with various heavy metals like cadmium, chromium, lead, mercury, zinc, copper, nickel 

and manganese, etc . Several metals are intentionally added to the herbal preparation in the form of 

traditional medicine i.e. Ayurveda, and in many instances, they are artifacts of the manufacturing 

process. Various leafy herbal plants are known for their applications in medicine and have the inherent 

ability to bioaccumulate heavy metals, up to several folds higher than the surrounding soil. However, 

the capacity of plants to accumulate heavy metal may vary within and among the plant species (Jaison 

and Muthukumar, 2017; Sharma et al., 2020c). The heavy metal contamination in food and medicine 

could become health hazards and may also change the chemical properties of medicine. Ignorance of 

heavy metal accumulation in the raw material used in herbal preparation can lead to serious and long-

term side effects (WHO, 1978). 

Sugarcane molasses-based distilleries are sources of complex environmental pollutants due to 

the presence of various heavy metal-containing organic pollutants. In India, there are more than 317 

sugarcane molasses-based distilleries in operation that generate on average 1500 tonnes of sludge 

per day during the anaerobic digestion of spent wash (Kansal et al., 1998). This reflects the magnitude 

of environmental pollution caused by solid waste generated from the distillery sector all over India. 

These sludges contained high iron (Fe), zinc (Zn), copper (Cu), chromium (Cr), cadmium (Cd), 

manganese (Mn), nickel (Ni), and lead (Pb) content, all present in concentrations above the prescribed 

limit in the environment recommended by US Environmental Protection Agency (USEPA). Recent 

studies highlighted that distilleries sludge contains several persistent organic compounds e.g. 

dodecanoic acid, octadecanoic acid, n-pentadecanoic acid, hexadecanoic acid, β-sitosterol, 
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stigmasterol, β-sitosterol trimethyl ether, heptacosane, dotricontane, lanosta-8, 24-dien-3-one, 1-

methylene-3-methyl butanol, and 1-phenyl-1-propanol as androgenic and mutagenic compounds. 

These compounds are listed by the USEPA as endocrine-disrupting chemicals (EDCs) (USEPA, 2012). 

Due to the complexation of metals with organic compounds, these organometallic compounds 

restricted the bioavailability of metals to plants. Hence, the generated sludge remains alkaline with a 

high pollution load of carcinogenic and mutagenic compounds that further impede biodegradation 

and subsequently damaged the vegetation at the dumping site. Many common native medicinal plants 

are found to grow well on disposed sludge of distillery waste, however, the accumulation of heavy 

metals by these plants in the environment from the multi-metal contaminated site is not well studied 

(Jaison and Muthukumar, 2017; Shammi et al., 2016). To understand the impact of complex industrial 

wastes in plants and explore their potential for phytoremediation, there is a need to identify the 

mutagenic and carcinogenic constituents of the distillery sludge and the metal-accumulation patterns 

in these native plants. Therefore, the main aim of this study is to assess the different metal 

accumulation patterns by these native plants which are well known for their medicinal use. 

Recognizing the distribution pattern of heavy metals in various parts or plant tissue will help to 

promote the correct usage of the plant materials and prevent accidental intake of heavy metals. This 

study seeks to determine heavy metal accumulation by different leafy medicinal plants from the 

sugarcane molasses-based distillery waste. 

2. Material and methods 

2.1. Sample collection and site description 

The collection of plants and distillery sludge were carried out in month April to October (2019) 

from M/s Unnao distillery and breweries, situated in Uttar Pradesh, Unnao, India (26°320” N, 

80°30ʹ0”E). The distillery unit produces 9000 kilo litre alcohol and generates approx. 800 tonnes of 

sludge annually (AIDA, 2004). Freshly disposed dried distillery sludges cakes (approx. 5.0 kg) were 

collected in clean pre-sterilized polythene bags from the sludge dumping site of the distillery plant 

located inside the premises of the industry. It was treated as the control. Five healthy plants of each 

species growing on the sludge were collected from the site intermittently with a gap of one month to 

investigate changes in their properties. The abundant luxuriant growth of six plant species was 

identified as Achyranthus aspera L., Amaranthus viridis, Basella alba L., Sesbania bispinosa, Pedalium 

murex L. and Momordica doica with a standard method according to Duthie flora of Indo-Gangetic 

plain (Duthie et al., 1903). 
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2.2. Physico-chemical analysis of sludge before and after plant growth 

The physico-chemical parameters e.g. pH, electrical conductivity (EC), chloride (Cl-), sodium (Na+), 

and nitrate (NO3
-) of the distillery sludge was analyzed and estimated according to the method 

described by Chandra et al. (2018). The dried sludge cake was treated as a control while fresh sludge 

samples from the poluuted site were used for metal accumulation study. The phenol contents in 

sludge were determined as per standard methods described by the American Public Health 

Association (APHA, 2012). The pH and EC values (sludge: water = 1:2.5 w/v) of sludge samples were 

measured using an Orion pH meter (Model-960, Thermo Scientific, FL, USA) and Orion conductivity 

meter, respectively (Chandra et al., 2008). The total content of Fe, Zn, Cu, Mn, Ni, and Pb was 

measured using atomic absorption spectrophotometry (AAS) (ZEEnit 700, Analytic Jena, Germany) 

after acid digestion (APHA, 2012). While the BOD, COD was measured in prepared leachate from 

distillery sludge as described previously (Sharma et al., 2020c). 

2.3. Scanning electron microscopy (SEM) and Fourier transform-infrared spectrophotometry (FTIR) 

analysis of sludge 

One gram of distillery sludge was dried in a hot air oven (Evolution-201, Thermo Scientific, USA) at 

50 °C overnight till constant weight. The sample was crushed into powder form in a porcelain mortar 

(Evolution-201, Thermo Scientific, USA) as previously described (Yadav and Chandra, 2018). Further, 

the sludge sample was treated in 2.5% glutaraldehyde for 3–4 h and postfixed with 1% Osmium 

tetroxide for 2 h before sputter coated in a gold film and examined under SEM and EDAX (SEM, 

QUANTA FEG 450, FEI, and the Netherlands) (Yadav and Chandra, 2018). The sample was further 

analyzed using Fourier transform–infrared spectrophotometry (FTIR) using a spectrophotometer 

(Nexus–890, Thermo Electron Co., Yokohama, Japan). For elemental analysis of the sludge sample, an 

area was selected, and the elements in the sediment were examined by a high-resolution SEM 

equipped with an EDX system (SEM, QUANTA FEG 450, FEI, and the Netherlands). Fourier transform-

infrared spectrophotometry (FTIR) analysis of the sludge sample was also performed using a 

spectrophotometer (Nexus-890, Thermo Electron Co., Yokohama, Japan). The sample was dispersed 

in spectral-grade KBr (Merck, Darmstadt, Germany) and made into pellets by applying 5–6 tons cm−2 

of pressure for 10 min using hydraulic pressure (Specac, United Kingdom) instrument. The spectrum 

was generated in the range of 400 to 4000 cm-2 with a resolution of 4 cm-1 for all samples (fresh sludge, 

and a plant grown sample). 

2.4. UV–Vis spectral and high-performance liquid chromatography (HPLC) analysis of leachate 

The collected sludge samples were pooled, mixed, and then air-dried before ground with a pestle 

mortar to crush the entire available particle; the crushed samples were sieved through a 63 μm pore 
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size sieve to get a homogeneous powder. Further, the solvent (ethyl acetate) extraction was carried 

out to obtain 10% leachate from the sludge as described earlier (Chandra et al., 2008). Briefly, 100 g 

of sludge was added to 1000 ml of ethyl acetate (w/v) and the mixture was shaken continuously for 

3–4 hr at room temperature (25 ± 2 °C), and the suspension was filtered through a 0.22 μm syringe 

filter. Furthermore, organic pollutants in the sludge sample were measured using a UV–Vis 

spectrophotometer (Thermo Fisher Scientific Shanghai spectrophotometer Evolution 2001, China) at 

a wavelength between 200–700 nm at ambient room temperature (25 °C) an HPLC equipped with a 

2487 UV–Vis detector and using Millennium software (Waters 515). The samples (20 μl) were injected 

at a rate of 1 ml min−1 using an acetonitrile: water ratio of 70:30. To analyze the compounds at 320 

nm by HPLC, a reverse-phase C–18 column (250 × 4.6 mm, particle size 5 μm) at 27 °C was used 

(Chandra et al., 2018). 

2.5. Extraction and characterization of residual organic pollutants through GC–MS analysis 

2.5.1. Solid–liquid extraction 

Various organic compounds from the distillery sludge were extracted using ethyl acetate as per the 

previously mentioned method (Chandra and Kumar, 2017). The extraction was repeated three times. 

The organic solvent phase was dried over anhydrous Na2SO4, and the solvent was evaporated to 

dryness using a stream of nitrogen gas at room temperature. Dry organic filters were makeup in 1.5 

ml ethyl acetate and filtered through 0.22 μm syringe filters (Millipore Ltd, Bedford, Massachusetts, 

USA) and used for GC–MS analysis. 

2.5.2. Characterization of organic pollutants 

The extracted samples were derivatized with trimethylsilyl (TMS) as described earlier (Chandra and 

Kumar, 2017). An aliquot (2.0 μl) of the derivatized sample was injected in a GC–MS instrument (Trace 

GC Ultra Gas Chromatograph; Thermo Scientific, FL, USA) equipped with a TriPlus auto-sampler 

coupled to TSQ Quantum XLS triple quadrupole mass spectrometer (Thermo Scientific, FL, USA). 

Separation of organic compounds occurred in a DB-5MS capillary column. The temperature of the GC 

oven started from 65 ºC (hold for 2.0 min), increased to 230 ºC at a rate of 6 °C min-1, and finally 

reached 290 ºC (hold for 20 min) at the rate of 10 ºC min-1. Helium was used as carrier gas at a flow 

rate of 1.1 ml min-1. The mass spectrum (MS) was operated in the positive electron ionization (+EI) 

mode at 70 eV. The detected organic compounds extracted from fresh and plant grown samples were 

identified by matching with the MS library NIST version 1.0.0.12 available with the instrument. 
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2.6. Digestion of plants for metals estimation 

To estimate the metal content accumulated in the potential plant tissue of native plants, the 

uprooted plants were washed thoroughly with deionized water to remove all the sludge particles from 

the roots, followed by rinsing with a 10 Mm solution of calcium chloride. Subsequently, the plant’s 

roots, shoots, and leaves were separated and chopped into small pieces, and the resulting biomass 

was oven–dried at 70 °C for 5 days till constant weight. The dried plant parts were washed in a muffle 

furnace at 460 °C for 6 h. The weighted ash from these samples was digested in 2% nitric acid (HNO3) 

and filtered through a 0.45 μM glass fiber filter (AOAC, 2002). One gram (1.0 g) of dried and sieved 

sediments was digested with 10 ml of HNO3. If brown fumes appeared, additional 5 ml of HNO3 was 

added and digestion continued till no generation of brown fumes. The concentrations of Cr, Zn, Mn, 

Ni, Cu, Fe, Cd, and Pb were determined by AAS (Chandra et al., 2017; Sharma et al., 2020a). 

2.7. Metals accumulation efficiency 

To evaluate the metal accumulation efficiency in plants, the bioaccumulation coefficient factor 

(BCF) and translocation factor (TF) were calculated. BCF is defined as the ratio of metal concentration 

in the root to the soil, and TF is the ratio of metal concentration in the shoot to the root. BCF and TF 

were calculated according to the formulae below which have also been reported earlier by Yoon et al. 

(2006). 

!"#	 = 	 !!""#!$%&'()
 (1) 

&#	 = 	 !$*""#!!""#
 (2) 

Where, Croot = concentration of metal in plant root (mg kg-1), Csludge concentration of metal in 

distillery sludge (mg kg-1), and Cshoot concentration of metal in mg kg-1 as per the dry weight of plant 

shoot. Both BCF and TF have to be considered for evaluating whether a plant is a metal 

hyperaccumulator. 

2.8. Histological observations of root tissues by transmission electron microscopy 

Root segments (2.0 mm in length) of selected plants were immersed in H2S saturated water as 

pre-treatment for 30 min at room temperature to precipitate trace elements. The root sample was 

washed with 0.1M SCB (sodium cacodylate buffer, pH 7.2) and fixed in 2.5% glutaraldehyde (v/v) 

prepared in sodium cacodylate (Ladd Research Industries, Williston, USA) buffer (pH 7.2) for 2 h at 4 

°C. The root tissue was washed three times with 0.1M SCB with a 10 min interval between each 

washing and postfixed in 1% OsO4overnight. The fixed tissue was washed with SCB, dehydrated in 
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graded acetone series, and embedded in the Araldite-DDSA mixture (Ladd Research Industries, 

Williston, USA). After backing at 60 °C, blocks were cut (60–80 nm thick) by an ultra-microtome (Cryo 

Leica EM UC7, Leica Microsystem, India), and the sections were stained by uranyl acetate and lead 

citrate. Analysis of the section was done under transmission electron microscopy (TEM) (FEI Tecnai™ 

G2 Spirit Twin, Hillsboro, USA) at an accelerating voltage of 80 kV (Chandra et al., 2018; Sharma et al., 

2020b). 

2.9. Statistical data analysis 

In-situ phytoremediation process and metal accumulation compared with the original distillery 

sludge (pre-treatment) and Student’s t-test (p < 0.001) was carried out. To confirm the variability of 

data obtained and the validity of results, the mean concentration of heavy metals in the root, shoot, 

and leaves were subjected for the ANOVA analyses (Ott, 1984). All statistical analyses were carried out 

using the SPSS statistical software (version 17.0; SPSS Inc., Chicago, IL, USA). 

3. Results and discussion 

3.1. Physico–chemical characterization of fresh and after plant growth sample of sugarcane 

molasses sludge 

All the physico–chemical parameters in leachate and sludge of the distillery waste were above the 

permissible limits as shown in Table 1. The BOD/COD ratio indicated low degradability due to the 

presence of recalcitrant compounds (Kumar et al., 2010). Different metals (i.e. Mn, Cr, Zn, Cu, Fe, Pb, 

Cd, and Ni) were also found in concentrations higher than the USEPA guideline (2012). The high 

content of heavy metals in distillery sludge might be due to the corrosive effect of sugarcane juice in 

sugar manufacturing industries and the boiling of the juice during molasses separation, fermentation, 

and distillation process of sugar cane molasses in the distilleries. In the subsequent step, the metals 

might be leached into the spent wash from the drainage pipe due to high acidic conditions. The 

leaching of heavy metal in the acidic medium in the industrial process is well documented in a previous 

study (Noor and Al-Moubaraki, 2008). 

While after plant growth, various pollution parameters, phenol, and potassium, phosphate, 

nitrogen contents, and the metal contents were significantly reduced from fresh sludge (Table 1). 

These data provided a strong indication of the phytoextraction capability of heavy metals and the 

phytoremediation potential of organic pollutants of the native plants. The repeated application of 

metal-containing industrial effluent in irrigation also showed the accumulation of toxic metals in the 

edible parts of crop plants (Chandra et al., 2009). The high content of heavy metal in distillery sludge 

and their adverse effect on seed germination and growth parameter of green gram Phaseolus mungo 
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L. were reported in a study by Chandra et al. (2008). However, in the current study, the native 

medicinal plants did not appear to be affected negatively by the elevated metal contents, further 

suggesting their tolerance to heavy metals. The high affinities of metallic ions with organic pollutants 

are known to restrict the bioavailability of metals to plants (Migo et al., 1997). The ability of the plants 

to accumulate heavy metals might be due to increased solubility and availability of metal resulting 

from the plant microbe’s interaction (Rajkumar et al., 2012). 

The increase of electric conductivity after plant growth on the distillery sludge indicated the 

function of ions (cations/anions) present in sludge (Bose and Bhattacharyya, 2008; Sinha et al., 2007). 

The reduction of total nitrogen suggested nitrogen was taken by the plant as a nutrient for growth; it 

could also be attributed to the conversion of nitrate to ammonium with a mixed reaction of microbes 

and plants. This finding collaborated with previous observations of plant growth on the sludge of 

distilleries (Chandra and Kumar, 2017). Similarly, the BOD, COD values in the sludge leachate also 

reduced after plant growth. This result clearly showed phytoremediation along with the 

phytoextraction of heavy metals from sludge. 

3.2. Morphological view, element components, and functional groups analysis of sludge 

The SEM image of sludge showed fine crystals in needle shape. Some scattered elongated crystals 

were noted as well as the glomerated needle-shaped fine crystals as shown in Fig. 1A. The needle-like 

crystal properties have been reported as organic polymers and metallic crystals (Liu et al., 2013). The 

elemental analysis in EDX showed the presence of carbon, oxygen, sodium, potassium, calcium, and 

surface in different percentages as shown in Fig. 1B. The IR spectra of the sludge pre-plant growth 

showed medium and strong bonds of the compounds with the different stretching group at 3426.40 

cm-1 (N-H), 2967.1 (C-H), 2470.5 (O=C=O), 1644.3 (C=N), 1559.7 (N-O), 1446.4 (C-H), 1411.6 (S=O), 

1196.1 (C-O), 1048.3 (CO-O-CO), 866.7 (C-H)(Fig.S1A& Table.S1B). While the post-plant growth FTIR 

data showed maximum strong bond stretching frequency of compounds 3415.5 (O-H), 2967.1 (C-H), 

1564.6(N-O), 1415.5 (S=O), 1211.0 (C-O), 1049.3(CO-O-CO), 1021.1(C≡C), 654.4(C-Br). This suggested 

that the presence of various compound classes, such as carbon dioxide, sulfonyl chloride, ester, and 

anhydride. After plant growth, most of the medium bonds of detected compounds were broken; in 

contrast, compounds with strong bonds remained intact (Table S1.A& Fig.S1.B). 

 

3.3. UV–Vis spectral and HPLC analysis of leachate 

Analysis of the UV–Vis absorption spectra at wavelength 250–700 nm showed the presence of 

variable peaks in the UV-range due to the dissolved organic compounds in the sugarcane molasses-
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based distilleries sludge before phytoremediation; these peaks were diminished after plant growth as 

shown in Fig. 1C. The presence of soluble organic matter in the UV–Vis range was noted. The sludge 

sample before plant growth showed various mixed peaks which indicated a mixture of pollutants 

present in the leachate with absorption maxima at 320 nm. While after the plant growth, many of the 

absorption peaks disappeared signifying the degradation of various organic pollutants. In this analysis, 

the integrated UV absorption reflected the overall volume of aromatic or unsaturated compounds and 

their double bond absorption i.e. C=C, C=O, and N=N. The spectra (Fig. 1C) were produced by 

calculating the absorption of monochromatic radiation through a spectrum of wavelengths in the pre-

and post-phytoextraction solution; it was one of the most common techniques for monitoring 

pollutants from sludge (Chandra et al., 2018). The comparative chromatograms of HPLC before and 

after phytoextraction were shown in Fig. 1D. The reduction in the major pollutant suggested the 

degradation of organic pollutants in the sludge and phytoextraction process by plants, which removes 

complex organic compounds and most of the heavy metals that are toxic to the biota of the 

environment even at low concentrations. A similar pattern on the phytoextraction process from 

distillery sludge has been shown by other plants in previous studies (Chandra et al., 2018). 

3.4. Identification of organic pollutants 

The GC–MS analysis in ethyl acetate extract of distillery sludge of control sample (bulk sludge) and 

rhizospheric soil after plant growth on sludge was analyzed to investigate the alteration of organic 

compounds. 3.4.1. Identification of organic pollutants (bulk sludge) The major peaks of an extracted 

sample (bulk sample) were observed at RT 6.77, 13.17, 13.56, 19.12, 20.50, 23.99, 25.00, 27.28, 30.16, 

31.18, 35.04, 48.22 as shown in Fig. S2 A. These compounds were characterized as acetamide, 2,2,2-

trifluoro-N-methyl, benzene acetic acid, TMS ester, butanedioic acid, bis(TMS)ester, hexadecane, 

dodecanoic acid, TMS ester, anthracene, dotricontane, ethanol, 2-(octadecycloxy), octadecanoic acid, 

TMS ester, hahnefett, nonacosane as described by the NIST library available with the instrument. 

Moreover, other minor peaks were also noted at RT values of 8.05, 17.20, 35.37, 36.69, 39.66, 40.52, 

42.64, 49.02, and 51.12 as shown in Fig.S2. These compounds were characterized as butane, 2,3-

bis(TMS oxy), α-ketoglutamic acid, bis(TMS)ester, nonacosane, stigmata-5,22-dien-3-ol (3β, 22E), 

stigmasterol, lanosta-8,24-dien-one, β-sitosterol, silane, [[(3β)-cholest-5-en-3-yl]oxy]TM, methylene 

bis (2,4,6-triisopropyl phenyl phosphine). Most of the identified compounds were classified either 

under the category of plant fatty acids or chemical reaction by-products of the distillation process 

(Chandra et al., 2018). The toxicities of detected pollutants were reported in Table 2. The source of 

complex phenolic compounds in sludge might be from the extract of sugarcane molasses after 

fermentation. Different forms of detected aromatic compounds could be the result of carbonyl and 
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amine group reaction at elevated temperature in the sugar industry, which remains as complex in cane 

molasses known as melanoidin (Chandra et al., 2018). The presence of several fatty acids in the sludge 

might contribute to the reduced rate of metal accumulation processes and biotransformation 

processes of complex organometallic compounds in plants. When these organic pollutants reach the 

aquatic ecosystem, they can cause toxic effects on flora and fauna of water bodies. Recently, some of 

the detected plant organic residues (phytosterols) such asstigmata-5, 22-dien-3-ol (3 β, 22E), 

stigmasterol, lanosta-8, 24-dien-one, β-sitosterol, and silane have been demonstrated to be toxic to 

the aquatic ecosystem. Other organic acids like octadecanoic acid, dodecanoic acid, and butanedioic 

acid are also listed as endocrine disruptors. The presence of EDCs compounds in distillery sludge has 

given strong evidence for the complex nature of sludge with various toxic compounds. These 

compounds are either generated at the time of fermentation or during the anaerobic treatment of 

distillery sludge at the disposed site (Chandra et al., 2018). Many of these detected compounds caused 

adverse effects in environmental flora and fauna of soil as well as the aquatic ecosystem. 

Table 1. Physico-chemical characteristics of discharged distillery fresh sludge before and after plant 

growth collected from M/s Unnao Distillery Pvt. Ltd. Unnao, Uttar Pradesh, India. 
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a Highly significant at p<0.001; b Significant at p<0.01; c Less significant at p<0.05; NS Non-significant at p>0.0 
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Fig. 1. A. Scanning Electron Microscopy analysis of distillery waste sludge sample; 1B: EDAX of distillery 

waste sludge sample; 1C: UV–Vis spectral analysis of before and after phytoextraction at various time 

intervals; 1D: HPLC analysis of before and after phytoremediation. 

3.4.2. Identification of organic pollutants from distillery sludge after plant growth 

Detection of organic compounds from phytoextracted distillery sludge was analyzed in detail (Table 

2). The number of organic compounds and peaks were reduced in the sludge after plant growth as 

compared to the control sludge sample. The major peaks of the phytoextracted sample were noted at 

RT 8.66, 12.82, 13.78, 16.01, 20.99, 21.91, 22.18, 22.81, and 22.90 as shown in Fig. S2B. These 

compounds were characterized as 1,3-propanediol, TMS ether, 5-methyl-2-(1-methyl ethyl) 

cyclohexanol, butanedioic acid, bis(TMS) ester, 2,3-butanediol, bis-O-(TMS), dodecanoic acid, TMS 

ester, butanedioic acid, bis(TMS) ester, cyclooctene, 1,2-bis(TMS), tricarboxylic Acid TMS. Similarly, 

other minor peaks were also detected at RT values of 9.88, 10.27, 11.54, 13.95, 14.98, 17.53, 17.72, 

19.10, 20.08, 24.88, 25.96, 26.49 and 27.84. These compounds were characterized as propanoic acid, 

3-[(TMS) oxy, 1, 3 propanediol, TMS ether, pentanoic acid, malic acid (O-(TMS)-bis (TMS ester), tert-

butyl hydroquinone, bis (TMS), vanillin propionic acid, bis (TMS), tricarballylic acid 3 TMS, benzene 

acetic acid according to the NIST library. The result showed that original organic compounds present 

in distillery sludge before plant growth were either degraded or biotransformed into new compounds 
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as shown in Table 2. This confirmed the medicinal plants harvested from the contaminated were able 

to bioremediate the distillery sludge. The bioremediation along with the phytoextraction of heavy 

metals by the other native weeds has shown similar observation and it was found as potential metal 

accumulation from complex organometallic wastes (Chandra et al., 2018). 

3.5. Accumulation of total heavy metals in selected plants 

To assess the potential of using native plants for phytoremediation of distillery sludge, the effect 

of metal accumulation by six native medicinal plants were further investigated. Six native medicinal 

plants (i.e. Achyranthus aspera L., Amaranthus viridis, Basella alba L., Sesbania bispinosa, Pedalium 

murex L., and Momordica doica) growing at the discharge site of distillery sludge were analyzed for 

their accumulation of twelve heavy metals (Mn, Pb, Cd, Zn, Cr, Fe, Cu, Ni, As, Se, Mo, and Co). The 

variable pattern of metal accumulation to the various parts of the plant species indicated different 

capacities of metal uptake as shown in Table 3 and Fig. S3 and S4. A previous study showed that the 

metal contents along with organic compounds in distillery sludge inhibited the development of the 

roots of various crops and stunted the growth of their shoot (Mazumdar and Das, 2015; Gupta and 

Sinha, 2007). However, the luxuriant growth of plants along with a well-developed root system 

indicated the inherent potential of the native plants due to their genetic property. As the distillery 

sludge had a complex matrix, the presence of various organic compounds could reduce the 

bioavailability of the multi-metals to the native plants. 

The overall accumulation pattern of different metals in various plants was noted as below: 

The accumulation of various heavy metals by A. aspera L. has been reported from a separate 

study (Saraf and Samant, 2013). Similarly, another study showed Fe and other metals accumulation in 

plants from the lignocellulosic waste containing multi-metal complex (Chandra et al., 2017). Excess Fe 

was observed in this study in the root of the plants. From a toxicological point of view, although Fe is 

an essential element, excess level could cause phytotoxicity, the ability of A. viridis to accumulate up 

to 830 mg kg−1 Fe indicated the presence of metal detoxifying mechanisms and the potential of the 

plant as a phytoremediation candidate. A similar pattern for the accumulation of Mn and Fe has been 

reported in the root of A. aspera L. in a previous study (Saraf and Samant, 2013). The study highlighted 

the accumulation of high content of Fe, Cu, Co, and Au from metal contaminated soil. S. Bispinosa was 

also reported to be able to accumulate a high concentration of lead (Sahi et al., 2002). Overall, the six 

tested plant species showed a high concentration of metal accumulation as compared to the normal 

uptake of metal, this indicated that these plants were capable to grow at the contaminated site of 

distillery sludge and could play a vital role in phyto-accumulation of heavy metals. 
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The accumulation of heavy metal depends upon the plant species, distribution, and variability of 

the microbial community, the chemical property of organic pollutants, and the pH of a substrate 

(Laghlimi et al., 2015; Kumar et al., 2013; Gupta and Sinha, 2006; Sharma et al., 2020b). The disposed 

distillery sludge after anaerobic digestion became slightly alkaline (pH 8.67 ± 0.16) which could restrict 

metal availability to plant. But the metal accumulation by growing plant on sludge showed the 

potentiality of plant and there was a gradual decrease of pH in the rhizospheric soil. This might be due 

to the plant microbes’ interaction in the rhizospheric zone, there is an abundant release of acids from 

root hairs like gluconate, 2-ketogluconate, oxalate, citrate, acetate, malate, and succinate (Ma et al., 

2011). Our result indicated that the distillery sludge as waste comprised various organic compounds 

and metals that formed organo-metallic complexes. Most of the compounds in sludge were anionic 

which has a strong cationic metal-binding tendency (Migo et al., 1997). Improved bioavailabilities of 

metals to plant by growing rhizospheric bacterial communities have also been reported previously 

(Sessitsch et al., 2013; Rajkumar et al., 2012). 

3.6. Bioconcentration factor and translocation factor 

The ability of heavy metals accumulation for plants can be evaluated through the BCF and TF (Yoon 

et al., 2006). The BCF of the plants grown in distillery sludge indicated that all the plants had a high 

ability for phytoextraction of metals in their root. In general, the bioavailability of heavy metals in 

sludge is very poor but all the tested plants shown very high metal accumulation in their different 

parts which indicated the hyperaccumulation tendency of these plants (Table 4). 

Metal concentration-dependent accumulation in plant parts has been reported by several studies 

in aquatic and terrestrial soil (Yoon et al., 2006; Bharagava et al., 2008). In this study, the metal 

accumulation pattern was in order roots> shoots>leaves. This indicated the concentration-dependent 

mobility of metals in plant tissues (Gupta and Sinha, 2006). Achyranthus aspera L. exhibited high 

potential for the accumulation Cu (76.22 ± 1.3 mg kg-1), Mn (9.80 ± 0.6 mg kg−1), Cr (25.9 ± 1.3 mg kg-

1), Pb (7.99 ± 0.7 mg kg-1), and Zn (67.33 ± 0.6 mg kg -1) with the highest BCF in five out of eleven metals 

(Table 3). Amaranthus viridis displayed maximum BCF for Cu followed by Cr and Pb. Different heavy 

metals accumulation potential of A. aspera L. had been reported from the soil with different 

characteristic properties (Vijaya Kumar et al., 2009). These studies showed that A. aspera L. has a 

propensity to the accumulation of Fe, Cu, Mn, Na, in higher amount. To our knowledge, this is the first 

report on the metal accumulation pattern of A. aspera L. from organometallic sludge. Basella alba L. 

also showed a high accumulation of Fe, Cu, and As in root, but higher arsenic concentration was noted 

in the shoot (50.01 mg kg-1). The higher accumulation tendency for Na, Cu, and Mn of B. alba L. has 

been reported in other studies (Shammi et al., 2016). However, the metal accumulation pattern from 
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industrial sludge and its impact on medicinal quality is still not clear. The higher accumulation of Mn 

(40.76 ± 0.8 mg kg-1), Zn (77.06 ± 1.6 mg kg−1), Fe (879.0 ± 1.5 mg kg-1), As (31.81 ± 1.3 mg kg-1) and 

Mo (20.35 ± 0.3 mg kg-1) in root and shoot of S. bispinosa. Pedalium murex L. showed high 

accumulation of all the tested metals in their root, shoot, and leaves from sludge this indicated most 

potential plant for phytoextraction of metal from the organometallic complex shown in Table 3. This 

might be due to root nodule forming bacteria of the plant which may be favorable for metal 

bioavailability in sludge to plant. 

High BCF and metal accumulation have been reported in the previous study from the metal-

contaminated site (Saraf and Samant, 2013). Basella alba L. showed a high BCF for Mn & Mo followed 

by Pb and Cu which indicated the potentiality of the plant for metal accumulation from any 

contaminated site (Table 4) (Shammi et al., 2016). The deep and strong growth of roots also supported 

the potentiality of the plant. A similar pattern was observed in S. bispinosa, P. murex L., and M. doica. 

The maximum translocation factor of Cu and Co was found in Amaranthus and Sesbania, respectively. 

The minimum TF was noted in Achyranthus and Momordica for a nickel. The TF >1 indicated the high 

physiological and transpiration rate of the plant. Concomitantly, these plants have shown their 

adaptability to accumulate a higher concentration of metals from distillery sludge. The accumulation 

of metals by plants from sludge to root depends on the chemical nature of the element, pH, and other 

co-pollutants of sludge that inhibits the mobility of metals in plants (Gupta and Sinha, 2008). 

The high translocation and bioconcentration of metals in different parts of the medicinal plants 

is a health hazard as metals accumulate in shoots and leaves that are traditionally harvested for 

medicinal purposes. When textile effluent was reused as irrigation water, B. alba L. was found to pose 

a health risk due to the accumulation of high levels of heavy metals (Shammi et al., 2016). 

3.7. Observation of metal accumulation in root tissue of selected plants 

The root tissue analysis of collected indigenous hyperaccumulator plants by transmission electron 

microscope shown metal accumulation in vesicle near the cell wall and cytoplasm (Fig. 2A-F). The 

metal granules were deposited near the nucleus in A. aspera L. and S. bispinosa; while big granules 

were observed in the cytoplasm and near the cell walls in A. viridis, B. alba L. and M. doica (Fig. 2). The 

continuous deposition of fine metal granules at the cell wall regions was noted in P. murex L. This 

study concluded that the mechanism of plant detoxification of heavy metals was based on vacuole 

sequestration and cell wall deposition (Fig. 2). Basella alba L. and S. bispinosa root tissues showed the 

presence of multi-nucleolus, multi-vacuoles, thickened in the center, and round the lamellae with 

metal accumulation on the cell wall, cytoplasm, and middle lamella. The development and deposition 
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of metal granules in cell walls indicated a plant resistance mechanism for metal aggregation and 

detoxification with a larger volume of cellular tissues (Tong et al., 2004). 

The phytoextraction potential of some native plants growing on distillery sludge reported in a 

previous study also showed a close resemblance to the multi-vacuoles development and deposition 

of granules, as an adaptive mechanism of the plants in the presence of organic pollutants and metal 

accumulation. But the pattern of a multi-metal accumulation from industrial waste by medicinal plants 

has not been reported. The ultra-structural observation of root tissue of P. murex L., M. doica at low 

and high magnification showed deposition of metal granules inside the cell walls, cell membranes, 

cytoplasms, and nucleoplasm (Najeeb et al., 2011). The whole plant root also showed cell wall 

thickening. Increased development of nucleolus and vacuoles at high heavy metal concentration 

increased the output of the ribosome and mRNA, which finally increased the development of fresh 

proteins engaged in the tolerance of heavy metals in plants (Najeeb et al., 2011). In our research, all 

species of plants were noted with extravagant growth on disposed distillery sludge without any 

biochemical deformities in their aerial parts. These plants showed good adaptability to survive and 

develop in organo-metallic and EDCs containing distillery sludge and are suitable for in situ 

phytoremediation. They are good candidates for the monitoring of heavy metals in intricate and 

dangerous industrial wastes and eco-restoration polluted areas. 
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Fig. 2. Electron micrographs of transverse section of plants root after phytoextraction of heavy metals 

(A–F), V: Vacuole; PM: Plasma membrane; P: Peroxisomes; CW: Cell wall; CM: Cell membrane; ML: 

Middle lamella; N: Nucleus; Arrow ( ) indicated metals deposition; IS: Intercellular space. PL:- 

Plasmalema. 
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Table 2 Detection of residual organic pollutants by GC–MS analysis from distillery sludge waste before and after phytoextraction. *RT-retention time (in 

minutes), + present, − absent, (TMS) trimethylsilyl. 
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*RT-retention	time	(in	minutes),	+	present,	−	absent,	(TMS)	trimethylsilyl 

 

Table 3. Heavy metal accumulation (mg kg -1 DW) in the root, shoots, and leaves of various hyperaccumulator plant species growing contaminated site of 

distillery waste site. All the values are mean of three replicates (n = 3) ± standard deviation (SD), BDL: below detection limit, R: Root, S: Shoot, L: Leaf. 
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All the values are mean of three replicates (n=3) ±standard deviation (SD), BDL: Below detection limit, R: Root, S: Shoot, L: Leaf 
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Table 4.  BCF and TF of different Heavy metal accumulation (mg kg -1 DW) by various hyperaccumulator 

plant of a different part in the root, shoot and leaves on distillery sludge bed. 
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4. Conclusion 

The analysis of sugarcane molasses-based distillery waste revealed the presence of various organic 

compounds as residual pollutants; many of them compounds were known as mutagenic and 

carcinogenic compounds. The presence of various metals could increase the vulnerability of the flora 

due to the high binding tendency of metals with organic polymers. But the luxuriant growth of the 

native plants indicated potentiality for metal accumulation and phytoremediation. The BCF and TF 

analyses of these plants showed hyperaccumulation properties. Various heavy metals i.e. Pb, Cd, Ni, 

As, Cr, and Mo, were accumulated in leaves and shoots of A. aspera L., B. alba L. and M. doica, which 

are well known diurnal plants. Further, the transmission electron microscopy (TEM) analysis of root 

tissues revealed the deposition of metal granules in the root cytoplasm and cell wall of all the tested 

plants, which further confirmed their hyperaccumulation properties. Despite their potential in 

phytoremediation of organometallic pollutants, arbitrary application and subsequent harvesting of 

these plants are not recommended due to their functions as medicine or food crops. However, these 

plants can be used for the eco-restoration of sites polluted by organometallic industrial waste. 
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