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Abstract

:

With the increasing demand for electronic devices that use batteries, e-waste is also becoming a major threat to the environment. Battery e-waste contains hazardous heavy metals that affect the health of the soil ecosystem. Thus, the present study evaluates the cadmium (Cd) and lead (Pb) phytoextraction potential of coco grass (Cyperus rotundus L.) grown in soils contaminated with battery scrap waste (BSW). Pot experiments were conducted to grow C. rotundus under different treatments (0%: control, T1: 1%, T2: 2%, T3: 3%, and T4: 4%) of BSW mixed with soil (w/w). The results showed that BSW mixing significantly (p < 0.05) increased the physicochemical properties and heavy metal (Cd and Pb) content in the soil. BSW mixing resulted in a reduction in growth and biochemical traits of C. rotundus and an increase in oxidative stress enzymes with an increase in BSW dose. The Pearson correlation studies also showed that soil HM concentration had a negative influence on the growth and biochemical parameters of C. rotundus. The bioaccumulation and translocation factor analysis showed that C. rotundus was a hyperaccumulator plant with a maximum accumulation of Cd and Pb (38.81 and 109.06 mg·kg−1) in root parts followed by the whole plant (277.43 and 76.10 mg·kg−1) and shoot (21.30 and 22.65 mg·kg−1) parts. Moreover, predictive models based on multiple linear regression (MLR) and artificial neural network (ANN) approaches were developed for Cd and Pb uptake by C. rotundus. Mathematical modeling results showed that soil properties were useful to construct quality MLR and ANN models with good determination coefficient (R2 > 0.98), model efficiency (ME > 0.99), and low root mean square error (RMSE < 5.72). However, the fitness results of the ANN models performed better compared with those of the MLR models. Overall, this study presents an efficient and sustainable strategy to eradicate hazardous HMs by growing C. rotundus on BSW-contaminated soils and reducing its environmental and health consequences.
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1. Introduction


Batteries are devices that convert stored chemical energy into electrical energy, which can be used to power electronic devices [1]. Different types of batteries, such as nickel-cadmium (Ni-Cd), lead-acid (Pb-acid), lithium-ion (Li-ion), zinc-carbon (Zn-C), etc., are used in various sectors, including commercial, communication, transportation, and household [2]. It is estimated that the global battery market shared approximately USD 104.31 billion in 2022 with a >15% of compound annual growth rate (CAGR). The revenue of the battery market is expected to hit USD 329.84 billion by 2030 [3]. India imported more than 0.62 million tons of Ni-Cd-based ores during 2017–2018 to meet its battery production demands [4]. However, the management of spent batteries has continued to become a serious environmental issue since the efficiency of these batteries is reduced after a certain period and the batteries need to be discarded. In the last decades, rapid industrialization and urbanization have created devastating impacts by releasing hazardous wastes into our environment [5]. Spent BSW is one of the most dangerous hazardous wastes that pollute soil, water, and air [6]. Being hazardous waste, battery scrap waste (BSW) has become a global issue with the rapid growth of electronic devices and electric vehicles worldwide.



With an increasing demand for batteries, the problem of BSW management is also becoming threatening. Developing countries often lack the necessary infrastructure to sustainably manage BSW, which leads to increased environmental and health risks (Guerrero et al., 2013). Thus, significant portions of BSW, including metal plates, plastic, straps, intercell connectors, spent electrolytes (acids and bases), etc., end up in landfill rather than being properly recycled [7]. Unsafe disposal and poor recycling of BSW can also lead to several toxic heavy metals (HMs), such as Cd, Pb, Ni, Co, and Li, entering the soil and groundwater continuum [8]. Elevated levels of hazardous HMs in soil and groundwater can inflict significant health damage to humans, animals, plants, and soil microbes [9,10]. In particular, Cd and Pb are reported to cause several respiratory issues, kidney damage, bone osteoporosis, cardiovascular effects, and reproductive and developmental problems, among many others. [11,12]. Plants also experience severe effects of high Cd and Pb stress, such as reduced growth and development, chlorosis, leaf damage, altered mineral balance, oxidative stress, impaired fertilization, and accumulation in edible parts [13,14]. Recent studies have shown that soils impacted by BSW have an extremely high content of Cd and Pb, which requires urgent attention to prevent further movement to upper trophic levels, including human beings [15,16].



Environmentally friendly decontamination of soils impacted by hazardous HMs has become crucial to avoid any health consequences. In recent times, phytoremediation has emerged as one of the best approaches for the efficient removal of several HMs using hyperaccumulator plant species [17]. Several authors reported successful reclamation of soils contaminated with HMs, including those affected by BSW [18], landfill leachate [19], coal mining [20], and copper smelting [21], using hyperaccumulator plants. Such plants respond to physiological stress by sequestering HMs into their vegetative parts, chelating HMs using specialized chelators and transporter molecules, and producing antioxidant enzymes [22,23]. Therefore, these features of plant phytoremediation make them ideal candidates for the bio-extraction of HMs from contaminated soils. Moreover, the efficiency of phytoremediation systems can be enhanced by the use of several mathematical models [24]. The pollutant removal process of plants can be efficiently optimized by regulating several intrinsic and extrinsic factors. For this, different types of mathematical models, such as logistic, multiple linear regression (MLR), artificial neural networks (ANN), etc., are widely used [25].



Cyperus rotundus L., also known as coco grass, nut grass, nut sedge, or java grass, belongs to the family Cyperaceae and is a perennial plant widely found in Africa, South Asia, and central Europe. It is a small plant, considered a weed, that generally reproduces rapidly in moist soils to take over soil fertilizers [26]. It propagates by tubers, basal bulbs, division, and seeds. The tubers sprout into numerous rhizomes and expand vertically, forming several roots which radiate horizontally [27]. Tubers are found mostly in the upper 45 cm of the soil surface and can remain unaffected under severe droughts for several years. It is estimated that C. rotundus can produce over 10–30 million tubers/ha in one season, which may negatively affect crop production [28]. However, evidence shows that tubers of C. rotundus are consumed as a medicinal and staple food by several tribal people in India and Africa [29,30]. Apart from its culinary uses, C. rotundus is also utilized for the phytoextraction of HMs from contaminated soils [31]. C. rotundus can tolerate high HM stress, thereby providing a solution to the contaminated soil management. Significant bio-extraction of HMs, including Cd, Pb, Zn, and Ni, was reported by Nwaichi et al. [32].



Considering the aforementioned, this study aimed to investigate the Cd and Pb phytoextraction potential of C. rotundus grown on BSW-contaminated soils. Laboratory experiments were conducted to understand the effect of different BSW loading rates on growth, biochemical and enzyme response, and HMs accumulation by C. rotundus.




2. Materials and Methods


2.1. Experimental Materials


Loam soil was collected from agricultural lands of rural Haridwar, Uttarakhand, India (29°53′13.6″ N and 78°08′15.2″ E), which was not previously exposed to any industrial or urban activities. The experimental soil was identified as having a loamy texture (clay: 19%, silt: 42%, and sand: 38%) based on the composition of clay, silt, and sand present in it. The mixed type of battery scrap waste (BSW) containing Pb-acid and Ni-Cd batteries was collected from a local scraper near Nakur town, Saharanpur district, Uttar Pradesh, India (29°55’38.6”N and 77°18’58.4”E). The acid and outer case of the batteries were carefully removed and internal parts were dismantled. Then, selected internal components were separated (cells, plates, connectors, and terminal posts) shredded, and converted into fine powder form using a portable industrial shredder with the help of a local scrapper. On the other hand, juvenile and healthy rhizomes (2–3 cm in length) of coco grass (C. rotundus) were also collected from the soil sampling site by digging 15 cm below the surface. The tubers were washed with tap water to remove adhering soil and collected in 100 gm capacity zip-locking aerated polythene bags and transported to the laboratory for further experiments.




2.2. Experimental Design and Operation


For the present study, phytoremediation experiments were conducted using rectangular plastic pots (35 × 20 × 15 cm; length × width × depth). Each pot was filled with 10 kg arable soil and mixed with an appropriate dose (w/w) of BSW—i.e., 0% (no BSW mixing), 1, 2, 3, and 4%, respectively. Figure 1 shows the design of phytoremediation experiments using C. rotundus. The soil was loosened to a depth of 8–10 cm in order to promote quick propagation. For each pot, a total of five identical rhizomes were sown in small holes at a depth of 5 cm. The holes were covered with soil and pots were equally watered using a borewell water supply to maintain consistent moisture. Tubers were sown on 1 March 2022 and experiments were terminated after 45 days, i.e., on 14 April 2022. For this, pots were placed under the open sky with a direct sunlight period of 10 h and natural environmental conditions. The tubers were allowed to sprout, and seedlings emerged within 15 days, followed by 30 days of vegetative plant growth. The plants were irrigated twice a week with borewell water, and other emerging weeds were immediately removed to avoid any experimental inference.




2.3. Analytical and Instrumental Methods


The arable soil used in this study was analyzed before and after BSW mixing, as well as after phytoextraction experiments. Purposely, the pH of the soil was analyzed using a microprocessor-based digital meter (1611, ESICO International, Parwanoo, India). Cation exchange capacity (CEC) was measured as previously outlined by Kriti et al. [33]. Organic matter (OM) of soil was determined using Walkley and Black method [34]. Redox potential (mV) was measured using a meter. The texture of the soil was determined based on the percent composition of clay, silt, and sand content as previously outlined by Bharti et al. [35]. On the other hand, the contents of cadmium (Cd) and lead (Pb) in experimental soil and C. rotundus parts (shoot and root) were determined based on inductively coupled plasma optical emission spectroscopy (ICP-OES: 7300 DV, Perkin Elmer, Waltham, MA, USA). For this, total and bioavailable Cd and Pb contents were determined by two different extraction methods, i.e., di-acid and ethylenediaminetetraacetic acid (EDTA)-based digestion, respectively. For total metal content, a di-acid extraction solution with a 1:3 ratio containing HClO4 and HNO3 was used to digest soil samples at 180 °C for 2 h. For bioavailable heavy metal extraction, a 0.05 M EDTA solution was used to digest samples for 12 h on a mechanical shaker at room temperature [36]. The instrument was calibrated as per the manufacturer’s instructions using standard reference materials. The detection limits of ICP-OES for Cd and Pb determination were 0.01 and 0.10 ppb, respectively. Appropriate quality control measures, such as replicate analysis, cross-validation, and certified reference materials, were ensured for the accuracy and precision of the results.




2.4. Data Analysis


In this study, the Cd and Pb removal efficiency and removal rate of C. rotundus grown on BSW-amended soils were computed using the following Equations (1) and (2):


Removal efficiency (%) = [(HMi − HMf)/HMi] × 100



(1)






Removal Rate (mg·kg−1day−1) = HMp/t



(2)




where HMi and HMf refer to initial and final HM concentrations in arable soil (before and after experiments), while HMp indicates heavy metal concentration in C. rotundus after t time (45 days). The Cd and Pb uptake potential of C. rotundus was computed using the bioaccumulation factor (BAF) index [37] as given in the following Equation (3):


Bioaccumulation factor (BAF) = HMp/HMs



(3)




where, HMp and HMs denote the ratio of HM concentration in plant and experimental soil, respectively. The ability of C. rotundus to mobilize HM from its root region to shoot was calculated using the translocation factor [38] as per the following Equation (4):


Translocation factor (Tf) = HMsh/HMro



(4)




where, HMsh and HMro refer to the HM concertation in the shoot and root parts of C. rotundus, respectively.



Two different modeling approaches, i.e., multiple linear regression (MLR) and artificial neural network (ANN), were adopted to predict the amount of Cd and Pb accumulated by C. rotundus. Both MLR and ANN have widely accepted tools for monitoring HM in phytoextraction experiments [39,40]. MLR establishes a linear relationship between the input and output factors. In this study, the selected soil properties, such as pH, CEC, OM, and HM concentration, were taken as input (independent) variables while the total amount of heavy metal accumulated by C. rotundus was considered an output (dependent) variable. The following MLR function (Equation (5)) was used to compute the Cd and Pb uptake amount (y: mg·kg−1):


y = a + (b × pH) + (c × CEC) + (d × OM) + (e × HMs)



(5)







Here, a is the regression intercept, while b, c, d, and e are the regression coefficients for pH, CEC, OM, and HMs as independent variables, respectively.



On the other hand, the ANN approach was also used to predict HM uptake by C. rotundus. For this purpose, a neural network was created comprising three different processing layers, i.e., input, hidden, and output layers. For this, the input layer is comprised of four nodes or neurons (n = 4) referring to the same independent variables as in the case of the MLR model. The hidden layer had ten neurons (n = 10) while the output layer had only one neuron (n = 1), indicating the predicted response (y) in terms of effective HM uptake by C. rotundus. A widely used logistic model activation function was used for model training. This is a sigmoid-type function that can take in any number of inputs (x) and constrain the output to be between 0 and 1 [41]. The form of the model is given in Equation (6):


f(x) = 1/(1 + exp(−x))



(6)







The whole dataset was categorized into three groups (training: 70%; testing: 15%; and validation: 15%). The learning rate of the model was adjusted to 0.001 with maximum iterations of 10,000 and epochs of 100. Figure 2 shows the overall architecture of the proposed ANN with different numbers of input/output layers and their respective neurons. Using specific validation tools, such as measured vs. predicted response values, coefficient of determination (R2), Nash–Sutcliffe model efficiency (ME) coefficient, and root mean square error (RMSE), the created MLR and ANN models were evaluated for the goodness of fit and accuracy [42]. The following Equations (7)–(9) were used for the computation of R2, ME, and RMSE:


   R 2  = 1 −     ∑   i = 1  n     (     y  o b s    ^  −    y  pre    ¯   )   2      ∑   i = 1  n     (   y  obs   −    y  mean    ¯   )   2     



(7)






  ME = 1 −     ∑   i = 1  n     (   y  obs   −  y  pre    )   2      ∑   i = 1  n     (   y  obs   −    y  mean    ¯   )   2     



(8)






  RMSE =       ∑   i = 1  n     (   y  obs   −  y  pre    )   2   n     



(9)




where, yobs, ypre, and ymean are experimental, predicted, and mean values of HM content in C. rotundus.




2.5. Software and Statistics


All experiments were performed in triplicate (n = 3). The data obtained in this study were analyzed using Pearson correlation and Tukey’s post-hoc test to understand the significant impacts of BSW mixing on the soil as well as on C. rotundus properties. The level of statistical significance was p < 0.05. The data were analyzed using OriginPro (Version 2023, OriginLab Corp., Northampton, MA, USA) and the “nntool” function of MATLAB (Version 2021, MathWorks, Natick, MA, USA) software packages.





3. Results and Discussion


3.1. Impact of Battery Waste on Soil Properties and Cd-Pb Bioavailability


Table 1 depicts the impact of BSW mixing on the physicochemical and heavy metal properties of soil used for the cultivation of C. rotundus. The results show that BSW mixing had a significant (p < 0.05) impact on selected soil properties. In particular, it was observed that the initial pH (7.23) of arable soil was significantly (p < 0.05) increased after BSW mixing in different ratios, i.e., 7.55–8.35. This increase was for different BSW treatments, including T1, T2, T3, and T4 as follows: 4.42, 5.53, 9.40, and 15.49%, respectively. The increase in soil pH might be associated with the mixing of electrolytes (usually 30% NaOH) present in several Ni-Cd batteries. However, Pb-acid batteries also contain H2SO4, which might decrease the pH of soil [33]. Instead, the increased pH might be due to a larger proportion of Ni-Cd batteries in the BSW used in this study. Likewise, the CEC of soil was significantly (p < 0.05) increased by 5.13, 7.45, 8.92, and 10.51% in different BSW treatments, such as T1, T2, T3, and T4, respectively. The ability to retain and exchange ions is influenced by basic conditions, which can alter soil CEC [43]. However, the content of OM was drastically reduced after BSW addition from 2.27 to 2.19, 2.11, 2.05, and 1.86% for T1, T2, T3, and T4 BSW treatments, correspondingly. This might be due to the addition of BSW with no OM, which reduced OM proportion in the experimental soil. Similarly, the redox potential of soil was also significantly (p < 0.05) reduced after the BSW amendment, i.e., from 318.84 mV in control to 89 mV in T4. The reduction in redox potential was less in the T1 treatment (9.37%) while it reached maximum in the T4 treatment (256.75%). Herein, the mixing of BSW could result in the release of certain reducing chemical species in the soil, which could deplete the oxygen levels, thereby reducing redox potential [33].



On the other hand, the total and bioavailable concentrations of selected HMs, i.e., Cd and Pb, were significantly (p < 0.05) increased after BSW treatment. BSW are generally rich in metallic and electrolyte wastes, which could be the source of Cd and Pb. Cd and Pb metals are primarily cast-off in the manufacturing of Ni-Cd and Pb-acid batteries, which are commonly used for wireless communication devices, while Pb-acid batteries are used in automobiles, solar plates, inverters, power backup systems, etc. The levels of Cd and Pb were considerably higher in BSW-treated soil as suggested by the threshold limits of the WHO [44]. The impact of different types of battery waste has been previously outlined by other authors [45,46,47]. Among them, Chowdhury et al. [45], investigated the impact of Pb-acid battery waste on the soil properties in a residential community in Bangladesh. They reported that Pb concentration in soil ranged between 94 and 119,000 mg·kg−1 against the threshold value of 80.00 mg·kg−1. Similarly, Ogundiran et al. [46] also studied the soil properties of abandoned Pb-acid battery dumpsite and found that the concentration of Pb and Cd reached >25,900 and 3.3 mg·kg−1 maximally up to a depth of 0–15 cm. Another study by Orjiakor et al. [47] found that automobile batter waste contamination significantly (p < 0.01) induced the soil physicochemical properties and elevated levels of Pb, Zn, Cd, Cr, and Cu HMs compared with those in non-affected soils. Therefore, the results of these reports are in accordance with those obtained in the present study.




3.2. Cd and Pb Removal by Coco Grass (C. rotundus)


In this study, C. rotundus demonstrated a significant ability to remove Cd and Pb contents from BSW-contaminated soils. In particular, the contents of Cd and Pb significantly (p < 0.05) declined after 45 days of phytoextraction experiments (Table 2). Although the contents of both Cd and Pb removed were higher in a higher dose of BSW mixing, the removal efficiency was reported to decline with an increase in BSW dose from 1 to 4%. The values of removal efficiency for control, T1, T2, T3, and T4 treatments accounted for 75, 35, 44, 31, and 26% for Cd, while the values for Pb were 83, 48, 40, 29, and 22%, respectively. The average Cd and Pb removal rates were found to be increasing with an increase in BSW dose. However, removal rates of both Cd and Pb were more identical in T3 and T4 treatments, which indicates that the plant may have reached saturation level for BSW loading.



Recent studies have demonstrated the capability of C. rotundus to eradicate different hazardous heavy metals [48]. Garba et al. [49] reported that C. rotundus can tolerate Cd, Pb, Zn, and Ni stress of up to 1000 mg·kg−1. Another study by Bordoloi and Basumatary [50] showed that C. rotundus significantly removed Pb (43.8%), Mn (27%), and Cd (31%) metals from soils contaminated with crude soil. Similarly, Jahan-Nejati et al. [51] studied the Cu removal performance of C. rotundus under different mixing rates (0–300 mg·kg−1) in pod soil. They observed the quadratic model showing good fitness and optimum rate for Cu removal over time. Likewise, Tripathy et al. [52] studied the impact of pulp and paper mill effluent on Hg and Cd accumulation in C. rotundus. They reported that C. rotundus had a high potential to remove Hg and Cd from pulp and paper mill effluent-contaminated sites. These reports outlined that C. rotundus is considered a good phytoextraction candidate for the removal of hazardous HMs from contaminated sites [50], which is also supported by the results obtained in the current study. Therefore, our study also confirmed that Cd and Pb were efficiently removed by C. rotundus from BSW-mixed soil.




3.3. Cd and Pb Bioaccumulation Efficiency of Coco Grass (C. rotundus)


Phytoremediation plants have evolved to grow in hostile soil environments. Such plants can lower HM stress in their rhizosphere by accumulating them in their vegetative parts, thereby contributing to soil decontamination [53]. This feature makes them ideal candidates for soil remediation using green technology. In the present investigation, it was observed that C. rotundus significantly (p < 0.05) accumulated the contents of Cd and Pb from BSW-contaminated soils (Table 3). However, root parts of C. rotundus showed higher Cd and Pb bioaccumulation compared with the shoot and whole plant body. The overall order of Cd and Pb bioaccumulation by C. rotundus was observed as root > whole plant > shoot. When compared with the control treatment, the levels of Cd and Pb in C. rotundus tissues increased with an increase in the BSW mixing dose. However, there was a much less significant difference between the T3 and T4 treatments, which might be because the plant already achieved its saturation point in the 3% BSW treatment. The highest concentrations of Cd and Pb were encountered in root parts of C. rotundus for T4 treatment, i.e., 38.81 and 109.06 mg·kg−1, respectively.



Long-term monitoring of BAF in polluted soils is helpful in understanding the effectiveness of phytoremediation over time and setting up regulatory compliances for the same. BAF also helps in determining the frequency of HMs migration to upper trophic levels within the food chain. The highest BAF values were reported for root parts, which were subjected to the highest bioaccumulation amount. However, BAF decreased with an increase in BSW dose, which was largely associated with concentration-induced toxicity in soil medium. Similarly, the Tf analysis showed that the migration of Cd and Pb from root to shoot parts of C. rotundus was significantly associated with the BSW mixing rate. The Tf values of Cd and Pb increased with an increase in their bioavailable concertation in the soil. Herein, the highest Tf values reported for Cd and Pb were 0.55 and 0.25, respectively. Nevertheless, the Tf values for Cd were positively associated with BSW dose while those for Pb had negative associations. The Pearson correlation matrix given in Figure 3 shows that selected soil parameters (pH, CEC, OM, RP, and HMs) were significantly (p < 0.05) correlated with the HMs bioaccumulation by C. rotundus. In general, pH was negatively correlated with OM (r = –0.99) and RP (r = –0.97) of experimental soil. However, the BSW mixing rate showed a significant negative influence on soil OM and RP. The contents of HMs in both soil and C. rotundus were negatively correlated. Herein, all other soil parameters showed a significant positive correlation with soil and plant HM contents.



Bioaccumulation of several HMs by C. rotundus has been previously reported in several studies [10,54,55,56]. In particular, Khandare et al. [54] investigated the bioaccumulation and translocation of fluoride (F) by C. rotundus. They found that C. rotundus showed good potential for accumulating F contents within leaf and root parts where the highest BAF and Tf were 1.07 and 0.52, respectively. Halder et al. [55] also found that C. rotundus accumulated >350 mg·kg−1 of Pb in roots while only <50 mg·kg−1 in shoot parts accounting for BAF values of >20, respectively. Moreover, Nwaichi et al. [32] reported that C. rotundus accumulated significant contents of Pb (0.18), Cr (0.60), Cd (0.01), and Ni (0.1) from crude oil-contaminated soils. Similarly, Khan [56] observed HMs bioaccumulation by C. rotundus growing near the riparian zone of Lahat, Malaysia. ICP-MS analysis revealed that root parts of C. rotundus had the highest HM concentration with maximum BAF and Tf values, which is in line with those observed in the current study.




3.4. Effect of Battery Waste on Growth, Biochemical, and Enzyme Response of C. rotundus


Since HM stress may result in inefficient growth and physiological mechanisms, it is essential to monitor the biochemical response to ensure the suitability of plants in phytoextraction. Table 4 shows the effect of BSW amendment on the growth, biochemical, and enzyme response of C. rotundus in this study. It was observed that BSW application significantly (p < 0.05) reduced the plant’s growth and biochemical parameters. Specifically, control and T1 showed a non-significant (p > 0.05) difference for the change in plant height and weight, and root length; however, these were significantly (p < 0.05) higher in the rest of the treatments, i.e., T2, T3, and T4. The maximum average plant height (34.27 cm), fresh weight (6.35 g), dry weight (1.80 g), root length (8.56 cm), and relative growth rate (0.14 g·day−1) were found in the control treatment whereas the minimum was observed in the T4.



A sharp decline in growth parameters of C. rotundus might be due to the high Cd and Pb toxicity of soil that came from BSW. Moreover, the biochemical parameters of C. rotundus, such as chlorophyll content (2.42 mg·g−1), carotenoids (3.78 mg·g−1), and tuber carbohydrate (24.98%), were also reduced in all BSW treatments. As an important cell constituent, chlorophyll biosynthesis is negatively affected by the presence of hazardous HMs [57]. Similarly, carotenoids play an important role as photoprotectors and antioxidants in plant cells [58]. Reduction in carotenoids may result in several cellular deficiencies, including inefficient cell defense and lowering of photosynthesis rates [59]. The contents of carbohydrates were also reduced from 24.98 to 1593, which is an indication of inefficient plant growth and failed photosynthesis. This is supported by the findings of present experiments, which depict a nearly two-fold reduction in both chlorophyll and carotenoids of C. rotundus.



SOD acts as an important enzyme to combat oxidative defense in plant systems by the dismutation of superoxide radicals [60]. SOD levels may be elevated if plants are exposed to oxidative conditions, which helps in converting the harmful radicals to H2O2 [61]. BSW amendment in the current study could have resulted in an increased number of reactive oxidizing species, which is detrimental to plants. For this, SOD levels were inclined from 2.60 to 8.25 U·mg−1 P (i.e., 217.30%) in control to T4 treatment, indicating that C. rotundus showed the ability to neutralize the oxidative stress caused by Cd and Pb. Similarly, CAT works after SOD by converting the H2O2 molecules to H2O and O2 molecules, thus accomplishing a complete defense against oxidative stress [62]. Excess H2O2 accumulation in plant cells could result in significant cell injuries. The elevated H2O2 levels are neutralized by CAT activity, which was observed in the current study where CAT levels significantly increased from 1.70 to 4.10 µmol·min−1mg−1 P with an increase in BSW treatment dose. Similarly, ascorbate peroxidase also breaks down excess H2O2 by utilizing ascorbate (vitamin C) molecules [63]. The levels of ascorbate peroxidase were significantly increased from 2.04 to 122.09 mM·mg−1 P. However, the magnitude of these specific responses to upregulate stress caused by Cd and Pb may vary according to the BSW mixing rate, exposure, duration, and plant species. The Pearson correlation matrix in Figure 4 shows that soil properties had a significant impact on the growth, biochemical, and enzymatic response of C. rotundus.



The impact of hazardous HMs on plant growth, and biochemical, and enzymatic responses has been widely investigated by several authors [33,64]. Kriti et al. [33] studied the impact of Ni and Cd-rich battery waste on the physiological and enzyme response of two plants: vetiver (Chrysopogon zizanioides L.) and lemongrass (Cymbopogon citratus DC. Stapf) and found that Ni and Cd levels in the soil had significant detrimental effects on SOD, chlorophyll, carotenoid, and ascorbate peroxidase of both plants. Similarly, Adejumo et al. [64] reported that the bachelor’s button (Gomphrena celosoides Mart.) plant showed a significant decline in soils contaminated with Pb and Cr from battery waste dumpsites in Nigeria. Overall, the results of the present study show that high Cd and Pb contents in soil could bring harmful effects on the growth and biochemical and enzymatic response of C. rotundus grown in BSW-contaminated soil.




3.5. Predictive Models for Cd and Pb Uptake by C. rotundus


The uptake of HMs by plants can be influenced by several factors, such as soil properties (pH, OM, HM’s availability), type of plant, and environmental conditions. MLR and ANN are widely used to construct predictive relationships between these parameters and the amount of HMs absorbed by phytoremediation plants [65]. In this study, it was observed that both MLR and ANN models showed good fitness to predict the uptake of Cd and Pb by C. rotundus tissues. Table 5 shows the developed MLR- and ANN-based prediction models and their validation parameters. For MLR, the models showed good coefficient of determination (R2) values ranging from 0.98 to 0.99. Herein, pH showed a negative coefficient for both HMs uptake by shoot, root, and whole plant parts of C. rotundus, while other independent variables (CEC, OM, and HMs) had positive coefficient values. The ME values of MLR models ranged between 0.98 and 0.99, while RMSE was recorded >5.72, indicating that the developed equations can predict HMs uptake with high efficiency and low error. On the other hand, ANN showed slightly better R2 values (0.99) for all models. The ME and RMSE values were recorded as 0.99 and >0.84, respectively, which indicates better goodness of fit. As depicted in Figure 5, the experimental vs. model predicted scatter plot clearly shows that responses predicted by ANN models were highly close to experimental values compared with those of MLR models. This supports the fact of low prediction error.



However, MLR requires manual feature extraction in which the selection of suitable input parameters is decided based on their overall influence on the model. This problem is efficiently addressed by an ANN, which can automatically identify relevant variables from the input dataset, thereby reducing the need for manual feature extraction. Moreover, ANN models are known to have better prediction accuracy if trained using a well-curated and large number of input data points [66]. ANN algorithms can capture nonlinear relationships between input and output variables, which is generally difficult for other models, such as MLR. Although MLR is a traditional predictive technique that creates a linear function between input and output response, it is still useful for constructing mathematical models for simple and small-scale experiments and it provides valuable insight into HM uptake predictions [39].



Recent studies have employed linear and nonlinear models for the prediction of HMs uptake by plants under different phytoremediation systems [67,68]. However, only a few employed prediction modeling for BSW-based phytoremediation systems [25,33,69]. Among them, Kriti et al. [33] developed MLR and nonlinear sigmoid models for the prediction of Ni and Cd by C. zizanioides and C. citratus plants grown in soils mixed with battery electrolyte waste. They reported that MLR models were more efficient for Ni and Cd prediction compared with sigmoid models as indicated by experimental vs. predicted, R2 (>0.88), and Nash–Sutcliffe ME (>0.87) values. Similarly, Priyadarshini et al. [25] created MLR and machine learning-based prediction models for HM’s recovery from spent Zn-Mn batteries. They also confirmed that machine-learning models had better fitness compared with MLR. In their study, Bajestani et al. [69] evaluated the application of quadric regression modeling (response surface method) for optimization of Ni, Cd, and Co bio-recovery from spent household battery waste using Acidithiobacillus ferrooxidans. Thus, the combination of both MLR and ANN models could provide complementary strengths to improved prediction of HMs uptake by C. rotundus.





4. Conclusions


The results revealed that BSW mixing in soil significantly elevated the levels of Cd and Pb (p < 0.05), which were maximally taken by C. rotundus into root parts. The excess uptake of Cd and Pb by C. rotundus resulted in reduced growth and biochemical parameters while inducing the levels of stress enzymes. The BAF and Tf values also indicated that C. rotundus was a Cd- and Pb-hyperaccumulator plant that can be used to clean up BSW-contaminated sites. Furthermore, prediction modeling results using MLR and ANN showed that both approaches were efficient for effective HMs uptake by C. rotundus. However, ANN models gave better results when tested using different validation tools. Overall, this study concluded that C. rotundus can be used as a potential phytoremediation plant for Cd and Pb phytoextraction from BSW-contaminated soils. Further studies on the bioaccumulation of other toxic HMs and their physiological and microscopic effects on C. rotundus with post-characterization of harvested biomass are highly recommended.
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Figure 1. Experimental design for phytoextraction of Cd and Pb from soils contaminated with battery scrap waste using coco grass (C. rotundus). 
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Figure 2. Design of the artificial neural network depicting different neurons and layers (Shi et al. 2023). 
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Figure 3. Pearson correlation matrix for interaction between soil properties and heavy metal uptake by coco grass (C. rotundus) grown in soils amended with battery scrap waste (BSW) (CEC: cation exchange capacity; OM: organic matter; RP: redox potential; CdSo: Cd in soil; PbSo: Pb in soil; CdSh: Cd in the shoot; CdRo: Cd in the root CdWp: Cd in the whole plant; PbSh: Pb in the shoot; PbRo: Pb in the root; and PbWp: Pb in the whole plant; *: significant at p < 0.05). 
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Figure 4. Pearson correlation matrix for interaction between soil properties, growth, and the enzymatic response of coco grass (C. rotundus) grown in soils amended with battery scrap waste (BSW) (CEC: cation exchange capacity; OM: organic matter; RP: redox potential; CdSo: Cd in soil; PbSo: Pb in soil; PH: plant height; FW: fresh weight; DW: dry weight; RL: root length; RGR: relative growth rate; CC: chlorophyll content; CT: carotenoids; SOD: superoxide dismutase; CAT: catalase; APX: ascorbate peroxidase; and TC: tuber carbohydrates; *: significant at p < 0.05). 
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Figure 5. Experimental vs. model predicted (MLR: multiple linear regression; ANN: artificial neural network) values for Cd and Pb uptake by coco grass (C. rotundus) grown in soils amended with battery scrap waste (BSW). 
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Table 1. Effect of battery scrap waste (BSW) on physicochemical and heavy metal properties of experimental soil.






Table 1. Effect of battery scrap waste (BSW) on physicochemical and heavy metal properties of experimental soil.





	
Properties

	
Experimental Treatments




	
Control

	
T1: 1% BSW

	
T2: 2% BSW

	
T3: 3% BSW

	
T4: 4% BSW






	
pH

	
7.23 ± 0.04 a

	
7.55 ± 0.03 b

	
7.63 ± 0.07 b

	
7.91 ± 0.05 c

	
8.35 ± 0.10 d




	
CEC (cmol·kg−1)

	
8.18 ± 0.09 a

	
8.60 ± 0.12 b

	
8.79 ± 0.06 b

	
8.91 ± 0.09 bc

	
9.04 ± 0.03 c




	
Organic matter (%)

	
2.27 ± 0.03 a

	
2.19 ± 0.02 b

	
2.11 ± 0.04 c

	
2.05 ± 0.03 c

	
1.86 ± 0.06 d




	
Redox potential (mV)

	
318.84 ± 4.10 a

	
291.50 ± 9.81 b

	
210.73 ± 6.30 c

	
163.15 ± 10.21 d

	
89.37 ± 7.58 e




	
Clay (%)

	
19.20 ± 1.80

	
-

	
-

	
-

	
-




	
Silt (%)

	
42.10 ± 2.90

	
-

	
-

	
-

	
-




	
Sand (%)

	
38.60 ± 1.40

	
-

	
-

	
-

	
-




	
Total Cd (mg·kg−1) *

	
0.04 ± 0.01 a

	
40.48 ± 0.52 b

	
75.20 ± 2.06 c

	
117.36 ± 7.10 d

	
152.02 ± 4.75 e




	
Total Pb (mg·kg−1) *

	
0.06 ± 0.01 a

	
110.06 ± 6.84 b

	
217.91 ± 10.38 c

	
340.40 ± 15.24

	
470.15 ± 12.62 e




	
Bioavailable Cd (mg·kg−1)

	
0.00 ± 0.00 a

	
11.26 ± 0.30 b

	
24.50 ± 1.05 c

	
38.17 ± 2.18 d

	
49.40 ± 3.85 d




	
Bioavailable Pb (mg·kg−1)

	
0.01 ± 0.00 a

	
32.50 ± 0.85 b

	
84.21 ± 5.30 c

	
107.82 ± 9.46 d

	
152.24 ± 14.67 e








Values are mean ± SD of three replicates (n = 3); CEC: cation exchange capacity; the same letters (a–e) indicate no significant difference among treatment groups at p < 0.05; *: threshold value (Cd: 0.80 mg·kg−1 and Pb: 85 mg·kg−1) in the soil as recommended by WHO (1996).
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Table 2. Changes in the soil Cd and Pb concentration before and after phytoextraction using coco grass (C. rotundus) grown in soils amended with battery scrap waste (BSW).






Table 2. Changes in the soil Cd and Pb concentration before and after phytoextraction using coco grass (C. rotundus) grown in soils amended with battery scrap waste (BSW).





	
Heavy Metal

	
Variable

	
Experimental Treatments




	
Control

	
T1: 1% BSW

	
T2: 2% BSW

	
T3: 3% BSW

	
T4: 4% BSW






	
Cd

	
Initial concentration (mg·kg−1)

	
0.04 ± 0.01 a

	
40.48 ± 0.52 a

	
75.20 ± 2.06 a

	
117.36 ± 7.10 a

	
152.02 ± 4.75 a




	
Final concentration (mg·kg−1)

	
0.01 ± 0.00 b

	
25.98 ± 1.75 b

	
42.08 ± 3.63 b

	
80.40 ± 4.60 b

	
112.30 ± 6.14 b




	
Removal efficiency (%)

	
75

	
35

	
44

	
31

	
26




	
Removal rate (mg·kg−1day−1)

	
0.001

	
0.242

	
0.552

	
0.616

	
0.662




	
Pb

	
Initial concentration (mg·kg−1)

	
0.06 ± 0.01 a

	
110.06 ± 6.84 a

	
217.91 ± 10.38 a

	
340.40 ± 15.24 a

	
470.15 ± 12.62 a




	
Final concentration (mg·kg−1)

	
0.01 ± 0.00 b

	
56.26 ± 2.70 b

	
130.50 ± 7.41 b

	
240.00 ± 10.65 b

	
365.09 ± 18.34 b




	
Removal efficiency (%)

	
83

	
48

	
40

	
29

	
22




	
Removal rate (mg·kg−1day−1)

	
0.001

	
0.897

	
1.457

	
1.673

	
1.751








Values are mean ± SD of three replicates (n = 3); the same letters (a, b) indicate no significant difference between initial and final concentration values at p < 0.05.
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Table 3. Bioaccumulation and translocation of Cd and Pb by phytoextraction using coco grass (C. rotundus) grown in soils amended with battery scrap waste (BSW).






Table 3. Bioaccumulation and translocation of Cd and Pb by phytoextraction using coco grass (C. rotundus) grown in soils amended with battery scrap waste (BSW).





	
Heavy

Metals

	
Experimental

Treatments

	
Concentration (mg·kg−1 dwt.)

	
Bioaccumulation Factor

(Soil → Plant)

	
Translocation

Factor (Root

→ Shoot)




	
Shoot

	
Root

	
Whole Plant

	
Shoot

	
Root

	
Whole Plant






	
Cd

	
Control

	
0.01 ± 0.00 a

	
0.03 ± 0.01 a

	
0.02 ± 0.01 a

	
0.25

	
0.75

	
0.50

	
0.33




	
T1: 1% BSW

	
4.90 ± 0.13 b

	
12.50 ± 0.28 b

	
9.67 ± 0.19 b

	
0.12

	
0.31

	
0.24

	
0.39




	
T2: 2% BSW

	
13.04 ± 0.50 c

	
30.10 ± 1.07 c

	
22.08 ± 0.65 c

	
0.17

	
0.40

	
0.29

	
0.43




	
T3: 3% BSW

	
17.62 ± 1.17 d

	
37.90 ± 2.24 d

	
24.64 ± 1.72 cd

	
0.15

	
0.32

	
0.21

	
0.46




	
T4: 4% BSW

	
21.30 ± 0.92 e

	
38.81 ± 1.59 d

	
27.43 ± 1.24 d

	
0.14

	
0.26

	
0.18

	
0.55




	
Pb

	
Control

	
0.01 ± 0.01 a

	
0.04 ± 0.01 a

	
0.03 ± 0.01 a

	
0.17

	
0.67

	
0.50

	
0.25




	
T1: 1% BSW

	
7.13 ± 0.20 b

	
30.85 ± 1.34 b

	
21.62 ± 0.90 b

	
0.06

	
0.28

	
0.20

	
0.23




	
T2: 2% BSW

	
16.04 ± 0.61 c

	
87.40 ± 7.95 c

	
55.17 ± 4.34 c

	
0.07

	
0.40

	
0.25

	
0.18




	
T3: 3% BSW

	
19.32 ± 0.49 d

	
103.27 ± 4.01 d

	
69.01 ± 9.42 cd

	
0.06

	
0.30

	
0.20

	
0.19




	
T4: 4% BSW

	
22.65 ± 1.80 de

	
109.06 ± 6.27 d

	
76.10 ± 6.05 d

	
0.05

	
0.23

	
0.16

	
0.21








Values are mean ± SD of three replicates (n = 3); the same letters (a–e) indicate no significant difference among treatment groups at p < 0.05.
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Table 4. Impact of Cd and Pb on plant growth, biochemical, and enzyme activity responses of coco grass (C. rotundus) grown in soils amended with battery scrap waste (BSW).






Table 4. Impact of Cd and Pb on plant growth, biochemical, and enzyme activity responses of coco grass (C. rotundus) grown in soils amended with battery scrap waste (BSW).





	
Parameters

	
Experimental Treatments




	
Control

	
T1: 1% BSW

	
T2: 2% BSW

	
T3: 3% BSW

	
T4: 4% BSW






	
Plant height (cm)

	
34.27 ± 2.50 c

	
32.30 ± 1.74 c

	
27.93 ± 1.25 b

	
24.68 ± 2.40 ab

	
21.01 ± 1.18 a




	
Fresh weight (g·plant−1)

	
6.35 ± 0.04 e

	
5.84 ± 0.09 d

	
4.16 ± 0.13 c

	
3.95 ± 0.05 b

	
3.60 ± 0.10 a




	
Dry weight (g·plant−1)

	
1.80 ± 0.04 de

	
1.71 ± 0.07 d

	
1.40 ± 0.06 c

	
1.16 ± 0.12 ab

	
1.09 ± 0.05 a




	
Root length (g)

	
8.56 ± 0.12 de

	
8.20 ± 0.15 d

	
7.58 ± 0.09 c

	
7.10 ± 0.22 b

	
6.74 ± 0.08 a




	
Relative growth rate (g·day−1)

	
0.14

	
0.13

	
0.09

	
0.09

	
0.08




	
Chlorophyll content (mg·g−1 fwt.)

	
2.42 ± 0.04 e

	
2.31 ± 0.02 d

	
2.05 ± 0.03 c

	
1.92 ± 0.06 b

	
1.80 ± 0.04 a




	
Carotenoids (mg·g−1 fwt.)

	
3.78 ± 0.05 e

	
3.60 ± 0.09 d

	
3.11 ± 0.10 bc

	
2.80 ± 0.13 b

	
2.56 ± 0.07 a




	
Tuber carbohydrates (%)

	
24.98 ± 1.18 cd

	
22.10 ± 1.70 bc

	
19.66 ± 0.91 b

	
16.05 ± 1.58 a

	
15.93 ± 2.20 a




	
Superoxide dismutase (U·mg−1 P)

	
2.60 ± 0.08 a

	
3.51 ± 0.14 b

	
5.73 ± 0.32 c

	
6.04 ± 0.21 cd

	
8.25 ± 0.74 e




	
Catalase (µmol·min−1mg−1 P)

	
1.70 ± 0.09 a

	
2.25 ± 0.13 b

	
3.19 ± 0.06 c

	
4.01 ± 0.02 d

	
4.10 ± 0.04 e




	
Ascorbate peroxidase (mM·mg−1 P)

	
3.04 ± 0.02 a

	
5.20 ± 0.10 b

	
7.58 ± 0.07 c

	
11.82 ± 0.40 d

	
12.09 ± 1.15 d








Values are mean ± SD of three replicates (n = 3); the same letters (a–e) indicate no significant difference among treatment groups at p < 0.05.
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Table 5. Comparative assessment of MLR and ANN predictive models for Cd and Pb uptake by coco grass (C. rotundus) grown in soils amended with battery scrap waste (BSW).






Table 5. Comparative assessment of MLR and ANN predictive models for Cd and Pb uptake by coco grass (C. rotundus) grown in soils amended with battery scrap waste (BSW).





	
Model Type

	
Heavy Metals

	
Plant Parts

	
Model Equation

	
R2

	
ME

	
RMSE






	
MLR

	
Cd

	
Shoot

	
40.82 − 8.72 × pH + 1.88 × CEC + 2.89 × OM + 0.20 × HMSo

	
0.99

	
0.99

	
0.67




	
Root

	
93.48 − 36.00 × pH + 16.51 × CEC + 14.05 × OM + 0.46 × HMSo

	
0.99

	
0.99

	
1.34




	
Whole Plant

	
20.14 − 22.24 × pH + 18.35 × CEC−4.06 × OM + 0.22 × HMSo

	
0.98

	
0.98

	
1.43




	
Pb

	
Shoot

	
4.39 − 14.61 × pH + 10.70 × CEC + 6.20 × OM + 0.06 × HMSo

	
0.98

	
0.98

	
1.07




	
Root

	
296.99 − 129.12 × pH + 55.68 × CEC + 80.29 × OM + 0.50 × HMSo

	
0.98

	
0.98

	
5.72




	
Whole Plant

	
43.87 − 63.20 × pH + 30.51 × CEC + 72.24 × OM + 0.31 × HMSo

	
0.98

	
0.98

	
3.21




	
ANN

	
Cd

	
Shoot

	
-

	
0.99

	
0.99

	
0.23




	
Root

	
-

	
0.99

	
0.99

	
0.80




	
Whole Plant

	
-

	
0.99

	
0.99

	
0.45




	
Pb

	
Shoot

	
-

	
0.99

	
0.99

	
0.30




	
Root

	
-

	
0.99

	
0.99

	
0.34




	
Whole Plant

	
-

	
0.99

	
0.99

	
0.84








MLR: multiple linear regression; -: not applicable; ANN: artificial neural network; ME: model efficiency; RMSE: root mean square error.
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