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Abstract

:

Heavy metals are pollutants that pose a risk to living systems due to their high toxicity and ability to accumulate and contaminate. This study proposes an alternative approach to the static adsorption of Ni(II) from aqueous media using Sarkanda grass lignin crystals, the non-cellulosic aromatic component of biomass, as an adsorbent substrate. To determine the best experimental conditions, we conducted tests on several parameters, including the initial and adsorbent solution pH, the concentration of Ni(II) in the aqueous solution, the amount of adsorbent used, and the contact time at the interface. The lignin’s adsorption capacity was evaluated using the Freundlich and Langmuir models to establish equilibrium conditions. The Lagergren I and Ho–McKay II kinetic models were used to determine the adsorption mechanism based on surface analyses and biological parameters such as the number of germinated seeds, energy, and germination capacity in wheat caryopses (variety Glosa) incorporated in the contaminated lignin and in the filtrates resulting from phase separation. The results suggest that Sarkanda grass lignin is effective in adsorbing Ni(II) from aqueous media, particularly in terms of adsorbent/adsorbate dosage and interfacial contact time.
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1. Introduction


Although the negative impact of metal ions, such as Ni(II), Co(II), Cu(II), or Zn(II), on quality of life is well known, they are still widely used in many technological processes [1]. As a result, these ions are present in significant concentrations in aqueous effluents that are discharged into the environment, leading to long-term pollution [2]. The detection and analysis of such pollutants is crucial since heavy metals cannot be destroyed or degraded and tend to accumulate over time [3,4].



The elevated levels of nickel in nature have led to human pollution. This is evident in various sources such as glass, ceramic, and textile dyes, nickel-plated faucets, nickel–steel alloy tableware, and cigarette smoke [5]. Plants can act as biosorbers for heavy metals, including nickel, by absorbing them from the soil or through their aerial parts. While nickel is essential for plant metabolism, high concentrations can be dangerous for most plants [6,7,8,9]. Nickel has serious toxic potential in its gaseous form, nickel tetracarbonyl, which is considered responsible for the slow development of malignant formations [10]. Additionally, insoluble nickel oxide powders and soluble sulfate, nitrate, and chloride aerosols are also considered potential carcinogens [11,12,13]. To reduce pollution, it is necessary to not only decrease the amount of pollutants in the air, water, and soil but also explore options for recovering waste from industrial activities. The literature suggests various alternatives, including the use of low-cost materials such as cellulosic and lignin biomass fractions for different purposes, as adsorbent materials for the retention of pollutant species [14,15,16,17,18,19,20], in gasification processes; as precursors in organic syntheses [21]; or as bio-cyde substances for the preservation of natural composite structures [22].



Lignin is a macromolecular compound with an aromatic structure and is the main component of biomass. It is produced worldwide in large quantities as a by-product/residue from pulp manufacturing or biomass hydrolysis technologies. Its potential for valorization is a real challenge at present [23], considering its origin from renewable resources, non-toxicity, and economic benefits due to its relatively low cost [24]. Lignin’s porous and branched structure, high functional group content, and small, uniformly distributed active centers on its surface enable it to complex with polluting species, such as heavy metal ions, through ionic exchange. This facilitates the formation of stable donor–acceptor and ligno-complex bonds [25,26]. As a result, different types of lignins have been tested as substrates for heavy metal ion adsorption [15,18,19,20,21,27].



Adsorption processes are evaluated by obtaining adsorption isotherms, which are then interpreted using mathematical models. The most commonly used models are Freundlich and Langmuir [28,29]. These models indicate the mass of the solute retained by a given adsorbent under specific experimental conditions, such as the initial pH of the aqueous solution, sorbent dosage, initial concentration of the metal ion, and contact time between the two phases [20,30]. Studies on the kinetics of the adsorption process provide information on its mechanism [2,21]. However, the adsorption kinetics depend on both the adsorption process and the solute diffusion from the solution to the active centers on the adsorbent surface, and the level of relative humidity [31]. The two most commonly used kinetic models for approximating the mechanism of pollutant adsorption from aqueous solutions are the first-order Lagergren kinetic model and the second-order Ho–McKay kinetic model [20,32,33].



In this study, we evaluate the adsorption of Ni(II) from aqueous media under static conditions using Sarkanda grass lignin as the adsorption substrate. The evaluation is based on thermodynamic, kinetic, and biological parameters. Sarkanda grass lignin is a renewable, cheap, and non-toxic resource that shows promise as a future biosorbent, as supported by the experimental data obtained.




2. Materials and Methods


2.1. Materials


Main chemical materials: Unmodified Sarkanda grass lignin supplied by Granit Récherche Development S.A., Lausanne, Switzerland [20], and NiSO4·6H2O supplied by ChimReactiv S.R.L., Bucharest, Romania.



Biological material: Autumn wheat seeds (Glosa), a variety resistant to drought, overwintering, shattering, and current varieties of yellow rust, recommended for cultivation in southeastern Romania [34], offered by “Ion Ionescu de la Brad”, Iasi University of Life Sciences, Iasi, Romania. The seeds used in the experiments were harvested in 2023. The gluten content was 23.2%, protein content was 12.8%, lipid content was 1.14%, the hectoliter mass was 76 kg, and the mass of 1000 grains (MMB) was 41.8 g.




2.2. Experimental Procedure


2.2.1. Adsorption Experiments


To determine the optimal conditions for adsorption efficiency, we conducted preliminary experimental tests on initial Ni(II) concentrations, initial solution pH, adsorbent dosages, and contact times between the two phases. We chose to use 5 g of lignin per liter of the Ni(II) aqueous solution to ensure an adequate number of adsorption centers, considering the limited number of active centers in the lignin structure [20].



The carboxyl and hydroxyl functional groups on the lignin surface can deprotonate and associate via a Ni2+ donor–acceptor bond in the aqueous solution, re-emerging as ligno-complexes. Following experimental trials, a pH value of 5 was chosen, with a moderate/low acid medium proving to be suitable in other systems, such as lignin–Pb(II)/Zn(II)/As(III)/Cd(II) [18,19,20].



Metal ion stock solutions were prepared by dissolving NiSO4-6H2O in distilled water to a concentration of 0.001 mg/L. Working solutions were then created by diluting a precisely measured volume of the stock solutions with distilled water. The concentrations of the metal ions in the resulting aqueous solutions are as follows: 5.8693, 11.738, 17.6079, 23.4772, 29.3465, 35.2158, 41.0851, 46.9544, 52.8237, and 58.693 mg/mL. A 20 mL volume of NiSO4-6H2O, with the concentrations mentioned above, was added to the lignin powder. The samples were then left to stand under laboratory conditions for different contact times (30, 60, and 90 min) to reach a steady state. This allowed for the optimal retention time of Ni2+ to be captured and for the kinetics of the process to be interpreted.




2.2.2. Germination Experiments


The effectiveness of lignin in adsorbing Ni(II) was also tested in a laboratory setting by evaluating the germination capacity of Glosa wheat seeds in three replicates, both on contaminated lignin and on filtrates. The biological process, expressed by germination energy and germination capacity, was monitored for 7 days. Distilled water was used as a control sample for filtrates, and an uncontaminated adsorbent was used for contaminated lignin.





2.3. Characterization Methods


2.3.1. Spectrophotometric Determination of Ni(II)


For determining the concentration of Ni(II), rubeanic acid was used, with maximum absorption at 590 nm. The rubeanic acid solution was obtained by dissolving 0.05 g of a solid reagent in 100 mL of 96% ethanol [1].



The quantitative determination of the metal ion obtained after filtration from the aqueous solutions was carried out by an analysis of an exactly measured volume (2 mL) according to the experimental procedure, and the concentration value for each sample was calculated from the regression equation of the calibration curve.



For the spectrophotometric analysis, we used a Visible Spectrophotometer for a laboratory, model VS-721N, 300–1000 nm, manufacturer JKI, Shanghai, China.




2.3.2. Isotherm Models


Adsorption isotherms characterize the interaction between the adsorbent and the adsorbate. They are interpreted using mathematical models, such as Freundlich or Langmuir, which are commonly used [35].



The adsorption capacities were determined according to the following equation [36]:


q = (ci − ce)V/m, (mg/g)



(1)




where ci is the initial concentration (mg/mL), ce is the equilibrium concentration (mg/L), V is the volume of the metal ion solution (L), m is the mass of the adsorbent (g).



The Langmuir–Freundlich isotherm includes the knowledge of adsorption heterogeneous surfaces, such as the lignin surface. It describes the distribution of adsorption energy onto the heterogeneous surface of the adsorbent [37].



The Langmuir equation can be written in the following linear form [38]:


ce/qe = 1/qm·kL+ ce/qm



(2)




where qe is the amount of metal ions adsorbed per unit of mass of the adsorbent (mg/g) at equilibrium, qm is the maximum amount of metal ions retained on the absorbent after saturation (mg/g), KL is the Langmuir constant (L/mg), ce is the equilibrium concentration of metal ions in the solution (mg/L).



The linear form of the Freundlich isotherm is as follows [39]:


log qe = log kF + 1/n·log ce



(3)




where qe is the amount of metal ions adsorbed per unit of mass of the adsorbent (mg/g) at equilibrium, KF is the Freundlich constant (L/mg), n is the constant characterizing the affinity of metal ions to the adsorbent, ce is the concentration at equilibrium of metal ions in the solution (mg/L).



The model that best reproduces the experimental isotherm data is selected based on the correlation coefficient R2 values calculated using the method of least squares [35].




2.3.3. Kinetics Modeling


By kinetic modeling, the solute uptake rate is described, which in turn controls the residence time of sorbate uptake at the solid–solution interface [40]. For this purpose, the first-order Lagergren model and the second-order Ho–McKay model are frequently used, which can be applied to many different systems with different underlying mechanisms [41].



The Lagergren model is a mathematical representation of liquid–solid adsorption [42]:


ln [qe/(qe − q)] = k1·t



(4)







Most of the kinetic adsorption can be modeled well by the Ho–McKay model, thus indicating its superiority over other models [42]. Mathematically, it is expressed through the following relationship [41]:


t/qt = (1/k2·qe2) + t/qe



(5)




where k1 and k2 are constant adsorption rates for model 1 and 2; qe and qt represent the adsorption capacity at equilibrium and at time t, respectively.



The experimental results were verified using the most suitable kinetic model chosen through linear regression.




2.3.4. Biological Stability


Germination tests were conducted on three batches of 20 wheat seeds (variety Glosa) under laboratory conditions with a temperature of 24 °C ± 1 and an illumination regime of 16 h light/8 h dark. Prior to testing, the seeds were disinfected with 5% sodium hypochlorite for 5 min and washed three times with MilliQ ultrapure water until the characteristic odor disappeared [43]. Wheat kernels were soaked in a filtrate or distilled water for one hour in 180 × 18 mm test tubes with intermittent shaking. The soaked seeds were then evenly distributed in 90 × 15 cm Petri dishes, each with two rounds of overlapping filter paper [20]. The toxicity of the filtrates and lignin contaminated with aqueous nickel solutions was analyzed at concentrations ranging from 5.8693 to 58.693 mg/mL and at three different contact times between phases. By using formulae (6) and (7), the germination energy and germination faculty can be determined within 30, 60, and 90 min [20,34]:


Eg = (a/n)·100



(6)






Fg = (b/n)·100



(7)




where a is the number of seeds germinated after three days, n is the total number of seeds analyzed, b is the number of seeds germinated at the end of the period (seven days).



Distilled water was used as a control sample for filtrates and uninfected lignin was used for contaminated lignin. It is worth mentioning that swollen, rotten, or moldy seeds at the end of the germination period were considered non-germinated.




2.3.5. Surface Morphology


Scanning electron microscopy (SEM) can be considered an efficient analysis method for organic and inorganic materials on the nanometer to micrometer (μm) scale. Energy dispersive radiography spectroscopy (EDS) provides fundamental qualitative and semi-quantitative results on the material and the species in its composition, which cannot be provided by common laboratory tests [44].



The SEM analysis was performed using the Quanta 200 scanning electron microscope (5 kV) equipped with an EDX elemental analysis system (Ametek, Berwyn, PA, USA). Quanta 200 SEM is a high-resolution environmental microscope (ESEM) capable of operating in high vacuum, variable pressure, and environmental modes. The specimens used were uncoated and untreated. The X-ray spectrometer was also utilized for element detection and spectral imaging.






3. Results and Discussion


3.1. Evaluation of Ni(II) Adsorption Efficiency on Sarkanda Grass Lignin through Analysis of Experimental Parameters Analyzed


3.1.1. Lignin Dose


The amount of adsorbent used affects adsorption and can provide valuable insights into the adsorption capacity of a material. This is primarily due to the availability of binding sites for removing a pollutant species at a specific concentration [16]. Preliminary tests were conducted to determine the optimal experimental conditions. The range of 4–40 g lignin/L Ni(II) aqueous solution, as proposed by study [21], was used. The results indicate that the ideal dose of lignin in Sarkanda grass should be 5 g/L Ni(II) aqueous solution, as seen in Figure 1.



Figure 1 shows that increasing the lignin dose does not increase the adsorption rate, but instead decreases the amount of Ni(II) retained per unit mass of the adsorbent. This can be explained by the affinity between the functional groups on the surface of Sarkanda grass lignin and Ni(II), and possible complexation at adsorption initiation, after which the adsorbent pores become inaccessible. It is probable that saturation has been reached and that most of the functional groups in the lignin have been occupied, hindering the diffusion of Ni(II) to any unreacted (free) functional groups within the lignin.




3.1.2. Initial Concentration of Ni(II)


The concentration-dependent increase in Ni(II) resulted in a corresponding increase in the adsorption capacity of lignin. Specifically, the adsorption capacity increased from 1.2984 mg/g at a concentration of 5.86 mg/L to 12.5601 mg/g at a concentration of 58.69 mg/L after a contact time of 60 min (Figure 2). This increase can be attributed to the higher ratio between the initial number of Ni(II) moles and the number of accessible adsorption positions on the lignin fraction.




3.1.3. Contact Time


According to the literature, it is recommended that the contact time between phases be extended to capture crucial information about interfacial dynamics and the equilibrium [15]. The experimental data demonstrate that an increase in the contact time between the Sarkanda grass lignin and aqueous nickel solution results in a greater amount of the retained methyl–alkyl ion. This effect is more pronounced in the initial stage, after which the process slows down. The maximum amount is reached at 60 min, which can be considered the optimal time for achieving equilibrium (Figure 3). The 90 min contact time was excluded as there were no significant differences in adsorption capacity compared to the values recorded at 60 min.




3.1.4. pH Initial Solution


Figure 4 shows that the degree of lignin adsorption for Ni(II) increases as the initial pH of the solution increases. This is likely due to the deprotonation of functional groups on the lignin surface, which acquire a negative charge and can bind Ni(II) from the aqueous medium.



It is not recommended to use strongly acidic environments as the excess of protons can compete with nickel ions for the binding sites on lignin. Similarly, in alkaline environments, there is a possibility of the precipitation of Ni(II) in the form of an hydroxide, which reduces the efficiency of adsorption [2]. Based on the preliminary tests conducted on the adsorption of Ni(II) on Sarkanda grass lignin, it is recommended to use an optimal pH of 5. This is because the highest adsorption capacity values were obtained at this pH level.





3.2. Ni(II) Adsorption Efficiency on Sarkanda Grass Lignin Evaluated by Adsorption Isotherms


The adsorption isotherms obtained from the experiment provide valuable information about the interaction between the phases involved in adsorption [35]. These isotherms can be interpreted using mathematical models such as the Freundlich model, which can estimate adsorption on heterogeneous surfaces in a single or multiple layers, and the Langmuir model, which can describe retention in a single layer on a homogeneous surface [36].



The correlation coefficients (R2) were calculated from the regression equations resulting from the linear representation of each individual model. Based on these coefficients, the most appropriate model can be chosen to describe the adsorption. Figure 5a,b display the linear representation of the Freundlich and Langmuir models for Ni(II) adsorption from aqueous media on Sarkanda grass lignin under optimal experimental conditions (temperature: 24 ± 0.5 °C, contact time: 60 min, pH 5). Table 1 presents the characteristic parameters of the Freundlich (R2, 1/n, kF) and Langmuir (R2, qm, KL) models under the same working conditions.



The correlation coefficients (R2) obtained for the Langmuir model range from 0.7766 to 0.9179, slightly lower than those obtained for the Freundlich model, which range from 0.9822 to 0.9942 (Table 1). This suggests that the Freundlich model better describes the Ni(II) adsorption process on Sarkanda grass lignin. It is important to note that all evaluations are objective and based solely on the experimental data.



According to the literature, the Freundlich model is recommended for adsorption on heterogeneous surfaces or those composed of functional groups with different affinities for a given metal ion [40]. The low values of KL, 0.0794–0.0801, suggest that the surface of Sarkanda grass lignin is not perfectly homogeneous, and therefore Ni(II) retention is not in the monolayer. Furthermore, it is important to note that the intensity of interactions between Ni(II) in the aqueous medium and the functional groups of lignin increases with higher values of KF and 1/n, as stated in references [20,40].



The analysis of the data presented in Table 1 shows that the values of KF are in the range 1.9776–2.1586, and those of 1/n are in the range of 0.9028–0.9994. This suggests the occurrence of binding energy by adsorption due to ion-exchange interactions or surface complexation. However, it is unclear whether physical or chemical adsorption predominates, requiring a kinetic approach.




3.3. Efficiency Evaluation of Ni(II) Adsorption on Sarkanda Grass Lignin through Kinetic Modeling


To interpret the kinetics of Ni(II) adsorption on Sarkanda grass lignin, two mathematical models were employed: the pseudo-I-order Lagergren model, specific to liquid–solid adsorption, and the pseudo-II-order Ho and McKay model, which indicates the adsorption capacity of the solid phase. These models are known to accurately represent the adsorption processes according to study [45].



Figure 6a,b demonstrate the linear dependence for the Lagergren model of order I and the Ho–McKay model of order II for Ni(II) adsorption from aqueous media on Sarkanda grass lignin at an initial normalized concentration of 100 mg/mL. Table 2 presents the characteristic kinetic parameters calculated from the slopes and the intercept with the ordinate of the linear dependencies obtained for each kinetic model. The correlation coefficients (R2) were obtained by linear regression.



The correlation coefficients (R2) for the pseudo-I-order Lagergren kinetic model range from 0.6170 to 0.8731 (Table 2). These values are below 0.9, indicating the presence of electrostatic interactions between Ni(II) and the functional groups on the lignin surface. This suggests chemosorption rather than physical adsorption, which cannot be explained by the Lagergren model. Furthermore, the subunit values of R2 restrict the applicability of this model for interpreting the kinetics of Ni(II) ion adsorption from aqueous media on Sarkanda grass lignin. This is consistent with previous research [18,19,20].



After processing the experimental data using the pseudo-second-order Ho–McKay kinetic model, the correlation coefficients (R2) showed a value of 1 in all cases (Table 2). The other parameters, qe and K2, indicated a strong affinity of Ni(II) as a pollutant with Sarkanda grass lignin, which serves as a retention support. It is becoming more likely that the adsorption is active due to the presence of lignin’s functional groups, which can bond covalently and coordinatively with the metal ion to form a complex.



Ni(II) adsorption on Sarkanda grass lignin follows the Ho–McKay kinetic model of the pseudo II order. The rate-determining step of the adsorption process is the chemical interaction between the nickel ion in the aqueous medium and the functional groups of the biopolymer, particularly the carboxyl and hydroxyl groups.




3.4. Efficiency of Ni(II) Adsorption on Sarkanda Grass Lignin Evaluated through Biological Parameters


3.4.1. Number of Germinated Wheat Seeds, Glosa Variety


The presence of Ni(II) in the contaminated samples could cause the embryo of the wheat seeds to remain in a non-active or dormant state, disrupting osmotic equilibrium or metabolic functions. This results in an indirect toxic effect on the plants. Therefore, it is necessary to monitor the germination of the wheat caryopsis for seven days, as recommended in [34].



Figure 7a–c display the average number of germinated wheat seeds after three repetitions at 3 days for samples contaminated with Ni(II). The average number of germinated seeds after three repetitions at 3 and 7 days for the filtrates resulting from the retention of Ni(II) at the three contact times between the phases is also shown.



From the analysis of Figure 7a–c, it is clear that Ni(II) has a negative effect on the germination of wheat caryopses, and this effect is enhanced by increasing the metal ion concentration and the duration of contact between the phases. In the control samples, 19 out of 20 seeds germinated in lignin and all 20 seeds germinated in distilled water. For the filtrates, the number of germinated seeds after 3 days and the number of seedlings after 7 days from germination are similar to those obtained in the control group at 60 and 90 min. However, at 30 min, the numbers are lower, indicating that the adsorption equilibrium is not reached within 30 min. Therefore, a longer contact time is required, which is consistent with the conclusions drawn from the interpretation of the adsorption isotherms and kinetic parameters. The optimal contact time is recommended to be 60 min.



At low Ni(II) concentrations and a contact time of 30 min, the highest number of germinated seeds appeared after 3 days when using contaminated lignin. Starting at a concentration of 35.2158 mg/L, less than half of the total 20 seeds germinated at all contact times. At a concentration of 46.9544 mg/L Ni(II), the seeds did not germinate, highlighting the toxic effect of nickel on seed germination with increasing concentration and duration of contact. Furthermore, after 7 days of germination, none of the contaminated lignin samples resulted in new germinated seeds or surviving seedlings, regardless of the contact times and Ni(II) concentration. This confirms the lignin’s effective adsorption capacity for the pollutant species, as demonstrated by the obtained kinetic and chemical equilibrium results.



Figure 8 displays the germination of Glosa wheat seeds over seven days for four conditions: reference/uncontaminated lignin (R/UL), lignin contaminated with Ni(II) (CL), reference/distilled water (R/DW), and the filtrate (F) obtained after adsorption for 60 min at a concentration of 58.693 mg/L Ni(II).




3.4.2. Germination Energy and Capacity of Wheat Seeds, Glosa Variety


Table 3 shows that germination energy is correlated with the number of germinated seeds for both filtrates and samples of lignin contaminated with Ni(II). After 30 min of contact time between phases, there was no balance of adsorption. As a result, the filtrates were more concentrated, and the germination energy was lower. However, at 60 and 90 min, the germination energy was higher because the filtrates were more diluted due to the good retention capacity of lignin, eventually reaching saturation. In the concentration range of 46.9544–58.693 mg/L Ni2+, an increase in nickel concentration and contact time leads to a decrease in germination energy when contaminated with lignin. At all three contact times, the germination energy has zero values.



In regards to the germinative capacity, filtrates show a proportional variation with the germinative energy, whereas contaminated lignin consistently records zero values. Furthermore, the germination energy and capacity in the filtrate samples were similar to those in the control sample, regardless of the concentration of Ni(II). However, at contact times greater than 30 min, there were negligible differences at 60 and 90 min. This confirms the efficient adsorption of Ni(II) on Sarkanda grass lignin at a contact time of 60 min, which is considered optimal in terms of chemical and kinetic equilibrium results.



The biological tests show that Sarkanda grass lignin is efficient in retaining Ni(II) from an aqueous solution due to the good affinity of the species involved. The evaluation of parameters demonstrates this efficiency.





3.5. Efficiency of Ni(II) Adsorption on Sarkanda Grass Lignin Evaluated through Surface Analyses


In Figure 9 and Figure 10, the morphology and composition of lignin before the adsorption and after the adsorption of Ni (II) at a concentration of 58.693 mg/L and a contact time of 60 min are presented, which were obtained by scanning electron microscopy (SEM) coupled with X-ray analysis Energy Dispersive X (EDX).



For the SEM analysis, the prepared sample has been metallized with Pt to improve the contrast, thus resulting in Pt in both samples. The SEM micrograph of the uncontaminated lignin clearly shows a well-separated particle agglomeration of approximately a 4 μm length (Figure 9a). The micrometric dimensions of these particles that form aggregates were also confirmed by the diffraction analyzer. It can be seen that the surface morphology of the unmodified lignin was different from the one observed for lignin contaminated with Ni(II), a fact that confirms the contact between the two phases, the diffusion of the polluting species, and its adsorption in the pores of the lignin polymer (Figure 9b).



Sarkanda grass lignin composition before and after NiSO4 adsorption was obtained using the EDX analysis. The EDX spectra for the samples are shown in Figure 10a,b, showing the main peaks of C, O, and S elements originating from both samples, and the EDX spectrum for lignin after Ni(II) adsorption clearly shows nickel adsorption.



In line with the trend toward sustainable development, bio-based adsorbents—which are abundant, inexpensive, and environmentally friendly—have emerged as potential sustainable alternatives to conventional synthetic adsorbents in the water purification industry. Lignocellulosic systems are highly structured and provide abundant adsorption sites for metal ion uptake thanks to various functional groups, such as hydroxyl (–OH), carboxyl (–COOH), and phenolic (–Ph) groups, that have the ability to form chemical bonds with them. For example [46,47], unmodified cellulose retains 32–40 mg/g of Cd2+, Zn2+, Ni2+, and Pb2+ at a contact time of 60 min and pH of 5–7. The same and different untreated agricultural wastes had a similar adsorption capacity of 7–56 mg/g in a similar condition. In earlier research [18,19,20], Sarkanda grass lignin was capable of retaining an average of 9 mg/g of Zn2+, up to 17 mg/g of Cd2+ and As3+, and up to 30 mg/g of Pb2+, which makes lignin a highly effective biosorbent.



Based on the reproducibility of observations in the surface analysis, kinetic data, chemical balance, and biological stability, this study recommends Sarkanda grass lignin as an effective adsorbent for polluting species, such as metal ions in aqueous environments. This recommendation is supported by the performance of the retention itself and the economic profitability resulting from the function of lignin as an easily renewable bio-resource and non-polluting waste.





4. Conclusions


Under precisely established experimental conditions, including a temperature of 24 ± 0.5 °C, moderate/weak acid pH of 5 for both lignin and Ni(II) aqueous solutions, a dose of 5 g adsorbent/L pollutant solution, and a concentration range of 46.9544–58.693 mg/L Ni2+, Sarkanda grass lignin has been identified as a potential adsorbent with high efficiency for retaining Ni(II) from aqueous media.



The correlation coefficients obtained from the Freundlich and Langmuir models were used to interpret the experimental adsorption isotherms and establish the efficiency of the adsorbent from a practical standpoint. However, they could not determine whether the adsorption was physical or chemical. The Freundlich model was found to be more appropriate for describing the retention of Ni(II) on the heterogeneous and porous surface of lignin, indicating a higher probability of chemosorption. This also proved the efficiency of the polymer as an adsorbent. Furthermore, SEM and EDX surface analyses clearly confirm the adsorption of Ni(II) in the pores of Sarkanda grass lignin.



Based on the interpretation of the kinetic data using the Lagergren model of the pseudo I order and Ho–McKay model of the pseudo II order, it appears that the Ho–McKay model is the most suitable for describing the adsorption of Ni(II) from aqueous media on Sarkanda grass lignin. This provides conclusive evidence regarding the electrostatic nature of the interactions between the two species involved and the triggering of an active chemical adsorption due to the good complexing capacity of lignin.



The biological analyses were conducted on Glosa wheat seeds incorporated in lignin contaminated with a Ni(II) aqueous solution at concentrations ranging from 46.9544 to 58.693 mg/L Ni2+. The filtrates resulting from the separation of the two phases after adsorption were also analyzed at three different contact times. The biopolymer has demonstrated good retention capacity at 30, 60, and 90 min. This is likely due to the abiotic stress caused by the inhibitory effect of Ni(II) on the biological dynamics associated with the germination of wheat caryopses and subsequent seedling development.



From the perspective of the obtained experimental parameters, Sarkanda grass lignin appears to be a viable alternative for adsorbing certain pollutants, such as heavy metals, instead of Ni(II). This is due to the variety and large number of superficial functional groups present in the porous and heterogeneous structure of the polymer, which facilitates processes of ion exchange or complexation with metal ions. Additionally, it is available in large quantities globally, as it is a renewable waste resource, which can be economically profitable, and it is non-polluting.



Our future research efforts will focus on the potential of lignin as an adsorbent for heavy metal removal, exploring its effectiveness in adsorbing other heavy metals, both individually and in mixtures or combinations. This approach will allow us to assess the versatility and applicability of Sarkanda grass lignin in a wider range of environmental contexts and pollutant scenarios, contributing to the development of sustainable and environmentally friendly solutions for water purification and pollution mitigation.
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Figure 1. The influence of the Sarkanda grass lignin dose on the efficiency of the Ni(II) adsorption in a concentration of 58.693 mg/L, contact time of 60 min, pH of 5. 
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Figure 2. The adsorption capacity of the Sarkanda grass lignin, contact time of 60 min, pH of 5. 
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Figure 3. The influence of contact time on the adsorption of initial Ni(II) concentrations’ solution on Sarkanda grass lignin. 
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Figure 4. The influence of the pH of the initial solution on Ni(II) adsorption on Sarkanda grass lignin. 
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Figure 5. Freundlich adsorption model (a) and Langmuir adsorption model (b) for Ni(II) adsorption onto Sarkanda grass lignin after 60 min. 
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Figure 6. The linear representation of the Lagergren pseudo-I-order model (a) and Ho–McKay pseudo-II-order model (b) for the adsorption of Ni (II) onto Sarkanda grass lignin after 60 min. 
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Figure 7. The average number of wheat seeds germinated at 3 days for the contaminated samples (a) and for the filtrates resulting from Ni(II) adsorption at 3 days (b) and 7 days (c). 
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Figure 8. The germination of wheat seeds over a period of 7 days, at an adsorption time of 60 min and a concentration of 58.693 mg/L Ni (II). 
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Figure 9. The SEM images for Sarkanda grass lignin before adsorption (a) and after Ni(II) adsorption (b).