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Discharge of metals into the environment generates significant impact upon human health and biological cycles. Some microorganisms such as fungi are known for their high metal adsorption capacity. The aim of this work was to evaluate the capacity for Penicillium sp. molds in the removal of Pb, Cd, and Hg from aqueous solutions by isolating the fungal strain from an artisanal gold mine soil. The biosorption experiments showed that optimum conditions for metal removal were noted at 150 min, acidic pH (4–5), 60 °C, and 2 g of biomass. The accomplished removal was 92.4% for Pb, 80% for Cd, and 99.6% for Hg, at a concentration of 51.5 mg/L. Kinetic analyses and isotherms best fit the pseudo–second-order and Langmüir models, respectively. Infrared spectra show functional groups (–OH, –NH, C-N, C-H, N-H, and C=O) that play an essential role in the adsorption of Pb, Hg, and Cd on fungal biomass.
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INTRODUCTION
Increasing industrial activity is responsible in great part for the principal problems of environmental contamination and damage to ecosystems, generating accumulation of toxic contaminants such as the metals Cr, Cu, Pb, Cd, Zn, Ni, and Hg (Pino et al., 2006; Dhir, 2014) and causing damage to human health. Among them, Pb is one of the most toxic metals, causing anemia, encephalopathy, hepatitis, and nephritic syndrome (Deng et al., 2006; Ji et al., 2012). Exposure to Cd generates severe risks to human health and may cause cancer, kidney damage, destruction of the mucous membrane, vomit, diarrhea, bone damage, and Itai-itai disease and affect the production of progesterone and testosterone (Godt et al., 2006; Stasenko et al., 2010), Finally, Hg has been known to generate deterioration of the nervous system, including poisoning of protoplasm (Hima et al., 2007) and Minamata disease (Harada, 1995).
Several competing technologies exist to remediate the load of metals in industrial and mining waste waters, where adsorption is highly viable on the industrial scale as far as the cost–benefit relationship is concerned (Lin et al., 2008). However, the high cost of adsorbents (usually activated carbon) is considered the main obstacle for industrial application. Therefore, the focus of study of adsorption of metals has been inclined toward natural materials available in vast quantities (Agarwal et al., 2006; Srivastav et al., 2021). Bioremediation by using microorganisms is an approach in which toxic contaminants can be removed from mediums such as soil and sediment of water (Rani et al., 2021); studies have been published regarding the possible use of Penicillium sp. mold as a potential bio-adsorbent of metals, as it shows extraordinary extracellular adsorption capacity (Fan et al., 2008).
Due to this, the aim of this work was to evaluate the capacity of simultaneous removal of Pb (II), Cd (II), and Hg (II) in aqueous solutions through Penicillium sp. molds by isolating the fungal strain from the soil collected from an artisanal gold mine containing a high load of contaminants. The influence of variables such as pH, time of contact, initial metal concentration, amount of biomass, and medium temperature was assessed. Moreover, the active functional groups of the fungal biomass that intervene in the adsorption phenomenon were verified through infrared analysis (IR), analyzing the adsorption models of the Langmüir and Freundlich isotherms, and pseudo–first- and pseudo–second-order kinetic studies.
MATERIALS AND METHODS
Sampling and Characterization of Penicillium sp. Fungal Strains
The soil samples were collected from the Alacrán mine (Córdoba, Colombia) in January 2013; it is located at the following coordinates: 7°44′29.01″ N - 75°44′10.8″ W (Marrugo-Negrete et al., 2016). Ten random samples (N = 10) were taken at 330 m from the mine entrance by excavating using a sterile shovel for approximately 0.5 m and taking approximately 500 g of soil; the samples from each point were homogenized in a sterile plastic container. Close to 500 g in sealed sterile bags was delivered to the laboratory to perform the fungal strain isolation. Once in the laboratory, 1 g of the soil sample was weighed and dissolved in sterile bi-distilled water. Czapek-Dox Agar (CDA) plates were used (pH 5) with supplements of streptomycin sulfate (25 mg/100 ml) and cyclohexamide (6 mg/100 ml) to isolate metal-tolerant molds (Velmurugan et al., 2010). The diluted soil sample (0.1 ml) was inoculated in CDA plates. The inoculated plates were incubated at 25°C for 7 days, taking control plates with inoculations of sterilized bi-distilled water incubated under the same conditions. After the incubation period, the mold species grew up in the plates and were transferred to CDA plates, incubating until growth was completed. From the growth cultures in CDA medium with 7-day growth, the fungal samples cultured were divided, and macroscopic and microscopic characteristics were observed according to Valencia (2004). The pure fungal culture was kept in CDA plates and in broth. The massive growth of the mold takes place in Czapek-Dox liquid medium for 30 days. The Penicillium sp. mold biomass generated was extracted via screening, and this biomass is the base material for biosorption experiments (Velmurugan et al., 2010).
Experimental Design
A single-factor block experimental design was used where the response to be measured was the concentration of metallic ions in equilibrium. For each factor (initial metal concentration, time of contact, pH, amount of biomass, and temperature), the other variables were kept constant; a strongly recommended strategy supposing that factor variability is high. Results of analyses are presented by the mean [image: image] ± standard deviation (SD) of the determinations in duplicate. All statistical analyses were performed with a confidence level of 95% (p < 0.05), using the statistical software Statgraphics version 15.2.
Analytical Methods and Quality Control
The determination of total Hg concentrations in water was performed by cold vapor atomic absorption spectrometry using a mercury analyzer RA 915 M combined with an RP-92 Cold Vapor accessory, using EPA Method 245.1 (US EPA, 1994). Pb and Cd concentrations were determined by microwave-assisted acid digestion, using an Ethos EZ microwave digestion system (Milestone Inc., Shelton, CT, US) (US EPA, 2007). Heavy metal concentrations were quantified using the technique of graphite furnace atomic absorption spectrophotometry (GFAAS) in a Thermo Electron Corporation atomic.
The readings were done in triplicate, with NIST-certified reference material; SRM 1643e for Pb (II) and Cd (II) and SRM 1641d for Hg (II) for natural waters; precision was evaluated as % Error (% E), obtaining 0.238% for Pb, 0.582% for Cd, and 0.230% for Hg. Precision was evaluated as relative standard deviation (%RSD), finding 0.752 for Pb, 0.613 for Cd, and 0.759 for Hg, well within the analytic quality criteria (Miller and Miller, 2018).
Biosorption Experiments
A mixed stock solution was prepared with Pb (II), Cd (II), and Hg (II) at 1,000 mg L−1, from the salts corresponding to the metals. All the biosorption experiments were carried out on the same type of stock solution (Velmurugan et al., 2010). The effect of the metal concentration was determined by using 100 ml of a multiple stock of Pb, Cd, and Hg at 8.0, 30.0, 51.5, and 103.0 mg L−1 (prepared from the stock solution) and 0.5 g of biosorbent at pH 4 and 30°C. These were incubated in flasks and agitated at 200 rpm min−1 for 24 h; after the incubation period, the supernatants were collected through centrifuge at 6,000 rpm min−1 for 30 min. Thereafter, the metal concentration was determined in the supernatant by atomic absorption with electrothermal atomization. The effect of the initial concentration yields the necessary data for analysis of Freundlich and Langmüir isotherms. The time-of-contact effect was studied by using a multiple stock at 51.5 mg L−1 of Pb (II), Cd (II), and Hg (II) and 0.5 g of biosorbent at pH 4 and 30°C. All the flasks were incubated in an agitator at 200 rpm min−1 during 30, 60, 90, 120, 150, 180, and 210 min; these results are used for kinetic studies. The effect of pH was assessed by preparing a mixed stock of Pb (II), Cd (II), and Hg (II) at 51.5 mg L−1 and 0.5 g of biosorbent. The pH of the solutions was 2, 3, 4, 5, 6, 7, 8, 9, and 10. The effect of the amount of biomass was studied by using multiple stock solutions of target metals at 51.5 mg L−1 each and 0.25, 0.50, 1.0, 2.0, and 3.0 g of biosorbent at pH 4 and 30°C. The effect of temperature was determined by using a multiple stock of metals at 51.5 mg L−1 and 0.5 g of biosorbent at pH 4; these were incubated in flasks and agitated at 200 rpm min−1 for 24 h at 20, 25, 30, 35, 40, 45, 50, 55, and 60°C, respectively. Each of the tests was run in duplicate. After the incubation period, the supernatant was collected and metal analyses were performed using a Thermo Scientific Spectrometer (model ICE 3000 Series) with wavelengths of 217, 228.8, and 253.7 nm for Pb (II), Cd (II), and Hg (II), respectively.
Experimental Analysis of Data
The amount of Pb (II), Cd (II), and Hg (II) adsorbed by the biomass was calculated by using Eq. 1.
[image: image]
where qe is the amount adsorbed by the biomass in (mg g−1), C0 is the initial concentration of the metals, Ce is the concentration of Pb (II) and Cd (II) ions in equilibrium, V is the volume of the solution (L), and W is the amount of adsorbent (g); the experiment was carried out at 30°C (Lee and Chang, 2011).
The adsorption data for adsorbate concentrations were described by the Langmüir and Freundlich isotherm models. The Langmüir model is described according to Eq. 2 and the Freundlich model by Eq. 3.
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where qe is the amount adsorbed by the biomass in (mg g−1), Ce is the ion concentration in equilibrium, qmax represents the maximum amount adsorbed, b is the affinity between the biosorbent and the biosorbate, and Kf and 1/n are the Freundlich isotherm constant (Lee and Chang, 2011). Kinetic models of metal adsorption through Penicillium sp. were described via pseudo–first- and pseudo–second-order rate equations. Lagergren (1898) proposed the pseudo–first-order equation based on the solid capacity equation (Eq. 4) for the first time. The pseudo–second-order rate equation can be used to predict the behavior for the whole adsorption; it is expressed as follows (Eq. 5).
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where the values of qe (mg g−1) and q (mg g−1) are the amount of metallic ions adsorbed per mass unit of the adsorbent in equilibrium and over time, t (min), respectively, and k1 (min−1) is the first-order adsorption kinetic constant. In the pseudo–second-order equation, the second-order constant, k2, in (g·mg−1·min) can be experimentally determined from the slope and the intercept of a graph, t/q, in function of t.
Evaluation of the Metal–Biomass Bond Sites
This was analyzed by preparing a mixed stock of metals at 51.5 mg L−1 and 0.5 g of biosorbent, after 24 h; then, the biomass was dried at room temperature. The IR spectra were conducted by using an FT-IR Nicolet Is5 Thermo Scientific Spectrophotometer in the 500–4,000 cm−1 region (Velmurugan et al., 2010).
RESULTS AND DISCUSSION
Characterization of Penicillium sp. Fungal Strains
The mold showed white, velvety colonies; with advanced time of growth, it presented a dark green coloration and did not generate pigments in the growth media. It revealed concentric formations, conserving its white obverse. Its vegetative hyphae, formed through simple division, gave rise to metulae. Each metula gave rise to three phialides that ended in conidiogenous cells or conidiophores, which—in turn—gave rise to conidia. Its peculiar “brush head” shape was observed. Its conidia are oval-shaped and presented chain detachment, which confirms that it is the Penicillium sp. species (Valencia, 2004).
Effect of the Initial Metal Concentration
The effect of the initial metal concentration (Figure 1) shows the percentage of metal adsorption by concentration level. For Pb, the highest removal levels were found at concentrations of 51.5 and 103 mg L−1, with respective percentages of 62.9 and 60.4%; for Cd, the highest removals were found at 30 and 51.5 mg L−1 with percentages of 12.4 and 14.6%, respectively. The highest levels of Hg (II) adsorption were accomplished at 30 and 51.5 mg L−1 with percentages of 78.9 and 67.9%, respectively. As metal concentrations increased in the solution, the adsorption capacity remains constant; this is due to saturation of the sites available on the biosorbent surface (Volesky and Holan, 1995). In general, the level of 51.5 mg L−1 corresponds to the adequate concentration to find the highest percentages of removal of toxic contaminants. The different adsorption percentages for the contaminants show that the biosorbent adsorbs a greater amount of Hg (II) ions than Pb (II), and—in turn—Cd (II).
[image: Figure 1]FIGURE 1 | Effect of the initial toxic metal concentration in adsorption by Penicillium sp.
Time-of-Contact Effect
Figure 2 shows the time-of-contact effect in removal of contaminants. Removal of Pb was observed at 30 min of exposure between the metal and the fungal biomass and increased dramatically between 60 and 90 min; elimination equilibrium is noted as of 150 min. Elimination of Pb (II) began after 60 min of exposure to the biosorbent and increased simultaneously at 90 and 120 min. Biosorption between the metal ions and the adsorbent may be higher during the initial stages of exposure (Sathishkumar et al., 2007). For Cd, the maximum adsorption of the metal was noted at 150 min of treatment; elimination equilibrium was evidenced as of that moment. Elimination of Cd (II) began after 30 min of exposure to the biosorbent and increased simultaneously at 60, 90, 120, and 150 min. Finally, for Hg, the maximum elimination occurred at 180 min and elimination equilibrium was noted after 150 min. Adsorption of Hg (II) began after 30 min of exposure to the biosorbent and increased simultaneously during the whole remaining time. The results clearly indicate that elimination of Pb (II), Cd (II), and Hg (II) increases with time of contact. Similar results were also reported by Fan et al. (2008) during the single removal of Pb (II) by Penicillium sp.
[image: Figure 2]FIGURE 2 | Effect of time of contact in metal adsorption; (A) Pb (II), (B) Cd (II), (C) Hg (II) at (51.5 mg L−1) with Penicillium sp. biomass.
Effect of pH
Metal ions binding by Penicillium sp. was clearly pH dependent. The three metals show (Figure 3) a similar tendency. The metal loading capacity increased with increasing pH under acidic conditions, with maximum removal values at pH 6 and stabilization between 7 and 10. Although the metals were at the same concentrations, a higher elimination capacity should be noted for Hg (II), followed by Pb (II) and Cd (II).
[image: Figure 3]FIGURE 3 | Effect of pH in Pb (II), Cd (II), and Hg (II) adsorption at 51.5 mg L−1 with Penicillium sp. biomass.
Thus, the highest adsorptions were accomplished in acidic pH, noting that adsorption is reduced in alkaline pH. At low pH, on the mold surface, positive charges prevent contact of the metallic ions and the negatively charged surface (Sathishkumar et al., 2007). However, increased pH between 4 and 5 increases elimination of the metal ions available in the solution, given that neutralization of the positive charges on the mold surface improves contact between the ions and the surface. Above pH 7, ions precipitate in the solution, and contact is inhibited between the negative charge of the mold surface and the ions (Gupta and Rastogi, 2008). Hence, elimination of ions is stabilized above pH 7. Similar results were published by Fan et al. (2008) for Pb (II) removal with Penicillium simplicissimum, whereas Yan and Viraragavan (2003) reported that Pb (II) elimination through Penicillium digitatum and Rhizopus nigricans decreased when pH decreased and increased as pH rose. Other researchers have reported similar results regarding Pb (II) and Hg (II) elimination through the Trametes versicolor mold (Bayramoğlu et al., 2003).
Effect of the Amount of Biomass
Removal of toxic metals shows a considerable increase as a function of the amount of biomass (Figure 4) where Hg (II) is the metal most removed in all the tests. In turn, Pb (II) removal was higher than Cd (II) removal in all the tests. Hg (II) was quickly removed in values from 0 to 0.5 g and remained constant up to 1–3 g of biosorbent, reaching the maximum removal of 51.5 mg L−1, corresponding to the initial concentration. Pb (II) rises rapidly between 0 and 0.5 g but reaches its highest level at 2 g, maintaining the same removal at 3 g of biosorbent. For Cd (II), removal increases with the amount of biomass; the maximum removal value was found at 2 g of biomass. Overall, at 2 g of biomass, percentages of removal are 80% for Cd, 92.4% for Pb, and 99.6% of Hg, at an initial concentration of 51.5 mg L−1.
[image: Figure 4]FIGURE 4 | Effect of the amount of biomass (g) in Pb (II), Cd (II), and Hg (II) adsorption at 51.5 mg L−1 with Penicillium sp. biomass.
Effect of Temperature
The results are summarized in Figure 5, where the ratio of metal adsorption per unit of biomass increased with temperature for all metals and accomplishing maximum values at 60°C. Similar results were reported by Fan et al. (2008), who showed biosorption of Pb, Cd, and Zn with the Penicillium simplicissimum mold by conducting tests from 20 to 40°C. They concluded that Pb (II) adsorption was endothermic. The energy dependence of metal elimination by microorganisms is greatly influenced by temperature, given that the adsorption process is physicochemical. Meanwhile, Mishra and Chaudhury (1996) reported that Zn (II) adsorption by Penicillium sp. diminishes with increased temperature because temperature can affect the molds’ cell wall stability, which leads to cell wall hydrolysis. According to that which was reported by Fan et al. (2008), Pb (II) adsorption by Penicillium sp. was endothermic.
[image: Figure 5]FIGURE 5 | Effect of temperature (°C) in Pb (II), Cd (II), and Hg (II) adsorption at 51.5 mg L−1 with Penicillium sp. biomass.
Sorption Isotherms
The constants obtained from the Langmüir and Freundlich isotherms had high correlation coefficients (R2) (Table 1). Comparisons among correlation coefficients show that Langmüir and Freundlich isotherms with Penicillium sp. mold biomass best fit the Langmüir model rather than the Freundlich model, given that the R2 values for Langmüir are higher than the R2 values for Freundlich; additionally, the values of the b adsorption energy constant are very close to zero, indicating that the isotherm model for this study is more strongly supported by Langmüir isotherms than by Freundlich isotherms. Results suggest that all the active adsorption centers in the fungal biomass are equivalent and that the capacity of the metals to bind to the surface is independent of whether occupied proximal positions are available. Additionally, adsorption is restricted to a monolayer, and no lateral interactions exist among the ions (Prakash Tripathy et al., 2020).
TABLE 1 | Constant adsorption isotherms in Langmüir and Freundlich models of Hg (II), Cd (II), and Pb (II) for Penicillium sp.
[image: Table 1]The b values indicate the affinity of a biosorbent for an adsorbate; to the extent that these values are smaller, the biosorbent has more affinity to the metal, and hence, the biosorbent with greater affinity toward Pb (II) has a b value of 0.0021 L mg−1, followed by Cd (II) with 0.0025 L mg−1 and Hg (II) with 0.0137 L mg−1. The qmax representing the biosorbent’s maximum biosorption capacity for each metal is quite different, highlighting Pb (II) with the highest qmax value (72.423 mg g−1), followed by Hg (II) with 20.202 mg g−1 and Cd (II) with qmax of 7.236 mg g−1, which suggests that the maximum adsorption capacity for the three metals rests on Pb (II).
To analyze the results via Freundlich, the highest K values were found for Cd (II) and Pb (II). High K indicates a high adsorption volume and a high value 1/n (n > 1)/ indicates high adsorption force. The highest values of n were for Hg (II) and Cd (II) with 1.011 and 0.912, respectively. Similar results were reported by Fan et al. (2008) for single removal of Pb (II) by Penicillium simplicissium.
Sorption Kinetics
The kinetic parameters of the pseudo–first-order and pseudo–second-order models are shown in Table 2. The pseudo–first-order kinetic equation tends to be adequate for the first 30–60 min of adsorption. Hence, Lagergren’s first-order kinetic equation does not fit during the whole adsorption period (Prakash Tripathy et al., 2020).
TABLE 2 | Constant kinetics of pseudo–first- and pseudo–second-order models for Hg (II), Cd (II), and Pb (II) adsorption in Penicillium sp. mold biomass.
[image: Table 2]Significant variations were found of qe values between the first-order and pseudo–second-order kinetics. The pseudo–second-order correlation model had a higher correlation coefficient for all the metals: Hg (0.999), Pb (0.999), and Cd (0.814). The pseudo–second-order model fits best in the experimental data than the pseudo–first-order model. Sathishkumar et al. (2007) reported similar results for the adsorption kinetics of Procion blue HB in a Panus fulvus inactive mycelial biomass. This tendency suggests that the rate of limitation in metal biosorption is through chemisorption, which implies valence forces through shared use or electron exchange between the sorbent and the sorbate, complexation, coordination, and/or chelation, in lieu of physisorption (Gupta and Rastogi, 2008).
Evaluation of Metal–Biomass Bond Sites
Figure 6 shows the FT-IR spectrum of the Penicillium sp. mold biomass before (control) and after removal treatment of target metals. The molds’ surface structure is inferred with the functional groups found in the spectra, showing the Penicillium sp. active groups upon removal. Sample control groups are observed at (3,396), (2,925), (1,654), (1,548), and (1,150) cm−1.
[image: Figure 6]FIGURE 6 | FT-IR of Penicillium sp. biomass before treatment (control) and after treatment with 51.5 mg L−1 of Pb (II), Cd (II), and Hg (II).
A wide peak observed between 3,200 and 3,600 cm−1 was attributed to tension modes of –OH and –NH groups. A strong peak appeared at (1,150) cm−1, indicating C-N stretching vibrations (Shriner et al., 2003). C-H bonds’ typical stretching and N-H vibrations were assigned to peaks at (2,925) and (1,548) cm−1. The strong peak at (1,654) indicates a group, stretching of the C=O group or amide I and amide II (Deng and Ting, 2005; Deng et al., 2006). The presence of a common chemical structure for polysaccharides was found between 1,200 and 800 cm−1, and the peak at (1,150) cm−1 is attributed to C-N stretching in the control sample, displaced at (1,152) cm−1 in the sample treated after metal absorption. Changes present in the region of 1,660 and 1,500 cm−1 for N-H were also due to absorption conduction (Deng and Ting, 2005).
CONCLUSION
A potential metal biosorbent of the fungal type of the Penicillium sp. genus was isolated from mine soils highly contaminated by metals. The experimental results showed the high capacity of Penicillium sp. to eliminate Pb (II), Cd (II), and Hg (II) from aqueous solutions. Optimal pH (5–6) and temperature (60°C) conditions to eliminate these metals were determined in the study. The experimental data were analyzed by using isotherm models to evaluate the performance of the biosorbent mold. Pseudo–first- and pseudo–second-order kinetic models were also studied. The IR analysis shows bands and peaks quite characteristic of bonds of functional groups –OH, –NH, C-N, C-H, N-H, C=O, amide I and amide II, and polysaccharides; the metal adsorption capacity can be attributed to the fact that the majority have partially positive charge that can generate attraction between the metals and the fungal biomass. Last, the results indicate that the molds isolated from the mine soils could be used as a profitable and easily culturable biosorbent to eliminate metal ions from environments contaminated with metals.
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