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Abstract

:

This study presents the use of the modified coffee husk and coffee lignin as sorbents in the heavy metal ions sorption of Pb(II), Cd(II), Cr(III), and Cu(II) in an aqueous solution. The modification of sorbents was carried out by the impregnation method, using silver nitrate (AgNO3) and sodium borohydride (NaBH4) as a nanoparticles’ (NPs) precursor, and reducing agent, respectively. The obtained nanocomposite material was morphologically characterized by electron microscopy. In addition, an evaluation of metal ions’ sorption, pseudo-first-order, and pseudo-second-order kinetics modeling was performed. Finally, antifungal activity was evaluated on different Candida species. Coffee and lignin modified with AgNPs increased the extraction capacity with the highest sorption for Pb ions with 2.56 mg/g and 1.44 mg/g, respectively.
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1. Introduction


Globally, freshwater use has increased by a factor of 6 in the last 100 years, and it is estimated that the world will face a 40% water deficit by 2030. Although the actual increase in global water use is not known, scientific articles agree that we will face competition for the growing demand of the industrial and energy sectors based on industrial development and the increased coverage of water and sanitation services [1,2,3,4,5,6].



In developing countries, part of the population has suffered from health conditions or illnesses caused by the direct consumption of contaminated water. Drinking water is limited, and its quality is under constant pressure due to the presence of infectious agents from microbial agents such as bacteria and fungus, toxic chemicals, and even radiation, which means it is a global challenge that has increased in both developed and developing countries, weakening the economic growth as well as the socio-environmental sustainability and health of billions of people [7,8]. However, the proliferation of heavy metals in water sources is also a growing concern due to limited access to the resources required for implementing effective techniques in pollutant removal, and it is crucial due to their acute toxicity, long-term accumulation, and persistence [5,9,10].



Additionally, the arrangement of large quantities of biomass waste that are continuously produced is one of the primary sources of pollution [11]. Approximately 100 billion metric tons of biomass waste are generated worldwide [12]. These include forest and agricultural waste, fruit, and other food processing waste. On top of this agricultural waste, the coffee industry provides 7.4 million tons of spent coffee beans and an additional amount of pulp, shell, and silver skin (husk) [13,14]. The outer layer of the coffee bean is called silver skin.



Agricultural waste is commonly burned, emitting pollutants into the atmosphere, such as carbon monoxide, nitrous oxide, nitrogen dioxide, and particulate matter. This is accompanied by the formation of ozone and nitric acid, which contribute to acid deposition, bringing risks to human and environmental health, in addition to methane and CO2, which are greenhouse gases, all of this resulting in global warming [13,15,16].



In this context, biomass revalorization is considered a technological and sustainable solution. Different applications for biomass waste have been proposed, such as the development of new products for energy generation, sorption, and biosorption of pollutants, among others, replacing or reducing the use of hazardous chemicals, as well as lowering costs in industrial processes [12]. Likewise, the valorization of various materials has also involved their modification with nanoparticle systems (NPs), connecting interdisciplinary areas such as physics, biology, engineering, and medicine in corresponding applications [17,18,19].



In this study, we present the preparation and characterization of nanocomposite based on revalorized materials: coffee husk, coffee lignin, and coffee husk and lignin modified with silver nanoparticles (AgNPs). In addition, the suitability for the sorption capacity towards different metal ions of Pb(II), Cd(II), Cr(III), and Cu(II) and antifungal activity with Candida fungi species were properly evaluated, with modified materials, kinetic modeling and contact time experiments [20,21,22,23,24,25,26]. The results obtained contribute with the revalorization of these Colombian agroindustrial wastes due to their modification with silver nanoparticles. The improvement of traditional waste materials in the extraction of heavy metal ions in an aqueous solution with antifungal activity is an alternative to their disposal.




2. Materials and Methods


2.1. Chemical Reagents and Solutions


All the chemicals were of analytic grade. A multiple heavy metals 1000 mg/L stock solution of Pb(II), Cd(II), Cr(III), and Cu(II) is prepared from their nitric salts (all 99% from Panreac, Barcelona, Spain). H2SO4 (>99%), AgNO3 salt (>99%), and NaBH4 salt (>98%) are supplied by Sigma Aldrich (Bucaramanga, Colombia). Standards of heavy metal ions were properly diluted in acidified water with 2% of nitric acid to prepare the calibration set for analysis at a concentration range between 0.01 and 1 µg/L.




2.2. Coffee Husk Preparation and Lignin Obtention


The coffee husk has cellulose, hemicellulose, and lignin contents on a dry basis, as is well known. Lignin provides structural rigidity to the cell walls of many plant species [27]. Lignin has been used as a potential adsorbent to remove heavy metals due to its unique polyphenolic structure and physicochemical properties [28].



For that reason, here, lignin is also checked and compared with the original coffee husk biomass.



The coffee husk is obtained from the Café Santander factory in the municipality of Curití, Santander-Colombia. The biomass is obtained in two ways, the first when leaving the coffee roasting production plant, whose shape is an irregular and undefined particle size, and a second that is homogenized in a mill and sieved to a diameter size less than 250 μm. From the sieved coffee husk, acid hydrolysis is performed in H2SO4 to 72% (in a ratio of 3 mL of acid per 300 mg of the sample) to extract insoluble lignin. Afterward, it is carried into a thermostatic water bath at 30 °C for one hour, stirring every five minutes. The acidic solution was diluted a concentration of 4%. This solution is autoclaved for two h at 120 °C with a pressure of 103 kPa. Afterward, this mixture is filtered and washed to a neutral pH [29]. Finally, the solid phase lignin material is obtained [30].




2.3. Sorbents Modification with AgNPs


The synthesis of AgNPs is carried out using AgNO3 as a precursor and NaBH4 as a reducing agent [31,32]. For the nano-silver modification of the coffee husk and lignin, this impregnation method is followed in the presence of the biomasses. Thus, the coffee husk and lignin are deposited in falcon tubes, then a 0.1 M silver nitrate solution is added. The biomass and precursor contact time was fixed at 45 min with vigorous agitation. It is then centrifuged at 5000 revolutions per minute (rpm) for 10 min, and then the remaining silver nitrate solution and solid are separated by centrifugation. Once the biomass is impregnated with AgNO3, 0.3 M is added slowly at room temperature. The volume used for the impregnation with the precursor and the reducing agent was always twice the volume of the biomass used, with a contact time of 45 min. Finally, the liquid and solid phases are separated by centrifugation and filtrated, then the solid phase obtained is washed until a neutral pH is obtained. In this way, both coffee husk and lignin were properly modified with silver nanoparticles (AgNPs). The obtained materials’ morphology is characterized by using Scanning Electron Microscopy (SEM).




2.4. Sorption Experiments


Sorption experiments were carried out at room temperature with aqueous solutions that are prepared at pH 4.0, containing the metals at a concentration of 0.18 mM each, following conditions of previous studies [25,26,33,34]. The pH is measured with a standardized potentiometer [35].



Batch sorption experiments were performed with the following steps: 25 mg of each sorbent were placed in falcon tubes, and then 2.5 mL of a heavy metal aqueous solution was added into the tube. Later, samples are placed on a rotary mixer (CE 2000 ABT-4, SBS Instruments SA, Barcelona, Spain) and shaken at 25 rpm. The two phases are separated by decantation and later the aqueous supernatant phase is filtered through 0.22 μm Millipore filters (Millex-GS, Millipore, Burlington, MA, USA), diluted, and analyzed, ensuring a concentration range into the calibration range (as mentioned at 0.01–1 µg/L). Finally, the multielement analysis is carried out by ICP-MS (XSERIES 2 ICP-MS, Thermo Scientific, Waltham, MA, USA) [35].



All the results are expressed as the mean value of minimum duplicate experiments, and the standard deviation (SD) is used to analyze data errors.



To optimize sorption conditions, and mainly the contact time, the corresponding experiments were carried out by using all biomass materials (the coffee husk and lignin, and modified ones both with AgNPs) [27,28,29]. A properly weighed amount of each biomass system (25 mg) with corresponding metal ions solutions (2.5 mL) was shaking both at different contact times (10, 15, 30, 45, 60 min, and 2, 4, 12, and 24 h) [25].




2.5. Kinetic Modeling


The sorption mechanism of the metal ions’ sorption process is evaluated using first- and second-order kinetic models with the experimentally obtained data [36]. The Lagergren pseudo-first-order model is based on the range of change in the solute uptake with time, which is generally applicable over the initial stage of an adsorption process (Equation (1)) [36,37,38,39].


   1   q t    =      k 1  /  Q 1     t  +  1   Q 1     



(1)




where Q1 is the equilibrium adsorption capacity, qt is the adsorption capacity at the time t, and k1 (min−1) is the adsorption rate of the pseudo-first-order kinetic model.



The pseudo-second-order kinetic model can be represented in the linear form as (Equation (2)) [40]:


   1   q t    =  1   k 2   q e 2    +  1   q e    t    



(2)




where k2 (g∙mg−1∙min−1) is the rate constant, qe is the amount of solute adsorbed at equilibrium and qt is the amount of solute adsorbed (mg∙g−1) at time t.




2.6. Antifungal Assays


Antifungal assays of each material are performed with Candida fungi species such as Candida albicans, Candida parapsilosis, Candida glabrata, Candida krusei and Candida guilliermondii. These fungus species here selected are well known as opportunistic pathogens, are frequently found in different anatomical sites, and clinical samples could induce systemic, superficial, and nosocomial infections under optimal environmental conditions by their relative resistance to the external environment [30,31,32,33].



The antifungal evaluation of the biomass materials is carried out using the Time Kill method. This method is appropriate to evaluate the bactericidal and/or fungicidal activity of certain compounds and allows obtaining information on the dynamic interaction between the antifungal agent and the fungal strain. RPMI 1640 culture medium for different species of Candida are inoculated and incubated for 24 h in a shaker at 37 ± 1 °C. Then, 1 mL of this inoculum is deposited in a glass container together with the different biomass materials under the study and at different biomass relative concentrations (0.37, 0.75, 1.5 mg/mL). After 24 h of contact, its viability is evaluated by sowing on the agar surface and evaluating the decrease in the logarithm of CFU (Colony Forming Units), as a measure of the antifungal activity of the biomass materials. The CFU/mL was determined following the procedure described in previous work [41].




2.7. Infrared Spectroscopy


FT-IR analyses were carried out to establish which functional groups are present in the biomass, and which could take part in the modification of coffee and lignin with AgNPs.




2.8. Electron Microscopy Characterization


The morphology of the different nanocomposite materials is analyzed by scanning electron microscopy (SEM) coupled with energy dispersive X-ray (EDX). The samples are coated with gold for the surface study. Images were obtained with the Zeiss EVO® MA10 (Carl Zeiss, Jena, Germany), Zeiss Merlin™ (Carl Zeiss, Germany), and Quanta™ 650 FEG units (FEI Company, Hillsboro, AL, USA).





3. Results and Discussion


3.1. Characterization of Sorbents


Scanning Electron Microscopy (SEM) was performed to analyze the morphological features and evaluate the changes on the material surfaces across the material’s modification and sorption experiments (see Figure 1).



It is observed that the coffee material changed its morphology through the different treatments received, such as modification with AgNPs and the possible accumulation of metal ions on the surface of the material after the metal sorption experiments.



The coffee husk sample, as observed in Figure 1a, has a rough and amorphous surface (corrugated). The modification of coffee with AgNPs leads to identifying the presence of scattered particles on the surface, as can be shown in Figure 1b, and they also do not show any morphological change, except in the deposition of AgNPs. Thus, as expected, nanoparticles of Ag were properly immobilized onto the coffee husk.



The black patches on Figure 1a,b are probably pore apertures and cavities, which may influence the increase in sorption kinetics [42,43,44]. On the other hand, Figure 1c shows some changes in the coffee husk morphology. It looks like the roughness and porosity decreased after the heavy metal ions’ adsorption experiment. Notice that there is an evident morphological difference between the surface of the material before (Figure 1a) and after the adsorption of metals (Figure 1c). It is observed that the surface of the coffee husk after the sorption of metal ions became smoother than it was before, which is usually related to being in contact with an acidic aqueous solution, as is the case here (pH 4). These results are consistent with those demonstrated previously in the literature [45], where the same behavior is observed working with copper, zinc, and cadmium metal ion aqueous solutions at pH 4, obtaining different degrees of smoothness of the surface and systems with removal efficacy [26]. The elemental analysis confirmed the presence of Ag on the surface of Figure 1b. The presence of synthesized AgNPs was confirmed by the peak at 3.0 keV in EDS [46,47,48].



FT–IR measurements were used to understand the role of the AgNPs’ modification on the biomass materials. The FT–IR spectra is presented in Figure 2. The peak around 3328 cm−1 is attributed to the −OH stretching as a result of functional groups of cellulose, hemicellulose, and lignin [44,49]. The peak of 2919 cm−1 corresponds to C–H groups, 1731 cm−1, 1639 cm−1 C=O of aldehyde and ketone groups, 1458 cm−1 from aromatic C=C stretching groups and CH2 and CH3 groups, around 1371 cm−1 from aromatic C–H stretching and carboxyl−carbonate structures, 1238 cm−1 from CHOH groups, and around 1029 cm−1 Si–O–Si group [42,44,49,50].




3.2. Sorption Kinetics of Raw Materials and Nanocomposite Materials


The sorption kinetics experimental data for multi-metal aqueous solutions (Pb, Cd, Cr, and Cu) by using the raw and the nanocomposite biomass materials are collected in Figure 3.



As can be observed in Figure 3a, in the case of lead comparing lignin and nanocomposite AgNPs’ modified lignin materials, a potentiating effect in the metal sorption in the presence of AgNPs is observed, reaching around 46% of Pb sorption at 45 min and with a maximum sorption of 56% after 24 h (with raw lignin of just 31% reached). In the case of coffee husk and AgNPs’ modified coffee husk materials, it is observed that the AgNPs’ potentiating effect is even higher than with lignin-based materials. In this case, the Pb sorption percentage increases from around 57% with raw coffee husk up to 99% with the nanocomposite AgNPs’ modified coffee husk. These results demonstrate that the best material for the sorption of Pb is the coffee husk modified with AgNPs, which also highlights that just 4 h of the experiment are needed under the experimental conditions here studied for all cases (2 h for AgNPs–coffee husk).



In the case of the sorption kinetics experiments for cadmium, the results collected in Figure 3b also show the maximum sorption percentage for the AgNPs’ modified coffee husk, reaching 83% after 24 h. The sorption of Cd with the other biomass materials under study does not give significant results. Both the raw lignin and coffee husk, and the AgNPs’ modified lignin, have Cd extraction percentages not higher than 20%.



Like Pb, the improved sorption results for chromium are observed with the AgNPs modified coffee husk reaching 95% of chromium sorption after 24 h, highlighting that from around 2 h values above 90% are obtained (as can be observed in Figure 3c). The addition of silver nanoparticles in the coffee husk shows an evident enhancing effect in the extraction of Cr. On the other hand, the modification of the lignin with AgNPs yields a maximum adsorption value of around 50% after 24 h of the sorption experiment, almost double that of raw lignin (around 25%).



Cooper’s sorption behavior (see Figure 3d) is similar to those of Pb and Cr, even with less efficient sorption when using coffee husk silver nanocomposite (which is AgNPs–coffee husk), just around 80%. It was also observed that the use of nanocomposite lignin with AgNPs reached an extraction percentage after 24 h of around 60%.



Thus, both coffee husk and lignin modified with AgNPs show an enhancement in the extraction of metal ions compared with corresponding raw materials, probably due to the presence of the silver nanoparticles. This can be deduced since the sorption percentages found for both raw coffee husk and lignin are under 30% of metal sorption, except for Pb than raw coffee husk gives up to 50%. Furthermore, the nanocomposite AgNPs–coffee husk reaches quite a high metal sorption just with 2 h of adsorption experiments for Pb, Cd, and Cr ions. The behavior of the sorption capacity of this AgNPs–coffee husk shows the following decreasing order: Pb(II) ≈ Cr(III) > Cu(III) ≈ Cd(II). The AgNPs’ modification enhances the affinity towards the heavy metal ions due to nanocomposite electrostatic charges.




3.3. Evaluation of Sorption Capacity


The results shown in Table 1 confirm that the modification of the coffee husk and lignin with AgNPs achieves an enhancing effect on the adsorption of metal ions at pH 4 and after 24 h of the sorption experiments. It should be noticed that the coffee husk with AgNPs is the material that achieves the highest values of sorption capacity for each metal ion evaluated, as mentioned previously.



The results evidenced that the modification of the coffee husk with AgNPs has a potentiating effect on the sorption of the studied metal ions. Thus, from the above results, it can be inferred that the increase in the sorption of heavy metals of the AgNPs’ modified materials could be due to two reasons. The first can be related to the use of NaBH4 as a reducing agent in the synthesis of AgNPs on biomass, inducing a kind of pretreatment on the surface and increasing the availability of active sites; and the second, the possible effect of AgNPs on the biomass surface to increase the sorption. The AgNPs’ modification process could be considered alkaline, modifying the biomasses moieties, and improving the heavy metal ions’ sorption system [58]. However, this assumption cannot be verified in the morphological characterization carried out [58,59]. According to [60], the nanocomposites have enhanced active sites that demonstrate stronger sorption on Pb ions than Cr, Cd, and Cu ions.




3.4. Kinectic Modeling


Figure 4 shows the pseudo-first-order kinetics modeling with all the four materials here under study for the metal sorption [28]. It is highlighted that AgNPs–coffee husk achieved better values of 1/qt (see corresponding equation from the Materials and Methods), where the order of best sorption was Pb > Cd > Cu > Cr, which is like those obtained for the other materials (mainly for AgNPs–coffee husk and AgNPs–lignin).



The adjustment of the pseudo-second-order model demonstrates behavior that tends towards linearity, regardless of the material used, except for Cr with both raw biomass systems (as can be seen from Figure 5), where the AgNPs–coffee husk shows the best correlation coefficient (values collected in Table 2. The pseudo-second-order kinetic model assumes that the rate-limiting step is chemical sorption or chemisorption [36].



However, the correlation coefficient values show that the sorption mechanisms of the metals on all the sorption materials used do not follow the pseudo-first-order kinetic model. The results of the correlation coefficients of both the pseudo-first-order model and the pseudo-second-order model are presented in Table 2.



The experimental data exhibits good fitting with the pseudo-second-order model with R2 values ranging from 0.9579 to 1.0000, better than those of the pseudo-first-order model (from 0.0007 to 0.9884) (Table 2). Although such negative values (Table 2) are not usually observed, as in another study reported previously, this may be associated with the electrostatic nature of the adsorption process [61] In the case of the pseudo-first-order model, the correlation coefficients are quite low, which can probably be related to the adsorption of the metals not occurring exclusively by the ion exchange mechanism, which is mostly explained when experimental data can be adjusted by this model. The pseudo-second-order model assumes that the adsorption is controlled by the chemical adsorption or chemisorption process based on valence forces by either sharing or exchanging electrons between the adsorbent and the metal ions of Pb, Cd, Cr, and Cu [62] The pseudo-first-order and the pseudo-second-order kinetic models both assume that the metal ions’ adsorption may be [63].



The materials used as adsorbents have a variety of functional groups that allow inducing chemical adsorption together with physical adsorption on the adsorbent surface. Taking that into account, in the case of the use of modified materials, such as AgNPs–coffee husk or AgNPs–lignin, the obtained improvement in the adsorption rate can be related to the modification itself. The modification of the surface can increment the electrostatic interactions between the adsorbent surface and the metal ions [62]. In addition, the kinetics is here checked with a mixed solution of metals that may imply a competition between them. The adsorption of metals could be related to the ionic radius and the electronegativity of each metal ion [34]. Thus, Pb ions with higher ionic radius and electronegativity show the best R2 and the highest rate constant k2 of the pseudo-second-order kinetic model with AgNPs–coffee husk as sorbent, and this correlates to being the one with the highest adsorption rate.




3.5. Antifungal Assays


As in all Candida species checked (C. albicans, C. parapsilosis, C. glabrata, C. krusei and C. guilliermondii) lignin and its modification give less antifungal activity; thus, just coffee husk and its modifications will be presented here.



Thus, the antifungal behavior of coffee husk and its modification with silver nanoparticles against the species of Candida albicans and Candida parapsilosis can be observed in Figure 6, respectively. As can be observed, the modified and unmodified coffee husk’s best performance is observed at a biomass relative concentration of 1.5 mg/mL, when a fungistatic effect is achieved. In turn, it can be evidenced that the AgNPs’ modified coffee husk presents a potentiating effect on the antifungal activity of both Candida species, especially when comparing results of experiments with biomass relative concentration of 0.75 mg/mL, in terms of a material to be considered bacteriostatic.



Figure 7 presents the results of Candida glabrata that evidence a higher antimicrobial activity in the case of the modified coffee husk AgNPs–coffee husk, in comparison with the previous mentioned species. In this case, the bacteriostatic effect of the modified coffee husk is also present at low relative biomass concentrations.



In Figure 8, greater sensitivity of the Candida krusei and Candida guilliermondii species to both materials are evidenced, respectively. Especially at a biomass relative concentration of 1.5 mg/mL, where a bacteriostatic effect is obtained. In these cases, as for previous ones, the use of AgNPs–coffee husk shows higher values of logarithmic reduction, reflected in a higher bacteriostatic effect, with higher effectivity at 1.5 mg/mL. Candida krusei was more affected than Candida guilliermondii, as can be observed.



In summary, the modification of the coffee husk with AgNPs demonstrates an improving effect on the antifungal activity; however, using a 1.5 mg/mL concentration that exceeds two and sometimes reaches three logarithmic reductions could be considered fungistatic and antifungal activity, respectively. It should be noted that the use of AgNPs nowadays is increasing, and should also be applied for the reduction of Candida classification species since they have been demonstrated to improve their microbial reduction and achieve biocompatibility in some cases [64].



The materials’ concentration at which the highest fungistatic effect is achieved is 1.5 mg/mL. The material with the highest logarithmic reduction values is the modified coffee husk, which demonstrates a higher effect on the reduction of the microbial activity of the evaluated species. C. krusei is the species more sensitive to the general presence of both materials under study (coffee husk and its modifications with AgNPs), with the corresponding higher fungicidal effects, followed by C. glabrata.





4. Conclusions


The use of four different biomass materials as sorbents in this study demonstrates the viability of coffee husk and lignin to be able to remove heavy metals such as Pb, Cd, Cr, and Cu from aqueous solutions. Their modification with silver nanoparticles is here presented as a way of biomass nanocomposites’ preparation and as a comparison of the corresponding raw materials. It is demonstrated that the nanocomposites with silver are an option for the removal of the metals under study, under the conditions here checked (such as pH 4.0 and an initial concentration of 0.18 mmol/L), giving sorption percentages above 90% for Pb and Cr, and around 80% for Cd and Cu. When trying to model the sorption process, the pseudo-second model is the one that best described the heavy metal sorption under the working experimental conditions (24 h of sorption experiments), thus assuming that the adsorption is controlled by the chemisorption process.



When comparing all the sorbents here checked (coffee husk, lignin, and their modifications with AgNPs), the heavy metal sorption efficiency follows the order of AgNPs–coffee husk > coffee husk > AgNPs–lignin > lignin, with sorption capacities of 2.56 mg/g for Pb, 1.02 mg/g for Cd, 0.644 mg/g for Cu, and 0.575 mg/g for Cr with AgNPs–coffee husk.



Finally, the antifungal evaluation demonstrates that the modified and unmodified coffee husk have fungistatic activity on C. albicans, C. glabrata, C. krusei, and C. guilliermondii mainly with a concentration of 1.5 mg/mL, as they do not exceed the two logarithms of reduction, therefore demonstrating some fungicidal effect.



In this research, the implementation of the coffee husk modified with AgNPs was developed, and constitutes a promising sorbent in the sorption of heavy metal ions such as lead, cadmium, copper, and chromium from aqueous solutions, and can also inhibit the growth of fungus pathogens at the same time. To achieve a realistic application with wastewater using these materials, it is necessary to further study the reuse of the material and the cost of the modified materials to produce nanoparticle-modified biomass systems.
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Figure 1. SEM micrographs showing the morphology transformation: (a) Coffee husk, (b) AgNPs–coffee husk and, (c) AgNPs–coffee husk after heavy metal ions’ sorption experiment. EDX analysis of AgNPs-coffee husk (at red + sign) is presented in figure (b), which includes Ag peak. 
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Figure 2. FT–IR spectra of (a) coffee husk and (b) AgNPs+coffee husk. 
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Figure 3. Sorption kinetics for (a) lead, (b) cadmium, (c) chromium, and (d) copper. 
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Figure 4. Pseudo-first-order model: (a) Coffee husk, (b) AgNPs–coffee husk, (c) lignin, and (d) AgNPs–lignin. 
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Figure 5. Pseudo-second-order model: (a) Coffee husk, (b) AgNPs–coffee husk, (c) lignin, and (d) AgNPs–lignin. 
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Figure 6. Antifungal activity on Candida albicans and Candida parapsilosis of (a,c) coffee husk, (b,d) AgNPs–coffee husk. 
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Figure 7. Antifungal activity on Candida glabrata of (a,c) coffee husk, and (b,d) AgNPs–coffee husk. 
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Figure 8. Antifungal activity on Candida guilliermondii and Candida krusei of (a,c) coffee husk, and (b,d) AgNPs–coffee husk. 
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Table 1. Sorption capacity in mg/g.
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Sorbent

	
Heavy Metal Ion Sorption Capacity (mg/g)

	
Reference




	
Pb(II)

	
Cd(II)

	
Cr(III)

	
Cu(II)






	
Coffee husk

	
1.47

	
0.174

	
0.188

	
0.259

	
This study




	
Coffee–AgNPs

	
2.560

	
1.02

	
0.575

	
0.644




	
Lignin

	
0.807

	
0.103

	
0.168

	
0.204




	
Lignin–AgNPs

	
1.440

	
0.176

	
0.312

	
0.451




	
Coffee ground

	
0.628

	
3.450

	
-

	
0.616

	
[51,52]




	
Milled olive stones

	
0.581

	
0.300

	
2.340

	
0.557

	
[53]




	
Banana

	
20.898

	
3.658

	
6.855

	
-

	
[54]




	
Corn cob

	
29.168

	
13.577

	
18.782

	
-

	
[54]




	
Sunflower

	
22.644

	
11.404

	
12.206

	
-

	
[54]




	
Limestone

	
0.0128

	
0.016

	
0.016

	
0.013

	
[55]




	
Coconut coir

	
2.760

	
-

	
-

	
2.25

	
[56]




	
Tangerine peel

	
1.556

	
0.659

	
1.480

	
1.616

	
[57]
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Table 2. Pseudo-first- and pseudo-second-order kinetic model values for sorption experiments of Pb(II), Cd(II), Cr(III), and Cu(II), all with an initial concentration of 0.18 mmol/L. The value k2 is a velocity constant from the pseudo-second-order kinetic model.
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Material

	
Ion

	
Pseudo-First-Order

	
Pseudo-Second-Order




	
R2

	
k2 (g/mg·min)

	
R2






	
Coffee husk

	
Pb(II)

	
0.8525

	
3.767

	
0.9996




	
Cd(II)

	
0.0172

	
−198.2 *

	
0.9998




	
Cr(III)

	
0.4268

	
7.296

	
0.9841




	
Cu(II)

	
0.8121

	
15.90

	
0.9994




	
AgNPs–coffee husk

	
Pb(II)

	
0.8247

	
22.90

	
1.000




	
Cd(II)

	
0.9623

	
7.308

	
0.9994




	
Cr(III)

	
0.9490

	
18.79

	
0.9999




	
Cu(II)

	
0.6747

	
9.290

	
0.9976




	
Lignin

	
Pb(II)

	
0.9103

	
10.05

	
0.9982




	
Cd(II)

	
0.2986

	
−77.61 *

	
0.9973




	
Cr(III)

	
0.4431

	
10.44

	
0.9579




	
Cu(II)

	
0.9573

	
28.06

	
0.9987




	
AgNPs–lignin

	
Pb(II)

	
0.9884

	
5.102

	
0.9999




	
Cd(II)

	
0.0007

	
−110.4 *

	
0.9978




	
Cr(III)

	
0.8474

	
6.089

	
0.9922




	
Cu(II)

	
0.9657

	
6.263

	
0.9988








* The negative values shown in the table are considered non-relevant values. In this sense, the negative coefficients do not explain the sorption kinetics of the system shown [61].
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