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Abstract

:

The adsorption properties of Shewanella xiamenensis immobilized on zeolite have been evaluated in order to determine its applicability for remediation of silver-containing effluents with different chemical composition. The effects of pH (2.0–6.0), contact time (15–150 min), silver concentration (10–100 mg/L) and temperature (20–50 °C) on the bio-zeolite adsorption efficiency were investigated in batch experiments. The optimal pH for metal ions removal was in the range of 4.0–6.0, while the time required to attained equilibrium lay between 60 and 150 min. The adsorption of silver was described by a pseudo-second-order kinetic model in Ag- and Ag-Cu-Ni-Zn systems, while in Ag-Cu systems, it fitted well the pseudo-first-order kinetic model. The maximum adsorption capacities of silver on bio-zeolite calculated from the Langmuir model were 14.8 mg/g (Ag system), 32.5 mg/g (Ag-Cu system) and 12.8 mg/g (Ag-Cu-Ni-Zn system). The thermodynamic parameters showed that the adsorption of metal ions onto bio-zeolite was a spontaneous entropy-driven process.
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1. Introduction


Silver along with gold and the six platinum-group metals are referred to as precious metals [1]. Due to its excellent malleability, non-corrosive nature, photosensitivity as well as antimicrobial properties, silver and its compounds are widely applied in medicine, electroplating, electronic and chemical industries, agriculture and jewellery production [1,2]. Annually, approximately 2500 tons of industrial waste are generated and emitted containing silver along with other metal ions, of which 150 tons enter wastewater treatment plants and 80 tons are released into surface waters [3]. In addition to different silver compounds, at present, the use of silver in nanoform has been gathering steam. It is considered that approximately 320 tons of silver nanoparticles are produced every year and used in different fields of medicine and industry [4]. Besides silver’s importance for industry. it is crucial to highlight its toxicity for living organisms. Silver ions along with cadmium, chromium (VI), copper, and mercury belong to chemical elements with the highest toxicity [3]. The toxicity of silver in different forms is described in detail in many papers [5,6,7,8].



The recovery of silver from industrial wastewater is of practical importance due to silver resources limitations and its environmental impact [9,10]. Currently, methods such as chemical precipitation, electrochemical deposition, ultra-filtration, reverse osmosis, ion exchange and membrane separation are used for removal of silver ions from wastewater [11,12,13]. Often these techniques have serious operation shortcomings, such as, for example, high energy consumption, poor selectivity, high cost, secondary pollution and generation of toxic sludge, which require disposal and further treatment [11,12,14]. Among these methods, adsorption, and especially biosorption, have won a special place due to several critical advantages, such as low cost, high sorption capacity, simple operation, the possibility of application for treatment of complex wastewater, no secondary pollution and regeneration of biosorbents [12,15,16].



Biosorption of heavy metals by bacterial biomass (living or dead biomass) has been the subject of significant research interest in recent decades. Bacteria’s large application in metal removal is explained by their omnipresence, ability to adapt to high levels of heavy metal pollution, ability to grow under controlled conditions, and resistance to a wide range of environmental conditions [17,18,19]. However, the free bacterial cells are basically small particles, with low density and poor mechanical strength, which may create problems during their industrial application. It is well known that removal of free suspended bacteria from the purified effluent is one of the most important challenges during the treatment process [20]. One of the optimal approaches to avoiding this problem is immobilization of the microbial biomass in solid structures [19]. The selection of the matrix is critically important in the environmental application of immobilized biomass. The main type of matrices used for microorganisms immobilization are listed in review papers [19,21]. However, the common matrices such as alginate and polyacrylamide are characterized by low stability and toxicity, respectively [20].



Zeolites, naturally occurring crystalline aluminosilicate, proved to be efficient sorbents for metal removal [22,23,24]. Zeolite, due to its low cost and resistance to microbial degradation, can be considered an ideal matrix applied for the immobilization of microorganisms [20]. In the wastewater treatment process, the cultivation of bacteria assimilated to the composition of effluents influences the efficiency of the treatment process [25] and the use of zeolite as support for microbial biomass growth can significantly increase the efficacy of the removal process [26] and reduction of the time of sorption [27].



Escherichia coli biofilm placed on zeolite was able to remove 54.61% of copper and 57.35% of zinc ions from wastewater [28]. Rhododendron viscosum supported on zeolite was successfully performed and the removal rates were 85% for copper, 95% for zinc and 25% for atrazine from wastewater [29]. Application of aerobic biomass biofilm supported on untreated clinoptilolite zeolite for reduction of the concentration of copper from synthetic solutions was reported by [30]. The biosorption capacity of biofilm of Escherichia coli supported on NaY zeolite followed the sequence: Fe(III) > Ni(II) > Cd(II) > Cr(VI) [31].



To our knowledge, there is no information about silver ions removal using microbial biofilm formed onto a support material. The aim of the present study was to examine sorption properties of Shewanella xiamenensis biofilm formed on zeolite (bio-zeolite) for treatment of silver-containing effluents. To achieve the goal of the study, the effect of several parameters on bio-zeolite sorption capacity was investigated. Kinetic, equilibrium and thermodynamic studies were performed in order to understand the nature of the biosorption process.




2. Materials and Methods


2.1. Effluents


To prepare synthetic effluents, chemicals of analytical grade purchased from Sigma-Aldrich (Darmstadt, Germany) were used. Three effluents with the following composition: Ag, Ag-Cu and Ag-Cu-Ni-Zn were studied. The elemental composition of the effluents as well as used metal concentrations are presented in Table 1.



Silver application in the electroplating process, in the production and use of silver-copper containing plastic plates leads to the generation of wastewater containing silver along with copper, nickel and other metal ions [32]. This fact influenced the choice of synthetic effluents elemental composition.




2.2. Preparation of Biosorbent


Bacteria Shewanella xiamenensis DCB2-1 (S. xiamenensis) were isolated from a groundwater sample obtained near a suspended surface repository for radioactive waste in Russia. A detailed description of the strain can be found in [33]. Zeolite with the following composition: 65.2% of clinoptilolite, 1.5% of cancrinite, 22.7% of heulandite (Na) and 12.1% of heulandite (Ca) was obtained from the Chola deposit (Chita Region, Russia). The characteristics of zeolite are given in [27].



To obtain biofilm on the zeolite, on the third day of bacteria growth, 50 g of zeolite, with the size in the range of 100–300 μm, was introduced to the 250 mL of inoculum, and the biomass was grown until the seventh day. At the end of the experiment, the obtained biosorbent was separated from the cultivation medium by filtration, freeze-dried (ScanVac CoolSafe, LaboGene, Frederiksborg, Denmark, https://www.labogene.com/CoolSafe-4-15L-Freeze-Dryers, accessed on 25 January 2023) and used for further experiments.




2.3. Experiment Design


In biosorption experiments, the effect of pH (2.0–6.0), silver ions concentration (10–100 mg/L), time of contact (15–180 min) and temperature (20–50 °C) on biosorbent removal capacity were investigated. All experiments were performed in 100 mL flacks, containing 50 mL of solution and 0.5 g of sorbent at continuous agitation at 200 rpm (Unimax 1010, Heidolph, Schwabach, Germany). All experiments, except thermodynamic studies, were carried out at room temperature. The pH of the solutions was adjusted using NaOH or HNO3 (Sigma-Aldrich, Darmstadt, Germany). In equilibrium experiments, the concentrations of copper, zinc and nickel ions were maintained constantly. All experiments were performed in triplicate and each value represents the mean of three test runs.



The sorption capacity of obtained biosorbent q (mg/g) was calculated from Equation (1):


  q =   V  (   C i  −  C f   )   m   



(1)




and the efficiency of metal ions removal, E (%), using Equation (2):


  E =    C i  −  C f     C i    × 100  



(2)




where V is the volume of the solution in mL, Ci and Cf are the initial and final metal ions concentrations, mg/L, and m is the mass of sorbent, g.




2.4. Applied Techniques


The efficiency of metal removal from synthetic effluents was assessed using neutron-activation analysis at the IBR-2 reactor (JINR, Dubna, Russia). To determine copper content, samples were irradiated for 1 min and measured immediately after irradiation for 15 min. To determine silver, nickel and zinc, content samples were irradiated for 3 days and measured for 1.5 h after 20 days of irradiation. The analysis of the spectra and calculation of metal concentrations was done using the Genie2000 software (2000, Canberra, Meriden, CT, USA) and “Concentration” (Version 9, JINR, Dubna, Russia) software.



Biofilm formation on the zeolite was proved using a laser confocal scanning microscope (Leica SP5, Berlin, Germany). Polysaccharide matrix was stained with lectin IV from wheat germ agglutinin (WGA, Sigma-Aldrich, Darmstadt, Germany) conjugated with fluorescent dye Alexa Fluor 488 (W11261 ThermoFisher, Waltham, MA, USA). For cell visualization, fluorescent dye SYTO® 11 (S7573 ThermoFisher, Waltham, MA, USA) diluted 1:1000 in phosphate buffer (Sigma-Aldrich, Darmstadt, Germany) was applied. The Imaris software package (Version 7.0.0, Bitplane, Zurich, Switzerland) was applied to determine the area occupied by bacterial cells and polysaccharide matrix.



Infrared spectra of biosorbent before and after the adsorption process were obtained using the Nicolet 6700 spectrometer (Thermo Scientific, Waltham, MA, USA) with a zinc selenide ATR crystal. Samples were analysed without any preliminary pre-treatment.





3. Results


To prove formation of biofilm on the zeolite surface, the confocal laser scanning microscope was used. Images of raw zeolite and S. xiamenensis biofilm formed on zeolite (Figure 1) showed a small number of bacteria on the raw zeolite whereas the surface of modified zeolite was almost completely covered by biofilm (84%). Biofilm consisted mainly of polysaccharides (86.4%) and bacterial cells (13.6%).



3.1. Effect of pH on Metal Biosorption on Bio-Zeolite


As an important factor, pH exhibits a significant role in the metal ions removal using different type of sorbents [34]. In the analysed systems, metal removal by bio-zeolite increased with increasing pH (Figure 2). Thus, in the Ag-system, removal of silver ions increased from 15.5 % at pH 2.0 to 70 to 71% at pHs 5.0 to 6.0. At low pH values, the protonation of the functional groups of the bio-zeolite surface restrict binding of positively charged silver ions as a result of repulsive force. However, with the increase of pH, more functional groups on the biosorbent became negatively charged facilitating sorption of cations [35,36]. Silver ions at the studied pH range are present in solution Ag (I), while AgOH is generated at pH higher than 6.0 [2].



According to literature data, maximum removal of Ag(I) by activated carbon prepared from almond shell was achieved at pH 4.5 [37]. Silver sorption on Myxococcus xanthus biomass was studied at pH 5.5 [38]. The optimum pH for silver adsorption on the Japanese natural clinoptilolite was determined to be around 4.0 [39]. Silver removal by waste yeast and Spirulina biomass reached a maximum at pH 3.0 [2,40].



In the Ag-Cu system, an increase of the pH values also facilitated metal ions removal. For silver, the maximum removal of 55% was achieved at pH 5.0, and for copper, of 87% at pH 4.0 to 5.0. In comparison with the Ag-system, the removal of silver ions was reduced by 15%, indicating possible competition of silver and copper ions for binding sites.



In the Ag-Cu-Ni-Zn system, as in previously described systems, an increase of pH promoted metal ions removal. Maximum removal of silver, nickel and zinc was attained at pH 6.0: 52, 77 and 95%, respectively. It should be noted that nickel removal was almost on the same level at pH range 4.0–6.0 and constituted 75–77%. pH 4.0–5.0 was more favourable for copper ions removal, when 83% of ions were extracted from the solution.




3.2. Effect of Time on Metal Biosorption on Bio-Zeolite and Kinetic Studies


The kinetics of the metal ions biosorption on the bio-zeolite were investigated and the results are presented in Figure 3, Figure 4 and Figure 5. The process of silver ions removal was relatively fast and equilibrium was attained within 90 min in the Ag-system, 30 min in the Ag-Cu system and 120 min in the Ag-Cu-Ni-Zn system. Maximum silver ions removal in the analysed systems constituted 72, 70 and 52%, respectively. Equilibrium for silver sorption on waste yeast was reached within 60 min [2].



In the binary (Ag-Cu) system, 77% of Cu were removed from the solution in 60 min of sorbent–sorbate interaction, while in the quaternary system, 83% of copper ions were removed in 150 min. The maximum removal of zinc and nickel ions was attained in 150 min, when 95% of zinc and 100% of nickel ions were removed from the solution. The process of metal sorption took place in two stages: fast sorption, followed by a slow stage with equilibrium achievement. A drastic increase of metal ions sorption at the first stage is explained by the large number of the vacant sites of the bio-zeolite surface. Lowering the sorption in the next stage is mainly due to saturation of the binding sites and attainment of equilibrium [36,41]. Fast adsorption at the first stage can be also explained by metal ions trapping to the exterior surface, while the metal ions’ entrance into the pores (interior surface) is a relatively slow process [36].



Data obtained experimentally were fitted to pseudo-first-order (PFO) and pseudo-second-order models described by the following equations:



The pseudo-first-order model (PFO) considers that the rate of occupation of the adsorption sites is proportional to the number of unoccupied sites [42]:


   q t  =  q  e     ( 1 −  e  −  k 1  t   )  



(3)




where qe and qt are the quantities of metal (mg/g) adsorbed from the solution at equilibrium and at any time t (min), respectively, and k1 (1/min) is the rate constant of the pseudo-first-order model.



The pseudo-second-order model (PSO) shows that chemical absorption is one of the mechanisms of metal sorption onto sorbent:


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



(4)




where k2 (g/mg·min) is the rate constant of the pseudo-second-order model.



The applicability of kinetic models was confirmed by SSE (sum of error squares), %:


  S S E =     ∑      (   q  e ,   c a l   −  q  e ,   e x p    )   2     N   



(5)




where N is the number of experimental points.



One more parameter calculated to prove the applicability of the models was adjusted R squared:


   R  a d j  2  = 1 −  (  1 −  R 2   )   [    n − 1   n −  (  k + 1  )     ]   



(6)




where R2 was obtained from the applied models, K is the number of predictors and n is the number of experimental values.



The kinetic data of metal ions adsorption onto bio-zeolite calculated from the related non-linear fitting curves (Figure 3, Figure 4 and Figure 5) are listed in Table 2.



The experimentally obtained (qexp) and calculated (qe,cal) values of sorption capacity for both models were very close, confirming their suitability for explanation of experimentally obtained data. Comparing the coefficient of determination values for silver, it was found that they were higher for the PSO model in Ag- and Ag-Cu-Ni-Zn systems, assuming that the adsorption was a chemisorption process [14]. The Akaike Information Criterion (AIC) test confirmed these results. In the case of the Ag-Cu system, silver absorption was better described by the PFO model. According to the AIC test, the PFO model also showed itself to be more applicable for describing copper ions sorption in both systems containing copper ions. The PSO model fitted well data for nickel and zinc ions in the Ag-Cu-Ni-Zn system. Zhao and co-authors [2] suggested that ion exchange, chelating sorption and redox by active protons on the sulfo, amino and hydroxyl groups played a major role in silver sorption on the microbial biomass.




3.3. Effect of Silver Concentration on Its Biosorption on Bio-Zeolite and Equlibrium Studies


Increase of the initial metal concentration in solution is usually associated with an increase in the sorbents adsorption capacity since it provides a driving force to overcome all mass transfer resistances of metal ions between aqueous and solid phase [36]. Studying the effect of silver concentration on bio-zeolite adsorption capacity, it was shown that it increased with increasing metal concentration, and the maximum adsorption was achieved at an initial concentration of 100 mg/L. Thus, the maximum silver sorption was 5.83 mg/g in the Ag-system, 7.79 mg/g in the Ag-Cu system and 7.22 mg/g in the Ag-Cu-Ni-Zn system (Figure 6). Higher silver sorption in complex systems can be explained by the synergetic effect of the biofilm that, after ion enrichment, allows entrance of the metal ions to deeper sites of the support, thereby liberating external surface sites [43].



As was mentioned previously, the concentration of other metal ions in the solution was maintained as a constant. Increase of silver concentration in solution did not influence removal of copper ions in the Ag-Cu system; it was almost at the same level at all applied silver concentrations. Thus, it can be concluded that silver and copper ions are fixed by different functional groups. It is interesting to note that in the presence of copper ions in the solution, adsorption of silver ions increased compared to the Ag-system. In the Ag-Cu-Ni-Zn system, the efficiency of copper removal was not affected by an increase of silver concentration, while removal of nickel and zinc was reduced by 24 and 30%, respectively. This may indicate competition of silver, zinc and nickel for binding sites.



Langmuir and Freundlich isotherms generally used to fit equilibrium adsorption data are expressed by Equations (6) and (7). The Langmuir model assumes a monolayer coverage of adsorbate on the homogeneous surface, while applicable to adsorption processes that occur on heterogonous surfaces [44].


   q e  =    q  m     b  C e    1 + b  C e     



(7)




where qm (mg/g) is the maximum adsorption capacity of the bio-zeolite, Ce (mg/L) is the metal concentration at the equilibrium on the aqueous media and b is the adsorption equilibrium constant (L/mg).


   q e  =  K F  C  e   1 n     



(8)




where KF (L/mg) and n are the constants of adsorption affinity.



The plots of the non-linear fitting curves of the Langmuir and Freundlich models are presented in Figure 6 and the corresponding parameters are given in Table 3.



According to the R2 and AIC test, the Freundlich model was more suitable for the description of experimentally obtained values in all analysed systems, indicating that adsorption processes occurs on heterogeneous surfaces. The values of RL from the Langmuir model in the range between 0 and 1 and 1/n from the Freundlich in the range of 1–10 confirm the favourable conditions for sorption. In addition, since n values in the present study were higher than 1.0, chemical absorption can be considered dominant for silver ions’ sorption [45]. The theoretical maximum adsorption capacity calculated from Langmuir model ranged from 12.8 in the Ag-Cu-Ni-Zn system to 32.5 mg/g in the Ag-Cu system.



The biosorption of silver by a waste product from the alginate production industry was also better described by the Freundlich model [1]. The Langmuir model fitted the experimental data better than that of the Freundlich model in the case of silver biosorption by waste yeast [2].



The comparison of the sorption capacity of the bio-zeolite with data reported for other type of sorbents is presented in Table 4. The bio-zeolite sorption capacity was comparable with sorption capacity of biological origin and lower than those of synthetic sorbents.




3.4. Effect of Temperature on Silver Biosorption on Bio-Zeolite and Thermodinamic Studies


The temperature of the solution influenced the process of metal ions removal from analysed systems (Figure 7). Thus, in the Ag-system, a rise of temperature from 20 to 30 °C led to the decrease of bio-zeolite sorption capacity from 71 to 24%, then silver removal increased up to 61% with a temperature increase up to 50 °C (Figure 7). The same pattern was observed in the Ag-Cu system: silver removal firstly decreased with a temperature increase to 30 °C, then it rose with the temperature growing and reached the value of 52% at 50 °C (it was very close to the removal capacity of 54% at 20 °C). Copper removal continuously decreased with the increase of temperature. In the Ag-Cu-Ni-Zn system, the behaviour of silver removal was similar to previously described systems, while removal of copper, nickel and zinc firstly increased up to a temperature of 40 °C and then was slightly reduced.



The decrease of silver removal with temperature grown up to 30 °C can be associated with weakening of the structure of the biomass cell and even decomposition of the biomolecules that may lead to the reduction of the number of active binding sites [47]. It can be suggested that at higher temperatures, silver ions are mainly adsorbed on the zeolite surface. As the temperature increased, molecular vibrations begin to terminate intrinsic bonds of water molecules on the surface of zeolite due to the heat energy, and more binding sites are available for metal removal [48].



The thermodynamic parameters ΔG°, ΔH°, and ΔS° were calculated from the following Equations (9)–(11):


  ln  K d  =   Δ  S °   R  −   Δ  H °    R T    



(9)






   Δ  G °   =  Δ  H °   −  T Δ  S °    



(10)




where Kd is the distribution coefficient and it is calculated according to Equation (10):


   K d  =    (   C 0  −  C e   )  V   m  C e     



(11)




where ΔH° (J/mol) and ΔS°, J/mol K are enthalpy and entropy changes, respectively, R is the universal gas constant, 8.314 J/mol K, and T is the absolute temperature, K.



The enthalpy and entropy values were calculated by a plot of lnKd versus 1/T (Supplementary Figure S1), and the corresponding thermodynamic parameters are given in Table 5. The values of ΔG° for all elements in analysed systems were negative, exhibiting that the adsorption was a spontaneous process. The positive value of ΔS° for all elements suggests the increased randomness at the liquid–solid interface during metal ions adsorption likely indicates the process is an entropy-driven process rather than enthalpy [14]. The low value of ΔS° indicated that no remarkable change in entropy occurred during the adsorption process [36].



The positive values of ΔH° revealed the endothermic nature of the adsorption process for silver in Ag- and Ag-Cu systems as well as for copper and nickel in the Ag-Cu-Ni-Zn system. For other elements, negative values of ΔH° revealed the exothermic nature of the adsorption process. Since ΔH values were lower than 20.9 kJ/mol, it can be suggested that adsorption of elements in analysed systems belongs to physical adsorption [12].




3.5. FTIR Spectra


FTIR spectra were recorded in order to reveal involvement of functional groups of bio-zeolite in metals ions binding. According to Figure 8, in the control bio-zeolite, the bands at 760 and 1030 cm−1 attributed to O-Si-O and Si-O-Al groups were present [49]. Bands at 3610 cm−1 and deformation at area 1600 cm−1 are characteristic of -OH groups. In Ag-loaded biosorbent, the shift of identified groups by 10/15 cm−1 points at their involvement in silver ions removal. In the case of the Ag-Cu system, shifting of the band positions of Si-O- and -Si-O-Si- groups by 5/20 cm-1 and of -OH group by 5/7 cm−1 showed their involvement in silver and copper ions removal. In the multi-metal system, the shift of the bands of -Si-O- and -OH groups was observed. As possible mechanisms of metal ions sorption, one can regard the formation of bi- and mono-dentate ligands of metal ions with -OH groups and subsequent strong electrostatic interaction with a charged bio-zeolite surface [50].





4. Conclusions


The zeolite with Shewanella xiamenensis biofilm was shown to be an effective adsorbent for the treatment of silver-containing effluents with different chemical composition. The adsorption of metal ions on bio-zeolite was pH dependent; the optimal pH for the highest metal removal was in the range of 4.0–6.0. The adsorption equilibrium experimental data fitted better with the pseudo-second-order model, except silver in the Ag-Cu system and copper in both systems. The adsorption isotherm fitted well with the Freundlich model, pointing out the predominant role of chemisorption in metal removal. The maximum adsorption capacity of bio-zeolite calculated from the Langmuir model reached 32.5 mg/g in the Ag-Cu system.  The adsorption was shown to be as a spontaneous process endothermic or exothermic in nature depending on the metal ion, which is driven by entropy. Based on the data obtained in the present study, it can be concluded that metal ions’ removal from silver-containing effluents by bio-zeolite is a physico-chemical adsorption process rather than a pure physical or chemical adsorption process.
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Figure 1. (a) Raw and (b) S. xiamenensis biofilm formed on zeolite. 
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Figure 2. Influence of pH on silver, copper, nickel and zinc removal from studied synthetic solutions by bio-zeolite (time: 1 h, temperature: 20 °C, pH: 2.0–6.0, Ci,Ag: 10 mg/L, Ci,Cu: 5 mg/L, Ci,Ni, Zn: 2 mg/L). 






Figure 2. Influence of pH on silver, copper, nickel and zinc removal from studied synthetic solutions by bio-zeolite (time: 1 h, temperature: 20 °C, pH: 2.0–6.0, Ci,Ag: 10 mg/L, Ci,Cu: 5 mg/L, Ci,Ni, Zn: 2 mg/L).



[image: Minerals 13 00179 g002]







[image: Minerals 13 00179 g003 550] 





Figure 3. The kinetic curves for silver ions’ sorption on bio-zeolite in Ag-system. 
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Figure 4. The kinetic curves for silver and copper ions’ sorption on bio-zeolite in Ag-Cu system. 
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Figure 5. The kinetic curves for silver, copper, nickel and zinc ions’ sorption on bio-zeolite in the Ag-Cu-Ni-Zn system. 
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Figure 6. The sorption isotherms for silver adsorption on the bio-zeolite: (a) Ag (b) Ag-Cu and (c) Ag-Cu-Ni-Zn systems. 
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Figure 7. Effect of temperature on metal ions removal by bio-zeolite (time 1 h, temperature 20–50 °C, pH 5.0, Ci,Ag 10 mg/L, Ci,Cu 5 mg/L, Ci,Ni, Zn 2 mg/L). 
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Figure 8. FTIR spectra of bio-zeolite before and after metal ions biosorption. 






Figure 8. FTIR spectra of bio-zeolite before and after metal ions biosorption.



[image: Minerals 13 00179 g008]







[image: Table] 





Table 1. Chemical composition and metal concentrations in prepared synthetic effluents.
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Concentration, mg/L




	
System

	
Ag

	
Cu

	
Ni

	
Zn






	
Ag

	
10 ± 0.4

	
-

	
-

	
-




	
Ag-Cu

	
10 ± 0.3

	
5 ± 0.06

	
-

	
-




	
Ag-Cu-Ni-Zn

	
10 ± 0.3

	
5 ± 0.06

	
2 ± 0.01

	
2 ± 0.02
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Table 2. Parameters calculated from pseudo-first-order (PFO) and pseudo-second-order models.
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Ag

	
Ag-Cu

	
Ag-Cu-Ni-Zn




	

	
Metal

	
Ag

	
Ag

	
Cu

	
Ag

	
Cu

	
Ni

	
Zn






	
PFO

	
qexp, mg/g

	
0.72 ± 0.02

	
0.50 ± 0.003

	
0.25 ± 0.03

	
0.52 ± 0.01

	
0.28 ± 0.003

	
0.20 ± 0.004

	
0.19 ± 0.003




	
qe, mg/g

	
0.71 ± 0.01

	
0.50 ± 0.006

	
0.25 ± 0.01

	
0.50 ± 0.01

	
0.28 ± 0.003

	
0.19 ± 0.005

	
0.18 ± 0.004




	
k1, min−1

	
0.04 ± 0.004

	
0.08 ± 0.007

	
0.13 ± 0.07

	
0.07 ± 0.008

	
0.17 ± 0.03

	
0.05 ± 0.006

	
0.07 ± 0.007




	
R2

	
0.98

	
0.99

	
0.99

	
0.98

	
0.99

	
0.97

	
0.97




	
Radj2

	
0.99

	
0.99

	
0.98

	
0.96

	
0.97

	
0.95

	
0.96




	
SSE, %

	
0.09

	
0.08

	
0.39

	
0.08

	
0.02

	
0.90

	
0.2




	
PSO

	
qe, mg/g

	
0.82 ± 0.02

	
0.53 ± 0.01

	
0.25 ± 0.01

	
0.54 ± 0.008

	
0.28 ± 0.005

	
0.21 ± 0.004

	
0.20 ± 0.003




	
k2, g/mg·min

	
0.06 ± 0.001

	
0.03 ± 0.009

	
1.48 ± 0.009

	
0.3 ± 0.002

	
2.7 ± 0.01

	
0.3 ± 0.03

	
0.05 ± 0.05




	
R2

	
0.99

	
0.98

	
0.99

	
0.99

	
0.99

	
0.99

	
0.99




	
Radj2

	
0.99

	
0.98

	
0.98

	
0.98

	
0.98

	
0.98

	
0.99




	
SSE

	
0.16

	
0.18

	
0.51

	
0.10

	
0.01

	
1.0

	
0.2
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Table 3. The parameters of the Langmuir and Freundlich models.
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Ag

	
Ag-Cu

	
Ag-Cu-Ni-Zn






	
Langmuir

	
qm, mg/g

	
14.8 ± 0.08

	
32.5 ± 0.5

	
12.8 ± 0.05




	
b, L/mg

	
0.38 ± 0.003

	
0.22 ± 0.003

	
0.50 ± 0.002




	
RL

	
0.02

	
0.04

	
0.02




	
R2

	
0.92

	
0.91

	
0.96




	
Radj2

	
0.90

	
0.90

	
0.95




	
Freundlich

	
KF, mg/g

	
0.01 ± 0.007

	
0.008 ± 0.0006

	
0.03 ± 0.001




	
1/n

	
1.39 ± 0.08

	
1.49 ± 0.06

	
1.2 ± 0.01




	
R2

	
0.97

	
0.98

	
0.97




	
Radj2

	
0.96

	
0.97

	
0.96
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Table 4. Adsorptive capacity of different types of sorbents in silver ions’ removal.
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	Sorbent
	qmax, mg/g
	Concentrations Range, mg/L
	pH
	Reference





	Bio-zeolite
	12.8–32.5
	10–100
	6.0
	Present study



	Fe3O4@SiO2@TiO2 -IIP
	30.55
	10–300
	6.0
	[11]



	Fe3O4@SiO2@TiO2 -NIP
	17.21
	10–300
	6.0
	[11]



	Acidified biosorbent
	2.92 mmol/ g
	10–200
	5.0
	[1]



	Waste yeast
	18.9–41.8
	0–750
	3.0
	[2]



	Arthrospira platensis
	31.6
	5–30
	3.0
	[40]



	Poly(o-phenylenediamine) Microparticles
	533
	1–10 mM
	5.0
	[46]



	Japanese Natural Clinoptilolite
	0.64 mmol/g
	50
	4.0
	[39]
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Table 5. Thermodynamic parameters for metal ions sorption on bio-zeolite.
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System

	
Metal

	
∆G°, kJ/mol

	
∆H°, kJ/mol

	
∆S°, J/mol·K

	
R2




	
293 K

	
303 K

	
313 K

	
323 K






	
Ag

	
Ag

	
−9.3

	
−9.6

	
−10.0

	
−10.3

	
0.4

	
33

	
0.79




	
Ag-Cu

	
Ag

	
−8.8

	
−9.1

	
−9.5

	
−9.8

	
1.2

	
34

	
0.88




	
Cu

	
−10.5

	
−10.7

	
−11.0

	
−11.3

	
−2.4

	
27.4

	




	
Ag-Cu-Ni-Zn

	
Ag

	
−9.3

	
−9.6

	
−9.8

	
−10.1

	
−1.8

	
24.4

	
0.98




	
Cu

	
−10.6

	
−11.0

	
−11.5

	
−11.9

	
2.3

	
44.0

	
0.99




	
Ni

	
−9.2

	
−9.6

	
−10.0

	
−10.4

	
2.2

	
30.0

	
0.99




	
Zn

	
−11.8

	
−12.1

	
−12.5

	
−12.9

	
−0.5

	
38.2

	
0.98

















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2023 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
,_,k/m.. 3 e sy
E; “ =r
5: \// E=]






media/file4.png
~ ©
- 10
~ <
— ™
o) I
<O
I 1 . 1 1 o I L 1 . I . 1 T
o o o o o o o o o o
S o © ~ ®© v < ©® —
% ‘Aousiolye |eAroway
HEH —~ ©
HH —~ D
HH - <t
—~ ™
(@)}
<
— N
| O . . T L T LI
o o o o o o o o o o
o [} 0 M~ © wn < (3] -~

9, ‘Aousiole |eAoway

pH

pH

—e—Cu

—&— Ni
—wv—27n

100 -

80

%

‘Kousiolye |eAoway

20

pH





nav.xhtml


  minerals-13-00179


  
    		
      minerals-13-00179
    


  




  





media/file16.png
0.25

0.20

0.15 -

Absorbance

0.05 -

0.00 -

0.35
| —— Ag-Cu
0.30 -

0.25 -

Absorbance

0.10
0.05 -

0.00 -

=)

-

o
|

o

)

o
|

o

wl

(4]
|

—— Control 0.35

1030

0.30

0.25

Absorbance
o o
AR
[4)] (e
; !

0.10 4
0.05

0.00

1040

770

1585

3600 &

| |
4000

4000

I
1000 500

0.35

I I I
3000 2500 2000 1500

Wavenumber, cm™’

3500

10 0.30

0.25

o

DN

o
|

Absorbance
o
7
|

(e 0.10

3615 0.05 -

1995 ]
0.00 -

T T T T T T T
3500 3000 2500 2000 1500 1000 500

Wavenumber, cm’”

5 I
4000

g T
4000

I I I I I I
3500 3000 2500 2000 1500 1000 500

Wavenumber, cm”

—— Ag-Cu-Ni-Zn
1025

770

3600 1610

T T T T T T T
3500 3000 2500 2000 1500 1000 500

Wavenumber, cm’’





media/file2.png





media/file5.jpg
q, mg/g

08

07

06

05

04

03

02

01

= Experimental data
Pseudo-First Order
~ - - Pseudo-Second Order|

0 20 40 60 80 100 120 140 160 180 200

1, min





media/file3.jpg





media/file1.jpg
(@)

(b)





media/file7.jpg





media/file10.png
q, mg/g

Ag

m  Experimental data
Pseudo-First Order
- — - Pseudo-Second Order

0.20 -

0.15 -

0.10

0.05

Zn

e
100

1 X ] % 1 . I
120 140 160 180

t, min

-— - —— -
- -

m  Experimental data
Pseudo-First Order
— - -Pseudo-Second Order

i 1
200

1
80

—
100

T T
120 140 160

t, min

—
180

=
(o]
E
o
1
200

- - = = u ]
m  Experimental data
Pseudo-First Order
- - — Pseudo-Second Order
I I L T 1 g Ll " I ] I o T X 1 & 1
20 40 60 80 100 120 140 160 180 200
t,min
0.20 L m___ =
B
0.15 4
0.10
0.05 -
®  Experimental data
0.00 - Pseudo-First Order
- — -Pseudo-Second Order
1 1 1 1 » 1 L 1 L3 1 Ly 1 % 1 ] 1
20 40 60 80 100 120 140 160 180 200
t, min





media/file12.png
’ b
, m 8
6 -
L2y
24
o
2
= Experimental data 1 il m  Experimental data
(] Langmuir 3 i W Langmuir
- - -Freundlich - — -Freundlich
! i : ' | ) ! ) d ) : ) T T T T T T T T T T T
0 20 40 60 80 100 0 20 40 60 80 100
C, mg/L C, mg/L

] m  Experimental data
Langmuir
— — -Freundlich
1 N I N I i 1 i I i I
0 20 40 60 80 100

C, mg/L





media/file9.jpg





media/file0.png





media/file14.png
—e—Cu

=)
Irs)
)
<
=)
<
)
™
0
I3V
o
I3
| R T ] T 1 T 1 ) T
o © © © o o o o o o
S & ® ~ © » ¥ ® =
% ‘Aousioiye |eAroway
- -3
| v
<
- -9
| 0
™
> o
< - ™
T
|
~
¥ - Q
| PR 1 Ll | T FTL F- 1
5 6 o oo o o o o o o
© ® ® K~ © W ¥ O™ -
=

9% ‘Aousiole |eAoway

Temperature, °C

Temperature, °C

O3 .- C
<O ZN

o
uwn
w0
<
e
=
)
o
=)
o
| v
o~
=)
~

| P | 1 1 1 I ="

o o o o o O o o o

o o ~ © O ¥ ® =

=

9 ‘Aousiolye [eAowaY

Temperature, °C





media/file8.png
0.30 ~

0.25

0.20

0.15 4

q, mg/g

0.10

0.05

®  Experimental data
Pseudo-First Order
0.0 - - = Pseudo-Second Order 0.00 -

m  Experimental data

Pseudo-First Order
- - = Pseudo-Second Order

) - 1n & 3 = 5. T . 5L 7T . L. .. 1 .. r -~ r * 1r - .- 1r— T °r—— Ir = &t = & = I "= 1
0 20 40 60 80 100 120 140 160 180 200 0 20 40 60 80 100 120 140 160 180 200
t, min t, min





media/file11.jpg





media/file6.png
0.8

0.7

m  Experimental data

Pseudo-First Order
= = - Pseudo-Second Order|

t, min

— T T T * T T T T T
80 100 120 140 160 180

1
200





media/file15.jpg
02

- o s
o ™ 0%

$ Bon
= 5
s - =

wl =

o3 Wavenumbercn o
— o0 .
o ™ P
gom gom
Sois ass
L wie ™
[ oss
i 155 0 010

o o wm mo o we ww %0 o w0 %0 o Wo w0 10 so
Wik o Witk





