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Abstract:



Porous alumosilicate aggregate, namely perlite, was used as an alternative material in wastewater treatments for the selective removal of ionic pollutants such as lead which is present in industrial wastewaters and toxic at relatively low concentrations. Metal retention was investigated by single metals and multispecies equilibrium isotherms (batch system) and by carrying out dynamic (column) experiments. Lead ions were supposedly preferentially retained by ion exchange at the negatively charged silicate functional groups present on the perlite material, and to a minor extent by weak electrostatic (Van der Waals) interactions at non-specific functionalities. In the case of the batch system, the Freundlich isotherm gave a good correlation of the experimental data and lead maximum retention (qmax) in single ion solution was 4.28 mg/gperlite, and in multimetal solution was 1.50 mg/gperlite. In the case of the column system, overall capacity was 3.7 mg/gperlite in single ion solution, and in multimetal solution was 3.0 mg/gperlite. In multimetal solutions, lead ions showed the best interaction at the perlite functional groups because of the lowest free energies of hydration and hydrated radius. After sorption, perlite beads were used as lightweight aggregates for cement mortars after evaluation of the potential release of lead ions from the conglomerates.
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1. Introduction


Perlite is a volcanic rock with high water content, low density and expanding property after heating. Specifically, the temperature at which expansion takes place ranges from 760 to 1100 °C with a 10–20-fold volume increase due to water evaporation [1]. Due to its lightness, perlite may be effectively used in the construction industry as an aggregate for lightweight conglomerates such as concrete and mortars.



The novelty of the present paper is to evaluate the potentialities of perlite beads in environmental applications as lead ion sorbent from industrial wastewaters with a following re-use in the construction industry.



Lead is present in industrial wastewaters and considered extremely dangerous even at relatively low concentrations [2,3,4]. Lead has many different agricultural, domestic and industrial applications; for this reason, effluents from the production of, e.g., batteries, metal products together with chemical industries need to be treated before discharge into recipient water bodies [5,6,7,8,9].



In the present work, the sorption properties of perlite toward lead ions present in metal solutions were evaluated after batch and column tests. The Langmuir and Freundlich isotherms were used to model batch sorption data [10,11]. After metal retention, exhausted perlite can be re-used as a thermal insulator in cement mortars [12,13,14] thus minimizing potential environmental impact associated with the release of the pollutants. Specifically, the reference conglomerates were characterized both in thermal and mechanical tests.




2. Materials and Methods


2.1. Materials Characterization and Sorption Experiments


Perlite (SiO2 74%–78%, Al2O3 11%–14%, K2O 2%–4%, Na2O 3%–6%, Fe2O3 0.5%–1.5%, CaO 1%–2%, MgO 0%–0.5%) was supplied by Maltek Industrie S.r.l., Terlizzi, Bari, Italy. Scanning Electron Microscope (SEM) analysis was carried out by an electron microscope FESEM-EDX Carl Zeiss Sigma 300 VP (Carl Zeiss Microscopy GmbH, Jena, Germany). The sample was fixed on aluminum stubs (circular, 1 cm diameter) and then sputtered with graphite by the use of a Sputter Quorum Q150 (Quorum Technologies Ltd., East Sussex, UK). Pictures were acquired by SmartSEM Zeiss software (Carl Zeiss Microscopy GmbH, Jena, Germany).



BET surface area and pore size of the sorbent were determined by adsorption–desorption N2 isotherms at 77 K, by an Autosorb IQ Chemi TCD instrument (Quantachrome Instruments, Boynton Beach, FL, USA). The biosorbent was apparently a mesoporous material with pore diameters ranging 20–500 Å, average pore radius 16.535 Å and BET total surface area exceeding 1.664 m2/g. Referring to the pores, the total volume and surface area were respectively 0.008 cm3/g and 1.010 m2/g.



Sorption experiments were carried out by the use of metal solutions starting from reactive grade Pb(NO3)2, Cd(NO3)2·4H2O, Ni(NO3)2·7H2O from Carlo Erba, Milan, Italy.



A first set of batch equilibrium experiments was carried-out by contacting 200 cm3 of single metal containing solution (15 mg(Pb+2)/dm3 in de-mineralized water, pH = 6) with 20–1200 mg of 1–2 mm sorbent. A second set of experiments was carried out by contacting 200 cm3 of ternary metal (Pb+2, Cd+2, Ni+2) containing solution (15 mg(Me+2)/dm3 each in de-mineralized water, pH = 6) with 30–8000 mg of 1–2 mm sorbent. The vials were stirred at 80 rpm and room temperature till equilibration of the solution concentration (<5% of two subsequent samplings).



Dynamic (column) experiments were carried out with single and ternary metal solutions in de-mineralized water (15 mg(Me+2)/dm3 each, pH = 6). Specifically, columns (I.D. = 1.0 cm; H = 50 cm) were loaded with 4 g of 1–2 mm sorbent and the flow rate exceeded 0.3 L/h. Experiments were extended to the complete exhaustion of the perlite bed (i.e., effluent Me+2 concentration equal to the influent).



Liquid-phase metal concentrations were determined by Flame Atomic Absorption Spectrometry using a Mod.929 Spectrometer from Unicam, Milan, Italy.




2.2. Sorption Models for Batch Tests


Langmuir and Freundlich models [10,11] were chosen to correlate batch sorption data.



The Langmuir model is conventionally applied for a monolayer sorption onto a surface showing equivalent sites. After linearization, the Langmuir equation may be expressed as:


Ceq/qeq = 1/bqmax + Ceq/qmax



(1)







qeq and qmax are respectively the equilibrium and maximum retention capacities of the sorbent (mg/gperlite); Ceq is the equilibrium liquid-phase concentration (mg/dm3); b is an equilibrium constant.



The Freundlich model is conventionally applied for heterogenous surface sorption. After linearization, the Freundlich equation may be expressed as:


lnqeq = 1/n lnCeq + lnKf



(2)







Kf is a constant related to the sorption capacity, n is related to the sorption energy.



In case of ion exchange, the overall free energy of the ions at the sorbent active groups includes two main terms, (a) the coulombic interaction of the ions at the sorbent functional groups (∆Gel) and (b) the free energy of hydration/dehydration of the exchanging ions at the sorbent functional groups (∆Ghydr):


ΔGoverall = ΔGel + ΔGhydr



(3)








2.3. Column (Dinamic) Test


A deeper insight into the interactions of the metals at the liquid–solid interface was obtained by breakthrough curves which represent time variation of the metal concentrations (mg/dm3) after elution in a packed-bed column or the effluent liquid volumes at constant flow-rate (Bed Volumes, V/V0 = BV). Laboratory columns were loaded with perlite which was eluted with Pb+2, Cd+2 and Ni+2 synthetic solutions. The breakpoint corresponds to the minimum retention capacity towards metals, i.e., when the liquid-phase solution starts to be leached by the column. Complete exhaustion of the sorbent corresponds to equal concentrations of the effluent and influent solutions from the column.




2.4. End Disposal of Metal-Laden Perlite


After exhaustion, heavy metal-laden perlite was embedded into cement mortars which were prepared by the use of class II CEM A-LL, 42.5R cement from Buzzi Unicem, Barletta, Italy, according to standard protocols [15]. A perlite volume exceeding 500 cm3 was added.



Cube specimens (4 × 4 × 4 cm) were prepared and submitted to a jar test (Vittadini, Aqua, Milan, Italy) in order to evaluate potential release of heavy metals [16].



Thermal measurements were carried out on mortar cylinders (φ = 100 mm; H = 50 mm) by the use of a Mod. ISOMET 2104 system from Applied Precision Ltd. (Bratislava, Slovakia). After evaluation of the temperature excursions along time and directions, thermal diffusivity data were collected and thermal conductivity was determined as an indirect parameter [17].



Mechanical tests (flexural strength) were carried out on 40 × 40 × 160 mm mortar prisms and compression tests were carried-out on the samples deriving from the mechanical flexural procedures [18].





3. Results


Figure 1 shows SEM micrographs of a representative perlite bead (Figure 1a) and a magnification of the open porosity (Figure 1b), together with an extended internal (closed) porosity (inset Figure 1a).


Figure 1. (a) SEM of a single perlite bead; inset: internal texture; (b) perlite external bead texture.
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Table 1 summarizes the complex of the batch laboratory tests, together with the experimental maximum retention capacities.



Table 1. Summary of the batch tests carried out on the perlite sorbent and experimental retention capacities.







	
Metal Specie

	
Solution

	
Bead Size (mm)

	
Vsol (L)

	
Influent Concentration

(mg(Me+2)/dm3)

	
Experimental qmax (mg(Me+2)/gperlite)






	
Pb+2

	
single

	
1–2

	
0.2

	
15

	
4.28 ± 0.21




	
Cd+2

	
ternary

	
1–2

	
0.2

	
15

	
1.5 ± 0.07




	
Cd+2

	
ternary

	
1–2

	
0.2

	
15

	
0.41 ± 0.02




	
Ni+2

	
ternary

	
1–2

	
0.2

	
15

	
0.36 ± 0.02










Figure 2a shows the batch equilibrium curve for the experiment carried out at constant lead concentration (15 mg/dm3), bead size range (1–2 mm), temperature (25 °C) and stirring speed (80 rpm).


Figure 2. (a) Single batch test in de-mineralized water for lead ion retention on perlite (1–2 mm bead size, 80 rpm, 15 mg(Pb+2)/dm3, 298 K); (b) effect of perlite dosage on the sorption.
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Figure 2b shows the effect of perlite dosage (mg) on the sorption. Table 2 shows the relevant Freundlich and Langmuir parameters.



Table 2. Freundlich (Kf, 1/n) and Langmuir parameters (qmax, b) for lead ion retention in single and ternary solution batch tests.







	
Pb+2

	
Freundlich Parameters

	
Langmuir Parameters




	
Kf

	
1/n

	
R2

	
qmax

	
b

	
R2






	
single

	
8.24

	
0.50

	
0.95

	
34.48

	
0.44

	
0.81




	
ternary

	
2.86

	
0.63

	
0.97

	
27.02

	
0.105

	
0.78










From a general overview of data, lead ions may be retained preferentially by strong Coulomb interactions, i.e., by ion exchange at the negatively charged silicate functional groups present on the perlite surface as a result of the following equilibrium [19]:


Perlite-(Na+)n + Men+ → Perlite-Men+ + n(Na+)



(4)







Specifically, approximately 70% of the expected release of sodium ions was experimentally detected. To a minor extent, lead ions may be retained by weak electrostatic (Van der Waals) interactions at non-specific functionalities [19] of the sorbent as observed by a better correlation of data according to the Freundlich model (Table 2). As expected, metals removal increases at higher sorbent dosages, whereas maximum sorbed quantities (mg(Me+2)/gperlite) decrease [20,21,22]. Maximum lead ion retention capacity was experimentally determined in the range 4.3 mg/gperlite (Table 1).



In ternary solutions, lead ions showed the best retention capacities (Figure 3a,b) [23] although lower than single ion solution (Table 1).


Figure 3. (a) Batch tests in de-mineralized water for a solution of lead, cadmium and nickel ions on perlite (1–2 mm bead size, 80 rpm, 15 mg(Me+2)/dm3, 298 K); (b) effect of perlite dosage on the sorption.
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Moreover, multispecies equilibria confirmed that ion exchange may be the predominant mechanism for metal retention at the sorbent functionalities (approximately 70% of sodium ions release). Maximum retention capacities were experimentally determined in the range 1.50 mg/gperlite, 0.41 mg/gperlite, 0.36 mg/gperlite, respectively for Pb+2, Cd+2 and Ni+2 (Table 1).



Dynamic tests were carried out in stationary conditions by the elution of single and ternary metal solutions (15 mg(Me+2)/dm3 each in demi-water) at constant flow-rate in the column exceeding 0.3 L/h. Table 3 summarizes the complex of laboratory tests carried out and Figure 4 shows the relative breakthrough curves (Figure 4).


Figure 4. Breakthrough curves in de-mineralized water for (a) lead ions and (b) solution of lead, cadmium and nickel ions on perlite (1–2 mm particle size, 0.3 L/h, 15 mg(Me+2)/dm3, pH = 6, T = 298 K).
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Table 3. Summary of the column tests carried out on perlite and operative breakthrough parameters (15 mg(Me+2)/dm3 influent concentration, 3.8 g perlite (1–2 mm), Vcol = 30 cm3, 0.3 L/h flow-rate).







	
Metal Specie

	
Solution

	
Qexp (mg/gperlite)

	
BV






	
Pb+2

	
single

	
3.7 ± 0.2

	
33




	
Pb+2

	
ternary

	
3.0 ± 0.1

	
26




	
Cd+2

	
ternary

	
0.8 ± 0.04

	
4




	
Ni+2

	
ternary

	
0.6 ± 0.03

	
4










Relevant data at metal breakthrough are shown in Table 3. The operating capacity at complete column breakthrough for lead ions in the single metal test exceeded 3.7 mg(Pb+2)/gperlite, whereas in ternary metal solution lead ion overall retention exceeded 3.0 mg(Pb+2)/gperlite with an anticipated breakpoint. In the latter case, lead ions were preferentially sorbed by perlite and the operating capacities at complete column breakthrough were 3.0 mg(Pb+2)/gperlite, 0.8 mg(Cd+2)/gperlite, and 0.6 mg(Ni+2)/gperlite respectively (Table 3).



The different overall metal retentions in multimetal solution (batch and column tests) may be ascribed to steric hindrance of the hydrated metal ions at the sorbent silicate functional groups, provided that the free migration is possible as the openings in the silicate lattice are sufficiently large [24]. In the present case, as pore radii are larger than metal hydrated radii, the different overall metal retentions may be ascribed to the relative free energies of hydration/dehydration of the exchanging species (ions and functional groups) (Equation (3)).



From Table 4, it is clearly evidenced that lead ions, with the lowest energy and hydrated radius, show the best interaction with the perlite functional groups [25] and, consequently, the best retention capacities. For this reason, lead ions engage functional groups more quantitatively than cadmium, showing larger hydrated radius and higher free energy of hydration. Moreover, nickel ions, with the highest free energy of hydration, show a definitely more difficult dehydration of ions and consequently the lowest figures.



Table 4. Relevant ionic properties functional to retention phenomena.







	
Metal

	
Hydrated Radius (Å)

	
Free Energy of Hydration (Kcal/g-ion)






	
Pb+2

	
4.01

	
−357.8




	
Cd+2

	
4.26

	
−430.5




	
Ni+2

	
4.04

	
−494.2










The final destination of metal-laden perlite was cement conglomerates formulation. Specifically, a quantitative substitution of the conventional (sand) aggregate was carried out. The reference material (mortar), characterized by exhausted silica, was submitted to a jar test to evaluate potential release of lead ions [16]. Data from the leaching test summarize that the release of lead ions (2 μg/dm3) to the liquid-phase was below the maximum allowable concentrations enforced for hazardous waste disposal in controlled landfills (10 μg/dm3).



Thermal conductivity, λ, of the lightweight specimens was determined [17]. Specifically, the reference materials showed lower thermal conductivities with respect to the conventional (sand containing) mortars which were assumed as the control [26,27]. Reduction of average λ figures (0.39 vs. 2.06 W/mK) was attributed to the peculiar thermal insulating properties of the perlite after the open and closed porosity present on the material limiting heat transport in the silica lattice (Figure 1). Normalized resistance to compression, Rc, of lightweight mortars (28 days aging) exceeded 16.4 N/mm2 as compared to conventional control figures in the range of 47.2 N/mm2, still in the accepted conformity range for plasters and masonries.



It is worth recalling that the aim of the present paper was to employ in wastewater treatments an aggregate typically used in the construction industry. The experimental retentions obtained for lead ion removal were not comparable with those reported in literature (zeolites, ion exchange resins) [28,29,30,31], but the novelty of this approach was to re-use lead ion-laden perlite as lightweight material for the preparation of environmentally-safe and thermal insulating cement conglomerates. This is also remarkable considering that an hazardous waste can be embedded in a cement matrix and re-used in the construction industry instead of being sent to landfill [32,33].




4. Conclusions


The sorption properties of a porous alumosilicate aggregate, namely perlite, toward lead ions was shown through batch equilibrium and column (dynamic) tests in single and multimetal solutions.



It was supposed that the dominant retention mechanism of lead ions at the negatively charged silicate functional groups, present on the perlite material, was ion exchange together with Van der Waals interactions.



As for environmental applications, metal-laden perlite may be used in the construction industry to replace conventional aggregates without any major limitation.
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