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Valorization of fruit wastes (pistachio shells) as adsorbent for the removal 
of Zn from aqueous solutions under adverse acidic conditions 
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a b s t r a c t
Low-cost adsorbents (LCAs) were prepared from pistachio shells after minor treatment over the tem-
perature range 300°C–500°C, under nitrogen, carbon dioxide, and air atmosphere. The LCAs were 
evaluated with respect to their capacity to remove zinc (Zn) from aqueous solutions under adverse 
acidic conditions (pH < 4), where the dissolution of oxides/hydroxides is favored and low sorption 
capacity of the raw material is expected. Potential changes of the sorption capacity were interpreted in 
terms of: (i) the surface functional groups identified with attenuated total reflection Fourier transform 
infrared spectra; (ii) the pore space morphology quantified by N2 sorption data, Hg intrusion poro-
simetry, and scanning electron microscopy images; (iii) the phase crystallinity analyzed with X-ray 
diffraction; and (iv) the thermal stability recorded with thermogravimetric analysis. For all aqueous 
solutions, including those having the highest initial Zn concentration (100 mg/L), the maximum Zn 
removal efficiency was observed for the air-activated adsorbents at 500°C and 400°C. In contrast, for 
the N2- and CO2-activated adsorbents, the Zn removal efficiency was comparable with that of the 
raw pistachio shells. For air-activated adsorbents, the Zn removal efficiency was enhanced with the 
activation temperature and holding time increasing, while no effect of the heating rate on adsorbent 
sorption capacity was evident. The characteristics of the investigated adsorbents were found fully 
compatible with the observed Zn sorption capacity and potential sorption mechanisms. Specifically, 
the enhancement of the sorption capacity of air-treated adsorbents might be due to: (i) the higher pore 
surface area and volume associated with physical sorption; (ii) the presence of mineral phases (calcite) 
triggering the metal precipitation; and (iii) the presence of oxygen-rich functional groups associated 
with complexation and/or electrostatic attraction. The equilibrium sorption data sets of raw pistachio 
shells were fitted satisfactorily to both Langmuir and Freundlich isotherms, whereas the correspond-
ing data sets of air-activated adsorbents were better fitted to Langmuir isotherm. 
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