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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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1. Introduction

Among the various methods that are available for 
wastewater treatment (e.g., coagulation, foam flotation, 
filtration, aerobic and anaerobic treatment, advanced 
oxidation processes, adsorption, microbial reduction, 

activated sludge), adsorption stands out because of its conve-
nience, ease of operation, and simplicity of design [1,2].

One of the most efficient adsorbents used for water pol-
lution control is the activated carbon (AC), which is usually 
prepared from carbonaceous materials (e.g., coal, lignite, 
wood, etc.) through physical or chemical activation [3–5]. AC 
has been found to be a versatile adsorbent, which can remove 
diverse types of pollutants such as metal ions, anions, dyes, 
phenols, pharmaceuticals, pesticides, humic substances, 
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chlorinated hydrocarbons, and many other chemicals and 
organisms [6–8]. In spite of its abundant uses, its applications 
are sometimes restricted due to its high cost and regenera-
tion problems. In this context, researchers are looking for 
low-cost alternative adsorbents, where cost factors play a 
major role [9]. Low-cost adsorbents (LCAs) can be prepared 
from a wide variety of raw materials, which are abundant 
and cheap, have high organic (carbon) content, and are capa-
ble of being activated easily [10]. The preparation of LCAs 
from agro-industrial wastes has several advantages, mainly 
of economic and environmental nature. A wide variety of 
raw materials such as residual stalks, straw, leaves, roots, rice 
husk, potatoes, orange seeds, nut or seed shells, waste wood, 
and animal husbandry waste have been used as low-cost 
alternative adsorbents [11–17]. These materials have been 
used either in their natural form or after some physical or 
chemical modification (e.g., slow pyrolysis). 

During the last few years, pistachio shells (PI) have been 
used after either physical activation in the temperature range 
600°C–1,200°C or chemical activation [18–23]. However, only 
in a few studies the potential to use PI as raw material for the 
production of LCAs after a minor treatment (e.g., pyrolysis in 
the temperature range 300–600°C) is emphasized [24–26]. For 
instance, Turan and Mesci [24] studied the removal of zinc 
(Zn) from water by using PI in their natural form and found 
the values of adsorbent dosage, pH, and contact time that 
maximize the Zn removal efficiency. In addition, Komnitsas 
et al. [25] investigated the removal of Pb and Cu from water 
by using the biochar produced from PI after slow pyrolysis 
under N2 atmosphere, in the temperature range 250°C–650°C, 
and found that the temperature of pyrolysis affects positively 
the Pb and Cu sorption capacity of biochar. Nevertheless, 
limited attention has been paid on the preparation and use 
of LCA under adverse conditions of mild activation (low 
energy consumption) of raw material and low pH (<4) [24].

The goal of the present study is to investigate the feasibil-
ity of using PI, either in their natural state or after some minor 
treatment, for the removal of Zn2+ from acidic water. PI were 
physically activated in the temperature range 300°C–500°C 
under inert (N2) and oxidizing (air, CO2) atmospheres. Raw 
material and produced adsorbents were characterized by a 
variety of techniques such as: N2 adsorption, Hg porosimetry, 
attenuated total reflection Fourier transform infrared (ATR-
FTIR) spectroscopy, scanning electron microscopy (SEM), 
X-ray diffraction (XRD), and thermogravimetric analysis/
derivative thermogravimetric (TGA/DTG). Equilibrium Zn2+ 
adsorption experiments were conducted for various initial 
Zn2+ concentrations (5–100 mg/L) by adjusting the initial pH 
value equal to 3.7. The effects of the gas type, activation tem-
perature, heating rate (HR), holding time (HT), and initial Zn2+ 
concentration on the metal removal efficiency were examined. 

2. Materials and methods

2.1. Materials

Pistachio-nut shells originating from Aegina Island 
(Greece) were used as raw materials. The pistachio is one 
of the favorite tree nuts worldwide produced in orchards 
of Pistacia vera L., and it is widely cultivated in the Middle 
East, Mediterranean countries, and United States [27]. The 

shells were washed with warm, distilled water to remove 
salt, dried in an oven (Binder) at 110°C for 24 h to remove 
the moisture, crushed with a planetary ball mill (Retsch S1), 
and then sieved on a mechanical shaker (Fritsch) to a size 
range 1–2 mm. Zn(NO3)2·4H2O was purchased from Merck 
(Darmstadt, Germany) and used without further purification. 

2.2. Physical activation process

Physical activation of the raw shells was done by heating 
them over the temperature range 300°C–500°C, under inert 
(nitrogen) or oxidizing (carbon dioxide, air) atmospheres, 
respectively. The physical activation with nitrogen and car-
bon dioxide were carried out in a vertical quartz reactor, 
which was placed in an electrical furnace. During the pro-
cess, about 1.5 g of raw material was used to prepare the 
adsorbents. The gas (i.e., nitrogen or carbon dioxide) was 
injected continuously through the reactor at a flow rate of 
80 cm3/min. The furnace temperature was increased at a rate 
of 5°C/min or 10°C/min, from room temperature to 300°C, 
400°C, and 500°C and held at this temperature for 30 or 
60 min. The physical activation with air was carried out in 
a laboratory furnace (KEL) at temperatures varying between 
300°C and 500°C, using porcelain capsules. The HR was 
set at 5°C/min or 10°C/min, and the HT of the feedstock at 
each temperature (i.e., 300°C, 400°C, and 500°C) was 30 or 
60 min. The produced adsorbents were then removed from 
the furnace, cooled, weighted, and stored in airtight plastic 
containers. The yield of adsorbent production was based on 
the initial and final mass of materials and calculated by the 
relationship:

Yield % Weight of produced adsorbent
Weight of pistachio s

( ) =
hhell

×100  (1)

2.3. Characterization of adsorbent

The structural, physical, and chemical properties of both 
the raw material and produced adsorbents were determined 
by several characterization techniques such as N2 adsorption, 
mercury intrusion porosimetry (MIP), SEM, XRD, TGA/DTG, 
and ATR-FTIR spectroscopy. The specific surface area of 
the samples was measured with a N2 adsorption analyzer 
(Micromeritics Gemini) by using the Brunauer–Emmett–Teller 
(BET) method. The mercury intrusion/curves of adsorbents 
were measured with a PoreMaster 60 (Quantachrome Ltd., 
USA) porosimeter. The morphology of the adsorbents was 
characterized by field-emission SEM (FE-SEM; Zeiss SUPRA 
35VP-FEG) operating at 5 keV. The crystallinity of materials 
was identified by XRD in a Bruker D8 advanced instrument 
operating with Ni-filtered Cu Ka1 radiation (λ = 0.154059 nm). 
The thermogravimetric measurements (TGA/DTG) were car-
ried out in a TA Instruments Q50 thermogravimetric ana-
lyzer equipped with a quartz reactor, over the temperature 
range 25°C–700°C, under air/argon atmosphere, at a flow rate 
of 40 mL/min and HR of 5°C/min. ATR-FTIR spectra were 
obtained at a spectral resolution of 4 cm–1 and wave numbers 
400–4,000 cm–1 by using a Nicolet 850FT-IR spectrometer. ATR-
FTIR is a non-destructive method, and solid or liquid samples 
can be analyzed without the necessity of any pretreatment. 
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2.4. Equilibrium adsorption experiments 

Aqueous solutions were prepared at various Zn con-
centrations (5, 10, 20, 40, 80, and 100 mg/L) by dissolving 
Zn(NO3)2·4H2O in distilled water. The initial pH of solutions 
was adjusted to acidic conditions (i.e., pH = 3.7) by adding 
H2SO4 solution of concentration 5.0 × 10–5 M. Equilibrium 
sorption experiments were carried out by placing 0.1 g of dry 
adsorbent with 10 mL of Zn solution in tightly sealed glass 
bottles and shaking them on an overhead shaker at a speed 
of 12 rpm, and room temperature for 48 h. After that, liquid 
samples were collected from the bottles, filtered through 
0.45 μm Whatman filters, and the Zn concentration was 
measured by atomic absorption spectroscopy (Perkin Elmer 
Analyst 300). The Zn removal efficiency, RE(%), was defined 
by the following equation:

RE %( ) =
−











×
C C
C

f0

0

100  (2)

where C0 and Cf are the initial (before adsorption) and final 
(after adsorption) Zn2+ concentration in aqueous solution, 
respectively. All equilibrium experiments were carried out 
in duplicate, and the Zn2+ concentration of each sample was 
regarded equal to the mean value of the two measurements. 
Furthermore, the measured concentration of Zn in blank tests 
(without adsorbent) remained identical after 48 h, indicating 
that no metal precipitation took place. 

3. Results and discussion

3.1. N2 adsorption and Hg porosimetry measurements 

The physical properties of raw PI and adsorbents pro-
duced after their treatment with various gases (i.e., N2, CO2, 
air) at three temperatures (i.e., 300°C, 400°C, 500°C) are sum-
marized in Table 1. In general, the adsorbents produced from 
air-heated PI revealed higher surface area compared with 
that of adsorbents produced from N2- and CO2-heated PI at 
400°C. Furthermore, the specific surface area of all adsorbents 
has the tendency to increase with the temperature increasing 
from 300°C to 500°C. This increase becomes more evident in 
the case of air-activated adsorbents (Table 1). The pore diam-
eter distributions of raw and air-treated materials, in the pore 
size range 0.004 μm < D < 10 μm (Fig. 1(b)), were determined 
with differentiation and normalization of the cumulative 
mercury intrusion curves (Fig. 1(a)), measured with the Pore 
Master 60 (Quantachrome Ltd.) over the pressure range 
1–4,000 bar. On the one hand, the pore volume increases pro-
foundly with the treatment temperature increasing (Fig. 1(a), 
Table 2), whereas mainly macropores (>0.05 μm) are gener-
ated (Fig. 1(b)). On the other hand, the mesopores (ranging 
from 0.002 to 0.05 μm) that are evident in PI and PI-AIR-300 
(Fig. 1(a)) disappear in PI-AIR-400 and PI-AIR-500, whereas 
the broad pore diameter distribution of PI becomes narrow 
for PI-AIR 300 and PI-AIR-400 and widens toward a uniform 
one for PI-AIR-500 (Fig. 1(b), Table 2). 

The yield of derived adsorbents decreased with the 
temperature increasing for all gases used (Table 1). For 
temperatures higher than 350°C, the decrease of yield is 

due to condensation of aliphatic compounds, degradation 
of lignocellulose structures, loss of volatiles (CH4, H2, CO), 
and oxidation [25,28]. The yield is not directly related to the 

Table 1
Physical properties of raw pistachio shell (PI) and derived 
adsorbents

Adsorbent Activation gas and 
final temperature

Yield (%) Surface area 
(m2/g)

PI – 100 0.48
PI-N2-300 N2, 300°C 46 0.70
PI-N2-400 N2, 400°C 26 0.77
PI-N2-500 N2, 500°C 22 2.52
PI-CO2-300 CO2, 300°C 45 0.51
PI-CO2-400 CO2, 400°C 28 0.57
PI-CO2-500 CO2, 500°C 24 2.1
PI-AIR-300 Air, 300°C 35 0.99
PI-AIR-400 Air, 400°C 11 4.2
PI-AIR-500 Air, 500°C 0.5 14.5
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Fig. 1. (a) Cumulative pore diameter distributions of adsorbents 
and (b) normalized pore diameter distributions of adsorbents.
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capacity of adsorbents to adsorb heavy metals, but it is an 
important cost factor related to the quantity of material that 
can be utilized per unit mass of treated waste. 

3.2. FTIR analysis of the surface of adsorbents

The FTIR spectra of the raw PI and air-activated adsor-
bents are shown in Fig. 2(a), and the FTIR spectra band 
assignments are presented in Table 3. Some peaks that are 
visible in the FTIR-spectrum of PI disappeared or appeared at 
low intensities in the air-produced adsorbents, indicating the 
removal of some functional groups as the activation tempera-
ture increased. On the other hand, the new peaks appeared 
for PI-AIR-400 and PI-AIR-500 in the region 600–900 cm–1 are 
associated with aromatic and heteroaromatic compounds 
and were confirmed by C–H wagging vibrations. The charac-
teristic band appeared at 875 cm–1 is assigned to the aromatic 
C–H out-of-plane bending vibrations and was much more 
intensive at 500°C than at lower heating temperatures (300°C 
and 400°C). The sharp peak shown at 1,031 cm–1 in PI, which 
shifts to 1,065 cm–1 for all oxidized adsorbents, and the smaller 
peaks at around 1,014 cm–1 in PI-AIR-400 and PI-AIR-500 are 
due to aliphatic ether, alcohol C–O or aromatic stretching, 
O–H deformation vibrations, or β-glycosidic bonds in cel-
lulose and hemicellulose. These functional groups almost 
disappeared at temperatures higher than 300°C indicating 
the decomposition of hemicelluloses and cellulose [25,29] 
in agreement with results from TGA analysis (see discus-
sion in section 3.5). The skeletal C=C vibrations in aromatic 
rings or aromatic C=O ring stretching (likely –COOH), which 
correspond to the bands at around 1,598 and 1,435 cm–1 (in 
PI-AIR-500 shifted to the very intense band at 1,420 cm-1), 
were amplified in the produced adsorbents and are asso-
ciated with higher alkalinity, which is expected to enhance 
Zn removal efficiency. The band at 1,730 cm–1 for PI (shifted 
slightly to 1,711 cm–1 for PI-AIR-300 and PI-AIR-400), which 
is assigned to v(C=O) vibration in carbonyl group or the pres-
ence of carboxylic bonds (Table 3), disappeared for PI-AIR-500 
due to the decomposition of carbonate compounds.

The FTIR spectra of the raw PI and produced adsor-
bents at 400°C under air, N2, or CO2 atmosphere are shown 
in Fig. 2(b). The sharp peak observed at 1,031 cm–1 for PI, 
appeared at very low intensities for PI-AIR-400 and PI-N2-
400 (shifted to 1,065 and 1,080 cm–1, respectively), and disap-
peared for PI-CO2-400. This can be attributed to cellulose and 
hemicellulose decomposition at higher temperatures (see also 
TGA analysis in section 3.5), [25,29]. The band at 1,730 cm–1 
for PI (shifted to 1,711 and 1,696 cm–1 for PI-AIR-400 and 
PI-N2-400/PI-CO2-400, respectively) is assigned to v(C=O) 

vibration in carbonyl group or the presence of carboxylic 
bonds (Table 3). 

3.3. SEM analysis

Representative FE-SEM images of the morphology of the 
(i) raw PI, (ii) air-activated adsorbents over the temperature 
range 300°C–500°C (i.e., PI-AIR-300, PI-AIR-400, PI-AIR-500), 
and (iii) N2- and CO2-activated adsorbents at 400°C (i.e., 
PI-N2-400 and PI-CO2-400) are shown in Fig. 3. The presence 
of macropores becomes more evident as the temperature of 
air-treated adsorbents increases (Fig. 3), in agreement with 
the results of MIP (Fig. 1(a)), due mainly to the release of vol-
atile compounds and carbon burn-off. 

3.4. XRD analysis

More detailed structural information is provided by 
XRD. Diffraction patterns over a wide-angle range for the 
raw PI and adsorbents are shown in Fig. 4. No well-defined 

Table 2 
Properties of the pore structure of air-activated adsorbents

Adsorbent Pore volume, 
Vp (cm3/g)

Mean value of 
PSD, <D> (μm)

Standard 
deviation of 
PSD, σD (μm)

PI 0.0730 0.780 5.57
PI-AIR-300 0.1338 0.424 2.40
PI-AIR-400 0.3315 0.950 2.24
PI-AIR-500 1.5889 0.890 3.77
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at 400°C.
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peaks are evident in the XRD spectra of PI, PI-AIR-300, 
PI-AIR-400, PI-N2-400, and PI-CO2-400, indicating that their 
structure is completely amorphous as it is also expected for 
organic materials. Cellulose, comprising one of the main 
components of the raw PI, was detected in PI, whereas the 
hump in the 2θ range 18°–28° was indicative of the organic 
matter present in PI-AIR-300, PI-AIR-400, PI-N2-400, and 
PI-CO2-400. Thermonatrite, resulting from the evaporation 
of sodium carbonate in atmospheric air, was also detected in 

PI, but was not present in the adsorbents due to the higher 
activation temperature. In the case of PI-AIR-500, many new 
sharp peaks were observed corresponding to calcite and til-
leyite mineral phases, which comprise the residual crystal-
line phase remaining after the treatment of PI in air at 500°C.

3.5. TGA/DTG analysis

The thermal stability of the raw PI was analyzed by TGA/
DTG and is depicted in Fig. 5. The weight of PI was reduced 
by <10% up to 250°C and then was reduced steeply reach-
ing a weight loss ~65% at temperature ~330°C (Fig. 5(a)). 
At higher temperatures, a slower decrease in the weight of 
PI was observed until the material being almost vanished 
(weight loss ~99.5%) at temperature ~480°C (Fig. 5(a)). 

The DTG curve of PI (Fig. 5(b)) revealed three distinct 
peaks at 275°C, 305°C, and 481°C, corresponding to the 
decomposition of hemicellulose, cellulose, and lignin, respec-
tively. Hemicellulose, cellulose (its presence also confirmed 
by XRD analysis), and lignin are the main components of 
PI, decomposing over the temperature ranges 150°C–350°C, 
275°C–350°C, and 300°C–500°C, respectively [25].

3.6. Effect of activation gas on Zn removal efficiency

The removal of Zn2+ from aqueous solutions was tested 
with adsorbents activated under inert (i.e., nitrogen) and oxi-
dizing (i.e., carbon dioxide and air) atmosphere at 400°C with 
HR 5°C/min and HT 60 min. 

The adsorption capacity of the raw PI as compared with the 
corresponding one of adsorbents activated at 400°C is shown 
in Fig. 6. For an initial Zn2+ concentration equal to 100 mg/L 
and acidic conditions (i.e., pH = 3.7), the Zn2+ removal effi-
ciency was 22%, 21%, 18%, and 50% for PI, PI-N2-400, PI-CO2-
400, and PI-AIR-400, respectively. Evidently, the Zn adsorption 
capacity of N2- and CO2-activated PI at 400°C did not change 
respectably (Fig. 6). This is consistent with the SEM images 
(Fig. 3) and BET data (Table 1) where no significant changes 

Table 3 
FTIR band assignments

Band number, cm–1 Assignment

1,730, 1,711, 1,696 C=O stretching in carbonyl groups or 
presence of carboxylic bonds [25,30]

1,647, 1,598, 1,591 C=C stretching in aromatic rings or 
aromatic C=O ring stretching [31]

1,560–1,330 Aromatic C=O stretching [30]
1,435, 1,420 C=C stretching in aromatic rings [30]
1,370, 1,326 C–O stretching in carboxylate groups 

(alkanes and alkyl groups) [32]
1,300–900 v(C–O) vibrations in alcohols, phenols, 

or ether or ester groups [30]
1,237 C=C stretching [33]
1,080, 1,065, 1,031, 
1,014

C–O stretching vibrations in alcohols, 
aliphatic ether, O–H deformation 
vibrations, β-glycosidic bond in 
cellulose, and hemicellulose [25,29]

900–600 C–H wagging vibrations [34]
897, 875 C–H out-of-plane bendings in benzene 

derivatives [32]

Fig. 3. Representative FE-SEM images of raw PI and produced 
adsorbents.
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were observed in either the pore structure or the specific sur-
face area, when the raw material was activated under N2 and 

CO2 at 400°C. In addition, no functional groups favoring the 
Zn adsorption were detected in FTIR spectra (Fig. 2(b)).

On the other hand, the Zn removal efficiency increased 
from 22% to 50% for air-activated PI at 400°C. This is consis-
tent with the higher specific surface area (Table 1) and pore 
volume (Table 2) of PI-AIR-400, compared with the corre-
sponding properties of PI. Furthermore, it seems that the Zn 
removal efficiency is favored by the higher alkalinity caused 
by the presence of aromatic/heteroaromatic groups on the 
surface of PI-AIR-400 (Fig. 2) triggering the Zn sorption on 
the pore surface, and reflected in the higher final pH value 
of the aqueous solution, measured at the end of adsorption 
(Table 4). 

3.7. Effect of activation temperature on Zn removal efficiency

The effect of activation temperature on the Zn adsorp-
tion capacity of the air-activated adsorbents is shown in 
Fig. 7(a). The Zn removal efficiency increased with the 
increasing activation temperature. In particular, the Zn 
removal efficiency increased from 22% (PI) to 36%, 50%, 
and 98% at 300°C, 400°C, and 500°C, respectively. This is in 
agreement with the corresponding increase of the surface 
area (Table 1) and pore volume (Table 2). In addition, the 
aromatic/heteroaromatic compounds, detected at wave num-
bers <900 cm–1 (PI-AIR-400, PI-AIR-500), and the oxygen-rich 
functional groups (e.g., –COOH, –C=O), detected at wave 
number ~1,400 cm–1 (PI-AIR-500; Fig. 2(a)), favor the higher 
surface alkalinity associated with enhanced Zn sorption 
capacity of adsorbents.

It is worth mentioning that the removal efficiency of 
the N2- and CO2-activated adsorbents was independent of the 
activation temperature (ranging from 300°C to 500°C). The 
Zn removal efficiency of PI-N2-300, PI-N2-400, and PI-N2-500 
varied in the range 19%–21%, whereas the corresponding 
one of PI-CO2-300, PI-CO2-400, and PI-CO2-500 varied in the 
range 17%–18% (Figs. 7(b) and (c)). Therefore, regarding the 
high Zn concentration (~100 mg/L) solutions, the Zn removal 
efficiency of N2- and CO2-activated adsorbents was compara-
ble with that of raw material (PI). This is consistent with (i) 
the negligible increase of the specific surface area of N2- and 
CO2-activated adsorbents compared with that of PI (Table 1) 
over the temperature range 300°C–500°C and (ii) the FTIR 
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Fig. 5. Temperature programmed gravimetric analysis of raw PI: 
(a) Thermogravimetric curve of weight loss as a function of tem-
perature and (b) DTG curve of weight loss rate as a function of 
temperature.
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Fig. 6. Zn removal efficiency of raw PI and adsorbents activated 
at 400°C (heating rate = 5°C/min, holding time = 60 min).

Table 4 
pH of the aqueous solution before and after the adsorption 
process (Zn initial concentration: 100 mg/L)

Adsorbent pH initial pH final Zn removal efficiency (%)

PI 3.7 4.4 22
PI-N2-300 3.7 4.2 19
PI-N2-400 3.7 4.3 21
PI-N2-500 3.7 4.2 19
PI-CO2-300 3.7 4.2 17
PI-CO2-400 3.7 4.2 18
PI-CO2-500 3.7 4.2 17
PI-AIR-300 3.7 4.5 36
PI-AIR-400 3.7 4.8 50
PI-AIR-500 3.7 5.5 98
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spectra, where no functional groups favoring the Zn adsorp-
tion were formed up to 400°C, under N2 or CO2 atmospheres 
(Fig. 2(b)).

3.8. Effect of holding time and heating rate on Zn removal 
efficiency

PI were activated at 300°C and 400°C under air 
atmosphere for two HRs (5°C/min and 10°C/min) and two 
HTs (30 and 60 min) to examine potential effects of heating 
parameters on the Zn removal efficiency.

The Zn removal efficiency increased with the HT increas-
ing for air-activated adsorbents at 300°C and 400°C (Fig. 8(a)), 
but no sensible change was observed with respect to the HR 
(Fig. 8(b)). 

3.9. Zn sorption isotherms

Due to the very low yield (~0.5%) of the most efficient 
adsorbent (i.e., PI-AIR-500) that minimizes its practical use, 
no additional studies were done for PI-AIR-500, and all subse-
quent tests were limited on the next most efficient adsorbent: 
PI-AIR-400. The sorption isotherms of Zn on the raw PI and 
PI-AIR-400 (HR = 5°C/min, HT = 60 min) are shown in Fig. 9. 
The removal efficiency of both adsorbents increased with 
the decreasing initial metal concentration, with the adsorp-
tion capacity of the air-activated adsorbent (i.e., PI-AIR-400) 
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Fig. 7. Zn removal efficiency of: (a) raw PI and air-activated 
adsorbents; (b) raw PI and N2-activated adsorbents; and (c) raw 
PI and CO2-activated adsorbents (heating rate = 5°C/min, holding 
time = 60 min).
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being always higher than that of PI. The Zn removal effi-
ciency of PI-AIR-400 was respectable (>85%) even over high 
initial Zn concentrations (i.e., 80 mg/L) compared with that of 
PI (~33%). At the lowest initial Zn concentration (i.e., 5 mg/L), 
the Zn removal efficiency of PI and PI-AIR-400 was 76% and 
96%, respectively. It is worth mentioning that for initial Zn 
concentrations in the range 5–20 mg/L, the PI-AIR-400 was 
able to remove more than 93% of the initial Zn from aqueous 
solutions (Fig. 9).

The sorption isotherms of Zn for the PI and PI-AIR-400 
were fitted with Langmuir and Freundlich models. The 
Langmuir model assumes that the adsorbent surface is 
homogeneous, the species sorption on its surface is mono-
layer, no interaction between adsorbed molecules occurs, 
and it is described by the following equation [35,36]: 

q
QbC
bCe
e

e

=
+1

 (3)

where qe (mg/g) is the amount of metal adsorbed per unit 
mass of adsorbent; Ce (mg/L) is the equilibrium concentration 
of metal ion in solution; Q (mg/g) is the maximum adsorp-
tion capacity of the adsorbent; and b (L/mg) is the Langmuir 
adsorption constant related to binding energies. In the case 
of Zn adsorption onto both PI and PI-AIR-400, the fitting 
of the experimental data with this model was satisfactory 
(Fig. 10(a), Table 5). Moreover, the monolayer adsorption 
capacity of Zn, as quantified by the parameter Q, was found 
equal to 2.564 and 5.236 mg/g for PI and PI-AIR-400, respec-
tively (Table 5), revealing the higher monolayer adsorption 
capacity of PI-AIR-400.

On the other hand, the Freundlich model describes the 
heterogeneous multi-layer species sorption upon adsorbent 
[36,37]; it is decomposed into a number of Langmuir compo-
nent isotherms; and it is described by the relation:

q KCe e
n=

1
 (4)

where K ((mg/g)(L/mg)1/n) is a constant related to the max-
imum adsorption capacity of the adsorbent, and 1/n is a 
constant related to the strength of adsorption. Based on 
1/n Freundlich exponent (Table 5), the adsorption of Zn 
on PI and PI-AIR-400 is regarded as a favorable process 
(1/n < 1), indicating that the adsorption bond is strong. In the 
case of air-activated adsorbents at 400°C (PI-AIR-400), the 
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Table 5 
Estimated parameter values and correlation coefficients of 
Langmuir and Freundlich sorption models for the raw PI and 
air-activated adsorbent at 400°C (PI-AIR-400)

Model Langmuir model Freundlich model
Linearized 
equation

C
q Qb

C
Q

e

e

e= +
1 log logq K

n
Ce e= +log 1

Adsorbent Q b R2 K 1/n R2

PI 2.564 0.124 0.964 0.412 0.435 0.940
PI-AIR-400 5.236 0.692 0.986 1.355 0.466 0.848
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Freundlich model fits also satisfactorily to the experimental 
data (Fig. 10(b), Table 5).

3.10. Correlation of adsorbent properties with sorption 
mechanisms

Physical or surface sorption describes the removal of 
heavy metals by diffusional movement of metal ions into 
sorbent pores without formation of chemical bonds. The 
high surface areas and pore volumes of adsorbents favor the 
diffusive surface adsorption process [38]. The pore volume 
(Table 2) and specific surface area (Table 1) increase sensibly 
for PI-AIR-400 and PI-AIR-500 and may explain the higher 
Zn removal efficiency through physical sorption. 

The abundance of oxygen containing groups (C=O, C–O, 
OH) in air-activated adsorbents (Fig. 2, Table 3) may provide 
negatively charged surface sites (COO– and OH–) that favor 
the electrostatic attraction of Zn2+ [39].

Metals and rare earth elements with intermediate 
ionization potentials between 2.5 and 9.5 (e.g., Cu, Zn, Ni, 
Pb) are more likely to precipitate on adsorbent surfaces than 
other elements. Normally, under acidic conditions (pH < 5), 
no Zn precipitation on adsorbent surface is expected to occur 
[39]. However, except of the higher alkalinity, precipitation 
of heavy metals may arise from the reaction of metallic ions 
with several mineral phases entrained in biomass. LCAs 
produced at high temperatures have high mineral mat-
ter content with significant levels of Ca, Mg, Fe, Cu, and Si 
elements. These mineral phases may include quartz (SiO2), 
amorphous silica, calcite (CaCO3), hydroxyapatite, and cal-
cium anhydrite (CaSO4), either in free form or intercalated 
within the carbon matrix of the LCA [38]. The less soluble 
forms of these mineral phases are generated at higher tem-
peratures (350°C–600°C), and are more likely to be slowly 
released during sorption reactions with heavy metals to 
form precipitates on LCA surface [38]. Therefore, the high Zn 
removal efficiency observed for PI-AIR-500 (Fig. 7(a)) might 
be attributed not only to higher specific surface area and pore 
volume but also to Zn precipitation on the pore surface stim-
ulated by the high percentage of calcite (Fig. 4).

Complexation (outer and inner sphere) involves the 
formation of multi-atom structures (i.e., complexes) with 
specific metal–ligand interactions. In particular, oxygen 
functional groups (carboxyl, phenolic, and lactonic) in adsor-
bents produced in relatively low temperatures have been 
demonstrated to effectively bind with heavy metals [40]. 
Hence, the oxygen-rich functional groups (e.g., –COOH, 
–C=O), detected for PI-AIR-400 and PI-AIR-500 (Fig. 2, 
Table 3), may favor the increase of Zn sorption through 
complexation.

4. Conclusions

PI were used for the preparation of various types of 
adsorbents with thermal treatment over the temperature 
range 300°C–500°C, under inert (N2) and oxidizing (air 
or CO2) atmosphere. The adsorbents were evaluated with 
respect to their capacity to remove Zn dissolved in acidic 
aqueous solutions (pH < 4), where the sorption capacity of 
the raw material is very low. The most important conclusions 
are outlined below:

• SEM analysis revealed that no respectable changes on 
the pore structure took place when the raw material 
was activated under N2 and CO2 at 400°C. In contrast, in 
air-activated adsorbents, Hg porosimetry and SEM anal-
ysis measurements revealed that mainly macropores are 
generated and the pore volume increases sharply with 
the treatment temperature (300°C–500°C).

• The BET surface area increased weakly or strongly 
with the temperature for the N2- and CO2-activated or 
air-activated carbon materials, respectively. 

• In the air-activated adsorbents at the highest tempera-
tures of 400°C and 500°C, ATR-FTIR spectroscopy 
revealed the presence of aromatic/heteroaromatic com-
pounds and oxygen functional groups such as aromatic 
C=O ring stretching (likely –COOH), both associated 
with higher alkalinity.

• The XRD patterns showed an amorphous structure of 
raw material and all activated adsorbents up to 400°C. 
However, a crystalline phase of calcite was identified for 
the air-produced adsorbent at 500°C. 

• A comparative analysis of the Zn sorption capacity of 
adsorbents revealed that the air-activated adsorbents 
prepared in the temperature range 400°C–500°C were the 
most efficient ones. The sorption capacity of N2- and CO2-
activated adsorbents was comparable with that of raw 
material.

• The Zn sorption capacity of air-activated adsorbents was 
affected positively by the activation temperature and HT 
and weakly by the HR.

• 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 pres-
ence of mineral phases triggering the precipitation; and 
(iii) the presence of oxygen-rich functional groups associ-
ated with complexation and/or electrostatic attraction. 

• The Zn sorption onto pistachio raw shells and air-activated 
adsorbents was fitted satisfactorily with Langmuir and 
Freundlich isotherms.

• The optimal conditions for the preparation of efficient 
LCA were the following: heating of PI in air at 400°C with 
a rate of 5°C/min and HT 60 min. 

The cost of Zn removal from aqueous solutions, even 
under adverse acidic conditions (pH < 4), is expected to be 
low, given that the pistachio-produced LCA are activated in 
air with heating at a relatively low temperature (e.g., 400°C). 
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