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Abstract: The release of potentially toxic elements into the environment, and their effects on aquatic
ecosystems still present a real threat. To avoid such contamination, the use of biological sorbents
as an alternative to conventional and expensive water remediation techniques has been proposed.
The present study evaluated the potential of 0.5 g L−1 of peanut, hazelnut, pistachio, walnut, and
almond shells to remove the requisite concentrations of cadmium (Cd), lead (Pb), and mercury
(Hg) from contaminated water. Hazelnut shells were identified as the sorbent with the highest
potential and were evaluated in mono- and multi-contaminated mineral water. The influence of
sorbent-intrinsic and solution-intrinsic characteristics were assessed. Differences among sorbents
were attributed to varying percentages of their main components: cellulose, hemicellulose, and lignin.
Matrix complexity increase caused a decrease in Cd removal, presumably due to the diminution in
electrostatic interaction, and complexation with anions such as Cl−. When simultaneously present in
the solution, contaminants competed, with Pb showing higher affinity to the sorbent than Hg. High
efficiencies (>90%) obtained for hazelnut shells for all elements in ultrapure water and for Pb and
Hg in mineral water) reveals the high potential of this low-cost and abundant waste for use in the
remediation of contaminated waters (circular economy).

Keywords: water remediation; food wastes; nutshells; heavy metals; contamination

1. Introduction

Despite extensive efforts to reduce contamination of the environment, potentially toxic
elements (PTEs) such as metals and metalloids are still present in several technological
processes, which can lead to the presence of such contaminants in industrial wastes, often
released into rivers or into the ocean [1,2]. Untreated, or ineffectively treated wastes from
industrial units represent a risk to aquatic systems [3–5] since PTEs are persistent, they can
be bioaccumulated in organisms, biomagnified along the food chain, and eventually reach
humans, posing multiple risks to health [6–8]. The United States Environmental Protection
Agency (EPA) and the World Health Organization (WHO) have set a maximum limit for all
PTE concentrations in various systems [9], which have been translated into legal regulations
by countries, like Portugal [10,11]. Furthermore, the Agency for Toxic Substances and
Disease Registry (ATSDR) periodically publishes a list of priority hazardous substances
that consider the reactivity and toxicity of the element, the amount in the environment, the
form of contamination, and the potential human exposure [12]. In this list, arsenic (As),
lead (Pb), mercury (Hg), and cadmium (Cd) are included, occupying the foremost positions
of the most hazardous substances, which need to be reduced and/or eliminated from the
environment.
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The attribution of a priority status to mercury, cadmium, and lead (commonly known
as the toxic-trio) has promoted the study and development of various novel techniques for
their removal from contaminated water, as alternative to classical treatments of coagulation
and flocculation, ionic exchange, chemical precipitation, and membrane filtration. Classical
treatments have important disadvantages that it is imperative to overcome, namely high op-
erational costs, incomplete removal accompanied by reduced selectivity, and the generation
of toxic byproducts such as muds with high concentrations of PTEs [5,13]. In recent decades,
the application of biotechnology in reducing the impacts of contamination by PTEs has
been gradually becoming an alternative method to conventional treatments [14,15]. One of
the developing methods that has attracted attention is biosorption, which is based on the
binding of PTEs to various biological materials [16,17]. PTE ions bind to biomass by a com-
plex process comprising various mechanisms. Examples are surface and pore adsorption,
ion exchange, microprecipitation, chemisorption (including complexation and chelation),
physisorption and entrapment in capillaries and spaces of the polysaccharide network,
due to concentration, causing diffusion through the cell wall and membrane [6,13,16,18,19].
These mechanisms differ according to the substance to be sorbed, the nature of the biomass,
and its processing [20,21]. An example of an effective sorbent is activated carbon, with a
porous structure and high surface area. However, due to its high cost and inability to be
regenerated, other sorbents have been explored [22].

In the wide range of biomass used as a biosorbent [23], agricultural residues resulting
from the processing or consumption of fruits or vegetables constitute a promising alterna-
tive [24,25]. The use of these porous structure materials reflects the paradigm of treating
waste with waste [22,26]. Among biosorbents, nutshells have several advantages over
other fruit barks and peels, since they are not perishable, have a high content of polysac-
charides, great porosity, and no commercial value [2]. Besides that, nutshells are widely
available. In the last ten years, the production of nuts has grown at an increasing pace,
following the trend of their consumption associated with health benefits [27], reaching
about 4.6 million metric tons in season 2019/2020 [27]. Almond and walnut are the most
produced, corresponding to more than half of world total share, followed by cashews (17%),
pistachios (14%) and hazelnuts (12%) [27]. During nut processing, a considerable amount
of by-products are generated, where the shells represent the largest slice (67% of the total
weight of the nuts) [28]. These characteristics have sparked an interest in using nutshells as
an efficient, cost-effective sorbent for the removal of metals from contaminated waters.

The present study aims to expand the knowledge on the use of nutshells as efficient
biosorbents for the remediation of cadmium, lead, and mercury from contaminated waters.
Although previous studies such as [2,16,29–32] have already used nutshells to remove Cd
and Pb from contaminated waters, the tested concentrations were unrealistically high based
on the limits imposed by legislation, and concentrations found in the environment, which
prevents a correct assessment of the viability of the biosorbent in a practical application [33].
Furthermore, the efficiency of nutshells to remove Hg from contaminated waters remains
unstudied. As most studies also assess sorption efficiency solely in a distilled water matrix,
the sorption behavior in a single- and multi-contaminated mineral water was also evaluated
in the present study. The influence of a simple biosorbent pre-treatment (washing with
100 ◦C water) on the sorption efficiency was also addressed.

2. Materials and Methods
2.1. Reagents

All reagents were of pro-analytical quality obtained directly from suppliers, without
any further modification. Standard stock solutions of the metals were purchased from
Merck, namely nitrates of mercury (1001 ± 2 mg L−1), cadmium (1000 ± 2 mg L−1), and
lead (1000 ± 2 mg L−1). Working solutions were obtained by diluting the corresponding
stock solution. All the material used in the experiments was previously subjected to
washing in Derquim 5%, rinsing in Milli-Q water (18 MΩ cm−1), soaking in HNO3 (25%
v/v) for at least 24 h and subsequently rinsing with Milli-Q water. The glass vessels used
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in the experiments to store the water samples were additionally soaked in concentrated
HNO3 (65% v/v) for at least 24 h before reuse.

2.2. Biosorbents Preparation

Almond, hazelnut, peanut, pistachio, and walnut shells used in the experiments
were mechanically ground and sieved to obtain particles with sizes between 1 and 2 mm
(Figure 1). Then, part of the material was washed abundantly with tap water at room
temperature (22 ◦C), and another portion was washed with water at a temperature of 100 ◦C.
These two washing procedures were considered as different biosorbent pre-treatments.
After washing, materials were dried in a muffle at 35 ◦C for 48 h.
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Figure 1. Sieved fraction (between 1 and 2 mm) of biosorbents (left to right: hazelnut, pistachio, walnut).

To better assess variations within elements and biosorbents, differences (∆) between
the Ct/C0 ratios obtained for the biosorbents washed at 100 ◦C (R100) and 22 ◦C (R22) were
calculated by the expression:

∆ = R100 − R22 (1)

2.3. Nutshell Characterization by Fourier-Transform Infrared Spectroscopy

To identify the major functional groups responsible for the main sorption mechanisms,
Fourier Transform Infrared Spectroscopy was performed on nutshells (previously washed
at 100 ◦C), before and after being exposed to mono-element solutions containing 2 µmol L−1

of Cd, Pb, and Hg. Spectra were obtained on a Perkin Elmer Spectrum BX spectrometer
coupled with a horizontal attenuated total reflectance cell (ATR). Readings were performed
using 256 scans with a resolution of 4 cm−1 and spectra were represented as transmittance
from 4000 to 600 cm−1.

2.4. Design of the Sorption Experiments

Biosorption experiments were performed in Schott Duran® flasks of 1 L (reaction
vessels), under magnetic stirring (450 rpm), at pH 6.5–7.0 (adjusted using a solution of
NaOH 0.01 M), at room temperature (22 ◦C) for a maximum of 48 h. Equal amounts of each
biosorbent (0.5 g) were added to individual spiked solutions of ultrapure water and mineral
water. Cadmium (Cd), lead (Pb), and mercury (Hg) were chosen due to their potential
toxicity (they are known as the toxic-trio [34,35]) and hence the need to be removed from
waste water to protect the aquatic systems.

The efficiency of all biosorbents was tested in ultrapure water, where two spiked
conditions were tested: (1) maximum concentrations allowed in wastewater discharges in
Portugal (Decree-law 236/98 [10]), meaning mono-elemental spiked solution of 200 µg L−1
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of Cd, 1000 µg L−1 of Pb, and 50 µg L−1 of Hg; (2) equal molar concentrations (2 µmol L−1)
of Cd, Pb, and Hg corresponding to 225, 415, 400 µg L−1, respectively.

Under realistic wastewater conditions, other ions will be present along with Cd, Pb,
and Hg (increased matrix complexity). These ions can influence the efficiency of the
biosorbents by competing for the available sorption sites, which cannot be verified in
ultrapure water. To assess the viability of the sorption process in more complex matrixes,
experiments using natural mineral water spiked with Cd, Pb, and Hg were conducted for
the most efficient biosorbent (hazelnut shells washed at 100 ◦C). Equimolar concentrations
of 2 µmol L−1 of each element in mono and multi-contaminated systems were addressed
(Table 1).

Table 1. Experimental conditions of the conducted biosorption assays.

Hazelnut Almond Peanut Pistachio Walnut

Ultrapure
water

Mono-element x x x x x
Equimolar

Mono-element x x x x x
Discharge

Mineral
water

Mono-element x
Equimolar

Mono-element x
Discharge

Controls, i.e., spiked solutions in absence of biosorbent were always run in parallel
with the experiments with nutshells to evaluate possible loss of the studied elements in
solution, due to independent factors, such as precipitation, adsorption to vessels walls, or
volatilization [34]. Spiked solutions were left to pre-equilibrate for 12 h before the addition
of biosorbents. Aliquots of 5 mL were collected at the following times: 0 (immediately
before the addition of the biosorbents), 15 min, 30 min, 1, 3, 6, 9, 24, 48 h. After sampling,
25 µL of HNO3 (65% v/v) were added to obtain a pH < 2. Acidified samples were stored at
4 ◦C until the analysis.

2.5. Quantification of Cadmium, Lead, and Mercury in Solution

Cadmium and lead in solutions were quantified by inductively coupled plasma emis-
sion spectrometry (ICP-OES) on a Jobin Yvon Activa M. Calibration curves were obtained
from 9 standards (0.1–100 µg L−1) prepared by diluting certified standard solutions of
Cd(NO3)2 and Pb(NO3)2 in a solution of nitric acid (2% v/v). Calibration curves with
correlation coefficients superior to 0.999 were considered, and standard coefficients of
variation were always below 10%. Limits of quantification were 4 and 20 µg L−1 for Cd
and Pb, respectively. Differences among replicates were below 10%. Cd and Pb in spiked
water samples were measured directly or after dilution with HNO3 2% [36].

The amount of mercury in solution was quantified by cold vapor atomic fluorescence
spectroscopy (CV-AFS), on a PSA 10.025 Millennium Merlin Hg analyzer and using SnCl2
(2% m/v in HCl 10% v/v) as reducing agent. Calibration curves used five standard
solutions of concentrations between 0.0 and 0.5 µg L−1. Standard solutions were prepared
by diluting the stock solution of Hg 1000 mg L−1 in nitric acid (2% v/v). The limit of
quantification was 0.1 µg L−1. Hg in spiked water samples was measured directly or after
dilution with HNO3 2% [34].

The quantity of Cd, Pb and Hg sorbed per unit of mass on the tested biosorbents (q,
µg g−1) was estimated by the expression:

q = (C0 − Ct) V/M, (2)
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where C0 is the element concentration (µg L−1) at the initial time, Ct is the element concen-
tration (µg L−1) in equilibrium, V is the volume of the solution (L), and M (g) is the mass
of biosorbents.

2.6. Kinetic Modelling Applied to the Results

Two kinetics models, in their non-linear forms, pseudo-first order (PFO) model (3) and
pseudo-second order (PSO) model (4) were adjusted to the experimental data obtained from
the assays conducted with hazelnut shells. Both models have been widely applied in metal
sorption studies using biological sorbents [34,37]. The PFO model is commonly associated
with physisorption processes, while the PSO model suggests sorption of a chemical nature.
To allow comparison among conditions, only the assays with element concentration of
2 µmol L−1 were analyzed.

qt = qe

(
1 − e−k1t

)
(3)

qt =
q2

ek2t
1 + qek2t

(4)

where qe is the concentration of element on the sorbent at equilibrium (µg g−1), k1 (h−1) is
the rate constant of pseudo-first order model, and k2 (g µg−1 h−1) is the rate constant of the
pseudo-second order model. Detailed information of calculations can be found in [34,38].

3. Results

To minimize possible differences occurring among the spiked solutions at time zero,
the concentration of each element in solution at time t (Ct) was divided by the measured
initial value (C0). Normalized concentrations in the present study correspond hence to the
ratio Ct/C0. Along the 48 h of contact, the concentrations of the controls varied less than
5%. The same variation was found among replicates.

3.1. Best Nutshells to Remove Cd, Pb, and Hg from Spiked Ultrapure Water

Figure 2 shows the variation with time of the normalized concentrations (Ct/C0) of
Cd, Pb, and Hg in individual experiments with almonds, hazelnut, peanut, pistachio, and
walnut shells pre-washed at 100 ◦C. Ultrapure water mono-element spiked with 50 µg L−1

of Hg, 200 µg L−1 of Cd and 1000 µg L−1 of Pb (maximum element concentrations for
effluent discharges allowed in Portugal), as well as 2 µmol of Hg, Cd, and Pb (corresponding
to 400, 225, 415 µg L−1, respectively) was used to assess the best biosorbents. All the
biosorbents showed a fast removal of the elements in the first hours of contact, and after
9 h of exposure, approximately 70–75% of Cd, Pb, and Hg in the ultrapure water were
removed. The decrease was slower between 24 and 48 h of contact. Experiments with
almond and walnut shells showed approximately the same decline of Cd, Pb, and Hg
normalized concentrations with time, which points to the similar removal rate of these
elements by the two biosorbents. Peanuts, pistachio, and hazelnut removed less Hg than
Cd or Pb.

Considering the removal rate at the beginning (up to 9 h), and the residual concen-
tration in solution (Ct/C0 at 48 h) it can be said that, overall, hazelnut was the fastest and
most efficient among the tested biosorbents—Figure 2. After 9 h, hazelnut shells removed
approximately 90% of Cd and Pb, and 75% of Hg, regardless of the initial concentration.

Table 2 gives the values of q for Cd, Pb, and Hg calculated for each biosorbent under
the experimental conditions of V = 1 L and M = 0.5 g.
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Figure 2. Normalized concentration (Ct/C0) of cadmium (Cd), lead (Pb), and mercury (Hg) in ultrapure water spiked
with initial concentrations of (1) 2 µmol L−1 and (2) 200 µg L−1 of Cd, 1000 µg L−1 of Pb, and 50 µg L−1 of Hg. Standard
deviation bars (always ≤5%) were omitted for clarity.

Table 2. Quantity of cadmium (Cd), lead (Pb), and mercury (Hg) sorbed per unit of mass onto the biosorbents surface (q, µg
g−1) and respective percentage of removal (%) relative to the initial concentration.

Cd Pb Hg

2 µmol L−1

200 µg L−1
2 µmol L−1

1000 µg L−1
2 µmol L−1

50 µg L−1
(225 µg L−1) (415 µg L−1) (400 µg L−1)

Hazelnut
q (µg g−1) 425 324 714 1725 680 63

Removal (%) 98 97 97 97 90 78

Almond
q (µg g−1) 327 354 679 1570 607 67

Removal (%) 81 87 89 79 79 68

Peanut
q (µg g−1) 433 386 729 1414 506 89

Removal (%) 97 94 92 81 65 88

Pistachio
q (µg g−1) 389 331 669 1450 633 62

Removal (%) 88 94 91 96 77 72

Walnut
q (µg g−1) 378 373 480 1706 609 71

Removal (%) 93 89 72 86 77 74

All biosorbents showed the ability to retain high quantities of Cd (q between 327 and
433 µg g−1), Pb (q between 1450 and 1725 µg g−1) and Hg (q between 506 and 680 µg g−1),
mirroring the high initial concentration of 225, 1000, and 400 µg L−1 of each respective
element in the experiment. Lower initial concentration was reflected in lower values of q.
Removal percentages of Cd and Pb surpassed 80% for all biosorbents (except walnut for
Pb). Hg removal efficiencies were generally lower, between 80% and 60% (except hazelnut,
90%). After 48 h of exposure to the spiking solutions, hazelnut showed the overall highest
removal of Cd (98%) and Pb (97%), as well as for the highest concentration of Hg (90%).
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3.2. Effect of Solution Chemistry on Removal of Cd, Hg, and Pb by Hazelnuts

Due to the high sorption performance of hazelnut, this biosorbent was selected for
assays with real mineral water, spiked with mono- or multi-elements (mixture of Cd, Hg,
and Pb). The use of mineral water resulted from the need to understand the sorption
process on more complex matrixes than “ideal” ultrapure water, to assess the viability of
the proposed technology under realistic conditions. Figure 3A shows the variation with
time of Ct/C0 in mono-element spiked solutions of 2 µmol L−1 of Cd, Pb, and Hg. Results
displayed (including control) correspond to the mean and standard deviation obtained
from two replicates. Equal molar concentrations allow a comprehensive comparison of the
sorption of Cd, Pb, and Hg by hazelnut shells.
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Figure 3. Normalized concentration (Ct/C0) of cadmium (Cd), lead (Pb) and mercury (Hg) in mineral water spiked with 2
µmol L−1 of each element: (A) mono-element solution; (B) multi-element solution.

After 48 h of contact, hazelnut removed 92% of Pb, 90% of Hg, and 73% of Cd. The
percentages in mineral waters were in general lower than in ultrapure water. In mineral
water solution containing simultaneously 2 µmol L−1 of Cd, Pb, and Hg (Figure 3B),
removal after the 48 h reached 90% of Pb, 76% of Hg, and 65% of Cd, which are comparable
to the ones observed in mono-spiked waters.

Mathematical modelling of the results obtained for hazelnut shells was performed.
The goodness of the fits (evaluated by the coefficients of determination, R2) and calculated
values of qe are presented in Table 3.

Table 3. Correlation coefficients (R2) and value of q at equilibrium (qe) retrieved from the pseudo-first (PFO) and pseudo-
second (PSO) order kinetic models for each of the experiments with hazelnut shells and cadmium (Cd), lead (Pb) and
mercury (Hg).

PFO PSO

R2 k1 qe (µg g−1) R2 k2 qe (µg g−1)

Cd
Ultrapure 0.990 0.423 408 0.977 1.29 × 10−3 449
Mineral 0.992 0.144 297 0.999 4.60 × 10−4 349

Mineral Mix 0.986 0.115 265 0.997 3.82 × 10−4 319

Pb
Ultrapure 0.985 0.269 693 0.987 4.89 × 10−4 767
Mineral 0.995 0.150 703 0.992 2.01 × 10−4 826

Mineral Mix 0.998 0.135 670 0.996 1.84 × 10−4 795

Hg
Ultrapure 0.986 0.265 656 0.987 4.86 × 10−4 731
Mineral 0.993 0.161 529 0.996 3.00 × 10−4 615

Mineral Mix 0.996 0.170 571 0.993 3.08 × 10−4 656

The two models showed good coefficients of determination for most conditions (above
0.990), although worse adjustments were obtained for experiments conducted in ultrapure
water. Thus, the modelling of sorption was not impaired by an increase in matrix com-
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plexity or by competition among Cd, Pb, and Hg. Higher values of qe were predicted by
the PSO model. Although further studies are necessary to document the type of biosorp-
tion, the presented results are indicative in that both physisorption and chemisorption
mechanisms may occur simultaneously [39].

3.3. Effect of Washing Procedure

Decreasing ratios Ct/C0 along the experiments indicate adsorption onto the biosor-
bents. However, decreases differed with the temperature of the pre-treatment. Values of ∆
(difference between normalized concentration with 100 ◦C and 22 ◦C) obtained for each
element and biosorbent at t = 48 h are presented in Table 4. Differences below 10% were
considered not relevant (n.r.).

Table 4. Differences (∆) in removal efficiency based on pre-treatment (100 ◦C and 22 ◦C) for the
different elements (cadmium (Cd), lead (Pb) and mercury (Hg) and biosorbents (Hazelnut, Al-
mond, Peanut, Pistachio and Walnut), for the two contamination scenarios studied (Equimolar and
Discharge).

Hazelnut Almond Peanut Pistachio Walnut

Equimolar

Cd n.r. n.r. n.r. n.r. n.r.

Pb 0.10 n.r. n.r. n.r. 0.11

Hg 0.16 0.19 0.16 n.r. 0.24

Discharge

Cd n.r. n.r. n.r. n.r. n.r.

Pb 0.13 n.r. n.r. n.r. 0.22

Hg 0.21 n.r. 0.23 n.r. n.r.

Overall, small differences in removal performances were verified between nutshell
pre-treatments. However, positive values of ∆ in some conditions reveal a tendency for
higher removal by nutshells washed at 100 ◦C. Hazelnut and walnut shells revealed higher
Pb and Hg removal performance when washed at 100 ◦C, while almond and peanut shells
displayed higher removals only for Hg. Pistachio shells did not display improved or
impaired removal between pre-treatments.

Differences in the equimolar concentration suggest that rising temperature increased
the sorption sites availability for Hg on the biosorbents (except for pistachio shells). No
relevant differences were found in any biosorbents in Cd removal.

3.4. Major Functional Groups in Nutshells before and after Exposure to Cd, Pb, and Hg

FTIR spectroscopy was used to identify the main functional groups present on the five
biosorbents’ surfaces (Figure 4). All biosorbents showed common peaks associated with
the main components present in most nutshells: cellulose, hemicellulose, and lignin.

The long band between 3000 and 3500 cm−1 corresponds to O–H stretching present
in lignin, cellulose, and hemicellulose. The bands between 1025 and 1035 cm−1 and at
around 1370 are associated with C–O stretching vibration of alcohols, carboxylic acids, and
esters and C–H bending of alkenes, respectively, typically found in cellulose and hemicel-
lulose [26,40,41]. Stretching vibrations of C=O bonds present in lignin and hemicellulose
can be seen in the peaks at around 1735 cm−1 [41]. Characteristic peaks of lignin structure
can be seen at 1605 cm−1, which corresponds to C=C aromatic groups [40]. All biosorbents
also showed a peak near 1735 cm−1, which could be attributed to vibrations in acetyl
or ester groups present in hemicellulose [26]. Additionally, all biosorbents (apart from
walnut shells), verified an increase in sharpness of the peaks near 2916 and 2849 cm−1 after
exposure, which can be attributed to CH and CH2 stretching of methyl and methylene
groups [29].

Overall, all biosorbents revealed similar spectra, which qualitatively reflect their
similar composition in terms of the main functional groups present. After exposure,
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changes in peak intensity were verified in the peaks at around 2916, 2849, and 1605 cm−1

for hazelnut shells, and to a lesser extent in the remaining biosorbents.
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4. Discussion
4.1. Removal Differences among Elements and Biosorbents

Efficient removal of the toxic-trio was achieved by all biosorbents. However, when
comparing element removal under equimolar conditions of 2 µmol L−1, maximum removal
of Hg was lower than those of Cd or Pb. Furthermore, different removals were obtained
among the five biosorbents, which suggests differences in biomass–metal affinities or
in the mechanisms involved in the sorption process. It should be noted that although
the studied nutshells share similar chemical composition in terms of the main functional
groups identified, the relative proportion of the main components varies among them,
which can influence sorption. While over 90% of Cd is removed by all biosorbents, except
almond (81%), further differentiation can be observed for the remaining elements. Peanut
(92%), pistachio (97%) and hazelnut (97%) was achieved for Pb removal, while for Hg only
hazelnut shells reached 90% removal. These results reveal that hazelnut shells are the most
viable biosorbent in the removal of all elements studied. Results agree with those obtained
by [16] that achieved higher Pb removal with hazelnut (maximum of 28.18 mg g−1) than



Int. J. Environ. Res. Public Health 2021, 18, 1580 10 of 16

with almond shells (maximum of 8.08 mg g−1), pointing adsorption, ionic exchange, and
chelation as the main sorption mechanisms. Although the identifiable peaks in the FTIR
spectra of the present study revealed similarities, hazelnuts displayed the most significant
changes after exposure to the elements, indicating the occurrence of chemisorption pro-
cesses. It can be hypothesized that the superior efficiency of this biosorbent is related to the
greater relevance that chemosorption has in the uptake compared to the other nutshells.
Kinetic modelling of the results obtained for hazelnut shells in ultrapure water showed
to be capable of accurately predicting the sorption process, nevertheless no information
regarding the nature of the sorption mechanisms could be inferred. Also, biosorbent
porous structure and mechanical resistance (not addressed in the present study) may affect
removal. The higher efficiency of hazelnut shells could be due to its larger specific contact
area in comparison to the other nutshells, which could only be related to a higher porosity,
since the studies were carried out with the same amount of adsorbent, and with the same
particle size. Data from the literature support this hypothesis as a higher Brunauer-Emmett-
Teller (BET) surface area was reported for hazelnut shell (5.92 m2 g−1 [42]) than for peanut
shell (2.005 m2 g−1 [43]), which were the best performing biosorbents in the present study.

Results obtained for the experiments ran in ultrapure water also revealed differences
between the elements within the same sorbent (especially in the case of peanut and walnut
shells). Although sorption is also influenced by solution parameters such as pH, ionic
strength, and temperature, differences between metal affinity to the biosorbents may also
be a combined result of individual metal characteristics such as ionic mobility, ionic radius,
electronegativity, diffusion coefficient, and even hydration energy. In fact, ref. [2] attributed
differences in the sorption of Pb and Cd onto modified peanut shells to such parameters.
Also, ref. [44] used the hard-soft-acid-base (HSAB) concept to explain the removal sequence
of Pb > Cd > Hg, that is, hard ”carboxyl base” in Aspergillus niger spores exhibit a higher
affinity toward Pb (intermediate acid) than for Cd and Hg.

4.2. Effect of Ionic Strength and Metal Competition on the Removal of Cd, Pb, and Hg by
Hazelnut Shells

A realistic application of any sorbent towards the remediation of a contaminated
system will inevitably be conducted in the presence of complex matrixes where ionic
strength, pH, and temperature may influence the sorbent’s efficiency. Ionic strength
in particular can decrease the electrostatic forces between sorbent and sorbate due to
competition among the cations present in solution [18,45]. This factor could explain the
decrease observed in the present study on Cd removal in mineral water compared to
ultrapure water, since the abundance of cations such as Ca2+, Mg2+, and Na+ may inhibit
the metal’s sorption. Furthermore, other elements such as Cl− may have promoted the
formation of stable complexes such as CdCl+, CdCl2, and CdCl3−, reducing the availability
of Cd to be sorbed [46]. Pb and Hg were not affected by the increase in ionic strength, which
may be a key property if hazelnut shells are used in the remediation of real contaminated
waters. However, further increases in the ionic strength and pH variation should be
studied to assess the versatility of this sorbent in a wide range of environmental conditions.
Another factor that may influence the removal is the competition towards sorption sites by
the contaminants themselves. It is essential to understand inter-contaminant interactions
since multiple elements may be present in a contaminated effluent. In the present study,
the transition from mono-contaminated to multi-contaminated water condition revealed
a decrease in Hg removal by hazelnut shells by approximately 14%. Cd removal also
decreased 7%, with a visible attenuation of the removal curve in the first 9 h of contact. Pb
was the only element whose removal did not show any kind of impairment. The combined
addition of Pb, Cd, and Hg to the mineral water resulted in an increase of ionic strength of
6 µmol L−1, which is negligible in comparison to the presence of other ions in solution. As
such, it is plausible to suggest that the decrease in Hg and Cd sorption was the result of
competition towards the sorbent’s binding sites. As previously mentioned, metal intrinsic
characteristics can influence sorption behavior. As suggested by [47], the covalent index (CI,
which is a function of electronegativity and ionic radius) can be a proxy for the potential
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of a given metal to establish covalent bonds with certain functional groups, in which the
higher the covalent index, the higher that potential is. This notion is valid for the results
obtained for Pb (CIPb = 3.287) and Cd (CICd = 2.713), since not only was the removal
for Pb higher, but its presence hindered the sorption of Cd. However, while Hg has an
even higher covalent index (CIHg = 4.080), its removal was negatively influenced by the
presence of Pb and Cd. This behavior can be further related to [48] classification of metals
based on trends in the magnitude of equilibrium constants describing the formation of
metal-ion complexes. While Hg2+ is classified as a class B metal, with a preferred sequence
of ligands of S > N > O, Pb2+ and Cd2+ are classified as borderline metals, which can
form complexes with a large array of ligands [48]. Hazelnut shells are composed mainly
of cellulose, hemicellulose, and lignin without sulfur groups in the sorbent’s surface.
The lack of preferential covalent ligands for Hg may thus counteract its higher covalent
index in comparison to Pb, justifying lower removal. However, the covalent index is only
indicative of the importance of covalent bonding relative to ionic interactions. As such,
ionic interactions (i.e., electrostatic interactions) may still be an important source of sorption
that cannot be disregarded. In fact, kinetic modelling of the results showed exceptional fits
for both models generally associated with physisorption or chemisorption, corroborating
the hypothesis of multiple sorption mechanisms acting simultaneously.

4.3. Effect of Pre-Treatment with Hot Water on Removal Efficiency of Biosorbents

Apart from pistachio shells, removal efficiency of the biosorbents was positively
affected by washing with water at a temperature of 100 ◦C, with acccentuated differences
for Hg. Changes in metal affinity are presumably related to the chemical structure of
the biosorbents. FTIR results showed that the tested nutshells are mainly composed of
lignin, cellulose, and hemicellulose. Although only qualitative results were obtained, the
identification of the peaks is in line with the literature (Table 5), that indicates variations in
the relative amounts of each component among nutshells. Previous studies have applied
treatment of lignocellulosic biomass through acid, alkali, and hot water for several purposes.
Acid treatment is efficient in hydrolyzing hemicellulose, breaking chemical bonds, and
exposing cellulose, while alkali treatment efficiently removes lignin, effectively promoting
degradation of the materials. In contrast, although the hot water treatment applied in
the present study is simpler and less expensive, it is not effective in removing lignin
from the lignocellulosic materials. Despite this, it can still remove some hemicellulose
without promoting corrosion of the materials [49]. Washing at 100◦C could also bring
additional advantages, such as the enhancement on the release of phenolic compounds
during washing that could interfere with the sorption process, as shown in [29].

Examples of the distinctive effects of pre-treatment of lignocellulosic biosorbents
can be observed in [50] and in [51], where pre-treatment of walnut shells with citric acid
increased the removal of Cr and Zn by four-fold and two-fold respectively, whereas pre-
treatment with hot water in the present study only increased the removal efficiency of
walnut for Pb and Hg between 11% and 24%. Pistachio shells did not display significant
changes in removal efficiencies, which may be related to its highest cellulose and lowest
lignin percentages among the five biosorbents. As it stands, although the pre-treatment
with hot water may be a cheaper, cleaner method to increase metal removal by nutshells
in comparison to the use of diluted acids, results indicate that a case-by-case approach is
needed to guarantee the viability of the treatment in future applications.

4.4. Food and Agricultural Wastes as Biosorbents in the Remediation of Contaminated Waters

The use of food and agricultural wastes for the remediation of contaminated waters
represents a growing interest in the scientific community as it belongs to the paradigm of
treating waste with waste. As such, several studies have already shown the high efficiency
of this type of waste in the removal of metal contaminants from waters. Besides nutshells,
a variety of peels, shells, and husks have been used as sorbents to remove Cd and Pb. That
is the case for banana peels [52], citrus peels [53], sweet potato peels [54], mangosteen
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shells [55], and plantain peels [56]. Removal of Hg is limited to a study using banana
peels [37]. The main issues in the existing studies using food and agricultural wastes for
the removal of Cd, Pb, and Hg derive from the unrealistic concentrations studied as well
as the single-contaminant nature of the studies. In the present work, “environmentally
relevant concentrations” are considered, which are in the same order of magnitude as
the limits imposed by Portuguese Law on industrial effluent discharges. Apart from
ref. [40] that focused on an environmentally relevant concentration of Hg (50 µg L−1), the
remaining studies explore concentrations ranging from 15 to 500 mg L−1 of Cd and from
20 to 500 mg L−1 of Pb. The present study highlights the efficient removal of Cd, Pb, and
Hg, in environmentally relevant concentrations, from contaminated waters by 0.5 g L−1

of hazelnut, walnut, almond, peanut, and pistachio shells. As for studies using nutshells
in particular, hazelnut [16,30], almond [16], walnut [29,31], and peanut [2,32] shells have
been used to remove Cd and Pb from contaminated waters (Table 6), while the removal
efficiency of pistachio has so far only been assessed for chromium (Cr) [57]. To the best of
our knowledge, the present study is the first to assess the viability of nutshells to remove
Hg from contaminated waters.

Table 5. Percentage of lignin, cellulose, and hemicellulose in the tested nutshells compiled from
literature.

Hazelnut
a,b,c Almond d,e Peanut a,f Pistachio d,g Walnut d,h

Lignin 29.6–40.1 25.5–39.3 27.6–30.6 16.3–23.6 27.2–43.7

Cellulose 22.9–37.5 34.4–38.5 37.5–38.9 37.5–38.1 36.4–42.4

Hemicellulose 12.7–24.9 14.0–28.8 15.4–16.3 25.3–31.4 10.3–27.9
a [54]; b [55]; c [56]; d [30]; e [57]; f [58]; g [59].

Table 6. Main experimental conditions of studies using nutshells as biosorbents to remove Cd and
Pb from contaminated water.

Reference Biosorbent Matrix Contaminant Maximum Removal

[30] Hazelnut
(4 g L−1) Distilled water Cd

14.5 mg L−1 92.4% (5 h)

[16]

Hazelnut
(6.3 g L−1)
Almond

(6.3 g L−1)

Distilled water Pb
207 mg L−1

Hazelnut: 90% (4 h)
Almond: 68% (4 h)

[31] Walnut
(2 g L−1) Distilled water Cd

100 mg L−1 45% (3.3 h)

[29] Pecan nut
(1–15 g L−1) Distilled water Pb

100 mg L−1 95% (6 h)

[32] Peanut
(5 g L−1) Wastewater

Cd
46 mg L−1

Pb
0.26 mg L−1

Cd: 38% (1 h)
Pb: <99% (1 h)

[2] Peanut
(4 g L−1) Deionized water

Cd
500 mg L−1

Pb
500 mg L−1

Cd: 6.14% (1 h)
Pb: 22.6% (1 h)

In comparison, the kinetics of the present study is in general slower than that of
previous studies. However, it should be noted that the higher the initial concentration
of contaminant in solution results in a pronounced concentration gradient between the
solution and the biosorbent (initially free of contaminant), leading to a greater driving force
that raises the initial rate of biosorption [34]. Another important aspect to be considered
is the residual concentration achieved, which in most cases remains excessively high
for human consumption or reuse for irrigation, despite the high removal rates reported.
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Ref. [16] used 6 g L−1 of almond and hazelnut shells pre-treated at 100 ºC to remove
207 mg L−1 Pb from spiked distilled water. Authors found that only 4 h was necessary
to remove 68% for almond and 90% for hazelnut. Yet, residual concentrations remained
prohibitively high (in the order of mg/L). The current study shows that, using 12 times
less biosorbent, more than 90% of Pb is removed from a solution, in 48 h, leading to levels
of this metal in solution that are in accordance with the legal criterion for water for human
consumption in Portugal (10 µg L−1, [11]).

Another differentiating aspect between the present study and previous studies is the
chosen mass of biosorbent. Only 0.5 g L−1 of biosorbent were used here, as opposed to
the 1–15 g L−1 observed for other studies. Despite the lower mass of biosorbent, results
showed that it was possible to remove over 90% of each element from initial concentrations
deemed as environmentally relevant. As such, by reducing biosorbent dosage without
compromising the removal process, smaller amounts of sludge would be produced in
an up-scale experiment. Although reusability of the nutshells was not assessed, the
abundance and inexpensive nature of these wastes makes them almost inexhaustible in a
future application, as compared to other materials such as synthetic nanomaterials [58] or
resins [59,60]. Even so, the possibility of sorbent reuse through contaminant desorption
should not be excluded, as it has already been shown to be possible for lignocellulosic
biomass [61–63].

5. Conclusions

This study indicates a simple and efficient procedure to improve the quality of wastew-
ater by removing Cd, Pb, and Hg using nutshells. Compared to previous studies, a smaller
amount of biosorbents was used which may contribute to a better management of waste
by-products. Also, unlike most previous studies, environmentally relevant concentrations
were considered. After 48 h, the concentration of these elements in the treated water is
compatible to its use for other purposes contributing to the water reuse. Further studies
with real wastewater will help to define tailored solutions for various case studies. Al-
though all biosorbents showed highly efficient removal of Pb, Cd, and Hg, hazelnut shells
stood out as the overall best biosorbent. The effects of biomass pre-treatment, consisting
of a boiling water washing, revealed the process to be environmentally and economically
viable in increasing contaminant removal. By increasing matrix complexity, factors such as
ionic strength and complexation with other ions present in solution resulted in a decrease
of Cd removal, although Pb and Hg were not affected. Lower electronegativity and ionic
radius may also justify lower Cd removal. When present in the same solution in equimolar
concentrations, Pb and Hg competed for binding sites on the biosorbent’s surface, resulting
in Hg sorption impairment. Presumably, the preference towards Pb was a result of the high
availability of sorption sites with exceptional affinity towards this borderline class metal.
Overall, nutshells proved to be a promising solution to the remediation of Pb, Cd, and
Hg contaminated water. Further work concerning the effects of increased ionic strength,
varying pH, interactions with other contaminants, as well as a life-cycle assessment are
proposed as methods to evaluate the possibility of nutshells acting as a global low-cost,
environmentally friendly remediator for contaminated waters.
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