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Abstract

The suitability of reusing artichoke agrowaste biomass from industrial canning processing as a
low-cost and ecofriendly sorbent for the bioremoval of Pb(ll), Cd(ll) and Cu(ll) in multi-metallic
aqueous solutions is reported. Understanding the dynamic of heavy metals in the sorption
process is critical to assess the removal of these contaminants in aquatic systems. The Taguchi
approach was used to design a series of experiments to find the optimum conditions for
maximum total sorption capacity, analysing the signal-to-noise (S/N) ratio to assess the
experimental responses. Ranks of five controllable factors (the initial concentrations of Pb(ll),
Cd(I1) and Cu(ll), sorbent dosage and pH), at three levels each one, in a L27 array were
conducted in batch sorption tests. The highest sorption capacity (241 pmol-g') was shown
with initial concentrations of 315 umol-L Cu(ll), 445 umol-L Cd(Il) and 241 pmol-L Pb(ll), pH
5and 0.5 g-L? of sorbent dosage. The metal ion predominantly adsorbed was Pb(ll).
Adsorption kinetics followed a pseudo-second order model. The study of the shares of each
metal ion on the total sorption capacity revealed that Cd(ll) is actually prone to be adsorbed
but the presence of Pb(ll) and Cu(ll) hinders its adsorption. The valorization of artichoke
agrowaste biomass as metal sorbent is considered a way to assist in the promotion of a

circular economy.

Keywords: artichoke, Cynara scolymus, agrowaste biomass, competitive adsorption, heavy

metals
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1. Introduction

Artichoke (Cynara scolymus L.) is a vegetable belonging to the Asteraceae family, widely
consumed in the Mediterranean countries. The edible part of the plant, is the immature
inflorescence called head, which is protected by fleshy leaves known as bracts (Pandino et al.,
2013). The artichoke canning industry generates a solid waste consisting mainly of the stems
and external bracts of the flowers, which are about 70-80% of the total artichoke flower
(Machado et al., 2015), which is not suitable for human consumption. This agrifood residue, a
plant biomass of lignocellulosic nature, has been investigated for possible use as source of
bioactive compounds (Salem et al., 2015; Zuorro et al., 2016), although mostly it is discarded
as green manure or in livestock feed (Meneses et al., 2007). According to the zero-waste
programme for Europe of the European Commission (European Commission, 2014), recycling
and resource reuse as tools for efficient circular economy is a relevant topic, and particular
attention must be paid to providing sustainable strategies for valorization of agrifood residues
as a way to assist in the promotion of a circular economy (Peralbo-Molina and Lugque de

Castro, 2013).

Heavy metals released into the environment, directly from natural sources or indirectly from
anthropogenic activities (industrial processes, energy generation plants, improper waste
management, etc.) can cause severe deterioration of ecosystems and significant toxic effects
on living beings (Oliveira et al., 2011). Even at low concentrations, heavy metals are likely to
reach and accumulate in the human body through the food chain, causing a number of severe
health diseases (Siswoyo et al., 2014; Daneshfozoun et al., 2017). Therefore, disposal of these
contaminants from industrial effluents is of great concern from the perspective of

environmental pollution control.

Bioadsorptive removal is accepted as a suitable alternative technology for the treatment of

metal-bearing wastewaters (Arief et al., 2008; Wang and Chen, 2009). This is basically a mass
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transfer process by which metal ions are transferred from the liquid phase to the surface of a
solid (sorbent), and become bound by chemical and/or physical interactions (Zhao et al.,
2016). It is an eco-friendly process (Rosique et al., 2016) with several advantages over
traditional methods for organic and inorganic pollutant removal in wastewater streams such as
its simplicity, feasibility, low cost, fast sorption kinetics and reversibility (Petrella et al., 2018).
As regards the ability to retain metal ions, the efficiency of a sorbent is related both to their
capacity to bind metals, number of metal-binding sites present (binding-site density), and to
the bond strength. The sorbent’s capacity to bind metals is also dependent on the amount of
metal-accessible surface (specific surface area). Plant biomass-based sorbents, particularly
agrifood waste, have been extensively investigated as alternative to conventional sorbents,
due to their renewable nature, large production and great local availability (Bhatnagar et al.,
2015; Escudero-Onate et al., 2017), being amply proven their potential to remove wastewater
pollutants in a cost-effective way (Zhou and Haynes, 2010). Technical applicability and cost-
effectiveness are the key factors that play the most important roles in the selection of the
most suitable sorbent to bioremove heavy metals from aqueous effluents. Industrial effluents
far for being constituted by single-metal species, are complex solutions containing several
metals simultaneously. Hence, sorption studies of formerly lesser-known multimetallic systems
are quite desirable since a variety of metal ions will compete for the binding sites of the
sorbent surface. Depending on the wastewater composition, these competing effects may

significantly affect the efficiency of the removal process.

In order to promote the circular approach, the focus of this work was to assess the potentiality
of lignocellulosic agrowaste biomass from artichoke as a natural cost-effective and sustainable
sorbent for the competitive removal of Cd(ll), Cu(ll) and Pb(ll) in multimetallic effluents.
Despite the large number of natural residues from the agro-food industry tested as

biosorbents to remove heavy metals from wastewater (Lesmana et al., 2009), there are no
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publications on the use of residues of artichoke industrial processing as metal ion sorbent,

being our research group the only one to explore this potential applicability.

2. Materials and methods

2.1. Plant biomass preparation and characterization

Agrowaste biomass from artichoke (Cynara scolymus L.) grown in the Region of Murcia (Spain)
was used as sorbent. The raw materials, mainly composed of the external bracts and stems,
were repeatedly washed with distilled water to remove dirt particles, cut into small pieces and
then were dried at 70 °C for 24 hours. The dry biomass was milled and sieved using an 18-
mesh sieve (1 mm) to obtain artichoke by-products powder. This mechanical comminution is
applied in order to reduce particle size, crystallinity and the polymerization degree of present
polysaccharides of the lignocellulosic biomass (Kumar et al., 2017).

Structural and thermal characterization of agrowaste biomass was performed through
scanning electron microscopy (SEM), Fourier transform infrared (FTIR) spectroscopy,
thermogravimetric analysis (TGA) and X-ray powder diffraction (XRD). SEM images were taken
with a Hitachi S-3500N model to investigate the surface morphology of the sorbent. FTIR
measurements in the region 4000-400 cm™ was used to identify the functional groups present
in the surface of the sorbent biomass with a Thermo Nicolet 5700 equipment. The crystallinity
of the sorbent was determined by X-ray diffraction (XRD). The diffractogram was recorded
using an XRD instrument (XRD Bruker D8 Advance) with Cu Ka radiation, a voltage of 40 kV and
a current of 20 mA. The scanning range was from 26=5° to 50° at a scan speed of 0.05° s*. TGA
measurements were taken using a TGA/DSC 1 HT instrument (Mettler-Toledo GmbH)
operating in nitrogen environment.

The zero point of charge (ZPC) of the agrowaste biomass was assessed by the mass titration
method (Fiol and Villaescusa, 2009). For this, different masses of sorbent within the dosage
range 5-100 g/L were put into contact with a 0.03 M KNOs solution. These suspensions were

stirred for 24 h at 150 rpm until equilibrium pH was reached. The pH at the zero point of

5
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charge (pHzec) is the pH at which a plateau is achieved when plotting equilibrium pH versus
sorbent dosage.

The specific surface area and the pore size distribution of the artichoke biomass was
determined using N, and CO; gas sorption and Hg porosimetry. Sorption-desorption isotherms
of N, at -196 °C were determined using an Autosorb iQ XR-2 gas sorption analyser
(Quantachrome Instruments, Boynton Beach, Florida). Samples were degassed at 100 °C for 24
h prior to gas adsorption measurements. The surface area and pore volume were calculated
using the standard Brunauer-Emmett-Teller (BET) procedure. In addition, a surface analysis
was also obtained using CO; gas as the adsorbate in order to measure narrow micropores (<1
nm). Pore size distribution in the raw biomass was also studied with a PoreMaster 60-GT
porosimeter (Quantachrome Instruments, Boynton Beach, Florida). Samples were degassed at
vacuum at 100 °C for 24 h prior to the measurements. The density of the sample was
determined by helium pycnometry with an UltraPyc gas pycnometer (Quantachrome

Instruments, Boynton Beach, Florida).

2.2.Chemical reagents

Stock metal solutions (1000 mg:-L?) of Cu(ll), Cd(Il) and Pb(ll) were prepared by dissolving the
respective metal salts (Cu(NOs)2:3 H,0, Cd(NOs)2:4 H,0, Pb(NOs)s) in Milli Q water. Nitrates
salts were used as it has been shown that this counterion is less interfering in the sorption
process than sulfates or chlorides (Hong et al., 2017). Working solutions were obtained by
diluting the respective stock solution to the desired concentration of 10, 20 and 50 mg/L of
each metal ion. These concentrations were chosen because they are typical values in industrial
effluents. Using the molar mass of the corresponding metal ion (Cu, Cd and Pb) the
concentrations were converted to those showed in Table 1, expressed as umol/L. NaOH and/or
HCI (0.1 M) solutions were used to adjust the pH to target values. Lead, copper and cadmium
concentrations of the working solutions were obtained using an Agilent 720/725 inductively
coupled plasma optical emission spectrometer (ICP-OES) system.
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2.3. Batch experimental program

Batch experiments were carried out at 25 °C under agitation in a reciprocal shaker by contact of
100 mL of the metal working solution at fixed concentration of each cation (Cy;) and a known
amount of sorbent for 24 hours in a conical flask at a constant agitation speed (150 rpm). The
solutions were then filtered and the residual metal concentrations in the solution (C.,;) were
quantified by ICP-OES.

The amounts of metal ions (Pb(ll), Cu(ll) and Cd(Il)) adsorbed at equilibrium (g.), also known as
sorption capacities, (evaluated as umol metal / g dry biomass) were determined by the mass
balance equation (Eg. (1)) on the basis of the concentration of each metal in the liquid solution
at the beginning (Cy;), and at the end of the test (C,):

(Co,i _Ce,i ) Vv
m

G; (umol-g™) = (1)

where Vis the solution volume (L) and m the sorbent dry weight (g).
The total sorption capacity (gr) was obtained by means of Eq. (2), where N is the total number
of metal cations in the solution.

2, (Co=Cui) v

m

¢ (umol-g™) = (2)

The efficiency of the process was also quantified as the removal percentage using Eq. (3) and

Eq. (4) for the individual ions and the sum of all of them, respectively.

C,,-C..
R (%) :%-100 (3)

0,i

N
Coi —C.;
:Zl( 0,i e,l)loo

%
Ry (%) Se,

(4)

The units for initial metal concentration (Cy,) and metal concentration at equilibrium (C) in

Eq. (1-4) were umol-L2,
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2.4. Design of experiments

The influence of pH, sorbent dosage and initial concentration of Pb(ll), Cd(ll) and Cu(ll) in the
competitive removal of metal ions by artichoke agrowaste biomass were studied. A factorial
design of experiments was chosen as they are proved to be more efficient than single factor
experiments (Montgomery, 2017). Each parameter was studied at 3 levels (Table 1). The
selection of these factors and levels was based on the principles of adsorption and previous
published works. Initial metal ion concentrations, C,,;, and biomass dosage, D, are fundamental
variables. Initial metal concentrations used are typical values in industrial effluents. As regards
the sorbent dosage, the papers in the literature consulted use sorbent dosages that range from
0.1 to 10 g-L'Y. We chose sorbent doses of 0.5, 1 and 2 g-L, which fit inside this interval. High
sorbent dosage increase the availability of active sites and hence favours metal ion uptake.
However, at very high sorbent doses, the sorption capacity may show a decremental trend due
to the aggregation and overlapping of active sites leading to a decreased surface area and a
lower rate of metal ion diffusion into the sorbent matrix (Kumar et al., 2017). According to this,
the initial levels of these factors (Table 1) were chosen based on the bibliography (Padilla-Ortega
et al., 2013; Srivastava et al., 2007; Wang et al., 2017; Zolfaghari et al., 2011). Moreover, these
levels were used in our previous work dealing with single component adsorption (Fernandez-
Lépez et al., 2019).

The pH of aqueous solutions has been proved to be a dominant factor within heavy metal
biosorption and this is why this parameter was also chosen. Protonation-deprotonation of the
functional groups controlled by the pH of the medium severely affects the adsorption capacity
of the sorbents (Kumar et al., 2017). High concentration of H* (low pH) favours the protonation
process that blocks anionic active sites such as -COO~ (Kumar et al., 2017), present on the
artichoke biomass. So, therefore, the higher the pH the better. However, pH levels higher than
5 gave as a result precipitation of the less soluble metal hydroxide, i.e. Cu(OH),. Taking all of this

into account, pH values ranging from 3 to 5 were chosen.
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Taguchi design of experiments (DOE) was applied to obtain an L27 orthogonal array which allows
to extract the most important process information through only a modest number of
experimental runs (Mitra, 2011) and, most interestingly, to detect potential interactions
between factors. If a full factorial design had been performed, a [35]-matrix would yield a series
of 243 experiments. In this way, Taguchi globally reduces the experimental execution to a
practically feasible one whilst making it possible to evaluate each selected parameter separately
within the process. In order to achieve this reduction, the principle only focuses on two-factor
interactions and main effects whilst higher-order interactions are considered non-existent (Su,
2013).

According to the Taguchi approach, an analysis of the signal-to-noise (S/N) ratio is needed to
assess the experimental results. Usually, three types of S/N ratio analysis are possible: (1) lower
is better (LB), (2) nominal is best (NB), and (3) higher is better (HB) (Zolfaghari et al., 2011). As
the target of this investigation is to achieve the highest possible pollutants removal, here, the

optimal level of process parameters is the level with the greatest S/N ratio, which is given by Eq.

(5).

2
SIN =-10 log,, %Z(yij (5)
i=1 i

where n is the number of repetitions under the same experimental conditions (3 in this case),
and y represents the results of measurements. The analysis of variance (ANOVA) was used to
determine the effect of factors on the sorption capacities (Su, 2013). Minitab 17 was the

software used to perform the Taguchi approach.

2.5. Uptake kinetic study
Kinetic studies provide useful information about the time required to reach to equilibrium as
well as the possible mechanism that describes the sorption process. It is widely accepted that

any sorption process requires three steps: (i) the external diffusion of the adsorbate from the
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bulk solution to the external surface of the adsorbent, (ii) the internal diffusion of the
adsorbate to the sorption sites, and (iii) the sorption process itself. Several models based on
different assumptions have been proposed in the literature, being some of the most applied
those of Lagergren pseudo-first order (Eq.(6)), pseudo-second order (Eq.(7)), Elovich (Eq.(8))
and intra-particle diffusion (Eq.(9)) (Sen Gupta and Bhattacharyya, 2011). The first three of
them assume that the slowest step in the process is the adsorption itself, whereas the last one
considers that the rate limiting step is the second one, that is, the mass transfer into the

interior of the particle (Largitte and Pasquier, 2016).

4t = qel1 — exp(—ky - t)] (6)
t 1t
= )
G ked. q,
1 1
g, =—In(a-p)+—=Int (8)
B B
g =k -t"*+a (9)

In Egs (6-9), g and g: are the sorption capacities at equilibrium and at time t, respectively
(umol-g™t). Besides, each model has its own parameters: k; is the pseudo-first order rate
constant (h™2), k; is the pseudo-second order rate constant (g-umol™-h™?), a is the initial
adsorption rate (umol-g™-h™2), 8 is the Elovich constant (g-umol™), k; is the intraparticle
diffusion rate constant (umol-g"*-h™/2) and a gives an idea of the thickness of the boundary
layer (umol-g™2).

Several tests were carried out to study the kinetic of the competitive adsorption of Cu(ll), Pb(ll)
and Cd(ll) on the artichoke agrowaste biomass. The conditions of these tests were the optimal
ones obtained from Taguchi’s DOE for maximizing the removal of each metal ion individually
and globally; thus, four tests were carried out. The experiments were performed in a 1 L flask

with reciprocal agitation. At irregular intervals —-more frequently at the beginning of the tests-
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226 5 mL of the solution were removed from the flask and filtered through a 0.45 um nylon

227 Millipore Millex-HN filter. The concentration of the remaining metals in the solution at that
228  time was measured afterwards by ICP-OES.

229 Experimental data were adjusted to Egs. (6-8) and to Eq. (9) in order to ascertain the kinetic
230  model that best modelled the biosorptive process. A new parameter was proposed, S;, Eq. (10),
231 in order to study the share of the total sorption capacity (gr) among the individual sorption
232  capacities (ge,) and was used to determine which metal ion was preferentially adsorbed at

233 different times.

qe,i

T

234 S =—2.100 (10)

235  2.6. Desorption studies

236  Despite using a low-cost sorbent, the recovery of metals from biomass is important in order to
237 be reused and to minimize the amount of waste produced. In the context of a circular

238 economy it would be a further contribution towards zero waste. Generally, diluted mineral
239  acids and complexing agents are used as desorbents (Oliveira et al., 2011). For desorption of
240  Cu(ll), Pb(ll) and Cd(ll) from artichoke agrowaste biomass (saturated using 50 mg/L of each
241 metal and sorbent dosage of 0.5 g/L) 0.1 M HNOs and 0.1 M EDTA were tested as desorbing
242  agents. The desorption efficiencies were determined using loaded-sorbent dosages of 2.0 g/L

243 and stirring contact time of 12 h.

244 3. Results and discussion

245  3.1. Sorbent characterization

246  The microstructure of the sorbent surface was analyzed by SEM. As can be observed, the
247  filamentous structures composed of fibre cells are aligned longitudinally (Fig. 1). This fibrous
248  structure gives strength and toughness, that together with the microchannels permits the

249 rapid movement of fluids through the fibres increasing the chance of retention of metal ions.
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The SEM analysis also points to a rough surface and the presence of irregularly shaped and
sized cavities, which would enhance the fixation of metal ions (Prodromou and Pashalidis,

2013).

Fourier-transform infrared spectroscopy (FTIR) was used to obtain information on the nature
of functional groups at the surface of the sorbent biomass. The spectra exhibited a broad and
intense band around 3273 cm corresponding to the stretching vibration of O-H and N-H
groups which shifted to 3320 cm™ after the metal sorption. A band around 1603 cm™ was also
registered, corresponding to the stretching vibrations of COO™ groups, which was moved to
1637 cm™ after the sorption process (Fig. 2). These observations are in line with previously
reported works that establish that both hydroxyl and, mostly, carboxylic groups play a crucial
role in the binding process of metal ions on lignocellulosic substrates (Velazquez-Jimenez et al.,

2013).

The cristallinity index (Cl) was calculated from the XRD analysis by substracting the minimum
intensity of the peak 101 (amorphous band) from the maximum intensity that represents the
crystalline portions of the peak 002 and then taking the ratio between the difference and the
total intensity (Rambo and Ferreira, 2015). The crystallinity index in the artichoke biomass
resulted 42.5% (supplementary data), similar to other agrowaste lignocellulosic residues
reported in the bibliography (Rambo and Ferreira, 2015). The thermal stability of the sorbent
was determined using TGA under nitrogen environment. Thermal degradation data indicates
weight loss and the first derivative (DTG) indicates the corresponding rate of weight loss. The
peak of this curve (DTGmax) is usually presented as a measure of thermal decomposition and
can be used to compare thermal stability characteristics of different sorbents. The thermal
decomposition behavior of plant biomass can be divided in several stages: moisture evolution,
hemicellulose decomposition, cellulose decomposition and lignin decomposition. The DTG plot
(supplementary data) presents three stages of thermal degradation. In the first stage (up to

120 °C) the weight loss is due to humidity and release of the bound water molecules, in the
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second stage (200-250 °C) the weight loss are due to degradation of hemicellulose and part of
cellulose which gives rise to gaseous compounds (CO,, CO, CHa, H,). In the third stage, at
higher temperatures (300-400 °C) the degradation is much more evident and is attributed to
the cellulose decomposition and a lignin part much more thermostable (Mothé and de
Miranda, 2013). The agrowaste biomass of artichoke showed a DTGmax at 337 °C
(supplementary data). This value is of the same order of those presented by different

lignocellulosic biomass resources (328-336 °C) (Watkins et al., 2015).

The BET surface area of the artichoke agrowaste biomass turned out to be 0.912 m2-g™.
Lignocellulosic sorbents are mostly non-porous materials, which is reflected in their low
surface area compared to active carbons or biochars. Nevertheless, they are widely studied as
potential sorbents as they show capabilities to retain metal ions at low cost while favoring a
zero waste approach. It also showed a predominance of macropores and mesopores ranging
from 179 um to 3.59 nm with a total porosity of 47.54%. A small fraction of narrow micropores

(0.015 cm3-gt) was also observed (supplementary data).
The helium density (true density) was found to be 1.3973 g-mL™.

The process of sorption involves interactions between a sorbate and a sorbent at the surface-
water interface. Hence, surface properties of the sorbent play an important role in the
sorption process. The pH at ZPC is the pH value to give a zero net surface charge on a solid,
and it informs about the surface functional groups present in the biomass, revealing the
predominant acid or basic characteristics at a given pH. The pHzc of the agrowaste residue of
artichoke was experimentally found to be at pH 4.8 (Fig. 3). At pH higher than pHzc, the
sorbent surface is negatively charged and such as situation would enhance the electrostatic
attraction between the positively charged metal ions and the negatively charged biomass
surface, which ultimately would involve an increase in the adsorption of metal ions. At pH
values lower than pHzec solid surface is positively charged and could interact with negative

species. Another aspect to be noted is metal speciation in solution, which is also pH dependent
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(Fiol and Villaescusa, 2009). For the afore mentioned reasons, pH is a key factor in metal
sorption studies by plant biomass and it must be considered as controllable variable to

enhance the sorption process.

3.2. Enhancement of the sorption process

Table 2 shows the inputs of the Taguchi analysis and the corresponding results. Total sorption
capacity (gr) and total removal efficiency (Rr) were obtained using Eq. (2) and Eq. (4),
respectively. The signal-to-noise (S/N) ratios were calculated by the MINITAB software and
they are referred to the total sorption capacity based on the larger-is-better requirement for

quality loss.

It can be appreciated that, out of all 27 tests performed, the highest sorption capacity (235
umol-g?) corresponds to the highest S/N ratio (47.4) and is shown with initial concentrations
of 787 pumol-L* Cu(ll), 178 umol-L™2 Cd(ll) and 97 umol-L2 Pb(ll), pH 5 and 0.5 g-L* of sorbent
dosage. It is interesting to note that the conditions to obtain the maximum gr do not coincide
with those required to obtain the maximum removal percentage, which seems reasonable
given the definitions of both parameters. The highest removal efficiency (57.3 %) was obtained
with initial concentrations of 315 pmol-L™ Cu(ll), 89 umol-L* Cd(Il) and 48 umol-L Cu(ll), pH 5,
and sorbent dosage of 2 g-L'. As expected, a higher sorbent dosage produced a higher overall
adsorption percentage —up to certain extent—, as more active sites are available for metal
removal, being the initial and final metal concentrations the only variables taken into account
in the calculation. Moreover, this dependence was shown to be significant (p<0.01). However,
in Eq. (2), used to calculate the total sorption capacity, the sorbent dosage is dividing the net
adsorption and, therefore, a higher sorbent dosage does not necessarily imply a higher value
of gr. Indeed, this factor (sorbent dosage) did not show a significant effect on the total
sorption capacity. Most of the published papers on pollutant adsorption use sorption

capacities instead of total removal percentages and, between these two parameters, the
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former is considered a better tool to express and compare the capacities of different biomass
types (Rosique et al., 2016). For all these reasons, in this investigation, sorption capacities will

be used to perform the subsequent analysis of the results.

An overall ranking of the controllable parameters was obtained with Minitab based on delta
values (Table 3). This parameter quantifies the size of the effect by taking the difference
between the highest and the lowest S/N ratio for each factor and states the relative
importance of each of them (Srivastava et al., 2007). Minitab also provides a S/N variance
analysis, which is used to evaluate the significance of the main effects on the process based on
p-values. The different factors that affect gr were ranked following the sequence pH>sorbent
dosage>[Cd(ll)]>[Cu(I)]>[Pb(ll)]; however, none of them showed a significant influence
(p<0.05) (Table 4). This should be seen as a positive fact. From the five factors tested, three of
them (initial concentrations of Cu(ll), Cd(ll) and Pb(ll) in a wastewater) are not controllable in
an industrial process and, therefore, variations of their values will not significantly affect the
performance of the artichoke biomass. Sorbent dosage and pH are controllable parameters.
They can be set to the levels that enhance adsorption (pH=5 and sorbent dosage= 0.5 g-L) but

variations in their values will not significantly alter gr, giving as a result a robust method.

The representation of the general trend of the influence of the factors on the total sorption
capacity (gr) and respective S/N ratios (response curves) are displayed in Fig. 3. The analysis of
these experimental results allows us to deduce the optimum levels of each factor to achieve
the best S/N response. According to the Taguchi approach, the proposed operational
conditions for a maximum total sorption capacity (gr) were (Table 5): initial Cu(ll)
concentration at level 2 (315 umol-L?), initial Cd(Il) concentration at level 3 (445 umol-L?),
initial Pb(ll) concentration at level 3 (241 pmol-L?), pH at level 3 (5.0) and sorbent dosage at

level 1 (0.5 g-L?).
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It is interesting to note that the sorption capacity of individual metal ions in the multi-metal
system was lower than in the single metal ones. For instance, the highest adsorptions of Pb(ll),
Cu(Il) and Cd(ll) achieved in previous works with the same sorbent biomass in single-metal
aqueous solutions were respectively 416, 384 and 318 umol-g? (Fernandez-Lépez et al., 2019),
whereas in the ternary solutions of this investigation were 135, 127 and 81 pmol-g?,
respectively (Table 5). Therefore, the maximum metal ion sorption capacity in the multi-metal
system was lower than the sum of the single maximum sorption capacities for each metal ion.
Metal competition globally hinders the sorption process. This decrease in the total sorption
capacity in multi-component systems was also observed previously (Chatterjee et al., 2017;
Padilla-Ortega et al., 2013). This inhibitory effect in the multi-metal system may be explained
by the competition and differential affinity of metal ions for the reactive sites available onto

the sorbent surface (do Carmo Ramos et al., 2015).

A comparison of the performance of the artichoke biomass as a sorbent for Pb(ll), Cd(ll) and
Cu(ll) in multimetal systems with other lignocellulosic sorbents is shown in Table 6. It is
important to note, on the one hand, that this comparison is done only with works that deal
with multicomponent solutions, as it was mentioned before the presence of different metals
hinders the global adsorption; and, on the other hand, that it is not exhaustive, as this paper is
not a review. The comparison shows a good performance of the artichoke agrowaste biomass,
with removal efficiencies similar and even higher than other sorbents reported in the

literature.

3.3 Analysis of the competitive sorption in the multi-metal system

The results confirmed that the degree of metal sorption was not similar for all metals and
there was a manifest competitive effect among them when they were fixed by the biomass.
Fig. 4 shows the percentage of times that each metal ion was preferredly adsorbed as a

function of the predominant metal in solution. It is noticeable that when Pb(Il) was the metal
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ion predominant in solution, Pb(ll) was always adsorbed in a higher proportion. When the
metal ion predominant was Cu(ll), this was the metal ion that was adsorbed in higher
proportion in the 82% of the experiments, whereas Pb(ll) was preferably adsorbed in 18% of
the tests. When the highest initial concentration was that of Cd(ll), in 48% of the cases Pb(ll)
was adsorbed in a higher proportion than Cu(ll) (32% of the cases) and Cd(ll) (20% of the
cases). Therefore, the metal ion that exhibited the greatest affinity for the artichoke agrowaste
biomass was Pb(ll), whereas Cd(ll) showed the lowest affinity. This behavior has also been
observed with other sorbent materials (Wang et al., 2017) and it is usually explained examining
the ionic radius, the hydrated ionic radius and the electronegativity of the metals investigated.
Pb(ll) has the largest ionic radius, which increases the probability of collision with the biomass
active sites (Bayo, 2012). Additionally, a larger ionic radius means that the hydration layer of
Pb(ll) is weaker than those of Cu(ll) and Cd(Il) (Berber-Mendoza et al., 2018). In this way, Pb(ll)
has the lowest hydrated ionic radius (4.01 A) among the metals studied (Chen et al., 2010). As
a result, these ions encounter the least resistance whilst migrating through the solution and
are therefore more likely to reach the biomass surface faster in comparison with the other
metal ions present. This resistance increases for Cu(ll) with a hydrated ionic radius of 4.19 A,
and it is the strongest for Cd(Il) ions which have a radius of 4.26 A (Chen et al., 2010).
Electronegativity is also thought to play a crucial role in determining adsorption affinities. In
this sense, the more electronegative the ions, the more strongly they are attracted to the
sorbent surface (Bayo, 2012; McKay and Porter, 1997). Pb(ll) has also the highest value of
electronegativity of the three elements considered in this work, so these three factors all
enhance its preferential sorption over Cu(ll) and Cd(ll).

These results are very interesting in order to plan a wastewater treatment plant for the
elimination of metal ions based on bioremoval with agrifood wastes. Indeed, Cd(ll) is the most
toxic metal among the three studied but its adsorption is very limited due to the presence of

Pb(ll). Therefore, more than one adsorption stage will be needed in order to increase the
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sorption efficiency of this harmful metal ion. In this way, the concentration of Pb(ll) will be
substantially decreased in the first stage, allowing a more effective removal of Cd(ll) and Cu(ll)

in the following ones.

3.4. Kinetic studies
In batch systems, the sorption kinetics was described by a number of models with different
levels of complexity such as pseudo-first-order, pseudo-second-order, Elovich and intraparticle

diffusion kinetic model.

Table 7 shows the results of nonlinear regression analysis of kinetic data. The tests were
conducted at the optimal conditions of g7 (Cu(ll) at level 2, Cd(ll) at level 1, Pb(ll) at level 3, pH
at level 3 and sorbent dosage at level 1). The representation of the results and the correlation
coefficient of each adjustment reveal that for both, each metal ion and the sum of all of them,
the pseudo-second order model is the model that better explains the experimental results.
This process was also performed at the optimum factor levels for the removal of each
individual metal ion. In all cases, the pseudo-second order model better described the
experimental results (Table 8). This model returns two parameters, g. and kz, which are used
to ascertain the extent and speed of the sorption process. The comparison of the g. values
gives information about the metal ion adsorbed in a higher proportion at equilibrium
conditions, whilst k; reports the rate sorption of each metal ion. Interestingly enough, Cd(ll)
was shown to have the highest value of k; in all tests (Table 8), meaning that the sorption of
this element was favored energetically over that of Cu(ll) and Pb(ll), at least at the first stages
of the process. This was also observed when adjusting the results of the three tests conducted
at the respective optimum conditions to enhance the removal of each individual metal ion to

the pseudo-second order model.

In order to look further into the characterization of the sorption process, the share of each

metal ion (S;), calculated according to Eq. (10), was obtained during all the time monitored in
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the kinetic assay (Table 9). Some interesting conclusions can be inferred from the analysis of
these results. First of all, for the three tests at the conditions to optimise the removal of the
individual metal ions, the metal mainly adsorbed is the one that is present at higher
concentration, independently of its nature. This would mean that the concentration gradient
determines the metal ion that will be preferentially bound to the sorbent. At the end of these
three tests, the metal ion with a higher share on gr at equilibrium keeps being the one initially
at higher concentration, although a competitive effect among the metal ions can be observed.
For instance, in the experiment at the conditions to optimize Cd(ll) removal, Scs is going down
as the test progresses, whereas Sc, and Spp increase. In this way, although Cd(ll) is still the
metal ion mostly adsorbed it is progressively displaced by Cu(ll) and Pb(Il). Something similar
happened in the experiment at the conditions to optimise Pb(Il) removal. Whereas Sp, keeps
more or less constant throughout the test, Scy is higher than Sc, at the beginning but becomes
lower at the equilibrium conditions. Thus, Cd(ll) is again being displaced by Cu(ll). This also
happens to a certain extent in the test to optimise Cu(ll). Moreover, one should note, that at
the global optimal conditions (optimization of gr), with initial concentrations of Cd(ll) and Pb(ll)
of 445 and 241 umol-L?, respectively, initially Scq was higher than Ses, meaning that at the
beginning of the test, Cd(ll) is quickly adsorbed, but as the test goes on Scy decreases in favour
of Spp. This would indicate that Cd(ll) has certainly high affinity for the artichoke agrowaste

biomass but it is displaced when Pb(ll) and Cu(ll) are also in solution.

3.5. Desorption studies

In the context of a circular economy, desorption of metal ions from the spent sorbent was
effectively performed for the recovery and reuse of the biomass and for the possible
reintroduction of the desorbed metals in the industrial chain and looking to go “zero waste”.
The literature reports different types of eluent agents, mainly organic and inorganic acids
solutions and complexing agents (Hashim et al., 2000). Nitric acid (HNOs 0.1 M) and EDTA 0.1

M were tested for the desorption of the metal ions investigated. The best recovery was carried
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out by HNO3 0.1 M (93%), whilst EDTA 0.1 M yielded lower desorption (78%). This result gives
an idea that the mechanism involved in the sorption process is mostly ion-exchange, so acid
washing yields better results in the desorption process, based on the ion-exchange between

the protons in solution and the metal ions adsorbed to the biomass.

3.6. Importance and sustainability of valorizing artichoke residues as low-cost sorbent

Among the different techniques used to remove heavy metals from wastewater, adsorption is
generally preferred as it is one of the most effective. The widest used adsorbent is activated
charcoal; however, its high treatment cost has turned focus on searching low-cost, natural,
effective adsorbents (Anna et al., 2015). Currently, the residues of artichoke from the canning
industry are disposed of in landfills or, as best, used to prepare cattle feed. The possibility of
using it as a heavy metal sorbent opens a gate to a low-cost valorization of this waste, as it
uses a residue as a raw material without any previous treatment, apart from drying at 70 °C
and milling. It is worth reminding that the mass of artichoke agro-waste amounts to

approximately 70% of the entire plant (Machado et al., 2015).

Sustainability of the process is guaranteed in several ways. First of all, it is a natural product
and its use as a sorbent does not compete with food resources as only the waste parts are
used. In this way, it contributes to diminish the amount of residues generated. Moreover, it is
reusable as checked in our desorption tests. Secondly, used as a sorbent, it can remove metals
from wastewater streams, contributing to the potential reuse of treated water in places of
water scarcity. Thirdly, the energy consumption of the batch process is low. The energy cost of
a continuous process is higher because of the pumping of the water stream through the
scrubbers but still not as energy demanding as other processes that require, for instance, high
temperatures to operate. Finally, the adsorption process is environmentally friendly (there are
no emissions of gaseous pollutants or use of any toxic substances).

The utilization of residues of artichoke from industrial canning processing as sorbent for the

removal of heavy metal ions from aqueous media in addition to ensuring treatment in
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accordance with the principles of sustainable development is also helpful in the environment

bioremediation processes.

Conclusions

The search of efficient and environmental friendly sorbents has positioned the lignocellulosic

biomass resources as attractive and low-cost alternatives instead of synthetic sorbents. This

paper illustrates the efficiency of artichoke agrowaste biomass as sorbent of metal ions in a

multimetal study.

The analysis of experimental data led to the following conclusions:

VL.

VII.

Residues of artichoke from industrial canning processing show a great potential as
sorbent of Pb(ll), Cd(Il) and Cu(ll) in multi-metallic solutions.

The Taguchi approach facilitated understanding of the interaction of the factors
investigated with a reduced number of experiments, suggesting optimal operating
conditions to achieve a maximum sorption capacity.

Pb(ll) was the metal ion predominantly adsorbed at equilibrium, followed by Cd(ll)
and, lastly, Cu(ll).

The kinetic study of the process reveals that it follows a pseudo-second order model.
The highest value of the rate constant, k2, was always that of Cd(ll).

The share of each metal ion on the total sorption capacity (S;) was found to be a good
parameter to explain these results. Indeed, Cd(ll) is actually rapidly adsorbed at the
beginning of the tests but often displaced by Cu(ll) and Pb(ll) as the sorption process
progresses.

The concentration gradient of each metal ion was found to be the major driving force
in the sorption process.

In sum, artichoke agrowaste biomass could effectively be used to reduce the amount

of metal ions in multi-metallic aqueous effluents in order to attain a zero waste
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economy and a valorization of this agrifood waste. This project would be a perfect

example of a circular economy applied to the agricultural and food sector.
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Fig. S1. XRD pattern of the artichoke agrowaste biomass used to calculate the cristallinity index
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Fig. S2. Thermogravimetric analysis (TGA) curve of the artichoke agrowaste biomass

recorded in nitrogen atmosphere
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667 Fig. 3. Plot of N, adsorption-desorption volume vs pressure applied (P/Po).

668

4,50E-03

¢

4,00E-03

3,50E-03

3,00E-03

2,50E-03

2,00E-03

dV/dlogd (cm3-g)

1,50E-03 o

1,00E-03 L # *

5,00E-04

0,00E+00
0 50 100 150 200 250 300 350

Pore diameter (nm)
669

670 Fig. S4. BJH pore size distribution for mesopores and micropores of artichoke agrowaste
671 biomass.
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