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ARTICLE INFO ABSTRACT

Keywords: During this work, the Bean Pods are reported as adsorbent to remove Contaminants of Emerging Concern from
Bean pods water. Specifically, the Bean Pods were washed before their use with 1 M NaOH and HCl solutions, for activating
Cf’ntammm}ts of emerging concern their surface and rendering the material porous with a larger surface area, as evidenced by BET and SEM ana-
[C\iipszf;?:;cm lyses. Indeed, the pods were fully characterized by adopting different techniques, and UV-Vis spectroscopy was
Green chemistry adopted to monitor, at several contact times, contaminated water. To pursue this aim, Ciprofloxacin, a largely
Recycling used antibiotic, was selected as a model contaminant, exhibiting an high absorption in the UV-Vis spectrum.

Moreover, the roles of the physical and chemical parameters such as ionic strength, pH, adsorbent/pollutant
amounts, and temperature, during the adsorption, were assessed, obtaining interesting information on the whole
process, that occurred efficiently with a maximum adsorption capacity of 45 mg/g. The increase of the adsorbent
amount (from 3 to 25 mg) and decrease of pollutant concentration (from 30 to 10 mg/L) favored the Cipro-
floxacin removal due to the large presence of active sites. The change of pH values (i.e. 3, 6 and 12) and ionic
strength values (in the range 0.001-0.5 M by adopting NaCl) largely inhibited the adsorption, evidencing the
presence of electrostatic interactions. The adsorption isotherms, thermodynamics and kinetics of the process
were also studied. Specifically, the Freundlich and Temkin models well described the process, suggesting the
heterogeneous character of the adsorption, with the formation of a pollutant multilayer onto the adsorbent
surface; the process occurred spontaneously (AG < 0) with an increase of entropy (AS > 0), and it was favored by
the increase of temperature (AH > 0). The pseudo-first-order kinetic equation described the process with the
applicability of the Weber-Morris model, denoting the key role of active sites to host the pollutant, and intra-
particle diffusion, respectively. The recycling of the proposed adsorbent was successfully demonstrated by means
of a salt solution. New horizons in the use of Bean Pods, for water remediation, was thus successfully demon-
strated during this work, proposing an environmentally friendly approach for decontaminating water.

Agri-food wastes recovery
Sustainable adsorbent substrates
Water remediation technologies

1. Introduction

Water contamination represents an important worldwide concern
that negatively affects the whole environment, with impressive and
dangerous impacts on human health. [1] Heavy metals, inorganic salts,
textile dyes, and Contaminants of Emerging Concern (CECs) could
usually be retrieved in water, favoring, according to the case, high
toxicity. [1,2] In this regard, it is worth mentioning that in the last

decades, the presence of CECs in water bodies has increased, and, over
time, these pollutants could worsen the problem of water scarcity. [3]
Hence, suitable strategies are necessary to remove them from water. To
face the problem, many technologies have been developed by scientists
around the world, including ionic exchange, membrane separation,
coprecipitation, filtration, reverse osmosis, Fenton oxidation, photo-
degradation, biodegradation, ozonation, and electrochemical reduction,
among others. [4] Unfortunately, these strategies are unsatisfactory
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when applied to CECs and could suffer from drawbacks, such as asso-
ciated costs, lack of scalability, the impossibility of recycling both the
adsorbent and the adsorbate, and possible formation of hazardous by-
products, increasing the whole environmental toxicity. [4,5] On the
other hand, as arising from the literature, [5,6] the adsorption processes
seemed to be the most promising methods, overcoming some of the
aforementioned negative aspects. For example, interesting results were
obtained when carbon-based substances were in use, but some of these
adsorbents cannot be considered environmentally friendly. Hence, to
respect the principles of Green Chemistry and Circular Bioeconomy, the
use of natural materials seemed to be preferred. [7,8] In particular,
biopolymers, such as chitosan, alginate [9,10], and agrifood wastes,
[11,12] have obtained the greatest interest. Among wastes, the use of
coconut shell and husk, banana peel, rice husk and straw, sugarcane
bagasse, pineapple peel, bean pod, and bean husk, among others, are
worth mentioning. [4]

In particular, as clearly stated in the recent review of Ebuka Chizitere
Emenike et al., [4] the Bean Pod (BP) and husk hold significant potential
due to their capability to work as adsorbents for water remediation.
Moreover, it is worth mentioning that the amount of waste associated
with the use of common bean (Phaseolus vulgaris) is expected to increase
in the next years. Specifically, a peak in dry bean production of about
31.5 million tons worldwide was noted in 2017 (FAO, 2021), and it has
been reported that about 60 % of the plant mass becomes waste,
frequently discarded, and not fully utilized. [13] So, it should be also
important to provide solutions for reusing, recycling, and reducing this
waste. [13] For istance, as emphasized in the recent literature, [4]
among different applications of BP, an investigation that proposes this
material as adsorbent to treat contaminated water, enlarging its appli-
cability, is expected. Accordingly, the relatively low number of papers
reporting the specific use of BP for water remediation [13-19] denotes a
gap present in the literature that should be filled, enabling research
activities in this field. Specifically, BP has been used to remove heavy
metals, some dyes, fluorescein, nitrate, phosphate, ibuprofen, and
naphthalene [13-19], without clear evidences about the kinetics and
thermodynamics related to the removal of CECs from water. On the
other hand, the use of bean husk has been largely proposed [4].
Regarding the maximum adsorption capacities, the reported values
ranged from 0.38 mg/g to 300 mg/g. Moreover, in these works, a pre-
treatment of waste is also described: (i) several washing cycles with
tap water and (ii) subsequent activation, including acid and/or alkaline
treatment, composite formation, and functionalization with polymers,
etc. Its use in the form of active carbon was also taken into account. [15]
According to the case, the proposed pre-treatment increased the mate-
rials’ porosity and surface area, introducing new functional groups on
the material’s surface, and removing lignin and hemicellulose.
Furthermore, it is important to highlight that only three works presented
in literature [13,17,18] reported the possibility of regenerating these
BP-based adsorbents and desorbing the pollutants. For that purpose, HCI
or NaCl solutions were used, and the authors attempted several
adsorption and desorption cycles to verify the recyclability. Starting
from these considerations, this work has the aim to enlarge the BP
applicability, demonstrating the ability of this material to act as adsor-
bent and remove CECs from water, not yet investigated in literature,
detailing the mechanism of pollutant adsorption, the role of parameters
affecting the process, the thermodynicmis and kinetics; important in-
formation useful to scale-up the process. For the purpose, to detail these
features, the attention was focused on Ciprofloxacin (CIP), a largely used
antibiotic. [20]

Indeed, the presence of antibiotics in water is an extensively diffused
problem. [21-24] Among the others, CIP is a third-generation fluori-
nated quinolone-based compound, retrieved in water at different con-
centrations. Accordingly, CIP has been largely prescribed for treating
patients affected by SARS-CoV-2-associated pneumonia, and its pres-
ence in water in the next years is expected. [25] The importance of CIP
removal also arises by looking at the very high number of papers
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[25-46] available in the literature, evidencing the use of different ad-
sorbents, both from natural and synthetic origin. Specifically, adsorption
capacities, ranging from a few to some thousands of mg/g, have been
reported. [25-37,40,42-46]. Table 1 summarizes the results. So, the CIP
removal is still an actual concern, and advances in this field are obtained
and expected every year, with only some works up to now that propose
the adsorbent regeneration. As a result, to the best of our knowledge,
this work represents the first assessment on the use of dry BP aiming at
CIP removal, a CEC, proposing a sustainable way to regenerate the
adsorbent. Specifically, a pre-treatment of BP with HCl and NaOH was
demonstrated to be necessary to improve the adsorbent features,
enhancing its performance. The use of NaCl enabled the pollutant’s
desorption, presenting a sustenaible way for recycling the adsorbent,
lowering the associated costs. The physical and chemical characteriza-
tion of BP by using synergistically SEM, EDX, ATR-FTIR, BET, XRPD, and
TG analyses was thus performed, and the role of physical and chemical
key parameters that affected the adsorption process was also assessed,
elucidating the kinetics and thermodynamics of the process.

2. Materials and methods
2.1. Chemicals

The BP was obtained from a private organic farm in the Lombardy
region (Pavia province), Italy. Ciprofloxacin (Ci7H;8FN3O3, M.W.
331.35 g x mol™1), and all the investigated contaminants, Propranolol
(PRO), Diclofenac (DCF), Carbendazim (MBC), Ketoprofen (Kp) and
Carbamazepine (CBZ) were purchased from Sigma-Aldrich (Milan, Italy)
and used as received without further purification (purity >98 %). The
Ciprofloxacin stock solution, 30 mg/L, was prepared in deionized water
and diluted to obtain solutions in the range of 10-30 mg/L. When
necessary, concentrated HCI (purity 37 %, Sigma-Aldrich, Milan, Italy)
and NaOH (reagent grade, >98 %, pellets, anhydrous, Sigma-Aldrich,
Milan, Italy) solutions were used to modify the pH of the investigated
samples. The same commercial source was adopted for LiCl (ACS re-
agent, purity >99 %), NaCl, KCl, MgCl,, NaBr having purity >99 %,
CaCly (purity >93 %), and NaClO4 (purity >98 %) used to assess the role

Table 1
Natural and synthetic adsorbents used for the CIP removal from water.
Adsorbent Maximum adsorption Reference
capacity Qmax mg/g
91.8
Tannin foam [45]
Dialium guineense Seed Waste 125 [46]
Sugarcane bagasse 13.6 [26]
Adsorbents based on lignin 0.2-0.4 [27]
Titanate nanotubes 153.90 [28]
10.42
Sludge pyrochar [29]
74.2
Sludge biochar (magnetic) [30]
Cyclodextrin-based nanosponges 2 [36]
Iron oxide/cellulose magnetic 168.03 [40]
nanocomposite
Nanocomposite beads 9.21-10.87 [32]
Graphene oxide adsorbent 1826.64 [43]
MCM-41 functionalized with amino 139.25 [33]
groups
Magnetic biosorbents 527.93 [34]
Solid waste based on biochar- 167.36 [42]
montmorillonite
Bacteria sludge 7.642 [35]
Grapefruit peels 565 [31]
Magnetic graphene oxide 106.38 [371
nanocomposite
Ethylene diaminetetraacetic acid- 448 [44]
-cyclodextrin
Kiwi Peels 40 [25]
BP 45 This work
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of salts during the adsorption process for confirming the mechanism of
the reaction. All the measures were performed in triplicate, and the
standard deviation was inferred and reported in each graph.

2.2. Adsorbent preparation

The BP were dried under the sun to a constant mass before the
chemical treatments. [46] Subsequently, 100 g of BP was reduced in size
with a mortar to obtain small pieces of around 1 mm x 1 mm, avoiding
the use of powder that cannot be recovered easily from water. The BP
were thus placed in 300 mL of hot water and kept under constant stirring
for 30 min. This step was repeated 5 times (sample 1, in Table S1) and
indicated in the paper as BP/H30. Subsequently, adopting the same
contact time, the obtained material was further treated with 300 mL of 1
M HCI, NaOH, or HCl/NaOH, and finally washed with the same volume
of water until a neutral pH value was attained (See Table S1 for the
details about the sample treatments, indicated as samples from 2 to 4).
The wet substrates were then dried in the oven at 60 °C until constant
weight, and approximately for 24 h, obtaining the dry adsorbent.

2.3. UV-Visible measurements

A CARY 5 UV-Vis-NIR spectrophotometer (Varian Inc., now Agilent
Technologies Inc., Santa Clara, CA, USA) was used for collecting the
UV-Vis absorption spectra in a range of 200-400 nm, at a 1 nm/s scan
rate. The Ciprofloxacin concentration was inferred by measuring the
absorbance intensity at A 335 nm; a molar absorption coefficient (¢) of
14,200 L x mol ™! x cm™~lwas experimentally calculated by adopting the
Lambert-Beer law.

2.4. ATR-FTIR spectroscopy measurements

ATR-FTIR spectra of the inner and outer BP surface, before and after
the adsorption/desorption, were recorded in a 4000-500 cm ! range by
using a Fourier Transform Infrared spectrometer (FTIR Spectrum Two
from Perkin Elmer, Waltham, MA, USA).; the resolution was set at 4
cm ™, and 16 scans were summed for each acquisition.

2.5. Specific surface area analysis

The specific surface area of the different samples was determined by
Ny adsorption (BET method). The nitrogen adsorption curves were ac-
quired by a Sorptomatic 1990 (Thermo Electron Corporation, operating
with the static volumetric principle). The correction for the volume of
the sample was introduced by measuring the He sorption.

2.6. Scanning Electron Microscopy (SEM) and energy dispersive X-ray
spectroscopy (EDX) analyses

SEM measurements were performed using a Zeiss EVO MA10 (Carl
Zeiss, Oberkochen, Germany) at an acceleration voltage of 20 kV and
8.5-mm working distance on gold-sputtered samples. EDX analyses were
performed with an XMax50 mm? detector by Oxford Instruments (UK).

2.7. X-Ray Powder Diffraction Analysis (XRPD)

XRPD analyses were performed with a D2-Phaser diffractometer
(Bruker AXS, Karlsruhe, Germany), with Cu-Ka radiation. The analyses
were performed in an angular range from 5° to 50° with an angular step

of 0.02° and a scan speed of 1.2°emin".

2.8. Thermogravimetric (TG) analyses
The investigation of the thermal properties of the samples was per-

formed by using a Perkin Elmer Pyris 1 thermogravimetric instrument.
The analyses were performed under an inert atmosphere using nitrogen
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as a purge gas, with a constant flow rate of 30mL/min. Each sample
(4-5 mg) was heated from 30 °C to 600 °C at a heating rate of 10°C/min.

2.9. In batch equilibrium experiments in the presence of Ciprofloxacin

Where not indicated, the experiments of adsorption were performed
at room temperature (298 K) at an initial pH of 6. In detail, the % of
adsorption, % of Ads, was calculated by adopting Eq. 1. [28]

A

%of Ads = AOA;
0

x 100 (@D)]
where Ap and A; are the UV-Vis absorbance intensities of the
pollutant solution, measured at A 335 nm, at time t; and t time,
respectively.
The adsorption capacities, q; (mg x g 1), were calculated by using
Eq. 2. [26,28,45]

Co — C¢
qe = W

xV 2

V represents the pollutant solution volume (15 mL), W is the dried
adsorbent mass (g), Cp and C, (mg/L) are the pollutant amounts at time ty
and t, respectively.

To assess the role of the pollutant amount during the adsorption, 25
mg of adsorbent was placed into 15 mL of a Ciprofloxacin solution
having different initial concentrations (from 30 mg/L to 10 mg/L). The
adsorbent amount, from 3 to 25 mg, was also changed by fixing the
Ciprofloxacin at 10 mg/L. The process was studied under constant and
continuous stirring (120 rpm, using a M4 Digita PRO Multiple Heating
Magnetic Stirrer (VELP SCIENTIFICA). With the aim of assessing the role
of pH, temperature, and ionic strength during the adsorption, experi-
ments were performed in the presence of 25 mg of adsorbent and 10 mg/
L of Ciprofloxacin.

2.10. Adsorption kinetics

The kinetic of the CIP adsorption was studied by applying the
pseudo-first-order (PFO) and pseudo-second-order (PSO) kinetics
models. So, Eq. 3 and Eq. 4 were adopted to describe PFO and PSO
models, respectively. [25,31,36]

In(q, —q,) =In(q,) — K1 x t ©)
t 1 1
—= +—xt (&)
q Kq? q.

Where g, (mg/L) represents the adsorbent adsorption capacity at
equilibrium, q; (mg/L) is the adsorption capacity at time t. k; (min™?),
and kj (g/(mg x min)) are the rate constants of PFO and PSO models,
respectively.

The Weber-Morris equation (Eq. 5) was also applied to study the role
of the intraparticle diffusion.

q = kin\ X tl/z +C (5)

with ki, representing the kinetic constant expressed in mg/(g x
min'/2), describing the intra-particle diffusion rate, and C is the thick-
ness of the boundary layer.

2.11. Thermodynamic studies

The adsorption process was performed at different temperatures
ranging from 276 to 323 K. 25 mg of adsorbent was placed inside a 10
mg/L pollutant solution and the adsorption process was monitored at
each temperature, calculating q;. Free energy (AG®), entropy (AS°), and
enthalpy (AH°) were obtained. [25,26,36] Eq. 6 was used to calculate
the free energy:

o

AG

RT In Keq (6)
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Where R is the universal gas constant, 8.314 J x mol ™! x K71, Tisthe
temperature (K), and Keq is the equilibrium constant expressed as ge/Ce.
The values of AH° and AS° were inferred by equaling Eqs. 6 with 7 to
obtain Eq. 8.

AG = AH —TAS @
AH® AS°
Keo = = Rr * R @)

2.12. Adsorption Isotherms. Langmuir, Freundlich, Temkin, and
Dubinin-Radushkevich models were applied to experimental data
referring to experiments of adsorption obtained when the amount of
pollutant was changed. [25,36] The q; at equilibrium, called qe, and the
corresponding pollutant amount left in the solution, C., were arranged
according to Eqs. 9-13. The purpose was to find the best model that well
described the process, which should occur with particular features, ac-
cording to a specific isotherm model. The Langmuir (Eq. 9) model
suggests that (i) all the adsorption sites are characterized by constant
energy, and (ii) the pollutant is adsorbed on the surface of the adsorbent,
without interactions between the molecules of pollutant, forming a
monolayer.

¢« 1 .c
9. KiQp Qp

Herein, qe (mg/g) is the pollutant adsorbed amount at equilibrium,
C. is the correspondent equilibrium concentration of Ciprofloxacin in
solution, expressed in mg/L, Ky, is the Langmuir equilibrium constant (L/
mg), and Qg is the theoretical maximum adsorption capacity (mg/g) of
adsorbent.

The Freundlich isotherm (Eq. 10) illustrates an adsorption process
that occurs on a heterogeneous surface where available sites to host the
pollutants have not equal heat of adsorption; in this case, the latter
changes exponentially with the pollutant adsorption.

9

log(a.) = log(Kr) + -log(C:) 10)
Kr (L/mg) is the Freundlich constant, and n is the heterogeneity
factor. Usually, the 1/n value measures if the adsorption process is
irreversible (1/n = 0), favorable (0 < 1/n < 1), or unfavorable (1/n > 1).
On the other hand, the Temkin model (Eq. 11) indicates that during
the adsorption process, the heat of adsorption decreases linearly due to
adsorbent/adsorbate interactions.

d. = B]lTl(KT) + Blln(Ce) (11)

with Kr (L/mol) representing the equilibrium binding constant, and
B; referring to the heat of adsorption.

Dubinin-Radushkevich isotherm (D-R) (Eq. 12) supposes that the
adsorption of the pollutant onto a heterogeneous surface and the energy
distribution can be described by using a Gaussian curve.

Ing, = In(Q,) — Kp_g x € (12)

Where q. (mg/g) is the equilibrium adsorption capacity, Qq (mg/g) is
the theoretical maximum adsorption capacity, and Kp.g (mol?/J?) is the
Dubinin-Radushkevich isotherm constant. ¢ is the potential of Polanyi
(Eq. 13).

1
e = RTln<1 +C—e>

R is the gas constant (8.314 J/mol K), T is the absolute temperature
(K), and C represents the pollutant equilibrium concentration (mg/L).

The model also predicts the value of energy, E, involved during the
adsorption process (Eq. 14).

1
Vv2Kp_gr
Specifically, a value of E in the range of 8-16 kJ/mol suggests that

13

E=

(14)
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chemisorption could be taken into account during the process, while for
E < 8 kJ/mol, the physisorption could be considered.

2.12. In batch desorption experiments

Desorption experiments were performed by placing the adsorbent,
after removing the pollutant from water, into a solution (15 mL) con-
taining NaCl 0.1 M, under constant stirring (120 rpm, using a M4 Digita
PRO Multiple Heating Magnetic Stirrer (VELP SCIENTIFICA). UV-Vis
absorption spectroscopy was used to monitor the amount of desorbed
Ciprofloxacin.

2.13. Bean Pods’ point of zero charge determination

The pH of Bean Pods’ point of zero charge (pHpzc) was calculated by
using the drift method. For this purpose, 30 mL of NaCl solutions 5.0 x
1072 M were prepared by changing the pH values from 2 to 11 (pH;j)
after adding HCl or NaOH. Then, the solution’s pH (pHf) was measured
after contact with 25 mg of Bean Pods for 48 h under continuous stirring.
The pHpzc value was obtained by plotting pHj versus pH; and pH;j versus
PHE; the crossover of these curves represents the pHpyc value.

3. Results and discussion
3.1. Physicochemical features of BP

The physical and chemical features of BP after the adopted treat-
ments were evaluated using synergically SEM, EDX, XRPD, BET, ATR-
FTIR, and TG techniques. In the case of ATR-FTIR analysis, the atten-
tion was focused both on the inner and outer sides of the pods’ surface.
In particular, the inner face is referred to as the surface in strict contact
with the bean, conversely, the outer one is referred to as the external
side.

3.1.1. SEM, EDX and BET analyses

Figs. 1A-D report the SEM images for the BP after washing with
water, which occurred, as a whole, similarly to raw material: a fibrous
and flaky structure can be observed (Figs. 1A and B), with several
different sheets resting on each other (Fig. 2C). Some visible breaks in
the fibers were evident, forming some small cavities (Figs. 1A and B).
The surface of the different sheets appeared wrinkled and crossed by
channels with different widths (Fig. 1C), with the smallest ones forming
a sort of net. The elemental analysis (Fig. 1D) showed that the pods were
composed of O (more than 55 wt%) and C (about 38 wt%), with a small
amount of K (around 3 %) and traces of other elements like Mg and P
naturally present in the biomass. Regarding the alkali treatment, it has
been reported that it could affect the materials’ porosity and surface area
due to the induced rearrangement of the main components of BP. [4]
The macroscopic morphology was maintained, with large grains having
irregular shapes made of enrolled sheets (Fig. 1E, in the middle).
Moreover, grains with prismatic shapes appeared (Fig. 1E, on the right)
with evident pores, up to 5 pm, on the surfaces (Fig. 1F). The channels on
the sheets were still present (Fig. 1G), and their surface was more
wrinkled with respect to the water-washed pods and covered with the
net of the smaller channels. The EDX analysis (Fig. H) showed an in-
crease in the C content up to 68 wt%, O content of around 30 wt%, the
presence of a small amount of Na (around 1.5 wt%) from the washing
solution, and very small quantities of Mg, Si, and Ca from the original
matrix. According to these results, the specific surface area of the dry
bean pods after washing with water, as determined by the BET method,
was 49 + 3 m?/g, with pore volumes of 0.12 + 0.02 cm®/g; while the
NaOH washing leads to an area of 72 + 3 m?/g and a pore volume of
0.14 + 0.02 cm3/g values, respectively. In excellent agreement with
these results, when the adsorption study was performed, the CIP
removal was improved, if compared with the results referred to BP
whashed with water only (see Fig. S3B and the related discussion
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Fig. 1. SEM and EDX images for BP/H,O (A-D), BP/NaOH (E-H), BP/HCl
(I—N), and BP/NaOH/HCI (O, P).
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Fig. 2. Comparison of ATR-FTIR spectra of BP referred to the inner (A) and
outer side (B), evaluating the effect of the used pre-treatments.

reported in the paragraph 3.2 for more details).

The treatment with HCl, as well known in the literature, [4]
noticeably increased the number of cavities, making the material more
porous. Indeed, the pre-treatment with acids could remove impurities,
increase the surface area, and introduce new functional groups on the
material’s surface. [4] Some of the largest fibers appeared broken, and
some cracks were observed on the surface (Fig. 1I). Moreover, some
grains with exfoliated surfaces were evident, with a noticeable increase
in the porosity (Fig. 1L and M). The EDX analysis (Fig. 1N) revealed that
the composition in C and O was similar to the sample washed with
NaOH, and only a very small amount of Si (maximum 0.2 wt%) was still
detectable. Accordingly, the specific surface area of the bean pods after
washing with HCI leads to a specific surface area of 83 + 3 m?/g and
pore volumes of 0.15 + 0.02 cm®/g values, respectively. Not surpris-
ingly, the CIP removal was further improved (see Fig. S3B and the
related discussion reported in the paragraph 3.2 for more details).

When the combined basic and acidic treatment was considered, their
synergistic effect was observed, and the specific surface area was further
increased to 89 + 3 m?/g, and the pore volumes occurred 0.15 + 1 cm®/
g. The samples (Fig. 10) presented a morphology intermediate between
the ones treated with one of the two activating agents, with still integer
fibers intercalating very rough and porous structures. In this case, the
amount of C and O was similar (48 wt% and 52 wt% respectively), with
traces of Si (Fig. 1P), and the removal of CIP occurred more performant
(see Fig. S3B and the related discussion reported in the paragraph 3.2
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for more details).

3.1.2. XRPD analyses

To further unveil the effect of the adopted pre-treatment, the XRPD
analysis was performed. The patterns of the BP as well as BP after water
washing (Fig. S1) showed two main large peaks centered at 16° (less
intense) and 22° (more intense), and a small one at 35°, due to the
presence of the monoclinic cellulose Ip molecules: [47] in particular, due
to the presence of a huge amorphous fraction, the first band was
attributed to the superimposition of the (101) and (10—1) reflections,
[48] and the other two to the (002) and (0 4 0) crystallographic plane
reflections. [49] Pure lignin also showed a huge amorphous band
centered at around 21° due to the (200) reflection: [50] the presence of
this polymer was evident in the shoulder at low angle of the 22° signal of
cellulose. Similar patterns were obtained for the samples treated with
NaOH, and the mixture of NaOH and HCl (Fig. S1): the small but evident
shifts at lower angles for the two main peaks can be attributed to larger
interlayer spacing, compared with untreated biomass, [51] while the
enlargement of the first signal was due to an increased grade of amor-
phicity. Moreover, in the sample washed with HCl (Fig. S1), another
variation was well evident, and the two bands occurred with different
intensities, testifying to a stronger effect of the acidic treatment on the
biomass. In this sample and in the one treated with the combination of
NaOH and HCI, the band at 21° appeared narrow and the shoulder at a
lower angle was less pronounced with respect to raw or BP washed with
water: it could be hypothesized that the lignin polymer was attacked by
the acidic solution and decreased in amount, leading to the results
observed during the morphological investigation and the BET analysis.

[4]

3.1.3. TG analyses

More detailed information was obtained by using the TG analyses.
Figs. S2A and B show the BP’s thermogravimetric curves and the cor-
responding derivative signal (DTG) related to the adsorbent’s different
pre-treatments. For all the samples, a slight mass loss was observed until
the temperature of 100 °C, which could be ascribed to the release of
adsorbed water present in the lignocellulosic material, and the decom-
position of very light volatile compounds. [52] Subsequently, other
typical decomposition stages were detected and better appreciated in
terms of DTG. Specifically, the major weight losses were observed in the
temperature range between 200 and 400 °C and 450-600 °C, which can
be attributed to hemicellulose and cellulose degradation and lignin
decomposition. [53,54] The hemicellulose degradation occurred be-
tween 200 and 350 °C, while the cellulose degradation started above
320 °C. Regarding lignin, the decomposition began at the temperature of
hemicellulose degradation and continued up to 550 °C. After the pre-
treatment with water (BP/H»0), the main BP weight losses were well-
defined but shifted towards higher temperatures if compared with the
thermogram of the as-received raw BP. The higher thermal stability of
the main components of BP can be due to a probable rearrangement of
the lignocellulosic material through the formation of novel H-bonds.
Interestingly, in the thermograms of samples referred to BP pre-treated
with NaOH and/or HCI, the signal around 450 °C, mainly attributed to
lignin, disappeared. With regards to the contribution of cellulose and
hemicellulose, the related signals were affected, occurring with slight
changes in the corresponding temperatures. In agreement with the
previous discussion, the use of HCI should favor the cleavage of the aryl
ether lignin bonds, leading to lower-weight lignin by-products that
usually display higher thermal instability. [13,55] So, their contribu-
tions slightly increased at 550 °C. As a result, the thermogram related to
BP pre-treated with HCl and NaOH can be easily rationalized by
considering the synergistic effect of the basic and acidic treatment, that
favored a new assembly of the lignocellulose biomass in a more porous
network.
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3.1.4. ATR-FTIR spectroscopy measurements

In this case, appreciable differences were detected when referring to
the inner and outer sides of the material before and after the adopted
treatments. The ATR-FTIR measurements of as-received and washed BP
revealed (Fig. 2) characteristics signals attributable to the presence of
hemicellulose, cellulose, and lignin, the main expected components of
BP, according to previous results and as already observed in similar
works. [53,56-59]

Starting from the spectrum arising from the inner side of as-received
BP (Fig. 2A), a wide and defined band in the region 3500-3000 em !
attributed to the stretching vibration of the O—H groups from phenols,
carboxylic acids or alcohols, and water from hemicellulose, cellulose,
and lignin, was observed (with the contribute of intra and inter-
molecular hydrogen bonds). Not well-resolved signals were detected
around 2890 cm™! and 2900 cm ™!, which could be ascribed to the
symmetric and/or asymmetric C—H stretching, typical vibrations of
-CH3 and -CHj,- groups of cellulose and hemicellulose. A small peak,
owing to C=0 from lignin and mainly hemicellulose, was observed at
1745 em™ L. [56] Indeed, Kostryukov et al. [56] used the latter signal to
infer quantitative information about the presence of hemicellulose.
Accordingly, Jiang et al. assigned this band and the vibration occurring
at 1245 cm-1 to hemicellulose. [57] The vibration at 1600 cm ' can be
attributed to aromatics, and thus to C=C double bonds of lignin, whose
presence was further confirmed by the contributions at 1462, 1427 (in
the red dotted circle), 1115, and 1030 cm~ L. [57] In the region
1425-1200 cm™!, various vibration modes were observed, further
proving the presence of cellulose, hemicellulose, and lignin.
[53,56,58,59] The main cellulose contribution could be attributed to
vibrations at 1374, 1328, 1163, 1056, and 898 cm™*. In particular, the
latter, indicated with asterisks, suggested the presence of crystalline
structures of cellulose. [57] The shoulder at 1630 cm~! arose from the
contribution of water and hydrogen bonds between hemicellulose and
lignin. It is worth mentioning that in the region 1200-1100 cm ™}, be-
sides the typical signals ascribed to C—O and C-O-C stretching of sugar-
based compounds, herein cellulose and hemicellulose, the vibrations of
ethers and esters from the lignin structure could also be taken into ac-
count (1100-900 cm™b). [53,55-59] When the BP outer side was
considered in Fig. 2B, the aforementioned signals were retrieved.
Particularly, the doublet around 2900 cm ™! was strongly evident, and,
in this case, two signals were well identified at 2919 cm™! and 1850
em™?, respectively. The C—H stretching of cellulose, hemicellulose, and
lignin occurs at these wavenumbers. [53,56-59] On the other hand, the
shoulder at higher wavenumber can be mainly attributed to cellulose
and hemicellulose, as previously observed for the inner side. Clear sig-
nals from the C=0 around 1745 cm ! and 1245 cm ™! were detected,
confirming the hemicellulose presence. Interestingly, when the material
was washed with water, all the signals referred to both sides of BP
appeared the same but reduced in intensity, as the vibrations were
blocked into a more compact assembly. In particular, the vibrations at
1600 cm ! and 1425 cm ™! appeared weak in terms of relative intensity,
if compared with the others. At the same time, the vibrations at 1745
em ! and 1245 cm™ !, attributed to hemicellulose, were more intense.
The OH contribution at 3500-3000 cm ! was slightly present and, at the
same time, shifted at a higher wavenumber. On this ground, the process
favored the disruption of H-bonds and the formation of new ones in
between the main components, affecting the arrangement of the whole
network. [53,56-59] On the other hand, noteworthy results were
observed when the effect of HCl and NaOH was investigated. Significant
differences in the band relative intensities and shifts in the wavelength
positions were detected on both sides of BP (Fig. 2A and B). According
to XRPD and TG analysis, it is also possible to suppose the break of the
lignin structure in favor of other by-products that have carboxyl groups
derived from the breaking of aryl ether bonds. This was evidenced by the
increased C—=O stretching vibration at 1745 cm ™! [55] This effect was
more pronounced when the outer side of BP was studied. Specifically,
the ratio between the band intensity at 1745 cm™* and 1600 cm™!
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changed in favor of the former. However, at the same time, the signal at
1245 cm™! increased, also denoting the important contribution of
hemicellulose at 1745 cm™!. So, the lignin decomposition should favor
the new arrangement of the material. Accordingly, the shoulder at 1630
cm™! was less evident, suggesting the breaking of H-bonds between
lignin and hemicellulose. The signals in the region 1050-1115 cm™!
were also affected due to the disruption of the interactions of hemicel-
lulose with lignin and cellulose. Regarding the alkali pre-treatment,
when the attention was focused on the inner side, the contribution of
lignin and hemicellulose signals around 1745 cm ™' appeared signifi-
cantly reduced among the others. Accordingly, the band at 1245 cm™?
disappeared, suggesting the partial decomposition/removal of hemi-
cellulose and lignin, whose presence was still detectable at 1600 cm .
So, changes in the interaction between cellulose and lignin occurred,
and the bands at 1600 cm ™! and 1163 cm™! were shifted. The outer
surface seemed less affected by the pre-treatment, leading to a minor
extent of the previously observed changes. In this case, the vibration in
the region 3500-3000 cm ™! was less evident, denoting the novel as-
semblies of the main components in terms of the H-bonds network. On
this ground, the synergistic action of HCl and NaOH can be better un-
derstood. The pre-treatment should favor the partial lignin removal
and/or its decomposition in small molecules. At the same time, partial
hemicellulose removal/decomposition was favored in excellent agree-
ment with the retrieved surface area and porosity.

3.2. The case of study: Ciprofloxacin removal by bean pods

To quickly monitor the CIP removal from water, UV-VIS spectros-
copy was used. Indeed, CIP water-based solutions exhibit typical signals
in the UV-Vis region of the spectrum ascribed to # — n* transitions (A =
270, 323, and 335 nm). [25] To highlight the performance of BP in
removing CIP from water, Fig. S3A shows the UV-Vis spectrum evolu-
tion of a 10.0 mg/L CIP solution in the presence of 25 mg of BP pre-
treated with NaOH/HCI that, as argued in the following, was selected
among the others. After 1 h of contact time, the absorbance band in-
tensities decreased, and 60 % of CIP was successfully removed. At the
same time, a change in the initial pH value, from 6 to 4.5, was rapidly
observed after the contact of the adsorbent with the water solution
containing the pollutant. The same phenomenon was not observed in the
absence of CIP. To better highlight the mechanism of adsorption, and
thus the importance of NaOH and HCI solutions for pre-treating BP,
needed to activate its surface, a comparison of the CIP % of adsorption
on BP, when preliminary treated with (i) water, (ii) NaOH, (iii) HCl only,
and (iv) NaOH/HCl, was reported in Fig. S3B. The CIP removal
increased passing from condition (i) to (iv), indicating how the pre-
treatment selected for BP was necessary. Indeed, the synergistic use of
NaOH and HCI increased BP’s porosity and surface area, as previously
demonstrated, favoring the adsorption to the greatest extent. At the
same time, the change in the initial pH value of the solution was
significantly observed only after the NaOH/HCI pre-treatment of the
adsorbent. This well agreed with the BP features found during the cor-
responding ATR-FTIR analysis, where the presence of carboxylic moi-
eties was extensively retrieved on the material surface. These O-based
moieties, considered protonable sites characterized by a low proton af-
finity (in comparison with phenolic and alcoholic functional groups),
[60] can be more easily protonated after the activation with NaOH/HCI,
thus favoring the exchange with CIP. Accordingly, the pH value
decreasing was observed only under this condition of work and when the
material was pre-treated with the lone HCI, but in this latter case, the
reduced % of adsorption can be associated with the reduced surface area
and pore volume. So, to better detail this finding, the role of initial pH
during the adsorption, and the possibility of removing other pollutants
from water having the same molecular features in common with CIP,
were assessed.

At first, the pH effect was studied because, as reported in the liter-
ature, [25-29,36,40,45,46] the solution pH could have a key role during
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the adsorption processes, affecting the degree of pollutants’ protonation
and the adsorbent’s surface charge. Specifically, Fig. 3 reports the ob-
tained results, showing the % of CIP adsorption (using Eq. 1) on the
selected BP, pre-treated with NaOH/HCI, at different pH values. The
adsorption process occurred largely affected by the pH, appearing hin-
dered at pH 3 and 12.

CIP presents two pK, values, pK,; ~ 6 and pK,» ~ 8, associated with
the carboxylic and piperazine groups deprotonation, respectively.
[25-30,36,40,45,46] So, CIP can be considered a cation (CIP™) at pH <
PKa1, zwitterion (CIPT) in the range of pH between pKa; < pH < pKas, or
anion (CIP7) at pH > pKgo. At the same time, the adsorbent changed its
surface electrostatic properties. In particular, as reported in Fig. S4, the
drift method was applied to calculate the PZC of BP [25,36] that
occurred around pH 3. So, the BP was positively and negatively charged
at pH < 3 and > 3, respectively, due to the presence of carboxylic groups
on the adsorbent surface. On this ground, the different adsorption
behavior could be rationalized. In the range of pH between 3 and 6, the
adsorbent was negatively charged, and an electrostatic attraction be-
tween CIP* and BP occurred. So, the involvement of the protonated
piperazine ring and the negatively charged BP could be supposed.
[25-30,36,40,46,61] According to the obtained results, an exchange
between H' and CIP* on the pods’ surface occurred, decreasing the pH
of the water-based solution, and favoring the removal of the pollutant.
At pH < 3, both CIP and BP were positively charged, and the repulsion
was mainly observed. Accordingly, the change in the initial pH value
was not observed. To the same extent, at pH > 6, CIP was an anion, and
it was repelled by negative charges on the BP surface. Starting from
these considerations, a comparison with other pollutants was performed
to corroborate the pH’s role in the mechanism of adsorbate/adsorbent
interaction, mainly ruled by electrostatic interactions. Particularly,
Propranolol (PRO), Diclofenac (DCF), Carbendazim (MBC), Ketoprofen
(Kp), and Carbamazepine (CBZ) were used for the purpose. The choice of
these pollutants can be understood by focusing on their chemical
structures. PRO, MBC, and DFC were selected for the presence of similar
protonable -NH moiety (see orange circles in Fig. 3). Conversely, CBZ
and Kp lack of this molecular characteristic. Fig. 3 shows the obtained
results, reporting the % of adsorption for each pollutant at neutral pH 6,
pH 3, and pH 12. At pH 6, although with percentages much lower than
the CIP % of adsorption, the pollutants PRO, DCF, and MBC were suc-
cessfully removed by BP. At the same time, the previous change of initial
pH was again observed, confirming the proton exchange-based mecha-
nism of adsorption. It is worth mentioning that the same experiments
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Fig. 3. Comparison of the % of Ads of BP/NaOH/HCI (25 mg) relative to
different pollutants (at an initial concentration of 10 mg/L) under different pH
conditions at room temperature.
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were performed in the presence of only water-washed BP (BP/H50), and
the removal of these pollutants was not significantly observed, con-
firming the same behavior of CIP that was adsorbed at a minor extent by
this adsorbent (BP/H20). Regarding the behavior at the other pH values,
as previously observed for CIP, at pH 3 and 12, the process was stopped
for almost all the tested pollutants, confirming the important role of the
protonable amino groups. The only exception to this trend was repre-
sented by DCF, which was highly adsorbed at pH 3 without any modi-
fication of the initial pH.

Regarding PRO and MBC, the findings can be rationalized confirming
that the main driving force for adsorption on BP was electrostatic.
Indeed, PRO has a pK,1 = 9.5 [62] attributed to the deprotonation of the
amino group, while MBC has two pK, values: pK,; = 4.53 (related to its
basic guanidinium group) and pKaz = 9.6 (related to its carbamide
group). [63] So, it occurred in its positive form at pH < pKaj, and as an
anion at pH > pKay, while it was neutral when pKa; < pH < pKay. On
this basis, at pH 6, which changed rapidly to 4.5 value at the pollutant
addition, PRO was mainly present in the cationic form (PRO™); on the
other hand, MBC existed as a neutral form. However, the retrieved pH
value was exactly at pH = pKaj, suggesting that the protonated form was
present, although in equilibrium with the neutral MBC. This consider-
ation could also justify the reduced affinity of this pollutant for PB with
respect to CIP. On the other hand, at pH 3 and 12, both molecules
assumed the same charge of the adsorbent surface; therefore, the
repulsion was mainly observed. The different behavior shown by DCF
could be attributable to its reduced solubility at acidic pH. [64]
Generally, DCF is characterized by a pK, of 4.22, mainly existing in the
molecular neutral form at pH < 4.22, while the negative ionic form
predominates at pH > 4.22. [65] Hence, the adsorption was hindered at
neutral and alkaline pH values due to the increasing electrostatic
repulsion between negative DCF and negative adsorbent. Interestingly,
at pH 3 DCF was in its neutral form, but under this condition a very low
solubility was accounted for, in the literature. [66] The high removal of
DCF, under this condition of work, could be thus rationalized by taking
into account its precipitation on the BP surface. [67]

The behavior of CBZ and Kp further assessed that the BP adsorption
process occurred almost exclusively through electrostatic interactions.
Accordingly, Kp and CBZ were never adsorbed (Fig. 3). CBZ has two
dissociation equilibriums characterized by two pK, values: pKy; = 2.3
and pKyy = 13.9. [68] It is also considered a moderately hydrophobic
compound, being present in non-ionized form at normal pH levels in
wastewater. [68] So, since CBZ was not adsorbed also when the pH of
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the solution was changed, the finding could suggest that the presence of
other different non-electrostatic interactions, such as hydrophobic
interaction, n-t bonding, hydrogen bonding, Van der Waals forces, etc.,
can be excluded. As for Kp, according to its pK, value of around 4.7,
[69,70] in the explored range of pH, the molecule was neutral (pH 3 <
pKa) or negatively charged (pH 6 and 12 > pK,), and once again elec-
trostatic repulsion occurred. Moreover, the lack of protonable amino
groups in this compound confirmed, once again, the involvement of a
proton-exchange mechanism of adsorption when the proposed adsor-
bent was in use. According to the previous findings, a possible adsorp-
tion mechanism could be hypothesized (Scheme 1).

So, the choice to pre-treated BP with NaOH and HCI can be ratio-
nalized, and therefore, experiments were also performed to find the
condition during which the saturation of the selected material occurred,
and the maximum adsorption capacity was thus evaluated, corre-
sponding to 45 mg/g. It is important to highlight that the retrieved value
is significant if compared with other works involving different adsor-
bents, both from natural or synthetic origin, reporting maximum
adsorption capacities referred to CIP, ranging from a few to some
thousands of mg/g (see Table 1) [25-37,40,42-46]. Specifically, the
Qmax Value was in line with values referred to other natural adsorbent,
but relatively low if compared with synthetic ones. However, the value
can be considered high if compared with other works involving BP and
others pollutants different from CIP. [13-19]

3.2.1. Presence of salts in CIP solutions and their effects

To better identify the supposed mechanism’s presence, CIP adsorp-
tion experiments were performed in the presence of salt. Specifically,
NaCl at different concentrations was used as a model electrolyte. The %
of CIP adsorption was thus evaluated, and the results are reported in
Fig. S5A. By increasing the amount of NaCl from 0.001 M to 0.5 M, the
removal of CIP was hindered and completely blocked at the highest
values of ionic strength. Interestingly, a remarkable change in the pH
was measured during the adopted contact time. If, in the absence of salt,
the observed change of pH was around 1, on the other hand, in the
presence of NaCl, this value increased (Fig. S5B). Interestingly, the same
behavior was observed in the absence of CIP, confirming the presence of
an ionic exchange mechanism involving the O-based groups on the
adsorbent surface. [25,27,28,31,36,60] Na™ cations, in large excess, if
compared with the CIP amount, efficiently competed for the BP active
sites, and exchanged with H' present on the adsorbent surface. So, the
pH value of the solution was significantly reduced due to the largest

Scheme 1. Suggested ionic exchange mechanism, involved during the CIP removal by BP.
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amount of Na™. At the same time, the CIP in solution experienced a novel
environment due to the pH change, and it occurred further protonated.
Thus, the BP surface repelled CIP, restituting the obtained results.

3.2.2. Effect of CIP and BP amounts on the adsorption process

To get insight into the adsorption process, other information was
obtained by studying the role of CIP and BP amounts. At first, the role of
available sites on BP was assessed. For this purpose, different weights of
BP were placed in a CIP solution of 10 mg/L at pH 6 and r.t. Egs. 1 and 2
were used to infer the % of adsorption (Fig. 4 A), and the adsorption
capacities (Fig. 4B).

It was observed that when increasing the BP weights from 3 mg to 25
mg, the % of CIP removal increased, passing from 10 % to 60 % by
adopting 1 h as maximum contact time. This observation suggested the
importance of free active sites on the adsorbent surface that are avail-
able for ionic exchange with CIP. [25,26,36,40] By increasing the
adsorbent amount, the number of O-based active sites increased, thus
favoring pollutant adsorption. In agreement with this result, the related
q¢ values, reported in Fig. 4B, can better describe the process. It is worth
mentioning that usually, high q; values indicate good adsorption per-
formances, provided that all experimental conditions are fixed and
maintained constant. However, if q; is used to compare different
experimental conditions, it is important to consider that, according to
Eq. 2, where the amount of adsorbent is the denominator of the fraction,
varying the amount of adsorbent, the q; values tend to decrease if the
mass of the adsorbent increments. Accordingly, looking at Fig. 4B, the q;
decreased with the increase of the adsorbent amount, but it is important
to highlight that, at lower BP weights, the equilibrium condition
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(plateau) is not reached. [25,26,36,40] In other words, the q; values
appeared to level off only at the highest amount of adsorbent, where the
adsorbent’s surface area was much more, therefore, richer in carbonyl
functional groups, indicating that the adsorption sites were not satu-
rated. Conversely, by reducing the amount of BP, the number of active
sites decreased, and the CIP was less removed, although the q; values
were high. As reported by Chizitere Emenike et al., [4] the finding was
due to the greater surface area offered by a larger amount of adsorbent.
In agreement with this hypothesis, during the first time of adsorption,
the CIP removal was fast due to the large presence of active sites; at the
same time, the great CIP gradient of concentration enhanced the pro-
cess. [25,26,36,40] At extended contact time, fewer sites were available,
and the CIP concentration gradient in the solution decreased, so the CIP
molecule’s diffusion and adsorption collapsed. To corroborate these
results, experiments were performed by changing the amount of CIP,
adopting 25 mg of adsorbent as a fixed amount. Indeed, the initial
concentration of the pollutant is a pivotal factor that could impact the
adsorption. [25,26,36,40] Figs. 4C and D show the obtained results. The
q: values increased from the lowest to the highest CIP amount, sug-
gesting that the CIP concentration has also a key role in the adsorption,
in accordance with the previous discussion. At the same time, the col-
lisions between the CIP molecules and BP surface should be favored at
the increase of the pollutant amount, restituting high adsorption ca-
pacities. Accordingly, the changes in the % of CIP adsorption were not
detected when the CIP concentration was increased. The results sug-
gested that excess CIP molecules did not worsen the competition be-
tween the CIP for the limited number of binding sites onto the adsorbent
surface. [4,25,26,36,40]
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Fig. 4. % of CIP adsorption onto BP/NaOH/HCI, with the related adsorption capacities, by adopting a CIP solution of 10 mg/L, at pH 6 and r.t., and different
adsorbent amounts (A, B) and by changing the CIP concentrations, 10-30 mg/L by fixing at 25 mg the BP amount (C, D).
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So, from these results, it should be possible to assess that both the CIP
mass transfer and its adsorption onto the BP surface had a kinetic role
during the process, as better detailed in the following.

3.2.3. Kinetic analysis

To evaluate the kinetic of the process, Eqs. 3 and 4 referred to PFO
and PSO kinetic models, respectively, were applied. The attention was
focused on experiments during which the effects of both CIP concen-
tration and adsorbent amount were objects of investigation. So, the
relative q; values were rearranged according to the models, and Figs. S6
and S7 show the results obtained. Linear regression was thus applied to
calculate the corresponding kinetic parameters (Tables S2 and $3). To
select the best model that well described the experimental data, the
correlation coefficients R?, and the comparison between Qeeyp (the
experimental adsorption capacities at the equilibrium, contact time 60
min) and Qecalc (the calculated adsorption capacities obtained by
applying the kinetic equations) were taken into account. [36] From
Tables S2 and S3, it arose that the PFO better fitted the experimental
data. Specifically, if the PFO kinetic model describes an equilibrium
between the adsorbate and adsorbent, and assumes that the rate of
occupation of adsorption sites is proportional to the number of unoc-
cupied sites, as herein observed, confirming the previous discussion, on
the other hand, the PSO’s one assumes that the rate of adsorption sites
occupation is proportional to the square of the number of unoccupied
sites. At the same time, the obtained results denoted the main kinetic
relevance of the CIP diffusion in the adsorption process.

In excellent agreement, the Weber-Morris model application un-
veiled the finding, highlighting the role of intraparticle diffusion during
CIP adsorption. This model is described by Eq. 5, and it can be suc-
cessfully applied by restituting a straight line passing from the point 0,0
when the intraparticle diffusion is the kinetic controlling step.
[4,26,28,31,45] To assess this aspect, the model was used for experi-
ments during which both the amounts of CIP and BP were changed.

By plotting the q; values versus t'/2 the results reported in Fig. S8
were obtained. Cleary, a single and straight line passing through zero
was used to fit experimental data, confirming the applicability of this
model. So, considering the R? values associated with the linear regres-
sion, and reported in Table S4, it seemed that the internal diffusion can
be considered the slower process during the CIP removal; specifically the
intraparticle diffusion had a kinetic relevance during the process. As a
result, the related kinetic constants were inferred (Table S4). In excel-
lent agreement with the previous findings, the value of these constants
increased by reducing the amount of BP and by increasing the CIP
concentration. Under these conditions, the CIP gradient concentration
was progressively maintained, favoring intraparticle diffusion.
[4,26,28,31,45]

3.2.4. Thermodynamic analysis

To infer the thermodynamic information, the temperature role was
studied during the process. So, experiments of CIP adsorption were
performed in the range of temperature from 276 to 323 K with a CIP
solution of 10 mg/L in the presence of 25 mg of BP. To determine the
thermodynamic functions, the q; values were calculated (Fig. 5 A). It
was observed that the increase in temperature favored the CIP adsorp-
tion, and this evidence was especially observed at the beginning of the
process when active sites were largely available. [4,25,26,36,45] So, by
considering the q; values, and the amount of the not adsorbed CIP, the
Keq at each temperature was inferred. Eq. 6 was then applied to obtain
the AG® values reported in Table S5.

Negative AG° values were found, indicating the spontaneous char-
acter of the process. Eqs. 7 and 8 were then used to fit linearly the data
obtained, reporting in the graph In(Keq) vs. 1/T (Fig. 5B). The values of
AH°59g and AS°,9g were thus calculated and reported in Table S5. The
positive values of AH 29g (+20 KJ/mol) and AS°s9g (4115 J/mol x K)
indicated the endothermic character of the process, and an increase of
the randomness during the process, respectively. [4,25,26,36,45] It is
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values (from a CIP solution 10 mg/L, pH 6) (A); a plot of In(Keq) vs 1/T to
obtain AH® and AS° at 298 K (B).

worth mentioning that the low AH°9g value confirmed that, during the
CIP removal by BP, the CIP/proton exchange mechanism regards low
proton affinity sites, usually attributed to the presence of carboxylic
functional groups. [60]

3.2.5. Isotherms of adsorption

Langmuir, Freundlich, Temkin, and Dubinin-Radushkevitch (D-R)
isotherm models (Eqs. 9-14) were used to search for the best model
useful for describing the process. For this purpose, the R? values
(Table S6) obtained from the fitting of experimental data (Fig. S9), were
considered useful. According to the outcomes, it seemed that only the
Langmuir model could not be applied (Fig. S9A), while the best fitting
was obtained with the Freundlich isotherm (Fig. S9B). This behavior
suggested that a single mathematical model cannot be useful to describe
and predict the process. Indeed, a similar scenario was retrieved in
studies involving other natural adsorbents [9-11], and the finding was
justified considering the heterogeneous character of natural adsorbent
having different binding sites. So, the isotherm parameters for each
applied model, except for the Langmuir one, were inferred and reported
in Table S6. On this ground, by considering the assumption of the used
models, the CIP adsorption occurred on heterogeneous surfaces by
forming multilayer of pollutant, the adsorbent-adsorbate interactions
affected the surface coverage, and the changes in the heat of adsorption
during the process occurred. It is worth mentioning that the value of the
n parameter (see Table S6), inferred by applying the Freundlich equa-
tion, is representative of the adsorption strength. Particularly, values of
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1/nranging from O to 1, as herein observed, confirming that the physical
CIP adsorption process was favored. [25,29,30,36,45] This consider-
ation is partially confirmed by the application of the D-R model
(Fig. S9D), from which the value of E < 8 KJ/mol (Table S6) indicative
of physisorption can be extrapolated, although the corresponding R? was
not satisfying.

3.3. Physicochemical features of Bean Pod after the CIP adsorption

After the CIP adsorption, ATR-FTIR, XRPD, SEM, and EDX mea-
surements on BP were performed to infer more detailed information
about the proposed approach. Interestingly, the SEM images obtained
after the CIP adsorption (Fig. S10A and B) showed that, as a whole, the
typical features of BP were retained, but it seemed that the small
channels on the pod’s surfaces and the net structures resulted in more
evidenced and protruding as if covered by ribbons of solidified mate-
rials. The EDX analysis (Fig. S10C) was superimposable to the one ob-
tained for the matrix before adsorption (Fig. 1P). The morphology of the
CIP crystals was also investigated and occurred prismatic, as for
Fig. S10D, and it was not identifiable on the matrix surface. According
to these findings, TG and XRPD analyses (Figs. $9-S11) did not evidence
important changes concerning the sample before its use as adsorbent,
suggesting that the first CIP adsorption did not significantly alter the BP
features. Other information can be obtained by the FTIR analysis per-
formed on both sides of the BP after the CIP adsorption, and are reported
in Fig. S13. Starting from the inner side (Fig. S13A), the wavenumber
region 18001400 cm ! appeared affected by CIP presence: the signals’
intensity was reduced, and the intensity ratios between signals changed.
Particulary, the -C=0O stretching at 1745 cm™! reduced its intensity,
suggesting the involvement of the carboxylic moieties of BP, probably
from lignin and hemicellulose, during the CIP removal. [25] The OH
contribution at 3500-3000 cm ™! was slightly evidenced and shifted at a
higher wavenumber, indicating the possible formation of H-bonds as
reported in similar studies. So, the possibility that the OH moieties from
alcohols present in cellulose and hemicellulose, and phenols of lignin
can form H-bonds with the free electronic pairs of N, F, and O of the
piperazinyl ring of the CIP can be considered. The effects on BP’s outer
side were insignificant (Fig. S13B).

3.3.1. CIP desorption and adsorbent recycling

The presence of an ionic exchange-based mechanism and the
behavior observed in the presence of salt could be considered a benefit
to reverse the process. So, the desorption of the adsorbed pollutant was
attempted to regenerate the adsorbent. Once again, NaCl was adopted as
a model electrolyte, and the effect of its concentration was evaluated.
Specifically, after the CIP adsorption onto BP, the adsorbent was placed
in contact with fresh water containing NaCl, and the desorption of the
pollutant was monitored for 60 min. Fig. S14A reports the results ob-
tained, demonstrating that the % of CIP desorption was favored by
extending the contact time to 60 min and increasing the salt amount up
to 0.5 M. It seemed that the solutions of NaCl 0.1 and 0.5 M are the best
by obtaining the complete CIP recovery after 30 and 15 min, respec-
tively. Furthermore, the release of the pollutant molecules occurred
quickly at the beginning of the desorption process, and leveled off at
extended contact time. Considering the previously hypothesized
adsorption mechanism (based on CIP-proton exchange on the O-based
groups at the adsorbent surface), it is possible that the cations in solu-
tions exchanged with adsorbed CIP, and accordingly, this process
induced a pronounced change of pH at greater electrolyte amounts
(Fig. S14B). Indeed, a clear NaCl dose-dependent effect was observed,
and the pH value (after CIP desorption) decreased with the increase in
salt amount. As a consequence, under this experimental condition, the
acidic medium favored the CIP-BP repulsion, further enhancing its
desorption. At the same time, the anions should screen the positive
charges of CIP and BP, slowing down the potential reverse ionic ex-
change. To get insight into the desorption process, the nature of salt was
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changed by studying the role of cations and anions. Figs. S15 and S16
show the obtained results, evaluating the % of CIP desorption in the
presence of salts at 5, 10, and 15 min as contact time. As expected, the
CIP recovering percentage increased with the contact time in all the
explored conditions. However, the efficiency was different depending on
the type of cation used, appearing to slightly decrease passing from K* to
Li" (Fig. S15), suggesting that the process was sensitive to the hydrated
radius increase of the cation, (K* = 2.32, Na* = 2.76, and Lit = 3.4 A)
and to the ion’s charge density. [19] When referring to bivalent cations,
despite the increase in the ionic strength, the % of Des values occurred
very similar to those of monovalent-based salts. At the same time Cl ™, in
large amounts, should work by screening the positive charge as previ-
ously assessed. To confirm the finding, additional experiments were thus
performed. By selecting Na® as a cation, the nature of anions was
changed, and Fig. S16 shows the obtained results. The % of CIP recovery
was compared in the presence of NaCl, NaBr, and NaClO4, and the re-
sults suggested that the greater the size of the anion, the lower the CIP
recovery. [25,36]

Starting from these considerations, a solution of NaCl 0.1 M was
adopted for studying the ability of BP to work under continuous cycles of
adsorption and desorption. Fig. 6 reports the % of the adsorbed/des-
orbed CIP by adopting a contact time of 60 min for each cycle. Inter-
estingly, the % of adsorbed CIP increased from 40 % to around 75 %
when the 3rd cycle was accomplished, and then remained approxi-
mately constant. On the other hand, the desorption of CIP appeared to
decrease and leveled off at 20 % after the 4th cycle, as if the affinity
between the pollutant and the adsorbent was increased due to an
enhanced porosity of the material. The results were attributed to the
partial degradation of the adsorbent mediated by the prolonged use of
NacCl to desorb CIP during the consecutive adsorption/desorption cycles.
[59] Indeed, the amount of retrieved adsorbent decreased from 25 to 6
mg from the beginning of the process to the last cycle.

To get insight into the process, SEM, EDX, TG, ATR-FTIR, and XRPD
analyses were considered, and Figs. S10-S13 show the results obtained.
In particular, the analyses were performed for the adsorbent recycled for
3 and 6 times, and compared with those referred to the adsorbent before
its use. Starting from SEM analyses (Fig. S10), it appeared that the
prolonged use of NaCl noticeably increased the number of cavities,
making the material more porous as observed during the use of HCI.

Accordingly, the XRPD profile of the BP/NaCl (Fig. S1), referred to
as BP only treated with NaCl 0.1 M, was the same as one observed for
BP/NaOH/HCI, confirming the finding. The matrix was much more
porous by cycling (Figs. S10E and F for 3 and 6 cycles, respectively),
pointing out the fact that the adsorption and release of the CIP excavated
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Fig. 6. % of CIP adsorption and desorption obtained after consecutive cycles of
adsorption/desorption. A CIP solution 10 mg/L, pH 6, r.t. was used in the
presence of 25 mg of BP/NaOH/HCl. NaCl 0.1 M was adopted for the
pollutant recovery.
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the substrate. This sort of chemical erosion effect exposed deeper ma-
terial layers to the solution, thus increasing the affinity towards the
pollutant, not favoring its release.

Accordingly, the TG measures confirmed the observations (Fig. $12).
The typical thermogram of BP was detected (Fig. S12A), with the pre-
viously described weight losses; however, the DTG analysis (Fig. S12B)
revealed the lower contribution of the signal at 200 °C, suggesting the
partial decomposition of hemicellulose during the recycling. At the same
time, the other two observed weight losses, mainly attributed to cellu-
lose and lignin, were affected if compared with BP before its use; spe-
cifically, the signal previously detected at around 320 °C moved to
350 °C, and the lignin and its derived by-products contribution appeared
at around 520 °C, as observed during the use of HCl, which strongly
affected the material surface.

In excellent agreement with these results, as evident in Fig. S11, the
diffraction profile of the recycled samples was superimposable with the
pattern of BP/NaOH/HCI before its recycling, but the relative ratio of
the two main retrieved large peaks changed; a feature better evidenced
at the end of the 6th cycle. Finally, interesting results were obtained
when the ATR-FTIR analysis was taken into account (Fig. S13). It was
confirmed that that the use of NaCl altered the surface of the lignocel-
lulosic BP, and the effect was more evident when the outer side of BP
was studied.

The vibration at around 1745 cm™~ was weakly detected, and the
signals at 2900 cm™! and between 900 and 1100 cm™! changed ac-
cording to the formation of a new array involving lignin, cellulose, and
hemicellulose, which were always retrieved in the recycled sample.
Indeed, the whole adsorbent composition, as revealed by EDX, was
almost unaffected by the cycles (Figs. S10G and H), with C amount a
little bit lower than 50 wt% and O content around 52 wt%. In these
recycled samples, Na and Si were again visible in traces.

1

4. Conclusions

This work discusses the use of Bean Pods, agri-food wastes, for the
adsorption of emerging pollutants from water. Details about the adsor-
bent characterization were also presented by adopting different tech-
niques in synergy: ATR-FTIR, TG, XRPD, BET, EDX, and SEM. The
lignocellulosic nature of the material was successfully demonstrated,
occurring with an irregular surface, which is potentially useful for
hosting the pollutants. In particular, the effect of several treatments on
the pods before their application was studied. Particularly, the washing
of pods with (i) water, (ii) HCI, (iii) NaOH, and (iv), and NaOH/HCl was
performed, comparing the samples. The latter treatment was selected
because it favors the formation of a more porous network and enhances
pollutant removal from water. For this purpose, Ciprofloxacin was
adopted as a model drug, evidencing that, by increasing the temperature
values, the pollutant removal from water increased. The process was
spontaneous (AG° < 0), and endothermic (AH° > 0), occurring with an
increase of entropy. The isotherm and the kinetic models were investi-
gated, and it was observed that the process was defined by the
Freundlich equation. The pseudo-second-order kinetic model well
described the Ciprofloxacin removal by Bean Pods, with the application
of the Weber-Morris model. When the effect of physical and chemical
parameters on the process was studied, it was observed that the
pollutant adsorption capacities increased by increasing its concentration
and the adsorbent amount, suggesting the important role of free active
sites on the Bean Pods surface, and Ciprofloxacin diffusion during the
adsorption. The presence of electrostatic interactions between the
pollutant and the adsorbent was confirmed by changing the pH values
and ionic strength of the solutions containing the pollutant. Indeed, the
pollutant removal occurred strongly affected, and an ionic exchange
mechanism was demonstrated. On this ground, the presence of salts in
solutions hindered the removal, suggesting the possibility of using them
to regenerate the adsorbent, recovering the pollutant. For this purpose,
NaCl 0.1 M was selected, and cycles of adsorption/desorption were
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performed. Work is in progress about the possibility of testing the pro-
posed adsorbent to treat real water. Indeed, all experiments were per-
formed by purposely contaminating water solutions, not reflecting the
complexity of real wastewater (i.e., presence of competing ions, organic
matter etc). In the next future, the scale up of the process will be pre-
sented by proposing the treatment of wastewater for industrial appli-
cations, focusing the attention also towards mixtures of pollutants
belonging to different chemical families. Regarding this aspect, the
proposed methodology should be considered environmentally friendly,
lowering the disposal of agricultural wastes, favoring their reuse to solve
another issue (i.e. the presence of pollutants in water). At the same time
the associated costs should be favorable by considering that the adsor-
bent can be recycled for several time.
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