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Abstract: The presence of dangerous pollutants in different water sources has restricted the availabil-
ity of this natural resource. Thus, the development of new low-cost and environmentally-friendly
technologies is currently required to ensure access to clean water. Various approaches to the re-
covery of contaminated water have been considered, including the generation of biomaterials with
adsorption capacity for dangerous compounds. Research on bioadsorbents has boomed in recent
years, as they constitute one of the most sustainable options for water treatment thanks to their
abundance and high cellulose content. Thanks to the vast amount of information published to date,
the present review addresses the current status of different biosorbents and the principal processes
and characterization methods involved, focusing on base biomaterials such as fruits and vegetables,
grains and seeds, and herbage and forage. In comparison to other reviews, this work reports more
than 60 adsorbents obtained from agricultural wastes. The removal efficiencies and /or maximum
adsorption capacities for heavy metals, industrial contaminants, nutrients and pharmaceuticals are
presented as well. In addition to the valuable information provided in the literature investigation,
challenges and perspectives concerning the implementation of bioadsorbents are discussed in order to
comprehensively guide selection of the most suitable biomaterials according to the target contaminant
and the available biowastes.

Keywords: biowastes; bioadsorbents; activated carbon; raw wastes; heavy metals; industrial contam-
inants; nutrients; pharmaceuticals

1. Introduction

Water pollution has increased in recent decades as a consequence of the uncontrolled
disposal of agricultural and industrial residues and domestic discharge directly into water
bodies and soil, which can then reach underground sources via filtration. Two of the
most common contaminants are textile dyes and heavy metals; approximately 20% of
industrially-employed dyes are discharged in effluents, while heavy metals are often the re-
sult of waste from hospitals and factories. Both types of pollutants are considered important
hazards for human and environmental health even at trace levels. These non-biodegradable
pollutants are found in surface and ground water sources and accumulated in aquatic or-
ganisms, primarily because conventional wastewater treatments cannot completely remove
them from the effluent [1-5]. There are other water contaminants, such as organic matter,
pharmaceuticals, pesticides, fertilizers, chemicals from personal care products, and many
micro-organic pollutants; these are known as emerging contaminants. They are character-
ized by the majority being unregulated substances generated from anthropogenic activities,
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and can only be detected by chromatography methods coupled to mass spectrometry. Even
though they are present in the environment at very low concentrations (nanograms or
pictograms), their adverse effects are significant. The consequences of these pollutants are
diverse, generating long-term effects on aquatic life and human health such as endocrine
disruption, carcinogenesis, mutagenesis, and reproductive and embryonic toxicity, among
others [6-8]. Reports from the United Nations Educational, Scientific and Cultural Organi-
zation state that every day over two million tons of sewage and other effluents drain into
water bodies, forcing one out of nine people in the world to consume water from unsafe
sources [9]. Therefore, the necessity of environmentally friendly and affordable treatments
is a priority.

Different technologies have been developed to treat wastewater before it enters rivers,
oceans, or other water sources, including chemical, physical, and biological methods. Their
application depends on punctual permissible levels of the effluent, the cost of the process,
and environmental compatibility. These techniques include sedimentation, filtration, ion ex-
change, flotation, electrolysis, microbial reduction, bioremediation, and adsorption [10-12].
Biosorption is described as the process that occurs when the adsorbate or pollutant is
retained on the surface of the adsorbent (biomaterial), creating a molecular or atomic film
owing to residual interactions such as Van Der Waals forces or covalent bonds [13-15].
When biosorption is applied on wastewater treatment, it involves the interaction of the
liquid phase component with the surface of the solid by either a chemical (chemisorption)
or physical (physisorption) process, generating a mono- or multilayer (Figure 1). Similar
to synthetic resins, heavy metals or other charged contaminants bind to the adsorbent
biomaterial through electrostatic interactions and ion exchange.
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Figure 1. Adsorption mechanisms: (A) chemisorption monolayer; (B) physisorption multilayer; and
(C) ion exchange adsorption.

Agricultural residues have been proposed as low-cost unconventional adsorbents due
to their high content of cellulose and lignocellulose [1]. Grains, seeds, fruits, vegetables,
herbage, and forage, which represent the most abundant wastes in food and agricultural
industries, have great potential as adsorbent materials capable of remediating polluted
effluents [3]. However, several conditions must be considered for the optimal removal
of contaminants in addition to the production volume, such as the chemical and phys-
ical characteristics of the bioresidues and their operation parameters (pH, contact time,
adsorbent dose, particle size, contaminant concentration, temperature, adsorption kinet-
ics, and isothermal behavior). pH is one of the most important parameters, as it can
improve or weaken removal efficiency by affecting the solubility of metal ions as well
as the physical properties, structure, and availability of active sites on the surface of the
adsorbent [11,15,16]. A high adsorbent dosage provides a higher number of active sites,
and consequently increases the adsorption capacity until equilibrium is reached at which
an excess adsorbent does not further improve removal efficiency [15]. The adsorption
capacity can be further increased by reducing the particle size of the adsorbent, as there
is then a higher surface area and the limitations caused by mass and diffusional transfer
are decreased. This allows molecules to reach sorption sites more easily, and the capture
of the adsorbate occurs in a shorter time [15,17,18]. Furthermore, the adsorption capacity
increases as the contaminant concentration rises, which is calculated by isothermal models
that estimate the maximum sorption capacity of the adsorbent (qm) at a given temperature
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given the possible adsorption mechanisms [17,19]. Langmuir and Freundlich isotherms are
two of the most common models employed to describe different bioadsorbents. However,
the Dubinin-Radushkevic, Temkin, and other models have been used in specific cases, e.g.,
where the carbonaceous material capacity is defined by neither layer-by-layer adsorption
nor a constant adsorption potential, or when the adsorption behavior is characterized by
uniform energy distribution [20-22]. The adsorption kinetics indicate the influence of the
contact time, which depends on the adsorbate concentration, temperature, and adsorbent
characteristics (surface and pore size). There are several kinetic models; however, two
that are generally applied in bioadsorbent studies are the pseudo-first and pseudo-second
order models [23]. Both models deduce the sorption occurring on localized sites without
interaction among the adsorbed ions until it reaches a maximum point on the saturated
monolayer [24]. In the context of the current relevance and application of bioadsorbents
for water bioremediation, although many authors have reported on several options for the
removal of a wide range of contaminants, at present this information is distributed across
many studies focused on a single type of contaminant or bioresidue. The present paper
seeks to organize this vast amount of information into three major categories of low-cost
agricultural adsorbents, namely, grains and seeds, fruits and vegetables, and herbage and
forage waste, for the removal of the main groups of pollutants (heavy metals, industrial
chemicals, nutrients, and pharmaceuticals) found in different water sources. Bioadsorbents
derived from these three categories are described and compared here along with informa-
tion on both adsorbents and the key parameters that influence the adsorption process. We
sought to compile the largest collection of information on bioadsorbents reported to date in
a single bibliographical source in order to allow future researchers to easily determine the
most suitable alternative in each case.

2. Methods

The methodological approach followed to this literature review is briefly described be-
low. The main topics were waste-based adsorbents and water remediation. These residues
were categorized into three main groups: fruits and vegetables, grains and seeds, and
herbage and forage. The search based on the Science Direct database was carried out

/7

from May to August 2021 using the keywords “seeds”, “fruit”, “vegetable”, “forage”,
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“herbage”, “silage”, “cereal” “water treatment”, “grain”, “beans contaminant”, “wastewa-
ter”, “by-product”, “adsorption”, “micronutrients” and different combinations of the same.
Commands such as “AND” and “OR” were included in order to improve the investigation.
Approximately 120 publications (scientific articles and reviews) from the last ten years
were screened and examined. The selection parameters included relevant information
about removal efficiency, adsorption and kinetic models, waste sources, and removal of
specific groups of contaminants (pharmaceuticals, dyes, heavy metals, and nutrients). Book
chapters and reports of international organizations were included as references for specific
topics and concepts. It is important to explain that the inclusion of the herbage and forage
category resulted from a meticulous search for residues derived from leaves and stems
such as sugarcane bagasse (SCB), tea, date palm tree leaves and fibers, sunflower stalks and
leaves, cauliflower leaf powder, potato stem and leaf powder, grape stalks, corn stalks, and
straw of cereals such as rice, wheat, barley, and soybeans. The corn cob was considered a
vegetable due to its peculiar way of sprouting from the stalk plant.

3. Obtaining Waste-Based Bioadsorbents

The use of grains and seeds for water treatment can be classified into three categories:
flocculation—coagulation processes [25,26]; generation of activated carbon (AC) [27]; and
production of bioadsorbent materials [28]. Hibiscus seeds have been used as a worthy
example for the removal of organic matter from water. It is first necessary to dry and
grind the seeds before resuspending the product in NaCl solution; it must then be defatted
with hexane to obtain extracts and proteins with coagulant activity [25]. Other seeds have
been tested, such as Moringa oleifera, common beans, and mustard seeds [29,30]. Several
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examples from the other two categories are described below, highlighting the type of
physical or chemical pre-treatment employed in their use as bioadsorbents.

3.1. Activated Carbon Production

The synthesis of AC from low-cost waste materials and its subsequent use as a biosor-
bent has become more common. Generally, AC implementation requires pre-treatment
before application to contaminated waters; the use of microwaves [31], ultrasound tech-
niques [32], or chemical agents for biochar activation have all shown promising results.
Furthermore, the use of different chlorides such as NaCl, KCl, and CaCl, has resulted in
AC with better adsorption capacity [25,33]. The common way to activate biowaste-based
carbon is after carbonization, although in certain cases the activation is carried out before.
This can be physical (e.g., pressurization, pyrolysis, or gasification) and/or chemical (e.g.,
by using acid, alkali, or salt compounds) depending on the nature of the waste and its
further application [34-36].

The removal of heavy metals with AC using seed and grain wastes has been widely
explored, as in the case of the buttons (female flowers) that are one of the most abundant
residues in coconut plantations (comprising about 55-95% of remains). This coconut waste
was evaluated by Anirundhan and Sreekumari [37] for the adsorption of different heavy
metals from industrial effluents. The buttons were treated with sulfuric acid and placed
inside a graphite tube in a furnace to generate AC; the collected carbonized material showed
high metal removal performance (100%). Spent coffee waste is another material commonly
used to adsorb a wide range of contaminants present in fresh water and wastewater
through carbon activation by NaOH [38]. AC from fruit waste such as papaya peel can be
an effective adsorbent to remove lead from contaminated water. This biowaste was dried
(105 °C) and carbonized, followed by a chemical activation process using H3POy as the
oxidant agent [39]. Concerning AC derived from forage and herbage sources (e.g., cereal
byproducts and palm tree leaves), these must first pass through a drying process, then be
soaked in acid solution, and finally carbonized into a particle size between 300-425 pum.
This has the aim of adjusting the kinetic model at 56 °C in order to effectuate the capacity
to remove heavy metals such as Pb(II) and Cr(VI) from aqueous solutions [40,41].

The AC sources employed to remove dyes and other industrial pollutants comprise a
long list of several types of vegetable wastes. Peanut shells have been transformed into
AC through chemical treatment with H3PO,4 and used to adsorb acid yellow 36 [42]. The
same chemical modification was performed with Acacia erioloba seed biochar to increase its
surface area and porosity and thereby improve the adsorption yield for methylene blue
(MB) and iodine [43]. Other authors processed coffee waste with KOH and pyrolysis to
obtain granular AC into calcium alginate beads for the treatment of dye contaminants,
finding that the material could be used for up to seven cycles [44]. The efficiency of H3PO4
as a carbon activator was compared with that of ZnCl, in the context of siriguela seeds
and cocoa shells for the adsorption of bovine serum albumin (BSA) and «-lactalbumin
(«-Lac), which are food industry wastes; H3PO4 was more effective for «-Lac, while ZnCl,
performed better in BSA removal [45]. Coir pith subjected to a carbonization treatment at
700 °C was used in a single and a multi-component system to adsorb congo red, rhodamine-
B, and acid violet [46,47]. Another fruit-based biochar that has been widely studied is that
resulting from pineapple waste (crowns, leaves and stems). These residues were subjected
to pyrolysis and permeated with ZnCl; to turn them into AC with a prominent adsorption
capacity for dyes (e.g., MB) thanks to a large surface area (914.67 m?/g) [48].

A wide variety of other agricultural wastes have been tested to produce AC for the
removal of nutrients and pharmaceuticals such as sodium diclofenac, diclofenac, carba-
mazepine, sulfamethoxazole, and ibuprofen, among others. As an example, rice husk and
lemon juice residue (solid after juice extraction) were explored as adsorbents for phos-
phate sequestering. The dried residues were submerged in NaOH followed by H>SO4
for their respective activation; both were then dried, carbonized, and finally sieved to a
250-350 um particle size [49]. Likewise, rubber pod husk showed favorable results for
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removing phosphates through chemisorption and a multilayer process after undergoing
chemical treatment with H3POjy to activate its adsorbent capacity [50]. A low percentage
of cacao pod husk generated during chocolate production is recycled as a fertilizer and
the rest is discarded. This massive generation facilitates its transformation into AC when
treated with H,SO, for the removal of sodium diclofenac from aqueous solutions [51].
Chemical activation with H3PO4 was further implemented by El Mouchtari et al. [52] on a
carbon composite based on Argania spinosa tree nutshells and TiO,. The latter modified the
properties of the adsorbent by increasing the surface area and easily retaining diclofenac,
carbamazepine, and sulfamethoxazole as well as the photolysis of the pharmaceuticals.
Chakraborty et al. [53] and Cabrita et al. [54] used ACs from Aegle marmelos (wood apple)
shells and peach stones with physical and chemical activation, respectively, to remove
ibuprofen and acetaminophen from water sources. The pretreatment conditions, including
the carbonization and pyrolysis temperatures employed to obtain the different activated
carbons from biowastes, are summarized in Table 1.

Table 1. Generation and characterization of activated carbon derived from agricultural residues
(grains, seeds, fruits, vegetables, herbage, and forage) to remove heavy metals, industrial contami-

nants, ions, and pharmaceuticals.

Biowaste Pretreatment Characterization Contaminant Ref.
Acacia erioloba seed Chemlifyilo?;’si‘s’a(ggg 0(82504)’ SEII\:/FIfIﬁI,{EDngT’ MB, iodine [43]
Aegle marmelos shell Carbo:gfi‘j,gggﬁ%%g(%)Steam SEM, BET, FTIR, PZC IBU [53]
AR Gl G OSnG; TRSREERRTON  czswooer o
Cacao pod husk Ch‘gg;g‘}nﬁgggﬁﬁ(zg(%lzg?‘i ) SEM, FTIR, EDX SD 51]
Guodeleand  Cheialseition GoCl (0F0), FIRDIAIG atacima (o
Cereal byproducts Carbonization (600 °C) N.R Cr(VI) [40]
Coconut buttons Chemicé‘zlrggtril\ilza ;;?31(&%89‘8)’ Steam  FTIR, )g;%, %%\fl’ TGA, Pb(II), Hg(II), Cu(Il) [37]

Coir pith Carbonization (700 °C) N.R CR, RB, AV [46,47]

Palm tree leaves Cé‘aerré‘éﬁlzgffé‘r’f(gggjggs%) FTIR, SEM-EDX, BET Pb(II) [41]
Papaya Pecl *HePO; Onidation "FTIR, BET XKD Ph(1) (59
Peach stones Ch%gi%ﬂﬂ?;ggig‘??ég%g)o 3), adls\lozrg{cligrs g%C, ACP [54]
thermal analysis
Peanut Shell Chﬁ?;fg‘fyiff&?é"i‘c(ﬁgo‘l)' TOA R AY-36 [42]
Pineapple waste Cheng;iéf;g;’?;},%no(g‘ch)' BET, BJH, FTIR, SEM MB [48]
RicohuskandLomon Chemiglactivotion (00U 1500 prig pETpH  Phosphates 119
Rubber pod husk ChemIi)C}laI}Oz}}C]tsiixgzi(’cSig(rJl glgfpo‘l)’ BEET%E}\%ZECDX’ Phosphates [50]
Spent Coffee Chemli;ilo?;g‘sﬁgggég)aOH)' UHR-SEM, FTIR NPX, DCF, IBU [38]
Spent Coffee (Granular) Chemical activation (KOH), Pyrolysis SEM, FTIR, BET, BJH, AO7, MB [44]

(700 °C), Granulation

Horvath-Kawazoe

N.R, not reported; MB, Methylene blue; IBU, Ibuprofen; CBZ, Carbamazepine; SMX, Sulfamethoxazole; DCEF,
Diclofenac; SD, Sodium diclofenac; CR, Congo red; RB, Rhodamine B; AV, Acid violet; ACP; Acetaminophen;
AY-36, Acid yellow 36; NPX, Naproxen; AO7, Acid orange 7; EDS, Energy Dispersive Spectrometer; UHR-SEM,
Ultra-High Resolution Scanning Electron Microscope.
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3.2. Raw Wastes as Bioadsorbents

Many of the biosorbents that have been studied for the removal of pollutants were
employed in raw form with or without chemical, physical, or even magnetic pretreatment
(Table 2). Residues such as exhausted coffee can be used without any chemical modification
to adsorb hazardous contaminants such as Hg(II) found in industrial effluents [55]. Raw
tamarind seeds have been presented as a remarkable alternative for the removal of Pb(II)
ions because of their high content of lignocellulose along with surface groups such as
phosphorus, magnesium, vitamin C, potassium, calcium, and proteins, which can be
chemically modified by HySO4 (1:2 weight ratio) and ultrasonic waves (24 kHz) to increase
their surface area [32]. Aradjo et al. [56] and Celekli et al. [57] used Moringa oleifera seed
powder (75-500 um particle size) without pretreatment to adsorb silver and reactive red
120 dye. Because the presence of surface functional groups is crucial to synthesize materials
with higher adsorption capacity, Edathil et al. [28] developed a magnetic spent coffee
nanocomposite with Fe3O4 nanoparticles to increase its affinity to Pb. Coconut is one of
the most abundant agro-industrial products, and is able to remove several heavy metals
by taking advantage of the fact that approximately 62-65% of the whole fruit (coir pith,
coconut bunch, and husk) is considered waste [10,58]. For instance, coir pit was employed
without chemical pre-treatment for the removal of Co(Il), Cr(Ill) and Ni(Il) after being
air-dried, ground, and sieved using a 300-600 pm mesh [59]. Banana peels were used by
Memon et al. [60,61] for Cd(II) and Cr(VI) adsorption. Dried slices of banana peel were
crushed and passed through a mesh of 125 um, re-dried in an air oven at 100 °C, and finally
esterified with acidic methanol. Watermelon rinds have characteristics suitable for the
removal of metal elements (Zn, Pb and Cr) in their native form and after employing calcium
hydroxide and citric acid treatment (Cu), followed by a drying and crushing process a
particle diameter between 150 and 300 um can be achieved [62-66]. Certain functional
groups such as carboxyl and hydroxyl are responsible for the sorption of pollutants [3].

Table 2. Pretreated and non-treated raw biowastes implemented as bioadsorbents to remove a wide
variety of heavy metals, industrial contaminants, ions, and pharmaceuticals.

Biowaste

Pretreatment Characterization Contaminant Ref.

Banana peel

No treatment, Esterification

MO, MB, RB, CR, MV,

FTIR, BET, SEM, PZC, EDX AB-10, F, Cd(IT), Cr(VI)

(MeOH-HCl) [60,61,67,68]

No treatment, Citric

Barley straw acid—NaOH treatment, FTIR, SEM BBY, CV, MB, SO [69]
Magnetic modification
Cauliflower leaf No pretreatment FTIR, SEM MB [70]
Coffee husk No pretreatment BET, FTIR, PZC, SEM-EDS NEX [71]
Coconut coir dust No pretreatment FTIR MB [72]
Coir pith No pretreatment N.R Co(II), Cr(III), Ni(1I) [59]
Corn cob and stalk NOI\};%‘;II?ﬁjggfrtﬁgﬁg‘g’tde' N.R Cu, Ni, Cd, Pb [73]
Durian peels HCl treatment N.R AG25 [74]
Grapefruit peel No pretreatment FTIR cv [75]
Jackfruit peel No pretreatment N.R MB [76]
Kiwi and Tangerine peels NaOH treatment N.R Cd(II), Cr(III), Zn(11) [77]
Mango peel No pretreatment PZC, FTIR, SEM, EDX Cd(1I), Pb(1I) [78]
Mangosteen pericarps No Pretreatment SEM, FTIR, EDX, XPS, XAS I [79]
Moringa oleifera seeds No pretreatment FTIR, SEM RR-120, Ag(I) [56,57]
Orange peel No pretreatment BET, SEM CR’APBO_ ié{’ %I%(;’S%OMV’ [67,80,81]
Passion fruit rinds No Pretreatment SEM, FTIR, EDX, XPS, XAS I [79]
Peanut husk Che?}igféi‘}fgfgi)aﬁon BET, SEM, FTIR, XPS, VSM, XRD Phosphates 182]
Pomelo peel No pretreatment ZP, FESEM, FTIR, BET RB-114 [83]
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Table 2. Cont.

Biowaste Pretreatment Characterization Contaminant Ref.
Potato leaf /stem No pretreatment FTIR, SEM MB, MG [84]
Red onion and Red _
dragon fruit peels No Pretreatment SEM, FTIR, EDX, XPS, XAS I [79]
Rice husk No Pretreatment BET, FTIR, PZC, SEM-EDS NEX [71]
Rice straw No Pretreatment FTIR, BET, FTIR, SEM, EDX CFA, CBZ, Pb(I) [16,85]
No treatment, Formaldehyde, .
Soybean and wheat straw NaOH and H,SO; treatment. N.R Cu, Ni, Cd, Pb [73]
No treatment, Magnetic -~
Spent ground coffee modification (Fe;O, NPs) BET, XRD, FTIR, SEM-EDX, ZP Hg(II), Pb(II) [28,55]
No treat t, NaOH, Fe(III), Cu(Il), Pb(II), Zn(II),
Sugarcane bagasse (SCB) o freatment, Na¢ FTIR, SEM el (H)l,l(c ) (H)’(Mll (Hr;( ) 186,87]
SCB and beet pulp NaOH treatment FTIR, SEM Mn(II) [88]
Sunflower leaf/stalk aggﬁsﬂ%ﬂgg‘gg) PZC, SEM Fe, M, Zn, Ni, Cu, Cd [89]
. H,S0, treatment.,
Tamarind seeds Ultrasonic modification FTIR, SEM Pb(II) [32]
No treatment, BET, BSLLD, SEM-EDX, FTIR,
Tea waste (Black tea) Sulfonation (H,SO,) TGA, Raman, XPS, ESR, SAXS Cu, Pb, MB, Tet, Cr(VI) [90,91]
Tea waste (mixed tea) No pretreatment SEM, TEM, EDS, BET, FTIR, XPS Mn(II), Zn(II), Cr(VI) [92,93]
Watermelon rinds No treatment, Ca(OH),, Citric  gp\1 ppx BET, MP, PZC, FTIR Zn, Pb, Cu(Il), Cr(IIT) [62-66]

acid treatments

N.R, not reported; MeOH, Methanol; Fe304 NPs, Fe304 nanoparticles; MO, Methyl orange; MB, Methylene
blue; RB, Rhodamine B; CR, Congo red; MV, Methyl violet; AB-10, Amido black 10B; F, Fluoride; BBY, Bismarck
brown Y; CV, Crystal violet; SO, Safranin O; NFX, Norfloxacin; AG25, Acid Green 25; RR-120, Reactive red 120;
PO, Procion orange; DR23, Direct red 23; DR80, Direct red 80; RB-114, Reactive blue 114; MG, Malachite green;
CFA, Clofibric acid; CBZ, Carbamazepine; Tet, Tetracycline; PZC, point of zero charge; EDS, Energy dispersive
X-ray spectroscopy; XPS, X-ray photoelectron spectroscopy; XAS, X-ray absorption spectroscopy; XRD, X-ray
diffraction; ZP, zeta potential; FESEM, Field Emission Scanning Electron Microscope; BSLLD, back-scattered laser
light diffraction; TGA, Thermogravimetric analysis; ESR, Electron spin resonance spectroscopy; SAXS, Small-angle
X-ray scattering; TEM, Transmission electron microscopy; MP, mercury porosimetry.

Mango is another abundant fruit grown in tropical and subtropical regions across the
world; unfortunately, the peel constitutes 7-24% of the fruit’s weight and is not a recyclable
byproduct. For this reason, mango peel waste was evaluated as an adsorbent for Cd(Il) and
Pb(II) ions. It was oven-dried at 70 °C, ground and sieved until obtaining a particle size of
0.85-1.0 mm [78]. Another interesting fruit waste used to remove Cd(II), Cr(Ill), and Zn(II)
from water was the kiwi peel, ground to two particle sizes of 1 mm and 2 mm and treated
with NaOH [77]. Tangerine peel processed in the same way proved to be an excellent source
of biomass for the removal of these metals from surface and groundwater due to its chemical
composition, which is rich in cellulose and other polysaccharides [77,94]. Sé¢iban, et al. [73]
evaluated the efficiency of soybean straw, wheat straw, corn stalks, and corn cobs for the
adsorption of Cu, Ni, Cd, and Pb from wastewater both with formaldehyde, NaOH and
H,SO4 modification and without chemical modification. In another study, Amer et al. [16]
dried and ground rice straw into different particle sizes and found the 75-150 pm size to
be the most optimal for Pb removal. Sugar cane baggage (SCB) and beet pulp have been
tested as effective adsorbents for other heavy metals such as Fe(Ill), Zn(II), Co(II), and
Mn(II). These biowastes were soaked in NaOH and CH3COOH to remove hydroxide traces
before being dried, powdered, and sieved to an average particle size of 0.75 mm [86,88].
SCB was evaluated in raw conditions and after chemical pre-treatment with hydrochloric
acid; the latter had a significant positive effect on its capacity to remove Mn(II) [87]. Other
studies have evaluated black tea and mixed tea wastes as low-cost adsorbents for the
removal of several heavy metals; for instance, sulphonate-treated tea waste was an effective
biosorbent for the removal of Cr(VI), MB, and tetracycline [90-93]. Different amounts of Fe,
Mn, Zn, Ni, Cu, and Cd were removed from aqueous solutions by employing a biosorbent
from sunflower stalks and leaves, both without pretreatment and activated with NaOH to
improve Ni adsorption [89].
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Bioadsorbents have been implemented as one possible solution to solve the problem
of colored wastewater discharges from the textile industry. For example, durian peel was
collected as solid waste and used directly for the uptake of acid green 25. Durian peels were
ground and screened to a particle size range of 351 to 589 um before being treated with
HCl and dried at 80 °C [74]. Another excellent adsorbent to remove dyes such as crystal
violet (CV) is non-pretreated grapefruit peel, which is first separated from leaves, twigs,
and other debris that interfere into the adsorption process and then dried at 70 °C, ground,
and sieved to a particle size of 0.85-1.0 mm [75]. Etim et al. [72] employed coconut coir
dust without chemical modification to remove MB, resulting in pH-dependent monolayer
adsorption behavior. Hameed [76] studied the MB adsorption process employing a jackfruit
peel biobed. This biowaste was sliced and dried at 70 °C, then ground and sieved to
obtain a particle size range of 0.5-1 mm. Banana, orange, and pomelo peels represent
another low-cost method, adsorbing MB and other dye pollutants such as methyl orange,
rhodamine-B, congo red, methyl violet, amido black 10 B, procion orange, violet 17 (V-17),
direct red 23, direct red 80, and reactive blue 114 without requiring chemical treatment.
The waste peels in these studies were dried in the sunlight and a hot air oven at 60 or
120 °C, and the resulting material was crushed with a mill and sieved to obtain a particle
size < 500 um [67,80,81,83,95,96].

Low-cost adsorbents derived from herbage and forage have been studied for the
removal of dyes generated from different industries. Cauliflower leaves were dried and pul-
verized to achieve a higher adsorption capacity for MB in synthetic aqueous solutions [70].
Gupta et al. [84] evaluated the leaves and stems from potato plants as biodegradable mate-
rial for the removal of MB and malachite green; leaves boiled and dried at 60 °C showed
better adsorption efficiency than stems for both dyes at same particle sizes (100-150 pm).
Baldikova et al. [69] employed raw and chemically, magnetically, and non-magnetically
modified versions of barley straw to remove four water-soluble dyes (bismarck brown
Y, crystal violet, MB, and safranin O). The barley straw was cut and sieved into fine
particles (~0.15-2 mm diameter) and a fraction was magnetically modified by microwave-
synthetized magnetic iron oxides followed by treatment with citric acid, then dried at 50 °C
until reaching a constant weight.

Macro- and micronutrients that alter the microbial dynamics in ecosystems have been
removed by employing bioadsorbents. Fluoride, one of these pollutants, was removed
from contaminated underground water using natural banana-peel powder in a fixed-bed
design. This biomaterial was dried at 50 and 60 °C and then ground to obtain a particle
size of 200 um for the batch experiments [68]. Mangosteen pericarps, passion fruit rinds,
red onion peels, and red dragon fruit peels were used to make an anthocyanin-based
adsorbent to attract iodide ions (I™). These raw materials were dried at 60 °C, ground, and
sieved to obtain particles of 0.5-0.711 mm [79]. Additionally, phosphates were extracted
employing peanut husk improved with Fe;Oy4 as an adsorption assistant, as this increases
ionic attraction and provides a cheaper recovery method than centrifugation or filtration.
This oxide was combined with iminodiacetic acid (IA) and zirconium (Zr) to increase the
efficiency and selectivity of the peanut husk-based magnetic material [82].

As for pharmaceuticals, coffee and rice husks were tested by Paredes-Laverde et al. [71]
in a variety of particle sizes (from <75 to 500 um) to retain the antibiotic norfloxacin in
distilled and municipal water. Both natural adsorbents were dried at 60 °C, ground
to powder, and sieved; particles < 75 um proved to be the best option for norfloxacin
adsorption. Another cereal byproduct, rice straw, was dried at the same temperature,
pulverized, and passed through a mesh sieve (<150 um) to test its ability to remove clofibric
acid and carbamazepine from aqueous solutions at different pH values and adsorbent
concentrations [85].
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4. Characterization of Bioadsorbents

There are several characterization techniques used to understand the physical and
chemical properties of materials, their adsorption capacity, and their interactions with
pollutants; these include scanning electron microscopy (SEM), the Brunauer-Emmett-Teller
method (BET), the Barrett-Joyner-Halenda method (BJH), Fourier transform infrared spec-
troscopy (FTIR), and energy-dispersive X-ray (EDX), among others. Adsorbents from fruits,
vegetables, grains, seeds, herbage, and forage wastes have mainly been characterized by ap-
plying FTIR (Tables 1 and 2). This technique makes it possible to identify the molecules and
functional groups on the surface of the biomaterials [51] that interact with the contaminants.
Some of these correspond to hydroxyl groups generated by the cellulose, hemicellulose, and
lignin present in agricultural waste [42]. An SCB-based adsorbent was characterized using
this analysis to demonstrate the presence of hydroxyl, C-H, C-O, and -OCHj3 groups as well
as other oxygen-containing functional groups on its surface [86]. The structure of mango
peel waste was analyzed by FTIR spectroscopy, demonstrating that carboxyl and hydroxyl
groups were the main groups responsible for sorption of metals [10,78]. Yadav et al. [49]
used this characterization method to evaluate the adsorbent obtained from rice husk and
lemon juice residues, showing that O-H, N-O, and C-N groups bind to phosphates. All the
biowastes and adsorbents reported here have been analyzed using this technique except
for peach stones, sunflower leaves/stalks, and several others not characterized by any
analytical method (coir pith, corn cob and stalk, soybean, wheat straw, kiwi, tangerine
peels, and jackfruit peels). Peach stones were characterized by N, /CO, adsorption, point of
zero charge, and thermal analysis, whereas sunflower residues were characterized by SEM
and point of zero charge. The pH at the point of zero charge indicates that above or below
that value the net surface charge of the adsorbent is predominantly negative or positive,
respectively. Gas adsorption and SEM studies have revealed that peach stone-derived AC
presents different pore features and that sunflower leaves/stalks have an agglomerated
shape with a porous, heterogeneous, and uneven structure [54,89].

Another, less conventional method is Vibrating-sample magnetometry, which involves
the vibration of magnetic materials operating under Faraday’s Law, using sensing coils
to detect the difference in the voltage variation in proportion to the magnetic moment of
the sample [97]. A magnetic peanut husk adsorbent was characterized with this technique,
allowing the observation of its properties before and after phosphate adsorption and its
recovery using a magnet for practical applications [82]. Other analytical techniques include
Zeta potential, X-ray photoelectron spectroscopy, and X-ray absorption spectroscopy. The
first technique was employed to determine the electrostatic affinity for Pb(II) and the dye
reactive blue 114 on the surface of magnetic coffee waste and pomelo peel sorbents [28,83],
whereas X-ray photoelectron spectroscopy, and X-ray absorption spectroscopy were used
to study the iodine form, oxidation state, and structure of adsorbents derived from man-
gosteen pericarps, passion fruit rinds, red onion peels, and red dragon fruit peels [79].

Brunauer-Emmett-Teller and Barrett—Joyner-Halenda (BET/BJH) are techniques em-
ployed to estimate certain surface characteristics of bioadsorbents such as area, pore size,
and volume [45]. BET uses the equilibrium adsorption isotherm at the adsorbate boiling
point, whereas BJH uses an inverse relation between pore radius and multilayer thick-
ness [98]. BJH was used to determine the micropore and mesopore volume of pineapple
waste-based AC, obtaining values of 289 m? /g and 253 m? /g respectively. Both types of
pores enlarge the surface area, resulting in better adsorption because ion interactions occur
more smoothly [48]. BET permits before and after comparisons of any modifications, aiding
understanding of ion integration in the adsorption process; for example, the reduction of
the surface area by the element zirconium in a peanut husk adsorbent [82]. This method
was chosen to characterize a banana peel adsorbent with a surface area of 13 m? /g, which
indicates a small pore size [60]. AC derived from coconut buttons and rice straw biosorbents
were characterized by BET; the former had a surface area of 479 m2/ g, evidencing a wider
pore size distribution and better adsorption capacity, whereas the rice straw presented a
specific surface area of 1.95 m? /g and average pore size of 12.1 nm [16,37]. As can be seen
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in Tables 1 and 2, the majority of adsorbents and raw materials have been analyzed by
BET and/or BJH, including Acacia erioloba seeds, Aegle marmelos shell, Argania spinosa tree
nut shells, cacao shells, siriguela seeds, peanut shell, black tea waste, spent and granular
coffee, and papaya, orange, and pomelo peels. These have been additionally character-
ized using X-ray diffraction, thermogravimetric analysis, differential thermal analysis and
thermogravimetry, SEM, field emission scanning electron microscopy, energy-dispersive
X-ray, back-scattered laser light diffraction, Raman spectroscopy, electron spin resonance
spectroscopy, small-angle X-ray scattering, and the Horvath-Kawazoe method.

SEM is another common characterization technique, and allows identification of
the morphology of the bioadsorbents before and after adsorption. It is useful for the
simultaneous appreciation of the number and size of pores, as well as the verification
of whether a fibrous structure is replaced by a smooth one [50]. An improvement on
this method is ultra-high-resolution SEM, which is suitable for the visualization of the
surface texture of spent coffee by scanning it with a high-energy beam of electrons with
higher sensitivity [38,99]. SEM is usually coupled with EDX, as in an analysis performed
on mangosteen pericarp adsorbent where the changes in composition and anthocyanin
quantity determined the removal efficiency of radioactive iodine [79]. Amer et al. [16]
characterized the surface area, pore volume, size, and chemical composition of rice straw
with a particle size between 76-150 um using EDX before and after lead adsorption; EDX
showed that the presence of organic elements such as Na, Ca, and Mg decreased after heavy
metal adsorption, which promoted effective ion exchange and retention of the contaminant.
Many other adsorbent materials, including cacao pod husk, palm tree leaves, rubber pod
husk, banana peel, barley straw, cauliflower leaves, coffee husk, potato leaves and stem,
rice husk, SCB, tamarind seeds, tea mixed waste, and watermelon rinds have been analyzed
with SEM-EDX or only SEM (Tables 1 and 2).

5. Water Treatment Employing Bioadsorbents
5.1. Bioadsorbents Based on Grains and Seeds
5.1.1. Nutrients and Heavy Metals

Well-known contaminants in water that need to be continuously monitored include
the nutrients nitrogen and phosphorus and the various heavy metals. Aryee et al. [82]
studied a bioadsorbent based on peanut husk functionalized with zirconium, iminodiacetic
acid, and Fe;O, that was able to remove up to 88.5% of phosphates in six hours at a
temperature of 30 °C and pH 3. The addition of zirconium was crucial due to its interaction
with hydroxyl, amines, and carboxyl groups; this enhanced PO4>~ sequestration at the
maximum sorption capacity of 13.2 mg/g. Rubber pod husk is another byproduct without
commercial value that can serve as an adsorbent to remove phosphates dissolved in water
(0.1-0.5 g/L), showing favorable results (qm = 39.9 mg/g) after six hours (contact time)
at pH 7 and 29 °C [50]. Raw tamarind seeds are a residue of interest due to their high
content of lignocellulose and surface groups; these change under chemical (H,SOy4) and
physical (ultrasonic waves) treatment, resulting in qm values around 18 mg/g and a 50%
reduction in the reaction time to adsorb Pb(II) [32]. Ultrasound-modified residues present
a large surface area with large pores and cavities. Additionally, variations in pH charge the
hydroxyl groups, increasing their affinity for positive ions and achieving 99.5% removal of
Pb(II) at pH 6 and 30 °C [32]. Edathil et al. [28] analyzed Pb(Il) adsorption by employing a
modified magnetic-coffee membrane. The assays of sorption capacity showed better results
with 0.025 g of the nanocomposite at 25 °C and pH 7.3, removing 99.5% of the contaminant
in 30 min. On the other hand, the non-activated exhausted coffee was able to remove
97.6% of Hg(II), adjusting the adsorbent and mercury concentrations to 0.4 and 77.9 mg/L,
respectively, with a contact time of 192.4 min at 33 °C and pH 7 [55].

Another metal that contaminates water is silver. According to Aradjo et al. [56], it is
possible to remove up to 99% (qm = 23.13 mg/g) of silver using moringa powder thanks
to its high protein content which, depending on pH, provides a high amount of charged
amine and carboxyl groups. The optimal conditions for Ag retention were obtained using
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an adsorbent with a <500 mm particle size and 20 min of contact time at pH 6.5. Feizi and
Jalali [89] demonstrated the feasible removal of Fe, Mn, Zn, Ni, Cu, and Cd from aqueous
solutions by implementing raw and modified walnut shells. In general, the maximum
sorption capacity for the six metals was 44.1 £ 18.5 mg/g, while a removal efficiency of
96.5% was observed only for Mn at pH 8.

Table 3 summarizes the phosphorus and heavy metals removal efficiencies previously
described and the isothermal models that fitted the experimental data; the Langmuir,
Freundlich, and pseudo-second order models best explained the adsorption behavior in
the biomaterials.

Table 3. Adsorption parameters and removal efficiencies of different biosorbents derived from grains
and seeds for the removal of pollutants in aqueous matrices.

s . Removal
Biowaste Contaminant ISOtl‘X!(IinIlllaslti\gOdel Klg«e‘;;fml,\&%del qm/qe Efﬁ(cui)e)ncy Ref.
Argania Spinosa tree DFC Langmuir Pseudo-first order 153.8 mg/g 100.00 [52]
nutshells (TiO, CBZ Langmuir Pseudo-first order 1053 mg/g 85.00
composite AC) SMX Langmuir Pseudo-first order 125.0mg/g 67.00
Cacao pod husk SD Freundlich Pseudo-second order 553 mg/g 93.6 [51]
Cacao shell «-Lac Toth Pseudo-second order 17991 mg/g 91.67 [45]
(H3POy-activated) BSA Langmuir Pseudo-second order 41.02mg/g 21.25
Cacao shell «-Lac Toth Pseudo-second order 141.69 mg/g 70.33 [45]
(ZnCly-activated) BSA Langmuir Pseudo-second order 147.84 mg/g 86.86
Langmuir and
Coffee husk NEX Re dli%h—Peterson Pseudo-second order 33.56 mg/g 99.66 [71]
Exhausted coffee Hg(II) Langmuir Pseudo-second order 31.75mg/g 97.69 [55]
Magnetic coffee waste .
(Fe;O4 NPs) Pb(II) Langmuir Pseudo-second order 48.78 mg/g 99.56 [28]
. : Ag(I) Langmuir N.R 23.13 mg/ 99.00 [56]
Moringa oleifera seeds RR-120 Langmuir and Freundlich ~ Pseudo-second order 413.32mg/g N.R [57]
(Jsgg‘;’;ﬁlﬁaﬁk) Phosphates Freundlich Elovich 132 mg/g 88.5 [82]
Peanut shell AY-36 Langmuir and Freundlich ~ Pseudo-second order 66.7mg/g 98.55 [42]
Raw tamarind seeds Pb(II) Langmuir Pseudo-first order 16.0mg/g 99.52 [32]
. Langmuir and
Rice husk NEFX Redlich-Peterson Pseudo-second order 20.12mg/g 96.95 [71]
Rubber pod husk Phosphates Freundlich Pseudo-second order 39.98 mg/g N.R [50]
Siriguela seeds o-Lac Toth Pseudo-second order 173.05mg/g 87.42 [45]
(ZnCly-activated) BSA Langmuir Pseudo-second order 188.29 mg/g 92.29
Siriguela seeds o-Lac Toth Pseudo-second order 193.54 mg/g 96.67 [45]
(H3POy4-activated) BSA Langmuir Pseudo-second order 130.31 mg/g 81.67
Spent coffee ground AQ7 Sips Pore diffusion 6659 mg/g 99.90 [44]
(Calcium-alginate beads) MB Sips Pore diffusion 986.8 mg/g 100
NPXLK Langmuir Pseudo-second order 269.01 pmol/g
. DCFLK Langmuir Pseudo-second order 97.17 umol/g
Sperzlt\lc:(f)fltile_;v?st;tbtjo)char IBULK Langmuir Pseudo-second order 76.10 pmol/g 30.7-97.1 [38]
ctivate NPXWW Langmuir Pseudo-second order 263.34 umol/g
DCFWW Langmuir Pseudo-second order 97.12 umol/g
IBUWW Langmuir Pseudo-second order 74.07 pmol/g
NPXLK Freundlich Pseudo-second order 107.53 pmol/g
. DCFLK Freundlich Pseudo-second order 91.74 umol/g
Spent (;of.fee wagte biochar IBULK Freundlich Pseudo-second order 86.21 ymol/g 7.5-10.3 [38]
(Pristine-activated) NPXWW Freundlich Pseudo-second order 344.48 umol/g
DCEWW Freundlich Pseudo-second order 202.92 umol/g
IBUWW Freundlich Pseudo-second order 124.14 umol/g
SMX Langmuir and Temkin Pseudo-second order 256 mg/g N.R
Sulfonated coffee waste BPA Temkin Pseudo-second order 271mg/g N.R (100]
MB Langmuir Pseudo-second order 47344 mg/g N.R
Sunflower seed hulls AB-15 Langmuir Pseudo-second order 430.37 mg/g N.R [31]
Tamarind seeds Pb(II) Langmuir Pseudo-first order 18.34 mg/g 99.52 [32]

(H2SO4-modified)
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S Removal
Biowaste Contaminant ISOt}:&%ilti\gOdel Kl?ﬁ;};sl\t{%del qm/qe Efﬁ(%}oe)ncy Ref.
T. ind seed . )
(Ultrggéﬂlrlmrcll—rrslgfiifsie d) Pb(1I) Langmuir Pseudo-first order 18.86 mg/g 99.52 [32]
Mn(II) Langmuir Pseudo-second order 28.6mg/g 96.5
Zn Langmuir Pseudo-second order 33.3mg/g N.R
Walnut shell Fe Langmuir Pseudo-second order 62.6mg/g N.R [89]
alnut she Cd Langmuir Pseudo-second order 769mg/g N.R
Cu Langmuir Pseudo-second order 388 mg/g N.R
Ni Langmuir Pseudo-second order 294mg/g N.R
(N;Yggl. ;ﬁggffllle d) Ni Langmuir Pseudo-second order 389mg/g N.R [89]
Waste coffee grounds MB Langmuir Pseudo-second order 678 mg/g N.R [101]
(CO,-activated carbon) MO Langmuir Pseudo-second order 612mg/g N.R

N.R, not reported; qm, Maximum sorption capacity; qe, Adsorption capacity at equilibrium; DFC, Diclofenac;
CBZ, Carbamazepine; SMX, Sulfamethoxazole; SD, Sodium diclofenac; a-Lac, a-Lactalbumin; BSA, Bovine serum
albumin; NFX; Norfloxacin; RR-120, Reactive red 120; AY-36, Metanil yellow; AO7, Acid orange 7; MB, Methylene
blue; NPXLK, Naproxen lake water; DCFLK, Diclofenac lake water; IBULK, Ibuprofen lake water; NPXWW,
Naproxen wastewater; DCFWW, Diclofenac wastewater; IBUWW, Ibuprofen wastewater; BPA, Bisphenol A;
AB-15, Acid blue 15; MO, Methyl orange; Fe304 NPs, Fe304 nanoparticles.

5.1.2. Industrial Contaminants

Although a wide variety of industrial contaminants exist in water sources, the main
substances that have been removed by employing adsorbents derived from grains and
seeds are dyes, bisphenol A, and industrial proteins such as BSA and «-Lac (Table 3).
Garg et al. [42] used peanut shell AC to adsorb the azo dye metanil yellow in a spontaneous
and endothermic process at 35 °C by adding biochar at an adsorbent/contaminant ratio of
20:1 at pH 2. The chemical association of the dye molecules with the nitrogen and sulfur
groups present in the adsorbent material contributed to the highest removal efficiency
(98.55%). The Langmuir, Freundlich, and pseudo-second kinetics models were chosen to
represent the adsorption dynamics. In the same year, Celekli et al. [57] reported interaction
between moringa residues (amino, carbonyl, and amide groups) and reactive red 120 dye,
reaching the maximum adsorption equilibrium of 413.32 mg/g (Langmuir isotherm) in
30 min at 50 °C and pH 1. Thermodynamic analysis revealed that the adsorption process
was spontaneous. Other organic dyes such as MB and methyl orange have been retained
with high adsorption capacity (qe = 678 mg/g and 612 mg/g, respectively) in biochar
from waste coffee grounds activated by CO; [101] or pyrolysis to remove acid orange 7
(gm = 665.9 mg/g) [44]. Interestingly, this last material can be recycled and used for at least
seven cycles at a temperature of 20 °C. Foo and Hameed [31] modeled acid blue 15 and MB
adsorption behavior in a sunflower seed hull-based bioadsorbent, obtaining the best result
by implementing the Langmuir model (qm = 430.3 mg/g and 473.4 mg/g respectively),
and suggested that the adsorbed layer on the AC is only one molecule thick. It is worth
mentioning the advantage of the capacity to simultaneously retain anionic (acid blue 15)
and cationic (MB) dyes at 30 °C.

The high toxicity of the chemical substances used in the synthesis of plastics and
resins (e.g., bisphenol A) has drawn the attention of researchers seeking to eliminate them
from water matrices; one alternative is an adsorbent based on coffee waste. Although no
removal efficiencies have been reported, sulfonated coffee waste showed a biosorption
capacity of 271 mg/g for bisphenol A at room temperature [100]. Pereira et al. [45] studied
the capture of BSA and «-Lac by employing AC based on siriguela seeds and cacao shells.
Although the adsorption of both whey proteins was evaluated under the same conditions
(200 mg/L protein solution, 5 mg AC, room temperature, pH 7) the retention capacity
remained constant over different times (16 h and 3 h, respectively), presenting removal
efficiencies that varied between 70.3-96.6% for «-Lac and 21.2-92.2% for BSA. The Temkin,
Freundlich, Toth, and Langmuir models most efficiently represented the adsorption data
for coffee waste, siriguela seeds, and cacao shells.
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5.1.3. Pharmaceuticals

The removal of the antibiotic norfloxacin in real water samples was tested using rice
and coffee husks with similar conditions and particle sizes [71]. The results showed that
the maximum removal was achieved in distilled water (96.9 and 99.6%) after 1 h at pH 6.2,
rather than in municipal samples (81.4 and 95.6%). Particularly, the highest qm, value
was observed for coffee husk (33.56 vs. 20.12 mg/g). Another pharmaceutical recovered
from the water with an alternative biosorbent was sulfamethoxazole, which is commonly
used to treat bacterial infections. The biological adsorbent consisted of carbonized and
sulfonated coffee wastes, and although no removal efficiency was reported it exhibited
higher sulfamethoxazole biosorption capacity (256 mg/g) at room temperature [100]. Spent
coffee biochar (NaOH-activated) displayed efficient interactions with naproxen (qm = 263.3
and 269 pmol/g), diclofenac (qm = 97.1 umol/g), and ibuprofen (qm = 74.0 and 76.1 pmol/g)
in lake water and wastewater effluent at pH 7 and 25 °C [38]. The pristine activation
of this biomaterial improved the adsorptive removal of naproxen (344.4 umol/g) and
diclofenac (202.9 umol/g) in wastewater, as well as ibuprofen in lake water (86.2 umol/g)
and wastewater (124.1 umol/g). The complete recovery (100%) of diclofenac through a
TiO, composite obtained from Argania Spinosa tree nut shells was found to follow the
Langmuir and pseudo-first order models for 50 mg/L analgesic and 0.1 g/L adsorbent at
25 °C [52]. In this study, carbamazepine and sulfamethoxazole were taken up using the
same biomaterial with lower removal efficiencies (85 and 67% respectively) and adsorption
capacities (105.3 and 125 mg/g respectively) under the same experimental conditions.
Sodium diclofenac was retained using AC from cacao pod husk, with an efficiency of
76%; this value increased to 93.6% when decreasing biochar dosage (0.25 g) and increasing
adsorbate concentration at neutral pH [51]. As shown in Table 3, the adsorption kinetics
for these pharmaceuticals followed the pseudo-second order reactions and other isotherm
models, as well as Langmuir.

5.2. Bioadsorbents Based on Fruits and Vegetables
5.2.1. Heavy Metals

Biosorbents have proven to be a cheap and effective alternative for the removal of
heavy metals in polluted water thanks to their high capacity and selectivity for metal
ions [102]. Removal efficiencies for Cu(ll) and other heavy metals employing adsorbents
derived from fruits and vegetables are presented in Table 4, including the most suitable ki-
netic and isothermal models. Bhattacharjee et al. [3] reviewed watermelon rinds as a copper
adsorbent, reporting removal efficiencies between 58.4% and 88%. An increase in adsorp-
tion capacity was observed as the temperature approached the optimal drying temperature
(120 °C), which increased the presence of active sites. Another fruit-based adsorbent that
showed a high removal percentage of copper ions (78.8%) was pomegranate peel [103]; four
models were considered for the analysis of its adsorption behavior, Langmuir, Freundlich,
Dubinin-Radushkevic, and Temkin. These indicated the maximum pomegranate peel
adsorption capacity at 30.12 mg/g; the heavy metal was indirectly adsorbed as a mono- or
multilayer on a heterogeneous and porous surface [103]. AC derived from coconut buttons
efficiently retained Cu(ll), Pb(IlI), and Hg(Il), with adsorption capacities (Q°) from 76.3
to 97.7 mg/g under batch conditions at two pH values (6 and 7) [37]. Kumar et al. [104]
obtained removal percentages of 99.7% for Cu(ll) from industrial wastewater by implement-
ing raw corn cob at pH 5 and 40 °C with a contact time of 60 min. The maximum adsorption
capacity was 6.24 mg/g (Langmuir isotherm) following pseudo-second order kinetics.
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Table 4. Adsorption parameters and removal efficiencies of different biosorbents derived from fruit

and vegetables for the removal of pollutants in aqueous matrices.

Isothermal

Kinetic

Removal

Biowaste Contaminant Model Adjusted Model Adjusted qm/Q° Efficiency (%) Ref.
Aegle marmelos shell IBU Freundlich Pseudo-second order 5mg/g 90 [53]
A(e tf:;ﬁggg@;ti}é%u IBU Langmuir Pseudo-second order 12.65mg/g 95 [53]

MO Freundlich Pseudo-first order 172mg/g N.R
MB Freundlich Pseudo-first order 159 mg/g N.R
RB Freundlich Pseudo-first order 13.2mg/g N.R
Banana peel CR Freundlich Pseudo-first order 11.2 mg/ N.R [10,67,68]
8/8
MV Freundlich Pseudo-first order 79 mg/ N.R
&/8
AB-10B Freundlich Pseudo-first order 7.9 mg/ N.R
Fluoride N.R 8.15mg/g 86.5
Banana peel Cd(In) Langmuir Pseudo-first order 35.52mg/g 95
(MeOH /HCI- Langmuir and " [60,61]
treated) Cr(VI) Dubinin.Radushkevic Pseudo-first order 131.56 mg/g 98
Beet Pulp
Mn(II) N.R Pseudo-second order N.R 86.36 [88]
(NaOH-treated)
C t butt Pb(II) Freundlich Pseudo-second order 97.72mg/g 98.7
oconut buttons Hg(1I) Freundlich Pseudo-second order 78.84 mg/ 95.8 [37]
8 8/8
(HpSO4-treated) C :
u(II) Freundlich Pseudo-second order 73.6mg/g 90.6
Co(II) Langmuir Pseudo-second order 12.82mg/g 49.64-85.4
Cr(III) Langmuir Pseudo-second order 11.56 mg/g 46.08-98.2
Ni(II) Langmuir Pseudo-second order 1595 mg/g 62.88-98
Coconut coir pith RB Lz;r;g;r;tgficaﬁ d Pseudo-first order 256 mg/g 43.6-79.4 [10%%6]'47'
AV L??gﬁ::gﬂca}? d Pseudo-first order 8.06 mg/g 47.0-78.7
CR Langmuir Pseudo-second order 6.72mg/g 30.5-66.5
Coconut coir MB Langmuir and Temkin ~ Pseudo-second order 29.5mg/g 99.5 [72]
Corn cob Mn(II) Langmuir Pseudo-second order 624mg/g 99.8
Cu(II) Langmuir Pseudo-second order 624mg/g 99.7
Cu N.R N.R 0.034 mmol/g 22
Cd N.R N.R 0.096 mmol/g 58 [73,104]
Ni N.R N.R 0.097 mmol/g 60
Pb N.R N.R 0.019 mmol/g 12
(I]?Il(ljlilj?ef tiedl) AG25 Langmuir Pseudo-second order 6329 mg/g N.R [74]
Grapefruit peel cv Langmuir Pseudo-second order 254.16 mg/g 96 [75]
Jackfruit peel MB Type 2 Langmuir Pseudo-second order 285.71mg/g 58.2-89.8 [76]
- Cd(I) Langmuir Pseudo-second order 15.87 mg/g 78
N, KC;VPVII tp eei d Cr(11I) Langmuir Pseudo-second order 41.66 mg/g 98 [77,94]
(NaOH-treated) Zn(II) Langmuir Pseudo-second order 37.03mg/g 57
Cd() Langmuir Pseudo-second order 68.92mg/g 90.56
Mango Peel Pb(II) Langmuir Pseudo-second order 99.05mg/g 92.5 [10,78]
pelﬁzl:rgposs;czeélm Todide (I7) Langmuir Pseudo-second order 794mg/g 100 [79]
IBU Langmuir Pseudo-second order 126 mg/g 79
Olive waste NPX Langmuir Pseudo-second order 39.5mg/g 95 [105]
(H3POg4-activated) KTP Langmuir Pseudo-second order 247 mg/g 90 -
DCF Langmuir Pseudo-second order 56.2mg/g 96
Langmuir and
V-17 . N.R 19.88 mg/g 87
Freundlich
CR L?ﬁgﬁ:}gﬂ?ﬁ d Pseudo-first order 2244 mg/g 76.6
Orange peel Langmuir and P [10,80,81,
gep PO Freundlich Pseudo-first order 13mg/g 49 95]
RB L%ﬁgﬁzﬁﬂjﬁl d Pseudo-first order 3.23mg/g 59.0-67.5
DR23 Langmuir Pseudo-second order 10.72mg/g 92
DR80 Langmuir Pseudo-second order 21.05mg/g 91
Papaya Peel .
(H3POj-activated) Pb(II) Langmuir Pseudo-second order 38.31mg/g 93.22 [39]
Eﬁg;o&félg)t Iodide (I7) Langmuir Pseudo-second order 6.67mg/g 87.5 [79]
(Kzljceg)(;k.laitt?\r,l;tse d) ACE Langmuir Pseudo-second order 204 mg/g 82 [54]
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Table 4. Cont.
. : Isothermal Kinetic o Removal
Biowaste Contaminant Model Adjusted Model Adjusted qm/Q Efficiency (%) Ref.
Pineapple waste ; ]
(ZnCly-activated) MB Langmuir N.R 288.34 mg/g 67-76 [48]
Langmuir,
Pomegranate peel Cu(II) Freﬁggll;;}}:l’(g:ilgﬁnm Pseudo-second order 30.12mg/g 78.85 [103]
and Temkin
Langmuir
Pomelo peel MB and Temkin Pseudo-second order 133mg/g 83 [1,83,96]
RB-114 Langmuir Pseudo-second order 16.3mg/g 89
Red dragon fruit . _ .
peels (ABR) Iodide (I7) Freundlich Pseudo-second order 68.6mg/g 68.4 [79]
Red ?21§£)peels Iodide (I7) Langmuir Pseudo-second order 758 mg/g 92 [79]
Ric]gu}ilCtlesfe:irachiruit Phosphate Freundlich Pseudo-first order 13.89mg/g 95.85 [49]
: Cd(I) Langmuir Pseudo-second order 17.54 mg/g 73
?\iilncg)fls_lilne p e(:il Cr(II) Langmuir Pseudo-second order 47.61mg/g 96 [77,94]
(NaOH-treated) Zn(II) Langmuir Pseudo-second order 38.41mg/g 52
Cu(II) Langmuir Pseudo-second order 57-111.1mg/g 58.4-88
Ni(II) N.R . 18.4-389mg/g 69-70
Zn(II) N.R N.R 225mg/g 52.4-90.3
Langmuir, Thomas
Pb(II) and Yoon-Nelson Pseudo-second order  19.33-116.2 mg/g 72-99.9
Cd(II) Langmuir Pseudo-second order  40.16-63.29 mg/g 80
Cr(III) Langmuir Pseudo-second order 172.6 mg/g 91
Langmuir and
Watermelon rinds TI(I) Temkin Pseudo-second order ~ 178.4-1123 mg/g 98-98.5 3]
As(III) Langmuir Pseudo-second order NR 99
As(V) Langmuir Pseudo-second order NR 98
Fe(II) N.R N.R 498 mg/g 98.3
Mn(II) N.R N.R 1.37 mg/g 98.9
Co(II) N.R N.R 23.3mg/g 57
MB Langmuir Pseudo-second order ~ 188.6-489.8 mg/g 83-99
BG Langmuir Pseudo-second order 188.6 mg/ 98
RBBR Freundlich Pseudo-second order 333.33mg/g 92-97
CR Langmuir Pseudo-second order 17 mg/g 101.45
BR2 Extended Langmuir Pseudo-first order 125.79 mg/g 75
oG Extended Langmuir Pseudo-first order 27.24mg/g 85

N.R, not reported; IBU, Ibuprofen; MO, Methyl orange; MB, Methylene blue; RB, Rhodamine B; CR, Congo red;
MYV, Methyl violet; AB-10B, Amido black 10B; AV, Acid violet; AG25, Acid green 25; CV, Crystal violet; NPX,
Naproxen; KTP, Ketoprofen; DCF, Diclofenac; V-17, Violet 17; PO, Procion orange; DR23, Direct Red 23; DR80,
Direct red 80; ACE, Acetaminophen; RB-114; Reactive blue 114; BG, Brilliant green; RBBR, Remazol brilliant blue
reactive; BR2, Basic red 2; OG, Orange G; ABR, Anthocyanin based residues.

Cr(IlI) and Pb(II) are other metals that commonly appear in water matrix analyses.
Cr(IlI) was removed by watermelon rinds and coconut residues with an efficiency and
maximum adsorption capacity up to 98.2% and 172.6 mg/g, respectively, under acidic
conditions (pH 3) [3,59]. Kiwi and tangerine peels exhibited notable adsorbing efficiencies
(98% and 96% respectively) for Cr(Ill), reaching equilibrium in 60 min at pH 6.0 [77,94].
As for Cr(VI), banana peels adsorbed it following the Langmuir isotherm with a qm of
131.56 mg/ g after 30 min of contact time [61]. Watermelon rinds sequestered Pb(Il), reaching
removal percentages between 72% and 99.9% within a temperature range of 20-30 °C [3].
When an acidic and alkaline treatment was carried out on the watermelon rinds it was
possible to capture from 52.4 to 90.3% of Zn(Il); although the lowest removal percentages
were observed in the presence of other metals in solution, this demonstrated that the
simultaneous bioadsorption of multiple pollutants is possible. Similarly, tangerine and kiwi
peels achieved a Zn(Il) adsorption efficiency of approximately 52% and 57%, respectively,
at pH 6.0, respective with qm values of 38.4 and 37.0 mg/g [77]. After identifying the
optimal adsorption conditions, papaya peels displayed a removal efficiency of 93.2% for
Pb(II), and according to the Langmuir and kinetic models the adsorptive capacity ranged
from 38.31 to 42.5 mg/g [39]. Another fruit peel that presented good removal efficiency
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of lead after chemical modification was mango peel waste, retaining 76.2% of this metal
rapidly (30-60 min) with a qm of 99.05 mg/g based on the Langmuir isotherm model [10].

Many fruit residues have been reported to have a certain affinity for other heavy
metals that may represent a hazard for human beings. The ability of watermelon rinds,
mango peel waste, and banana, kiwi, and tangerine peel residues to retain Cd(II) from
water sources was studied; the respective removal efficiencies obtained were 80%, 90.5%,
95%, 78%, and 73% [3,10,60,61,94]. The Langmuir isotherm and pseudo-first and second-
order kinetic models were best suited for describing Cd uptake by these biomaterials.
Sciban, et al. [73] reported similar adsorption capacities for cadmium and nickel (0.096
and 0.097 mmol/g respectively) using raw corn cob as biosorbent, while coconut waste
presented a maximum Ni(Il) adsorption of 15.95 mg/g at pH 5.3 [59]. Raw corn cob
was studied by Kumar et al. [104] for the almost complete reduction of Mn(II) (99.8%) in
industrial wastewater after 60 min at pH 5.0 and 40 °C. The maximum adsorption capacity
was 6.24 mg/ g following the pseudo-second order kinetics. This removal efficiency was
the highest when compared to that obtained with watermelon rinds (98.9%) or beet pulp
(86.3%) at an adsorbent concentration of 1 g/L and pH 6 [3,88].

Coconut waste represented an adequate option for the removal of Co(II) from water,
showing a maximum adsorption capacity of 12.82 mg/g at pH 4.3 [59]. The kinetic and
equilibrium parameters were well-explained by the Langmuir model, which demonstrated
the presence of stable chemical bonds between the molecules across the surface area.
Recently, Bhattacharjee et al. [3] used watermelon rinds as an adsorbent material in water
sources and reported removal efficiencies for Co(Il) (57%), TI(I) (98-98.5%), As(1lI) (99%),
As(V) (98%), Ni(II) (69-70%), and Fe(II) (98.3%).

5.2.2. Industrial Contaminants

Removing dyes from aqueous solutions can be a difficult task with conventional
treatment methods. However, the bioadsorbent application of fruit biowastes as AC or raw
material has been studied for dye removal (Table 4). For instance, watermelon rind-based
AC adsorbed brilliant green, remazol brilliant blue reactive, basic red 2, and orange G,
showing removal efficiencies of 98, 94.5 £ 2.5, 75 and 85%, respectively, at 30 °C and
dm values in the range of 27.4-333.3 mg/g [3]. It is important to mention that the dye
adsorption was both endothermic (remazol brilliant blue reactive and basic red 2) and
exothermic (brilliant green and orange G). In the same study a dominance of ion-exchange
sorption towards MB was present, with maximum capacity values of 188.6-489.8 mg/g
and removal efficiencies from 83% to 98%. The models that best described the kinetic and
equilibrium data were pseudo-second order and Langmuir isotherm. Additionally, coconut
coir powder without chemical treatment exhibited a monolayer adsorption capacity of
29.50 mg/g for MB under optimal conditions (30 °C and pH 6.0), achieving maximum
removal efficiency when the adsorbent dosage increased from 0.05 to 0.20 g [72]. In this
case, the authors determined that the Temkin isotherm model was adequate to describe
the adsorption behavior, as it considers that the adsorption heat of the molecules decreases
linearly along the surface by adsorbent-adsorbate interactions. Depending on the initial
adsorbent concentration, after 180 min of contact time the removal efficiency for MB using
jackfruit peels without pre-treatment varied from 58.2 to 89.8% with a maximum adsorption
capacity of 285.71 mg/g [74]. AC from pineapple waste was identified as another efficient
bioadsorbent for MB recovery, presenting an outstanding adsorption capacity (288.34 mg/g)
and removal efficiencies from 67 to 76%, according to the Langmuir isotherm [48]. Other
biowastes of interest include pomelo and banana peels; the former exhibited a maximum
MB removal efficiency of 83% with a qm of 133 mg/g, while the latter reached a maximum
adsorption capacity of 15.9 mg/g at the same temperature (30 °C) and different pH (8
and 6, respectively) [67,96]. Pomelo peels without any chemical treatment were studied
by Argun et al. [83], retaining antraquinonic dye reactive blue 114 from aqueous solutions;
adsorption reached equilibrium (16.3 mg/g) within a 90 min reaction time, with a maximum
removal efficiency of 96%.
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Congo red is another widely-used dye with carcinogenic properties that needs to be
monitored and removed from water sources. Bhattacharjee et al. [3] reported that AC from
watermelon rinds adsorbed it at a capacity of up to 17 mg/g, with efficiency above 100%
when using sonication and modification with TiO, nanoparticles. When the adsorption
was assisted by the ultrasound method, the acoustic waves caused the water to create gas
bubbles or cavities, increasing the surface area and facilitating contact between the dye and
the biosorbent [106]. Coir pith presented notable removal percentages of congo red under
acidic conditions, varying from 30.5 to 66.5% depending on the dye concentration [46]. This
bioresidue is interesting for violet acid recovery, because after thermal treatment it exhibited
up to 78.7% dye removal and attained equilibrium after the first 10 min of adsorption [46].
Congo red was removed using orange peel with a maximum removal efficiency reaching
up to 76.6% at pH 5 and decaying to 49% at pH 12 [80]. Banana peel was evaluated for
the adsorption of congo red, methyl orange, methyl violet, and amido black 10B at initial
concentrations of 100 mg/g, achieving maximum adsorption capacities of 11.2,17.2, and
7.9 mg/g, respectively [67]. The Langmuir and Freundlich isotherms were used to describe
the adsorption behaviors, with the latter a better fit for the data.

Orange peels were tested as an effective bioadsorbent (87% removal) for violet 17 at
pH 2 and showed the ability to recover more than 60% of the adsorbate with increasing
pH [95]. Procion orange, direct red 23, and direct red 80 were effectively adsorbed by
non-treated orange peels with a maximum removal efficiency of 49% [80], 92%, and 91%
respectively, at initial dye concentrations of 50 mg/L [81]. Langmuir showed a better fit in
most cases, indicating monolayer adsorption [10]. Rhodamine-B was adsorbed by orange
peels as well, displaying a removal efficiency and qn, of 63.5% and 3.2 mg/g, respectively,
while calcined coir pith wastes removed 43.6-79.4% of this dye [47]. Additionally, a
maximum adsorption capacity of 13.2 mg/g for rhodamine-B was achieved with banana
peels at pH 7, following a Freundlich adsorption behavior [67].

Grapefruit peels were an excellent adsorbent for crystal violet, with higher desorption
efficiency (<98%) after several cycles of regeneration with NaOH. Sorption equilibrium was
reached within 60 min, resulting in 96% removal of the dye [75]. Durian peels showed an
important adsorption capacity of 63.2 mg/g for acid green 25 at 30 °C; the good adjustment
of the Langmuir model indicated that this biomaterial had equal adsorption activation
energy for each dye molecule [74].

5.2.3. Nutrients

Nutrients such as phosphate ions have been successfully recovered from aqueous
solutions using an adsorbent derived from rice husk and lemon juice residues [49]. It dis-
played a removal efficiency of 95.8% at 298K and pH 6; the initial adsorbate concentration,
adsorbent dose (5 and 3 g/L respectively), and contact time (three hours) were important to
achieve the highest efficiency in the process. Banana peels were used as an environmentally
friendly option for uptake of fluoride from groundwater, reaching a removal efficiency of
86.5% (qm = 8.15 mg/g) under optimal conditions for the sorbent [68]. Anthocyanin-based
bioadsorbents were subsequently implemented to remove ions of radioactive iodine (I7)
from an aqueous environment. Mangosteen pericarps were the most efficient adsorbent,
showing total removal of iodine (100%), followed by red onion peels (92%), passion fruit
rinds (87.5%), and red dragon fruit peels (68.4%) after a contact period of 192 h [79]. The
Freundlich, Langmuir, and pseudo-first and second order were the isothermal and kinetic
models employed for the analysis of nutrients adsorption data (Table 4).

5.2.4. Pharmaceuticals

Chakraborty et al. [53], among others (Table 4), evaluated fruit residues for the removal
of common non-prescription drugs from water. AC from Aegle marmelos shells was subjected
to steaming activation, achieving the highest removal efficiency of 95% for ibuprofen, while
its raw form reached 90% under different pH and temperature conditions (15 °C and
pH 3 vs. 20 °C and pH 2, respectively). In addition, AC produced from olive waste
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cakes followed the pseudo-second order kinetic model and Langmuir isotherm for the
adsorption of ibuprofen, ketoprofen, naproxen, and diclofenac from surface water samples.
The maximum removal of the four drugs was observed at pH 2.01, although this decreased
to 90.4, 88.4, and 70.0% for naproxen, ketoprofen, and ibuprofen, respectively, when they
were mixed in solution at 25 °C [105]. AC derived from peach stones was proposed by
Cabrita et al. [54] for the adsorption of the analgesic acetaminophen from water, with an
efficiency of 82% and qm of 204 mg/g at 30 °C while using only 10 mg of the adsorbent.

5.3. Bioadsorbents Based on Herbage and Forage
5.3.1. Heavy Metals

Heavy metals have been removed from aqueous environments using adsorbents
obtained from herbs and forage (Table 5). Ahmed et al. [88] investigated the potential of
SCB for treating Mn(Il) present in ground water, considering as optimum conditions an
adsorbent dosage of 1.5 g and an initial heavy metal concentration of 2 mg/L at pH 6. Mn(II)
was successfully removed with an efficiency of 62.5%, explained under a pseudo-second
order kinetic model. Using a ten-fold quantity of raw SCB, it was possible to eliminate
a higher concentration of this metal (12 mg/L) with similar efficiency [87]. Additional
chemical pretreatment with hydrochloric acid had a significant positive effect on this
adsorbent, increasing the removal to 99% due to the increase of carboxyl and hydroxyl
groups on its surface. Tea and sunflower wastes were implemented for Mn(II) uptake,
obtaining removal efficiencies of 95.5 and 81.6%, respectively, at pH 8 [89,92]. Particularly,
the sunflower residue presented a higher maximum adsorption capacity (47.6 mg/g) than
tea waste (0.15 mg/g); the Langmuir isotherm model was employed.

Table 5. Adsorption parameters and removal efficiencies of different biosorbents derived from
herbage and forage for the removal of pollutants in aqueous matrices.

. . Isothermal Model Kinetic Model Removal
Biowaste Contaminant Adjusted Adjusted qm/Qe Efficiency (%) Ref.
BBY Langmuir Pseudo-second order 1243 mg/g N.R
CcvV Langmuir Pseudo-second order 95.8 mg/g N.R
Barley straw MB Langmuir Pseudo-second order 86.5mg/g N.R [69]
SO Langmuir Pseudo-second order 99.7mg/g N.R
BBY Langmuir Pseudo-second order 5243 mg/g N.R
Barley straw CcvV Langmuir Pseudo-second order 4732 mg/g N.R [69]
(CA/NaOH-modified) MB Langmuir Pseudo-second order 498.1mg/g N.R
SO Langmuir Pseudo-second order 296.6 mg/g N.R
BBY Langmuir Pseudo-second order 137.6 mg/g N.R
: Ccv Langmuir Pseudo-second order 96.1mg/g N.R
Barley straw (Magnetic) MB Langmuir Pseudo-second order 94.1mg/g N.R [69]
SO Langmuir Pseudo-second order 102mg/g N.R
BBY Langmuir Pseudo-second order 520.3mg/g N.R
Barley straw (Magnetic cv Langmuir Pseudo-second order 4108 mg/g N.R [69]
CA/NaOH-modified) MB Langmuir Pseudo-second order 4558 mg/g N.R
SO Langmuir Pseudo-second order 460.7mg/g N.R
Cu Langmuir Pseudo-second order 48mg/g 77
Black tea Pb Freundlich Pseudo-second order 65mg/g 94 [90]
Cauliflower leaf powder MB Freundlich Pseudo-second order 149.22 mg/g 88.1 [70]
Cu N.R N.R 0.059 mmol/g 35
Cd N.R N.R 0.046 mmol/g 30
Corn stalks Ni N.R N.R 0.009 mmol/g 8 (73]
Pb N.R N.R 0.029 mmol/g 20
Date palm wastes
(Surface fibres) Phosphates N.R N.R N.R 85 [107]
Date palm wastes
(Date stones) Phosphates N.R N.R N.R 87 [107]
Date palm tree leaves Pb Langmuir Pseudo-second order 88.61 mg/g 98.6 [41]

(HpSOg4-activated)
Mixed tea waste Cr(VI) Freundlich Pseudo-second order 94.34mg/g ~97 [93]
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Table 5. Cont.

. . Isothermal Model Kinetic Model Removal
Biowaste Contaminant Adjusted Adjusted qm/Qe Efficiency (%) Ref.
Langmuir and
Potato Stem powder MB Froundlich Pseudo-second order 41.6mg/g 82 [84]
MG L?ﬁgﬁggﬂfﬁl d Pseudo-second order 27.0mg/g 67
Langmuir and
Potato Leaves powder MB Freundlich Pseudo-second order 526mg/g 87 [84]
MG Lég;giﬁgﬂj}? d Pseudo-second order 33.3mg/g 75
Cu N.R N.R 0.070 mmol/g 42
Cd N.R N.R 0.089 mmol/g 55
Raw wheat straw Ni N.R N.R 0.051 mmol/g 30 (73]
Pb N.R N.R 0.015 mmol/g 10
Pb(II) Langmuir N.R 4255mg/g 94
Rice straw CA Freundlich Pseudo-second order 126.3mg/g 425 [16,85]
CBZ Freundlich Pseudo-second order 40.0mg/g 75.3
Cu N.R N.R 0.085 mmol/g 60
Cd N.R N.R 0.018 mmol/g 10
Soybean straws Ni N.R N.R 0.007 mmol/g 5 (73]
Pb N.R N.R 0.033 mmol/g 25
Mn(II) N.R Pseudo-second order N.R 62.5 [87,88]
Sugarcane bagasse Mn(II) Langmuir Pseudo-second order 0.676 mg/g 63
Sugarcane bagasse :
(HCl-treated) Mn(II) Freundlich Pseudo-second order 1.897 mg/g 99 [87]
Fe(III) Langmuir Pseudo-second order 331.1 umol/g >95.0
Co(II) N.R . 15.5 umol/g N.R
Sugarcane bagasse Cu(Il) N.R N.R 86 umol/g N.R [86]
(NaOH-treated) Cdr) N.R N.R 70 pmol/g N.R
Pb(II) N.R N.R 87 umol/g N.R
Zn(II) N.R N.R 81 umol/g N.R
Cr(VI) Langmuir Pseudo-second order 438.18 mg/ 96
Sulfonated tea waste MB Langmuir Pseudo-second order 1007.61 mg/g >99 [91]
Tet Langmuir Pseudo-second order 380.97 mg/g 97
Mn(II) Langmuir Pseudo-second order 47.6 mg/g 81.6
Cd Langmuir Pseudo-second order 83.3mg/g N.R
Sunfl Cu Langmuir Pseudo-second order 30.3mg/g N.R [89]
untiower Zn Langmuir Pseudo-second order 454 mg/g N.R
Fe Langmuir Pseudo-second order 714mg/g N.R
Ni Langmuir Pseudo-second order 27 mg/g N.R
(Nag)uPrIl-f;lr?(‘)/\éeilf‘ie d) Ni Langmuir Pseudo-second order 41.7mg/g N.R [89]
Mn(II) Langmuir Pseudo-second order 0.157 mg/g 95.5
Tea waste Zn(II) Langmuir Pseudo-second order 0278 mg/g 99.5 [92]

N.R, not reported; BBY, Bismarck brown Y; CV, Crystal violet; MB, Methylene blue; SO, Safranin O; MG, Malachite
green; CA, Clofibric acid; CBZ, Carbamazepine; Tet, Tetracycline; CA/NaOH, Citric acid and NaOH.

Tea waste was evaluated as a low-cost adsorbent for the effective recovery of Zn(II)
from synthetic wastewater, following the pseudo-second order kinetic model and reaching
99.5% removal with three grams of tea waste per 100 mL of metal standard solution [92].
The residues of sunflower (specifically stalks and leaves) displayed good activity as a
bioadsorbent, removing Zn, Ni, Cu, Cd, and Fe from aqueous solutions. The maximum
sorption capacity observed for the five metals was about 50.8 + 22.3 mg/g on average; the
adsorption behavior for these metals was used the pseudo-second order model, showing
that it is a competitive system [89]. Soliman et al. [8§6] employed SCB to remove Fe(III)
in different water samples through the batch equilibrium technique at an optimum pH
of 3. The average recovery efficiencies for this metal were 95-97.4% in Nile River water,
95-98.4% in groundwater, 95-98% in drinking tap water, 95% =+ 0.2% in natural drinking
water, and 97.2-98.2% in distilled water. The adsorption reaction was adjusted to pH 5 for
the maximum uptake of Co(Il) (15.5 umol/g), pH 6 for Cd(II) (70.0 umol/g) and Cu(Il)
(86.0 umol/g), and pH 7 for Zn(II) (81.0 umol/g). Amarasinghe and Williams [90] reported
the sequestration of Cu using black tea waste in a pH range of 5-6, for a removal efficiency
and maximum adsorption capacity of 77% and 48 mg/g. The adsorption kinetics showed
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a rapid initial adsorption rate followed by a slower rate (15-20 min contact time), fitting
the Langmuir and pseudo-second order kinetic models. In the same year, S¢iban et al. [73]
reported high adsorption efficiency for copper ions (0.085 mmol/g) by employing soybean
straw, with low values for cadmium and nickel (0.018 and 0.007 mmol/g, respectively).
The authors found that copper adsorption increased to over 80% when the adsorbent
material was chemically modified with 1% NaOH. Other agricultural byproducts (raw
wheat straw and corn stalks) were evaluated for the adsorption of these heavy metals,
obtaining higher qm values for cadmium (0.089 mmol/g) and nickel (0.051 mmol/g) using
raw wheat straw [73].

The adsorption of chromium and lead from synthetic water by applying mixed tea
waste obtained from a coffee shop showed a maximum Cr(VI) removal of approximately
97% after 180 min of contact time at pH 2 [93]. This synthetic water consisted of tap water
with trace concentrations of suspended organic and inorganic solids added to resemble
municipal wastewater. Sulfonate-treated tea waste was an effective adsorbent for Cr(VI),
exhibiting a removal efficiency of 96% and reaching equilibrium in the first 30 min [91].
Arris et al. [40] identified the optimal conditions for calcined cereal byproducts to achieve
maximum chromium removal efficiency (90.3%) at pH values ranging from 6 to 8 and a
high initial metal concentration (132 mg/L). In a similar vein, Amer et al. [16] studied
the optimal conditions for the retention of lead employing rice straw, concluding that
when increasing the pH from 3.5 to 6 the removal of the metal exceeded 90%. Date palm
leaves, SCB, and black tea were effective herbage adsorbents for capturing Pb(II) in aqueous
solutions, with the former retaining more than 98% of the metal at a pH of 5.5-6.0 [41,86]
and the black tea showing a 94% removal and qm of 65 mg/g [90].

5.3.2. Industrial Contaminants

Barley straw has been chemically and magnetically modified for the removal of four
water-soluble dyes: bismarck brown Y, crystal violet, safranin O, and MB. The biomaterial
modified with citric acid and NaOH presented the highest qn, for bismarck brown Y
(524.3 mg/g), followed by crystal violet (473.2 mg/g) and MB (498.1 mg/g), whereas its
magnetic version attained the maximal adsorption for safranin O (460.7 mg/g). In contrast,
the native and magnetic barley straw exhibited qm values below 124.3 and 137.6 mg/g,
respectively [69]. Ansari et al. [70] reported the removal of MB using cauliflower leaves in
a synthetic aqueous solution. The adsorption capacity of 149.22 mg/g fit the Freundlich
model well and removed ~88% of the dye, increasing the adsorbent concentration to 0.1 g.
Furthermore, Gupta et al. [84] found an alternative way to capture MB and malachite
green using potato waste powder; potato leaves showed higher efficiency (87 and 75%,
respectively) than potato stems (82 and 67%, respectively) for both dyes. Both adsorbents
presented a porous, uneven, and rough surface structure, although the potato leaves
evidenced a higher fixed carbon percentage (2.15% vs. 1.725%), which may explain its
higher removing capacity. In addition to the dye removal efficiencies and adsorption
capacities (Table 5), the equilibrium data fit the Langmuir, Freundlich, and the pseudo-
second order kinetics models for the different adsorbents described.

5.3.3. Nutrients and Pharmaceuticals

To resolve the imbalance caused by excess nutrients in water sources, Ismail [107]
explored date palm wastes as an effective adsorbent for phosphate elimination. The removal
percentages obtained at the initial PO43~ concentration of 50 mg were 87% for granular
date stones and 85% for palm surface fibers. Regarding removal of pharmaceuticals,
Liu et al. [85] developed a sustainable method to adsorb clofibric acid and carbamazepine
from aqueous solutions by employing rice straw at different pH conditions and biomaterial
concentrations. The adsorption of both drugs depended on the adsorbent dosage and
the pH. In the case of clofibric acid, 30 and 60 g/L of straw at pH 3.1 yielded the highest
removal percentages (42.5 and 75.3%, respectively). The adsorption isotherms confirmed
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that the bioadsorbents had a heterogeneous surface structure, as both pharmaceuticals
better fit the Freundlich isotherm model (Table 5).

6. Challenges and Future Perspectives

Agricultural waste has been demonstrated to be one of the most interesting materials
for water remediation due to its ability to adsorb heavy metals, dyes, nutrients, pharmaceu-
ticals, and other contaminants. Nevertheless, several variables that represent a challenging
perspective in the near future need to be considered during the recovery process from
water sources. One of these is the lifetime and final disposal of the biomaterial, which could
negatively impact both the environment and the cost of the procedures. The most common
disposal method, due to its low cost and reliability, is chemical neutralization of spent
bioadsorbents, which are later placed in a landfill. Despite being a simple mechanism, this
entails the possibility of secondary contamination of the soil, groundwater, surface water,
and air, especially if the landfill lacks appropriate leachate and gas collection systems [108].
Another popular strategy to discard used biomaterials is incineration, which results in high
reduction of the biomass at the cost of possible secondary pollution through the emission
of gases and fly ash that may contain trace amounts of the adsorbed contaminants [109].
However, there are other heat treatments used to extend the lifecycle of adsorbents or regen-
erate biochars, such as hydrothermal modification, gasification, and pyrolysis; regardless
of the benefits of recycling byproducts, high costs represent a considerable limitation for
the industry [109].

Microbial degradation has been studied as a recovery method for exhausted bioadsor-
bents. Unfortunately, it has several disadvantages that make it an unsuitable alternative at
industrial scales, for example, its long degradation time, high sediment production, and
the high sensitivity of the processes [110]. On the other hand, the chemical extraction of
contaminants with sulfuric acid or EDTA, among others, displays satisfactory results in
recovering and recycling both heavy metals and extractants [111,112]. A fairly new strategy
with promising outcomes has recently been studied, although it requires further research;
this is the biosynthesis of nanomaterials using bioadsorbents as raw material [113].

Other challenges related to the use of bioadsorbents include the wide range of contami-
nants and the hydrological dynamics existing in different water sources. In this review, only
four contaminant categories have been taken into consideration; however, it is necessary to
explore other bioadsorbents that have been used to remove personal care and other lifestyle
products such as galaxolide, tonalide [114-116], saccharin, sucralose, and caffeine [117-120].
Other known groups that form the growing list of emerging contaminants are chemical
synthesizers and intermediates, corrosion inhibitors, flame retardants, plasticizers, per- and
polyfluorinated compounds, biocides, hormones, resistance genes, etc. [121-125]. These
emerging contaminants make more crucial the development of future research on the
adsorption of these contaminants through the implementation of agricultural residues.
Finally, the behavior of bioadsorbents in the treatment of other water sources, including
groundwater, surface water, marine water, and different environmental matrices such as
landfill leachates and industrial gas emissions, is another matter requiring further inves-
tigation. The current methodologies and protocols for the manufacturing of biowastes
should be improved, with the aim of enhancing the adsorption process and favoring the
implementation of bioadsorbents by further reducing costs.

7. Conclusions

In this review, the most notable outcomes were obtained for fruit-based bioadsorbents,
with removal efficiencies of 100% or higher (predicted efficiency using response surface
methodology) for adsorption of fluoride ions and congo red dye, respectively. Regarding
adsorbents derived from seeds, AC from Acacia erioloba seed pods and Argania Spinosa tree
nutshells-TiO; achieved the removal of 100% of MB and diclofenac. Forage and herbage
adsorbents presented lower removal efficiencies; however, tea waste and SCB were suitable
alternatives for the adsorption of Zn, Mn, and MB, with efficiencies around 99%. In most
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of these treatments, the effects of the initial adsorbate concentration, adsorbent dosage,
contact time, and pH were critical for evaluation of biomaterial efficiency, in most cases
involving a change in the ionic charges that govern the interaction between contaminants
and adsorbents. However, it is necessary to continue studying these conditions in order
to optimize the use and yield of bioadsorbents that could help solve the most challenging
environmental problems involved in water pollution. Another aspect to consider is the
use of recycled AC activators to reduce both environmental impacts and manufacturing
costs. Moreover, in some cases the application of chemical activators is not required (e.g.,
in moringa biochar), avoiding the cost of chemical pretreatment.

In conclusion, this review highlights the wide availability of agricultural materials,
reporting more than 60 bioadsorbents and the conditions under which they can most
effectively adsorb heavy metals, dyes, pharmaceuticals, nutrients, and other contaminants
that alter water sources. Further multidisciplinary studies are needed in order to apply the
reviewed bioadsorbents on industrial scales while abiding by the relevant environmental
policies of each sector. Lastly, it is imperative to enforce the regulations concerning indus-
trial discharge, water safety, and waste control in order to reduce environmental impacts of
anthropogenic origin.
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