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Abstract: Using raw and modified lignocellulosic residues as bioadsorbents in continuous
adsorption is challenging but it marks significant progress in water treatment and the transi-
tion to a bio-based circular economy. This study reviews the application of bioadsorbents in
fixed-bed columns for treating water contaminated with inorganic species, offering guidance for
future research. It evaluates chemical modifications to enhance adsorptive properties, explores
adsorption mechanisms, and analyzes bioadsorbent performance under competitive adsorp-
tion conditions. Analysis of adsorption data included evaluation of adsorption capacity in
mono- and multicomponent solutions, regeneration, reuse, bed efficiency, and disposal of spent
bioadsorbents. This enabled assessing their scalability to sufficiently high levels of maturity
for commercialization. In multicomponent solutions, selectivity was influenced by the char-
acteristics of the bioadsorbents and by competitive adsorption among inorganic species. This
affected adsorption performance, increasing the complexity of breakthrough curve modeling
and controlling the biomaterial selectivity. Models for mono- and multicomponent systems are
presented, including mass transfer equations and alternatives including “bell-type” equations
for overshooting phenomena and innovative approaches using artificial neural networks and
machine learning. The criteria discussed will assist in improving studies conducted from cradle
(synthesis of new biomaterials) to grave (end use or disposal), contributing to accurate decision
making for transferring the developed technology to an industrial scale and evaluating the
technical and economic feasibility of bioadsorbents.

Keywords: bioadsorbent; competitive adsorption; fixed-bed column; modeling; overshoot-
ing; water treatment

1. Introduction

Lignocellulosic materials are structural organic compounds found in plant biomass
tissues, available as agro-industrial byproducts or residues, which can be used to produce
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bioenergy and bio-based chemicals. They are predominantly composed of cellulose (a ho-
mopolymer of 3-D-anhydroglucose units (AGU) linked by (3(1—4) glycosidic bonds) and
hemicelluloses (heteropolymers of sugars with six and five carbons, such as 3-D-xylose, «-L-
arabinose, 3-D-galactose, 3-D-mannose, and uronic acids). Both cellulose and hemicelluloses
form a matrix interspersed with lignin, a macromolecule composed of phenolic units, such as
S unit (syringyl), G unit (guaiacyl), and H unit (p-hydroxyphenyl), linked by aryl-alkyl ether
bonds, such as x-O-4, 3-O-4, and 4-O-5, among others, and carbon-carbon bonds, such as
-B, B-5, and 5-5, among others. These structurally organized compounds provide strength,
flexibility, and protection (physical, chemical, and biological) to the lignocellulosic biomass [1].

The presence of reactive hydroxyl groups, especially in cellulose at carbons C-2, C-3,
and C-6 of AGU, enables a variety of chemical modifications in lignocellulosic materials,
allowing them to perform as efficient bioadsorbents for the removal of contaminants from
water [2].

Focusing on adsorption, raw and chemically modified lignocellulosic materials (exam-
ples are agricultural waste, vegetable peelings, grass, softwood, and hardwood) have been
widely investigated and applied for the removal of inorganic contaminants from water. This
approach can be highlighted as an attractive way to achieve excellent performance, without
the disadvantages of many current inorganic-based commercial adsorbents [3]. The use of
lignocellulosic biomass-based adsorbents can contribute to achieving a new profile of society,
based on the concepts of green chemistry and circular bioeconomy [4]. Lignocellulosic biomass
is abundant, easily accessible, inexpensive, renewable, and biodegradable. The biodegrad-
ability and structural composition of bioadsorbents enable their utilization for production
of value-added products at the end of their service life. These products include biofuels,
fertilizers, soil amendments, biochars, catalysts, nanomaterials, and structural molecules for
synthesis. They can also be used for the cogeneration of energy, with controlled emissions, or
for incorporation into the soil, as traps for carbon dioxide [5].

Adsorption is mainly carried out in batch and continuous modes [6,7]. Batch adsorption
involves operation in a closed regime, with no input or output of matter during the process.
It is generally first performed at the laboratory scale, to optimize the operating conditions,
and then on a larger scale in an experimental or pre-pilot treatment plant [6,7]. Continuous
adsorption uses an open regime, with input and output of matter during operation [8].
Continuous adsorption using a column is also first performed at the laboratory scale, to
optimize the process, and then on a larger scale, employing configurations close to those
found in industries. Column adsorption allows the treatment of large volumes of water or
industrial effluent, at a lower cost than batch adsorption, making it more suitable for industrial
application [8].

Mathematical modeling is very important for designing, simulating, modeling, and
monitoring the industrial-scale operation of an adsorption column. Monocomponent ad-
sorption in a fixed-bed column can be modeled using analytical equations [9]. However,
multicomponent adsorption, which is typically the case in water treatment, involves the use
of nonlinear kinetic and isotherm equations. Therefore, it is not possible to obtain a rigorous
solution using analytical methods, requiring the use of numerical methods [10]. Common
simplified models applied for continuous adsorption in fixed-bed columns include the Bohart-
Adams [11], Thomas [12], Yoon—Nelson [13], Wolborska [14], and Bed Depth Service Time
(BDST) equations (Supplementary Materials). These simplified models have as their main
characteristics the assumption that there is local equilibrium at any cross section along the
bed and normally neglect resistance to intraparticle diffusion and axial dispersion. However,
due to the propagation of incorrect information in the literature, or lack of mathematical and
computational skills, many authors mistakenly compare these continuous adsorption models,
despite their simplified forms being mathematically identical [15].
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The complexity of the column adsorption operation with water containing more than
one component is mainly due to competitive adsorption [16]. Adsorbates with higher affinity
will tend to occupy the adsorption sites, causing the desorption of previously adsorbed
adsorbates with lower affinity for the adsorption sites [16]. In addition, multicomponent
column adsorption models use equilibrium relationships (isotherms) with coupled partial
differential equations (fluid phase mass balance and adsorption rate (mass transfer resistances))
(Supplementary Materials), as a function of time and space, to describe the dynamics of the
continuous adsorption process [10]. Considering the degree of complexity in solving such
systems of equations, it is common and desirable to use more simplified models that can
reduce the programming effort and computational time [17].

In addition to modeling, further advances in water treatment technologies require un-
derstanding of the behavior of lignocellulosic adsorbents in fixed-bed columns. There are
few reported studies concerning fixed-bed column adsorption experiments using raw and
modified lignocellulosic materials, while even fewer articles provide detailed information
about the behaviors of these materials in column adsorption experiments. There is a scarcity
of modeling studies for raw and modified lignocellulosic materials used in fixed-bed col-
umn adsorption. In-depth studies are needed to understand adsorption behavior in water
containing multiple contaminants, including under relevant environmental conditions.

For optimization of column operating conditions, it is essential to evaluate not only the
adsorption capacity of saturated materials, but also other aspects including resistance to mass
transfer (including length of the mass transfer zone), the effective use of the bed, and the
efficiency of adsorption in a single column or in a series of columns. Therefore, it is necessary
to work with industrially relevant operating parameters and configurations to advance the
technology readiness level (TRL) and enable the transfer of the developed technology to the
market. Not least, it is also necessary to evaluate the reuse and final or other destination
for depleted bioadsorbents, considering the technical and economic feasibility of industrial
bioadsorbent reuse, together with the concepts of a circular bioeconomy.

This review presents the main studies available in the literature concerning the use of
raw and modified lignocellulosic adsorbents for the removal of inorganic contaminants
from water using fixed-bed columns. This review also discusses the following issues:

1.  The main bottlenecks that prevent major advances in the technology readiness level
(TRL > 5, at mini-pilot or pilot scales in a relevant environment) and upscaling of the
technologies.

2. The influence of chemical modifications on the physicochemical properties and be-
haviors of bioadsorbents in fixed-bed columns.

3. The problem of using simplified model equations for modeling monocomponent
adsorption in fixed-bed columns.

4. The complexity of competitive adsorption and column behavior in multicomponent
adsorption, with possible solutions arising in the near future due to the introduction
of artificial neural networks and machine learning methods to simulate adsorption
operation, including efficiency of separation.

5. The recovery and destination of depleted bioadsorbents after the treatment of water
containing inorganic contaminants, with possible second uses in industry, strengthen-
ing the concepts of a circular bioeconomy.

2. Methodology: A Bibliometric Approach

A search was performed on the “Web of Science Core Collection” database (Clarivate
Analytics®, Boston, MA, USA), using the following search equation with Boolean operators:
all = ((column or continuous or pack*) and (adsorb* and capacit*) and (stalk or shell or seed
or husk or straw or waste* or bran or leaves or chaff or hauls or peel or bagasse or root or
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sawdust or fiber or residue or agricul*)). This search covered a period of 13 years, from 2012
to 2025, and aimed to identify the most recent trends related to the use of lignocellulosic
materials as bioadsorbents. A first, more general, bibliometric analysis, not specific only to
lignocellulosic materials, was carried out, resulting in a total of 3199 documents (Supple-
mentary Materials). This first analysis concerned worldwide studies of adsorption using
non-conventional adsorbents and sustainable adsorbents. The retrieved documents were
analyzed and manually selected, according to title and abstract, for a second and more specific
bibliometric analysis. Use of the multicriteria decision-making methodology called Methodi
Ordinatio provided a systematic review that allowed the selection and proper classification of
the compiled bibliography, considering the Journal Citation Reports (JCR) associated with the
journal where the article was published, number of citations (NC), and year of publication
(YP). This optimized screening was enabled by the InOrdinatio equation generated by three
variables (JCR, NC, and YP), which indicated the scientific relevance of each study [18]. The
InOrdinatio index is calculated using Equation (1), where o is a relevance fitting parameter,
with a suggested value of 10 [18].

InOrdinatio = JCR + NC + « (current year-year of publication) (1)

Excel® 2016 software (Microsoft, Redmond, WA, USA) was used to analyze the
summarized portfolio, which was later enriched with other articles that had not been
classified in the first bibliometric analysis (Supplementary Materials), but were considered
relevant in a second evaluation.

3. Technologies for Removal of Inorganic Pollutants from Water

Trace-level inorganic pollutants include cations and anions of various chemical species.
Treating water contaminated with these compounds presents a significant environmental and
industrial challenge, requiring effective economically, environmentally, and technically feasible
solutions. Several techniques have been evaluated to remove inorganic pollutants from water,
each one with its advantages and limitations, depending on the characteristics of the effluent
to be treated. Table 1 summarizes the methods most employed for removing toxic inorganic
species from contaminated water and industrial effluents, indicating their main advantages and
disadvantages.

Methods such as chemical precipitation and coagulation/flocculation are the most em-
ployed; however, they often involve high operational costs (mainly with construction of tanks
and their maintenance), significant consumption of chemicals (mainly with CaO and floccu-
lants), and generation of secondary waste (toxic sludge) that needs to be disposed of safely. For
low pollutant concentrations (<1 mg L~!), advanced techniques such as electrolytic recovery,
membrane filtration, and reverse osmosis offer high efficiency but also require substantial
investments in infrastructure and maintenance, along with strict operational control [19].

Although ion exchange resins based on non-renewable polymeric materials are also used
as efficient adsorbents to remove trace-level inorganic pollutants, more sustainable alternatives
have been developed to comply with the need for a fast transition to a bio-based circular
economy, due to the increase in global warning. Among the possible alternative solutions, bioad-
sorption using raw and chemically modified agricultural lignocellulosic residues has emerged
as a promising option, providing an efficient, economical, renewable, and environmentally
friendly solution [20].

Bioadsorbents can be applied simply and efficiently, enabling the selective removal of
inorganic pollutants, without requiring high capital investments or excessive use of chemicals.
Recently, bioadsorption was tested in Ouro Preto, Brazil, in household filtration systems to treat
water contaminated with arsenic [21]. The filters tested were low-cost, simple, easy to install,
regenerable, and reusable, not requiring energy for operation, unlike reverse osmosis [22].
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Table 1. Comparison of methods employed for the removal of inorganic pollutants from water.

Method Material Advantages Disadvantages Reference
High demand for chemicals
Low concentrations of toxic inorganic species in the Strict control of pH and temperature for correct
Chemical .. . . ) treated effluent operation
precipitation Precipitants (lime, alkalis, sulfides) Treatment of high volumes of water Generation of toxic sludge to be disposed of safely [2,19,20,22]
Simple to implement and operate Low efficiency for removal of trace-level inorganic
species
Ton Treatment of high volumes of water/effluent Requires chemicals for regeneration and reuse
exchange Ion exchange resins Allows medium filtration rates High cost for acquisition of resins [2,19,20,22]
& Simple to implement and operate Exhausted resins need to be disposed of safely
Enables reuse of water /effluent Membrane fouling
Membrane Produces high-quality treated water High investment in equipment
filtration Membranes Strict limits of pollutant concentrations in effluents High costs of membranes, maintenance, and 2,19,20,22]
can be met operation
High demand for chemicals
. Treatment of high volumes of water/effluent Strict control of pH and temperature for correct
. . CaO, Aly(SO4)3, aluminum . operation
Coagulation/flocculation . Supports high flow rates . . . [2,19,20,22]
polychloride, FeSOy, FeCl3 si . Generation of toxic sludge to be disposed of safely
imple to implement and operate - . :
Low efficiency for removal of trace-level inorganic
species
High demand for chemicals (electrolytes)
Electrolytic Recovery of pure metal High operating cost (electrodes)
Electrodes and electrolytes High selectivity for target compounds L . [19,20]
recovery . Reduced efficiency for very diluted pollutants
High metal removal rates Hi . -
igh cost for large-scale implementation
Medium to high removal rates for toxic inorganic High investment in equipment
Reverse species High costs of membranes, maintenance, and
. Membranes . . o . [19,20]
0Smosis Meets strict concentration limits for target operation
pollutants Membrane fouling
Highly efficient for low and high concentrations of
inorganic pollutants
Adsorption Adsorbents Low cost for acquisition of adsorbents and Requires chemicals for regeneration and reuse [19,20,22]

operation
Meets strict concentration limits for pollutants
Simple to implement and operate

Exhausted adsorbents need to be disposed of safely
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4. Adsorption
4.1. Adsorption Phenomenon

Adsorption is a phenomenon in which adsorbate species move into the interfacial
layer between two bulk phases. One of these phases is necessarily a solid adsorbent surface,
while the other can be a liquid or gaseous phase [23]. Once adsorbed, the chemical species
tend to preferentially concentrate at the interface, rather than remaining in one of the two
phases of the system. Hence, adsorption can be considered a mass transfer phenomenon,
where the efficiency of adsorbents in adsorbing and concentrating certain substances on
their surfaces allows the removal of chemical species from a liquid or gaseous phase [24].

Adsorption mass transfer includes four migration steps (Figure 1). In the first step, the
adsorbate species are transported from the fluid to the vicinity of the adsorbent particles,
where there is a boundary layer consisting of a film of solvent molecules surrounding the
adsorbent particles. In this step, mass transfer occurs by both convection and diffusion [25].
In the second step, there is transfer of the adsorbate species from the boundary layer to the
adsorbent pore entrance, denoted external diffusion, which mainly involves diffusional
mass transfer driven by the concentration gradient [25]. In the third step, transport of
the adsorbate species within the pores, denoted internal diffusion or intraparticle diffu-
sion, involves the diffusion of adsorbate species through the liquid contained within the
pores [25]. There can also be surface diffusion of the adsorbate species along the surface
of the adsorbent, as well as into the pores [26]. In the final step, there is the adsorption of
adsorbate species onto available sites on the surfaces of the adsorbent particles [25].

| Liquid film | Intraparticle |
diffusion diffusion
| I |
| [ R
- - RN
| - | o
T | "
/ Surface <
| / N diffusion \
Bulk liquid , 4 Intraparticle J, \
| diffusion and \
, adsorption \
TN ‘
| Pore \
® Adsorbate  diffusion -> |
? > [
\ |
1
\\ /
\ /
\ /
/
\ . ,
\ Bioadsorbent 4

Figure 1. Main steps in solute mass transfer in the adsorption phenomenon. Adapted from Weber
and Smith [25].
4.2. Adsorption Mechanisms

Lignocellulosic adsorbents have complex chemical characteristics, implying a diver-
sity of pathways for the removal of contaminants from water [27]. Therefore, in-depth
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understanding of adsorption mechanisms is essential for increasing removal efficiency and
selectivity towards target pollutants, while also assisting in the definition of a suitable regen-
eration method [28]. Depending on the type of lignocellulosic biomass and/or the type of
chemical modification employed, there will be different proportions of functional groups ca-
pable of attracting ionic species to the surface of the solid, including amide, amine, carbonyl,
hydroxyl, sulfonate, carboxylic, phenolic, phosphate, thioether, and phosphodiester groups,
which play important and varying roles in the adsorption of target pollutants [29]. Physical
adsorption, ion exchange, oxidation-reduction, surface complexation, chelation, and pre-
cipitation are among the most common types of interactions involved in the adsorption of
inorganic contaminants on bioadsorbents (Figure 2) [29-31].

Precipitation

Coprecipitation

Fe* + 30H + M?* — Fe(OH), - M?* o M
Al + 30H- + M2 — AI(OH), - M?* GO k== WiIde),
2PO,F + 3M?— M,(PO,),

. Bivalent Cation Contaminant . Oxygen
Anion Contaminant . Hydrogen
Active site o ' Exchanged lons
(-COOH, -NH, ,-SH,-OH/, S. , PO %) (H*, Na*, Mg?, Ca?%)
. Reduced Contaminant . OH-, CO,*, PO *
Oxidized Contaminant Fe* e AP

Figure 2. Most common types of interactions involved in the adsorption of inorganic contaminants
on lignocellulosic-based adsorbents.

The exchange of ions from the adsorbent surface by ions from the aqueous solution is
the most common adsorption mechanism found for adsorbents from renewable sources.
It is usually reversible and occurs by the phenomenon of electrostatic attraction [31].
Mg(II), Ca(II), and Na(I) are among the most common ions released from the surface of
lignocellulosic biomass during ion exchange, so their detection in solution is often used
to identify the occurrence of this adsorption mechanism. Adsorption also enables the
treatment of water and effluents by the oxidation or reduction of ions to less toxic forms,
such as the reduction of Cr(VI) to Cr(III), or Cu(II) to Cu® [27].
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The complexation mechanism involves chemical interaction between ions in solution
and ligands on the surface of the adsorbent, forming outer- or inner-sphere complexes
(Figure 2), depending on the metal ion bonded to the surface functional group, with or
without the intervention of water molecules. Functional groups attached to the surfaces
of lignocellulosic materials may be mono- and polydentate ligands, where the latter are
preferred, due to the possibility of simultaneous attraction of different types of ions. Further-
more, polydentate ligands form more stable chelates, compared to other complexes [28,31].

Recent studies focusing on the biosorption of metal ions have shown important
contributions of hydroxyl, carboxyl, sulfonyl, and amine groups to the sorption capacity
and selectivity of biosorbents for target pollutants, since these groups can coordinately bind
to form chelates with metal ions [32]. In particular, amine groups are considered the most
efficient in removal of both cationic and anionic species, because chelation (with the amine
in its molecular form) and electrostatic (with the amine in its quaternary form) interactions
can occur simultaneously, depending on the pH of the water [33]. If the concentration of
metal ions on a solid surface increases above its adsorption capacity, depending on the
solution pH, insoluble metal oxides, hydroxides, carbonates, or phosphates may accumulate
on the surface of the biosorbent, implying the occurrence of a precipitation phenomenon,
leading to a slower adsorption rate, compared to other mechanisms [29].

4.3. Batch and Continuous Adsorption

Batch, fixed-bed, and fluidized-bed are the main configuration modes discussed in the
literature for decontamination of water and industrial effluents by adsorption. The batch
mode is generally restricted to the treatment of smaller quantities of water, because its non-
continuous operation hinders practical application [8]. In contrast, continuous mode using
a column is more suitable for real applications involving the treatment of larger quantities
of water, so this mode is widely used on an industrial scale [6,8,27,34]. Considering the
two continuous operating modes, the fixed-bed column generally provides longer and
more uniform operating times, compared to the fluidized-bed column. However, the fluid
velocity in a fluidized-bed column is sufficiently fast for the bed to expand, resulting in
faster adsorbent-adsorbate mixing and minimization of problems associated with fouling,
plugging, and increased pressure drop during the treatment of water, especially in the
case of industrial effluents [26]. On the other hand, the fixed-bed column is a simpler
and cheaper arrangement, compared to the fluidized-bed column [35]. In the treatment
of water and industrial effluents, the use of fluidized-bed reactors is indicated for the
secondary treatment of water with high organic load, suspended solids, or potential biofilm
formation [26].

Fixed-bed columns are frequently employed for tertiary treatment of water, since
they are suitable for the removal of inert inorganic and organic contaminants from water
containing little or no suspended solids [26]. In a fixed-bed column, a known amount
of adsorbent is packed into the column, until reaching the desired height, and fixed into
position using porous supports at the top and bottom. The porous supports avoid bed
mobility and act as fluid dispersers, providing homogenization of the fluid entering the
column and preventing formation of preferential channels [6]. The liquid phase may be fed
into the column in either upward or downward flow, with the adsorbate concentrations in
the solid and fluid phases varying as a function of time and position along the column [8].
Upward flow is most widely used, because it avoids bed compaction and the formation of
preferential channels, although downward flow is sometimes preferred, since it can avoid
fluidization of the particles and loss of fines, which may occur when low-density particles
are fed at high rates [36,37].
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Fixed-bed column adsorption does not operate within the equilibrium condition of
batch adsorption, so data provided by the batch adsorption isotherm are not fully capable
of describing the adsorption in a fixed-bed column [9]. To circumvent this, it is necessary to
carry out tests to obtain the best operating parameters to optimize the process and achieve
the highest adsorption capacity, the greatest efficiency of the adsorption process, and the
most effective use of the bed [9]. To investigate the characteristics of adsorption columns,
it is necessary to develop models that can accurately represent their behaviors. These
models should be able to describe the dynamic behavior of the column, in terms of the
inlet and outlet concentrations of the adsorbates, as a function of time (using breakthrough
curves) [9]. In continuous mode operation, the adsorption mechanism is determined by
phenomena including axial dispersion, film diffusion resistance, intraparticle diffusion
resistance (both pore and surface diffusion), and adsorption equilibrium [10].

Figure 3 shows the behavior of the mass transfer zone (MTZ) and the breakthrough
curve, as a function of time, for a monocomponent adsorption process. At the beginning of
the operation, the fresh column is fed with an influent with a known inlet concentration (Cp).
As the influent passes through the column, adsorption occurs, forming an adsorption region
known as the MTZ [6], which is where the mass transfer rate is highest. In ideal adsorption
systems (yellow solid line in Figure 3), where the mass transfer resistances are neglected,
a linear frontline within the column results in a sudden increase in the concentration
in the effluent when the bed becomes saturated. However, resistance to mass transfer
occurs due to non-ideal behavior of the system (sigmoidal curve in Figure 3), including
external and internal mass transfer resistances (kinetic effects) at the solid-liquid interface,
together with thermodynamic equilibrium (thermodynamic effects), which act to increase
the MTZ length [6,35]. In a non-ideal system, the MTZ for a monocomponent system may
be represented by a sigmoidal curve [15,35] (Figure 3). When the outlet (C) to inlet (Cy)
adsorbate concentration ratio reaches a stipulated minimum value, the breakpoint occurs.
Subsequently, the C/Cy ratio continues to increase until reaching C/Cy = 1, corresponding
to the exhaustion point and saturation of the column [8]. The area above the curve of C/Cy
plotted against time (Figure 3) reflects the amount of adsorbate retained by the bed [8].

effluent

Legend

Cy= influent concentration
C = effluent concentration
C, = influent concentration at time t,
C,= influent concentration at time ¢,
G= influent concentration at time te
MTZ = mass transfer zone
t,= initial time
t,= column before the breakthrough point
t,=breakthrough point
t,= column after the breakthrough point
t/= completely saturated column
ideal breakthrough curve

Time

Figure 3. Scheme of the adsorption process for a monocomponent contaminant solution in a fixed-bed
column, and breakthrough curve. Adapted from Thirunavukkarasu, Nithya, and Sivashankar [6].

Particularly for lignocellulosic bioadsorbents, the challenges associated with the re-
sistance to mass transfer are directly related to the characteristics of the solids and their
behavior in the column, such as specific gravity, granulometry, and particle length-to-
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diameter ratio, which can be the cause of pressure drops, formation of preferential channels,
and non-uniform flows through the bed [6]. Other factors influencing the behaviors of
these materials in continuous adsorption systems include the surface heterogeneity of
lignocellulosic materials, as well as the presence of different functional groups (aliphatic
hydroxyl, phenolic hydroxyl, carboxylic acid, ester, ether, ketone, methoxy, and aromatic
rings), including those that can be introduced on the surface by chemical modification.

5. Fixed-Bed Column Adsorption Studies with Raw and Modified
Lignocellulosic Residues

5.1. Overview

In recent years, there has been increasing exploration of continuous adsorption using
fixed-bed columns packed with raw and chemically modified lignocellulosic bioadsorbents
(Figure 4), due to the need to find alternative treatment methods that are not only technically
efficient and economically feasible, but also environmentally friendly and sustainable.

500

450

400

350

300

250

200

Number of Publications

100

50

2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025

Years

Figure 4. Number of articles published from 2012 to 2025 related to the application of biosorbents in
fixed-bed adsorption. Database: Web of Science (Clarivate Analytics®, Boston, MA, USA).

Table 2 presents adsorption data reported in some relevant studies over the last decade,
selected according to the criteria shown in the Supplementary Materials, where different
lignocellulosic materials were employed as bioadsorbents in fixed-bed columns. Table 2
also includes the types of lignocellulosic biomasses and modifying agents (MA) used for
production of bioadsorbents; the contaminant ions removed; and the operational conditions,
such as pH, bed height (Z), flow rate (Q), and influent concentration (Cyp). The equilibrium
adsorption capacity (Qe), mathematical models applied to describe the adsorption, effective
use of the bed (Z.), and performance parameters for regeneration of bioadsorbents are
also presented in Table 2. The regeneration parameters include adsorption efficiency (E,gs),
desorption efficiency (Eqes), re-adsorption efficiency (Ee-a4s), number of cycles, and types
of eluents used. All the equations used to estimate the parameters presented in Table 2 can
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be found in the Supplementary Materials. The data presented in Table 2 will be discussed
throughout the review.

Evaluating Table 2, many lignocellulosic materials derived from agricultural residues
have the potential to be used in the production of new bioadsorbents for the efficient re-
moval of inorganic pollutants from aqueous media, including stalks [38-40], shells [41-50],
Moringa oleifera seeds [51], legume husks [52-54], rice straw [55], leaves [37,56-60], sugar-
cane and palm bagasse [44,61-73], peels [44,56,70,74-79], and fibers [80-82] (Table 2). These
materials can be highlighted for their ability to remove inorganic contaminants, with a wide
adsorption capacity range (0.001-11.00 mmol g~!). Remarkable adsorption capacities were
reported for Litchi peel [74], which was able to remove 10.99 mmol g~! of Cr(VI) (Table 2),
and for olive tree prunings treated with HNO3 [83], which could remove 2.89 mmol g~!
of Pb(Il) (Table 2). The wide range of adsorption capacities can be explained by factors
including the nature of the lignocellulosic biomass, the type of chemical modification
employed, the toxic species removed, and the adsorption mechanism.

Low cost and high availability throughout the year are crucial for the feasibility of
applying lignocellulosic materials as bioadsorbents. Biomasses that are non-perennial or
with low availability can be problematic for commercial applications, even if they provide
high performance [29,84]. A greater focus on the use of residues from agricultural crops
such as rice [52,55], wheat [85], corn [38], and sugarcane [44,61-69,71-73] (Table 2) can
assist in overcoming this difficulty, since these types of residues are abundant and widely
available in many regions of the world.

Among inorganic contaminants, the adsorption of divalent cations such as Cu(II),
Pb(II), Ni(II), Co(Il), Cd(Il), Zn(1l), Mn(II), and Hg(II) has been most extensively investigated
(88%) (Table 2), mainly because these are the cations most commonly detected in water
bodies and industrial effluents. Raw Citrus maxima peel (CM), passion fruit shell (PF),
and sugarcane bagasse (SB) were used as bioadsorbents for the removal of Pb(Il), Cd(I),
Cu(II), and Ni(II) in monocomponent aqueous systems [44]. The best performance was
shown by CM, followed by PF and SB (Table 2). PF had an advantage over SB, because
it only required a simple pretreatment to avoid secondary pollution, without the need to
use Soxhlet extraction with organic solvents, which was required for the removal of SB
extractives [44].
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Table 2. Adsorption data from the most relevant studies that applied lignocellulosic biomasses as adsorbents in fixed-bed columns in recent years (from 2012

to 2025).
c 7 0 0 Performance Parameters for Regeneration
. 0 e e
Matrix MA pH Ton /mg L1 Jem /mL min—1 /mg g1 /mmol g1 Model Zel% Number Eor /% Eon /% E 1% Eluent Reference
of Cycles ads/ /0 des/ /0 re-ads/ /0 uen
Coconut leaves ] 1 Cr(VI) 100 20 4588 098 2};\(1) 58.3 _ ) ) ] ) 5]
(Cocos nucifera) 2 V(V) 100 20 4 4.89 111 MDR 57.9
Hazelnut shell H;3PO. Tho,
34 6.27 Li 10 1.5 0.25 22.29 3.21 YN, 81.20 5 - 100 - H,SO4 [87]
(Corylus spp.) Urea MDR
Pine cone shell Cu(II) 1209 20 1.1 0.17
; ; - 5.6 2.65 Sips - - - - - [88]
(Pinus sylvestris) Pb(I1) 96.7 07 55.57 0.27 P HCl
Fe 1420 1635.0 29.27
Fibers, coniferous trees 60 _ _ _ _ _ _ _
(Pinus spp.) H;PO,4 Mn(II) 183 (4columns) 1000 23.1 0.42 (891
Zn(II) 19.2 18.1 0.28
5.75 Cd{r 56.2 65 0.58 16 - 99.4-92.8 94.3-90.1
Sugarcane bagasse BAD D 31 25 B 4 HNO; [90]
(Saccharum officinarunt) 5.25 Pb(II) 207.2 153 0.71 15 - 100.5-98.7  108.3-91.2
Gundelia tournefortii EDTAD 6 Cu(II) 10 2 7 15.61 0.25 BA{(;}hO’ 53.8 [91]
Ramie stalk BA, Tho,
(Boehmeria nivea) H3PO4 5.5 Zn(II) 327 5 5 324 0.495 YN, BDST 71 5 - 98.5-97.1 99-90 HCl [92]
Cucumber peel Tho, YN,
(Cucumis satious) - 5 Cd(n 50 8 20 300.26 2.67 BDST - 3 - 97-95 - HC1 [93]
Walnut shell ECH
. TEA 3 Cr(VI) 200 3 10 308.4 5.76 Tho, Ck - 2 - - 83 NaOH [94]
(Juglans regia) DETA
Palm bagasse 2 Cr(VI) 111.45 2.1434 99-100
Opuntia ficus-indica 6 Ni(II) 103.49 1.7633 BA, Tho, _ _ 87-100 - - - [70]
- 100 - 45 YN, BDST
Yam peels 2 Cr(VI) 50.12 0.9641 65-100
(Dioscorea alata) 6 Ni(ID) 30.04 05118 87-99
. 2 Cr(VI) 18.25 0.351 B
Plantain NaOH 100 114 45 - - - - - -
(Musa paradisiaca) 6 Ni(I) 22.08 0.376 [95]
2 Cr(VI) 28.01 0.539
_ Yam NaOH 100 9.0 45 - - - - - - -
(Dioscorea alata) 6 Ni(II) 28.01 0.477
. . 5.82 x =
Moringa oleifera seed - 7.0 Cd(In) 0.3 321 2.0 0.065 Tho 80 - - - - - [51]

104
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Table 2. Cont.
C 7 Q Q Performance Parameters for Regeneration
Matrix MA pH Ion o . e e Model Zel% Reference
/mg L1 fem /mLmin-1  /mgg!  /mmolg! ¢ g“c‘;‘l’lig Eags/% Eges!% Ercaas/%  Eluent
Sugarcane bagasse - 4 Zr(IV) 75 3 18 20.32 0.223 Tho, BDST 59 . 15-26 - . . [65]
(Saccharum officinarum)
Sugarcane bagasse H,PO, 5 Co(II) 1.26 38 14 13.20 0.224 BA 39 . - 85 93 i (671
(Saccharum officinarum) NaNO, Cu(I) 0.68 35.20 0.554 18 - 98 104
Orange peel - 2 Se(IV) 140 9 1 337 0.043 Tho, BDST 25 2 87 70 45 NaOH [77]
(Citrus sinensis)
Cariaquillo H,S0, 15 Cr(VI) 300 4 4 362.8 6.98 Tho, BDST 9 3 53 - 30-71 NaOH [96]
(Lantana camara)
Almond shell ) 2 Cr(VI) 67.5 ; 5 21.92 0.422 Tho, YN, - ) 66 - - i (49]
(Prunus dulcis) ’ Cu(Il) 7.0 2.39 0.038 MDR - 70 - -
Cashew nut shell H,S0, Cr(VI) 21.05 10 5 10.79 0.208 BA, YN, - i 56 - - i [50]
(Anacardium occidentale) Mg(II) 20.3 9.82 0.179 Ck - 53 - -
NaOH
Walnut shell ECH 3 Cr(VI) 30 2 8.0 281 0.540 YAN 65 3 49 18-21 51-72 NaOH [45]
(Juglans regia) DETA
Sugarcane bagasse ECH Cu(Il) 16.51 026 38 52 EDTA- )
(Saccharum officinarunt) TEPA 5 cd( 20 - 6.25 11.24 0.10 - 33 - 75 >95 - 2Na [62]
ECH
4.5 Cu(Il) 12.5 - 6.25 10.8 0.170 YN 48 5 26 >95 -
Sugarcane bagasse TEPA EDTA- [73]
(Saccharum officinarum) HaPO. 2Na
Gre; 45 Pb(II) 20.8 - 6.25 64.2 0.310 YN 19 5 80 >95 -
Pb(II) 8.15 0.04
Olive oil residues i
(Olea europaea) 6.0 cd(m) 10 9.2 5 3.50 0.03 [97]
Ni(IT) 2.90 0.05
Breadfruit . Tho, BA,
rtocarpus nobilis B B : ’ ) : YN B B - B B
(A . bilis) Ni(IT) 10.0 10 8.4 4.19 0.071 93 [98]
Pb(II) 103.6 76.5 0.369
5 b PO Cu(Il) 31.78 23.1 0.363 DA
ugarcane bagasse 3POy R B B R -
(Saccharum officinarumnt) Urea 5 Zn(II) 32.69 6.25 21.7 0.332 BA, YN 90-99 2Na (711
Cd(In) 56.21 30.3 0.270
Ca(II) 20 17.9 0.447
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Table 2. Cont.
C 7 Q Q Performance Parameters for Regeneration
Matrix MA pH Ion o . e e Model Zel% Reference
/mg L-1 /em /mL min—1 /mg g1 /mmol g—1 € Number Eyqel% Egedl% Ereagol% Eluent
of Cycles
BA
Sugarcane bagasse PMDA 4 EDTA- )
(Saccharum offconarm) DMAC 5 Pb(II) 25 12.1 6.25 163.69 0.79 moggled - - - >99 - N [64]
(Carxe;f;esf::nsis) - 2 Cr(VI) 100 - 300 94.34 1.81 - >80 4 30-90 10-20 >50 NaOH [99]
Sugarcane bagasse TA 575 Co(II) 123.8 a1 . 59.52 1.01 A 23 s - 23 100 HNO 1l
ag : . : 5
(Saccharum officinarunt) SA Ni(ID) 123.3 61.03 1.04 29 - 93 100
HCI,
Sugarcane bagasse HNO3,
(Seccharum offctuarim) CA 5 Pb(II) 99.87 7 15 158.9 0.767 Tho, YN - 4 - 10-95 >80 NaOH, [63]
NaCl
( Pfi‘d‘f‘u"nj ;f;;jza) - - Cr(VI) 20 10 40 8.72 0.168 Tho, BA 77 - 0.168 - - - [59]
Cu(IT) 28.82 74 7.42 0.117
( Melzle;gf;lf?rfgfolm) - - Pb(I) 150.66 - 8.0 417 0.020 Tho <30 - 90-95 - - - [46]
cd(m) 80.59 74 18.02 0.160
Pb(II) 20.72 32.74 0.158 51 >75
Eucalyptus leaf .
(Eu ;?;}};5 . ‘;0; o 9 - 38 cda 11.24 24 10 7.24 0.064 - 48 3 30-50 >80 >54 HNO; [57]
Ni(II) 5.87 1.77 0.030 33 >43
( CCO‘ZCD‘S)‘:L‘L;‘;Z) H,0, 6 cd(m) 30 21 15 7.22 0.642 BDST 37 3 70-77 >94 >93 HC1 [100]
(PiE;I;ept.’Z;skter) NgSOZH 5 Cr(Il) 500 25 10 53.04 0.78 Thﬁi\?A' 47 1 79 53-68 - H,S0, [1o1]
Pb(II) 1321 0.064 45
Olive cake Cu(I 5.17 0.082 28
(Olea europaea) NaOH 455 # 200 ) 40 T}];(])D,SY"}”\L ) ) ) ) ) (1021
Cr(VI) 3.08 0.059 13
Zn(I) 551 0.843 21
Lentil husk - 5 Pb(II) 100 10 20 205.87 0.993 Thf{i\?A' 63 3 9% 96-98 >95 HNO; [53]
Fig leaf i 55 Co(II) o4 , ) 11.09 0.188 Tho, BA, 22 i 5 ) i . -
(Ficus carica) Pb(II) 12.27 0.059 YN 24
Pine nuts shell _ 5 Cu(m 100 3.80 6 714 0112 Tho, YN, _ 19-99 - _ _ [42]
(Pinus pinea) Pb(II) 20.25 0.098 BDST 51-100
5 b Cd(In) 0.146 1.30 x 103 YN Th 44 91
ugarcane bagasse - 5 _ 10 28 1.6 , Iho, - - - - [69]
(Saccharum officinarunt) Pb(II) 0.154 7.43 x 107* BDST 55 90
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Table 2. Cont.
C 7 Q Q Performance Parameters for Regeneration
Matrix MA pH Ion o . e e Model Zel% Reference
/mg L-1 /em /mL min—1 /mg g1 /mmol g—1 € Number Eyqel% Egedl% Ereagol% Eluent
of Cycles
EPH
Ramie stalk NaOH BA, Tho, EDTA-
(Bochmeria nivea) NayCOs 5 Cu(II) 4449 10 5 34.0 0.535 YN, BDST 81 5 82 97-98 100 Na [32]
TEPA
Apple pomace H,S04
(Malus domestica Borkh) s, 4 Pb(II) 50 7 60 192 0.927 Tho 53 5 18-70 75-100 >80 HNO; [103]
Mercerizing pine bark Mech, BA, )
(Pinus pinaster) NaOH 5 Cr(I1I) 100 7.5 10 35.35 0.680 Tho, YN 53 1 50 47 - HNO; [104]
Cu(I) 60.37 67.36 1.06 58 60
Sugarcane bagasse
(Saccharum offctuarm) TA 55 Col) 6483 32 17 4479 076 BA, Tho o1 3 6 595 >92 HNO;  [105]
Ni(IT) 204.84 57.52 0.98 50 55
S b YN,
ugarcane bagasse PMDA 5 Pb(II) 80 - 6.25 258 1.25 modified 56 - >99 98 - HNO; [68]
(Saccharum officinarum) YN
Pongamia oil cake - 45 Zn(Tl) 100 1438 56 85.98 1315 Tho, BDST 35 6 86 - - EDTA [106]
(Millettia pinnata)
Raw watermelon rind . BA, Tho,
(Citrullus lanatus) H;PO4 6 Ni(IT) 75 5 5 33.12 0.564 YN 1 - 44 80 - HCl1 [107]
Acid,
Tarap leaves NaOH 5 Pb(II) 100 10 8.33 109.70 0.529 - 77 4 85 20-95 100 base, [108]
(Corchorus capsularis) EDTA water
Jute fiber Tho, YN, B B B B
(Corchorus capsularis) PMDA 6 Cu(Il) 100 12 54.78 40.05 0.630 BDST 34 59 [80]
Sugarcane bagasse ) 2 Cr(VI) 5 2 ) 1.99 0.038 ) 12 ) 98 ) ) ) (66]
(Saccharum officinarunt) 5 Ni(II) 343 0.058 39 96
Ph(II) 5.33 0.026 34
Olive oil residues I —
(Olea europaca) - 6 Cd(Im 10 - 11.67 2.71 0.024 - 14 - . - - - [109]
Ni(II) 1.98 0.034 10
Calabasa Cu(Il) _ 5.0 0.08 10 87.82
(Cucurbita moschata) Na;COs 5 W 50 10 o0 010 - - - 1 6157 - HC1 [110]
Ocl)h"e stone 5.06 0.080 20-100 i
(Olea europaca) - 5 Cu(Il) 100 134 6.0 BA, Tho, - - - - [43]
Pine shell YN, BDST,
(Pime pinea) 7.14 0.112 ANEIS 10-81
Grapefruit peel BA, Tho,
Vitis vinifera : : : YN, BDST - - - - -
R CA 5 Cu(II) 266 16 13 48.54 0.764 S 0 [78]
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Table 2. Cont.
C 7 Q Q Performance Parameters for Regeneration
Matrix MA pH Ion ¢ . e ¢ Model Ze/% Reference
/mg L1 /em /mL min—1 /mg g1 /mmol g—1 ¢ gucl;l:,lirs Eaqs/% Eges/% Ere-aas!% Eluent
Tea waste (Camellia sinensis); NaOH Cd 38.25 0-340 61 47-50 249
mapleleaves (Acer a Cu(II) 63.37 0.997 61 48-51 23-48 -
pseudoplatanus; mandarin CaCl, 5.5 — 20 31 10 Tho, BDST 3 >99 HC1 [56]
peel (Citrus reticulata) Pb(II) 108.12 0.522 61 56-57 34-58
Zn(II) 35.23 0.539 60 52-54 23-46
Cucumber peel - 5 Cd(In) 100 8 20 180.53 1.61 BA, Tho, 36 3 77-85 94-98 - HCl [75]
(Cucumis sativus) YN
HzSO4,
Sugar beet pulp 5 Zn(Il 500 66 50 523 0.08 BA 35 3 H}Ii% 111
(Beta vulgaris) ) n(I) ) ’ B ) . 3 (111
EDTA-
2Na
. Pb(II) 8.09 0.175 0 92 14-64 83
Pine cone shell - 5 — 100 14.3 2 - 4 HCl [47]
(Pinus halepensis) Cu(II) 36.19 0.127 0 23 19-63 100
Litchi peels ; 3 Cr(vD) 50 5 15 412 0.65 BDST 40 3 ; 599 594 HNO; [74]
(Litchi chinensis)
Maple tree leaves
(Acer pseudoplatanus) - 5 Cu(Il) 55.0 21 21 18.3 0.288 SREQ 21 8 53 93-99 100 H,S04 [37]
. NaClO
Javajute 4.04 x YN, Tho, B - 9 NaOH,
(Hibiscus cannabinus) NI_alng 7 Cr(VI) 0.5 15 2.2 0.021 104 BA 25 52 88-92 78-98 HCl [112]
cd(I) 11.41 13.49 0.12 13 HNO3,
Spent coffee grounds CaCl,
(Coffea) - 4.5 Cu(II) 6.35 14 5.5 13.34 0.21 - 21 4 <50 60-100 >99 AC ! [113]
Pb(I1) 20.72 66.30 0.32 20
Grapefruit peel HSDM
ipeirut p H,0, 55 Cr(VI) 35 150 - 39.06 0.615 (simula- 50 - - 27-73 >95 - [79]
(Vitis vinifera) X
tion)
Watermelon rind BA, Tho, .
(Citraullus lomatns) - - Pb(I) Pb(I) 5 1 55.00 0.265 YN - 3 0.265 - - HC1 [114]
Rice husk 5.57 x BA, Tho, -
(Oryza sativa) - 8.0 As(V) 0.070 28 7.0 0.417 10-3 YN - - 60-95 - - - [52]
- 5.38 0.026 75 40 - -
i i H 4 .31 7 - -
Rt B0y o) 150 5 6 048 0319 - ° 5 % HO o 183]
HNO3 31.56 0.152 65 45 - -
NaOH 34.42 0.166 57 53 60-99 >51
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Table 2. Cont.
C 7 Q Q Performance Parameters for Regeneration
Matrix MA pH Ion o . e e Model Zel% Reference
/mg L1 fem /mLmin-1  /mgg!  /mmolg! ¢ g“c‘;‘l’lig Eags/% Eges!% Ercaas/%  Eluent
Sesame - 5.5 Cd(In) 60 2.0 2.5 22.88 0.204 - 56 4 74 72-94 >55 HNO; [115]
Cu(Il) 276.72 104.03 1.64
ifi d(I 299. 126.7! 1.1
(Manicaf?tzr?tfgci;gf; SGaertn.) ’ 55 CNi((H)) 3(9) 5 :i 95 4 486 835 0 8332 HSDM 16-50 i >90 i ’ i (821
Pb(II) 303.7 52.59 0.254
Pb(II) 160 0.772
Grapefruit peel _ 6 Cd(I) 300 132 1.17
(Citrus maxima) Cu(ll) 84 132
Ni(II) 60.7 1.03 i
Pb(II) 98.4 0.475 -
Passion fruit shell ~ 6 Cddrn) 300 3 ig 48.6 0.432
(Passiflora edulis) Cu(Il) ’ 40 0.629 Tho 25-56 - - - [44]
Ni(II) 2538 0.440
Pb(II) 49.8 0.240
Sugarcane bagasse _ 6 Cd(In) 300 3 25 26.3 0.234
(Saccharum officinarunt) 701 a : o 0362
Ni(II) 16.1 0.274
Sunflower biomass
(Helianthus annuus) - 6.5 Co(II) 40 5 8 11.68 0.198 - >90 - - - - - [116]
Pb(II) 10.36 85 0.410 42
Citrus peels _ 30-100 _
(Vitis vinifera) HNO; 4.0 Cd(1In) 5.62 24 9 44 0.391 Tho 31 74-100 HNO;3 [76]
Zn(11) 3.27 20 0.306 30
Cu(Il) 4741 0.746
Green coconut shells ey— _ _ HNO;3 )
(Cocos nucifera) NaOH 5.5-5.7 Ni(II) 200 100 200 26.53 0.452 Tho, EBCT 30-60 50-99 [48]
Zn(II) 25.76 0.394
Cu(II) 345 0.543 YN
Waste phoenix tree leaf PMDA — - , -
(Phoenix dactylifera) 6 Cd(In) 50 45 38.6 0.343 modified 40-60 - 40-70 - - [60]
Zn(Tl) 285 0.436 YN, Wol
Coconut husk BDST, YN, )
ocos nucifera B : : B B B B
C . 7 Cu(Il) 10 20 10 7.25 0.114 Ck 45 52 [41]
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Table 2. Cont.
c Z Q Q Q Performance Parameters for Regeneration
Matrix MA pH Ion o . e e Model Zel% Reference
/mg L-1 /em /mL min—1 /mg g1 /mmol g—1 € Number Eyqel% Egedl% Ereagol% Eluent
of Cycles
Cu(Il) 12.71 11.69 0.184
(?,fflfi;t;?;;) - 52 cd 2248 6.7 05 2687 0239 HSDM 40-75 - - - - - 139]
Ni(I) 11.74 13.81 0.228
Pb(II) 41.44 54.29 0.262
Green bean husk - 4 Sb(I1I) 5 50 5.0 20.6 0.1692 Tho 20-30 7 >99 >97 >90 HCl1 [54]
(Phaseolus vulgaris)
Hemp ‘ﬁbe,r - 5 Co(II) 50 7 - 15.44 0.2620 Tho, YN 90 - 40-83 - - - [81]
(Cannabis sativa)
Rice straw . Tho, BA, -
(Oryza satioa) NaOH - Ni(II) 75 2 0.5 43 0.7327 Ve - - - - - - [55]
Residue of allspice - 575 Pb(Il) 15 15 20 162 00782  Tho, BDST 81 - 599 - - - [17]
(Pimenta dioica)
Oil cake - 3 Ni(I) 10 - 1 9.5 0.1619 - 5 7 69 >99 >99 HCl [118]
(Brassica juncea)
Olive pit H,S0, 5 Pb(II) 150 44 6 17.7 0.0854 - 75 14 49 86-100 >80 HCl [119]
(Olea europaea)
Sugarcane bagasse ECH EDTA-
(Saccharum offcinarum) oy 5 Cu(Il) 20 - 6.25 18.43 0.29 BA, YN 42 - 61 - - Na [120]
Almond shell i s Cu(Il) 100 s p 32.158 0.155 ] ) i 29.29 ] i ] [121]
(Prunus amygdalus) Pb(II) 10.531 0.166 82.27
EPH
Corn stalk DETA 7.2 Cr(VI) 200 14 5 250 481 BA, Tho, 60-80 - 70-94 - - - [38]
(Zea mays) TEA YN

MA: modifying agent, Cy: initial adsorbate concentration, Z: distance along column length, Z.: effective use of the bed, Q: volumetric flow rate, Q.: equilibrium adsorption capacity, E,qs:
efficiency of adsorption, Eqes: efficiency of desorption, E e o4s: efficiency of re-adsorption, BA: Bohart-Adams, YN: Yoon—Nelson, Wol: Wolborska, Tho: Thomas, BDST: Bed Depth Service
Time, EBCT: Empty-Bed Contact Time, Ck: Clark, HSDM: homogeneous surface diffusion model, MDR: modified dose-response, ANFIS: Artificial Neural-Fuzzy Inference System, ECH:
epichlorohydrin, TEPA: tetraethylenepentamine, DETA: diethylenetriamine, TEA: triethylamine, EDTAD: ethylenediaminetetraacetic dianhydride, BAD: butane-1,2,3,4-tetracarboxylic
acid dianhydride, TA: trimellitic anhydride, SA: succinic anhydride, CA: citric acid, PMDA: pyromellitic dianhydride.
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To a lesser extent, there have been studies concerning the use of bioadsorbents for the
removal from water of anionic species such as arsenic [52], chromium [38,45,49,59,70,79,
86,94,96,101,104,112,122,123], and selenium [77] (Table 2). The smaller number of works
can mainly be attributed to the low ability of raw lignocellulosic bioadsorbents to remove
anionic species, due to the absence of a sufficient number of groups capable of interacting
with anionic species, except for protein-rich lignocellulosic biomass containing high levels
of amine and sulfur. Chemical modification with inorganic (mainly acids and bases) and
organic (mainly ligands containing nitrogen, oxygen, and/or sulfur atoms) reactants is
one of the techniques used to enhance the performance of lignocellulosic bioadsorbents in
removing cations and anions.

5.2. Chemically Modified Lignocellulosic Adsorbents

Figure 5 presents some chemical modifications directly performed on lignocellulosic
biomass (without chemical pretreatment). As shown in Table 2, several studies have
conducted treatments with acids, such as H,SOy [50,96,119], HNO3 [76], and HCI [83], and
with bases, especially NaOH [48,55,56,83,95,102,104,112].

The treatments with acids or bases can lead to improvements in the performance of
lignocellulosic bioadsorbents. Acids such as phosphoric acid can be used to functionalize
the surface of lignocellulosic materials with phosphate groups [73]. Acids such as HySOy,
HNOj3, and HCl protonate the functional groups of lignocellulosic biomass, increasing the
swelling capacity of the fibers in the structure of material and making it more selective for
certain contaminant ions, by increasing their access to adsorption sites [119]. Treatment with
NaOH can also increase the swelling capacity of fibers and the porosity of lignocellulosic
materials, by solubilization of biomass components (such as hemicelluloses, protolignin,
and extractives, among others), making the hydroxyl groups more available for chemical
modification and/or increasing the adsorption capacity of the material by hydrolyzing
ester bonds, leading to the formation of carboxylate groups and phenolate groups [48]. In
some applications of lignocellulosic bioadsorbents, colored soluble compounds that cause
secondary pollution are released into the water, highlighting the importance of performing
extraction with organic solvents or using soft pretreatments with very diluted acids or
bases, and even using diluted H,O, to oxidize some compounds and make them more
soluble and easier to remove from lignocellulosic biomass in the pretreatment step [79].

A multi-metal binding bioadsorbent (MMBB) was developed by combining tea waste,
maple leaves, and mandarin peel, in a ratio of 3:2:1 (w w~1), followed by chemical modifica-
tion using alkaline hydrolysis [56]. Under the best removal conditions (Table 2), the removal
capacities for Cu(Il), Cd(II), Pb(Il), and Zn(II) were 1.00, 0.34, 0.52, and 0.54 mmol g’l (63.54,
32.22,107.7, and 34.31 mg g~ !), respectively [52]. The column packed with MMBB, with
a height of 31 cm, exhibited similar removal efficiencies for both real and semi-simulated
effluent, achieving an effective use of the bed exceeding 60% [56] (Table 2).
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Figure 5. Some pathways used to prepare versatile fixed-bed adsorbers via chemical modification.

The chemical modification routes of lignocellulosic materials are based on strategies
involving the modification of hydroxyl groups, predominantly hydroxyl groups of AGU
in cellulose, but can also be extended to hydroxyl groups and other functional groups
in lignin and hemicelluloses. The chemical modification of hydroxyl groups with cyclic
carboxylic acid anhydrides (Figure 5) is one of the most used strategies, as it introduces
carboxylic acid functionality in lignocellulosic biomass. In this type of reaction, hydroxyl
groups act as nucleophiles that promote esterification with one or more carbonyl groups
(electrophiles) of the cyclic carboxylic acid anhydride, forming ester bonds and releasing
carboxylic acid groups on the surfaces of materials [124].

On the other hand, for the introduction of amine groups, the most common approach
is the use of intermediate molecules, such as epichlorohydrin, which serve as anchors for
the new amine groups (when primary and secondary amines are used) or ammonium
groups (when tertiary amines are used) [124]. To introduce phosphate groups, a reaction
is carried out using H3POy in the presence of urea, which acts as a catalyst [73,87,107]
(Figure 5). Finally, a less common method is the introduction of xanthate groups, by
reaction of hydroxyl groups with CS; in the presence of a strong base, such as NaOH
(Table 2) [101].

Among the issues that must be considered for the technical-economic and environ-
mental feasibility of chemical modifications of lignocellulosic materials is the reaction
yield. Low reaction yields may result in high costs with solvents and reactants, requiring
recovery operations. Another critical point is that reactants that were not consumed or that
generated byproducts in the reaction medium after synthesis can become an environmental
liability. The degree of hazard associated with the solvents and reactants should also be
considered, which may impose higher operational safety costs. Therefore, it is highly
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recommended that both solvents and reactants should be obtained from renewable sources
and be nontoxic and biodegradable, in accordance with the concept of a bio-based circular
economy.

Under similar column operating conditions, raw sugarcane bagasse [69] and sug-
arcane bagasse modified with phosphoric acid [73] were used for Pb(II) removal. The
presence of the phosphate group resulted in an adsorption capacity of 64.2 mg g~}
(0.310 mmol g~ 1) [73], which was 400 times higher than obtained using raw sugarcane
bagasse (0.154 mg g~ ! or 7.43 x 10~3 mmol g 1) [73] (Table 2).

Therefore, chemical modification of lignocellulosic materials has been used to obtain
higher adsorption capacities and/or enhanced adsorptive properties, such as superior
performance over a wide pH range, reduced swelling capacity, and increased surface area
and porosity [29,84].

5.2.1. Bifunctional Adsorbents for Simultaneous Cation and Anion Removal

The development of bioadsorbents capable of efficient simultaneous adsorption of
both cations and anions is a more recent trend [125]. In this review, only a small number
of studies were found that used lignocellulosic bioadsorbents to remove inorganic cations
and anions, either separately or together in more complex systems [49,66,70,102] (Table 2).

For the same column operating conditions (pH 5, Cyp = 100 mg L1, Q=45mL min™}),
Villabona-Ortiz et al. [70] obtained greater removal of Cr(VI) (2.14 mmol g~!) and Ni(II)
(1.76 mmol g~') using oil palm bagasse, compared to the use of yam peels (Cr(VI):
0.96 mmol g~!; Ni(II): 0.51 mmol g~') (Table 2). These differences in the removal ca-
pacities of the biomaterials could be mainly explained by the different compositions of their
structures, in terms of cellulose (including degree of oxidation of anomeric carbon, degree
of polymerization, and crystallinity), hemicelluloses (including the presence of carboxylic
groups in the oxidized sugar units, such as D-glucuronic and D-galacturonic acids), and
lignin (including the type of lignin, such as guaiacyl-syringyl (GS) and guaiacyl-syringyl-p-
hydroxyphenyl (GSH), and the presence of carboxyl, carbonyl, methoxyl, phenolic, and
alcoholic hydroxyl groups). Additional factors affecting the removal capacity include the
presence of minor components, such as proteins, and the role of each type of functional
group in the adsorption of metal ions [124].

In general, raw lignocellulosic materials do not provide efficient removal of anionic
inorganic contaminants from water. To overcome this limitation, chemical modifications
can be performed to introduce functional groups with greater affinity for these species,
such as quaternary amines [124].

Dovi et al. [94] and Chen et al. [38] developed bioadsorbents containing quaternary
ammonium groups, using walnut shells (ACWNS) and corn stalks (MCS), respectively.
The incorporation of these new functional groups in the biomass structure enhanced
Cr(VI) removal, with ACWNS and MCS achieving adsorption capacities of 308.4 mg g~
(5.78 mmol g’l) and 250 mg g’1 (4.81 mmol g’l), respectively (Table 2). These adsorption
capacities are higher than those obtained using non-chemically modified biomass-based
adsorbents, as shown in Table 2.

The introduction of tertiary, secondary, and primary amines increases the versatility
of the materials for the removal of cations [32,62,73,120] and anions [45], although these
chemical groups exhibit a strong dependence on the pH of the medium. Consequently, the
removal of anions is only possible when the amines are in the protonated form. On the
other hand, the removal of cations is only possible when the amines are in the molecular
form.

Simultaneous removal of cationic and anionic species is not possible over a wide pH
range, mainly due to the net surface charge of the bioadsorbent, as well as the charges
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and solubilities of the species in solution. Depending on the pH of the solution and the
concentrations of the chemical species (cations, anions, or both) in solution, precipitate
formation may occur.

Therefore, it is necessary to determine whether the removal of inorganic contaminants
could occur by precipitation, rather than by adsorption. The pH of the solution is one of the
most important operating parameters in bioadsorption processes, because it significantly
affects the surface charges of the bioadsorbent and the adsorbate, consequently determining
the affinity of the surface sites of the bioadsorbent for the adsorbed species.

5.2.2. pH of the Point of Zero Charge (pHpc)

Performance evaluation of bioadsorbents requires knowledge of the pH of the point
of zero charge (Pszc), which is the pH at which the surface of the bioadsorbent has
zero net charge [22,126]. When the pH is below the pHy,c, the surface is predominantly
positively charged, while above the pHy,, the charge is predominantly negative [126,127].
The pHp, is crucial for understanding the behavior of the biomaterial during adsorption,
since electrostatic attraction is favored when the surface charge is opposite to that of the
ionic species to be adsorbed. However, this does not exclude the possibility of adsorption
according to other types of mechanisms.

Chemical modifications strongly influence the pHp,.. Wang et al. [32] chemically
modified ramie stalk with epichlorohydrin and tetraethylenepentamine, resulting in an
amino-functionalized bioadsorbent, where the presence of amine groups in the biomass
structure acted to change the pHp,c from 2.0 to 9.4 [32]. The optimum condition for
removing Cu(ll) ions was at pH 5.0 (Qe = 34.0 mg g_l) (Table 2). At this pH, the net
surface charge of the bioadsorbent was positive, possibly causing electrostatic repulsion
between the bioadsorbent and the adsorbate. Therefore, Wang et al. [32] proposed that the
removal mechanism involved not only electrostatic attraction, but also complexation by
coordination of amine groups with Cu(Il) ions. Ideally, an adsorbent should provide good
removal performance over a wide pH range, avoiding the need for pH correction in the
water or effluent treatment unit, which would increase the cost of the chemicals used in the
process.

5.3. Design and Optimization of Fixed-Bed Columns

There are two distinct approaches to designing fixed beds. The first approach involves
a thorough solution of conservation, transport, and thermodynamic equations. The second
approach uses simplified techniques based on experimental data at laboratory, pilot, or
industrial scales (Supplementary Materials). The rigorous method may require experi-
mental work, if the necessary data are not available in the existing literature (as in the
case of new lignocellulosic adsorbents). A conceptual flowchart of tools for designing
adsorber columns is shown in Figure 6. Material balances, in integral or differential form,
are essential relationships for describing adsorption on fixed-bed adsorbers and can include
or neglect adsorption kinetics. Batch studies are important for obtaining data to enable
prediction of the operating behavior in fixed-bed columns. Batch adsorption studies are
performed considering the effects of parameters such as solution pH, contact time (kinetics),
and initial contaminant concentration (isotherm), followed by application of the optimum
conditions identified in column tests [8]. In continuous water treatment using a fixed-bed
column, the adsorbate concentrations in the liquid and solid phases change according to
time and column position [6]. The performance of the column is evaluated in experiments
carried out under different operating conditions, where the main variables considered are
the distance along column length (Z), the initial contaminant concentration (Cp), and the
flow rate (Q). Table 2 shows these parameters for operating conditions under which the
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best removal capacity (Q.) was obtained. Although the adsorption capacity is a useful
parameter for measuring the efficiency of a bioadsorbent, there are other important criteria
that need to be considered in optimization of column operation, such as the mass transfer
zone and the effective use of the bed.
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Figure 6. Conceptual flowchart of tools for designing fixed-bed adsorbers.

The mass transfer zone (MTZ, cm) of a column can also be related to the length of
the unused bed height (H,,, cm), or expressed as a percentage (Hynp/% = Hynp/Hp),
according to the following equation:

o MTZ b
Hynp /% = [( H ) X (1 ts)] x 100 )

where Hy, is the column bed height (cm), #, is the breakthrough time (min), and t; is the

saturation time (min).

It is important to define the breakthrough time considering the permissible contami-
nant concentration according to the limit set by local environmental legislation, or other
process conditions [66]. In general, the publications compiled in this review adopted the
commonly used definition of #, as the time when the outlet concentration (C) was equal to
0.05 Co [8].

Values reported for the effective use of the bed (Z¢ /% = 100% — Hypnp) are presented
in Table 2. Many of the Z. values were calculated indirectly by visual analysis of the
breakthrough curves, considering t, (C/Cy = 0.05) and t5 (C/C¢ = 0.95). Small H,,;,}, values
mean that the breakthrough curve is close to ideal, with negligible mass transfer resistance.
The breakthrough time and saturation time are directly proportional to distance along
column length (Z), while the initial contaminant concentration (Cy) and flow rate (Q) are
inversely proportional [128]. It can be seen that the Z. values were on average low (~40%)
(Table 2). The granulometric size of the biomaterial is an essential parameter to consider
for column packing, operation, and maintenance, avoiding operational failures such as the
appearance of preferential channels [4].

Another factor that must be considered when using lignocellulosic materials is their
capacity for swelling by the absorption of water [29]. For these reasons, operation in
upward flow mode is preferable, because it enables a uniform solute distribution and
reduces pressure gradients and the potential for clogging of the column [26,36].

Furthermore, if the contaminated solution is fed using an upward flow, it is possible
to use bioadsorbent particles with smaller diameters, consequently reducing the quantity
of bioadsorbent required and leading to higher adsorption rates [129]. In addition to the
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adsorption capacity of the column, it is important that adsorption data such as the effective
use of the bed and the mass transfer zone are properly obtained and evaluated, enabling
optimization of the column treatment operation and the provision of sufficient information
for scale-up of the technology, envisaging potential real applications.

5.4. Scale-Up and Technology Maturity of Lignocellulosic Adsorbent Columns

Several factors must be considered when designing small-scale column experiments
to collect data for the design of a full-scale plant. Particular attention must be paid to the
selection of length, diameter, and flow rate in small-scale experiments, as these variables
can influence the hydrodynamics and dispersion characteristics, and, consequently, the
correct upscaling.

The methods used for scale-up are typically based on one of the following princi-
ples [130]: (i) estimation of characteristic parameters of the MTZ and its application for
full-scale adsorber design and (ii) application of an experimental setup that guarantees the
similarity of mass transfer conditions between small- and large-scale adsorbers, in order
to determine a normalized breakthrough curve (scale-independent). Therefore, optimal
scale-up methods are fundamental to minimize technical, economic, and environmental
risks. Table 3 shows the column dimensions and characteristics of the beds reported in
works published since 2012 that used raw and chemically modified lignocellulosic residues
in fixed-bed columns.

Table 3. Column dimensions and characteristics of the beds used in the most relevant studies that
employed lignocellulosic biomasses as adsorbents in fixed-bed columns in recent years (from 2012 to
2025).

.C olun}n Characteristics of the Bed
T/I°C Dimensions Reference
H/cm  D/cm P/um Hy/cm wlg

- 15 30.0 355 10, 15, 20 - [86]
25 0.7 12 - 1.0,1.5,2.0 - [87]
22 20 1.2 <200 0.5,0.7,1.0 0.15,0.22,0.33 [88]
- 90 54 - 60 3550 [89]
25 10 1 500 3.1 - [90]
25 51 3 <210 3.0,7.0,15.0 0 [91]
- 20 1.00 - 5.0,10.0,15.0 0.24, 0.44, 0.70 [92]
- 20 1 <500 5.0,6.5,8.0 - [93]
30 30 1.3 200400 3.0,6.0,9.0 0.93, 1.86, 2.64 [94]
30-80 15 4.1 100-1220 0.61,3,6.5,10,12.4 - [70]
33-76 - - 1000 16,30,60,100, - [95]
29 10 3.0 <600 11.3,20.9,32.1 2.0,4.0, 6.0 [51]
- 43 2 <300 1,2,3 . [65]
25 10 1.00 <150 3.8 - [67]
- 15 1.4 2000-3000 3.0,6.0,9.0 - [77]
- 30 24 850 2,3,4 - [96]
- 30 3 250-350 3,5,7 - [49]
- 30 1.6 250-350 4,8,10 - [50]
- 25 1 250-400 2 1.03 [45]
30-35 20 1 149 - 0.5 [62]
. 20 2.54 <150 - 05 [73]
25 50 1.0 1000-3000 5.1,6.4,9.2 4.0,5.5,8.0 [97]
- 10 1.0 710-1000 2.5,5.0,7.5,10.0 075, égg’ 2.25, [98]
- 20 1.00 - - 0.5 [71]
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Table 3. Cont.

Column .
. . Characteristics of the Bed

TrC Dimensions Reference

H/em  D/em P/um Hp/em wlg
- 20 1.00 <150 12.1 1.0 [64]

28-30 25 6.25 - - 200 [99]

25 10 1.00 - 3.1 0.5 [61]
- 30 2.00 100-500 7.0 3 [63]
- 50 1.8 290-350 4,6,10 - [59]
- 20.3 2 <2000 - 5 [46]

25 35 2.5 2580 24 24 [57]
- 24 3.00 - 21.0 - [100]
- 15 - 128 25 1.8 [101]

420, 960,
- 23 1.5 1500 - 18 [102]
- 20 1 <520 5.0,8.0,10.0 2.10,2.75,3.20 [53]
- - - <63 2.0,3.0,4.0 0.44, 0.66, 0.88 [58]

25 1.5 23 <1000 3.8,11.5 5.0,15.0 [42]

17 50 1.60 594 28.0 7.15 [69]

30 - 1.10 <150 5.0,10.0, 15.0 - [32]
- 28 0.8 500-1000 5,7,10,15 0.5,0.6,0.75, 1.0 [103]

25 12 0.15 88-149 2.5,5.0,7.5 - [104]

25 10 1.0 <250 3.20 0.5 [105]
- 20 1.00 <150 - 0.5 [68]

30 45 2 - 5.0, 10, 15 - [106]

30 1 - 25,5.0,7.5,10 - [107]
- - 1 <350 2.5,5.0,10 - [108]
- 25 4 - 2,4,6 4,8,12 [80]
- 20 1.00 500-100 - - [66]
- 50 1 1000-3000 - 55 [109]
- - 0.6 150-300 - 0.5 [110]

25 - - <1000 5.0,15.0 44,134 [43]
- 16 1 1000-2000 4,6,12,16 1.24, égg’ 4.07, [78]
- 100 22.00 425-600 9.5,21,31 5,10, 15 [56]
- 30 1.00 <500 5.0,6.5,8.0 1.5,1.92,2.25 [75]
- 100 7.5 500-1500 66 350 [111]
- 23 15 <1000 14.3,44 15,5 [47]

0.120, 0.2341,

30 5 2.5 244-355 2,4,5 0.3426 [74]
- 27 3.42 500-1000 21.0-23.0 40.0 [37]
- 25 0.55 - 15 22 [112]

25 30 1 217-324.7 7,14, 21 2,4,8 [113]
- 30 150 <500 150 75,000 [79]
- 15 1.00 500-1000 1.0,3.0,5.0 0.28,0.84,1.39 [114]
- 150 é(S) 710-1180 28.0,15.0 47.5,25.5 [52]

25 23 1.5 <1000 - 5 [83]

25 30 2.2 <210 2.0 4.0 [115]
- 9.5 1.00 - - 2 [82]

25 10 2.54 <840 3 4.5 [44]

15 - 1.00 200-250 5.0,10.0, 15.0 - [116]

100,
- 160 62.00 200-250 - 480 [48]
- 20 1.00 <150 - 2 [60]

30 80 25.40 500-1400 20.0 972 [41]

20 10 1 250-500 6.7 0.5 [39]
- 55 1.70 1000-2000 50 25 [54]
- 15 15 - 7.0 07 [81]
- 30 2 300-500 1.5,2.0 1.5,2.0 [55]
- 30 1.78 <840 8.0,15.0 - [117]
- 25 1.14 250-500 - 1 [118]

25 23 1.50 <1000 4.4 5 [119]
- 20 1 75-150 - 0.5 [120]

25 23 1.5 <1000 441,134 15,5 [121]

23 29 2.20 300-500 14,22,29 2,3,4 [38]

T: temperature, H: column height, D: diameter, P: particle size, Hy: column bed height, w: weight.

As with any technological development, adsorption using lignocellulosic adsorbents

needs to be mature to the point at which it can be validated as a new product/process.
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A common measure of technology maturity is the TRL, which evaluates the maturity of
technologies on a scale from TRL 1, corresponding to conception of the idea, to TRL 9,
when the product reaches the industrial scale and is available on the market [131].

The experimental apparatus used in bench-scale adsorption tests has typically con-
sisted of small columns with internal diameters of 1-5 cm and heights of 10-60 cm, which
were employed in ~90% of the studies covered in this review (Table 3). In terms of maturity
level, these new biomaterials could be classified at TRL < 4, where there are laboratory-
scale experimental tests for validation of the application of the prototype material [125,131].
Issues that were less studied (in ~7% of the studies compiled in this review), due to their
greater complexity for academic researchers, were operational costs (including considera-
tion of longer column heights, larger column diameters, and larger amounts of bioadsor-
bent) and advanced data analysis, including complex mathematical modeling using nonlin-
ear models (Table 3). In this case, the adsorption tests were at maturity level 4 < TRL < 6,
with few applications under real and simulated pilot-scale conditions [41,48,79,89,99,111].
These data indicated the need, in bench-scale studies, for researchers to select columns
with diameters and heights proportional to those that would be employed in large-scale
operations. Only one study included in this review used more than one column [89], so
there were columns in series, but without circular permutations, which would not allow
the bioadsorbent to be saturated (increasing the effective use of the bed), without losing
toxic and/or valuable metals, if, for economic reasons, the process was designed to recover
the contaminant. Furthermore, it is necessary to consider technical and economic aspects.

Once the operating conditions of the bench-scale column have been optimized, the
proportionality and scalability of these operating conditions, in relation to large-scale
operation, can avoid undesirable variations in the maximum adsorption capacity, the
efficiency of the adsorption process, and the effective use of the bed, which could make
the process technically and economically unfeasible [99,111]. In this way, an advance of
the TRL from 4 (bench-scale) to >6 (pilot-scale) would be technically feasible, allowing
technology prototyping to develop a business model and, consequently, preparation for
transfer of the technology to the market [93].

Raulino et al. [48] developed a pilot-scale experimental apparatus composed of an
adsorption column with internal diameter of 62 cm and height of 100 or 160 cm (Table 3),
packed with green coconut husks (480-600 g) (Table 3), for decontamination of effluent
containing Cu(Il), Ni(Il), and /or Zn(II). For monocomponent systems, removal capacities
of 0.746, 0.452, and 0.439 mmol g~ ! (47.41, 26.53, and 25.76 mg g~ ') were reported for
Cu(II), Ni(II), and Zn(II), respectively, while for the three-component system, the removal
capacities were 0.509, 0.185, and 0.121 mmol g ! (32.35, 10.86, and 7.91 mg g~ !) (Table 2),
respectively [48].

Although the experimental conditions in the mono- and multicomponent systems
were not equimolar, a notable competitive adsorption effect was observed in the multi-
component experiments, suggesting a greater affinity of the bioadsorbent for Cu(II) ions.
The cumulative adsorption capacity in the ternary-component system (0.815 mmol g 1)
was slightly higher than the adsorption capacity for Cu(II) (0.746 mmol g~ !, the best result
obtained in the monocomponent systems) [48]. This suggested that all the active sites
of the bioadsorbent were filled by metal ion species, with no participation of additional
adsorption sites, which could explain the strong reduction in the adsorption capacity for
metals in the multicomponent system, compared to the individual adsorption capacities in
the monocomponent systems [48].

Gagnon et al. [89] chemically modified a softwood (Pinus spp.) with phosphoric acid
to introduce phosphate groups (PLF) to remove Fe, Mn, and Zn ions. To mitigate the
high concentrations of these ions in acid drainage water originating from an abandoned
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mine, a mobile treatment system with a series of adsorption columns was developed. The
system included an initial column containing 290 kg of limestone gravel, followed by four
adsorption columns with diameter of 54 cm and bed height of 60 cm, each containing
3.55 kg of PLF (dry weight) mixed with silica sand (using a cement mixer). The system
successfully treated nearly 5000 L of acid drainage water, achieving a removal capacity of
1635 mg g_l (29.27 mmol g_l) for Fe, 23.1 mg g_1 (0.42 mmol g_l) for Mn, and 18.1 mg g_l
(0.28 mmol g_l) for Zn (Table 2) [89]. This treatment system demonstrated that a chemically
modified lignocellulosic material can be successfully applied on an industrial scale for
the treatment of a complex effluent containing inorganic pollutants, as well as to mitigate
environmental impacts caused by mining activities.

Advances in computational tools, including artificial neural networks and ma-
chine learning [43,79,106,116], have enabled simulations to predict column performance.
Nonetheless, maintaining proportionality between larger and smaller scale operations usu-
ally leads to small variations in maximum adsorption capacity, efficiency of the adsorption
process, and effective use of the bed [132]. Under satisfactorily controlled operating condi-
tions, mathematical models can be considered fundamental tools for predicting, describing,
and understanding the behavior and performance of adsorption columns.

6. Simplified Models for Monocomponent Fixed-Bed Columns
6.1. Redundant Comparisons and Misuse of Models

Monocomponent column adsorption models allow temporal evaluation of the concen-
tration of a solute species in the column. The most common simplified models for dynamic
adsorption in a column are the Bohart-Adams [11], Thomas [12], Yoon—-Nelson [13], Wol-
borska [14], and Bed Depth Service Time (BDST) models (Supplementary Materials). These
models consider local equilibrium approaches without resistance to intraparticle diffusion
and axial dispersion. Around 60% of the articles considered in this review used at least
one of these models. It is quite common to find studies comparing these models, although
it should be noted that it is only in their simplified forms that they are mathematically
identical [15].

Chu [17] used some mathematical deductions to reveal that the Bohart-Adams and
Thomas models are mathematically equivalent, with the main difference between them
being the type of adsorption isotherm describing the adsorption equilibrium. The Bohart-
Adams model is based on the premise that adsorption equilibrium can be described by a
rectangular irreversible isotherm, while the Thomas model is based on the assumption that
adsorption equilibrium can be described by a favorable Langmuir isotherm [61]. Chu [17]
demonstrated that the simplified Bohart-Adams, Thomas, and Yoon-Nelson models can be
generically described by a logistic population growth equation (Equation (3)). The logistic
equation profile shows that as column saturation is reached, the output concentration
reaches higher asymptotic values, with the curve presenting symmetrical sigmoidal behav-
ior [15]. Table 4 provides the parameters of the simplified models, expressed in terms of
the fitting parameters “X” and “Y” of a generalized logistic equation.
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Table 4. Fitting parameters of the Bohart-Adams, Thomas, and Yoon-Nelson models expressed in
terms of a generalized logistic equation.

Model Logistic Equation Parameter Reference
X Y [15]
Bohart-Adams kgaNoL/u kgaCo [11]
Thomas kThqoM/ Q kThCO [12]
Yoon-Nelson kyntT kyn [13]

Chu [15] reported that in the environmental research area, there is an erroneously
simplified Bohart-Adams model (Equation (4a)), where a unit value (—1) of the correct
Bohart-Adams equation (Equation (4b)) has been unduly ignored. This leads to a serious
problem, because the exponential behavior of the incorrect equation only allows detection
of the experimental data points at the beginning of the breakthrough curve, making it
unsuitable for dynamic adsorption modeling [15].

Co kgaNoL
In({—=)=—"——-k% t 4
n < C > | BACo (4a)
k L

The Wolborska model also has an erroneous equation version (Equation (5)) in the
literature [15]. Although it has been corrected by the authors themselves [133], this equation
presents the same mistake mentioned above for the Bohart-Adams equation.

Co\ _ €L epCoL
In (C> - £ T (5)

The main general problem related to the use of these incorrect equations is that they
are less predictive than the others. Consequently, they have been discarded in many studies,
because they are not able to describe the behaviors of typical breakthrough curves [15].
Among the articles evaluated, 27 (33%) used the Bohart-Adams equation, with 13 (48%)
using incorrect forms of the Bohart-Adams or Wolborska equations.

Recent works, due to inattention, continue to use this flawed equation. Chen et al. [38]
investigated the removal of Cr(VI) by continuous adsorption in fixed-bed columns packed
with chemically modified corn stalk, where the poor predictive capacity of the incorrect
Bohart-Adams model was confirmed by its lower R? values (0.59-0.88), compared to the
Thomas (0.74-0.95) and Yoon—Nelson (0.84-0.97) models.

Safardastgerdi et al. [91] chemically modified a medicinal plant (Gundelia tournefortii,
commonly found on the Asian continent) with ethylenediaminetetraacetic dianhydride
(EDTAD), to produce a bioadsorbent for Cu(Il) removal. In continuous adsorption (see
the column operating parameters in Table 2), an adsorption capacity of 15.61 mg g~! (0.25
mmol g~ 1) was achieved, with an effective use of the bed (Z.) of 53.8% (Table 2).

Figure 7a presents the curves resulting from the fitting of the Thomas, Bohart-Adams,
and Yoon-Nelson models to Cu(Il) adsorption on Gundelia tournefortii modified with
EDTAD to describe the monocomponent column adsorption [91]. Figure 7a illustrates the
use of the incorrectly propagated Bohart-Adams model, which did not provide a good
fit (R% = 0.667 to 0.788) to the experimental data [91]. It also demonstrates the similarity
between the Thomas and Yoon-Nelson models, which are mathematically identical in their
simplified forms.
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Figure 7. (a) Breakthrough curve for Cu (II) adsorption on Gundelia tournefortii chemically modified
with EDTAD modeled using the incorrectly propagated Bohart-Adams model. Reprinted from
Minerals Engineering, Vol. 204, Safardastgerdi et al. [91], Copyright (2023), with permission from
Elsevier. (b) Breakthrough curve for Cu(II) adsorption on sugarcane bagasse chemically modified
with H3PO4/NaNO,; modeled using the correct Bohart-Adams model. Reprinted from Advances in
Polymer Technology, Vol. 2020, Rodrigues et al. [67], Copyright (2020).

When the correct monocomponent Bohart-Adams model equation is used, the fitting
is identical to the fits provided by the Thomas and Yoon-Nelson models. Figure 7b
presents a curve resulting from the fitting of the correct Bohart-Adams model to Cu(Il)
adsorption in a fixed-bed column consisting of a chemically modified (with H3PO4 and
NaNO,) bioadsorbent derived from sugarcane bagasse [67]. The model presented R? > 0.97,
accurately describing the experimental data in the breakthrough curve.

According to Chu [15], modeling continuous adsorption data with the Bohart-Adams
model, as described here for the work by Safardastgerdi et al. [91], may have contributed
to the Bohart-Adams model falling into disuse, with other models being considered more
predictive.

The misapplication of simplified models and the lack of strength comparison criteria
reinforce the need for the scientific community to recognize that parameter interpretations
that claim to be based on sound physicochemical principles may lack validity when derived
from oversimplified models. Understanding these biases is crucial for ensuring the accuracy
of research results.

6.2. Data Distortion by Linearized Models

Mathematical models are essential for the interpretation of experimental data and
prediction of column operation in industrial continuous adsorption processes [134]. To fa-
cilitate practical applicability, mathematical simplifications of the models can be employed
to describe the adsorption behavior, without great loss of precision. Complex nonlinear
regression methods, such as the least squares method, have become more accessible, and
computer technology has simplified their application. Since kinetic and isotherm models
are now well described by nonlinear equations available in the literature, the use of lin-
earized models and linear regression is no longer recommended [135]. Linearized model
equations can introduce structural errors in the data that can alter the statistical inter-
pretation of experimental error distributions, invalidating the least squares assumptions
of constant error variance and normal fluctuation of measurement errors [136,137]. The
linearized model forms used extensively in the adsorption literature sometimes do not
consider the basic assumption of data homoscedasticity necessary for application of the
least squares method. In addition, the statistical tests used to evaluate the quality of fit to
the experimental data often fail to detect parameter bias [137].
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Despite the arguments against the use of linearized statistical models and the ready
availability of nonlinear regression algorithms, adsorption studies commonly use linearized
models to obtain fitting parameters for kinetic, isotherm, and breakthrough curves [136,138].
Although they are based on the same assumptions, the results obtained from fitting non-
linear and linear models to the experimental data differ significantly, mainly due to the
mathematical manipulation used in linearization methods, which usually leads to poorer
results for linear models, compared to nonlinear models [137]. Regarding the equations
developed for continuous adsorption, Gonzalez-Lopez et al. [134] performed an in-depth
analysis using simulated data to determine the accuracies of linear and nonlinear forms of
the Thomas model. As expected, the nonlinear equation proved to be more robust and less
susceptible to experimental errors, with 0.5% relative error between the experimental and
predicted data [134]. For cases when it is not possible to use nonlinear regression, McCuen
and Surbeck [138] provided some general guidelines to avoid inaccurate results due to
errors generated by linearization methods.

6.3. Statistical Criteria for Evaluating Adsorption Models

In adsorption data modeling, it is very common to compare the predictive ability of
mathematical models using the coefficient of determination (R?) (Supplementary Materials)
obtained from fitting a model to experimental data [138]. However, this type of comparison
is unable to provide accurate conclusions for several reasons: (1) R? is sensitive to extreme
experimental data points, resulting in misleading results of quality of fit tests; (2) R? is
directly influenced by the range of results for the dependent variable; and (3) R? tends to be
higher when more parameters are added to the model, decreasing the degrees of freedom
for error estimation [136,138].

To overcome these problems, it is recommended to ignore extreme data points (outliers)
and avoid linear transformation of the model equation, as well as to use a more suitable
objective function, depending on the complexity of the model and the degree of dependence
of the variables, such as the adjusted coefficient of determination (Rzad]-), chi-square (x?),
reduced chi-square (x?eq), and the Akaike Information Criterion (AIC), among others [136].
It is also essential to ensure a proper understanding of the physical meaning of the model
input and output parameters, including kinetic and equilibrium parameters, to avoid
drawing inaccurate conclusions for subsequent modeling of the breakthrough curves. As
more input parameters are entered, the column adsorption models become more difficult
to implement. However, statistical tools such as design of experiments (Supplementary
Materials) can be an efficient procedure for planning and analyzing adsorption experiments,
allowing objective conclusions to be drawn.

7. Multicomponent Adsorption in Fixed-Bed Columns
7.1. Competitive Adsorption and Overshooting Phenomenon

Column adsorption studies using spiked monocomponent aqueous solutions are most
common in the literature and have been well designed and discussed with respect to experi-
mental data modeling. However, for more complex contaminated water systems, including
industrial effluents, the well-known adsorption models become less predictive [139]. Com-
petition between the chemical species in solution for the active adsorption sites, as well
as repulsive or attractive lateral interactions between adsorbed species on the surface of
the bioadsorbent, are the main factors responsible for this prediction inaccuracy [140,141].
The ratio (r) between the adsorption capacities for monocomponent (§mono) and multicom-
ponent (gmui) systems reflects the degree of interference of species 7 in the adsorption of
species j, with r < 1 for synergistic interaction, r > 1 for antagonistic interaction, and r = 1 for
no significant interaction. In practice, synergism implies increased adsorption capacities in
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multicomponent systems, while antagonism implies reduced adsorption capacities, either
for the individual component or for all components in the system [142].

Overshooting is a very common phenomenon in dynamic multicomponent bioadsorp-
tion, occurring when the outlet concentration of one or more components exceeds the inlet
concentration. According to Escudero et al. [39], at the beginning, there is a large quantity
of binding sites available on the surface of the adsorbent, so even low-affinity adsorbate
species can bind to the adsorption sites, without competition among the species in solution.
As the system approaches column saturation and the availability of binding sites decreases,
selectivity and competition lead to the adsorbate species with higher affinity displacing
the lower affinity species already adsorbed, releasing them from the binding sites to the
solution. Consequently, the outlet concentration of the displaced species becomes higher,
and the overshooting phenomenon can be observed [35,36,60,61]. Figure 8 illustrates the
overshooting phenomenon occurring in continuous adsorption for a multicomponent so-
lution or effluent containing inorganic pollutants, using columns packed with different
lignocellulosic adsorbents (see Table 2 for the operating parameters).
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Figure 8. Illustration of the overshooting phenomenon in adsorption studies using fixed-bed columns
packed with adsorbents for the treatment of complex multicomponent solutions containing inorganic
pollutants: (a) Breakthrough curves for adsorption of metal ions on TEPA-modified SCB. Reprinted
from Process Safety and Environmental Protection, Vol. 116, Xie et al. [143], Copyright (2018), with
permission from Elsevier. (b) Breakthrough curves for adsorption of Cd(II), Cu(II), and Pb(II) on pine
cone shell (Pinus sylvestris). Reprinted from Science of the Total Environment, Vol. 917, Amar et al. [88],
Copyright (2024), with permission from Elsevier. (c) Breakthrough curves for binary adsorption of
Pb%* and Cu?* on PA-modified SCB. Reprinted from Process Safety and Environmental Protection,
Vol. 124, Xiong et al. [71], Copyright (2019), with permission from Elsevier. (d) Breakthrough curves
for binary adsorption of Ni(II) and Pb(II) on grape stalks (Vitis vinifera). Reprinted from Chemical
Engineering Journal, Vol. 217, Escudero et al. [39], Copyright (2013), with permission from Elsevier.

For a better understanding of the adsorption behavior in a multicomponent system
where adsorbate species have different affinities for the surface active sites of an adsorbent,
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a scheme (Figure 9) representing the adsorption process for a tricomponent contaminant
solution in a fixed-bed column was adapted from Kleiniibing et al. [144].
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Figure 9. Scheme of the adsorption process for a tricomponent contaminant solution in a fixed-bed
column. Adapted from Kleiniibing et al. [144].

According to the strength of affinity of the active sites of the adsorbent for each
adsorbate species, it is possible to predict the order in which the species will leave the
fixed-bed column at the outlet. This ternary system contains three inorganic contaminants,
namely, M1, M2, and M3, with the following order of affinity for the active surface sites:
M1 > M2 > M3. The adsorption column will behave analogously to a chromatographic
column retaining contaminants for different times. As the column (a) is fed with an influent
containing three contaminants (b), the contaminants with lowest affinities for the active
sites of the surface are displaced, so they are retained in the column for a shorter time.
The contaminant with the highest affinity (M1) will preferentially be retained in the lower
region of the column, called region (I). The upward flow of the solution (c) becomes more
concentrated with contaminants of lower affinities (M2, M3), forming a second region,
called region (II), with competition mainly between species M2 and M3. In region (II), the
contaminant of lowest affinity (M3) is displaced, forming a monocomponent region, called
region (III), without the occurrence of competitive adsorption (d). The adsorption process
will continue until complete saturation of the column.

The contaminant with the highest affinity will not necessarily occupy 100% of the
active surface sites, while the contaminant with the lowest affinity may reach a minimum
equilibrium concentration. Figure 9 also presents an example of a breakthrough curve
for a tricomponent mixture. The contaminant of highest affinity (M1) tends to displace
contaminants of lower affinity (M2 and M3), causing the overshooting of these species.
Other effects, such as the diffusivity of each contaminant species and column operating
conditions, can also influence column adsorption behavior, with overshooting effects not
always being perceived under multicomponent conditions [130].

7.2. Evaluation of Adsorption Affinity Behavior in Fixed-Bed Columns

The surface heterogeneity of bioadsorbents allows a combination of different adsorp-
tion mechanisms, such as ion exchange, electrostatic interaction, and complexation [31].
The greater the number of mechanisms involved, the more complex it becomes to determine
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the adsorbate—adsorbent affinity order and to understand the antagonistic or synergistic
effects between adsorbed species on the surface of the adsorbent [31]. Table 5 presents the
adsorption affinity order according to the adsorption mechanisms and the properties of the
contaminant ions. Table S5 provides a detailed description of the properties of the species
used to predict the affinity order for the active sites of the bioadsorbents.

The selectivity of bioadsorbents for different metal ions depends on several physico-
chemical properties, such as valence, ionic charge to ionic radius ratio, electronegativity,
and chemical speciation as a function of solution pH, among others [31,145]. There have
been several studies providing information on the degree of affinity between the chemical
groups (binding sites) of the adsorbent and metal ions. Irving and Williams [146] found that
the stability of transition metal complexes formed by divalent ions decreased with metal
cation size, in the following order: Mn(Il) < Fe(II) < Co(II) < Ni(II) < Cu(Il) < Zn(Il). The
affinity order of metals (Table 5), described by the Irving—Williams series, is independent
of the ligand group [146]. Varadwaj et al. [147] investigated the stability constant (8;,) of
various ligands of the Irving—Williams metal series and reported the same suggested order.
The stability of the metal-ligand complexes formed can be explained by the ionic radius
and the second ionization potential of the target metal ions [148].

As reported by Varadwaj et al. [147], Pearson [149] proposed a complementation of
the Lewis acid-base theory, called “Hard and Soft Acids and Bases” (HSAB), or Pearson
acid-base concept, which could explain the stability order in the Irving-Williams series.
Pearson [149] stated that hard cations form more stable complexes with hard ligands, while
soft cations form more stable complexes with soft ligands. For ligands and cations of
different classifications, including complexes formed by hard ligands with soft cations, and
by soft ligands with hard cations, the metal-ligand complexes formed are generally less
stable [149]. The absolute hardness (1) of Lewis acids and bases is a way to quantify and
compare species in terms of degree of hardness. The # value can be evaluated using the
difference between the ionization energy and the electron affinity of the atom [150].

The Irving—Williams series and HSAB theory have been used to explain the order of
affinity of metal cations for the binding sites of raw and modified lignocellulosic materi-
als [3], but when different metals of the series are analyzed, different properties are used
to explain the observed affinity order (Table 5). Table S5 (Supplementary Materials) sum-
marizes the properties of the metals most used in adsorption studies employing raw and
modified lignocellulosic adsorbents. These properties were used to predict or explain the
order of affinity of an adsorbate for a given adsorbent, as well as the adsorption mechanism
involved.

The order of affinity of metal ions for adsorption sites can also be correlated with
the adsorption mechanisms. When the main adsorption mechanisms in multicomponent
systems involving metal cations are electrostatic interaction, physical adsorption, and
ion exchange, there is a tendency in the literature to evaluate the affinity order of metal
cations by considering the ionic character of the metal, including electronegativity and
hydrated ionic radius [151]. In turn, when covalent bond, complexation, and oxidation-
reduction reactions are dominant, greater affinities tend to be observed for metals with
higher reduction potential and electronegativity (Pauling) [145].
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Table 5. Affinity order of the main bivalent species studied, according to the principal mechanisms
involved in adsorption, with suggested explanations based on the property evaluated.

Main Mechanism Property Explanation Order of Affinity Reference
Tonic radius Ions with greater charge and smaller N1(>H)Cz(§[l)l (>H%I: (CIB(E;’Z(%II)\ (I [145,152]
hydrated radius present greater g
L . polarization, facilitating electrostatic Pb(II) > Ni(II) > Cu(Il) > Hg(II) )
Electrostatic interaction Hydrated ionic radius interaction > Co(Il) > Cd(II) > Zn(II) [145,152]
lectrostatic attracti
e :;dr(;zr? ;)C(:harr?gel)o n ITonic potential (ionic Stronger bonds are formed with ions of Pb(II) > Ni(II) > Cu(II) > Hg(II) [145,153]
charge/ionic radius) higher charge /radius ratios > Co(II) > Cd(II) > Zn(II) U
Solubility product constant of Metalions with Ilt)gilesr Ksp and ligand Ni(II) > Zn(IT) > Cd(II) > Co(II) [145,154]
phosphate salts (Ksp) (e.g., PO4%~) show higher affinity > Pb(
Irving-Williams series (ionic Metal ions with smaller ionic radii form
a diu% and second ionization more stable complexes, but for transition Mn(II) < Fe(IT) < Co(II) < Ni(II) [145,146]
otential energy) metals, bond strength will depend on the < Cu(Il) > Zn(II) ’
P 8y radius and electron configuration
Metals with higher electronegativity form  Cu(II) = Hg(II) > Ni(II) > Co(II)
Electronegativity (Pauling) stronger covalent bonds with > Pb(II) > Fe(II) > Cd(1I) > [145,155]
Covalent bond oxygen-containing ligands Zn(1I) > Mn(II)
complexation, and redox Metals with higher reduction potential .
reaction Standard reduction potential tend to form stronger bonds with Hgilgs(%)(jlé; (11\11; (iI)Zi(?I(; (D [145,154]
electron-donating ligands
Metals with higher complex formation
Complex formation constant constants form more stable complexes, Hg(1I) > Cu(II) > Ni(II) > Co(II) [145,154]

similar to the Irving—Williams series but > Zn(II) > Cd(II)

with the introduction of Pb(II)

An effective approach for improving the selectivity towards a species in multicompo-
nent systems is the incorporation of soluble complexing ligands, such as ethylenediaminete-
traacetic acid (EDTA), which can mask the affinity of a species by complex formation [156].
Comparative assessment of the complex formation constants (pK) for ligands/metals
enables a more selective separation, since a greater difference between the pK; values of
the metal ions competing for the ligand makes it easier to separate the metals [156].

Xiong et al. [71] introduced a phosphate group in the sugarcane bagasse cellulose
structure by chemical modification with phosphoric acid, followed by use of the modified
material in fixed-bed column adsorption tests for the removal of Pb(II), Cu(Il), Cd(II), Zn(II),
and Ca(II) from a multicomponent solution. In addition to identifying a main contribution
of ion exchange in the adsorption process, the results showed that the affinity order could
be defined according to the ionic charge to hydrated ionic radius ratio and electronegativity,
resulting in the following affinity order: Pb(II) > Cu(II) > Cd(Il) > Zn(II) > Ca(Il) [71]. This
order may also be related to the solubility product constant (Ksp) of the phosphate salts
of the metals, since the metals forming the most soluble phosphate salts had the highest
affinity [73].

A similar result was reported by Yu et al. [157], who used pyromellitic dianhydride
as a modifying agent to introduce carboxylic functionality in the structure of sugarcane
bagasse. The main mechanism involved was ion exchange and the reported affinity order
was Pb(II) > Cu(Il) > Cd(II) > Zn(II) [157]. Except for Pb(Il), the stabilities of the complexes
followed the Irving-Williams series [157].

In column adsorption tests using grape stalk waste with binary mixtures composed of
Cu(II), Cd(I), Ni(II), and Pb(II), Escudero et al. [39] observed the overshooting phenomenon,
with the affinity for the adsorption sites following the order Pb(Il) > Cu(II) > Cd(II) > Ni(II).
The stabilities of the complexes also followed the Irving-Williams series [39].

Table 5 can provide a basis for reverse engineering of lignocellulosic bioadsorbents by
researchers, whether raw or chemically modified, to save resources and experimental effort
in the laboratory, by predicting the adsorption behaviors based on the binding groups and
the contaminant species.
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8. Modeling Fixed-Bed Columns in Multicomponent Systems
8.1. Mass Transfer Models for Fixed-Bed Columns

For multicomponent adsorption using batch or fixed-bed columns packed with bioad-
sorbents based on lignocellulosic biomass, there are few reported studies that have used
mathematical modeling to investigate the effects of competition and interaction between
the adsorbate species in solution and on the surface of the adsorbent [39,71,76]. The main
challenge lies in the increasing complexity of factors influencing adsorption behavior in
column systems. This requires mathematical expertise, which often prevents many studies
from engaging in more in-depth discussions and increasing their maturity levels. Therefore,
this is problematic, as practical applications are not limited to monocomponent systems,
or even to “ideal” behavior (with an absence of interaction effects among solutes) of each
solute in multicomponent systems.

Mass transfer models for column adsorption account for transport mechanisms and
adsorption equilibrium, as illustrated in Figure 1. The general mass transfer equation for
fixed-bed columns, detailed in the Supplementary Materials (Equation (519)), is expressed
as follows, considering a one-dimensional mass balance and axial dispersion [130]:

ac;(t,Z) aci(t,Z) q(t,Z) 0%c;(t, Z)
v € ————-D g——5—-=0 6
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where
. Z)F% represents solute convective transport along the column in the Z direction
over time;
° sb% describes the rate of change (accumulation) in solute concentration in the
liquid phase;
°* % represents the rate of adsorption of the solute on the solid phase;
2.
o  Daep % accounts for solute dispersion along the flow direction, due to velocity

variations and diffusion effects.

Since this is a partial differential equation, solving it requires defining the initial and
boundary conditions, discretization, and iterative numerical methods. To simplify the
mathematical application, the equation terms are converted into their dimensionless forms.
The Supplementary Material details two mass transfer models for column adsorption:
the Homogeneous Surface Diffusion Model (HSDM) and the Linear Driving Force (LDF)
model.

8.1.1. HSDM and LDF Models

The HSDM assumes that mass transfer occurs along the external (film) and internal
surfaces of the adsorbent particles (with diffusion in the liquid phase being negligible),
and that the equilibrium at the interface between the liquid and solid phases is established
instantaneously. The diffusion on the adsorbent particles is treated as homogeneous,
without substantial variation of the surface diffusion coefficient, although it can depend on
the adsorbate concentration. Therefore, this model integrates the mass balance equation,
considering film diffusion and surface diffusion, while neglecting axial dispersion [39,130].
It is important to note that if axial dispersion cannot be neglected (for example, at low fluid
velocities or in small-scale systems), the use of more advanced models should be considered
as a more reliable and accurate option. The LDF model provides a simplified approach
using ordinary differential equations (ODEs) to describe the mass transfer between the
liquid and solid phases, facilitating numerical calculations. In this model, the adsorption
rate is directly proportional to the linear driving force, corresponding to the difference
between the amount of adsorbate adsorbed on the particle surface at equilibrium and at
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a given time. This model also simplifies the diffusion on the particle surface, without the
need to solve the Fick equation for diffusion, so it should therefore be used to describe
adsorption systems where intraparticle diffusion is the rate-limiting step [130].

Escudero et al. [39] modeled adsorption in a fixed-bed column packed with grape
stalks, considering binary systems including the ions Cu(Il), Pb(Il), Ni(II), and Cd(I)
(Table 2). The modified Langmuir isotherm model for binary systems adopted the HSDM as
the mass transfer model, assuming homogeneous adsorption, with mass transfer according
to the coupled outer film and surface diffusion mechanisms [158]. The partial equations
discretization method used was finite elements [39]. The mass balance of each component
and surface diffusion on the solid phase were calculated by progressive differences and the
Crank-Nicolson method, respectively [39]. The models provided reasonable fits, describing
the overshooting phenomenon caused by competitive adsorption [39]. In the presence
of Cu(Il) or Pb(Il), there was more than 60% desorption of Ni(Il) and Cd(II) ions. The
diffusion coefficients obtained by the model for the contaminant species in binary mixtures
were higher than the diffusion coefficients obtained for monocomponent solutions. On the
other hand, the mass transfer coefficients of the contaminant species remained the same for
mono- and bicomponent systems [39].

Davila-Guzman et al. [113] modeled their adsorption studies using adsorbents derived
from spent coffee grounds, employing the LDF model to describe the column breakthrough
curves for the removal of the metals Cu(Il), Pb(Il), and Cd(II) (Table 2). The mass transfer
model was able to accurately predict the breakthrough curves of the ions from the start to
the saturation time [113]. The results showed that the external mass transfer coefficient
for Pb?* adsorption was the highest, suggesting faster diffusion, and that axial dispersion
was a significant phenomenon in the column adsorption. The affinity order in the ternary
system was Pb(Il) > Cu(Il) > Cd(II) [113].

The isotherm equations are coupled with mass transfer models. The use of multicom-
ponent models that account for competitive adsorption is essential to accurately describe
potential overshooting effects.

8.1.2. Multicomponent Isotherm Equations

Batch adsorption isotherms are mathematical model equations used to quantitatively
describe the adsorption of solutes by solids at a fixed temperature. A batch adsorption
isotherm shows the amount of a given solute adsorbed by an adsorbent as a function of
the equilibrium concentration of the solute [16,140]. However, in continuous adsorption, a
local equilibrium is assumed to be established along the column, between the mobile (fluid)
phase and the stationary (solid) phase [9].

Multicomponent adsorption isotherm models enable the description of more complex
adsorption systems, typical of industrial effluents, where interference between different
adsorbate species may occur due to competitive adsorption [159]. By coupling the multi-
component adsorption isotherm model equations to mass transfer models, it is possible to
describe the overshooting phenomenon in multicomponent experiments [16]. The main
isotherm models available in the literature for multicomponent systems are presented in
Table S3 (Supplementary Material).

Some multicomponent models are obtained by extending the monocomponent models
to pure components, without introducing fitting parameters in the formulas. This allows
evaluation of deviations from ideality caused by competitive adsorption, as a function of
synergistic or antagonistic effects between adsorbed species [141].

Extended models, such as the extended Langmuir model proposed by Butler and
Ockrent [160], consider that the saturation capacity and thermodynamic properties of the
system are equal for all adsorbate species present in both mono- and multicomponent



Polymers 2025, 17, 953

37 of 54

systems, which is thermodynamically inconsistent when the maximum adsorption ca-
pacities and affinities of all components for the adsorption sites do not have the same
value [130,161].

The Ideal Adsorbed Solution Theory (IAST) model [23] has thermodynamic foun-
dations and also takes into account different adsorption capacities and affinities of the
adsorbed species [130,161]. The IAST model is based on ideal behavior of the i components
of the mixture, without synergistic or antagonistic interaction between the components,
according to Henry’s law [162]. For the liquid phase, in dilute solutions, ideal behavior of
the adsorbate species can be considered. However, for the adsorbed phase, the interactions
between adsorbates cannot be disregarded for solids with high saturation capacities.

Despite its reasonable success when applied to multicomponent systems closer to
ideality, use of the IAST model and its modified forms is hindered by the complexity of
the algorithms, requiring implementation using computer software and knowledge of
programming language [163].

Modified isotherm models include new variables and/or interactive parameters to
take account of synergistic or antagonistic effects in multicomponent adsorption systems.
Schay [164] proposed the addition of a fitting parameter in the extended Langmuir model
by including a characteristic interaction term, #;, for each adsorbate species, depending
on the concentration in the liquid phase [161,165]. Fritz and Schluender [166] and Shein-
dorf et al. [167] developed modified Freundlich models, with the former restricted to
bicomponent adsorption and the latter specific to the antagonistic effects of competitive
adsorption [141].

McKay and Al Duri [168] proposed an isotherm model to evaluate the deviation from
ideality in a multicomponent system, implicitly assuming the existence of competitive
adsorption, with addition of the P; factor to the Langmuir isotherm model. The so-called
Pj-factor model does not take into account the interaction between adsorbed species, but it
adds an additional fitting parameter that allows the effects of competitive adsorption to be
evaluated using a lumped factor (P;) [169].

Costa et al. [170] developed the Real Adsorbed Solution Theory (RAST) model, an
extension of the IAST model, for adsorption of non-ideal mixtures, where the hypothesis of
deviation from ideality is assumed, introducing a new fitting parameter called the activity
coefficient (7;) (Supplementary Materials), which considers the possible occurrence of
interactions between the components of the system [162].

The complexity of multicomponent adsorption on lignocellulosic adsorbents makes
prediction of the behavior of the system difficult, even for models that take competitive
adsorption into account [47,141]. It is common for multicomponent models to provide
poor predictions for mixtures with very low concentrations of adsorbate species, since
they behave ideally at such concentrations, which is characteristic of adsorption isotherm
models where the behavior is linear at very low concentrations [171]. In addition, the
quality of the fit is worse for systems with more than two components [141].

Despite these limitations, reasonable fits have been reported for adsorption systems us-
ing raw and modified lignocellulosic materials [39,42,162,169]. Some studies have evaluated
simpler alternative models for use in describing breakthrough curves for multicomponent
systems.

8.2. Bell-Shaped Curve Modeling

To overcome the lack of prediction of multicomponent breakthrough curves by the
models, Chatterjee and Schiewer [76] and Xiong et al. [71] noted that the overshooting
phenomenon is mainly caused by the desorption of the “weaker” (lower affinity) metal
ion by the “stronger” (higher affinity) metal ion. The overshooting peaks generated can be
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described as a bell-shaped curve, typical of a normal or Gaussian distribution (Equation
(7)), which is commonly used in liquid chromatography techniques [71].

! t—t. 2
E — Z(’) + Le—z( )
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where Z|, (1.0) is the offset (equal to C—g), A is the area of the “desorption curve peak” (min),
t is the center of the “desorption curve peak” (min) (equal to maximum of C%), w' is the
half width of the “desorption curve peak” (min), and f is the given time (min).

Figure 10 illustrates the concept of this alternative modeling approach. In phase (I),
the breakthrough curve for the species with the lowest affinity is described using sigmoidal
equations, characteristic of monocomponent models, until it reaches its saturation point.
Beyond this point, phase (II) begins, where the breakthrough curve is best represented by
the equation for a bell-shaped curve.

Phase (I) Phase (II) —t! 2
c o 5)
Co 1+e&- 1) Co

|
W2

=== Curve with overshooting

Curve without overshooting

v

0 Time, ¢

Figure 10. Column breakthrough curves for multicomponent adsorption: the yellow breakthrough
curve represents a “stronger” species adsorbed without overshooting and the blue breakthrough
curve represents a “weaker” species adsorbed with overshooting (phase I is modeled using a sig-
moidal equation (Equation (3)) and phase II is modeled using a bell-type equation (Equation (7)) for
overshooting.

Chatterjee and Schiewer [76] used a generic sigmoidal equation suggested by Chu [17]
(Equation (3)) to describe the breakthrough curve for the weaker adsorbed metal ion, up to
the 95% saturation point. From this point, a bell-type equation for desorption (Equation (7))
began to describe the adsorption dynamics in the column packed with a bioadsorbent
based on citrus peel. The fitting parameters A and B (min—2), shown in Equation (8), were
obtained empirically by Chatterjee and Schiewer [76], and the graphical results indicated
reasonable fits. c

8.3. Quantitative Structure—Activity Relationship (QSAR) Approach

Despite being rarely used in the area of lignocellulosic adsorbents for the treatment of
water contaminated with inorganic species, models based on the Quantitative Structure—
Activity Relationship (QSAR) concept can be used to obtain quantitative relationships
between the chemical structures of adsorbents and their physicochemical activities [172].
QSAR models are mathematical tools that establish correlations between the structural
variables and adsorption activities of adsorbents, providing a detailed analysis of the
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process at the molecular level [173]. QSAR analysis enables evaluation of specific molecular
properties that play significant roles in adsorption mechanisms [174]. This approach enables
prediction of the selectivity and adsorption capacity of adsorbents, contributing to a better
understanding of the performance of bioadsorbents in removing inorganic contaminants
from water.

8.4. Modeling Using Artificial Neural Networks (ANNs)

As discussed previously, the modeling of adsorption columns is complex, because
it involves several parameters connected with the system conditions. This complexity
increases as the number of contaminant species in the multicomponent system increases.
The interaction between the adsorbate species can lead to synergistic or antagonistic effects,
as well as the overshooting phenomenon. The multicomponent adsorption models based
on mass balances are difficult to implement and have limitations related to the assumptions
adopted [175]. As an alternative, artificial neural network methods have emerged as
powerful tools for more straightforward modeling and prediction of adsorption column
data. ANNs use machine learning training to identify, recognize, and classify data, enabling
the prediction of future events and estimation of nonlinear relationships of the input and
output parameters selected for modeling [176]. Stochastic optimization methods including
particle swarm optimization (PSO) [177] or genetic algorithms (GAs) [178] are used to
assess the weights and biases of the network model. Among the articles compiled in this
review containing column adsorption data for bioadsorbents, only three studies applied
ANN:Ss for analysis of the adsorption data [43,106,178,179] (Table 2), while only one study
employed this computational tool for column modeling [43].

Calero et al. [43] studied the application of bioadsorbents based on olive stone (OS)
and pine shell (PS) for Cu(lIl) removal in columns, using both traditional mathematical
models and the Artificial Neural-Fuzzy Inference System (ANFIS) model to describe the
results. Training of the model was performed using the output variable C/Cy and the
input variables feed flow rate (A*), inlet concentration (B*), bed height (C*), and time (D*),
employing 322 and 339 rows of data for the PS and OS biomaterials, respectively.

Validation of the ANFIS model employed 12 experiments for each type of bioadsorbent.
The best fits of the experimental data were obtained with application of a Gaussian function,
which is a method used to quantify the degree of association of a value to a fuzzy set [43],
allowing analysis of the model uncertainty and inaccuracy, contributing to a more accurate
and robust understanding of the behavior of the system.

The results showed that the ANFIS model was able to provide a more precise predic-
tion of the experimental values, compared to traditional models, with R? values of 0.9832
and 0.9868 for OS and PS, respectively. The ANFIS model provided estimated adsorption
capacity (Qe,est) values of 2.51 and 3.24 mg g~! for OS and PS, respectively, which were
similar to the experimental adsorption capacity (Qe,exp) values of 2.52 and 3.26 mg g1 for
OS and PS (Table 2), respectively [43].

Although machine learning models can be applied for adsorption columns, there is
discussion about their “black box” nature, which is a term used for conclusions or decisions
made by artificial intelligence, without providing explanations that can be understood,
because they are not visible to the user [180]. The mechanisms and factors that enable
machine learning models to describe the adsorption phenomena are not known. Therefore,
it is impossible to arrive at any type of physical-chemical interpretation of the models.
However, the potential of artificial intelligence technology and its rapid advancement in
various scientific fields suggest that Al-based models could soon become a viable solution
for adsorption column modeling involving more complex systems.
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9. Future Prospects for Use of Depleted Lignocellulosic Bioadsorbents

Although there is still a long way to go until the commercial application of bioad-
sorbents based on lignocellulosic materials is established, it is evident from the above
discussion that this is a very promising approach for the treatment of water, regardless
of the nature of the target pollutant (organic or inorganic) [105]. Figure 11 presents a
flowchart of the production and use of bioadsorbents, highlighting possible recovery routes
for these biomaterials that could potentialize their commercial use in water treatment and,
when depleted, their use in other profitable applications, in line with the bio-based circular
economy concept.

Possible uses:
Adsorbent
Fertilizer
nanomaterial
catalyst

Non-fucl gas fraction Fuel gas fraction
(CO2 and NOy) (H2. CO, CHy, C>Hx)

Encrgy Molecular !
cogeneration synthesis Biofuel

Figure 11. Flowchart for use and destination of lignocellulosic adsorbents. Adapted from Badescu
etal. [181].
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9.1. Bioadsorbent Regeneration and Reuse

Regeneration (desorption) and reuse (re-adsorption) in successive adsorption oper-
ation cycles is one of the most common ways proposed in the literature to improve the
performance and service life of bioadsorbents, as well as their economic viability. Table 2
presents the main collected data for desorption and reuse of lignocellulosic adsorbents in
columns, using eluents (desorption solutions) to recover the adsorption capacity of the
biomaterials. Calculations of adsorption efficiency (E,qs), desorption efficiency (Eges), and
re-adsorption efficiency (Ee.ngs) for adsorption-desorption-re-adsorption cycles can be
found in the Supplementary Materials. Adsorption—-desorption-re-adsorption cycles are
carried out to evaluate the regeneration capacity of bioadsorbents, applying mass balance
equations to understand the behavior of the bioadsorbent throughout the operation cycles.
Ideally, the eluent used should provide high desorption efficiency, without compromising
the bioadsorbent re-adsorption efficiency, avoiding degradation of the active sites on the
surface.

The desorption method may involve the use of liquid eluents containing acids such
as HC1 [75], HNOjs [61,63], CH3COOH [75,113], and H,SOy [56,63,87], or bases such as
NaOH [63,77,94,99], as well as complexing agents such as EDTA, Na,EDTA [32,62,64],
and (poly)amines (Table 2). The liquid-to-solid ratio of the desorption operation should
be selected to recover as much bioadsorbent as possible, using the smallest volume of
desorption solution, taking into consideration environmental and economic issues [181].
Otherwise, it is not possible to remove dilute toxic species from the contaminated water
and transfer them to the desorption solution in a more concentrated form that facilitates
their treatment or disposal.

Estimating the overall efficiency of the desorption operation is crucial for the process,
since the ability to use the bioadsorbent in a greater number of adsorption-desorption-re-
adsorption cycles extends its service life and reduces replacement costs. Furthermore, the
recovery of contaminants that may have potential economic value or be useful in other
applications is important for the economic viability of the process, requiring optimization
of the concentration of toxic species transferred from contaminated water to the desorption
eluent after the adsorption and desorption steps [181]. Recepoglu et al. [87] suggested a
method for lithium recovery by its adsorption in columns, using phosphorylated hazelnut
shell waste (FHS) as a bio-ecological adsorbent. The columns packed with 1.5 cm of FHS
presented a removal capacity of 22.29 mg g~ ! (3.21 mmol g~ !) and an effective use of the bed
of 81.2% (Table 2). Five regeneration cycles were performed, achieving approximately 100%
recovery by desorption [87] (Table 2). These results highlight the potential for sustainable
and cost-effective lithium extraction in continuous adsorption by a chemically modified
lignocellulosic bioadsorbent.

The toxicity of non-desorbed pollutants may make it unfeasible to use the partially
desorbed bioadsorbent in subsequent cycles [181], or increase the complexity of their
disposal, since toxic solid waste requires specific procedures and monitoring, according to
the environmental legislation of the country [4].

A limitation of the process is that the efficiency of pollutant removal from water
gradually decreases with regeneration of the adsorbent and its use in successive adsorption—
desorption cycles [181]. It is mainly the weaker adsorbent-adsorbate interactions that are
affected, while stronger bonds remain intact, although the contact with desorption eluents
may irreversibly degrade some of the active surface sites, reducing the adsorption capacity
of the bioadsorbent [181]. Higher costs are a major concern in the regeneration of fixed-bed
columns packed with activated carbon for water treatment, as these expenses can represent
up to 75% of the total operation and maintenance costs of the process [26]. Regeneration
does not eliminate the need to dispose of depleted bioadsorbents, in addition to generating
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a concentrated effluent that must be correctly handled [4]. Therefore, it is important to
consider these aspects when selecting the desorption agent to be used in a technically,
economically, and environmentally viable process.

9.2. Depleted Bioadsorbents: Disposal Concerns

None of the articles compiled in this review reported procedures for the final disposal
of the depleted bioadsorbents. After exhaustion of the adsorption capacity, bioadsor-
bents are usually sent to appropriate landfills, or are incinerated [181,182], which must
be carefully controlled to avoid creating negative environmental impacts [5,183]. Hence,
it is necessary to evaluate and classify the contaminated biomaterials, according to the
technical standards defined by relevant environmental legislation. In Brazil, the NBR
10004 /2004 standard (https://www.abntcatalogo.com.br/, accessed on 26 March 2025),
established by the Brazilian Association of Technical Norms, based on the North Ameri-
can Technical Procedure Code of Federal Regulations, determines that solid waste can be
classified into three categories: (I) hazardous; (II-A) non-hazardous/non-inert; and (II-B)
non-hazardous/inert [184].

At the end of their service life, depleted bioadsorbents composed of cellulose, hemicel-
luloses, and lignin are classified as non-hazardous/non-inert waste, mainly due to their
biodegradability and combustibility [184]. However, depending on the toxicity and content
of toxic contaminants, detected using standard leaching tests, this pre-established classifica-
tion may change significantly [150]. When toxic pollutants are detected at levels exceeding
the maximum permissible concentration limits, the depleted bioadsorbents are classified as
toxic waste, so they must be sent to landfills for their proper disposal, with adequate control
to prevent the leachate from reaching the soil, surface waters, and groundwater [184].

9.3. Incineration and Pyrolysis Evaluation

Controlled incineration is another option for the disposal of bioadsorbents, but py-
rolysis emits compounds such as CO, CO,, CHy, CH30H, C;Hy, and SO,, among others,
to the atmosphere, contributing to global warming and degradation of the ozone layer.
Furthermore, the emissions from incineration may also include inorganic contaminants in
the form of aerosols, requiring special attention and adequate control to avoid the release
of toxic and harmful compounds into the environment [182].

The emission of carbon dioxide from the incineration of non-chemically modified
bioadsorbents has no direct impact on global warming (carbon-neutral footprint), since
the carbon emitted is already a component of the biogeochemical cycle of carbon, so the
depleted lignocellulosic bioadsorbent can be used as a source of renewable fuel [181]. If
bioadsorbents are chemically modified with ligands from non-renewable resources, the
emissions will not be carbon-neutral. Inorganic contaminants released during incineration
are mainly in the form of particulate matter, which can be removed by physical separation
techniques such as bag filters and electrostatic precipitators [185]. For gaseous components,
such as mercury, it may be necessary to add washing steps using wet scrubbers, or dry
washing by the injection of activated carbon into the flue gas stream [185].

Depleted bioadsorbents can also be subjected to pyrolytic treatment, consisting of ther-
mal degradation in an oxygen-poor environment, at moderate temperatures (200-800 °C).
During this process, the organic fraction of the lignocellulosic biomass is thermally decom-
posed into biochar, bio-oil, and biogas [186]. The biochar has several possible applications,
including as an adsorbent, catalyst, precursor in nanoparticle synthesis, and additive for
the manufacture of metal alloys, as well as use in soil amendment [181]. The gaseous
fraction can be divided into non-combustible gas (CO, and NOy) and combustible gas (Hy,
CO, CHy, and C,Hy), with potential for use in biofuel production [186]. In addition to
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generating bioproducts of economic value, biomass pyrolysis can be applied to any type
of depleted bioadsorbent, even those containing toxic inorganic contaminants, which will
remain immobilized in the biochar structure [24]. Despite the high equipment costs and
concerns about the generation of both flue gas and contaminated biochar, biomass pyrolysis
is a process that is economically viable and easily adaptable for use on a large scale [181].

Thermogravimetric analysis (TGA) is a well-known technique that can be used to
investigate the thermal stability of lignocellulosic biomass and its thermal decomposition
profile. When coupled to mass spectrometry, it can be used to investigate the formation
of volatile compounds and identify their chemical structures for the purposes of environ-
mental control and energy production. TGA can also be used to elucidate the combustion
properties of the lignocellulosic biomass, providing criteria to determine whether incin-
eration would be an appropriate option. Blazquez et al. [187] used TGA to obtain the
thermal decomposition profile of a bioadsorbent derived from pine cone shell (PCS) after
its saturation with Cu(II) ions. It was found that the presence of Cu(Il) ions adsorbed on
the PCS did not alter the thermal behavior of the biomaterial, compared to the raw PCS.
Furthermore, the amount of Cu(Il) present in the residual ash (biochar) was practically the
same as that adsorbed by the PCS, indicating that pyrolysis of the PCS saturated with Cu(Il)
did not result in the release of Cu(Il) in the form of volatile compounds. It was concluded
that thermal treatment of PCS loaded with Cu(Il) was a way to produce renewable energy,
without emitting volatile metal-containing toxic compounds to the atmosphere.

9.4. Second Uses of Depleted Bioadsorbents as Fertilizers and Catalysts

When not classified as hazardous waste, depleted lignocellulosic bioadsorbents can
be applied as fertilizers. This is due to their chemical composition, since they contain
essential elements for plant growth, including macronutrients (N, P, K, Ca, Mg, and S) and
micronutrients (B, Cl, Cu, Fe, Mn, and Mo), and present high biodegradability [5]. In addi-
tion to in-depth knowledge of the chemical composition of the bioadsorbent, the chemical
composition of the effluent treated by adsorption must also be evaluated, considering the
presence of toxic compounds, so that the depleted bioadsorbent does not become a source
of soil pollution. When safely performed, the application of bioadsorbents as fertilizers
could be a sustainable low-cost option for the agricultural sector.

The use of bioadsorbents as catalytic supports can be advantageous in the field of
heterogeneous catalysis, since adsorption employing partially depleted bioadsorbents is
difficult to control/monitor, which can result in partially treated effluents [188]. Partially
depleted bioadsorbents loaded with “smart” metal ions can be used in catalytic reactions,
offering a second life for these materials [188]. A recent study explored the potential
of a bioadsorbent derived from chemically modified cellulose for the removal of As(V)
and Cu(Il) from water [151], and as a Cu(ll)-containing catalyst for the conversion of
aryl boronic acids to phenol derivatives [188]. These results highlight the versatility and
reusability of bioadsorbents in the fields of heterogeneous catalysis and fine chemistry, to
produce value-added products.

10. Future Perspectives

Some of the most important issues in adsorption involving lignocellulosic materials
are as follows:

1.  Early identification of which type of contaminant will be removed, the existence of
competing contaminants, and the operating mode (batch or continuous) and condi-
tions necessary to optimize its removal (including flow rate, volume to be treated,
contaminant concentration, and permissible limits according to legislation) are es-
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sential criteria for defining the synthesis route, before carrying out any chemical
modification.

2. The type of chemical modification and ligand(s) introduced into the structure of the
lignocellulosic material should be based on the Williams-Irving series, considering the
ionic character, electronegativity, and hydrated ionic radius of the metal ion, to ensure
that the bioadsorbent is suitable for removing the target pollutant, in the presence of
competing contaminants.

3. The cost-effectiveness of the bioadsorbent must be evaluated using a preliminary life-
cycle analysis and a business model (TRL > 6) to ensure an efficient and economically
viable product/process.

4. Comparison must be made between activated carbon and lignocellulosic bioadsor-
bents with specific functionalization for the removal of target pollutants, since these
materials compete for similar applications.

5. Regeneration studies must not only evaluate different eluent solutions, from techni-
cal, economic, and environmental perspectives, but also consider the effects on the
pollutant removal efficiency and the service life of the bioadsorbent.

6. Multicomponent column adsorption data modeling is still scarce in the literature,
especially for systems containing three or more components. Due to the high compu-
tational cost, the use of emerging tools such as artificial neural networks and machine
learning should be considered.

7. Tests in relevant environments and mini-pilot plants are essential to validate the
business model and the life cycle analysis.

8.  Environmentally safe disposal of depleted bioadsorbents and/or their second use
is another crucial topic that should not be neglected, considering the concepts of a
bio-based circular economy.

11. Conclusions

Analysis of the key aspects of the treatment of water and industrial effluents contain-
ing inorganic pollutants, using fixed-bed columns packed with lignocellulosic adsorbents,
showed that few works have advanced to the technology readiness level (TRL) >6, corre-
sponding to the mini-pilot or pilot scales in a relevant environment. Most of the reported
studies applied bioadsorbents in fixed-bed columns, with monocomponent solutions, while
few works have advanced to the use of fixed-bed columns with multicomponent solutions
or effluents. This shows that more efforts are needed by researchers to overcome the limi-
tations of bench-scale studies and the bottleneck of testing technologies on a larger scale,
from grams to tens of grams. Although chemical modifications can improve the adsorptive
properties of lignocellulosic materials, leading to more specific, selective, efficient, and
regenerable bioadsorbents, the scaling-up of synthesis routes developed in the laboratory
is one of the main bottlenecks to be overcome to achieve TRL > 6.

The different adsorption mechanisms evaluated in this review showed the complexity
of competitive adsorption in multicomponent systems. The complexity of the mathemat-
ical modeling of adsorption columns in multicomponent systems proved to be another
bottleneck for researchers, because the models are difficult to implement and the results
are difficult to interpret. Therefore, strategies using more simplified models, as well as
other tools such as artificial neural networks and artificial intelligence, are strongly recom-
mended to accelerate the development of new continuous adsorption technologies based
on bioadsorbents. The disposal and potential reuse of depleted bioadsorbents is another
bottleneck. The viability of technologies is directly related to the principles of the bio-based
circular economy and sustainable practices in the treatment of water and industrial efflu-
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ents. Therefore, bioadsorbents that cannot be disposed of at low cost and have no second
use are probably technologies with low profitability and will not be adopted by the market.

Another recommendation is to optimize the column operating conditions, considering
not only the adsorption capacities of saturated biomaterials, but also the mass transfer
zone and the effective use of the bed. The extent of the mass transfer zone influences the
slope of the breakthrough curve, which, in an industrial unit where columns are installed
in series, may require a greater number of columns. Only one study has evaluated the use
of columns in series to improve bioadsorbent performance, which would obviously have a
critical impact on the treatment cost.

Finally, the maturity of continuous adsorption column technologies must be accompa-
nied by life cycle analysis, considering the long-term environmental and social benefits of
using bioadsorbents. Although substantial progress has been made, it is clear that the de-
veloped technologies need to be tested on a larger scale, using configurations more similar
to those of industrial units, so that they can achieve higher TRLs and receive investments
that ensure progress until they become commercially viable, avoiding their abandonment.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390/polym17070953/s1. Figure S1: Schematic representation of the
control volume adopted for a fixed-bed column adsorption modeling [130]; Table S1: Dimensionless
parameters used in the HSDM; Table S2: Dimensionless parameters used in the LDF model; Table S3:
Multicomponent adsorption isotherms models with nonlinear equations; Table S4: Monocomponent
column adsorption models in their linear forms; Table S5: Properties of divalent cations used to
predict the affinity order for the surface active sites of bioadsorbents. References [189-193] are cited
in the Supplementary Materials.

Author Contributions: Conceptualization, R.S.C., L.C.S. and L.V.A.G.; investigation, R.S.C.; method-
ology, R.S.C,,L.C.S.,, O.FH.A. and L.V.A.G.; formal analysis, R.S.C.; validation, R.S.C.,L.C.S., O.EFH.A.,
L.CM,, CS.D.C, E.G. and L.V.A.G.; visualization, R.S.C., L.C.S., OFH.A.,, L.CM., CS.D.C.,, EG.
and L.V.A.G.; writing—original draft preparation, R.S.C. and O.EH.A.; writing—review and editing,
L.CS,LCM, CSD.C, EG. and LV.A.G,; supervision, L.C.S., E.G. and L.V.A.G.; project administra-
tion, L.V.A.G.; funding acquisition, L.C.S., E.G. and L.V.A.G. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was funded by Universidade Federal de Ouro Preto (UFOP, grant numbers
23109.000928/2020-33, 23109.014957 /202244, and 23109.002464/2022-61) and Fundacao de Amparo
a Pesquisa do Estado de Minas Gerais (FAPEMIG, grant numbers CEX-APQ-01287-15 and RED-
00061-23).

Institutional Review Board Statement: Not applicable.
Data Availability Statement: Data are contained within the article and Supplementary Materials.

Acknowledgments: The authors are also grateful to Conselho Nacional de Desenvolvimento Cienti-
fico e Tecnolégico (CNPq, grant number 307844 /2022-6) for the provision of a PQ-1D fellowship to
Leandro V. A. Gurgel, and to Coordenagao de Aperfeicoamento de Pessoal de Nivel Superior (CAPES,
Finance Code 001) for the provision of doctorate and sandwich scholarships to Ricardo S. Coelho.

Conflicts of Interest: The authors declare no conflicts of interest.

Abbreviations

The following abbreviations are used in this manuscript:

Al Area of the “desorption curve peak” (min)
A, B Fitting parameters (min~—2)

ANN Artificial neural network

ANFIS  Artificial neural-fuzzy inference system
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AIC Akaike Information Criterion

BDST  Bed Depth Service Time

Co Initial adsorbate concentration (mmol L~! or mg L
C Column effluent concentration at time ¢ (mmol L~! or mg L1
Ce Equilibrium concentration (mmol L~ 1or mg L1

D Adsorption column diameter (cm)

Dax Axial dispersion coefficient (cm? min~1)

E.gs Adsorption efficiency (%)

Edes Desorption efficiency (%)

Eieads  Re-adsorption efficiency (%)

GA Genetic algorithm

Hy Column bed height (cm)

Hunp Unused bed height (cm)

HSAB  Hard and Soft Acids and Bases

HSDM  Homogeneous Surface Diffusion Model
IAST Ideal Adsorbed Solution Theory

kpa Bohart-Adams rate constant (L mg‘1 min~! or L mmol~! min—1)
Ksp Solubility product constant
kth Thomas rate constant (L mg ™' min~! or L mmol~! min~')
kyn Yoon-Nelson rate constant (min—!)
JCR Journal citation reports
L Bed depth (cm)
LDF Linear Driving Force
M Mass of the adsorbent in the column (mg or g)
No Adsorption capacity of the adsorbent per unit volume of the bed (mg L~! or mmol L~1)
NC Number of citations
MTZ Mass transfer zone (cm)
P Particle size (um)
pK¢ Complex formation constants
PSO Particle swarm optimization
q0 Maximum adsorption capacity of the adsorbent (mg g~ or mmol g~ 1)
Q Volumetric flow rate (L min—1)
Solid loading per unit weight of adsorbent at equilibrium condition (mg g~ or
Qe mmol g~ 1)
Qeest Estimated adsorption capacity (mg g~! or mmol g~ 1)

Qeexp  Experimental adsorption capacity (mg g~ ! or mmol g~ 1)

Q Solid loading per unit weight of adsorbent in a monocomponent system (mg g~ ! or
mono

mmol g~ 1)
Solid loading per unit weight of adsorbent in a multicomponent system (mg g~ or
Qmulti mmol gfl)
RAST Real Adsorbed Solution Theory
R? Coefficient of determination
R? adj Adjusted coefficient of determination
T Temperature (°C)
t Time (min)
ty Breakthrough time (min)
t Center of the “desorption curve peak” (min)
ts Saturation time (min)

TRL Technology readiness level

u Linear velocity of the fluid through the column (m s~ or cm min™1)
w Weight of adsorbent (mg or g)

V4 Distance along column length (cm)

z} Offset (equal to & (1.0))

Ze Effective use of the bed (%)
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w Half width of the “desorption curve peak”(min)
fod Fitting parameter for InOrdinatio equation
B External mass transfer coefficient (min—1)
BL Stability constant

n Absolute hardness

X2 Chi-square

Xred Reduced chi-square

€ Bed porosity

€p Empty fraction of the column

UF Interstitial velocity (cm min~1)

Pp Particle density (g mL~1)
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