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Abstract: The present work deals with the continuous flow systems based on renewable resource
biosorbents towards the green removal of various categories of chemical pollutants from aqueous
media. The opening discussions are focused on: (a) renewable resources; (b) biosorbents based
on renewable resources; (c) dynamic biosorption. After these, the renewable resources biosorbents
are reviewed according to the parameters of breakthrough curves. Subsequently, the targeted
biosorbents are systematized and analyzed according to the following criteria: (a) their ability to
work as remediation agents for heavy metal ions and dyes, respectively; (b) their relevancy for
continuous biosorption processes applied both to synthetic aqueous solutions and real wastewaters.
The perspective directions of research for the implementation of biosorbents from renewable resources
in practical column strategies for wastewater treatment are recommended.
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1. Introduction

In the conditions of raw material crisis and the need to find new structures biocompat-
ible with the human body, renewable resources have proven to be particularly useful. The
main targeted fields are the biosynthesis processes and the development of biomaterials
with multiple applications in industry, medicine, and agriculture. The bio-based polymers
originating from renewable resources are remarkable in recycling capacity, biodegradability,
and long-term availability. At their center are the polysaccharides that comprise cellulose,
lignin, chitin and chitosan, pullulan, starch, dextran, agarose, and alginic acids [1-3].

The accelerated development of life has led to the considerable reduction of natural
water resources, which is why attention is focused on the application of different methods
for purifying the ever-increasing amounts of wastewater, be it industrial, agricultural,
or domestic. The wastewaters are loaded with variable amounts of countless pollutants
of the most diverse forms and origins: inorganic (metal ions, anions), organic (solvents,
pesticides, dyes, herbicides, fertilizers, drugs), biological or microbiological (phytotoxins,
microorganisms, biological wastes). Their removal is a mandatory requirement imposed
by the need to ensure the quality conditions imposed on drinking water. Numerous
methods have been used over time for water depollution: extraction techniques, adsorption,
flocculation, chemical precipitation, membrane processes, sonolysis, etc. [1-6]. The selection
of the wastewater treatment methods is made based on economic and performance criteria,
such as: pollutant type, practical implementation conditions, cost-benefit balance, ensuring
the highest possible removal efficiency, the production of as low as possible waste quantities
to avoid complicated and expensive subsequent techniques for their destruction.
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Among the above-mentioned methods, the leader position is occupied by adsorption,
with distinctive advantages: ease of application, flexibility, versatility, and a wide range
of materials with adsorptive properties usable for both chemical and biological pollutants
removal [7-14]. The cleaner alternative of adsorption, namely the biosorption consisting
of the transfer of soluble substances from an aqueous medium to the surface of bio-based
materials known as biosorbents, is also very challenging [15-19]. Biosorption can be re-
garded as a separation method that is performed by means of extracellular and intracellular
bonds. These interactions are dependent on the nature of chemical species, biosorptive
material structure, microbial metabolism, and transport process [20-22]. Similar to the
biodegradation of organic compounds, biosorption involves the breaking and formation of
chemical bonds that alter the molecular structure of the pollutant. This leads to changes
in the solubility, adsorption characteristics, transport, and toxicity of metals or radionu-
clides. Biosorption by biosorbents for the removal of toxic metals and recovery of valuable
metals [23-36] or for the retention of organic pollutant species (dyes, phenolic compounds,
drugs) from aqueous media [35-51] is an effervescent area of research. By revision Scopus
database, a search for the keyword “biosorbents” revealed 1559 studies published over
2018-2022, including 77.293% research articles, 10.712% review articles, 7.184% conference
papers, and 3.85% book chapters.

Due to the constant expansion of both materials acting as biosorbents and the types of
pollutants to be removed, it is obvious that biosorption remains an open topic. However,
the large majority of the research has been performed on synthetic aqueous solutions at lab-
scale batch systems. The information obtained from these studies is not sufficient to provide
the data required for designing a wastewater treatment system for continuous operation.
Therefore, the focus should be on the works on continuous biosorption processes that are
not as popular as the batch ones. The studies on the continuous systems of biosorption
have been critically analyzed to date in one single review article [52]. Even this article is
not completely devoted to dynamic biosorption since, in an attempt to make a comparison
between biosorption operation modes, it also addresses issues related to batch biosorption.
Furthermore, it is restricted to the fixed bed column biosorption of pollutants, especially
metals, from synthetic aqueous solutions.

In light of the above, the present article is intended to be a valuable guide for biosorp-
tion transposition to an industrial scale and its applicability to real systems. Thus, this
article systematizes and interprets the significant results of research targeting continuous
flow systems based on renewable resource biosorbents for pollutant removal. It is divided
into three main parts, pointing out the renewable resources, the biosorbents derived from
them, and the removal performances of the proposed biosorbents in dynamic systems of
biosorption, respectively. The knowledge gained on the removal of metals and organic
pollutants from synthetic and real wastewaters via continuous biosorption is, for the first
time, brought together by this work.

2. Renewable Resources (Cellulose, Lignin, Chitin, Chitosan)

The most abundant renewable resource of natural polymers, but also the most repre-
sentative natural polysaccharide, is undoubtedly cellulose [53]. Due to the fibrous structure
(determined by the size and distribution of pores), high hygroscopicity (correlated with
porous structure and presence of hydroxyl groups), and the possibility of functionalization
with organic reagents, nowadays cellulose finds numerous applications in ever wider
fields [54-57]. In its different utilization forms, cellulose is characterized by: (i) availabil-
ity at low cost; (ii) spherical shape of particles; (iii) possibility of particle size selection;
(iv) mechanical strength; (v) high porosity; (vi) wettability; (vii) compatibility with biolog-
ical structures; (viii) rapid kinetics; (ix) functionalization susceptibility; (x) possibility of
processing in different forms; (xi) high specific surface area; (xii) easiness of physical and
chemical regeneration; (xiii) tolerance to biological structures; (xiv) relatively fast adsorp-
tion [57-59]. All these properties, its high abundance in nature, as well as its renewable
character make cellulose an inexhaustible source as a raw material to make not only paper
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and fibers but also a series of biocompatible products for the environment. Depending
on the technological process used for their manufacture, cellulose-based materials can be
created in several forms and types, ranging from granules, fibers, and microcrystalline
powders to softwood pulp and bacterial cellulose.

Chitin belongs to the polyamino saccharides class of animal or vegetable origin, being
the main constituent of the shell of crustaceans and of the hard integument of worms [60].
It is also part of the composition of some mushrooms and yeasts such as Chytridiaceae,
Blastocladiaceae si Ascomydes. The mycelium of some species of Penicillium can contain up to
20% chitin. Aspergillus niger also represents an important source of chitin [61,62].

Chitosan is a linear polysaccharide of glucosamine and N-acetyl glucosamine, being
composed of repeating units of 2-amino-2-deoxy-D-glucopyranose joined by (3-D-1—4
linkages and a smaller number of N-acetyl-D-glucosamine (the deacetylated derivative
of chitin. It is also an important component of the cell wall in various stages of the
life cycle of some fungal species [60,63,64]. It is obtained from chitin through chemical or
enzymatic hydrolysis of «-chitin N-partially deacetylated using alkaline solutions (40-50%),
at 100-160 °C, for several hours, in a proportion of around 50% [65]. Chitosan structure
and properties depend on the chitin deacetylation degree. It is of the most promising
materials which can also be used as an efficient biosorbent for the retention of different
chemical pollutants.

3. Biosorbents Based on Renewable Resources

The use of conventional materials based on synthetic polymers or obtained by chem-
ical synthesis has many disadvantages, such as the high cost, difficulty of the synthesis
technologies, and the pollution generated by these. The need to eliminate these disad-
vantages and the current tendency to replace “chemical” products with natural products,
“green” or “environmentally friendly”, existing in abundance in nature (such as those
resulting as waste from agriculture or various industrial sectors) represented a favorable
moment for a new type of adsorbent material implementation. These new adsorptive
materials are represented by biosorbents that are generated by the processing of renewable
resources (i.e., cellulose, lignocellulose, chitin, chitosan, vegetable waste, and algae).

In the last decades, the field of green materials has registered an accelerated develop-
ment, both concerning the design and in the area of production and use of an ever-wider
range of materials resulting from the processing of renewable resources. Their novelty and
diversity come from nature, structure, and specific properties but also from the process-
ing method type tailored to the intended applications. These applications are expanding
more and more and are based both on the use of techniques for valorizing resources
represented by industrial by-products or on innovative approaches (derivatizations, the
creation of multi-component assemblies and supramolecular architectures, hybridizations,
post-processing in different commercial forms, etc.) on already known materials [66].

An extremely wide spectrum of materials can be used as materials with chemical
species retention properties, respectively:

—  Biomass that encompasses: phytobiomass (lignocellulosic biomass from woody plants,
peat); aquatic biomass; biomass from agricultural wastes, household biomass used in
biogas production technologies; microbial biomass resulting from food or pharmaceu-
tical industry [20,21,24,30,33,35,44,51,67-71];

—  Physicochemical-modified biomass for the adsorption capacity improvement [72-75];

—  Immobilized biomass is the result of biomass conversion into an easier-to-use form
that ultimately contributes to the increase in the process efficiency of separation of
pollutant-laden biomass from solution. Biomass immobilization can be carried out on
different kinds of supports, with various shapes and porosities [76-78]. Immobilized
biomass is promising as filling material in columns/bioreactors used in wastewa-
ter treatment.

Biosorbents are efficient for the removal of metallic ions from aqueous solutions in
the presence of organic compounds or dissolved salts that are considered poisons for
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ion exchange resins. Biosorbents can be used in the complete treatment of wastes or by
coupling with another material, such as activated carbon, in treatments of chemical textile
finishing. These materials have superior sorptive properties compared to conventional
ones, with particular applicability in the final treatment of effluents.

3.1. Biosorbents Based on Cellulose

Among the renewable resources, available in large amounts and processed with low
costs, that are addressed in view of testing their adsorptive properties for use as biosorbents
in the treatment of wastewaters, the leader role is played by cellulose. This one can be
used in many forms and types, ranging from fibers, microcrystalline powders, softwood
pulp, and bacterial cellulose to production wastes and lignocellulosic(agro-industrial)
wastes [20,32,66,70,72,79-84]. Lignocellulosic biomass provides large amounts of complex
biopolymers containing mainly cellulose, hemicellulose, and lignin that are used to obtain
nanocellulose [83,85].

In order to increase its efficiency as a biosorbent, the cellulose macromolecule is
amenable to numerous relatively inexpensive processes of structural modification, such
are the selective oxidations [66,72,86] cross-linking with different agents (acrylonitrile, hy-
droxylamine, acrylic acid, glycidyl methacrylate, urea) [72] or modifications with chemical
reagents through esterification, halogenation, etherification methods [72,75]. New materials
with higher specific surface area and porosity and reactive functional groups capable of
interacting with polluting chemical species of organic or inorganic nature for their retention
are obtained via these strategies.

3.2. Biosorbents Based on Chitosan

The second available biopolymer in nature, chitosan, has structural features due to
which it shows distinctive chemical, mechanical, optical, and physical properties, high
porosity, low density, regenerability, and biodegradability [60,87,88]. Apart from these,
the processing easiness, non-toxicity, antibacterial properties, high reactivity, properties
of coagulation, flocculation, and biosorption that are due to the presence of hydroxyl and
amine-reactive groups in the macromolecular chains are also remarkable [61,87,89-92].
These characteristics make chitosan a potential alternative to its synthetic counterparts for
environmental applications. Because of the presence of surface-active functional groups, it
is possible to easily form bondings with various inorganic and organic substances, allowing
its use as a biosorbent in various wastewater treatment processes [60,90,93-96]. However,
some obvious disadvantages, such as the soft structure, high solubility in organic solvents,
high percentage of swelling in water, low mechanical strength, and reduced surface, limit
its use in industrial applications [97]. Furthermore, the chitin and chitosan processing
under powder and flake forms results in a decrease in the adsorption capacity. The increase
in adsorption capacity can be performed by its functionalization (grafting, coupling, and
cross-linking) [98] or embedding in composite materials.

3.3. Biosorbents Based on Hydrogels

A relatively new and demanding category of biomaterials with adsorptive properties
resulting from the processing of renewable resources is represented by hydrogels. These
are three-dimensional matrices consisting of dense structures of natural and/or synthetic
polymer networks that contain hydrophilic fractions and hydrophobic parts in different
proportions, capable of absorbing large amounts of water or biological fluids [99-104]. The
soft, rubbery consistency similar to living tissues makes them ideal materials for a variety
of applications.

The hydrogels show a series of characteristic properties, such as the possibility of
desired functionality achieving, reversibility, sterilization, and biocompatibility that fulfill
both the requirements of materials used as biological biomaterials to treat or replace
tissues and organs or the function of living tissues as well as to interact with the biological
system [101,105-107]. Different polysaccharides or renewable resources can be used as
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basic units subjected to the cross-linking process, the more well-known being cellulose,
chitin, chitosan, polyvinyl acid, and pullulan [108-111].

Due to their particular characteristics, especially the capacity of swelling in water,
high specific surface area, and the variety of surface functional active groups, the hydrogels
have been proven to be very efficient as biosorbents used in water treatments.

4. Dynamic Biosorption

The removal of pollutants from aqueous media via biosorption processes can be
carried out in batch and dynamic systems. Distinguished by simplicity and the ability
to work with small and constant volumes of solutions, the biosorption batch mode is the
preferred option for lab-scale research. It is mainly focused on the study of the influence of
the operating variables (pH, temperature, biosorbent dose, initial concentration of chemical
species, contact time, agitation, biosorbent structure and size of its particles, structure of
the targeted chemical species, size and shape of organic substance molecule or metal ion,
electrical charge of chemical species, speciation of metal ions as function of pH values)
on the biosorption processes [21]. The provided data serve as useful tools for: (i) setting
the most suitable biosorption isotherm for process data modeling up to equilibrium and
determination of the maximum capacity of the tested material; (ii) determination of the
kinetic parameters and the corresponding kinetic model for rate controlling process step
evaluation; (iii) calculation of thermodynamic parameters of the biosorption process in
order to establish its spontaneity and thermic effect; (iv) identifying the most probable
biosorption mechanism. Alternatively, dynamic systems are more complex and operate with
variable and large volumes of solutions. They are of vital importance for the assessment of
the biosorption process’s technical feasibility for applications to real-life samples.

4.1. Continuous Flow Systems of Biosorption

Dynamic adsorption usually occurs in an open system in which the aqueous solution
containing pollutant molecules or ions continuously flows through a column that uses a
bed made of particles of adsorbent. The contact between the adsorbent bed and the liquid
phase can be performed in at least four types of column systems that are briefly described
in Figure 1: (i) fixed bed (up flow or down flow); (ii) moving bed; (iii) fluidized bed;
(iv) pulsed bed.

Fixed Dbed adsorption: granules of
adsorbent are closely packed and the
pollutant bearing stream freely passes
(commonly downward) through the
column. The pollutant is continuously
in contact with a certain amount of
fresh adsorbent.

Moving  bed  adsorption:  is

Pulsed bed adsorption: constant
time intervals removal of

performed with adsorbent and
fluid phases in motion. The both
phases movement can be
parallel, counter-contracurrent or
perpendicular. The adsorbent
bed maintains constant.

~“Continuous bed
~.column adsorption

l

Fluidized bed adsorption: the
solid particles act as a fluid,
given that they are suspended
by a passing fluid's velocity.

some adsorbent from the
column bottom and its
replacement  with  fresh
adsorbent.

Figure 1. Main types of column adsorption procedures [9,112-114].
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Choosing a working procedure in a dynamic regime from those in Figure 1 is made
according to a set of criteria, including the nature of the adsorbent and the ratio between
treatment efficiency and equipment operating costs. A literature scan has revealed that
the continuous fixed and fluidized bed approaches fold the best on the requirements of
the biosorption process. Of the above, the greatest attention is paid to the biosorption in
fixed bed columns; the one in continuous fluidized beds is rarely addressed. As a proof of
concept can be mentioned the biosorption of Pb(Il), Cu(ll), and Cd(Il) ions from industrial
wastewater using a fluidized bed of dry leaves of cabbage [115] and the continuous fluidized
bed experiments on the removal of Cd(I) [116] and methylene blue dye [117] from aqueous
solution using rice husk.

The prevalence of the continuous fixed bed columns over the other operating methods
is due to its impressive number of benefits. Among these of special importance are:

—  Operation and handling simpleness [118];

—  Ensuring the highest possible gradient of concentration that is the process driving
force [119];

- High operation yields [120];

—  Increased efficiency in the use of biosorption capacity [121];

—  Easiness in scaling up from lab-scale procedures [122];

—  Quantitative removal of inorganic and organic species from high volumes of aque-
ous samples with a high level of contaminants by means of a known amount of
biosorbent [51];

—  Possibility of biosorbent reuse and recovery of valuable components [123];

—  Potential for the automatization of the process stages [118,119].

In addition, the data obtained by using fixed bed columns are very useful for the
decryption of the mechanism of adsorption that depends on a multitude of phenomena,
such as: axial dispersion, fluid diffusion resistance, intraparticle diffusion resistance (pore
and surface diffusion resistance) and equilibrium of adsorption [124,125].

4.2. Breakthrough Curves

The effectiveness of the fixed-bed column is assessed by means of breakthrough curves,
around which all dynamic studies of biosorption gravitate. These curves are given by the
plots of the chemical species concentration or the normalized concentration of the chemical
species in the effluent as a function of time or treated solution volume. The typical shape
of a breakthrough curve that is a compelling source of information on the nature of the
investigated biosorption process and on the pollutant’s loading behavior in a continuous
column is shown in Figure 2. The process parameters with the strongest influence on the
steepness of the breakthrough curves are the height of the biosorbent bed (h), volumetric
flow rate (Fy), and the initial concentration of the pollutant in the feed solution (Cp).

The breakthrough curves are characterized by various derived parameters that are
very heterogeneously addressed in the fixed bed column biosorption studies. The most
representative and frequently reported breakthrough parameters are concisely described in
Figure 3. Thus, on the basis of the parameters of breakthrough curves shown in Figure 3,
suitable biosorbents for continuous fixed bed column processes are considered those that
are distinguished by a long time of breakthrough, shorter time of saturation, and smaller
mass transfer zone [9,18]. In view of these aspects, Table 1 systematizes the values of
breakthrough curve parameters for the continuous fixed column biosorption of some
inorganic and organic pollutant species from synthetic aqueous solutions on renewable
resource biosorbents. The interesting data from Table 1 provide conclusive evidence for the
implementation of the corresponding biosorbents in practical continuous flow systems for
the biosorptive removal of pollutants from real industrial effluents.
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Figure 2. Breakthrough curve of Methylene Blue dye biosorption in a fixed-bed column filled with
granulated Cellets 200 cellulose. Operating conditions: T = 20 °C, Cy = 9.04 mg/L.
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Figure 3. Characteristic parameters of the breakthrough curves [59,126,127].
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Table 1. Characterization of dynamic biosorption systems for inorganic and organic pollutant removal

via the parameters of breakthrough curves.

Biosorbent/

Chemical Pollutant Experimental Conditions Breakthrough Parameters Remarks Ref
Residue of allspice (Pitnena t,= 272 min; qy=13.1 mg/g; t;= Removal percentage of
dioica L. Merril)/ o o
Pb(1I)/ Co =15 o 339 min; 99.7% for a treated volume [128]
0=15mg/L; Fw =20 _ . _
mL/min;bed height = 15 cm qs = 16.2mg/g; MTZ=2.9 cm of 6770 mL
Sugarcane bagasse/ t, = 1500 min; ts = 5750 min; Ni(II) uptake: 2.98 mg/g;
Ni(IT)/ Cp =100 ppm; Fw =5 mL/min; MTZ = 4250 min; length of mass of adsorbate treated: [129]
bed height = 10 cm unused bed = 5.38 cm 1750 mg
tp = 50 min(Cd); 160 min(Cu); .
Al ¢ . Spent coffee ground; 220 min(Pb) Eeduced folaency at low
(1%;)’11 1/1(H), Cp —0.1 mM; Fw =55 qb = 0.0373 mmol/g(Cd); .OW.;.ate tue.t‘f a [130]
(1D mL/min; bed height = 14 cm 0.0838 mmol/g(Cu); Signilicant axia
0.135 mmol/g (Pb) dispersion phenomenon
Modified corn stalk/ ts = 288 min; empty bed contact Removal percent of
Cr(VD)/ Co =200 mg/L; Fw= time: 1.1 min; maximum 93.78% for a volume of [131]
10 mL/min; bed height =14 cm  capacity of column: 135 mg/g effluent of 2880 mL
EIE;SS}SB:\; nutshell activated with tp = ?go)min (Mn) jts = 108Q ; Removal percentage:
Mn(ID): . Co = 20.36 mg/L (Mn),21.05 min (Cr); maximum capacity o 53.09% (Mn), 56.40% (Cr); 132
n(ID); Crions/ mog /L(Cr); F‘% = 5(mL)/min; column: 9.82 mg/g (Mn), 10.79  volume of effluent = 6000 [152]
bed height = 10 cm mg/g (Cr) mL
Activated neem bark/ t, =111.6 h; gs =28.89 mg/g; Removal percentage:
Cr(vI)/ Co=50mg/L; Fw = empty bed residence time: 35.48%; amount of total [133]
10 mL/min mass of biosorbent  35.48 s; rate of exhaustion: Cr(VI) passed through -
=175cm 2.61g/L column: 6.954 mg
t, = 50 h(Pb), 37 h(Cd), 30 ke ord
. h(Zn); qp = 57 mg/g(Pb), 22 Uptake order at
Protonated citrus peels/ mg/g(Cd), 11 mg/g(Zn); ts = breakthrough and
Pb(II), Cd(Il), Zn(I)/  Cg = 0.1 meq/L; Fw = 0.9 BrE ) SNBSS = turation: Zn < Cd < Pb; [134]
: . 120 h(Pb and Cd), 110 h(Zn); gs . ’
mL/min; bed height =24 cm — 85 mg/g(Pb), 44 mg /g (Cd) concentration factors
50 mg /gg (?%n) / &/8 ’ ranging from 34 to 129
Oxidized sugarcane bagasse/Cy  qs = 0.554 mmol/g (Cu), Y;Iil;iist}(r)fazog EI;EHCOL?) and
Cu(IT), Co(Il)/ =1.26 mmol/L(Cu); 068 0.224 mmol/g (Co); heightof - %0/ 10000 than [135]
mmol/L(Co); bed height = the used bed: 1.58 cm (Cu), those corresponding to
380 em; pH =55 0.68 cm (Co) batch systerr}:s K
Base treated cogon grass tp = 18.1 min; V}, = 180 mL; qy,
Ni(IT)/ (Imperata cylindrica)/Co = =1.77mg/g; ts = 96.7 min; Vs = Total effluent volume: [136]
10 mg/L; Fw =9.76 mL/min; 952.6 mL; maximum capacity 943.8 mL -
bed height =5.2 cm; pH =5 of column =525mg/g
Activated tea waste/ gb7(?01§131jn1\1/111T;% = 358 é rcnén, Vs= Removal percentage of
PbI)/ Co =5mg/L; Fw = 10 mL/min; maximum Colur_nn : 4 52.8%; volume of effluent: [137]
bed height = 0.4 m : 57L
& capacity:1.587 mg/g
Binary adsorbent constituting
of 75 wt% eggshells with tp, = 2700 min; V}, = 6960 mL; t. .
Pb(IT)/ 25 wt% waste sugarcane = 3336 min; qs = 29.98 mg/g; ’ g;)g/a'l re{noval gfngenta‘ge. [138]
bagasse /Cp =100 mg/L; Fw = MTZ = 2.29 cm; rate of 81"/0, column eticiency: N
4 mL/min; bed height = 12 cm; biosorbent exhaustion:3.58 °©
pH=55
tp = 345 min (Fe), 120 min(Mn);
Crushed sea shell/ qb = 12.2 mg/g(Fe), Meta/l iemc))val: 671.3%(er),
Co=4254mg/L; Fw = 0.9 mg/g(Mn); qs = 18.8 57.5% (Mn); metal uptake:
Fe(II), Mn(1h/ 5 mL/min; biosorbent mass = mg/g(Fe), 1.44 mg/g(Mn); rate  139.1 mg/g (Fe); [139]
60 g, pH=23 of biosorbent exhaustion: 57.5 mg/g (Mn)
34.8 g/L(Fe), 952 g/L (Mn)
H do (P. ) Breakthrough curve
ass avocado (Persea americana
Mill. var. Hass) shell/ qp = 184.39 + 0.72mg/g zifri)ﬁsrsnfgli‘;sgil tion has
Cr(VI), total chromium/  Cp =200 mg/L; Fw = (Cr(VI), 127.63 = 0.63 mg/g b ¢ v d p dent [140]
0.75 mL/min; biosorbent mass  (total chromium) cen Strong’y depehden
=2g pH=15. on1 t1t1.e pH of the influent
solution
Mollusk shells/ Removal efficiency:
Cd(Im), Ni(n)/ Cp =209 mg/L (Cd), Vs = 15 L(Cd), 12.9 L(Ni); 47.9% (Cd), 42.7%(Ni);
A 105 mg/L(Ni); Fw = empty bed contact time = column biosorption [141]
1.5 mL/min; bed height = 785 min capacity: 1.69 mg/g (Cd),
15ecm; pH=77. 0.19 mg/g(Ni);
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Table 1. Cont.

Biosorbent/

Chemical Pollutant Experimental Conditions Breakthrough Parameters Remarks Ref
Carboxyl-modified jute fiber; t = 1171 min: emptv bed Biosorption efficiency:
Cu(Il)/ Co =100 mg/L; Fw = contact time =,O.46p1tnyin; MTZ = 48.92%; equilibrium [142]
54.78 mL/min; bed height = 5.86 cm biosorption capacity:
8 cm 29.37mg/g
Amino-functionalized ramie tp= 100 min; V}, =500 mL; qp = Rfrgloviltﬁfﬁmeﬁcy.. &
Cu(Il)/ stalk; 0.472 mmol/g ts = 120 min; V, '9‘319 zgg/a, rough pomt: [143]
Cp = 0.5 mmol/L; Fw = = 600 mL; g5 = 0.495 mmo/g; At satuati int: i
5 mL/min; bed height = 10 cm MTZ = 1.667 cm. 9219 Sa;‘)}jra 10n point:
Watermelon rind; t, = 75 min; ts = 125 min; total
Pb(IT)/ Co = 500 mg/L; Fw = metal adsorbed = Total meta] percentage [144]
1 mL/min; bed height =5 cm 453 mg removatk: /2.0
Iélzbis%uss I%anff.bi:nus_kenaf, V, =45mL; q, =9.2 ug/g; Total removal: 52%;
Cr (VD)/ 0 empty bed contact time =2.96  equilibrium adsorption [145]
2 mL/min; bed height = npty .
15 cm min capacity: 21 ug/g
Agricultural biomass from the t min = 120 min (h = 5 cm) max=30.15 mg /g (Cp =
Methylene Blue (MB) ~ Morocean Sahara (ABMS) = t max = 250 min (h = 15 cm) 120 mg /L Fw =4 "
dye pricCy pear Wasies ~0= tomin = 360 min (h = 5 cm) L/min; h = 10 cm) [146]
mg/L; Fw = 4 mL/min; bed s,min : ’
height = 5 and 15 mm. tsmax = 640 min (h =15 cm)
o Tonai (TRiy O REE ty= 4 it = q=154mg/g,R% =26;
i 3
Methylene Blue (MB) in the fixed-bed column: Co yp = 180 min; . Viotal effluent = 18,(300 cm [117]
. — i <= s ttotal = =9. s IN/0 =01,
9mg/L; Fw=100mL /min;  jaot: b= 16 MM total = q=3.04mg/g; R% =51,
bed height = 0.65 m / Viotal effluent =18,000 cm
Rice husk (RH) and torrefied
rice husk (TRH - 3 /min-h =
inverse ﬂuz(dized-)bed column: {){?5 (11:31: tbiog rcnniln;/élz :g'zh q=2.77mg/g, R% =32;
Methylene Blue (MB) ~ Comp =6mg/L;Fw=283and 95 min; Viotal effiuent = 29092 cm? [117]
306 cm3 /min (to obtain two TRH (F,, =283 cm3/min; h = q=6.82mg/g, R% =51;
superficial velocities of 0.0026 0.15 m): t,= 22 min; tyoga = Viotal effluent = 26,854 cm3
and 0.0024 m/s); bed height = 95 min;
0.15 and 0.65 m
Cellulose nanocrystal-alginate
hydrogel beads in fixed bed ts = 291.08 min (Fy= 4.17 q =255.5 mg/g (initial dye
columns/ fixed beds with mL/min; Vt=1214.71 mL; qt=  concentration
Methylene Blue reverse flow: Cy = 50, 150 and 19.35mg/g 250 mg/L; Fy = [147]
250 mg/L; Fy, =1.17,2.34 and tiotal = 234 min 4.40 mL/min; bed depth
4.40 mL/min; bed height = 22, R% =7.61 of 7.4 cm)
44 and 66 cm
Free and immobilized in
polymeric matrix sodium Free NNLP: B
silicate agricultural waste t, =8.75h; ts = 17.5h; Vogq.= %I:ISPZ)?)%‘I’Zg—/ ;56(2;9
biomass of Nelumbo nucifera 1.05L; Rrytss e
Congo red (CR) (lotus)-NNLP /Continu(j)rus- Immobilized NNLP: Q=2754 mg/g . [148]
flow fixed-bed: Cp= 15 mg/L, tp =6.5h; ts =13.5h; V.= (jrg;naoblhzed NNLP); R%
pH =6, Fw = 1 mL/min, bed 0.81L; =0
height =2.5 cm
Hydrogel chitosan (CH);
chitosan covalently
cross-linked with
epichlorohydrin (CH-EECH);
chitosan ionically cross-linked tp (CHs) =44 h/S1 %(;3 (5C/HS) =1504.7 mg
. with sodium citrate (CH-CIT); ts (CHs) =904 h/S1
Reactive Black 5(RBS)  gynamic (flow) in - ) t ((CHs)-CIT) ~132h/s1 9 (CIE—gIs-ECH) - [149]
ye unconventional air-lift type ts (CHs-CIT)= 920 h/S1 2777.3 mg RB5/g-S1
loop reactor; Cp = 50 mg t, (CHs-ECH) = 348 h/S1 (Thomson model)
RBS/L, Fw=0.1 V/h tS(CHS-ECH) =964 h/Sl
(V-volume of reactor).; S1 =
“monocomponent” solution
(deionized water + RB5) with a
CO, RB5 = 50 mg/L
Alginate-chitosan sulfate
hydrogels/fixed-bed columns;  t, =1.8 h (Fy =20 mL/min; h =
Red dye 40 two columns of 13 and 33 cm of 33 cm) q=128mg/g [150]

height and two Fw (20 and 40
mL/h); Cop =20 mg/L; pH=15;

tfinal = 450 h
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4.3. Modeling the Biosorption Process in Dynamic Regime

In order to obtain information of high practical value, such as biosorption capacity,
service time, usable bed length, and rate constant, the breakthrough data are usually
analyzed with the aid of models of fixed bed column dynamics. These models rely on non-
linear isotherms and axial dispersion, intraparticle diffusion, and external film resistance
hypotheses [9,10].

The models with extended applicability are the Thomas model, Yoon-Nelson model,
Bohart-Adams model, bed depth service time (BDST) model, Clark model, Wolborska
model, and the modified dose-response model. The notoriety of these models is due to the
fact that their equations can be linearized, allowing assessment of the model parameters
by analysis of linear regression [151,152]. A short description of these models is given in
Table 2. Among the models in Table 2, the Thomas model is the most commonly used.
Similar to the Langmuir maximum capacity of biosorption in batch systems, the dynamic
capacity of biosorption provided by the Thomas model usually serves as a reference for
biosorbent comparison in continuous flow studies.

Table 2. Models of continuous fixed bed biosorption [153-159].

Model

Linear Form with Variable/Linear Plot Assumption

Thomas (TH)

Yoon—Nelson

Bohart-Adams

Co _ kraqym  kyy-Co-veg
ln(a 1) = F,, F. M

where: Cy and Ci-the pollutant concentration at initial — _the biosorption equilibrium follows
moment (t = 0) and time t (mg/L); kry-the Thomas
constant (L/min mg); Fy-the volumetric flow rate
(L/min); qo-the maximum biosorptive capacity
(mg/g), m-biosorbent mass (g) and Vg-the treated
volume at time t (L).

Linear plot: In[(Cy/C)-1) versus t.

Model parameters: Kt and qq

the Langmuir model;
-the rate kinetics is governed by the
second-order reversible equation

Ce

1
n(co G

) = kyn-t—t1/2kyn V)

where: kyn-the Yoon—Nelson rate constant (min—1);
t1 /o-the time required for 50% pollutant breakthrough;
t-biosorption time (min).
Linear plot: In [C;/(Co-Cy)] versus t.
Model parameters: kyyn and t;
Co

h
ln(a -1) = kBA.q.Oa — kpa-Ci-t 3)

where: kgp is the Bohart—-Adams rate constant
(1/minxmg); qo is the maximum biosorption capacity
per unit volume of the biosorption column (mg/L); u
is the linear velocity of the biosorbate solution
(cm/min), and h is the bed height or depth (cm).
Linear plot: In[(C;/Cy)-1] versus t

Model parameters: kga and qg

-the decreasing of the biosorption rate
for each biosorbate molecule is
proportional to the probability of
biosorbate breakthrough onto
biosorbent bed.

-the biosorption rate is proportional
to the amount or concentration of
biosorbate in the bulk liquid phase
and to the residual absorption
capacity of the biosorbent;
-ignoring axial dispersion effects.
-rectangular isotherm with
quasi-chemical rate kinetics.




Separations 2023, 10, 143

11 of 27

Table 2. Cont.

Model

Linear Form with Variable/Linear Plot

Assumption

Bed Depth Service Time Model
(BDSTM)

Clark (CM)

Wolborska (WM)

Modified Dose Response
(MDRM)

P L N A= | R

Cou  kppstCo " Ct
where: kppgr is the BDST rate constant (L/mg min);
qo is the maximum biosorption capacity per unit
volume of the biosorption column (mg/L), h is the bed
height or depth (cm) and u is the linear velocity of the
biosorbate solution (cm/min)
The linear plot: bed height (h) versus qg
Characteristic parameters: kppst and t; /»

!
.. m _ _
(Taerw) /-1 =C ®)
ot
A= in ].er -ty (6)
!
. K dz

where: Cj, and C}, are the inflow concentration of the
biosorbate and breakthrough concentration (mg/L), t,
is the service time (min).

Linear plot: C;/Cy versus t

Model parameters: A and r’

Ct B-Co:t ph

In(=—)=——-— 8
(=P -8 ®

where: § is the film diffusivity (cm?/s).

Linear plot: In(C;/Cy) versus t

Model parameters: 3 and qo

Ct
Co—C:

In( ) =a-In(Cy-Fy) —a-In(q,q,m) (9

where: a is the model parameter and qyq; is the
biosorptive capacity defined by the modified dose
response model

Linear plot: In( COC:Q ) versus In(Cy-Fy)

Model parameters: a and gy

-the existence of a linear relationship
between column bed height and
service time in terms of biosorbate
concentration and biosorption
parameters;

-resistances provided by the liquid
phase (external diffusion) and the
solid particles (intraparticules) are
insignificant;

-chemisorption at the interface
between the biosorbent and the
biosorbate controls the majority of the
biosorption kinetics.

-equilibrium isotherm fits to
Freundlich model;

-shape of MTZ is constant and the
biosorption is completely achieved at
the end of the column;

-biosorbates behave on column like “a
piston”

-the continuity equation of mass is
applicable for the liquid phase.

-the concentration profile of the
biosorbate moves in the axial
direction with a consistent velocity;
-the early region of the breakthrough
curve is completely controlled by the
film diffusional resistances with
uniform kinetic coefficient values.
-the width of breakthrough curve
width and its steepness degree of
steepness are almost consistent.

However, due to their empirical or semi-empirical nature, the models in Table 2 are
unable to supply detailed information on the design parameters [160,161]. An efficient
solution to this problem can be represented by successful computer simulations.
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5. Overview of the Biosorbents Targeted in Continuous Biosorption Studies for the
Removal of Pollutant Chemical Species from Synthetic Solutions and Real Wastewater

Despite their significance for industrial practicability, especially in the context of sus-
tainable and circular economy, the continuous biosorption processes are not very popularly
studied. The results of the relevant studies that describe the effective continuous biosorptive
removal ability for heavy metal ions and dyes of biosorbents are displayed in Tables 3 and 4,
respectively. In order to give a faithful picture through these tables, the behavior of renew-
able resource biosorbents in dynamic systems of biosorption is suggestively presented by
means of the models that have been used for breakthrough curve modeling (Table 2), and
their performances have been characterized mainly by the dynamic biosorption capacity.

Table 3. Renewable resource biosorbents for fixed bed column removal of heavy metals from synthetic

solutions.
Applied .
Targeted Biosorbent Working Conditions Breakthrough Thom'as Cap?aty Refs.
Metal Ion of Biosorption
Models
Pb(1I) 454mg/g
Cu(Il) Fw = 100 mL/min; bed height = L10™Mas 398 mg/g
Bohart-Adams
Pb(II) 30 cm;Cy =20 mg/L Yoon—Nelson 0.143 mg/g [162]
Cd(In) Sugarcane Fw = 1.6 mL/min; bed height = 0.133mg/g
Thomas [163]
Cu(II) bagasse 28 em; Cp =10 mg/L; pH=5 Yoon-Nelson 222mg/g [164]
Cd(In) Fw =2 mL/min; bed height=3 Dose—response 26.8mg/g
Ni(II) cm; Cg =300 mg/L; pH =54-5.7 Thomas p 121 mg/g
Pb(II) 31.8mg/g
Cu(Il) Carboxylated Fw = 1.'4 mL/min; bed height : 1.06 mmol/g
Co(IT) sugarcane 3.2 em; Cp = 0.95 mmol /L. (Cu); Thomas 0.76 mmol/g [160]
. 1.10 mmol/L (Co); 3.49 mmol/L Bohart-Adams
Ni(II) bagasse (Ni) 0.98 mmol/g
Thomas
Fw =10 mL/min; Yoon—Nelson _3
ISS ((IIII)) Rice straw bed height =10 cm; Cy = Bed-Depth Service } % i }873 mmoi;g [165]
0.01 mmol/L Time ' Mmo/g
Dose-response
Wheat straw Thomas
Iy Fw = 0.3-1 L/min; bed height= .
Cd(Ir) (Tr%tzcum 0.5-2 m; Co = 100 mg /L B.ed—Depth Service 14.8mg/g [166]
sativum) Time
o . . . Thomas
Ni(II) Is\fr(;il,ﬁed rice 127\/(\;; 1C.07_1 ;r(;%n}m, bed height = Bohart-Adams Bmg/g [167]
70" 58 Yoon—Nelson
Fw =11 mL/h; bed height = 2 cm;
Pb(In Grape stalk Cp =60 mg/L (Pb);30 mg/g(Cd); Thomas 43.08 mg/g [130]
Cd(In) wastes . . 18.18 mg/g
particle size: 0.8-1 mm
Fw =2.5 mL/min; bed height = Thomas
Cd(In) Sesame waste 2 cmy Bohart-Adams 22.88mg/g [168]
Cp=60mg/L; pH=5.5 Yoon-Nelson
. . Yan;Thomas
Cr(VI) Pistachio shell LW = 10 mL/min; bed height="" 5} "\ 4 4ams 19.50 mg/g [169]
5cm; Cp =15mg/L
Yoon-Nelson
Fw = 0.75 mL/min; bed height= Yan;Thomas
Quercus 6.5 cm; Bohart-Adams
Total Cr crassipes acorn . ! 113.3 £3.75mg/g [170]

shell

Cp=200mg/L; pH=2

Dose-response
Yoon-Nelson
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Table 3. Cont.

Applied .
Targeted Biosorbent Working Conditions Breakthrough Thom.as Cap.aaty Refs.
Metal Ion Models of Biosorption
Fw =30 mL/min; bed height = Thomas
Pb(II) . 10 cm; Bohart-Adams 32.62 mg/
Cr(VI) Rice husk Co=20mg/L Yoon-Nelson 11.04 mg / § [171]
Wolborska
Treated rice Fw =9 mL/min; bed height = Thomas
Cd(I) husk 2.8 cm; Bohart-Adams 249 mg/g [172]
Cp=20mg/L Yoon-Nelson
Fw =2-15.5 mL/min; bed height = Thomas
Cddn Orange peels =24-75 cm; Bohart-Adams 0.40 mmol/g [173]
Cp =5-15mg/L Yoon—Nelson
Thomas
Fw =10 mL/min; bed height = Bed-Depth Service
Cu(ID) Coconut shell 20 cm; Time 53.498 mg/g [174]
Cp=10mg/L Yoon-Nelson
Clark
. . Thomas
Acid-acti:/ated Fw =2 mL/min; bed height = Bohart-Adams
Cr(VI) V;a erea ) “’f; 2 cm; Yoon-Nelson 55.44-129.02mg/g  [175]
(Trapa nataus Cp =50-150 mg/L Bed-Depth Service
shell Time
2?11;1;1};;3"\“1& Fw= 2.5 mL/min; biosorbent Thomas 232 me/
Cu(II) mass= 2 g; Cp =40-500 mg/L; pH Bed-Depth Service ~me/8 [176]
roasted barley _55 Ti 29.6 mg/g
=5. ime
powder
Moringa oleifera Fw =2 mL/min; biosorbent mass
Cd(In) seed =2g; Thomas 68.53 ug/g [177]
powder Co =300 ug/L;pH=7
Modified corn Fw =5 mL/min; Thomas
Cr(VI) stalk bed height = 1.4 cm Bohart-Adams 152.323 mg/g [137]
Cp=200mg/L; pH =491 Yoon—-Nelson
Ficus Fw=1mL/min; Thomas
IES((IIII)) benghalensis L. bed height= 2 cm; Bohart-Adams igsg E:g; & [178]
leaf powder Cp=20mg/L Yoon—-Nelson ’ 8/8
Psidium guajava Fw =40 mL/min; Thomas
Cr(VI) 1 bed height = 10 cm; Bohart— 1596 mg/g [179]
eaves ohart-Adams
Cp=20mg/L
Fw =6 mL/min; Thomas
Cu(II) Kenaf fibers bed height = 30 cm; Bed-Depth Service  47.27 mg/g [180]
Cp =100 mg/L Time
Date palm Fw =10 mL/min; Thomas
Cd(In) trunkpfibers bed mass =4 g; Yoon-Nelson 2093 mg/g [181]
Cp=110mg/L Wolborska
Thomas
gu(H) Crab shells bed height = 25 cm Bed-Depth Service 5207mg/g [182]
o(II) Time 2047 mg/g
Cockle shells E:&ja:;i/;n ITI{)e d height: Thomas
Cd(In (Anadara 18 o & gt Bohart-Adams 14233 mg/g [183]
Granosa) C.o _ 260 mg/L Yoon-Nelson
Cd() Freshwater Fw =9 mL/min; bed height = Thomas 7.86 mg/g [184]

mussel shells

5cm; Cyp=10mg/L
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Table 4. Renewable resource biosorbents for dye removal from synthetic solutions by continuous

biosorption processes.

Organic Chemical

Biosorbent/

Applied Model/Efficiency, [q

Pollutant Experimental Conditions (mg/g) /R%] Ref.
agricultural biomass from the Moroccan response surface methodology
Sahara-prickly pear waste/Fw =2, 4, and bas?d (.)n the B0?<—Behnken
Methylene Blue dye 6 mL/min; bed height = 5, 10, and 15 mm; design; Thomas;Yoon and [146]
Co=40, 80, 120 mg/L Nelson
0 T & q=30.15mg/g
BDST model, proposed by
Basic Violet 10 (BV10) and pine ba}rk-compost/ Fw = 10-30 mL/min; Bohart and Adams; Thomas
Direct Blue 151 (DB151) bed height = 5.1-17.8 cm; model [185]
Cp =50-150 mg/L; 25 °C; pH 3.0 q =112.6 for BV10
q =347 mg/g for DB151
Bed Depth Service Time
agricultural wastes, Citrullus lanatus rind (\Z ];S:l)\}z?g?as’
Crystal violet dye(CV) and Cyperus rotundus/Fw = 10-20 mL/min; B [186]
bed height = 10-30 cm; Co = 1025 mg/L 47 #6:68 and 5424 mg/g for
! CV in case of Citrullus lanatus
rind and Cyperus rotundus
Thomas, Yoone Nelson and
Reactive Orange 84 dye cotton flower agro-residue based activated ?];]gsl:;s}z:\}éjslrsvme Time
carbon (CFAC)/Fw = 15 mL/min; bed ; [187]
(RO84) height = 5 cm; Cy = 200 me /L q =720 mg of RO84 per 4.67 g
€18 om0 & of CFAC adsorbent
(154.175 mg/g)
melon peel/Fw =0.6,0.9 and 1.3 L/h;bed  Bohart and Adams, Clark,
Methylene Blue dye height = 10 cm; Cy = 50 or 25 mg MB/L; Wolborska, Yoon and Nelson [188]
25°C models
R(%)dyes = 60 to 76%
cationic dyes (meldola blue, fertilizer plant waste carbon slurry/ R(%)phenols = 53-58%
methylene blue, chrysoidine Fw = 1.5 mL/min; Cy=acid blue 113-5.0 x = q =217, 211, 104, 126, 233, 248,
G, crystal violet); anionic dyes 10~% M; metanil yellow, 6.0 x 1074Mand 267 mg/g for meldola blue, [189]
(ethyl orange, metanil ethyl orange, 6.0 x 10~* M; adsorbent crystal violet, chrysoidine G,
yellow, acid blue 113) particles of size = 200-250/(50-200) mesh ~ methylene blue, ethyl orange,
metanil yellow, acid blue 113
Fertilizer plant Yvaste carbon slurry/ q=256/72.2/822 and
Fw = 1.5 mL/min; Cy: phenol = 6.0 X
phenol, 2-chlorophenol, 104 M- chlorophenol = 6.0 x 104 M: 197.3 mg/g for
4-chlorophenol and 5 A-di };loro hgnol 1.0 >< 10-3 M: ’ phenol/2-chlorophenol/4- [190]
2,4-dichlorophenol) s phe Lo oy chlorophenol and
adsorbent particles of size = 50 to 200; 2 4-dichlorophenol
bed height = 3.1 cm; mass: 0.5 g . P
cellulose beads and cellulose-graphene q=98.1 and 139.6 mg/g for
Congo red dye nano-platelets beads/batch reactor; Fw = cellulose and cellulose-GNP [191]
0.01-0.04 L/min; bed height = 20 cm; Cy = beads
15mg/L; pH7.0
the Moroccan cypress cone Cupressus
Sempervirens from Fez region Thomas and Yoon-Nelson's
lé/[oer‘ih}ollf{r:i]?gﬁ)(g/[z)s and (Morocco)/Fw = 2 mL/min; mass of q = (79.21-336.82) mg/g-MB [192]
& y biosorbent = 0.3/0.5 /0.7 g; Cg =50 mg/L;  q = (72.12-325.18) mg/g-CR
particles size = 200 um
Adams—Bohart, Thomas
chitosan—glutaraldehyde/ q=343.59mg/g
Direct Blue 71 dye Fw =1-3 mL/min; bed height = 3-12 cm; (Fw =1 mL/min; [193]

Co =15-50 mg/L

Co,Direct Blue 71 = 50 mg /L;
bed height = 3 cm)
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Table 4. Cont.

Organic Chemical

Biosorbent/

Applied Model/Efficiency, [q

Ref.

Pollutant Experimental Conditions (mg/g) /R%]
torrefied rice husk/
fixed-bed adsorption column: Fw =100 and in the fluidized-bed
150 mL/min; adsorption column with biosorption column
20.83 g adsorbent; Co v =6 and 9 mg/L. R =84%;q=6.82mg/q
Methylene Blue dye fluidized-bed bioadsorption column: Fw = in the fixed-bed biosorption (171
0.0026 and 0.0024 m/s; adsorption column  column R =52%; q =
with 25 g adsorbent; Co g = 6 and 276 mg/g
9mg/L.
chitosan beads impregnated with a cationic )
- surfactant Cetyl Trimethyl Ammonium Thomas Adams-Bohart;
Brilliant Black BN dye Bromide/Fw = 0.8 mL/min; bed height = Yoon-Nelson [194]
8 em; Cy = 100 ppm q=680mg/g
cellulose nanocrystal-alginate hydrogel
Methylene Blue dye Fw=4.40 mL/min; bed height =22 cm; Cy q=255.5mg/g [147]
=100, 250, 400 and 550 mg/L.
crab shell chitosan/neem leaf
composite/Fw = 2.17 and 2.90 mL/min; Thomas Adams—Bohart
Methylene Blue dye bed height = 2.5 and 5.0 cm; Cy = 50 and q=77mg/g [195]
200 mg/L
Suncion Red H_R (SRH-R) ~ ¢88shell powder-chitosan gel gﬁf—%? ?ﬁr‘gsr_\iz? aTI;ine
= core-shell/Fw =5, 8 and 11 mL/min; bed p [196]
and Sunzol Blue RS (SB-RS) height =15 cm; Co = 25 and 50 mg /L (BDST)
untreated, hydrochloric acid treated and . .
. . immobilized peanut husk/ Thomas, Bed Depth Service
Drimarine Black CL-B dye Fw = 1.8-5.4 mL/min; bed height = 1.5 to Time (BDST) [197]
3.5 cm; Cy = 50-100 mg /L q=10.3-1523 mg/g
Thomas;Yoon-Nelson;
free and immobilized agricultural waste gxd;gs—]fﬁgait ‘ce Tim.
biomass of Nelumbo nucifera (lotus) in (]:DST?PWolgoniea ¢
Calcium Alginate, Polyvinyl Alcohol, ¢
Congo red (CR) Polysulfone, Sodium Silicate/Fw = q.= 3.236 mg/g (free [148]
1 mL/min; bed height = 2.5 cm; Cq = biosorbent) .
15 mg/L q =2.621 mg/g (Sodium
silicate gel-immobilized
NNLP adsorbent)
banana peels (BP)/Fw =1 and 3 mL/min; 1D a.dvectlon—dlspersmn—.
Methylene Cy = 100 and 200 me/L; masses of sorption model coupled with [198]
Blue (MB) 0= &/ L the Langmuir kinetic model

adsorbent =2.43,4.86,7.29 g

q = (0.19-0.222) kg/kg

As can be seen from Tables 3 and 4, the approaches to the behavior of biosorbents
based on cellulose in continuous flow systems clearly surpass those related to those based
on chitosan. The most targeted heavy metal ion is Cd (II), and Methylene Blue is the model
organic pollutant. Although the variability and the variety of the experimental conditions
in Tables 3 and 4 hinder a direct and accurate comparison between biosorbents, the corre-
sponding results can be regarded as a platform for enhancing present knowledge on the
continuous biosorption of pollutants for environmental remediation by further research.

The practical relevance of renewable resource biosorbents for large-scale applications
in the continuous treatment of wastewater is also strongly conditioned by the degree
to which they are able to preserve their efficiency during multiple cycles of repeated
uses. Unfortunately, the biosorption-desorption studies aiming at biosorbent reusability
assessment for removing heavy metals and organic pollutants are performed rarely and
very rarely, respectively. The scarcity of data on the potential recyclability of the targeted
biosorbents for heavy metal removal could be due to the limited number of column studies,
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among which only around 35% address this issue. The data lack of pollutants of organic
nature can also be explained on the basis of the complexity of the dynamic systems of
biosorption involving organic species, in which some of the interactions between the surface
functional groups of biosorbents and the organic molecules are not yet fully deciphered.
As illustrative examples can be mentioned:

—  Walnut shell functionalized with amino groups [199] and neem sawdust [200] that
could be used for further fixed bed column removal of Cr(VI) even two and three
cycles, respectively;

- Chrysanthenum indicum [201] with an efficiency of Co(II) desorption in continuous flow
systems reduced by 12.3% after four cycles;

- Amino functionalized ramie stalk [202] with unchanged performances of fixed bed
column biosorption of Cu(Il) for five consecutive cycles;

—  Chitosan (with 85% degree of deacetylation of chitin obtained from shrimp (Penaeus
brasiliensis) waste) coated glass beads whose efficiency of Tartrazine and Sunset yellow
dyes dynamic removal decreased from 36.3% in the first cycle to 33.8% after the fourth
cycle [203]

—  Agricultural waste biomass of Nelumbo nucifera immobilized in sodium silicate gel with
the reusability of three cycles for Congo Red dye removal in dynamic systems [148].

For practical applications, the potential of the features of the continuous flow systems
of biosorption pointed out in Tables 1-4 must be validated in competitive conditions by
extensive research on simulated and real wastewaters. Although the very limited number
of lab-scale studies available until now on this issue does not allow us to draw pertinent
conclusions, their results are very encouraging. In the case of heavy metal ions removal
by dynamic biosorption procedures, the most targeted are the real effluents from the elec-
troplating industry. The works related to the biosorptive removal of organic pollutants in
column mode are still in the infancy phase, the most interest being focused on the reme-
diation of simulated wastewater contaminated with dyes [150]. The performances of the
renewable resource biosorbents in the treatment of real wastewater by continuous biosorp-
tion processes are recorded in Table 5. The concentrations of the pollutants in the treated
effluents in Table 5 have been reported as being quite far below the permissible limits.

Table 5. Renewable resource biosorbents for the removal of pollutants from real wastewater in
continuous flow systems.

Targeted Pollutant;
Type of Real Influent Workin Performances of
Biosorbent yP . mng the Fixed Bed Ref.
Wastewater Concentration of Conditions
Process
Pollutant
Cd concentrations
. in the treated
Pristine lentile Effluents from Cd(I); Fw = 2.0 mlL/min; effluents: 0.48
. 7.64 mg/L (effluent A); bed height =10 cm; [203]
husk battery industry 7.78 mg/L (effluent B)  operation time: 6 h mg/L (effluent A)
' & p ' and 0.58 mg/L
(effluent B)
Percentage
Fw =5 mL/min; removal:
Neem sawdust Tannery effluent Cr(VI); 94 mg/L bed height =10 cm;  65.42% (1st cycle); [200]
pH = 2; 3 cycles 63.48% (2 rd cycle);
61.48% (3rd cycle)
_ . Removal efficiency:
3:2:1 combination . Cd(II); 20 mg/L Fw = 1.0 mL/min; >90% for all metals
Semi-simulated bed height = 31 cm;
of tea waste, maple real municipal Cu(II); 20 mg/L He2 from 3227 (Cd), [204]
leaves and vastonn terp Pb(II); 20 mg/L gar icle size = 2617(Cu), 1714 (Pb)
mandarin peel Zn(II); 20 mg/L 425-600 pim and 2019 (Zn) mL

of wastewater
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Table 5. Cont.

Targeted Pollutant;
. Type of Real Influent Working Perfor{nances of
Biosorbent Wastewater Concentration of Conditions the Fixed Bed Ref.
Process
Pollutant
Percentage of
Fw = 20 mL/min; piosorp.tion: 99.9%
Effluents from Pb(II); bed height = 10 cm; in the first 3 h
Lentil husk battery industr 6.22 mg/L (effluent 1); H = 5 operation " (effluent1)and 2 h [205]
y y 6.75 mg/L (effluent 2) b - P (effluent 2),
time: 6 h .
respectively; ~98%
after 6 h
Total effluent
Acid treated Composite effluent . volume: 14..64%0 mL;
Lantana camara from an ’ Cr(VD); Fw = 4’mL /min; removal eff%aency: [206]
fruits electroplating 100 mg/L bed height=4cm  59.2%; maximum
industry bed capacity: 50.05
mg/g
Saturation
percentages:
83.42% (Ni);
Green coconut Wastewater from Ni(II); 2.787 mg/L; Fw =20 mL/min; 71.45% (Zn);
shells electroplating Zn(II); 98.02 mg/L; bed height =10 cm;  56.40% (Cu); [207]
industry Cu(II); 320.4 mg/L pH=5 saturation
volumes: 70
mL(Ni); 90 mL
(Zn); 200 mL (Cu)
Removal efficiency:
-from wastewater
with cyanide:
Wastewater from ) Fw=2.0 mL/min; 91.2%(Cu);
Acid-treated sugar  an electroplating §1.1(H)', 200 mg /L biosorbent mass: 65.5%(Ni); 67%(Zn)
i(II); 14.4 mg/L ) . [208]
cane bagasse factory Zn(Il); 65.5 mg/L 40g; -after cyanide
e pH=126 removal
95.5%(Cu);
96.3%(Ni);
97.1%(Zn)
Total Zn removal:
Chemically o o
modified wood Fw =15 mL/min; ?1\7/[8]3)/0 (MS), 65.7%
sawdjust Electroplating Zn(ID); 70 mg /L biosorbent mass: breakthrough [209]
(Manilkara sp) (MS)  wastewater 30g; 1 - 2063 mL
and sugarcane pH=6 voume: m
bagasse (MB) (MS), 1347 mL
8 (MB);
Efficiency of
removal:
. . Ni(ID); Fw =5 mL/min; 99.85% for a
Ahaﬁ—treated crab Elgctr;)}') lelltl?f? & 109 mg/L (effluent 1) bed height = 25 cm;  volume of effluent [210]
shells MAUSTHA U 50 mg/L (effluent2)  pH =7.48,7.91 1 0f 4.38 L; 99.80%
for 15.15 L of
effluent 2
Concentrations of
Pb and Cd in the
2 consecutive fixed treated effluent <
Jute/Polyacrylic industrial efﬂuent Ph(II); 38.25 mg/L bed columr}s;‘Fw = 0.004 mg/L; '
. rom a melting . 226 mL/min; bed  volume of effluent: [211]
acid hydrogel plant Cd(II); 9.325 mg/L height = 12 mm; DSL;
pH =2.8; 6 cycles breakthrough

volumes: 3.96 L
(Pb), 4.3 L (Cd)
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Table 5. Cont.

Targeted Pollutant; Performances of
Biosorbent Type of Real Influent Working the Fixed Bed Ref
Wastewater Concentration of Conditions Process ’
Pollutant
Efficiency removal:
Fe ions: up to 90%
continuous from which 52.5%
descendent flow; has been identified
. . . Fw =78 mL/min; asFeSO,4
Shrimp shell waste goa.l acid mine Fe rons (83.24 mg/L) bed height = 34.5 Mn ions: 88% with [212]
rainage water Mn ions (14.70 mg/L) cm; pH = 3.49; 55.8% for Mn(Il)
operating time: Biosorption
~180 min capacity: 17.43
mg/g (Fe), 3.87
mg/g (Mn)
Percentage
removal:
. . . . 23.95%(Ni),
Industrial paint Ni(Il) (5.3747 mg/g) Fw =5 mL/min; o ’
Kola nut pod effluent P Cu(II) (35.6636 rig% g)  bed height =10 cm 93.9%(Cw); . [213]
column capacity:
12.841 mg/L
(Ni),6.1 mg/g (Cu)
% Saturation:
50.1% (Cu), 50.1%
. Cu(Il) (61.16 mg/g) Fw =3 mL/min; (Ni); Zn (64.7%);
g:‘“’::; peduncle EZﬁ;ﬁrplﬁ‘fw . Ni() (3.97 mg/g) bed height = 12 cm;  breakthrough [214]
& y Zn(Il) (47.70 mg/g) pH=5 volume: 10 mL
(Cu), 10 mL (Ni),
170 mL (Zn)
In fixed-bed free NNLP: R% =
free and sodium column was used 76.25%;q =8
Ticat free and sodium mg/g; Ve =
St ic.a ¢ biliged silicate 0.18L;tg=3h;t, =
ger_ilcillr& Orall ;iiste industrial CR Congo red (CR) gel-immobilized 0.375h [148]
b?omass of dye effluents & NNLP adsorbents.  immobilized NNLP:
Nelumb . Fw =1 mL/min; R%=62.18%; q =
elumbo nucifera bed height = 584 mg/g;
(lotus)-NNLP & &/ &
2.5 cm; Ve =0.135L; tg =

Co,dye =215 mg/L;

225h;t, =02h

6. Conclusions and Future Prospects

Renewable resource biosorbents possess good potential waiting to be valorized for
the development of wastewater treatment technologies based on continuous biosorption
processes. The restricted number of studies available until now that have been reviewed
in the present work are carried out at a laboratory scale on fixed bed column systems and
synthetic aqueous solutions of heavy metal ions and dyes. The addressed issues are related
to the influence of the main operational parameters (initial concentration of pollutant, flow
rate, and bed height), characterization of the dynamic systems of biosorption by means of
breakthrough parameters, and modeling of breakthrough curves. Very little attention is
paid to the aspects targeting the recyclability of biosorbents in continuous flow systems
and their behavior in real industrial conditions. Therefore, extensive and in-depth research
on this topic is imperatively necessary, especially in the following directions:

- Expanding and diversification of biosorbents, pollutants, and column biosorption
procedures to be tested;

—  The exploitation of the already obtained results on synthetic aqueous solutions to find
the most suitable biosorbents for the treatment of real effluents in dynamic conditions;
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—  The transition from lab-scale studies to pilot- and full-scale studies;
—  Assessment of the sustainability of the continuous flow systems of biosorption.
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