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Abstract

Adsorption is a promising technology for removing several contaminants from aqueous matrices. In the last years, researchers
worldwide have been working on developing composite adsorbents to overcome some limitations and drawbacks of conven-
tional adsorbent materials, which depend on various factors, including the characteristics of the adsorbents. Therefore, it is
essential to characterize the composite adsorbents to describe their properties and structure and elucidate the mechanisms,
behavior, and phenomenons during the adsorption process. In this sense, this work aimed to review the main methods used
for composite adsorbent characterization, providing valuable information on the importance of these techniques in develop-
ing new adsorbents. In this paper, we reviewed the following methods: X-Ray diffraction (XRD); spectroscopy; scanning
electron microscopy (SEM); N, adsorption/desorption isotherms (BET and BJH methods); thermogravimetry (TGA); point
of zero charge (pHp,); elemental analysis; proximate analysis; swelling and water retention capacities; desorption and reuse.
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Introduction

Emerging contaminants (ECs) can be classified as pharma-
ceuticals, personal care products (PPCPs), pesticides, some
dyes, and plasticizers, among others, and have drawn the
attention of the scientific community in recent years due to
their wide detection in aqueous matrices worldwide (Dotto
and McKay 2020; Nguyen et al. 2020). The presence of ECs
in water resources can occur through industrial processes,
hospitals, effluent treatment plants, excretion through urine
and feces of humans and animals, and incorrect disposal in
bathroom sinks or as solid waste (Sousa et al. 2018).

These contaminants have been detected in wastewater
(Guillossou et al. 2021), surface water (Rivera-Jaimes et al.
2018), and even drinking water (Ebele et al. 2020), generally
in ng pg L™! concentrations. It is noteworthy that the effects
of ECs on living beings are still not well understood. How-
ever, studies show toxic potential, oxidative stress, reduced
growth of cyanobacteria, reduced growth, and reproduction
of mosquitoes (Nieto et al. 2017; Fatma et al. 2020; Streit
et al. 2021), and reduced or stimulated locomotor activity in
zebrafish (Ladu et al. 2015; Tran et al. 2017).


http://orcid.org/0000-0002-4413-8138
http://crossmark.crossref.org/dialog/?doi=10.1007/s11356-022-23883-z&domain=pdf

Environmental Science and Pollution Research (2022) 29:88488-88506

88489

The use of adequate techniques to remove these contami-
nants from aqueous matrices is a current demand and can
directly contribute to scientific, technological, environmen-
tal, and public health development. Adsorption has stood
out for this purpose compared to conventional methods
(Karimi-Maleh et al. 2021). However, the adsorption effi-
ciency is directly related to the material used, which must
have desirable characteristics, such as easy acquisition,
low cost, chemical, mechanical and thermal stability, good
adsorption capacity, fast adsorption kinetics, high selectivity,
good physicochemical characteristics, and texture, in addi-
tion to the possibility of reuse or regeneration (Dotto and
McKay 2020; Rodrigues 2020). Thus, the addition of other
compounds to the matrix of a base material results in obtain-
ing the known as “composite adsorbents,” which have gained
prominence in the scientific community due to the appeal of
cost reduction and increased adsorption efficiency, aiming at
the possibility of replacing conventional activated carbon,
expanding the possibilities of applications (Zhou et al. 2019;
Rigueto et al. 2021a).

Regarding the specific characteristics of the adsorbent,
the addition of certain compounds can be carried out for
several purposes, including increasing the surface area and
activating or binding sites, which play a vital role in the
adsorption of organic and inorganic contaminants (Manyan-
gadze et al. 2020; Yaah et al. 2021). Furthermore, it is pos-
sible to use hydrothermal and mechanically stable materials
in environments with higher temperatures, also enabling the
potential for specific cooling of the system (Askalany et al.
2017; Rigueto et al. 2021b) and adequate porosity, taking
into account the adsorbates of interest (Manyangadze et al.
2020).

Therefore, it is essential to characterize composite adsor-
bents during all the stages of production and after their
application to prove whether the addition of one or more
compounds in the developed material was achieved or not.
In this context, the present work aims to review the main
techniques utilized to characterize composite adsorbents,
addressing the principles and importance of these analyses
and compiling promising results reported in recent studies.

Main techniques used for composite
adsorbents characterization

X-ray diffraction

X-ray diffraction (XRD) is a non-destructive technique,
considered a powerful analytical tool, commonly applied
to determine atomic spacing, chemical composition, and
crystal structure of different materials, including compos-
ite adsorbents (Bunaciu et al. 2015; Kohli and Mittal 2019;
Sharma et al. 2019; Zhang et al. 2019b). X-ray wavelengths

are of the same magnitude order as the interatomic spacing
of crystalline solids (Kaliva and Vamvakaki 2020). Thus,
XRD can show the material nature, classifying it as crystal-
line or amorphous (Vishwakarma and Uthaman 2020).

XRD is based on the diffraction phenomenon, which
results from the radiation scattered by a regular set of dif-
fusion centers, whose spacing is of the same magnitude
order as the radiation wavelength. Atoms are the scattering
centers for X-rays, and scattering occurs from the interac-
tion of an electromagnetic radiation photon with an orbital
electron in the atom (Bunaciu et al. 2015).

XRD demonstrates the crystal structure of crystalline/
semi-crystalline materials from X-ray scattering, which
generates defined diffraction patterns capable of quali-
tatively illustrating the atomic arrangements within the
crystal lattice (Rajeswari et al. 2020). XRD is based on
Bragg’s law (Eq. 1), where an investigated material is sub-
mitted to X-rays for a detector’s further interpretation of
XRD peaks (Kohli and Mittal 2019; Patel and Parsania
2018). This law is satisfied when the interaction of the
incident rays with the sample produces constructive inter-
ference and a diffracted ray (Bunaciu et al. 2015).

nA = 2dsin (n

where n: integer; A: X-rays wavelength (A); d: interplanar
spacing generating the diffraction; @: diffraction angle.

According to Bragg’s law, the pathway difference between
adjacent X-ray beams is some integer (n) of radiation wave-
lengths (1). Furthermore, d is the spacing between adjacent
crystal planes, 0 is the scattering angle (known as Bragg’s
angle), and 26 is the experimentally measured diffraction
angle (Bunaciu et al. 2015). Therefore, the interlayer spac-
ing of the investigated materials can be determined using
Bragg’s law from the given 26 values (Ashiq et al. 2019).
This law relates the wavelength of electromagnetic radiation
to the diffraction angle and the lattice spacing in a crystalline
sample, then diffracted X-rays are detected, processed, and
counted (Bunaciu et al. 2015).

The interpretation of XRD patterns is commonly per-
formed by analyzing the intensity (y-axis of a plot; unit:
a.u.) of reflection peaks at 26 (x-axis of a plot; unit:
degree) generated from the diffractometer. The degrees
obtained from the peaks corresponding to orientation
planes show the material’s crystalline structure. Authors
usually compare the differences between original materials
and the proposed composite in the composite adsorbents
production context. Based on the reflection peaks, it is
possible to identify the main components of the material.
Ngwenya et al. (2019) report that a peak around 260 =20°
is a typical diffraction peak of amorphous materials.

Conversion of these diffraction peaks allows compound
identification since each has a set of unique d-spacings.
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This identification is generally realized by comparing
d-spacings with standard reference patterns (Bunaciu
et al. 2015). XRD can show a lot of material parameters,
such as structures, phases, preferred crystal orientations,
average grain size, crystallinity, strain, and crystal defects
(Kohli and Mittal 2019). Sample preparation can be criti-
cal for XRD analysis, but it depends on the material, XRD
equipment, and desired results (Bish and Reynolds 1989).
Monocrystalline, polycrystalline, or powder materials
(randomly oriented fine particles) can be analyzed using
X-ray diffraction (Kohli and Mittal 2019).

XRD presents several advantages such as (1) it is a non-
destructive and fast technique with easy sample prepara-
tion;( 2) it presents high accuracy for d-spacing determina-
tions; (3) it can be done in situ; (4) allows characterizing
single crystal, poly, and amorphous materials; (5) thousands
of materials have standards available for comparison and
identification (Bunaciu et al. 2015; Kohli and Mittal 2019).
In addition, XRD is useful in determining the crystallinity
degree (Eq. 2), which considers the crystalline and amor-
phous contents in the analyzed sample (Patel and Parsania
2018).

I

X = < 100
C L +1 @

a c

where X: crystallinity degree; I.: crystalline intensity; /,:
amorphous intensity.

XRD technique presents several potential uses, such as
forensic science, geological applications, corrosion analy-
sis, microelectronics, glass, and the pharmaceutical industry
(Ahmadian et al. 2020). In addition, XRD is commonly used
for composite adsorbents characterization to show the mate-
rial’s structure at an intermolecular level (Ahmadian et al.
2020; Rigueto et al. 2021c). The greater the crystallinity of
the adsorbent, the greater its physical resistance; however,
its water retention capacity tends to decrease.

By adding zeolite into chitosan, Oshagbemia et al. (2020)
verified an increase in chitosan crystallinity, which resulted
in higher thermal stability, but decreased flexibility. Wang
et al. (2019) studied different Si/Mg ratios. They found that
at a molar ratio of 2:1 and a pH of 12, palygorskite and its
associated minerals were restructured, generating material
with better adsorptive properties for removing antibiotics
and dyes.

XRD can be used to analyze materials’ mineral phase
transformation and suggest whether the materials were syn-
thesized during the composite adsorbents production (Kim
et al. 2020). Furthermore, XRD can indicate the adsorbents’
recyclability potential when applied to verify if the material
structure has changed after its recovery (Ahmadian et al.
2020). Besides the crystallinity of the composite adsorbents,
XRD is also capable to shows or indicating (1) the main
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components of several materials; (2) adsorptive affinity;
(3) immobilization of acids in the composites; (4) chemical
interactions between the materials; (5) ions oxidation; (6)
crystal structure modification of composites, among others
(Chen et al. 2020; Edathil et al. 2020; Faraj et al. 2020;
Jawad et al. 2020; Soliman et al. 2020; Zhang et al. 2020;
Zhou et al. 2020).

Through XRD, Arumugam et al. (2019) indicated that
intermolecular forces of attraction strongly bound the coir
pith-activated carbon and chitosan. XRD analysis results are
commonly compared with other characterization methods,
especially scanning electron microscopy (SEM), energy dis-
persive X-ray (EDX), and Fourier Transform Infrared Spec-
troscopy (FTIR), to support and more clearly understand
the material’s structure and composition (Song et al. 2019;
Wang et al. 2020).

The crystal structure of various materials can be modified
by increasing the temperature (Zhang et al. 2019a). Ashiq
et al. (2019) observed that when municipal solid waste was
heated to a temperature > 450 °C, the composite derived
from this waste and biochar showed amorphous character-
istics. During the studies of composite adsorbent production,
Chen et al. (2020) and Wang et al. (2019) verified that at
300 °C and 180 °C, respectively, the crystalline structure of
their materials was not significantly altered.

Therefore, XRD is an indispensable technique for produc-
ing and characterizing composite adsorbents. In addition to
proving the presence of compounds by analyzing the mate-
rial crystalline structure, XRD is commonly related to other
characterization methods to better understand the properties,
behavior in adsorption processes, and potential applications
of the new composites.

Spectroscopy

Spectroscopy assesses the interaction between the molecule
and electromagnetic radiation, in which these radiations
are generated by an oscillation of the electrical charge and
magnetic field of each atom (Yadav 2005). Electromagnetic
radiation can be visible, ultraviolet, infrared, X-ray, micro-
wave, and others (Pavia et al. 2009). Thus, spectrophotomet-
ric measurements depend on the properties of each material,
and these can be through total reflectance, transmittance,
absorbance, emittance, scattering, and fluorescence (Germer
et al. 2014; Silva et al. 2020).

There are different spectroscopy techniques in this
context: atomic absorption, nuclear magnetic resonance,
atomic emission, molecular electronics, vibrational, and
mass (Mendham et al. 2000). Regarding the application
of spectroscopy techniques in the analysis of adsorbent
materials, these are used to identify the composition of
materials and understand structural change and produc-
tion and bioproduction processes (Spiridon et al. 2011;
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Villar et al. 2012; Kowalczuk and Pitucha 2019). One of
the spectroscopy methods commonly reported in the stud-
ies of adsorbent materials is Fourier transform infrared
spectroscopy (ftir).

FTIR is a vibrational spectroscopy technique using energy
in the infrared range, specifically in the region between 4000
and 400 cm™. This value is expressed in wavenumber, in
which a dipole moment must occur during the molecular
vibration to absorb the incident radiation. Thus these vibra-
tions appear in the infrared spectrum (Mendham et al. 2000;
Pavia et al. 2009). This method is used to identify pure sub-
stances, impurities, and composition of different materials,
having different applications, being these in the pharmaceu-
tical, medicinal, polymeric, food, environmental, and also
in the control of counterfeit materials (Nabers et al. 2015;
Malek et al. 2019; Poiana et al. 2015).

FTIR consists of an incoming infrared light beam divided
into two individual beams from an optical beam splitter.
Both will have a difference in the optical path given by a
fixed and a mobile mirror, with a subsequent combination of
these again using an optical combiner, generating interfer-
ence (Stuart 2004; De Leon et al. 2014; Valand et al. 2020).
Standard infrared detectors can measure this interference
signal, obtaining an optical path difference function, also
known as Michelson interferogram, with the unit in cen-
timeters (Stuart 2004). The original spectrum of the inter-
ferogram is obtained by converting it by employing a fast
Fourier transform (FTT), obtaining its unit in cm~!, also
known as wave number (Gauglitz and Vo-Dihn 2003; Haas
and Mizaikoff 2016).

The radiation sources used in infrared spectrophotometers
can be from Nichrome filament, filaments with zirconium
oxides, thorium, and cerium bonded by a binder (Nernst
Source) and from a silicon carbide cylinder (Globar Source);
both devices are heated to 1200-2000 °C, which emits infra-
red radiation (Mendham et al. 2000). In this equipment, due
to the high absorption of infrared radiation by glass and
quartz, the sample cells and diffraction grating must be made
from inorganic salts, such as sodium chloride or potassium
bromide (Mendham et al. 2000). In the case of liquid materi-
als that can evaporate, closed cells are used, and when the
solvent used is water, the cell preparation must be calcium
or barium fluoride (Pavia et al. 2009).

The spectra obtained in FTIR allow identifying func-
tional groups, types of bonds, and molecular conforma-
tions; however, the technique has the peculiarity of using
non-aqueous samples due to the strong water absorption
bands, making it used for organic compounds (Mendham
et al. 2000). The method is considered qualitative, but it
can also be semi-quantitative, which allows direct meas-
urements of adsorbed compounds from a standard calibra-
tion curve of known concentrations; it is often used when
it is not possible to quantify compounds that do not absorb

in the UV/visible region or need costly analytical proce-
dures (Morhardt et al. 2014; Rytwo et al. 2015).

The main techniques derived from FTIR are Fourier
transform infrared-attenuated total reflectance (FTIR-
ATR), Fourier transform infrared photoacoustic spectros-
copy (FTIR-PAS), Fourier transform infrared image spec-
troscopy (coupled optical microscope), Fourier transform
infrared microspectroscopy and Fourier transform infrared
nano spectroscopy, with emphasis on the latter, mainly in
the biomedical area of materials science (Amenabar et al.
2017).

FTIR has been used to characterize the material com-
position and assess whether there have been changes after
physical and chemical treatments or the formation of com-
posite materials, comparing the surface spectra of treated
and untreated materials (Kowalczuk and Pitucha 2019).
The purpose of transforming materials is to improve ther-
mal, mechanical, chemical, and regeneration properties
so that the new material is viable in terms of costs and
sustainability (Dotto and McKay 2020).

Rigueto et al. (2021b) used FTIR to evaluate the struc-
ture of commercial gelatin granules recovered from tan-
nery waste. They observed no changes in the amide bands
between the two types of gelatin studied, suggesting
similar structures. Therefore, there was no degradation of
proteins in the gelatin extraction process. Other studies
applied FTIR to assess whether all parts were incorporated
into a composite. For example, Zhao et al. (2019) pro-
duced modified cellulose hydrogels (MCC) with acryla-
mide (AM) and acrylic acid (AA) and verified an introduc-
tion of AA and AM in the MCC composite based on the
spectra with and without the addition of the AA and AM
components, comparing the clusters of each.

Another technique in composite adsorbents is the
visualization of functional groups that may have favored
adsorption, comparing the spectra of materials before and
after adsorption. For example, Jawad et al. (2020) obtained
a similar situation when comparing the spectra of modi-
fied chitosan material (CHS) with a covalent crosslinker
(epichloridine, ECH) and zeolite (ZN) before and after
adsorption of the dyes methylene blue and reactive red
120. In the spectra, Si—-O, —-OH, -NH2, CO, and CH sym-
metrical and asymmetrical stretching vibrations and NH,
Al-0O-Si, and Si—O-Si flexural vibrations, besides COC
and CO stretching vibrations, which indicate the reaction
between the hydroxyl groups of CHS with ECH, form-
ing covalent bonds, using the opening of the ECH epox-
ide ring and the release of a chlorine atom. Furthermore,
hydrogen bonds were evidenced in the chemical interac-
tion between ZL and CHS. Thus, the compared spectra
present a similar profile, with minimal displacements of
some bands, showing that several functional groups helped
in dye adsorption.
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Scanning electron microscopy

Scanning electron microscopy (SEM) is a fundamental
instrumental analysis for scientific research, as it allows
knowing the surface morphology of materials and their
chemical composition (Zhou et al. 2007). However, SEM
can not be considered a non-destructive analytical technique,
as in some cases, it can alter important or non-important
characteristics of the sample (Inkson 2016).

The SEM image is formed by capturing the signals pro-
duced by the electron beam applied to the sample. When
electrons are applied to the sample, they reach its surface
and penetrate, producing a band of primary excitation. Their
size depends on the energy of the electron beam and the den-
sity of atoms on the surface. The volume and depth of elec-
tron penetration increase with increasing beam energy and
decrease with an increasing atomic number of the material.
A high acceleration voltage will result in deeper penetration,
leading to a loss of surface information (Zhou et al. 2007).

By focusing a beam of primary electrons on the sample,
secondary electrons and backscattered electrons are pro-
duced (Inkson 2016). Secondary electrons interact with the
sample by scanning its surface with an energy between 3 and
5 eV and are attracted to a detector (Zhou et al. 2007). The
detector signal is synchronized with the beam in the sample,
and the signal intensity is used to modulate the image pixel
(Inkson 2016). The backscattered electrons have an energy
of 50 eV and allow the formation of a surface relief contrast
and a contrast concerning the atomic number of the materi-
al’s chemical elements. This trend is because these electrons
retain about 60 to 80% of their initial energy. Therefore, the
nucleus has more positive charges when interacting with
elements with higher atomic numbers, causing the backscat-
tered signal to increase (Vernon-Parry 2000).

For samples of non-conductive composites or poor energy
conductors, a coating usually made of carbon, gold, or plati-
num is required, as the electrostatic charge occurs due to a
difference in the current of primary electrons from nega-
tive charges and the output of secondary and backscattered
electrons (Inkson 2016). In addition, the resolution limit of
SEM is defined by the wavelength of the source’s illumina-
tion because when exceeding the resolution limit, a blurred
image is obtained (Zhou et al. 2007).

The information produced by SEM images verifies the
composite surface for composite adsorbents, indicating the
material’s porosity. Still, it is inappropriate that only this
technique is used to reach this conclusion. BET isotherm
analysis, methylene blue number, and iodine number
can be used to confirm SEM observations. For example,
De Rossi et al. (2020) verified that their composite pre-
sented a surface with spheroid morphology and deformi-
ties. Furthermore, it was possible to observe a difference
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concerning pure yeast, which has a smooth surface. The
authors concluded that the material was porous, supported
by the methylene blue number analysis.

By comparing chitosan and alginate composites with
and without activated charcoal from leather residues,
Melara et al. (2021) found that the addition of activated
charcoal made the surface of the composites rougher. The
rougher surface gives the material irregularities that can
be more favorable to the diffusion of the contaminant
through the adsorbent particle. This information was con-
firmed by the specific surface area analysis of BET and the
adsorption capacity of the composites. Thus, the authors
concluded that the composite with a rougher surface had
a greater surface area and adsorption capacity. Besides,
Yang et al. (2021) demonstrated an improvement in the
mechanical properties of cellulose and chitosan hydrogel
by observing a thicker structure through SEM.

There are variations of scanning electron microscopes,
which allow many extra functions working on the same
principle as secondary and backscattered electrons. One
such variation is field-emission scanning electron micros-
copy (FESEM), which results in high-resolution images
(Gao et al. 2019; Liitke et al. 2020). Another technique is
to couple an energy dispersive spectrometer (SEM—-EDS)
to SEM, which allows for identifying and quantifying
the elements of the periodic table (except for H, He, and
Li) present on the surface of a composite (Newbury and
Ritchie 2013).

Both variations are useful for the characterization of
composite adsorbents. They allow us to prove the presence
of the material’s components and quantify them, which
is important to further understand the adsorption mecha-
nisms. Wang et al. (2015) used SEM-EDS to character-
ize iron oxide biochar from biomass and hematite. They
observed that hematite particles were welded to the coal’s
surface and could map the presence of carbon, oxygen,
and iron in the composite. Likewise, Khan et al. (2016)
confirmed by SEM-EDS the presence of copper, oxygen,
and carbon in chitosan/copper oxide composite spheres on
the sample surface.

The limitation of SEM analysis is the use of a vacuum
environment, which allows the analysis of solid samples
that need to be coated with gold or carbon if they are not
good conductors. Still, it allows the surface of materials
to be characterized with a high resolution, allowing physi-
cal characteristics such as fractures, particle size, coating
thickness, and chemical characteristics to be determined
using EDS. Therefore, SEM has become an indispensable
analysis for the characterization of adsorbents, allowing
the surface to be known and its results to be integrated
with other analyses to determine the potential or limita-
tions of new adsorbents.
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N, adsorption—desorption isotherms (BET and BJH
methods)

Gas adsorption is an important technique for the characteri-
zation of porous materials. BET is the technique proposed
by Brunauer et al. (1938), which is based on the adsorption
of N, in its liquid state at 77 K, where physical forces adsorb
the gas on the adsorbent particles. N, adsorbed in different
pressure ranges causes a change in the output composition
registered by a detector. As the sample is heated, the nitro-
gen is desorbed. Then peak areas representing the desorbed
mass can be observed (Bardestani et al. 2019), making it
possible to quantify the surface area of the adsorbent and
pore size distribution (Sing 2001) without destroying the
sample (Sing 1985).

Adsorption of gas under high pressure can form adsorbed
multimolecular layers. For example, non-polar molecules
adsorbed on the surface of an adsorbent induce dipoles in
the first layer, which induce a dipole in the next layer, and so
on. However, the adsorption from the second layer is practi-
cally insignificant. Therefore, the molecules interact verti-
cally (Brunauer et al. 1938).

BET theory suggests that adsorption occurs on a uni-
form surface and that the sites have the same adsorption
energy. At low pressures (p/p, 0.0-0.2), adsorption occurs
on the external surface of the adsorbent particle and on the
micropores, which are more energetic locations. With the
increase in pressure (p/p, 0.4-0.95), the formation of the
second and third adsorption layers occurs, with condensation
occurring in the mesopores and (p/p,> 0.95) in the macropo-
res (Bergaya and Lagaly 2013). As the pressure increases,
the probability of a molecule being adsorbed to an already
adsorbed molecule increases. Because of this, the second
layer starts its formation before completing the first one.
Therefore, layers are not limited (Rouquerol et al. 2007;
Lowell and Shields 2013).

The BET theory is applied to quantify gas adsorption.
This theory indicates that the adsorption energy is inde-
pendent of the adsorption sites and that the adsorbate mol-
ecules interact only vertically (Bardestani et al. 2019). The
linearized application of the BET equation is represented
in Eq. 3.

P _ 1

_ 1, (C-1p
ni(p—p) mC

nfncpo (3)

where n“ is the amount adsorbed at the relative pressure p/
p’, n“ is the adsorption capacity in the monolayer, and C is
exponentially related to the adsorption enthalpy in the first
layer (Sing 1985).

By plotting the graph of BET p/n,(p,—p) on the y-axis and
p on the x-axis, a straight line is obtained, and by determin-
ing the slope and intercept of the graph, the amount of N,

adsorbed can be determined (Sing 1985; Naderi 2015). If
we have the capacity of the monolayer, then it is possible
to determine the surface area of the adsorbent; being neces-
sary to know the average area ofthe molecular cross-section
occupied by the adsorbate molecule (for N, at 77 K=0.162
nm?) (Sing 1985). The total and specific surface area can be
calculated according to Egs. 4 and 5.

A, =n La, 4)

AS
a; = — &)
m

where A, the total surface area, a, the specific surface
area, m adsorbent mass, and L the Avogadro constant
(6.022 % 10?* mol™!) (Sing 1985).

This determination results in isotherm plots, which can
be of different formats depending on the adsorbate-adsor-
bent and adsorbate—adsorbate interactions. The isotherm
line to calculate the surface area should not occur subjec-
tively, which may lead to misinterpretation (Rouquerol et al.
2007). Brunauer et al. (1938) suggested that the relative
pressure range of 0.05 to 0.35 be used. However, accord-
ing to Rouquerol et al. (2007), each adsorbent may present
a range considered adequate due to characteristics such as
microporosity. Thus, two assumptions are useful to select
the appropriate linear portion to determine the surface area:
the selected line must have a positive intercept on the p—p0
axis, thus considering only positive C values, and the term
Dp—po must increase along with p/p,,. If this does not occur,
the selected pressure range must be reduced.

Adsorbents are porous. The pores of an adsorbent can
be classified according to their diameter, macropores
(d>50 nm), mesopores (d: 50 to 2 nm), and micropores
(d <2 nm) (Sing 1985). Studies to verify the size of pores
and the distribution of these sizes use the Kelvin equation,
which relates the vapor pressure of a surface, such as a liq-
uid in a capillary or pore, to the equilibrium pressure of this
same liquid in a flat surface (Lowell and Shields 2013). The
best-known theory is BJH (Barrett et al. 1951) which calcu-
lates the change in the thickness of the adsorbed layers by
decreasing the relative pressure in desorption. By decreas-
ing the pressure, gas desorption occurs in the larger pores
with capillary condensation and reduces the thickness of
the adsorbed multilayers (Bardestani et al. 2019). The com-
monly used form of the Kelvin equation for determining
pore size is represented in Eq. 6.

P 20Vy

Inin— =
"y T RT ©)

where P/P, is the relative pressure in equilibrium with a
meniscus, o: is the surface tension of adsorbate in liquid
form, V,, is the molar volume of the liquid, R is the universal
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constant of ideal gases (8314 ] mol™' K1), ris the radius of
the meniscus formed in the mesopore, and 7T is the tempera-
ture (Bardestani et al. 2019).

The BJH method assumes that the pores have a cylindri-
cal shape and that the adsorbed amount involves adsorp-
tion on the pore surface and capillary condensation of
the mesopores (Bardestani et al. 2019). This behavior is
because a phenomenon in the N, adsorption isotherm can
complicate the interpretation of pore size, called hystere-
sis. Hysteresis indicates that the gas is desorbed at a lower
relative pressure than adsorbed (Lowell and Shields 2013).

Another important piece of information provided by the
N, adsorption isotherm is the total pore volume. At satu-
ration (p/p,=1), the pores are filled with saturated vapor
pressure. Therefore, a relative pressure above the hyster-
esis closure should calculate the total pore volume, usually
the closest to p/p,=1, to include the largest pores in the
analysis (Lowell and Shields 2013). Surface area and pore
distribution play a fundamental role in the adsorption pro-
cess. Table 1 shows specific surface area data, mean pore
size distribution, and pore volume from recent works that

Table 1 BET and BJH studies of composite adsorbents

synthesize composite adsorbents and characterize them
using BET and BJH methods.

BET and BJH methods can be used to characterize
organic and inorganic composite adsorbents (Table 1). Most
of the works reported in Table 1 synthesized mesoporous
composites. For example, Isik et al. (2021) observed an
increase in the surface area from the first to the second
composite, resulting in a greater extension of the adsor-
bent-adsorbent interactions, which improved the adsorption
capacity. Besides, Melara et al. (2021) observed that a higher
concentration of activated carbon (30%) increased the spe-
cific surface area and adsorption capacity of the composite.
The improvement in the adsorption capacity occurred due
to the greater number of active adsorption sites provided by
activated carbon. In addition, the increase in the surface area
reduced the steric hindrance in the active sites of chitosan,
leaving them free to adsorb the pollutant molecules.

Thermogravimetry

Thermogravimetric analysis (TGA) is an experimental
method in which the mass of a given sample is measured

Composite Specific sur- Average Pore volume (cm®g™") Adsorbate Reference
face area (m>  pore size
gh (nm)

Alginate-diatomite com- 63.44 24.60 1.343 Palladium chloride (Rasoulzadeh et al. 2021)
posite

Chitosan-bone powder; 131.5; 144.9 4.64;7.49 0.154;0.271 Radioactive cesium ion (Isik et al. 2021)
chitosan-bone powder-iron (Cs-137)
oxide

Sodium alginate—flax seed  45.01 3.94 0.054 Methylene blue (Isik and Ugraskan 2021)
ash beads

Magnetic composite iron/ 21.04 4.02 0.021 Acid Red-1 and Crystal (Sanad et al. 2021)
bentonite Violet-3

Chitosan/zero-valent iron 86.92 1.85 0.1623 Organophosphorus Diazinon (Farhadi et al. 2021)
nanoparticle

Thia-crown ether 820.4 9.36 1.24 Au’* jons from electronic (Fissaha et al. 2020)
mesoporous silica waste leachate

Magnesium oxide—graphene 55.8 7.8-30 0.62 Indigo carmine, orange G,  (Nagpal and Kakkar 2020)
oxide composite methylene blue, rhoda-

mine B, Congo red and
methyl orange
Ball clay—manganese diox- 11.53 1.56 0.051 Malachite green and acid (Thirumoorthy and Krishna

ide nanocomposite

Carbon-alumina aerogel 762.97 2-12.17 0.59

Graphene foam with 34.01 8.07 0.0994
B-MnO, nanoparticles

Activated carbon from Luffa 138 3.23 0.1117
cylindrica doped chitosan

Metalorganic MIL-53 1281 1.24 0.63

composite with graphene
nano-plates

blue 25

Benzene

2020)
(Rastegar et al. 2019)

Strontium-90 (Kasap et al. 2019)

Lead (II) (Gedam and Dongre 2016)

CO, (Pourebrahimi et al. 2015)
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as a function of temperature or time and thus subjected to a
temperature and controlled atmosphere program, in which,
through adjustments to these conditions, it is possible to
get different information about the sample (Wagner 2018;
Saadatkhah et al. 2019). The basics of the analysis consist
of a sample inserted into a “sample plate” stored in a sample
holder, in which its mass is measured by a thermobalance,
having its temperature defined according to a temperature
program, and measured with thermocouples in contact with
the sample, this heating is caused by an electric oven (De
Blasio 2019).

This analysis results in a graphic curve, the TGA, in
which the mass as a function of temperature or time is plot-
ted (Wagner 2018). Another additive analysis is the first
derivative of this TGA curve, named as differential thermo-
gravimetric curve (DTG), which aims to obtain the rate of
mass change (De Blasio 2019). The mass variation during
the TGA analysis can be positive or negative, producing
steps in the TGA curve or peaks in the DTG. When this mass
variation is positive, it is a function of adsorption, oxidation,
and reduction. When negative, it concerns desorption, ther-
mal decomposition, combustion, vaporization, and sublima-
tion phenomena (Bottom 2008).

Measurements in the TGA method can be influenced by
some parameters, such as heating rate, atmosphere, sample
preparation, crucible choice, instrumental effects (buoyancy
and gas flow), change in physical properties during meas-
urement (emissivity and volume), and “spit” or move effect
(Bottom 2008). Temperature programs can be dynamic
(constant heating rate), isothermal (constant temperature),
and non-linear rate (controlled by the sample). The atmos-
phere can be chosen and varied during the measurement,
possibly having reactive, inert, and oxidizing atmospheres
(Vyazovkin et al. 2011).

Sample preparation is essential, requiring a representative
sample quantity, sufficient for the method’s accuracy, altered
as little as possible, and without contamination. Another
essential analysis is regarding the morphology and mass of
the sample due to its influence on the rate of diffusion and
heat transfer (De Blasio 2019). Concerning the crucibles,
they must be made of a material (alumina, platinum, and
aluminum) that does not influence the reaction of the sam-
ple, and, regarding the procedure, they must be sealed and
drilled immediately before the start of the measurement, so
that they are “open” to the atmosphere (Bottom 2008).

The main part of the TGA analysis is the thermobalance,
which has three sample loading configurations: horizontal,
suspended, and upper (Saadatkhah et al. 2019). The differ-
ence between the three is related to the position of the sam-
ple holder, being horizontally at the end of the arm and with-
out adding weight. In contrast, the arm must be rigid at the
top, and the weight to keep it vertical and suspended is under
the scale, being less rigid and without weight compensation

(Prime et al. 2009). Another constructive requirement of
the method is insulation between the balance and the oven,
using purge gas to protect the balance to avoid the effect of
heat radiation and corrosive decomposition products (Wag-
ner 2018).

This technique is widely used to evaluate properties of
interest in different samples, the main ones being thermal
and oxidative stability, decomposition kinetics, composi-
tion in case of multi-components, stoichiometry and degree
of reaction conversion, product life, and moisture content,
and volatile (Mahboub et al. 2018). Regarding applying this
technique for the analysis of adsorbent materials, it is to
predict the thermal stability of this material and composite
materials to predict whether there has been an improvement
in thermal properties (Osayi et al. 2014). Thus, some studies
involving composite adsorbents are presented in Table 2.

TGA analyses involving adsorbent materials indicate the
thermal behavior of a material, showing its thermal stability
and degradation temperature, as well as possible information
on the effect of weight loss and gain at certain stages of deg-
radation (Table 2). Starting, Wu et al. (2019) compared the
thermal stability of a composite of gelatin and chitosan with
the addition of different concentrations of graphene. This
study observed two stages of degradation for all samples
due to water evaporation (22—-170 °C) and decomposition of
organic matter (280-550 °C). Another observed effect was
that adding larger amounts of graphene positively influences
the thermal stability of the composite, decreasing weight
loss in the temperature range of 22—-800 °C.

Another similar effect of improving the thermal stabil-
ity of the composite was reported by Eltaweil et al. (2020).
They used carboxymethyl cellulose (CMC) and added gra-
phene oxide, forming microbeads of carboxylated graphene
oxide (CMC/GOCOOH). This study observed that 50% of
mass loss is reached at 242.2 and 370.7 °C for CMC and
CMC/GOCOOH, respectively, showing that the addition
of graphene oxide effectively improved the thermal stabil-
ity of the composite. In addition, it was possible through
the TGA curves to the following information: the first
(25-110 °C) and second (111-270 °C) stages for both com-
pounds. The loss occurs due to water vaporization and car-
bon dioxide abstraction from the polymer chain. In the third
(270-600 °C), there is a greater loss for the CMC composite
than the CMC/GOCOOH composite, evidencing the effect
of improving thermal stability.

Alver et al. (2020) evaluated the thermal resistance
through TGA analysis, comparing magnetic sodium alginate
(ALG) with and without the addition of rice husk (m-ALG/
RH). In this study, two main losses were obtained for both
materials, the first (25-200 °C) of 15%, due to water evapo-
ration and the second (200900 °C), due to the degradation
of the two materials, with losses of 67 and 61% for ALG
and m-ALG/RH, respectively, showing an improvement in

@ Springer



88496

Environmental Science and Pollution Research (2022) 29:88488-88506

Table 2 Thermal stability studies of different composite adsorbents

Adsorbents

Degradation tem- Reference

perature (°C)

Weight loss (%)

ZIF-8 (zeolitic imidazolate framework)

ZIF-8@GO/APTMS (zeolitic imidazolate framework/graphene oxide/3-
aminopropyl trimethoxy silane

ZIF-8@GO (zeolitic imidazolate framework/graphene oxide)
PIN (polyindole)

PAN (polyacrylonitrile)

PAN/PIN (polyacrylonitrile/polyindole)

CMC (carboxymethyl cellulose)

CMC/GOCOOH (microbeads incorporated carboxylated graphene oxide)
ALG (Magnetic alginate)

Magnetic alginate/rice husk (m-ALG/RH)

RO (0 montmorillonite/chitosan)

RI (0.05 montmorillonite/chitosan)

RII (0.07 montmorillonite/chitosan)

RIII (0.10 montmorillonite/chitosan)

CS (chitosan)

CS-Gel (chitosan/gelatin)

CS-Gel-0.05GN (chitosan/gelatin/graphene)

CS-Gel-0.1GN (chitosan/gelatin/graphene)

CS-Gel-0.2GN (chitosan/gelatin/graphene)

425-625 60.00 (Hoseinzadeh et al. 2021)
500-700 59.00

500-750 55.00

40-1000 34.00 (Yildiz et al. 2021)
118-1000 58.00

110-1000 44.00

342.2 50.00 (Eltaweil et al. 2020)
370.7 50.00

200-900 67.00 Alver et al. (2020)
200-900 61.00

10-700 80.64 (El-Kousy et al. 2020)
10-700 71.24

10-700 73.60

10-700 85.08

22-800 70.65 (Wu et al. 2019)
22-800 82.01

22-800 79.73

22-800 77.50

22-800 7747

thermal stability when using composite material. Therefore,
the main objective of using the TGA technique in compos-
ite adsorbent materials is to evidence the effects of thermal
stability and degradation of materials and thus compare
whether the composite formation is effective in improving
thermal resistance.

Differential scanning calorimetry (DSC) is a thermal
analysis technique used to measure temperatures and heat
flow related to changes in the material in terms of time and
temperature (Wen et al. 2012; Meng et al. 2007). Quanti-
tative and qualitative information is obtained according to
physical and chemical changes involving endothermic or
exothermic processes or variations in heat capacity (Meng
et al. 2007). It is considered one of the most popular and
accurate techniques for evaluating the specific heat of
composite adsorbents (Soni et al. 2022). By relating the
technique to TGA, one can consider a quick method for
determining the thermal stability and the confirmation and
estimation of the encapsulation efficiency, determination
of the water content, and storage capacity of the material
(Gharanjig et al. 2020).

In the heat flux DSC technique procedure, the signal from
a sample cell is compared with a reference cell in an iden-
tical solution environment (Wen et al. 2012). As the cells
are heated or cooled linearly, the resulting differential heat
flow of the sample and reference is monitored by thermo-
couples connected in series (Wen et al. 2012). Thus, this
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energy variation makes it possible to identify and measure
the thermal transitions that occur in the sample in a quan-
titative mode and, in this way, characterize the material for
different thermal events such as transitions, melting crystal-
lization, and more complex events (Gharanjig et al. 2020).

Thermal events can be classified as first and second-order
transitions. First-order transitions show enthalpy variations,
thus forming endothermic and exothermic peaks. However,
the second-order transitions are characterized by the varia-
tion of the heat capacity, without enthalpy variations, and the
formation of peaks in the curve, just a S-shaped shift from
the baseline (Wendlandt 1986; Machado and Matos 2004).

When the sample undergoes an endothermic or exother-
mic transition, the heat flow of the sample must change
relative to that of the reference material, thereby resulting
in a peak in the curve (Gharanjig et al. 2020). Transition
peaks are usually positive for exotherms and negative for
endotherms (Wen et al. 2012). Endothermic events include
melting, sample mass loss (vaporization of water, additives,
volatile reaction, decomposition products), desorption, and
reduction reactions. In addition, exothermic events can be
crystallization, polymerization reactions, oxidation, oxida-
tive degradation, and adsorption (Wendlandt 1986; Machado
and Matos 2004).

According to the results of the DSC analysis, it is possible
to interpret the structural and chemical transformations, as
well as the physical and energetic properties suffered by the
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material (Meng et al. 2007; Gharanjig et al. 2020). Further-
more, it is possible to determine material purity through
analysis (Brown 1979). However, it presents some limita-
tions when referring to the interpretation of the heat flow
in temperature ranges that occur simultaneously in several
processes; in this way, different transitions can overlap in a
single peak. On the other hand, the advantages are related
to the ease of sample preparation, which can be applied to
solid and liquid materials, fast analysis time, and wide tem-
perature range (Verdonck et al. 1999; Gharanjig et al. 2020).

Point of zero charge

Given the various mechanisms that can govern adsorption,
the surface charges of the adsorbent play a fundamental role.
In solid-liquid adsorption, when the adsorbents are sus-
pended in an aqueous solution, the surface electrical charge
develops through the dissociation of the surface hydroxyl
groups and complexation of the background electrolyte ions,
where H* and OH™ are the main ions that determine the
point of zero charge (pHpy), which is the pH value where
the sum of the positive and negative charges present on
the surface of a solid is zero. Furthermore, the surface of
the adsorbent can be considered positively charged when
pH < pHpzc and negatively charged when pH > pHpzc,
therefore, pHp, - interferes differently in choosing the best
pH range to be used in aqueous solution assays (De Rossi
et al. 2020; Khan and Sarwar 2007).

Differences in the origin of the adsorbents and experi-
mental methods used to determine the pHp, result in
variations reported in the literature for similar adsorbents
(Mahmood et al. 2011). Among the methods that can be used
to determine the pHp, of adsorbents, there are:

(a). Salt addition method: Generally, NaNO; or NaCl is
used, in which the aqueous solutions have the pH
adjusted from 2 to 11, with the addition of the adsor-
bent material, kept under stirring for a defined time
(24-48 h). The initial and final pH of the solutions are
measured, and then the difference between the final
and initial pH (ApH) is calculated. Finally, the values
are plotted (Mahmood et al. 2011).

(b). Potentiometric titration method: Initially, two experi-
ments are carried out, containing the adsorbent in
a NaNOj solution with a supporting electrolyte. A
suspension is titrated with HNO; and the other with
NaOH. Then, after waiting 10 min for pH equilibra-
tion, titrations are carried out over a pH range of 3
to 11 to avoid solid solubilization. The pH value is
checked before and during the titration, noting the vol-
ume of the titrant solution added for each pH change
until it remains constant. Then, the solid surface

charge as a function of pH is calculated and plotted
(Davranche et al. 2003).

(c). Mass titration method: The experiments are carried
out under N, atmosphere with constant ionic strength
and different temperatures. Aqueous suspensions con-
taining different weights of adsorbent are equilibrated
for 24 h, and then the pH of each suspension is meas-
ured. The pHp, is determined by the appearance of
a plateau in the pH versus the mass of the adsorbent
curve (Noh and Schwarz 1989).

it may be interesting to compare and validate methods
and specific conditions used in the adsorption tests to choose
the most suitable method to determine the pHpy,. In this
context, Mahmood et al. (2011) compared the methods
described for Nickel oxide (NiO) pHp, determination,
obtaining values of 8.25, 8.53, and 8.45, respectively, by
potentiometric titration, mass titration, and salt addition.
The authors emphasize that the minor differences in values
between the three methods decrease with increasing tem-
perature, indicating the validity of both methodologies.

Elemental analysis

Elemental analysis or organic elemental analysis is a tech-
nique that allows determining the proximate composition
of the elements carbon (C), hydrogen (H), nitrogen (N),
sulfur (S), and oxygen (O) present in a sample (Silva et al.
2013, 2018). The technique can be used on various sam-
ples, including solid, liquid, volatile, and viscous (Thomp-
son 2008).

The technique is based on the Pregl-Dumas method,
which consists of the complete combustion of the sample
at a high temperature, around 1000 °C, in an oxygen-rich
environment to convert the elements into CO,, H,0, NOx,
and SOx (Thompson 2008; Silva et al. 2013). Briefly, the
gases formed are homogenized and carried by an inert,
high-purity gas through a separation column, where they are
quantified using a thermal conductivity or infrared radiation
detector (Ma and Gutterson 1974). However, the detection
system inside the analyzer can occur differently, depending
on the combustion mode and sample size (Thompson 2008).
Finally, the quantification of the elements occurs directly for
C, H, and N, and the O content is obtained by difference (%
0=100%—-% C—% H—-% N) (Silva et al. 2018).

The elemental analysis aims to demonstrate the iden-
tity of the material through the proximate composition of
the atoms of the molecule and by confirming the chemical
structure, supporting qualitative determination (Thomp-
son 2008; Valentini et al. 2004). Besides, it is possible to
evaluate the purity of the material according to the quan-
titative determination performed through the mass bal-
ance resulting from the elemental analysis of the sample
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(Thompson 2008). Therefore, analyzing the proximate
composition, it can be considered that the H/C ratio rep-
resents the aromaticity index, and the O/C ratio estimates
the abundance of oxygen in the functional groups. The
C/N ratio indicates the degree of nitrogen incorporation
in the SH, humidification, and recalcitrant behavior (Silva
et al. 2013).

According to the elemental analysis, the proximate
composition nanocellulose adsorbents were synthesized
with micro fibrillated cellulose (MFC) and modified with
the aminosilane (APS/MFC) and the carbonated (CHA/
MFC). A high amount of C and O and a low amount of
H were identified in all materials analyzed. However, the
presence of N was quantified only for APS/MFC, which
can be indicated by the introduction of amine groups on
the material’s surface. The biggest difference in elemen-
tal content was observed when comparing MFC to CHA/
MFC. The carbon level was lower after modification, and
the hydrogen and oxygen levels were higher due to the
greater amount of calcium caused by the modification.
Thus, it is related that lower concentrations of C and
higher concentrations of Ca and P suggest that MFC can
bind a much larger amount of CHA than its mass (Hok-
kanen and Sillanpdd 2020). Therefore, from the elemen-
tal analysis, it was possible to identify the occurrence of
changes in the chemical structure of the original material
compared to the modified one, verifying the influence of
the addition of each material in the proximate quantifica-
tion of each element for each application.

Comparing the elemental composition obtained from
the original lignite and after the water washing process,
a loss of around 10% was estimated, reaching 35% of
the original material. The washing process was carried
out to separate and purify the original material from the
recovery of the HA fraction (organic material) to form
LiHA. The H/C and O/C ratios obtained from the analy-
sis for Lignite presented values following the literature
presented. Furthermore, during the alkaline extraction of
the material for isolation of the LiHA fraction, a greater
relative abundance of aromatics condensed in the LiHA
fraction as the resulting value of the H/C ratio decreased.
The O/C ratio increased possibly due to the transforma-
tion of some O groups, originally present in lignite, under
alkaline conditions into hydrolyzed functional groups
—COOH. The C/N ratio indicates that some structural-
compositional changes occur between the nitrogen-con-
taining subunits during the extraction procedure, but with
few changes in the LiHA fraction purification process
(Peuravuori et al. 2006). In summary, elemental analy-
sis is applied to evaluate the relationship of the original
material concerning the isolated fraction considering
structural changes that occur during the separation and
purification operations.

@ Springer

Proximate analysis

The proximate analysis determines the presence of differ-
ent compounds and their amounts in the material of interest
(Speight 2015). This analysis is performed using prescribed
or standard methods, such as the American Society for Test-
ing and Materials (Asadu et al. 2021; Ogbodo et al. 2021;
Ounphikul et al. 2021). In the case of composite adsorbents,
generally, the compounds measured are moisture, ash, vola-
tile and fixed carbon, as they can affect the adsorption prop-
erties. Interferences occur mainly in adsorbents that have
materials originating from thermal processes in their com-
position, such as charcoal (Asadu et al. 2021; Ogbodo et al.
2021).

Moisture is the amount of water contained in the mate-
rial and is determined by the weight loss when the sample
is oven-dried to a constant weight (Speight 2015). Adsor-
bent materials with high moisture contents may have a lower
adsorption capacity due to blocking active sites (Ounphikul
et al. 2021).

Ashes are residues that remain after burning a material,
composed mainly of minerals (silica, aluminum, iron, mag-
nesium, and calcium), oxides, and sulfates (Ahmedna et al.
2000). Ashes are often considered impurities in materials
obtained by thermal processes, which can affect the pH
of the material, promote repulsion to other compounds or
other adverse reactions, consequently influencing the appli-
cation of interest (Ahmedna et al. 2000). Furthermore, in
the adsorption process, the lower the ash content, the more
active the adsorbents, consequently the better the adsorption
(Ahmedna et al. 2000).

Volatile matter consists of the gases and vapors (except
moisture vapor) generated during material burning under
strictly controlled conditions. Fixed carbon is the non-vola-
tile solid fraction of the material (Speight 2015). Therefore,
high fixed carbon content materials generally have promis-
ing adsorption properties (Asadu et al. 2021; Ogbodo et al.
2021).

There are several studies on coal production from differ-
ent sources. These sources are usually composed of mois-
ture, ash, and organic matter. For example, Asadu et al.
(2021) developed a composite of coconut husks through
the carbonization process followed by esterification for
crude oil adsorption. The authors found that the percent-
age of volatile matter in the base material decreased after
each treatment step (41.2 to 14.7%) and the moisture content
(14.2 to 1.03%). At the same time, fixed carbon increased
significantly from 39.3 to 79.6%. In crude oil adsorption
experiments, the composite showed a maximum capacity of
56.322 mg/g by the Langmuir model at 343 K, demonstrat-
ing promising properties.

Ogbodo et al. (2021) also used the proximate analysis
to characterize the composite adsorbents obtained from
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carbonized and acetylated raw banana peels. After the
treatments, the volatile carbon, ash, and moisture contents
decreased from 41.1 to 17.8%, 8.0 to 5.7%, and 15.8 to 2.9%,
respectively. The fixed carbon content increased from 35.2
to 73.8%, showing potential characteristics for adsorption.
Ounphikul et al. (2021) developed mesoporous carbon—sil-
ica composite adsorbents from molasses and silicates that
presented moderate moisture contents (12.33 to 14.03% by
weight) and high ash contents (42.91 to 73.48% by weight).
The proximate analysis supported the authors in verifying
the presence of silica and its proportion increase in the com-
posite by the ash content.

Swelling and water retention capacities

For specific adsorbents such as spheres/beads or hydro-
gels, swelling can vary from twice to more than a thousand
times its weight and depends on the type of crosslinker, the
degree of crosslinking, and hydrophilicity of the gel. There-
fore, adsorbents’ swelling behavior and structural stability
are critical to their practical use in water treatment (Saber-
Samandari et al. 2017; Saraydin et al. 2018). For example,
the amount of adsorbent to be applied for filling fixed-bed
columns in continuous processes, considering their swelling
and water retention capacity.

The percentage of swelling and water retention of the
adsorbents is evaluated by gravimetric analysis (Saber-
Samandari et al. 2017). First, adsorbents are immersed in
water for 24 h to obtain the dilation equilibrium. Then, con-
secutive measurements are carried out at 2 h intervals to
verify the stability of the weight of the beads. Finally, after
removing excess water on the surface of the swollen and bal-
anced beads, the percentage of swelling is calculated (Eq. 7).

w2 - Wl

Swelling(%) =
welling(%) = ( Wi

) * 100 @)
where: = W2 and W1 are the weights of the swollen and dried
adsorbents, respectively.

Subsequently, the water retention capacity of the adsor-
bents is determined; for that, the swollen and balanced
adsorbents are weighed and dried at 60 °C. The weight of
the dry adsorbents is measured regularly for 24 h. Finally,
the water retention capacity is calculated from Eq. 8.

W2 — W3

WaterRetentionCapacity(%) = ( "

) x 100 6]
where W2 and W3 are the weights of the swollen and
deswollen adsorbents, respectively.

Rigueto et al. (2021c) reported that their beads from
commercial and recovered gelatin added from carbon nano-
tubes (CNTs) were able to swell slightly more than twice
compared to their initial weight (263.72 and 276.33%,

respectively). Furthermore, the authors found that the addi-
tion of CNTs increased the water retention capacity, which
is related to different types of water interactions since water
can be bonded or semi-bonded to the hydrophilic groups of
the CNTs, forging bridges of hydrogen. Similar behavior
was described by Saber-Samandari et al. (2017). Also, stud-
ies have reported an increasing linear correlation between
swelling values and dye adsorption (Saraydin et al. 2018;
Shukla et al. 2012).

Desorption and reuse

In addition to producing composite adsorbents with
improved characteristics, the possibility of reusing materials
produced for more cycles has also been an objective made
possible in recent studies since the disposal of adsorbents
is a problem that encompasses economic and environmen-
tal aspects. Therefore, a longer life cycle of composites can
reduce the need to produce new adsorbents (Kulkarni and
Kaware 2014).

The technique used for desorption of the studied adsorb-
ate must be defined to perform the regeneration tests,
which used an eluent solution in most reported studies.
Subsequently, tests of the adsorption and desorption cycles
are performed, where data can be plotted as a function of
adsorption capacity (mg g~') or removal (%).Eqs. 9 and 10
are used to determinate the adsorption capacity and removal
percentage, respectively.

V(C, - C)
qg=——

m

®

where: ¢ is the amount of contaminant adsorbed per gram of
adsorbent in the cycle (mg g™!), C, and C are the concentra-
tions of the initial and final aqueous solutions, respectively
(mg LY, Vis the volume of the solution (L), and m is the
weight of the adsorbent (g).

Co—C,
Removal(%) = (Oc—m> * 100 (10)
0

where C, is the initial concentration (mg L™"), and C,, is
the final concentration after the adsorption cycle (mg L™1).

The desorption/regeneration analysis is performed to
complete the first cycle. First, the adsorbent containing the
adsorbed contaminant is placed in contact with the eluent
solution under defined conditions, and after determining the
concentrations, the regeneration is calculated, according to
Eq. 11.

Mdes . 100
mad.\‘ (1 1)

Regeneration(%) =
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where m,,, is the amount of contaminant adsorbed in the
desorption cycle (mg), and m,, is the amount of contami-
nant adsorbed in the adsorption cycle (mg).

Table 3 presents recent studies reporting composite
adsorbent materials, including the adsorbate, eluent used
in desorption, adsorption/desorption cycles feasible for use,
and adsorption efficiencies.

According to Table 3, most articles report the possibility
of recycling the materials produced in up to 10 cycles. The
eluents used vary according to the contaminant to be des-
orbed. The regeneration method’s selection depends on this
operation’s purpose (Shah et al. 2013). For example, suppose
the recovery of adsorbate is desired. In that case, physical,
thermal, or pressure methods are more suitable, and if this is
not desired, then regeneration oxidative or chemical may be
used. On an industrial scale, steam generation can be used
for the desorption and regeneration of adsorbents. However,
if the adsorbate has hydrophilic characteristics, it must be
recovered by separation techniques such as distillation. On
the other hand, hydrophobic compounds can be separated
from condensed water using gravity alone, thus increasing
the possibilities and benefits of steam generation in indus-
tries (Shah et al. 2013).

Cuccarese et al. (2021) employed thermal recovery com-
pared to solvent washing for the desorption of diclofenac
from expanded thermoplastic graphite. The authors reported
that after 4 cycles, the thermal desorption reached about
100% efficiency since the adsorbed diclofenac is released

Table 3 Life cycle and reuse studies of composite adsorbents

by heating the entire material. In addition, all sites avail-
able for adsorption interact with other molecules in a new
cycle. Another important factor related to material reuse is
how it is separated at the end of the process. Thus, metal
compounds, such as Fe;O, have been added to the com-
posite matrix in preparing composite adsorbents, favoring
material separation by applying an external magnetic field
(Tam et al. 2020).

In general, the reuse of adsorbents is a current and emerg-
ing need. Therefore, advances in technologies that allow the
achievement of composite adsorbents with improved charac-
teristics and extended life cycle can contribute to obtaining
more sustainable adsorbents to remove several contaminants
present in water and wastewater, aiming to provide more
effective and eco-friendly treatments.

Conclusions and remarks

This paper reviewed the main methods used for composite
adsorbents characterization, such as X-ray diffraction, spec-
troscopy, scanning electron microscopy, N, adsorption—des-
orption isotherms (BET and BJH), thermogravimetry, point
of zero charge, elemental analysis, proximate analysis, swell-
ing and water retention capacities, desorption, and reuse.
These techniques present valuable information about
composite adsorbents, including crystalline structure
(X-ray diffraction), the composition of materials and

Composite adsorbent Adsorbate Eluent Adsorption/ Adsorption  Reference
desorption efficiency
cycles (%)
Polypyrrole-functionalized mag- Ketoprofen Acetic acid methanol solution 6 70.41 (Wang et al. 2021)
netic BiMoOg nanocomposite  [ndomethacin 97.22
Ti-pillared montmorillonite clay Diclofenac HCI, HNO;, and H;PO, solu- 3 62.13 (Chauhan et al. 2020)
tions
Sodium alginate/gelatin-based ~ Biebrich scarlet dye NaOH solution 94.99 (Pryia et al. 2019)
ZnS-nanocomposite hydrogel  Crystal violet dye ~ HCI solution 91.56
Layered chitosan/graphene NiZ+ HCI solution 83.57 (Zhang et al. 2019a)
oxide sponge Co2t 84.10
Cu®* 81.36
Pb* 80.67
cd** 82.78
Hg>* 83.05
Carboxymethyl cellulose/dex- Methylene blue dye NaCl, water/ethanol solution 5 >96 (Benhalima and
tran sulfate beads Ferfera-Harrar 2019)
Magnetic hybrid gels Oil Toluene - (Scheverin et al. 2020)
Chitosan/Waste coffee-grounds  Caffeine Ethanol/distilled water solution 5 82-80 (Lessa et al. 2018)
composite Acetylsalicylic acid 95-90
Gelatin/p-cyclodextrin compos- Methylene blue dye Ethanol solution containing HCl 9 100-73 (Chen et al. 2018)

ite fiber adsorbent

@ Springer



Environmental Science and Pollution Research (2022) 29:88488-88506

88501

structural change according to production processes (spec-
troscopy), surface morphology (scanning electron micros-
copy), surface area and pore size distribution (BET and
BJH), weight loss of material over temperature (thermo-
gravimetry), superficial charge (point of zero charge), the
proximate composition of C, H, N, S, and O (elemental
analysis), determination of moisture, ashes, volatile and
fixed carbon (proximate analysis), additional analysis
aimed at practical applications (swelling and water reten-
tion capacities), and life cycle (desorption and reuse).

The revised methods are essential for the characteriza-
tion of composite adsorbents to determine the best pro-
duction process, its experimental conditions, the used
additives and their proportions to be added (in the case
of composites), making it possible to evaluate such influ-
ences on the characteristics of the adsorbents, such as the
ability to adsorption, kinetics, strength or integrity of the
material and its reuse potential. Furthermore, these tech-
niques can be useful to explain the mechanisms involved
in adsorption processes, which may vary according to the
chemical structure of the contaminant of interest. Finally,
the characterization methods described can be considered
a “right-hand” to obtain potential adsorbent materials
applicable for removing several emerging contaminants
from aqueous matrices.

Finally, we point out that the sustainable and environ-
ment-friendly appeal, it is highly recommended that studies
on the development and application of adsorbents include
the adsorption/desorption cycle and how to properly dispose
the composite adsorbents after the end of their life cycle
(containing pollutants in their composition). In addition, life
cycle assessments can collaborate to prove the feasibility of
these new materials for industrial scale applications.
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