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Abstract

It is estimated that the growth of the population, the augmented expectancy of life,
and the emergence of new pandemics will significantly increase the consumption of
pharmaceutical drugs in the coming years. Due to its high efficiency, the group of
fluoroquinolones, where the antibiotic ofloxacin hydrochloride (OFL) is found, is widely used
to combat bacterial infections in humans and animals. The big problem is concentrated in the
effluents generated by industries and hospitals. Additionally, most of the drug is not absorbed
by the body and is released directly into domestic effluents. On the other hand, treatment
stations have removal limitations for small concentrations. This review analyzed all adsorbents
developed and used in OFL removal, listing the main parameters influencing the process. In
the end, the other existing technologies in the literature and the gaps and future prospects
were described. OFL adsorption in most studies occurs under basic conditions (pH between
6.5 and 8). The increase in concentration provides an increase in adsorption capacity. The
adsorbents analyzed showed moderate kinetics, reaching equilibrium before 250 min for most
studies. The pseudo-second-order model showed the best statistical fit. In most of the studies,
the increase in temperature (313, 315, and 328 K) favored the adsorption of OFL. The Langmuir
monolayer model represented most of the isothermal studies. The adsorption capacity varied
from 3702 to 0.3986 mg g*. In this aspect, factors such as OFL concentration and textural
characteristics of the adsorbent exerted great influence. The thermodynamic parameters
were compatible with the isothermal data, where the endothermic nature of the studies was
confirmed. Physical interactions (m-mt stacking, H bonding, hydrophobic and electrostatic
interactions) governed the main adsorption mechanism. Although some studies stated that
chemosorption occurred, thermodynamic parameters cannot validate the same. Coexisting
ions in the solution can positively and negatively influence OFL adsorption. The listed studies
are all applied to batch processes, where fixed bed studies should be better explored. From
this review, it can be concluded that adsorption is a promising technique for OFL removal.
However, it is extremely necessary to break the laboratory scale barrier and analyze possible
conditions for applying these materials in treating real effluents together with combining

technologies.

Keywords: Adsorption; Ofloxacin hydrochloride; Ecotoxicology; Aquatic environment.
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1. Introduction

Due to the population's increase in population and life expectancy, the consumption
of pharmaceutical drugs has increased worldwide. Another factor that can aggravate the use
of these substances is the emergence of new pandemics, such as COVID-19 [1]. Within this
group of drugs are antibiotics. Data from 2015 confirm that 34.8 billion daily doses of
antibiotics were used; based on these numbers, it is estimated that by 2030 around 84 billion
will be consumed daily [2]. The consumption of antibiotics goes beyond human use; in the
livestock sector alone, in 2010, around 63.151 tons were consumed, and by 2030 an increase
of 67% is estimated [3]. In medicine, antibiotics are consumed to prevent or combat the
growth of undesirable microorganisms [4]. Common types of antibiotics are tetracyclines
(tetracycline, oxytetracycline, and doxycycline) [5], sulfonamides (sulfamethoxazole,
sulfamonometoxin, sulfadimethoxine, and sulfamethazine) [6], macrolides (erythromycin,
azithromycin, and clarithromycin) [7], B-lactams (ampicillin and amoxicillin) [8] and quinolones
(norfloxacin, ofloxacin, ciprofloxacin, and enrofloxacin) [9]. Fluoroquinolones are the most
used in treating severe bacterial infections due to their high efficacy [10]. Within this group,
ofloxacin hydrochloride (OFL), whose properties are described in Table 1, is the second most

used drug [11].

Table 1. Main chemical properties of OFL. Information collected from PubChem® database.

Molecular formula Ci1gH20FN304
Molecular weight 361.37 g mol*
(0] (0]
F
OH
Structure |

(\N .
N\) O\)\
HZC/ CH,

7-fluoro-2-methyl-6-(4-methylpiperazin-1-yl)-10-oxo-
IUPAC name 4-oxa-1-azatricyclo[7.3.1.0>*3]trideca-5(13),6,8,11-
tetraene-11-carboxylic acid

CAS identifier 82419-36-1
Melting point 250 to 257 °C
Solubility (water) 28.3 mgmL?
log Kow -0.39

pKai and pKaz 6 and 8.5
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The high human and animal consumption of OFL, added to the fact that the body
absorbs less than 10%, and the other 90% is released in the urine and feces, have made OFL
an emerging pollutant of great environmental importance [12—16]. Significant amounts of OFL
are released into water globally in their original chemical form or as metabolites [17,18]. As a
result, OFL has been detected in wastewater ( at concentrations ranging from 100 ng L™-10 pg
L'!), groundwater, and drinking water [19-22]. The highest levels have been observed in
hospitals and pharmaceutical industries effluents, with concentrations reaching up to 500 mg
L't [23]. Upon entering the water system, OFL can be easily absorbed and bioaccumulated by
plants and animals [24]. This undesirable exposure has direct effects on living organisms, flora,
and fauna [25], where, among the problems, the spread of bacterial resistance [26] triggers
an alert in the scientific community [17,27]. Due to exposure, whether by airways, dermal or
oral contact [28,29], it is estimated that by 2050 about 1.000.000 deaths worldwide will be
caused by bacterial resistance [30]. Therefore, developing and improving OFL remediation

technologies for the environment is essential and urgent.

Currently, laboratory-scale studies are being carried out to remove and degrade OFL
from water. The available technologies include Fenton oxidation [31], photocatalytic
degradation [22,32,33], sludge ozone reduction [34], anaerobic treatment [35], coagulation
[36], membrane treatment [37], and adsorption [38]. Each technology has positives and
negatives. In adsorption methodology, the adsorbate adheres to the adsorbent surface
employing forces mostly of a physical nature [39-41]. The efficiency of the process depends
on several factors, such as textural properties of the adsorbent, pH of the solution, adsorbent
dosage, temperature, and presence of other adsorbates in the medium in which they compete
for adsorptive sites, among other parameters [42,43]. Among the advantages of adsorption,
the simple operational design, the possibility of desorption, and the reuse of the adsorbent

have made this technique an object of constant study by the scientific community [44,45].

In the field of OFL adsorption, several adsorbents have been developed and studied.
Approximately 27 studies published in relevant journals were found, which presented
accurate results and analyses. The maximum adsorption capacity of OFL ranges from 0.3986
mg g using Fe/Cu oxides composite [46] to 3702 mg g with biochar from rice rusk as

adsorbents [47]. Most of the research confirmed that the adsorption of the antibiotic is
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facilitated in conditions of pH close to neutrality between pH 7 and 8 [48-52]. Temperature
also greatly influenced the adsorption of OFL, where in most studies, its increase positively
favored the adsorption of the antibiotic from the aqueous medium [46,49,53-56]. Among the
other parameters, the desorption and reuse of the adsorbent [52,57—61] and the influence of
the coexistence of other drugs and ions in the adsorption process were also extensively

explored by the authors [21,38,48,49,53,57,58,62—65].

Still, despite the advancements in several environmental remediation technologies for
the adsorption of antibiotics, studies indicate a lack of selectivity for OFL removal.
Additionally, there is an incomplete understanding of OFL decontamination through complex
efficiency indicators, such as ecotoxicological assessments. This review aims to address these
existing gaps and promote breakthroughs in the adsorption field, including applying these
adsorbents on an industrial and environmental scale. This point is urgent due to the high
environmental demand influenced by the ecotoxicological effects of this drug, as highlighted
in this review. Furthermore, the inefficiency of conventional treatments at treatment stations,
coupled with a large part of the drug's elimination through urine, has resulted in OFL being
detected in various parts of the world, as extensively reported in this study. After establishing
these topics, this review discusses operational issues revolving around the main problems
encountered during OFL adsorption, such as pH, adsorbent dosage, and data interpretation.

Finally, this review analyzes prospects and other technologies used for OFL removal.

2. Ofloxacin in the environment

Antibiotics from the fluoroquinolone group are classified as emerging contaminants
because they are difficult to biodegrade, have high solubility and mobility in water, and most
of them are not absorbed by the human body and are released in the urine [66]. Another point
is that effluent treatment stations, mainly industrial and hospitals with a higher concentration
of drugs, cannot remove 100% of these compounds being released directly into water
resources [67], so they are frequently detected in the environment in different regions around
the world. For example, OFL was detected up to 160 pug L't in the industrial area of Patancheru
near Hyderabad in India [68]. Due to this, an alarming risk quotient of up to 6000 has been
reported [69]. Due to its low degradation, OFL maintains its natural biological resilience when

it enters the environment [70]. Therefore, when sewage effluents containing a high discharge
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of antibiotics enter the various environmental compartments (lakes, rivers, and
environmental runoff), a large percentage percolates and leaches intact into groundwater, as
shown in Figure 1. In the OFL used in treating bacterial infections [71], only 10% is absorbed
by the body; the rest is released through urine and feces. This behavior is also observed in
animals, where livestock extensively uses these drugs. In this case, metabolic forms can occur
after 48 hours, where 10% is metabolized in the living organism, playing a bactericidal role in

treating inflammation [72].

<Fig.1>

Table 2 confirms that OFL has already been detected in different water compartments
worldwide. Studies prove the presence of OFL in surface waters of countries such as China,
Korea, Taiwan, Portugal, India, Vietnam, North America, and Asia, ranging from 10 to 3170 ng
LY. In China, OFL is a serious emerging pollutant due to the high discharges of daily
concentrations that enter the treatment plants and the environment, reaching 780 + 130 ng
L't and 74 + 15 ng L'}, respectively [67,73]. In India, OFL was detected in surface waters in the
10-100 ng L-1 [74]. In Portugal, the average concentration was 120 ng L* [75], from 5 to 580
ng L in Europe [20,76], 100-566 ng L in the USA [77], and 212 to 160.000 ng L in Indian
cities [78]. In effluents from industries and hospitals, the concentrations are much higher; for
example, in Korea where OFL was detected at around 31 mg L™ [69], and in France, an average
daily amount of 3.7 g was observed at 0.09 g both in hospital effluents [79]. In USA effluents,
the concentration was 10 ng L [80]. Due to its chemical characteristics, OFL was detected in
groundwater in China, ranging in concentration from 0.3 to 1199.7 ng L* [81], and in soil
samples in Brazil (22.2 ng L'!) [82] and China (3.07-653 ng g!) [83]. Finally, countries such as
China [84,85], the USA [26], Sri Lanka [86], Italy [87], and France [79] report daily OFL
discharges at sewage treatment plants. Therefore, the environmental contamination caused
by OFL and the need to apply and develop technologies to mitigate this emerging contaminant

are evident.



152 Table 2. Detection of OFL in different water resources around the world.
Concentration
Location Sample matrice Reference
(ng L)
China effluent from the [67]
sewage treatment 780 + 132
plant
China surface Waters 74 £ 15 [73]
China subterranean Waters 0.3-1199.7 [81]
China (Bohai bay) surface Waters 5100 [88]
Korea hospital wastewater 31 [89]
Korea surface Waters 3170 [70]
Taiwan surface Waters 13.633 [90]
Brazil soil samples 22.2 [82]
China soil samples 3.07-653 [83]
Portugal surface Waters 120 [75]
USA wastewater effluent 10 [80]
India surface Waters 10-100 [74]
Europe residual Waters 5-580 [20,76]

USA residual Waters 100-566 [77]
India residual Waters 212-160.000 [78]
Vietnam surface Waters 45-2867 [91]
North America surface Waters 470-1000 [92]
Asia surface Waters 54.8-1274 [93]
France hospital wastewater 560-680 [79]
Italy hospital wastewater 110-470 [87]
Sri Lanka effluent from a 497-2.900 [86]

sewage treatment
plant

153 3. Ofloxacin Ecotoxicology

154 When OFL enters the environment, it affects aquatic biota, plants, animals, and
155  humans (Figure 2). Once in an organism, bioaccumulation and biomagnification occur [94,95].
156  Antibiotics can also alter the microbial community in water, soil, and even living organisms
157  such as plant roots, leading to new strains with antibiotic-resistance genes [96]. The new
158  strains are formed, which have antibiotic-resistance genes, leading to resistance to these
159  drugsin bacteria [97]. From this point on, infections cannot be treated with antibiotics already
160  on the market. Studies have already proven the abundance of these strains resistant to
161  sulfonamides and tetracyclines, both present in large environmental concentrations [98]. In
162  the Liaohe River basin in China, the presence of OFL promoted the dissemination of resistance
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genes [99]. In aquatic organisms, the toxicity of OFL was analyzed with the green algae species
Raphidocelis subcapitata and the cyanobacterium Synechococcus elongatus; both organisms
were highly sensitive to the antibiotic with impairment of development and biological
functioning [74]. Prolonged exposure in the Daphnia magna crustacean species caused
offspring deterioration and infertility [100]. OFL also showed high toxicity to the freshwater
cladoceran Simocephalus vetulus, where a significant increase in forelimb rate was observed

[101].

In plants, the presence of resistance genes in the rhizosphere generated hormetic
effects on the growth, physiology, and development of the microbial community of the
species Cyperus involucratus. The highest accumulation of these genes was observed in the
roots, followed by the stem and leaves. With this, it was observed that the transport of
nutrients from the roots was compromised, affecting the development of the plant [102]. In
Spirodela polyrhiza, contact with OFL reduced leaf biomass, decreased reticular system
growth, and the phytopigment content responsible for photosynthesis [103]. In animals, OFL
is toxic in mammalian cells, inducing oxidative stress, lipid peroxidation, and oxidative DNA
damage [104]. Finally, the antibiotic has the potential for chondrotoxicity in juvenile animals,
such as rats [105], dogs [106], rabbits [107], non-human primates [105], and others [108].
Symptoms present with lameness, ulcerative erosion or cavitation of the articular cartilage of
weight-bearing joints, loss of chondrocytes and matrix degeneration, and blister formation

[105].

Damage in humans can be physical such as rupture of the Achilles tendon [109],
glaucoma [110], allergic diseases [111], retinal detachment [110], increased risk of obesity
[112], neurological damage, and mental disorders [113,114]. Furthermore, in women,
continued exposure can lead to infertility [115]. In the study by Zhang et al. [116], 102 adults
were in constant contact with low doses of antibiotics, including OFL, where a change in the
level of mitochondrial DNA methylation was observed, confirming an epigenetic modification.
Finally, the study by Sheng et al. [117] confirmed that OFL generates Nox2-mediated
intracellular reactive oxygen production by disrupting B1 integrin function and then activating
the EGFR-Vav2-Racl pathway, resulting in apoptosis. Therefore, the damage is serious and

should be intensified in the coming years due to the demand and consumption of antibiotics.
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<Fig.2>

4. Mitigation of OFL from the environment by adsorption technology

When the molecule in the liquid fluid is linked to the surface of the solid, adsorption
occurs [118]. This link can be physical or chemical. However, most processes occur through
physical forces where desorption is facilitated [119]. In order to describe when the adsorbent
surface reaches equilibrium, equations were elaborated. The most used in studies are the
Langmuir[120] and Freundlich [121] equations; both are classified as isotherms, where their
parameters are temperature dependent [122]. In the literature, it is possible to observe the
successful application of these models to represent different adsorbents in removing

pharmaceutical compounds [123-125].

In addition, different sectors of society generate various types of waste daily. One
advantage of adsorption is that it enables the conversion of these biomasses into adsorbent
materials for subsequent removal of OFL from aqueous media [126]. Over the past 20 years,
the methods employed for producing and designing the desired morphological properties for
adsorbents have been improved and perfected. The current challenge is optimizing several
factors that can change the process result and the overall efficiency, such as pH, adsorbent
dosage, contact time, and OFL initial concentration. In this section, the results reported in the
literature for several adsorption variables are thoroughly analyzed, discussed, and displayed

in Table 3.

4.1. Effects resulting from pH variation

The pH value present in the medium in which OFL adsorption occurs greatly influences
the process due to factors such as the degree of ionization of the adsorbate, the charges
present on the surface, and the functional groups of the adsorbent [127]. Table 3 provides
different adsorbents' most favorable pH conditions for OFL adsorption. First, most studies
concerning the adsorption capacity were favored in basic conditions between pH 6.5 and 8. In
these cases, it was observed that the adsorption increases with the increase of the pH reaching
the maximum capacity and then decreases. This behavior is related to the increase in the
electrostatic forces of attraction between the adsorbent surface and the OFL molecules. This

attraction normally occurs due to the difference in charges present in the two



222

223

224

225

226

227

228

229

230

231

232

233

234

235

236

237

238

239

240

241

242

243

244

245

246

247

248

249

250

251

10

(OFL/adsorbent), which is greatly influenced by the adsorbent's zero charge point value
(pHPZC). With the pH below pHpezc, the surface is positively charged, favoring the adsorption
of negatively charged species. Conversely, when it is above the pHpzc value, the adsorption of

positively charged species is favored.

It should be noted that the OFL pKa1 and pKa2 dissociation constants are 5.77 and 8.44
[49]. In this case, when the pH is below 6, the piperazine amino group is protonated, and the
H*ions in high concentrations compete with the positively charged OFL molecules, disfavoring
the adsorption. Between pH 6 and 9, where most studies have observed favoring OFL
adsorption, the existence of the zwitterionic form occurs. The protonated piperine and the
deprotonated carboxyl group also lead to electrostatic interactions with the positively charged
surface, favoring the adsorption [49,53]. Finally, the decrease in adsorption above pH 9 is due

to the predominance of OH" ions corresponding to the anionic form of OFL [38].

In addition to the conclusions that can be observed individually regarding the analysis
of the morphological characterizations of each adsorbent and the implicit relations of the pK,
and pH values, more information about the effect of pH can be explored based on the
adsorbent pHpzc. The pHpzc describes the pH value at which the sum of positive charges equals
the sum of negative charges. Thus, when electrostatic forces govern the adsorption process,
no adsorption should occur at the pHpzc value [128]. For example, Akhtar et al. [37] found an
unexpected favoring of OFL adsorption when the pH was equal to 4 for the three biochars
produced in the study. Even predicting that electrostatic repulsion would most likely occur
due to the pHpzc values of the adsorbents, a removal of 82.6% was observed at pH 4. The
justification is that cationic exchange may have occurred between the functional groups
containing oxygen in the coals, with the predominance of OFL in the cationic form [64]. In the
study by Yang et al. [64], the zeta potential of the thermal kaolin adsorbent added to the pHpzc
favored adsorption at pH 5. As the pHpzc value was 3.28 and the zeta potential was negative,
the adsorbent surface remained with negative charges during the augmentation in the pH of
the solution. At pH=5, the OFL is in its cationic form, favorable for adsorption. When the pH is
less than 4, more H* ions in the solution compete for adsorption sites. Finally, at pH above 6,
the OFL ions are close to being zwitterionic, converting to the anionic state with repulsion with

the negatively charged surface of the adsorbent.



252  Table 3. Parameters and maximum adsorption capacities of adsorbents for removing the OFL.

Dose T Co Isotherm Omax SgeT Dp Vp

A H pH RZ N Ref

dsorbent p pPHpzc (g L) (K) (mg L) Model ature (mggl) (m*gl) (nm) (cmPgl) eference
lImenite-biochar 8  x 1 308 225 langmuir 399 end  15.068 474  1.86  0.220 (48]
composite /not linear
Oryza sativa husk 8 86 10 318  10-100 Langmuir 997  endo  8.16 124 602 017 [49]
ash /not linear
N- ' -

dopedactivated o ¢ 02 313  110-250 Langmuir ) 9833 endo 780 18182  «x 1.12 53]
carbon /not linear
Biochar from rice 4 674 1 X 5-100 Langmuir 968 x 3702 0.144 0.0004 11.06 [47]
husk /not linear
Biochar from 4 6.45 1 X 5-100 Langmuir 5974 2343 7544 002  10.61 [47]
sawdust /not linear
Biochar from .

. . Langmuir
municipal organic 4 849 1 X 5-100 . 0.937 X 669.5 1.99 0.0013 2.152 [47]

/not linear
waste
ZIF-8 (metal-organic o 071 308  5-100 Langmuir 99 endo 18246  650.8 107 X [54]
frameworks) /not linear
Thermal kaolin 5 318 075 298 1-15 Langmuir 948 & 45.27 44 211 0.233 [64]
/not linear

. 0.003163- Dubinin

Bentonite clay 8 2.7 1.2 328 19654 Radushkevick 0.954 endo 160.81 87.285 X 42.27 [56]

/not linear

11



Rice husk

Boron nitride
nanosheets
Hydroxyapatite/acti
vated carbon
(HAP/AC)

Rice husk ash

Chitosan/Biochar
Composite

AC derived from
luffa sponge
Magnetic
carboxylated
cellulose
nanocrystals (M-
CCNs)
Carboxymethyl
cross-linked lignin
AC from Cassava
Stem

Fe/Cu oxides
composite

6.5

6.5

6-6.8

8.4

6.6

3.94

9.2

4.02

0.4

0.5

10

0.5

0.5

1.6667

0.5

0.25

318

298

323

298

298

293

298

298

328

313

10-50

20-160

10-30

10-100

2-20

5-30

50-900

18.06-90.34

100-400

0.01993-
0.3467

Langmuir
/not linear

Langmuir
/not linear

Langmuir
/not linear

Langmuir
/not linear

Langmuir
/not linear

Langmuir
/not linear

Langmuir
/not linear

Langmuir
/not linear

X

Redlich-
Peterson
/not linear

0.99

0.978

0.8731

0.999

0.977

0.99

0.99

0.994

0.99

endo

endo

exo

endo

endo

35.76

72.5

39.67

7.34

6.64

132

58.48

458.57

58.82

0.3986

23.2

1801.9

920.51

127.48

141

834.00

847.72
5

27.8

1.44

5.35

1.99

3.41

0.030

0.3696

0.3812

0.093

[129]

[130]

[50]

[131]

[132]

[11]

[133]

[134]

[55]

[46]

12



Fe/Co bimetallic Langmuir 496.42

modified biochar 6.76 0.1 298 X /not linear X X 142.1914 3 4,012 0.498 [58]

Copper-Doped ZIF-8 85  x 1 303 120-500 Langmuir 5 gg X 509.06 4382 1614 07353 [21]
/not linear 7
Langmuir

FesOs@MIL-100(Fe) 7 X 0.5 298 10-293 /not linear 0.97 X 123 3546 X X [51]

Zeolitic Imidazolate Freundlich

Framework-8 (ZIF-8) 7 X 5 298 5-100 Jlinear 099 endo 175 X X X [52]

Bagasse biochar 7 x 1 313 5-20 Fr;‘:::;'fh 0.99 X 2.78 24;’04 95.56  0.05878 [59]

rGO@CuO/6A5N2T ] i

U colloidal 8  x 1 298  5-100 anemull =597 exo 66 X X X [60]
/not linear

heterostructures

Coal fly ash 7 x 20 318  40-160 langmuir 599 endo  2.643 17.5 X X [135]
/not linear

Industrial sludge 7 7.2 5 298 5300 Langmuir 5965 x 216 4.1 X X [61]

(AC) /not linear

253  Where x stands for not given, endo stands for endothermic, and exo stands for exothermic.

13
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4.2. Adsorbent dosage effect

Of the 27 studies listed (Table 3), not all bring experiments analyzing the ideal dosage;
in this case, it is only informed. In OFL adsorption studies, the dosage ranged from 0.1t0 20 g
L'l The studies that preliminarily analyzed the dosage obtained two y-axis graphs, one to
represent the efficiency in the dosage of adsorbent used and the other for the achieved
adsorption capacity, where the point of intersection of the curves determines the optimal
dosage to be used in subsequent experiments [136]. Notably, higher dosages do not
necessarily result in greater efficiency in many cases, as the adsorbents may agglomerate and
lead to steric hindrance of the active sites. However, this highly depends on the nature of the
adsorbent and its morphological properties. It is also known that increasing the adsorbent
dosage favors the adsorption capacity in most adsorption processes. This effect is attributed
to the increased availability of sites on the surface for adsorbate molecules.[137,138].
Therefore, the studies confirmed that increasing the dosage led to an increase in OFL removal.
However, the adsorption capacity decreased. Another point that must be taken into account
is the economic viability, sometimes, the adsorbent dosage is doubled, and the removal

efficiency does not increase in the same proportion.

4.3. Contact time and best-fit kinetic model

Determining an effective contact time is as important as determining the qmax value of
an adsorbent, as it will directly weigh on its possible application in a scale-up process. The
correct projection of the kinetic time of a certain adsorbent leads to operational cost savings.
Unfortunately, one of the reasons why adsorption is still not widely used is that adsorption
saturation (which represents the point at which adsorbate molecules occupy all available
places on the adsorbent surface) takes a long time to be reached, mainly for most of the
adsorbents presented in the scientific literature. When comparing the necessary contact time
of other pollutants, OFL presents a moderate time; however, the variation is well diversified,
as shown in Table 4. The equilibrium interval varies from 20 to 1200 min. However, most
adsorbents present kinetics below 250 min. Adsorbents with fast rates were also observed
where the system reached equilibrium before 30 min of operation using chitosan/Biochar
Composite [132], magnetic carboxylated cellulose nanocrystals (M-CCNs) [133], Fe/Cu oxides
composite [46], and Fe304@MIL-100(Fe) [51]. The biochars from rice husk, sawdust, and
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organic waste [47] have longer kinetics: 900, 1200, and 1200 min, respectively. These
differences can be explained due to differences between materials, such as surface area,
volume, and pore diameter. Generally, surface area and other textural parameters impact
adsorption capacity, but in the case of OFL, which is a large molecule, it will also impact the
required contact time due to the time required to overcome steric hindrance and for adequate

accommodation of the molecule at receptor sites.

In general, these studies show kinetic curves with faster adsorption rates in the first
minutes, where the speed decreases with time until reaching the saturation of the adsorbent.
This occurs because all adsorptive sites are free to accommodate OFL molecules in the first
few minutes. As time passes, these sites fill up; the rate slows down as the OFL molecules have
fewer sites to accommodate. In terms of economics and the possibility of applying the
adsorbent on a full scale, adsorbents with faster kinetics are preferable since the process is
optimized, resulting in economic benefits. However, it is always important to consider that
industrial-scale processes present a huge volume of effluent to be treated. Therefore,
developing an adsorbent with a high affinity for the pollutant is always a subject of study. The
speed that describes these processes and their general mechanisms is studied in adsorption
kinetics, following a previously established equation called the kinetic model. The most
popular kinetic models for adsorption are pseudo-first and pseudo-second order, followed by
Avrami, Elovich, Reichemberg, and Vermeulen, and the double constant- rate. The data are
fitted to the models, and to determine the kinetic model that best fits, the statistical
coefficients are calculated for the correlation coefficient (R?), adjusted correlation coefficient
(R2agj), mean residual error (ARE), mean squared residual error (MSR) need to be taken into

account, and Bayesian information criterion (BIC) [139].

Specifically, for OFL adsorption, the pseudo-second-order model was predominantly
the one that best fitted the data, presenting the best statistical adjustments (Table 4). In this
case, the model presented the highest correlation coefficient (R?) values ranging from 0.92 to
0.99 and the lowest values of ARE. Still, although kinetics can provide information about the
mechanism of accommodation of the molecule at the receptor sites, no information can be
obtained by these means about the forces of interaction, the energy of the sites, or the

position of the OFL molecule. However, when analyzing the studies by Akhtar et al. [47],
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314  Antonelli et al. [56], and Bangari and Sinha. [130], and Thakur et al. [38], the authors state that
315  possibly the process was chemical in nature, with the occurrence of bonds between the OFL
316  and the surface of the adsorbents precisely due to the kinetic adjustment. In the case of the
317 study by Antonelli et al. [56] and Akhtar et al. [47], the authors did not obtain the
318 thermodynamic parameters. However, they performed desorption tests, where it can be
319  successfully observed, which could not occur if forces of a chemical nature governed the
320 adsorption. Bangari and Sinha. [130], and Thakur et al. [38] did not estimate the
321 thermodynamic parameters. Finally, in the case of the study by Yang et al. [64], the authors
322 claim when proposing an adsorption mechanism that chemisorption and physisorption
323  occurred as described in Table 5. They claim that the atoms are covalently and ionically
324 bonded with the OFL. However, the study does not present the estimate of the
325 thermodynamic parameters to validate the proposed adsorption mechanism. From these
326  observations, it can be concluded that: I) although kinetic modeling is very important, it should
327 not be the only determination made; and Il) the combination of various models and estimates

328 can provide a complete view of the process.

329 Table 4. Contact time and kinetic model of best fit of the adsorbents used in OFL removal.

Adsorbent Contact Kinetic model R? Reference
time
(min)
. . . 180 pseudo-second order/not 0.99 [48]
IImenite-biochar composite )
linear
Oryza sativa husk ash 120 pseudo—se(?ond order/not 0.98 [49]
linear
N-doped activated carbon 144 general-order/not linear 0.99 [53]
Biochar from rice husk 900 pseudo—set;ond order/not 0.98 [47]
linear
Biochar from sawdust 1200 pseudo—se(.:ond order/not 0.98 [47]
linear
Biochar from municipal 1200 pseudo-second order/not 0.92 [47]
organic waste linear
ZIF-8 (metal-organic X pseudo-second order/not 0.99 [54]
frameworks) linear
Thermal kaolin 250 pseudo-sec.:ond order/not 0.97 [64]
linear
200 pseudo-second order/not 0.99 [56]

Bentonite clay linear



Rice husk

Boron nitride nanosheets

Hydroxyapatite/activated
carbon (HAP/AC)

Rice husk ash
Chitosan/Biochar Composite

AC derived from luffa sponge

Magnetic carboxylated
cellulose nanocrystals (M-
CCNs)

rGO-MoS; heterostructure
AC from Cassava Stem

Fe/Cu oxides composite

Fe/Co bimetallic modified
biochar

Copper-Doped ZIF-8

Fes02@MIL-100(Fe)

Zeolitic Imidazolate
Framework-8 (ZIF-8)
Bagasse biochar
rGO@CuO/6A5N2TU
colloidal heterostructures

Coal fly ash

Industrial sludge (AC)

480

100

60

180

30

240

20

240
120

20

360

180

30

120
90
50

150

240

pseudo-second order/not
linear
pseudo-second order/not
linear
pseudo-second order/not
linear
pseudo-second order/not
linear
pseudo-second order/not
linear
pseudo-second order/not
linear
pseudo-second order/not
linear

pseudo-second order/linear
pseudo-second order/linear
Double-constant rate
equation/not linear
pseudo-second order/not
linear
pseudo-second order/not
linear
pseudo-second order/not
linear
pseudo-second order/not
linear
pseudo-second order/linear
pseudo-second order/not
linear
pseudo-second order/not
linear
pseudo-second order/not
linear

0.99

0.99

0.97

0.97

0.95

0.99

0.99

0.91

0.98

0.99

0.97

0.99

0.97

0.99

0.99
0.99

0.99

0.94
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[129]

[130]
[50]
[38]

[132]

[11]

[133]

[57]
[55]

[46]
[58]
[21]
[51]

[52]
[59]
[60]

[135]

[61]

330 4.4. Effect of temperature, best-fit isothermal model, and estimation of thermodynamic

331  parameters

332 In order to carry out the correct analysis of the effect that the temperature exerts on

333  the adsorption, the interpretations provided by modeling the experimental data must be

334  discussed together. Studying the effect that the increase in temperature generates in the

335 process is fundamental in adsorption since the parameter influences the availability of

336  adsorptive sites present in the adsorbent and the mobility of adsorbate molecules. Isothermal

337 models allow the analysis of different variables under the same temperature so that the
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mechanisms behind the interaction can be better explored, clarifying whether adsorption
occurs in mono or multilayers, for example [140]. These understandings can be especially
useful for industrial purposes, often carried out under constant conditions. Knowing how
different temperatures will affect the yields obtained in the process allows corrections and
compensatory measures to be taken as quickly as possible, avoiding large losses [141]. Added
to this, the use of isothermal models applied today allows the estimation of the maximum
capacity values of the adsorbent (gmax), supporting the estimation of the necessary dosage
values to obtain a satisfactory removal. In terms of operating costs, it is favorable that the
optimal performance of the adsorbent is achieved at room temperature (298 K), as this would
lead to lower energy consumption. Obtaining the isothermal data makes it possible to
estimate the thermodynamic parameters of adsorption. In this aspect, the changes in enthalpy
value (AH°®), the entropy variation (AS°), and the Gibbs free energy variations (AG°) are found.
Estimating these parameters is extremely important as it elucidates information about the
nature of the adsorption process (endothermic/exothermic). In addition to providing
information about the nature of the interactions (physical/chemical) involving the adsorbent

and the adsorbate.

Table 5 provides the most relevant information regarding the isotherms, such as the
maximum adsorption capacity and the temperature at which this performance was obtained.
Regarding the thermodynamic parameters, Table 5 provides the nature of the process and the
value of the AH® parameter to better understand the mechanisms that involve the adsorption
of OFL. First, we observed that many studies did not estimate the thermodynamic parameters,
making it impossible to bring new information about the interactions in the adsorption
process. In the studies where the temperature variation was analyzed together with the
thermodynamic parameters, it was possible to observe that in most cases, the increase in
temperature at 313, 315, and 328 K favored the adsorption of OFL (AG°>0). This behavior
points to an endothermic nature (AH>0) of the adsorbent, as observed in the following
adsorbents: ilmenite-biochar composite [48], Oryza sativa husk ash [49], N-doped activated
carbon [53], ZIF-8 (metal-organic frameworks) [54], bentonite clay [56], rice husk [129],
Hydroxyapatite /activated carbon (HAP/AC) [50], AC from Cassava Stem [55], Fe/Cu oxides
composite [46], Zeolitic Imidazolate Framework-8 (ZIF-8) [52] and coal fly ash [135]. Three

studies observed an exothermic behavior (AH°<0), where the augmentation in temperature in
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the system diminished the adsorption of OFL, being desirable adsorbents to be applied in real
conditions. The studies used rGO@CuO/6A5N2TU colloidal heterostructures [60], rGO-MoS2
heterostructure [57], and AC derived from Iluffa sponge [11] as adsorbents for the
temperatures of 293 and 298 K. Therefore, the exothermic behavior is not only related to

heterostructures, but also carbonaceous materials of vegetal origin.

Table 5. Thermodynamic parameters for OFL uptake.

ASP
T AG® AH? 4 -
Adsorbent (K) (KImol?)  (kJ mol?) (kJ mi))l K Reference
I vioch 288 -22.24
IImenite-biochar
composite 298 -23.86 19.565 77.22 [48]
308 -25.15
298 —31.457
N-doped activated carbon 303 —31.871 3.7408 0.1178 [53]
308 —32.461
313 —33.224
293 -2.30
ZIF-8  (metal-organic 298 -2.58 5
frameworks) 303 270 7.02 3.2x10 [54]
308 -2.78
298 -12.54
_ 308 -13.22 )
Bentonite clay 7.88 6.849x10 [56]
318 -13.91
328 -14.59
288 -18.37
Rice husk 303 -19.21 27.45 0.1574 [129]
318 -23.20
Hydroxyapatite/activated 303 1196
carbon (HAP/AC) 313 -14.04 51.016 0.2078 [50]
323 -16.12
. 298 -29.87
AC derived from luffa 303 -90.60 .40 -0.034 [11]
sponge
308 -29.53
298 -0.068
308 -0.2798
AC from Cassava Stem 318 06278 10.44 0.034 [55]
328 -0.9758

Fe/Cu oxides composite 293 -3.70 4.8 0.0298 [46]
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303 -3.99
313 -4.99
293 -1.68
Zeolitic Imidazolate 298 -1.92 5
Framework-8 (ZIF-8) 303 -2.06 7.06 3.0x10 [52]
308 -2.13
GO@CUOIBASNZTU o3 96.18
rGO@Cu 318 -98.36 -1.2887  2.8x10° [60]
colloidal heterostructures
328 -99.81
298 -13.65
Coal fly ash 308 8.72 127.4 0.4732 [135]
318 -6.94

Showing a favored adsorption efficiency with increasing temperature is not exclusive
to OFL. Usually, the best performance with increasing temperature is intertwined with the
increase in the solubility of the adsorbate in the solution. As a result, the molecules are more
mobile, facilitating their accommodation on the surface of the adsorbent. Therefore, even if
the isothermal fit can provide much information about the process, its use does not rule out
the need for further investigations. Regarding AS, most studies showed AS>0, indicating high
adsorbate-adsorbent affinity, with a characteristic increase in the randomness of the
solid/solution interface [142]. Studies that present negative ASC indicate a disturbance level in
the solid-liquid interface during the adsorption process, decreasing the degree of freedom of
the system. As well as the kinetic data were fitted to models, the isothermal data were
analyzed by estimating the parameters through models used in adsorption studies. The best
fit was defined by analyzing the values of the statistical parameters (R?, R%q;, MSE, and ARE).
Of the 27 studies reported (Table 3), 21 showed a better fit for the Langmuir isotherm. In this
case, the adsorption of OFL molecules adheres through monolayer formation. Another
observation is that the steric hindrance imposed by the size of the OFL molecule and the
possibility of a surface formed by adsorptive sites distributed more orderly and

homogeneously may occur.

Regarding the Freundlich model, 4 studies were found [11,52,59,133], where all
obtained adjustments above 0.99. The studies by Hu et al. [133] and Yu and Wu. [52], used
some composite formed by the aggregation, doping, or involvement of two or more materials,
corroborating the Freundlich isotherm, indicating a more heterogeneous surface [143].

However, this rule is not always applied since studies by Kong et al. [11] and Ye et al. [59] are
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adsorbents from carbonaceous materials, which are expected to have a more homogeneous
surface compatible with the Langmuir isotherm. Finally, using a less common isothermal
model, such as Redlich-Peterson [144], was also described in studies by Ma et al. [46] using
Fe/Cu oxides composite as adsorbent and obtaining a fit of 0.99. The Redlich-Peterson model
is not intended to combine the Langmuir and Freundlich isotherm models in any way. Instead,
it suggests a three-parameter equation to correct the inaccuracies of all the other two-
parameter equations developed [144]. Of all models, the Redlich-Peterson and Dubinin-
Radushkevick (are possibly the least explored, which can be attributed to the inappropriate
adjustment methods used in general. The study by Antonelli et al. [56] was the only one who
showed that the isotherms were better adjusted by the Dubinin-Radushkevick model,
suggesting that the process assumes multilayer adsorption and heterogeneous adsorbent
surface. This model is based on the adsorption potential theory and assumed that the
adsorption process was related to filling the micropore volume as opposed to layer-by-layer

adsorption on the pore walls.

Finally, of the analyzed studies, only three presented linear isothermal adjustment
[52,57,59], with R 0f 0.99, 0.99, and 0.98, respectively. Here, it is important to emphasize that
the non-linearized isotherm is always preferred, mainly due to deviations and subsequent
errors that may reflect badly on the thermodynamic analysis [145]. The same analysis is
performed for the adjustments of the kinetic models, where although most of the studies used
non-linear models (Table 4), three studies presented a linear adjustment [55,57,59], with R?
of 0.91, 0.98, and 0.99. The great point is that the surface of the adsorbent presents a limit of
available adsorptive sites; as these sites are occupied, the adsorption no longer presents a
linear behavior, as it saturates; therefore, using linear equations indicates that the data will
tend to be overestimated, and may not provide reliable values of the actual adsorption

capacity of the material [41].

4.5, Effect of increasing OFL concentration and entropy contribution

In most studies meticulously described in the text and tables in the previous sections,
the OFL concentration range has always been in the order of mg L't. The OFL concentration
employed in typical adsorption experiments is much higher than expected for environmental

samples (ng L' to ug LY). However, precisely, this factor guarantees the reliability of the data
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collected and modeled since the error associated with low limits of detection and
quantification imposed by the preparation of samples from various analytical methods for low
concentrations is practically nil. Still, the downside of using higher concentrations of OFL is the
need to consider stronger adsorbate-adsorbate interactions that may reflect on the
adsorption process. The concentration range used in the adsorption studies varied greatly
from study to study, where the minimum concentration was 0.0003163 mg L and the
maximum 900 mg LL. In all studies, a similar tendency is observed in that as the concentration
increases, the capacity also increases until saturation gives a curve in the form of a plateau.
This behavior is intertwined with the enhancement in the driving force gradient, clearly higher
at elevated concentrations, and the variation in the textural characteristics of the adsorbents,
such as Sger, pore volume, and pore diameter. In the case of the driving force gradient, it is
generally applied to all studies since the textural characteristics must be analyzed separately

for each adsorbent.

When analyzing the influence of entropy at temperatures as low as 100.15 K, it is
observed that the thermodynamic equilibrium is established where the adsorbate molecules
are considered simple monomers. If the adsorbate molecules had unique chemical potentials
(u), the coverage rate at the adsorption sites would be the same, in which case the
accommodation of the adsorbate molecules would be governed only by the adsorbate-
adsorption site's ratio (La=us). In this case, the total energy would necessarily be continuous
along the boundary between the solid-liquid phases [146]. In the case of most current
adsorption studies, temperatures above 298 K are used, in which case the entropy tends to
be even higher. With higher entropy values, the system tends to have thermal agitation
effects, which can limit the adsorption efficiency since adsorbate is prevented from reaching
the adsorptive site. In systems where other ions or adsorbates occur, competitive adsorption
occurs; in these cases, the entropic effects are even more severe due to the diversification of

molecular sizes and energies. This subject is better discussed in item 6.

4.6. Adsorption mechanisms

So far, we have discussed the influences that parameters such as temperature and pH
can have on the efficiency of the process, as well as how much information can be obtained

from isothermal and kinetic modeling. Notwithstanding, not all papers give a piece of clear
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understanding of the interactions at the interface of the adsorbent and OFL molecules. Some
papers claimed an interaction mechanism performed equilibrium or thermodynamic studies
or FTIR analyses. In addition to these, however, several other analyses can be employed to
provide insights into possible interaction mechanisms. Most of these analyses consider the
adsorbent rather than the adsorbate: the pHpzc can be determined by acid-base titration, and
the Sger and pore properties can be determined by N2 ads/desorption. Here, it is important to
emphasize that the nature of the adsorbent can determine the type of interaction, but it is
the understanding of the OFL molecular equilibria in the experimental conditions that will
allow the process to advance or not. To confirm whether the nature of the mechanism occurs
by physical or chemical forces, that is, whether the process is physisorption or chemisorption,

the thermodynamic parameters must be estimated.

Approximately 17 studies proposed adsorption mechanisms based mainly on possible
electrostatic interactions, as shown in Table 6. The electrostatic interactions are physical and
may correspond to hydrogen bonding, Van der Walls forces, and hydrophobic and polar
interactions. For aromatic compounds such as OFL, m-it, and n-mt interactions have also been
proposed as possible contributing effects. When analyzing the magnitude of AH? in these
studies, all were below 80 kJ mol™ [147], confirming the physical nature of the process. It
should be noted that only under conditions of AH® > 200 kJ mol? is it indicated that
chemosorption occurs [148-150]. A few studies indicated that chemical bonds also occurred
in addition to physical interactions, and each of these studies was analyzed separately. In the
study by Yu and Wu. [54], the authors claim that based on the FTIR spectra, the -COOH group
is active in chemical binding sites with the OFL molecule forming unsaturated divalent metal
complexes with adsorbent. However, when analyzing the magnitude of AHY, it presents a value
of only 7.02 kJ mol?, which confirms that interactions of a chemical nature would not be
possible to occur. The same problem is presented in the work of Yu and Wu. (2022), where
despite being another adsorbent, the magnitude of AH® was also 7.02 kJ mol™. Similar
observations are made in the study by Ma et al. [46], where the authors suggested that
complexation occurred between the adsorbent Fe/Cu oxides composite with OFL; however,
the AHC is 1.47 kJ mol?. The studies by Yang et al. [64] and Gao et al. [134] state that
chemisorption occurs through the application of simulations of the density functional calculus

theory (DFT); however, they do not present the estimate of thermodynamic parameters to



488

489

490

491

492

493

24

corroborate with the conclusions obtained. Finally, in the study by Hao et al. [58], the authors
state that there was an exchange of electrons through hydrogen, however, it cannot interact
as an electron donor only through hydrogen bonds. Finally, in the study of Singh and
Srivastava. [61], the authors also claim that there was an exchange of electrons, but they do

not justify the hypotheses that led to this statement.
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Table 6. Mechanism of OFL uptake from aqueous medium (pK1 = 6; pK; = 8.5).
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Adsorbent Adsorption mechanism Reference
IImenite-biochar composite hydrogen bonding formation and m-mnt
interactions [48]
N-doped activated carbon van der Waals forces, hydrogen bonds, 53]
and electrostatically attracting
Biochar from rice husk hydrogen bonds and polar interactions [47]
Biochar from sawdust hydrogen bonds and polar interactions [47]
Biochar from municipal hydrogen bonds and polar interactions [47]
organic waste
ZIF-8 (metal-organic strong hydrogen bonding, complexation (54]
frameworks) of unsaturated metals, and n—m stacking
Thermal kaolin chemosorption and electrostatic
interactions [64]
Rice husk electrostatic interaction [129]
Hydroxyapatite/activated strong hydrogen bonding
carbon (HAP/AC) [50]
Carboxymethyl cross-linked hydrogen bonding, electrostatic
lignin attraction, electron-donor-mni-rt-acceptor (134]
interactions, and negative charge-
assisted hydrogen bonding
AC from Cassava Stem physisorption [55]
Fe/Cu oxides composite hydrogen bonds, -1t stacking
interactions, surface complexation, [46]
hydrophobic interaction
Fe/Co bimetallic modified electrostatic interactions, hydrogen
biochar bonding, hydrophobic interactions, (58]
complexation, and ni—t electron donor-
acceptor interactions
Copper-Doped ZIF-8 T-Tt interaction [21]
Fe3s04@MIL-100(Fe) T-Tt interaction and H-bonding [51]
Zeolitic Imidazolate complexation of unsaturated metals,
Framework-8 (ZIF-8) hydrogen bonding, and electrostatic [52]
interactions
Bagasse biochar n-1t bond interactions, hydrophobic
interactions, [59]
hydrogen bonds, electrostatic
interactions, and ion exchange
rGO@CuO/6A5N2TU Coordinate bond, m—n stacking, (60]

colloidal heterostructures

and hydrogen bonding
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Industrial sludge (AC) electron donor-
acceptor interactions, m-mt interaction, [61]
and H-bonding
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4.7. Morphological properties and performance of adsorbents developed for OFL adsorption

When the adsorbent properties could influence its adsorption capacity, the Sger is one of
the most crucial structural features of the adsorbent. Regarding OFL adsorption, it is possible
to observe that the parameter does not always determine whether the adsorbent has a high
removal efficiency. Previously, in Table 3, it is possible to observe three situations: i)
adsorbents with high surface areas and good adsorption capacity; ii) adsorbents with low
surface areas but with good adsorption capacities; iii) adsorbents with low surface areas and
low OFL adsorptive performance; iv) adsorbents with high surface area and low adsorption
capacity. In the first situation, we have the N-doped AC [53] with an Sger of 1818 m? g?
obtaining a q= 780 mg g, whereas the hydroxyapatite AC [50] with an Sger of 921 m? g?
obtained a q= 39.67 mg g%, a good performance since the concentration range used was low.
The excellent capacity of 599 mg g was obtained with copper-doped ZIF-8 with a high Sger of
1438 m? g1 [21]. In the second situation, Antonelli et al. [46] study used bentonite clay with
an Sger of 87 m? g1, However, the capacity was high (160.8 mg g1). The two biochar produced
in the study by Akhtar et al. [47] present Sger of only 0.144 and 1.99 m? g%, but the capacities
of both materials were high, being 3702 and 669.5 mg g}, respectively. In the third situation,
the coal fly ash material had an area of only 17.5 m? g, where a low gq= 2.643 mg g* was also
observed [135]. The same situation was observed in the study by Jaswal et al. [57], where
capacity (37.31 mg g!) and surface area (17.17 m? g'!) showed low values. Finally, the fourth
situation is the adsorbent nitride nanosheets with a large area of 1801.9 m? g, but the
capacity was only 72.5 mg g* [130], and the composite Fe304@MIL-100 (Fe) with a good

surface area 3546 m?2 g'* but the capacity was only 123 mg g [51].

This indicates that in addition to the surface area, other factors influence the adsorbent's
performance, such as the development of pores and their total volume, the pore size
distribution, the particle size of the adsorbent, and the functional moieties available in the
adsorbent surface. Determining the zeta potential of the adsorbent is also important because
it determines the existing surface charges according to the pH variation of the solution, which

will reflect on the strength of the interaction. Thus, all these factors need to be considered
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before a mechanism is proposed, with special attention to the difference in adsorption kinetics
and mass transfer rate for porous and non-porous adsorbents, as discussed and generally

demonstrated by Sircar [151].

5. Regeneration and reuse

One of the great advantages of adsorption is the possibility of applying the same
adsorbent several times. Desorption is the opposite process of adsorption. Therefore it occurs
when the adsorbate migrates from the surface of the adsorbent to the solution (Figure 3).
Therefore, it must have good desorption capacity for several cycles [152]. An adsorbent that
maintains its removal potential little changed as desorption occurs is a competitive,
sustainable, and economical material for application on an industrial or environmental scale.
Onthe other hand, the low reuse indicates a high cost of the adsorbent, which is not of interest

in the industrial market.

<Fig.3>

The analysis of the potential for desorption and reuse of adsorbents was well studied
as it is observed that 13 studies (Table 7) presented the number of cycles that each material
endured maintaining a removal at viable levels to be applied again. Every time adsorbate is
removed from the material's surface, an eluent must be applied to remove the pollutant from
the surface. In the case of the listed studies, the following eluents were successfully used:
ethanol, acetic acid, sodium chloride, methanol, and hydrochloric acid. Eluent choice is
paramount; the ideal is to use a compound that is not toxic since it will generate a large volume
of residual effluent, which must be treated before being released into the environment. In
most studies, the adsorbents maintained good removal efficiency after 3 regeneration cycles
(>73.9%). It was also possible to observe materials with good yield after 4 (> 70%) and 5 cycles
(56.1%). The magnetic carboxylated cellulose nanocrystals (M-CCNs) adsorbent [133] was the
most promising since, after 7 cycles, it maintained its removal above 70%, using a 30% acetic
acid/methanol solution as eluent. Finally, another point to be observed is that thermal
regeneration presents an excellent regeneration alternative since it involves energy
expenditure but has a lower potential for pollution since new chemical reagents are not added

that would be present in the final effluent.
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Table 7. Summary of OFL desorption and reuse.
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Number  Retained
Adsorbent Eluent of cycles after n Reference
(n) cycles (%)
IImenlte_-blochar Ethanol (CzHcO) 3 >90 (48]
composite
N-doped activated Acetic acid (CH>COOH) 3 >74.3 (53]
carbon
ZIF-8 (metal-organic Sodium chloride 4 >77.3 (54]
frameworks) (Nacl)
Thermal kaolin Methanol (CH3OH) 5 >83.4 [64]
Heating at 500 °C 3 >93.06
(OFL decomposition
Bentonite clay temperature is [56]
between 250 and
257 °C)

Rice husk Heating at 200 °C 3 >73.9 [129]
Magnetic 30% acetic 7 >70
carboxylated cellulose acid/metanol

[133]
nanocrystals (M-
CCNis) (CH3;COOH/CH30H)
rGO- 3 >76
MoS; heterostructure X 571
Fe/Co bimetallic Acetic Acid 5 > 89.31 (58]
modified biochar (CHsCOOH)
Bagasse biochar X 5 >56.1 [59]
rGO@CuO/6A5N2TU Hydrochloric acid 4 >70
colloidal [60]

(HCl)

heterostructures
Industrial sludge (AC)  Thermal regeneration 5 >59 [61]
Zeolitic Imidazolate Methanol (CH30H) 4 >83.6 52]

Framework-8 (ZIF-8)

6. Competitive adsorption

When analyzing the potential of an adsorbent, it is always important to measure its

performance under real conditions. Therefore, real effluents are never unique mixtures with

the presence of a single molecule. Quite the contrary, real effluents contain several pollutants,

salts, and other compounds. Therefore, it is important to carry out competitive adsorption

studies, as it elucidates the affinity of the adsorbent for a specific adsorbate in light of other

competing species [153]. In the case of OFL adsorption, several studies analyzed this behavior,

as shown in Table 8. In the study by Dhiman et al. [49], when adding ciprofloxacin with OFL, it
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was observed that antagonism occurred, where the effect of the mixture was smaller than the
individual OFL in the mixture since the adsorption capacity of OFL decreased from 3.11 to 2.70
mg g! for the concentration of 40 mg L. The presence of paracetamol also decreased OFL
adsorption to 71%, where it was observed that as the concentration of paracetamol increased,
the greater the negative effect on OFL adsorption [38]. Awasthi et al. [55] analyzed the
adsorption of tetracycline and OFL antibiotics from water using a PVDF/BNNSs nanocomposite
membrane as an adsorbent, where it showed good adsorption capacity. However, it was

found that tetracycline exhibited preferential adsorption over OFL.

In the study by Liu et al. [48], it was observed that the removal was above 90%, where
the adsorbent's performance was not impaired. The study by He et al. [53] analyzed the effect
of adsorption through various ions, where it was possible to conclude that: the presence of K*
and Na* did not interfere with the adsorption of OFL since the presence of Ca?* and Mg?*
decreased the capacity to 122 mg g and 130 mg g?, respectively. In this case, alkaline earth
metal cations (Mg?* and Ca?*) bound more strongly to the adsorption sites, and their larger
hydration radii caused strong electron repulsion [154]. SO4* and HPO4? ions increased 36
mg-g* and 32 mg g of adsorption, respectively. This could be due to hydrolysis and the
formation of a small number of hydrogen bonds. The study by Yang et al. [64] also analyzed
the effect of Na*, K*, Mg?* and Ca?* ions on OFL adsorption, where it was observed that the
first two had little interference with adsorption. However, Mg?* and Ca?* reduced adsorption
by 33 and 46%, respectively. It indicated a competition of the positively charged OFL molecules
with the remaining cations present in the solution. In the study by Hao et al. [58], the authors
revealed that SO4%, CI, Ca?" and Mg?* promoted OFL adsorption, whereas NO3", COs*> and
PO4* ions significantly decreased adsorption and Na* and K* did not interfere with adsorption,
authors did not provide values in terms of removal. The opposite result was observed in the
study by Wang et al. [21], where CI- and SO4? ions decreased OFL adsorption (the authors did
not report values). Finally, Jaswal et al. [57] analyzed the adsorbent's performance in
wastewater with a high organic matter content and various ions. Adsorbent performance was

strongly affected, with removal decreased to 28%.
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Table 8. Summary of OFL competitive adsorption.

Adsorbent Competing species Maximum change Reference
with competing
species

Oryza sativa husk ash Ciprofloxacin <3.11 t§_12.70 mg (49]
IImenite-biochar Tap water > 90% (48]
composite
IImenite-biochar Yellow River water > 90% (48]
composite
N-doped activated K*, Na* not interfere (53]
carbon
N-doped activated Ca®* <122mggt? (53]
carbon
N-doped activated Mg?* <130mgg™! (53]
carbon
N-doped activated S04* >36mgg?

[53]
carbon
N-doped activated HPO4* >32mgg?

[53]
carbon
Thermal kaolin Mg?* <33% [64]
Thermal kaolin Ca% <46% [64]
Rice husk ash Paracetamol <71% [38]
Fe/Co bimetallic S04%, Cl, Ca** and > (58]
modified biochar Mg
Fe/Co bimetallic NOs3’, CO3% and < (58]
modified biochar PO, %
Fe/Co bimetallic Na* and K* not interfere (58]
modified biochar
Copper-Doped ZIF-8 Cl-and SO4* < [21]
rGO- Wastewater water <28% (57]

MoS; heterostructure

7. Application of auxiliary technologies and coupled methods in OFL adsorption
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Although adsorption technologies show exceptional results, several studies indicate

that coupled methods can provide even better results in removing pollutants [155,156]. When

analyzing the literature, the technologies applied, mostly on a laboratory scale, in removing

OFL, we observed that advanced oxidation processes (photocatalysis and photo-Fenton) are

preferred by most studies published after 2020. Compared with adsorption, the great

advantage of these methods is that the pollutant is mineralized/degraded and does not

generate secondary pollution. However, just like adsorption, the great challenge is
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overcoming the laboratory scale barrier by applying these processes on a real scale. Most
studies show good efficiency in samples containing OFL [157—-159], but in complex samples,
the photocatalytic efficiency is low. One of the main factors is the presence of suspended
solids that block light penetration, increasing the recombination of photogenerated charge
carriers. The main focus is to improve this performance through more complex samples and
to reduce operational costs through the application of new catalysts. It is also possible to
observe other forms of OFL catalytic degradation that can be found in the literature, such as

electrocatalysis [160], Fenton oxidation [161], catalytic oxidation [162], and ozonation [163].

More specifically, the Fenton and catalytic oxidation processes have shown high
degradation efficiency of OFL molecules. However, like all technologies, this method also has
disadvantages; its high cost added to the need to use by-products (bases and acids) to balance
the reaction (Fe?*/Fe3*), making this technology not 100% clean. Therefore, adsorption is still
a more viable process in terms of costs. However, the big issue here is not to establish the
“best” technology or the one that has the most advantages over the other but to seek the
application in a coupled manner, such as the application of ozonation followed by adsorption
[164]. Another alternative explored is catalytic oxidation by humid air, which also involves the
generation of highly oxidizing species. However, unlike simple photocatalysis, it uses high
temperatures. Concerning OFL, no studies were found. However, the technique presented
limitations for other drug compounds, where performance can be improved using mesopores

AC. However, studies that optimize the process to reduce operating costs are still necessary.

In addition to advanced oxidation processes, other developments involving classic
water treatment methods were carried out. As a way to enhance coagulation, for example,
electrocoagulation emerges as an emerging method that combines the benefits and functions
of conventional coagulation, flotation, adsorption, precipitation, discharge, and
electrochemical reactions, including cathodic reduction and anodic oxidation [165]. Among its
advantages, one can mention its high versatility, easy control, and high selectivity [166].
Unfortunately, this technique depends on many factors to be efficient, as it is very sensitive
to changes in several parameters [167]. In the literature, studies of electrocoagulation for
removing OFL are limited. However, in the study by Mokni et al. (2022), the method was

applied for the first time in OFL, where it was observed that the Al electrode is effective for
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OFL removal where 72% of OFL is removed by 40 min electrolysis time, and a maximum of

78% is reached after 105 min.

Finally, new green approaches have also been shown to be possible and effective in
the literature, including applying plants and microorganisms to wastewater treatment
solutions to remove a wide variety of toxic organic pollutants, including OFL and
pharmaceutical compounds. The study by Maldonado et al. [168] illustrated the potential
application of duckweed (Lemna sp.) and tree fern (Azolla sp.) in the removal of
pharmaceutical residues in water, focused on a mixture of antibiotics containing OFL. The
study by Akerman-Sanchez et al. [169] analyzed the bioaccumulation potential of fungal
biomass in the bioremediation of a mixture of pharmaceutical pollutants, a method aimed at
bioengineering of water decontamination. Martinez-Ruiz et al. [170] performed microalgae-
assisted green bioremediation of leachates rich in water pollutants and recovery of source

products.

8. Knowledge gap and future prospects

Antibiotics such as ofloxacin hydrochloride are consumed in all countries of the globe.
However, export numbers, daily consumption, environmental presence, and concentration
control, mainly for industrial and hospital effluents, are still insufficient and little inspected by
Organs competent bodies. Therefore, it is highly necessary to improve the set of information
with control over the OFL production and commercialization market, leading to greater
accessibility of data for society and especially for the scientific community. Seeking to improve
OFL mitigation technologies without including a broader point of view as information on the
pollution caused by these drugs in industrial effluents is insufficient. Therefore, there must be
interest and cooperation on both sides; added to this, applying specific legislation and the
commitment of public bodies would be the ideal scenario. Another important issue is that the
major concern of industries is the final cost, and the scientific community is not always focused
on this issue. For example, a large part of the adsorption operating costs is the adsorbent
manufacture. However, studies that analyze this variable are still scarce, and even those that
estimate do not provide clear data from real perspectives. In order to overcome this problem,
hierarchical changes need to be made, ranging from the way science is produced to the

demand imposed by the market.
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Now, let us look at prospects. It is to be expected that, in addition to increasing interest
in understanding and controlling OFL pollution, ongoing adsorption studies will incorporate
more sophisticated models that allow i) to predict phenomena and ii) to understand the
adsorption mechanisms on a microscopic scale. Over the past 10 years, machine learning and
deep learning have been explored for adsorption data prediction, allowing us to estimate how
changing certain parameters would affect the process without exploring time and money.
Furthermore, the development and establishment of new isothermal models that rely on a
statistical physics approach, incorporating the canonical grand ensemble perspective, has
allowed chemists and engineers to take back control and target specific synthetic points to
improve key structural changes in adsorbents, making them even more effective at removing
pollutants. Although in addition, most studies involve small-scale systems, while large-scale
studies include a fixed-bed column. Regarding the adsorption of OFL, the study by Antonelli
et al. [56] evidenced using clay as an adsorbent in a fixed bed column. It can operate for up to
140 hours with the removal of practically 100% of the OFL antibiotic; in the same study, the
authors suggest that the adsorbent is promising in studies involving even lower concentrations

and close to those that occur in the environment (for example, ng L' or pg LY).

Finally, studies using neural networks and fuzzy inference systems have not been used
for modeling and optimizing OFL uptake. Computer-based mechanistic modeling techniques
have also not been reported. In addition, the application of mass transfer models [118,171]
should be applied to OFL adsorption to elucidate the mechanisms involved in antibiotic
adsorption. These are also gaps in knowledge and can serve as a basis for future investigations

by other researchers.

9. Conclusion

Although current and future perspectives indicate the extreme urgency of improving
OFL mitigation technologies for the environment, not all agencies and sectors of society are
interested and concerned. Due to these factors, technologies such as adsorption are being
improved. Several adsorbents were analyzed, and most have good adsorption capacity in pH
conditions close to neutrality. Of the 27 articles, not all analyzed the effect temperature exerts
on the adsorbent's performance. However, those that analyzed the increase in this parameter

favored adsorption. The maximum capacities were quite varied, and it was observed that the
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surface area does not always determine the efficiency of the adsorbent. For most studies, the
materials show moderate kinetics where the system tended to come to equilibrium before
250 min. Thermodynamic parameters confirmed the endothermic nature of most studies,
where physical interactions were predominant in the processes. The coexistence of ions in the
solution can positively or negatively interfere with the adsorption, with cases where no
interference was observed. Following this line, using adsorption technology in conjunction
with other techniques should be an object of study, mainly to break the barrier between the
scientific community and society. Taking technological advances in contaminant mitigation

processes is undoubtedly a great challenge for the coming years.
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