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ABSTRACT

In the environment, adsorption is important for the movement and fate of organic pollutants.
The study investigates the oxide mixture impact (i.e., MnO, and a-FeOOH) on the adsorption of
Flumequine (FLU), with a view to simulating soil heterogeneity. Demonstration of FLU binding
to these particle surfaces was achieved using batch sorption experiments, HPLC analyses, and
ATR-FTIR spectroscopy. We investigated how synthetic a-FeOOH and MnO, particle surfaces interact
to understand that affects FLU adsorption at different NaCl concentrations. ATR-FTIR results revealed
the establishment of a metallo-bonded complex from neutral to acidic pH and a highly H-bonded
complex at basic pH. We note strong attraction between FLU and MnO, due to the lower zero charge/
isoelectric point of this mineral (2.3-2.5) compared to goethite (8.9-9.5). Therefore, the FLU adsorption
onto solids is as follows: a-FeOOH+MnO,> MnO,> a-FeOOH, with a percentage yield of 42%, 39%,
and 36%, respectively, suggesting a slight superiority for the solid mixture.
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INTRODUCTION

Recent years have seen an increasing body
of evidence suggesting that antibiotics commonly
used in human and animal medicine are being
released into the environment'. Fluoroquinolones
(FQs) represent a group of powerful antibiotic
medications that are widely employed in both human
and veterinary medicine?. Flumequine (FLU) is a non-
natural quinolone frequently applied in aquaculture

as a preventive measure against diseases®. In
addition, it was demonstrated to be highly efficacious
in the treatment of urinary, pulmonary and digestive
tract infections. Furthermore, studies have indicated
that it is active against certain Gram-positive
and Gram-negative micro-organisms*. The issue
of bioavailability is of particular concern in this
context, since it may result in elevated levels of FLU
residues in the aquatic ecosystem®. Conversely, the
elimination of FLU from wastewater by standard

This is an
Published by Oriental Scientific Publishing Company © 2018

Open Access article licensed under a Creative Commons license: Attribution 4.0 International (CC- BY).




KAMAGATE et al., Orient. J. Chem., Vol. 41(5), 1538-1548 (2025)

treatment facilities is frequently found to be
deficient®, and the presence of these compounds in
the environment is frequently observed, and there
is a possibility that they may have a deleterious
effect on aquatic and terrestrial organisms’.
Previously, several treatments have been reported
such as biodegradation®®, photodegradation'®, and
adsorption to minerals in soils and sediments' of
FQ. In the natural world, FLU's movement and fate
are mostly controlled by its association with particles.
This association is down to things being taken up
by the organic fraction of soils and sediments in the
watershed. Otherwise, MnO, can be joined up with
other oxides as either single particles or coverings
in soils and sediments'2. Other research has
suggested that two different metal oxides that are
present together, they are capable of experiencing
heteroaggregation, a process which has the capacity
to influence the sorption ability of the oxides by
effectuating alterations to their surface charges
and the number of surface sites™. This absence
of correlation between research emphasis and
environmental imperatives is primarily attributable
to the intricacies inherent in operating within natural
systems, a factor that is likely to impose substantial
constraints on the ability to extrapolate research
findings from rudimentary prototype systems to
complex real-world environmental systems.

The aim of this study is to assess the
impact of binary systems (MnO_+Goethite) on FLU
elimination. In addition to the kinetic experiments
conducted on FLU in various combinations, a
range of other experiments and calculations were
performed. These encompassed the following : (i) the
measurement of the surface charges of each oxide
when tested individually and in a mixture of MnO, and
goethite, (i) the Attenuated Total Reflectance Fourier-
Transform Infrared spectroscopy (ATR-FTIR) analysis
of FLU sorbed on individual oxide and their mixtures,
(iii) the sedimentation of each oxide and their mixture
versus FLU concentration, and (iv) the FLU sorption
on single oxide, and their binary mixture.

MATERIAL AND METHODS

Chemical products

The chemicals utilized in this study were
of analytical grade or higher, procured from Sigma-
Aldrich. A high-purity (99%) FLU starting solution was
obtained through a dissolution process. This process
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involved the dissolving of 52.4 mg (200 pmoles) of
FLU in 10 mL of NaOH (1M), and subsequent vdilution
to 1 L of Ultra-Pure Water (UPW).

Synthesis and characterization of goethite and
manganese dioxide particles

The synthesis of a-FeOOH and MnO,
particles was conducted in accordance with the
methodologies outlined in preceding studies# 151,
The particles obtained were subjected to a
range of characterizations including size, BET
specific surface area, nitrogen (N,) adsorption
measurements and composition chemical analysis.
These were complemented by transmission electron
microscopy (TEM) to provide comprehensive data
on the morphology and composition of the particles.
The specific surfaces of the synthetic a-FeOOH and
MnQO, are 85+0.1 and 374+3 m2/g, respectively.

Sorption experiments and UV-Visible spectro-
photometry study

FLU solubility tests were performed in an
effort to ascertain the effects of pH on the subject
material. The experiments were carried out within
10 mM NacCl solutions, with solid FLU suspended in
the solutions (~ 4-6 mg). We left the suspensions for
24 h to reach an equilibrium, then filtered the
top layers (0.2 ym) and measured the FLU
concentrations using a UV-Vis spectrophotometer
(Varian). As we'll go through later, FLU is pretty
insoluble at acidic pH (around 50 pM), which lines
up with what other studies have found"’.

MnQO, (1.74 g/L, 650.76 m?/L) were utilized
to realize different types of solutions in NaCl
concentrations (10-1000mM). Goethite (24 g/L,
2040 m?/L) suspensions were prepared separately
for each sample at the chosen ionic strength.

We carried out batch sorption experiments
in different conditions, including reaction time, FLU
concentration, pH and ionic strength, with a high
amount of FLU at pH 4, with 10 mM of NaCl and
24 uM of FLU. They used an equal amount of
goethite or MnO, and their mixture, with each solid
having an area of 10 m?/L.

It should be noted that all batch tests were
conducted in an atmosphere of N, (g) to guarantee
the complete purging of dissolved CO, within the
aqueous solutions. In fact, a solution of 24 yM
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of FLU was prepared and subsequently added
to goethite or MnO, (10 m%L) at the appropriate
concentration of NaCl (i.e., 10, 500 or 1000 mM).
Subsequently, the pH was regulated to the required
value by adding of 0.1 M NaOH or HCl solutions. In a
further experimental series, sorption isotherms were
determined at pH =4.1+0.1 and at pH = 7.5+0.1, for
[FLU]Jtot concentrations varying from 1 to 150 pM in
the presence of a-FeOOH, MnQO,, and their mixture
at equal Surface Area. All solutions then underwent
equilibration for a 24-h period, after which the
supernatants were filtered (0.2 ym) prior to soluble
FLU determination by UV-vis spectrophotometer at
a wavelength of 246 nm. To verify the mass balance
of FLU in the systems under study, desorption tests
were conducted (pH=12).

The determination of FLU concentrations
was accomplished by means of a high-performance
liquid chromatography (HPLC, Waters 600 controller)
system that was equipped with an automatic sampler
(Waters 717 plus), a C18 column (250 mmx4.6
mm i.d., 5 ym), and a UV detector (246 nm, Waters
2489). The mobile phase was constituted of water
and acetonitrile (60:40 v/v), with 0.1% formic acid.
We set the flow rate at 1 mL/min in isocratic mode,
as is standard practice in such experiments'®.

ATR-FTIR spectroscopy

The experiment was conducted using a
Nicolet IS50 spectrometer, a sophisticated piece
of analytical equipment, which was utilized to
record ATR-FTIR spectra within the 650-4000
cm region. This instrument boasts a potassium
bromide (KBr) crystal beam splitter and a total
reflection (TCD) detector, both of which are
crucial components in the precise measurement
of infrared spectroscopy. Spectra of wet samples
were acquired using a reflection diamond
ATR module (i.e., DurasamplIR™, SensIR
Technologies). The resolution of the single-beam
spectrum was 4 cm™. Three sets of tests were
carried out for the following: (i) the pH value is
equal to 4, 6 and 7.5) with [FLU],, = 50 uM and
[NaCl] = 10 mM onto goethite, (ii) as well as MnO,,
and (iii) an equal surface of goethite and MnQ,
mixture. Before being analyzed by ATR-FTIR,
tubes from batch sorption experiments went
through a 10,000 g centrifugation process for 30
minute. The application of wet mineral pastes to
the ATR crystal was conducted in a direct and
uniform manner. Subsequently, a lid was put on
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the flowing-through cell to stop the water from
evaporating.

Spectra were then systematically recorded.
The reference spectra encompass those for pure
water, as well as the filtered (0.2 pm) liquid from each
batch adsorption test and FLU solid covered with a
droplet of water to ensure more even application.
Furthermore, a new reference spectrum was
obtained from an aqueous FLU (FLU, ) solution
containing 10 mM of FLU in 1 M NaOH. This made
sure there was enough FLan for ATR-FTIR analysis.
In addition, no evidence of FLU was found in any
of the above samples due to its low solubility. It is
noteworthy that the spectra presented herein pertain
exclusively to the 1200-1800 cm region.

Potentiometric proton titration (acid/base
titration)

The titration process was conducted
with the aid of an automated titrator (Titrando),
manufactured by Metrohm, with the objective
of measuring the oxides. Within the titrator cell,
electrode measurements are computer controlled.
The working solution was composed of 200 mL
of ultrapure water and 0.12 g of goethite. In a
subsequent series of tests, 0.02 g of MnO, and
0.059 g of goethite were utilized within the oxide
mixtures. Conversely, 24 yM of FLU was added
to the goethite and the oxide mixtures (i.e. MnO,
+ goethite). In order to avoid contamination from
carbon dioxide (CO,), the working solution for each
oxide was purged with pure nitrogen gas (N,). The
adjustment of ionic strength was accomplished by
employing a concentrated NaCl solution (2M) to
attain concentrations of 10, 500, and 1000 mM,
respectively. The pH was carefully regulated during
the titrations process by the addition of precise
solutions of HCI and NaOH, with concentrations
of 0.1 mol/L and 0.04 mol/L, respectively. The pH
and the potential redox (Eh) values were measured
using two pH Metrohm electrodes, i.e. glass and
reference’®. Before calibrating the pH electrodes, it
was necessary to carry out a blank titration of the
standard electrolyte. The suspension was titrated by
the addition of a defined volume of titrant and the
subsequent measurement of the pH. Subsequent
to each addition, a drift criterion for pH was utilized
(mV/minute). We set a 30-min time limit for acquiring
each data point. We used the same approach in the
blank experiment'®.
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Sedimentation

Experiments were conducted to study the
sedimentation of goethite-FLU, goethite-MnO,-FLU
and/or FLU at a pH of 4.0. The optical absorption
at 508 nm was measured over time using a UV-vis
spectrophotometer to monitor the tests?°?'. The
equivalent surface area of the single oxide was
10 m?/L, and a derived from a reported method. For
sedimentation measurement of goethite-manganese
dioxide without FLU, different amount of MnO, was
added, i.e., from 5 m?/L to 20 m?/L.

Otherwise for the sedimentation
measurement of the oxide mixtures with FLU, the
amounts of binary mixtures were maintained a total
oxide concentration of 20 m?/L and concentration
of FLU were varied to 8 to 100 pM. The solutions
were mixed together and left for 24 h before the
experiments. A 24 h time frame was selected for
examination as the pre-equilibrium time when
assessing the extent of aggregation in the mixtures.
This time is commonly utilized prior to kinetic
experiments, and the primary objective was to
ascertain how the extent of aggregation influences
MnO, reactivity. The utilization of light scattering
techniques was precluded due to the broad spectrum
of particle size distribution observed in the systems
under investigation.

RESULTS AND DISCUSSION

Batch experiments

Kinetic batch tests were executed over
a 5-day period, demonstrating that a steady-state
condition was attained within 7 h of reaction time.
Desorption tests further demonstrated that FLU was
eliminated solely by sorption, with no evidence of
breakdown by oxidation or other processes under
the study's experimental conditions. Adsorption
isotherms were determined for 10 and 50 uM
solutions of FLU in a mineral suspension of density
10 m?#/L (Fig. 1). These isotherms demonstrated a
higher capacity for FLU loading on the mixture of
MnO and goethite than on the separate systems
(i.e., MnO, or a-FeOOH). As demonstrated in
Fig. 1(a), at a pH below 5, approximately 36%
of FLU was absorbed onto goethite. Conversely,
Fig. 1(b) illustrates that an almost complete sorption
was obtained on MnO, at pH of 4.5 (~39%). At a
pH below 5, approximately 42% of the FLU was
absorbed by the mixture of manganese dioxide and

1541

goethite. The adsorption of FLU was observed to be
optimal under acidic to circumneutral pH conditions,
and least effective under basic conditions, as is also
encountered in ligands. In addition, the negligible
effect of NaCl concentration was observed, thereby
indicating that FLU binding is likely to occur
principally as strong metallic bond complexes
associated with surface Fe sites and/or straight
hydrogen bonds with surface hydroxyl groups.
The ability of the latter to withstand changes in the
strengthening of ions was clearly demonstrated by
Johnson et al.,?2. Conversely, poorer outer-sphere
complexes are anticipated to be more susceptible
to variations in ionic strength®. This finding aligns
with the observed adsorption phenomenon of FLU
onto goethite wherein the impact of ionic strength
proved to be insignificant across the concentration
range of 1 mM to 100 mM of NaCl*. The enhanced
FLU loadings observed in MnO, can be attributed
to two primary factors. Firstly, it is evident that the
reactive site density of the MnO, under investigation
is higher than that of goethite. However, the point of
zero charge of MnO, (2-4.5) 25, is lower than that
of goethite (7.5-9.4)'*?¢. Secondly, at pH4, MnO, is
predominantly net negative charged, with surface
sites MnO- and MnOH, being the most prevalent.
It is hypothesized that geminal MnO groups of the
plane of MnO, will be strongly reacted to cationic
species. The number of sites per square nanometer
is estimated to be 30.1, a value which may be
indicative of an FLU removal mechanism that is
more effective than goethite®*#. In the case of the
binary mixture of manganese dioxide+Goethite at
pH <5, the sorption plateau is found to be higher
for [FLU] ,= 24 pM (~42%), as shown in Fig. 4(b).
These results suggest that both phenomenal homo
and heteroaggregation are contributing factors.
Moreover, the empirical isotherm values are in
close accordance with the kinetic batch uptake
values at pH = 4.0. Within the system formed by the
two oxides (MnO, and a-FeOOH), the charges are
opposite, thus resulting in the occurrence of intensive
heteroaggregation. This phenomenon subsequently
led to the noticeable sedimentation of the particles
(Fig. 4(a)). Adding 8-100 pM of FLU resulted in an
average sedimentation rate of the mixture that was
pretty similar to that of the control sample, i.e. the
mixture without FLU. This phenomenon can be
attributed to the presence of FLU, which leads to
the formation of aggregates through both homo- and
heteroaggregation processes. As demonstrated in
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Fig. 4(b), the adsorption of FLU on a-FeOOH leads
to a reduction in the charge of a-FeOOH, thereby
diminishing its propensity for heteroaggregation with

Fig. 1. FLU molecule adsorbed per m? ([FLU]sorbed) for [FLU]

'tot
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MnO,. Nevertheless, this process concomitantly
fosters enhanced homoaggregation within a-FeOOH
particles202!,

=24 uM on 10 m?%L goethite (a), MnO, (b) and MnO,+goethite

to equal surface (c) versus pH at different NaCl concentrations. The percentage of FLU uptake at the plateau is also given

Investigations using ATR-FTIR method
FLU(S) and FLU-(aq) solutions

The ATR-FTIR spectra of the solid were
utilized as a baseline for distinguishing surface-bound
FLU species. Due to the relatively low solubility
of FLU, band assignments in the soluble species
were obtained from a 1 M NaOH solution (Fig. 2).
The ATR-FTIR spectrum of FLU(S) revealed three
characteristic bands with maxima between 1410
and 1510 cm™'. However, the bands in FLU(aq) were
shifted towards a longer wavelength by around 20
cm. It has been established that these bands are
attributable to C=C stretches (6C=C, ring) and C-H
bends (3C-H, ring) in the aromatic and quinolone
rings, respectively®®. The most significant distinction
between the ATR-FTIR spectra of FLU(S) and
FLU, is the absence of two bands at 1710 and
1302 cm™, which occur as a result of the loss of a
proton from the carboxyl groups. This process entails
the elimination of the C=0 and C-OH deformation

modes of the carboxylic group. The deprotonation
process generates the 1395 and 1586 cm™ bands,
which are attributed to the symmetric (8COOQ,s)
and asymmetric (8CQOO,as) stretching modes
of the carboxylate, respectively. The difference
between these bands, referred to as Av, is equal to
191 cm', calculated as 8§C00,as-56C0OO0O,s.
Furthermore, these values are in accordance
with those observed in earlier studies on (fluoro)
quinolones, such as ciprofloxacin (CIP), which has
been shown to assign 8COOQO,s to a band within
the 1360-1380 cm™ range®>%%%, gnd on ofloxacine
(OFX) with a comparable peak at 1340 cm™ 3132,
Further analysis of the spectrum for FLU(aq) revealed
a distinct band at 1340 cm™'. However, due to the
reasons outlined subsequently, this band has not
been assigned to COO.s. In contrast, the two
absorption bands at 1263 and 1618 cm- are attributed
to scissoring (bending) modes of the deprotonated
carboxylate group ( COO,sc) and to the bending of
the quinolone ring carbonyl group (8C=0,carbonyl)".
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FLU-goethite

As illustrated in Fig. 2(a), the effect
of pH on the ATR-FTIR spectra of 50 uM FLU
reacted with 50 m?/L goethite in 10 mM NaCl was
demonstrated. Firstly, an analysis was conducted
in order to observe both the characteristic features
of FLU and FLU . The pH values at which FLU
was investigated at 4.1 and 7.5. Specifically, the
1710 cm band indicated the existence of protonated
carboxylate groups, while the 1495 cm™ band
exhibited a shoulder on its high-energy side, implying
the disruption of aromatic and/or quinolone rings due
to intermolecular interactions. At pH values of 4.1
and 7.5, as evidenced by the spectra, the band at
1395 cm™ for FLU _, exhibits a significant decline,
being almost completely replaced by a band
centered at 1340 cm™. This finding lends further
support to the hypothesis that the assignment
of COQ,s to the band at 1395 cm™ in FLU(aq) is
accurate. It has been hypothesized that the COO
band may be slightly purple-shifted (1590 cm-1),
which would result in a Av~250. This value would
suggest that only one oxygen of the carboxylate
binds to a surface Fe, indicating a monodentate
coordination mode®. The minor shift of 8COO,sc
from 1263 to 1270 cm™' offers further evidence for
the involvement of the carboxylate in FLU surface
complexation to goethite. A purple shift of 1618
cm in the carbonyl (5vC=0) stretching mode of the
carbonyl group (CN=0) is indicative of the implication
of the keto group in the surface complex. This shift
is in comparison to the FLU_ or FLU  carbonyl
groups. A comparable transition from protonated
FLU(S) to Fe(FLU),(s) has been documented in the
preceding literature. In this instance, FLU establishes
a bidentate deprotonated complex with Fe®* via the
keto group and one carboxylate oxygens4.

FLU-MnO,

We investigated how pH affects the way
FLU-MnO, interacts with ionic strength using ATR-
FTIR, and the results are shown in Fig. 2(b). When
FLU reacts with MnO,, it causes big and consistent
changes to its transmission FTIR spectrum
(Fig. 2(b)). There's been arise in the carbonyl stretch
(1710 cm), which is a sign of more protonated
carboxyl groups in the solution, even though the
pH has increased?. This can be explained by the
generation of slightly acidic carboxylic acids during
the FLU reaction with MnO,, as evidenced by
potentiometric titration (Fig. 3). As demonstrated
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within the spectra, at pH 4.1 and 7.5, the band at
1395 cm™ for Flu(aq) almost completely disappears,
being replaced by a band centered at 1340 cm-'.
This corroborates the attribution of COO groups
to the band at 1395 cm™ in FLU . It is important
to note that the COO band may be slightly purple-
shifted (1540 cm), which gives a value of Av~200
cm'. This finding indicates that a single oxygen atom
from the carboxyl group is capable of binding to a
surface Fe atom, thereby suggesting a monodentate
coordination mode?®®. The minor shift of COOsc
from 1263 to 1250 cm corroborates the hypothesis
that the carboxylate is implicated in the surface
complexation of FLU to MnO,. A purple shift of
1638 cm™ in the carbonyl (vC=0) stretching mode
of the carbonyl group is indicative of the involvement
of the keto group in the surface complex. This shift
is compared to that of the carbonyl group in the
gas phase (FLU<aq)) or in a solid state (FLU(S)). A
comparable transition from protonated FLU  to
Fe(FLU),(s) has been documented in the past,
wherein FLU establishes a bidentate deprotonated
complex with Fe3* via the keto group and a single
carboxylate oxygen.

FLU-MnO,+goethite

The interactions between FLU and mixed
oxides versus the pH under the same conditions
were investigated, and the results are shown in
Fig.2(c). First, FLU , and FLU _  characteristics were
also observed between pH 4.1 and 7.5. At different
pH, the band at 1710 cm™ were disappeared, that
suggests the presence of protonated carboxylate
groups, and the band at 1495 cm™ possesses a
shoulder on its high energy side suggesting the
perturbation of aromatic and/or quinolone rings from
intermolecular interactions. At pH = 4.11 and 7.36,
the band at 1395 cm-' for Flu(aq) almost completely
disappears and is replaced by a band centered at
1338 cm. This further supports the assignment
of COQ;s to the band at 1395 cm™ in FLU . The
COO, as band might be slightly purple-shifted
(1590 cm™'), which gives Av=252 cm, a value
suggesting that a formation of stable Fe-carboxylate
complexes on the oxide mixtures surface®%3", The
small shift of COO,sc from 1263 to 1270 cm* further
points to the involvement of the carboxylate in FLU
surface complexation to goethite'. A purple-shift of
8C=0, carbonyl (1618 cm™') compared to FLU(aq)or
FLU, also suggests the involvement of the keto
group in the surface complex. A similar shift from
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protonated FLU

to Fe(FLU),(s) was previously
reported, where FLU forms a bidentate deprotonated

1544

complex with Fe®* through the keto group and one
carboxylate oxygen?.

Table 1: A summary table of characteristic peak versus oxides taken separately or as a mixture

Solids/Functional groups

o-FeOOH

MnO,

2

MnO, and o-FeOOH

8C=C, ring 3C-H, ring
Symmetric (3COO,s)
Asymmetric (3COO,as)

5C=0,carbonyl 5C-OH

Av = 8C00,as-3C0O0,s

Aromatic and quinolone rings
Disruption of aromatic and/or
quinolone rings at 1495 cm""
band and 1395 cm™ band is
replaced by 1340 cm™ band,
minor shift of COO,sc from
1263 to 1270 cm"'
Carboxylate groups at

1710 cm™ bands

250 cm™!

Aromatic and quinolone rings
Minor shift of COOsc from
1263 to 1250 cm™', and COO
groups to the band at 1340
cm-1 and may be slightly
purple-shifted to 1540 cm"'

Complete disappearance of
Carbonyl stretch at 1710 cm™’
200 cm

Aromatic and quinolone rings
Band at 1395 cm™ is completely
disappears and replaced by 1338
cm™ and COO, as band might be
slightly purple-shifted to 1590 cm™’

Complete disappearance of
Carbonyl stretch at 1710 cm™
252 cm™

Fig. 2. ATR-FTIR spectra of FLU adsorbed to goethite (a) and MnO, (b), and goethite+MnO, (c) for various pH (pH=7.5, 6.1 and

4.1), [FLU]

'tot

solid form (FLU
Potentiometric proton titration (acid/base
titration)

Figure 3 shows the results of the
titration experiments of goethite and the oxide
mixtures to equal surface with or without FLU.
It was established that the MnO, was negatively
charged at a pH of 4.0, given that its PZC was
2.3. For goethite, the pH PZC was observed at

=50 uM in 10 mM NaCl. ATR-FTIR spectra of dissolved FLU in 1 M NaOH (FLU _ ) and protonated FLU under its
) are shown as references.

pH 8.96. So, it's obvious that the surface charge
of the oxides is really important in the adsorption
process. Therefore, measuring the external charge
of the oxide surfaces is important to enhance
understanding of the adsorption mechanism.
Furthermore, the effect of pH of the solution onto
the FLU sorption was studied at pH 4 to pH10,
with comparison to experiments developed at
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the natural pH of FLU (pH 6.3). The pH PZC
of oxide mixtures was observed to occur at an
interval between pH 5.6 and 5.8. For the ternary
mixture systems, a shift in pH PZC was evident
at pH 4.68 (Fig. 3). In addition, an alteration in
the pH of goethite+FLU was observed, with a
shift to a value of 5.0 (see Fig. 3). It can thus
be concluded that the substance exhibits only
negligible acid properties for its carboxylic group
and is deficient in piperazine ring properties'®.
As a consequence, the neutral form of FLU is
predominant at pH <pKa, while the anionic forms
are prevalent at pH>pKa. We've figured out that, at
pH values lower than the pH PZC, the oxides were
positively charged, and the opposite was seen at
higher pH values. The phenomenon of sorption
appears to be diminished at the ranges of this pH.

Fig. 3. Experimental of determinate charge surface
in 10 mM NaCl versus pH. The results of the titration
experiments of goethite and the oxide mixtures to equal
surface with or without FLU were shown

Sedimentation rate

As illustrated in Fig. 4, the process of
clumping together between the oxide particles in the
system under investigation has been shown to reach
a pseudo steady-state after a period of 7 h for the
initial equilibrium. The objective of the sedimentation
experiments was to ascertain the extent of the oxide
particles joined together in groups, as opposed to
measuring how quickly this happened. The results
of the sedimentation analysis demonstrated a direct
correlation between the increase in the amount
of MnO, and the rise in the sedimentation rate.
However, this sedimentation rate of goethite was less
high than in mixture of goethite and MnQ,. For on
other hand, the added of FLU on the oxide mixtures
to equal surface increased more the sedimentation
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rate. This behavior could be explained by the fact
that when the concentrations of FLU increase, and
the observed sedimentation was due to aggregates
formed through both homo- and heteroaggregation.
It is evident that the decline in the surface charge of
goethite resulting from the adsorption of FLU would
diminish its capacity for heteroaggregation with
MnO,. However, this process would concomitantly
augment the extent of homoaggregation within the
goethite particles. This observation was corroborated
by Zhang et al.,°, who reported analogous results
when examining the effects of varying concentrations
(0.2-2 mg-C/L AHA) of humic acid (AHA) on a
mixture of goethite and MnO,,

Fig. 4. Sedimentation rate of single goethite or with FLU
(a) and goethite+MnO, or with FLU (b) versus time at pH
= 4.0. Experimental conditions: For the tests of oxide
heteroaggregations, [Goethite] = 10m?%L and the amounts
of MnO, added were increased 5 to 20m%L in 10 mM of
NaCl. For the tests of homoaggregation, the various
concentrations of FLU (8 to 100uM) were added on the
mixture of 10m?L goethite and 10m%L MnO,

CONCLUSION

Our studies of combined kinetic, charge
surface, sedimentation rate, potentiometric proton
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titration and ATR-FTIR investigations showed that
FLU was eliminated by adsorption and without
oxidation. Consequently, the findings of this study will
contribute essential information that will facilitate the
establishment of a connection between former model
systems, in which only one oxide was included, and
environmental systems, in which multiple oxides or
minerals coexist. In order to achieve a mechanistic
understanding of the role of MnO, within a complex
soil system containing multiple constituents,
including different metal oxides. It is therefore evident
that this work demonstrated the manner in which
the interactions between oxide mixtures impact
precursor complex formation or adsorption. The
development of predictive tools for the estimation of
the adsorption and transportation of contaminants
in soil and water environments stands to benefit
significantly from these results, and will thus be a
fruitful avenue for future research.
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