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Abstract: Ciprofloxacin (CPFX) is the most widely used antibiotic, and it ranges from 31-50 mg/L in
WWTP. Nano zero valent iron (nZVI) has advantages in terms of reducibility and reactivity. However,
the effectiveness of nZVI reduction will increase if the nanoparticles are coated. Mxene (TizC,Tx) is a
two-dimensional layered material that facilitates high-speed electron transport. This material can be
used as a coating material for nZVI to increase efficiency. CPFX reduction was then carried out at
specific concentrations using nZVI, MXene, and nZVI/MXene nanocomposites. Each nanocomposite
was characterized using SEM, EDX, BET, and FTIR analysis to determine its morphology, distribution,
and chemical bonds. In this study, the efficiency of nZVI-MXene in removing CPFX solution was
optimal at a concentration of 100 mg/L, with a removal efficiency of 94%. When the CPFX
concentration exceeds 100 mg/L, the material removal efficiency will decrease to 11%. nZV1, MXene,
and mZVI-MXene materials have an optimum contact time of 30 minutes. These findings indicate that
nZVI1-MXene nanocomposites at a 2:1 ratio can effectively reduce CPFX and exhibit advantages over
previously studied materials. However, further treatment, such as photocatalytic processes, is needed to
ensure the remaining CPFX is safe for the aquatic ecosystem.
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1. Introduction

Pharmaceutical waste has spread and increased in aquatic environments, becoming a
growing concern in recent years [1]. Pharmaceutical waste exhibits reactive, toxic, corrosive,
and flammable properties, which have a significant impact on the environment and human
health [2]. Pharmaceutical waste contains several drugs, such as ciprofloxacin, paracetamol,
metformin, norfluoxetine, and others [3]. Ciprofloxacin (CPFX) is the most widely used
antibiotic for various bacterial diseases in humans and animals [4]. The chemical structure of
CPFX (C17H18FN303) shows a carboxylic acid functional group that can form bonds with ion
exchangers [5,6]. This antibiotic is a hazardous pollutant that poses a threat to humans and
ecosystems, as its accumulation in water bodies can lead to chronic diseases [7]. The CPFX in
hospital outlet wastewater and from the pharmaceutical industry has a significant concentration
[8]. A study on the trial of CPFX content exposure to Daphnia magna for 48 hours showed that
the concentration of CPFX in the range of 0.01-100 mg/L has a toxic effect on organisms [9].
Based on previous studies, the CPFX content detected in pharmaceutical wastewater ranges
https://biointerfaceresearch.com/ 10f 15
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from 31-50 mg/L [10]. Meanwhile, in studies of surface water flow samples, CPFX
concentrations range from 2.5-6.5 mg/L. Research on CPFX Content in Wastewater Treatment
Plants (WWTP) in several countries, such as the United States, South Korea, and Pakistan,
ranges from 1.3-341 ug/L, while in Portugal, hospital waste was detected at 38.6 ug/L [11].
Therefore, it is necessary to treat liquid waste containing CPFX so that it does not harm living
things and the surrounding environment [12]. The recapitulation of CPFX concentration from
different studies is shown in Table 1.

Table 1. CPFX concentration from different studies.

Concentration of CPFX Research on References
0.01-100 mg/L toxic effect on Daphnia magna for 48 hours [9]
31-50 mg/L Pharmaceutical wastewater [10]
2.5-6.5 mg/L Surface water flow samples [11]
1.3-341 pg/L WWTP in the United States, South Korea, and Pakistan [11]
38.6 pg/L Hospital waste in Portugal [12]

Various attempts have been made to reduce the concentration of CPFX [13-15]. They
used some nanoparticles and their modifications to reduce this antibiotic[16-19]. Nano Zero
Valent Iron (nZVI) has the advantages of small particle size, strong reducibility, good
reactivity, and magnetic separation [20]. Previous studies have shown that nzZVI
nanocomposites can effectively reduce the content of antibiotics and dyes in water bodies
[21,22]. MXene (TisC2Tx) is a new two-dimensional layered material that is currently
developing rapidly and is known for its anti-corrosion and anti-wear properties [23]. Mxene
can be expressed by the chemical formula Mn+1XnTx (n = 1~4), where M is a transition metal
element (Ti, Mo, Cr, etc.), X is carbon or nitrogen, and T x is a surface functional group (-OH,
-F, -0, etc.) [24,25].

However, the conductive transition metal core layer promotes high-speed electron
transfer [24, 26]. The effectiveness of nZVI reduction will increase if coated with other
nanoparticles, whereas, after coating, the tendency of nZVI and MXene composites prepared
by reducing FeC1,.4H>0 and synthesizing TiA1C> with LiF/HCI [27,28]. In addition, several
factors can affect the adsorption process, such as adsorbent characteristics, solubility, and
particle size [29,30]. In addition, environmental factors such as pH, temperature, and the length
of contact time between the adsorbent and the adsorbate also affect the effectiveness of the
adsorption results [31]. Under normal conditions or without treatment, CPFX has a pH range
of 3.3-3.9. The difference in pH treatment in the study caused a shift in the maximum
wavelength value (Amax) Of adsorption efficiency in CPFX. Previous studies have demonstrated
the ability of nZVI-MXene nanocomposites to reduce metronidazole antibiotics, varying pH,
adsorbate concentration, and temperature, without comparing them to the ability of pure nZVI
and MXene [32]. These findings indicate that nZVI/MXene nanocomposites at 2:1 can
effectively reduce CPFX and show advantages over previously studied materials. Therefore,
this study was conducted to determine the characteristics of nZVI, MXene, and nZVI-MXene
materials as adsorption media, to evaluate the effectiveness of nZVI, MXene, and nZVI-
MXene nanoparticles in reducing CPFX concentration, and to assess the effect of pH and
adsorption time on the CPFX reduction process.
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2. Materials and Methods

2.1. Chemicals and materials.

The chemicals and materials used in this research include deionized water to make
mixtures during the synthesis process and stabilize the pH. Ferrous sulfate heptahydrate
(Fe2S04.7H20) with a purity of 99.5% is the primary material used to make nZV1 from Merck.
Hydrochloric acid (HCI) makes hexa HF in MXene synthesis as a pH regulator. NHsOH from
Sigma-Aldrich, with a purity of 30-33%, is used t0 maintain the solution’s stability by
increasing pH. Sodium Borohydride (NaBH4) is a reducing compound used to form nZVI.
Ethanol, with a purity of 99.5%, cleans dirt and prevents rust on iron. Lithium Fluoride (LiF),
with a purity of 98.5%, is used as an etching solution. TisA1C>, with a purity of 99%, is a basic
material for making MXene. Cetyltrimethylammonium bromide (CTAB), with a purity of 98%,
is a stabilizer during the formation of nanocomposites. Furthermore, ciprofloxacin creates
target pollutants in adsorption experiments.

2.2. Preparation of nZVI nanopatrticle synthesis.

The compound Fe>S04.7H20 0.1 M weighed as much as 4.1703 g and was then
dissolved into 150 mL of aqua bidest at 20-30°C in a glass beaker. Then, 3 g of CTAB
(C19H42BrN) was added to 100 mL of aqua bidest. CTAB here functions as a surfactant to
stabilize particles physically without chemical reactions. The two solutions were mixed and
stirred using a magnetic stirrer, after which it was covered with parafilm. In another beaker, a
0.5 M NaBHj4 solution was prepared, and up to 1.892 g of NaBH4 was dissolved in 100 mL of
deionized water. Then, 5 mL of 25% NH4OH was added, and the solution was covered with
parafilm. To reduce Fe®* to Fe°, prepare a burette containing a NaBH4 solution at a rate of 10
mL/minute into the Fe2SO4.7H20 solution, with a total reaction time of 11 minutes and 30
seconds, and stir with a magnetic stirrer [33]. Later, the final color of the solution will be
obtained, ranging from bluish-green to dark green and then to black. Furthermore, the solution
is placed into a centrifuge tube and then centrifuged at 3000 rpm for 5 minutes at 25°C. The
solution will separate from the iron powder, and the supernatant is discarded. This process is
repeated three times using ethanol until nZV1 is formed. As a post-treatment step, the final
nZVI product was dried by placing it in a desiccator at room temperature to remove residual
moisture and prevent oxidation or agglomeration, ensuring stability for further use.

2.3. Preparation of MXene nanoparticle synthesis.

The MXene synthesis process involves implementing in-situ HF etching using the
LiF/HCI [28]. The HF etching process involves using hydrofluoric acid to remove material
from a surface. This study was conducted by gradually adding the TizA1C, compound to
hydrochloric acid (HCI) and lithium fluoride (LiF) solutions. HCI was measured in a measuring
cylinder to a volume of up to 31 mL, then diluted with deionized water until the final solution
reached 40 mL, and then poured into an Erlenmeyer flask. 2 g of LiF was added to the
Erlenmeyer flask and covered with aluminum foil. Furthermore, stirring was carried out with
a magnetic stirrer for 20 minutes at room temperature to prepare the HCI/LiF etching solution.

LiF + HCI — HF + LiCl )
TizAIC, + 6HF — TisCoFs + AlF3 +3H2  (2)
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Furthermore, TiAIC, was added gradually into the Erlenmeyer flask and stirred at 35°C
for 24-48 hours. The reaction was poured 10 mL into a centrifuge tube and centrifuged at 4000
rpm for 8 minutes at 25°C. Then, the supernatant solution was discarded, and the settled bottom
layer was MXene. After the supernatant was discarded, 45 mL of aqua bidest was added to the
tube and shaken quickly. Centrifugation was repeated 2-3 times until pH 6. After reaching that
pH, the supernatant was discarded again, and then 20 mL of aqua bidest was added to each
tube, shaken quickly by hand, and then poured into one sample bottle. Furthermore,
ultrasonification was carried out for 1 hour using a probe ultrasonication operating at a
frequency of 20 kHz and a power output of 200 W. The sample was kept on ice gel to maintain

a cold temperature (~5-10°C) in the batch and preserve the solution’s structure during

ultrasonification. After that, the solution was divided back into four centrifuge tubes.
Centrifugation was carried out at 4000 rpm for 8 minutes at 25°C. The supernatant was
collected into a single container to obtain a MXene dispersion, specifically a single-layer
MXene. However, there is still stratification in sedimentation. Water can be added to the final
concentrate to dilute the dispersion. This solid solution is the MXene multilayer. To prevent
agglomeration and ensure a more uniform dispersion of MXene, post-treatment drying was
performed by placing the resulting material in a desiccator at room temperature. The gentle
drying method helps to remove residual moisture without promoting restacking or structural
collapse of the MXene layers, thus maintaining their dispersibility for further use.

2.4. Synthesis of nZVI-MXene nanocomposites.

Based on the results of previous studies on the removal of metamizole using
nZVI/MXene, the ratios of nZVI-MXene nanocomposites used were 1:2, 1:1, and 3:1,
respectively [28]. This study found that the % removal of the antibiotic metronidazole was
higher at a ratio of 2:1. However, when the ratio of nZVI was increased again, the removal
efficiency would decrease. From this, it was found that when the ratio between nZVI and
MXene exceeded 2:1, it resulted in the aggregation of iron particles, which could inhibit
electron transfer [28]. The comparison between nZV1 and MXene composites was strengthened
by the results of research conducted on the analysis of the physical properties of the ratios of
N-Mxene-1, N-Mxene-2, and N-Mxene at ratios of 1:1, 1:2, and 2:1 [32]. The results obtained
at a ratio of 2:1 had superior properties and surface area [28,32].

To synthesize nanocomposites, MXene is added to nZVI in a 2:1 ratio. Then, the
mixture was placed in a centrifuge tube and centrifuged at 1000 rpm for 5 minutes at 25 °C.
Furthermore, the solid will be separated from the solution. Washing is carried out with Aqua
bidest. Then, it was filtered and rinsed with ethanol to prevent rusting reactions on iron and
ensure the removal of impurities. As a final post-treatment step, the synthesized nZVI/MXene
nanocomposite was dried in a desiccator at room temperature to eliminate residual moisture
and maintain the material’s stability.

2.5. Removal of ciprofloxacin.

CPFX solution was prepared by adding the required amount of drug into a 1 L beaker
with the appropriate amount of deionized water. The degradation experiment was conducted in
a batch form using a magnetic stirrer containing CPFX solutions with concentrations of 50,
100, and 200 mg/L. This study employed a concentration of 50 mg/L, as previous studies have
detected CPFX content in pharmaceutical water ranging from 31 to 50 mg/L [10]. The use of
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a concentration of 100 mg/L was based on a trial study examining CPFX content exposure to
Daphnia magna for 48 hours, which showed that CPFX concentrations in the range of 0.01-
100 mg/L had a toxic effect on the organisms. At the same time, using a concentration of 200
mg/L was intended to evaluate the effectiveness limit of the treatment method under extreme
conditions and to test the maximum capacity of the treatment system before a decrease in
efficiency occurred. The CPFX solution was adjusted to pH levels of 4, 7, and 9 by adding HCI
or NaOH. The selection of pH in this study was intended to determine the removal efficiency
results at acidic, neutral, and basic pH. The temperature used during the process is 25°C. After
reaching the desired pH, the absorbent material is added to the beaker in an amount of up to
1.3 grams. Stirring is done during the reduction process at 200-300 rpm. After that, the solution
is taken using a syringe filter at minutes 5, 10, 15, 20, 30, and 60, up to a volume of 5 mL.
Then, the absorbance reading is performed on each solution using UV-vis spectrophotometry.
A schematic diagram of the synthesis and experimental workflow is shown in Figure 1.
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3. Synthesis of nZVI-MXene Nanocomposites

Figure 1. Schematic diagram of the synthesis and experimental workflow.
3. Results and Discussion

3.1. Materials characterization.

The shape of nZVI nanoparticles, based on the SEM results in Figure 2(a), shows that
nZV1 is round with an uneven surface. This is due to aggregation, a general characteristic of
nZVI, which has high reactive properties and tends to clump to stabilize its surface energy.
Meanwhile, in the MXene material, the SEM results in Figure 2(b) show a morphology with a
layered structure. This can be interpreted as MXene having an interlayer between MXene
layers, which expands the interlayer space of the material, as in Figure 2(c). According to
previous studies, MXene can help prevent excessive nZV1 aggregation by stabilizing through
an enormous structure layer and surface area [32]. The morphology of the MXene interlayer
space, which expands due to nZVI insertion, can be confirmed through BET analysis.
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MXene

(d)
Figure 2. SEM image of: (a) nZVI; (b) MXene; (c) nZVI-MXene; (d) EDX of nZVI-MXene.

Based on the results of the material’s physical properties in Table 2, there are significant
differences in porosity and specific surface area (ET). nZVI particles have the highest BET
surface area, 114.6 m?/g, indicating that nZVI particles have limited porosity and tend to
aggregate [32, 33]. The pores in nZVI have a volume of 0.3 cm9 With an average pore diameter of 11.8 nm,
indicating that nzV1 exhibit mesoporous characteristics (2-50 nm) [34, 35]. This study yields results
that differ from those of previous studies, where the BET surface area of nZV1 was reported to
be 29.24 m?/g. [32]. This is due to differences in synthesis methods, preparation conditions,
and characterization of the nZVI material used [36, 37]. In the study, the increase in the BET
surface area of nZVI can be attributed to the use of CTAB surfactants, which prevent particle
agglomeration and facilitate purification and washing, thereby ensuring stable particle
morphology. Other factors, such as reduction method, precursor type, temperature, reaction
time, and drying technique, can also affect the particle size, pore distribution, and specific
surface area of nZVI [38,39]. In addition, the aggregation process of nZVI particles, which
occurs due to the magnetic force between particles and high surface energy, can also cause
significant variations in the BET surface area value [32].

Table 2. Physical characteristics of the material.
Pore volume

Adsorption average

BET surface area

BJH Adsorption average

Materials pore diameter (nm) (m?/g) pore radius (hm) (cm3/g)
nZVI 11.8 114.6 5.5 0.3
MXene 52.2 13 31.2 0.02
nZVI-MXene 20.6 15 9.1 0.01

Meanwhile, the MXene material has a much lower BET surface area of 1.3 m?/g, with
an average pore diameter of 52.2 nm. This indicates that the MXene produced in this study
exhibits macroporous characteristics (>50 nm) with a larger pore size than nZVI, but a smaller
surface area [36]. In the nZVI-MXene composite, the BET surface area increased to 1.5 m2/g,
which is higher than that of pure MXene. This indicates a bond between MXene and nZVI. In
addition, the average pore diameter in the nZVI-MXene composite decreased to 20.6 nm,
indicating that nZV1-MXene has mesoporous characteristics (2-50 nm), with a pore volume of
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0.01 cm?®/g [35]. This indicates that the insertion of nZV1 particles into the MXene layer reduces
the pore size and increases the relative surface area, as seen in the previous SEM results in
Figure 1. Thus, although the BET surface area of the nZVI1-MXene composite is not as high as
that of pure nZVI, the insertion of nZV1 into MXene produces a material with a smaller pore

size and a more uniform distribution, thus improving the porosity characteristics of the material
[35].
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Figure 3. N, adsorption-desorption isothermal graph of: (a) nZVI; (b) MXene; (c) nZVI-MXene.

From Figure 3, the isothermal type can be analyzed based on the IUPAC classification
with a graph showing the isothermal curves of Types Il and IV. The Type Il curve is the
multilayer adsorption isothermal curve with the main characteristic describing physical
adsorption on non-porous or mesoporous surfaces. It usually occurs in materials with large
surface areas but low porosity. Meanwhile, the Type IV curve is commonly known as the
mesoporous adsorption isothermal curve, with the main characteristic being adsorption on
mesoporous materials, characterized by a hysteretic loop, which is a typical sign of capillary
condensation. Based on the adsorption-desorption isothermal curve analysis in Figure 3(a),
nZV1 shows a significant increase in the amount of adsorbate at relatively high pressure (P/Po
approaching 1) with a small H3-type hysteresis [34]. This pattern resembles the Type 1V curve,
typical for mesoporous materials (11.8 nm), indicating capillary adsorption in the mesoporous
pores and lamellar structure with incompletely closed cracks. Although it has a high specific
surface area (114.6 m?/g), the tendency of nZVI particle aggregation can reduce the
effectiveness of adsorption. Meanwhile, the N2 adsorption-desorption isothermal graph of the
MXene material in Figure 3(b) exhibits the characteristics of a Type Il curve according to the
IUPAC classification [34]. The MXene curve exhibits a sharp increase at a relatively high P/Po
pressure, approaching 1, but the amount of adsorbed adsorbate is significantly smaller than that
of nZV1. This indicates that MXene is dominated by macropores, and the adsorption character
is predominantly on the open surface with minimal pore contribution. The low specific surface
area of MXene (1.3 m?/g) strengthens this property.

On the other hand, the nZVI-MXene in Figure 3(c) shows Type IV characteristics, with
a significant increase at relatively high P/Po pressure and more pronounced H3-type hysteresis
compared to nZV1 [32]. The average pore size of 20.6 nm indicates mesoporous characteristics,
where the combination of nZVI and MXene results in a more stable pore structure and a more
even distribution of nZVI particles on the MXene surface. However, the specificity of nZVI-
MXene allows for increased adsorption efficiency compared to both constituent materials [34].

The composition of nZVI, MXene, and nZVI-MXene materials is shown in Table 3.
The nZVI-MXene nanocomposite has a carbon (C) value of 6,76% less than pure nZVI and
MXene, which have C values of 12.47% and 31.08%, respectively (Table 3). This finding
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aligns with previous studies, which acknowledge that carbon is necessary for synthesizing
nZV1 and is not an intentional aspect [32]. Several factors contribute to the carbon content in
nZVI1, one of which is the synthesis process and the use of ethanol with a purity of 99.5% to
purify the final product. Ethanol is an organic solvent containing elements C, H, and O. This
can cause the appearance of carbon attached to the surface of nZVI [32]. However, the content
of the Oxygen (O) element in the nZVI-MXene nanocomposite is smaller than that of pure
nZVI1. This contradicts previous research, which found that nZVI-MXene had the highest
0Xxygen content.

Table 3. The elemental composition of the materials was obtained through EDX mapping.

Materials C (%) 0O (%) Ti (%) Fe (%)

nZVI 12.47 38.48 - 49.05
MXene 31.08 23.76 45.16 -

nZVI-MXene 6.76 32.71 30.28 30.24

The imperfect formation of a new functional group containing oxygen in nZVI-MXene could
cause this. The imperfect formation of new oxygen-containing functional groups in nZVI-
MXene can cause this. For example, during the synthesis process, oxide groups form on the
surface of nZVI, which is more susceptible to oxidation by dissolved oxygen or water, resulting
in oxide layers such as FeO, Fe>Os, or FesO4 on its surface. The quantity of Fe in nZVI-MXene
(30.24%) is smaller than that of pure nZVI (49.05%). This also occurs in the Ti element, the
main element forming MXene, where the Ti content value drops to 15% from pure MXene.
The distribution of elements in the nZVI-MXene nanocomposite is shown in Figure 1(d). These
results show that the elements O, Ti, and Fe in the nanocomposite have an even distribution.
This contrasts with element C, which is only found at a few points.

The -OH group was detected at an absorption band of 3675 cm-1 on the nZVI-MXene
composite. In MXene, the -OH group was found at 3652 cm™ (Table 4). The presence of the -
OH group can increase the hydrophilicity of the nZVI and MXene surface to facilitate the
diffusion of water molecules and dissolved pollutants to the material’s surface. This is
important to ensure that a pollutant can easily reach the active site on the material’s surface.
The Fe-O bond was detected on the MXene surface with a value of 648 cm™ after adding nZ VI
during the synthesis of the composite. The presence of the Fe-O bond on the nZVI-MXene
surface indicates the presence of an iron oxide phase that has catalytic properties and can
produce free radicals in an aqueous environment that functions to degrade organic pollutants.
At the peak of the 670 cm™ absorption band, the Fe-O and Ti-O bonds are stretched. According
to previous studies, the absorption band range of FeOOH [32]. The nanocomposite surface
shown in Figure 4 indicates the successful synthesis, with the definite Fe content and the
presence of significant hydroxyl and oxygen groups [32].

—— nZVI-MXene
—— MXene
—nzVI

T T T T T T
4000 3500 3000 2500 2000 1500 1000

Transmittance (%)

Wave number (cm™)
Figure 4. FTIR image of nZVI, MXene, and nZVI-MXene.
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Table 4. Summary of each characterization method.

Characterization method nzZVI MXene nZVI-MXene
SEM round with an show a morphology with a interlayer structure, which expands the
uneven surface layered structure interlayer space of the material
C (12.47%), O c . .
(31.08%), O (23.76%), Ti C (6.76%), O (32.71%), Ti (30.28%),
EDX (38.48%), Fe (45.16%) Fe (30.24%)
(49.05%) ) )
Type IV curve
with a small H3
type hysteresis Type IV curve with more pronounced

Type Il curve is the
multilayer adsorption
isothermal curve

is commonly
known as the

H3-type hysteresis is commonly known

Isothermal type as the mesoporous adsorption

Mesoporous isothermal curve
adsorption
isothermal curve
w efg-doetzgtne %Son -OH group was detected at the
FTIR the nZVI surface -OH group was found at absorption band of 3675 cm™, Fe-O
3652 cm? bond was detected on the MXene

W'tgf(l)\ﬂ]u_f of surface with a value of 648 cm

3.2. Analysis of the effect of concentration variation, pH, and CPFX contact time.

In this study, concentration variations were conducted to determine the optimal
concentration at which the adsorbent can effectively reduce CPFX. The graph in Figure 5
shows that each material has a different optimum adsorption capacity at pH 7.
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Figure 5. Adsorbate removal efficiency at each solution concentration (a) nZVI; (b) MXene; (c) nZVI-MXene.

Time (minute)

NZVI nanoparticles have a removal efficiency of 86.17% against a CPFX solution with a
concentration of 200 mg/L. It can also be seen in Figure 5(a) that in nZVI, the increase in
solution concentration is directly proportional to the rise in removal efficiency. This differs
from MXene and nZVI-MXene nanocomposites, which exhibit optimal removal efficiency
against the CPFX solution at a concentration of 100 mg/L, with values of 89.62% and 89.62%,
respectively. It can be seen in Figure 5(b)-(c) that when at a concentration of 200 mL or, in
other words, exceeding 100 mg/L, the removal efficiency of the material will decrease by 11%.
In previous studies on metradizole removal using nZVI-MXene, the removal efficiency of the
material decreased as the solution concentration increased. In addition, other studies on
naphthalene removal using nZVI-MXene have shown that the removal efficiency of the
material decreases relatively from a concentration of 100 mg/L to 500 mg/L. Therefore, in this
study, the optimum concentration of material removal using nZVI-MXene was 100 mg/L and
decreased significantly at higher concentrations.

At pH variation, sample analysis was performed on each material with a 100 mg/L
concentration. The graph in Figure 6 shows that each material has a CPFX removal efficiency
of 100 mg/L at pH 9. This follows previous research on CPFX removal using
LaFeOs/polystyrene, which has the highest CPFX removal efficiency at pH 9 [41]. nZ VI,
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MXene, and nZVI-MXene materials have hydroxyl (-OH) or oxide groups on their surfaces,
as evidenced by previous FTIR analysis. This means that the charge in the material changes
rapidly depending on the pH of the solution. At a pH of 9, the surface of the adsorbent tends to
be negatively charged due to the ionization of the hydroxyl groups. Under these conditions, the
amphoteric CPFX molecules are positively charged, which causes electrostatic interactions
between the adsorbent and the CPFX surface [28]. According to previous research, at higher
pH, H* ions will be in solution rather than on the material’s surface, so that the material’s
surface will be negatively charged. According to previous studies, the amphoteric nature of
CPFX is attributed to the presence of amine groups (-NH2) that can accept protons, thereby
acting as bases, and carboxylate groups (-COOH) that can transfer protons, thereby acting as
acids [12]. Other studies also mention that at pH 5 and 7, CPFX has a weak cation charge [41].
In contrast, at pH 9, CPFX is more susceptible to attack by active species than cationic forms
due to the higher electron density in the neutral form, which is more hydrophobic than cations.
Therefore, the removal efficiency of CPFX is higher at pH 9.
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Figure 6. Adsorbate removal efficiency at each pH variation of the solution (a) nZVI;
(b) MXene; (c) nZVI-MXene.

Then, an analysis of the material’s effectiveness was carried out using a CPFX
concentration of 100 mg/L and a pH of 9, as shown in Figure 7. It was found that under these
conditions, the nZVI1-MXene nanocomposite had a higher removal efficiency of 96.82%. For
nZVI and MXene, respectively, it was 89.15% and 92.1%. This also strengthens the evidence
for the morphological characteristics of each material, highlighting the superiority of the nZVI-

MXene nanocomposite over other materials.
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Figure 7. Effect of CPFX contact time.
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In the variation of the contact time, namely at 5, 10, 15, 20, 30, and 60 minutes, it can
be concluded from Figure 6 that each material exhibits a significant efficiency increase within
the 5-20 minute time range. However, when the contact time ranges from 20 to 30 minutes,
there is only a slight increase, and it tends to decrease at a contact time of 60 minutes. This is
because the adsorption capacity generally increases gradually until it reaches equilibrium. At
the beginning of the adsorption process, the surface of the adsorbent is still not much bound to
CPFX, so the tendency of the solution absorbed by the adsorbent can be higher. When the
surface of the absorbent reaches the equilibrium point, it will experience saturation and will no
longer be able to absorb more CPFX. From these data, the optimum time for CPFX adsorption
is 30 minutes. This is in line with previous research, which states that the equilibrium point
occurs at 30-60 minutes, as the number of remaining active sites decreases after this time,
making it difficult for CPFX molecules that have not been adsorbed to find a binding site on
the adsorbent surface [28].

Although nZV1 has the highest BET surface area (114.6 m?/g) compared to MXene (1.3
m?/g) and nZVI-MXene (1.5 m?/g), the best removal efficiency was shown by nZVI-MXene.
This proves that surface area is not the only factor determining adoption efficiency [37]. The
higher efficiency of nZVI-MXene may be attributed to the synergistic interaction between
nZVI1 and MXene, where nZV1 provides high reactivity, while MXene enhances the stability
of the material [32]. The mechanism of this interaction is shown by nZVI releasing electrons
during Fe oxidation. With the help of MXene, these electrons break down dissolved O> to form
reactive radicals such as hydroxyl radical (-OH) and superoxide radicals (O2-), which have
strong oxidative content for CPFX degradation [12]. In addition, the surface chemistry of
nZVI1-MXene allows more effective electrostatic interaction, especially at pH 9, where the
surface changes of the adsorbent and adsorbate interact optimally. The more even distribution
of active sites in the composite structure also maximizes the adsorption of CPFX, making the
adsorption process more efficient.

Therefore, in this experiment, the quality of chemical interaction and material
morphology has a more significant effect on adsorption efficiency than specific surface area
[36]. In this study, the removal of CPFX using nZVI-MXene was considered better, with the
highest removal efficiency of 96.82%. In previous studies, the photolytic process using TiOa-
NTA to remove ciprofloxacin antibiotics in WWTP achieved a removal efficiency of 53-69%,
whereas photocatalytic oxidation could reach 93-100% [40]. In other studies, the removal of
CPFX using a pure LFO photo-fenton system was 54%, and LFO/PS was 79.88% [40]. In this
study, the most optimal photocatalytic method was achieved through photocatalytic oxidation
using TiO2-NTA, resulting in a CPFX removal efficiency of 100%. MXene, with its high
conductivity and active functional groups such as -OH and Ti-O, can facilitate efficient electron
transfer. In contrast, nZV1 exhibits a high reduction ability, producing reactive radicals (-OH).
This combination creates a synergy between adsorption, reduction, and oxidative degradation,
which is enhanced by UV or visible light irradiation [28]. Based on several studies, it is
suggested that further research incorporate a photocatalytic process into the CPFX removal
process using nZVI-MXene nanocomposite to enhance its efficiency. Increasing efficiency
using photocatalysts can permanently degrade contaminants, utilize light as an energy source,
and achieve higher efficiency while maintaining a sustainable process. By optimizing
parameters such as concentration, light source, and reaction conditions, integrating nZVI-
MXene with the photocatalytic oxidation process can be an effective solution for CPFX
treatment. Moreover, future research should also focus on how these promising laboratory-
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scale results can be translated into actual WWTP applications by evaluating their scalability,
operational stability, cost-effectiveness, and integration with existing wastewater treatment
systems.

4. Conclusions

Synthesis of nZVI-MXene monocomposite resulted in morphological changes in the
material compared to pure nZV1 and MXene. In nZV1 nanoparticles, the specific surface area
is 114.6 m?/g, and the pore diameter is 11.8 nm, which indicates limited porosity and a tendency
to aggregate. Meanwhile, MXene has a specific surface area value of 1.26 m?/g and a pore
diameter of 52.2 nm. In the nZVI-MXene nanocomposite, the specific surface area increases
to 1.47 m?/g, and the pore diameter is smaller at 20.6 nm. This indicates a bond between MXene
and nZVI. nZV1 nanoparticles exhibit optimal removal efficiency at CPFX with a concentration
of 200 mg/L, achieving 86% removal efficiency. In contrast to MXene and nZVI-MXene,
which exhibit optimal removal efficiencies against the CPFX solution at a concentration of 100
mg/L, with values of 89.6% and 94%, respectively, the removal efficiency of the material
decreases by 11% when the CPFX concentration exceeds 100 mg/L. nZVI, MXene, and nZVI-
MXene materials exhibit optimal removal efficiencies against 100 mg/L CPFX at pH 9, with
values of 89%, 92%, and 97%, respectively. The optimum contact time for CPFX adsorption
is 30 minutes. Although nZV1 has the highest BET surface area compared to MXene and nZV1-
MXene, nZVI-MXene has the best removal efficiency. This demonstrates that surface area is
not the sole factor determining adsorption efficiency. Thus, in this experiment, the quality of
chemical interaction and the morphology of the materials have a more significant influence on
the adsorption efficiency than just the specific surface area.
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