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Abstract: Humic acid (HA), the most highly prevalent type of natural organic matter (NOM), plays
an effective role in the generation of disinfectant byproducts such as trihalomethanes and haloacetic
acid, which are well known to be definitive carcinogens. Therefore, the proactive elimination
of HA from water and wastewater is a crucial means of preventing this pollutant from reacting
with the chlorine incorporated during the disinfection process. This study investigated the UV
light photocatalytic elimination of HA, employing a bentonite@Fe3O4@ZnO (BNTN@Fe3O4@ZnO)
magnetic nanocomposite. The most significant variables pertinent to the photocatalytic degradation
process examined in this work included the pH (3–11), nanocomposite dose (0.005–0.1 g/L), reaction
time (5–180 min), and HA concentration (2–15 mg/L). The synthesized materials were characterized
via field emission scanning electron microscopy (FE-SEM), Fourier-transform infrared spectroscopy
(FTIR), X-ray diffractometer (XRD), energy-dispersive X-ray spectroscopy (EDX), and vibrating-
sample magnetometer (VSM) techniques, all of which revealed outstanding catalytic properties for
the BNTN@Fe3O4@ZnO. The conditions under which greater efficiency was achieved included a
pH of 3, a nanocomposite dose of 0.01 g/L, and an HA concentration of 10 mg/L. Under these
conditions, in just 90 min of photocatalytic reaction, an HA degradation efficiency of 100% was
achieved. From the modeling study of the kinetic data, the Langmuir–Hinshelwood model showed
good compliance (R2 = 0.97) with the empirical data and predicted values. Thus, it can be concluded
that the BNTN@Fe3O4@ZnO catalyst acts very efficiently in the HA removal process under a variety
of treatment conditions.

Keywords: bentonite@Fe3O4@ZnO; magnetic nanocomposite; humic acid; photocatalytic process;
degradation pathway; modeling

1. Introduction

The rapid improvement of industrialization has resulted in the production and accu-
mulation of numerous chemical wastes in aqueous environments worldwide [1–3]. Humic
substances refer to a mixture of natural organic compounds regarded as the most signifi-
cant compounds in environmental waters [4]. Depending upon their solubility in acidic
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or alkaline conditions in aqueous solutions, these humic substances are categorized as
hymine, HA, and fulvic acid (FA), according to Zhan et al. 2010 [5]. When they are present
in concentrations exceeding 5 mg/L, these compounds cause the water color to turn yellow
or brown [6]. In natural water sources with pH levels above 2, the humic substances in
a solution carrying a negative charge can be found in the concentration range of 20 to
30 mg/L [7]. Classified as dissolved organic carbon (DOC), these compounds (HAs) are
limited to the surface water, and normally compose roughly 70% of the DOC [8]. The
decomposition of plant and animal species comprises one of the main constituents of
HAs [9]. As natural organic polyelectrolytes, HAs account for the greatest proportion
of naturally soluble organic matter in aqueous bodies [10]. The HA present in aqueous
systems induces a negative effect on both the appearance and taste of the water. The HA
is capable of reacting with the chloride added to the drinking water treatment systems
to generate disinfectant byproducts such as trihalomethanes (THMs) and haloacetic acid,
which can endanger human health [11,12].

According to the norms of the World Health Organization (WHO), the maximum
permissible quantity of trihalomethane is 100 micrograms per liter of drinking water,
while the US Environmental Protection Agency cites the maximum permissible level of
trihalomethane as 40 micrograms per liter of drinking water and the maximum permissible
level of haloacetic acids as 30 micrograms per liter of drinking water [13]. In several
epidemiological works, the ill effects of trihalomethanes and haloacetic acids on human
health are reported, which include acute reproductive effects, toxicity, carcinogenicity
and mutagenicity, bladder and colon cancer, adverse effects on birth, and a decrease in
neonatal growth. Further, when these macromolecular organic materials are present, the
purification processes can become disturbed by their porous membranes or fine porous
adsorbents [14,15].

To enable the elimination of HA from aqueous solutions, several techniques have
been investigated, such as photo-Fenton [16] and photocatalytic [17] processes, activated
carbon [18], and electrocoagulation [19]. At present, advanced oxidation processes (AOPs)
take the spotlight as they are very efficient, provide a high degradation rate, and possess
the capacity to remove all hazardous and non-biodegradable compounds, producing
fewer byproducts [20]. During the process, AOPs release active free radicals which are
then used in the decomposition of non-degradable organic matter [21]. Photocatalysis
is the most popular method among various AOPs as a means of eliminating hazardous
waste, particularly because it can break organic compounds down into substances that
have a lower toxicity or cause less harm [22]. Photolytic and photocatalytic processes are
strategies that demonstrate promise in the elimination of organic substances and other
emerging organic pollutants [23]. Recently, metal oxide semiconductors have demonstrated
strong photocatalytic capacities in the decomposition of harmful organic matter to low-risk
molecules under light irradiation [24]. In recent times, the photocatalysis process has
ranked high among the most extensively applied AOPs for the degradation of organic
matter. Normally, the photocatalytic method involves the use of a semiconductor material
(ZnO and TiO2 nanoparticles) and a beam source (sunlight, simulated sunlight, and UV)
and causes the generation of free radicals [25]. Semiconductor materials are significant
and crucial as photocatalytic agents because in their chemical composition, the electronic
structure of a metal atom possesses a characteristic valence band and an empty conduction
band. The most discovered n-type semiconductors are ZnO semiconductors, which have a
direct broadband gap (Eg = 3.37 eV) that results from their intense electron–hole connection
energy (60 MV), high mechanical temperature, strong stability, and piezoelectricity [26,27].

Natural clays such as bentonite demonstrate good catalytic properties, including a
large surface area, excellent mechanical properties, acid and alkali resistance, high thermal
stability, and various other suitable properties that can be explained by their unique
structure. In addition, bentonite is a low-cost material [28,29]. Thus, bentonite is preferred
for its use as a catalyst in AOPs [30].
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Semiconductor catalysts such as TiO2, ZrO2, WO3, ZnO, and ZnS have found exten-
sive use in photocatalytic reactions [31]. Among photocatalysts, ZnO shows the greatest
photocatalytic activity as it is excitable at room temperature by itself under a wide range
of optical irradiations. It should be noted that although ZnO and TiO2 semiconductors
have very close band gap values, ZnO is capable of absorbing a larger portion of the UV
spectrum compared to TiO2 [32]. It also has other advantages, such as its non-toxicity,
high abundance, and availability. Homogeneous photocatalytic processes encounter issues
with recoverability and reusability because centrifugation, which is a costly technique, is
required reuses the materials. This problem can be circumvented as magnetic properties
can be induced into the material of the photocatalyst; this is one of the best and most
efficient methods for the recovery of materials from the homogeneous phase [33] [34]. Some
works have recently reported the use of iron-based compounds as a magnetic core to induce
magnetic properties in photocatalysts [35]. Further, a middle layer can be used to stop the
iron compounds from entering the reactor due to the recurrent utilization and degradation
of the photocatalytic shell [36].

Based on a survey of the literature, we found that few studies have discussed the
removal of humic acid compounds from aqueous solutions using a photocatalytic pro-
cess. Keeping in mind that humic acid compounds are harmful and toxic substances
that can harmfully affect different sectors of the life cycle, the removal of said hazardous
compounds from wastewater is urgently needed to prevent their accumulation in the ecosys-
tem. Therefore, the objective of this study was the synthesis of a bentonite@Fe3O4@ZnO
(BNTN@Fe3O4@ZnO) magnetic nanocomposite for the elimination of HA from aqueous
solutions through photocatalysis.

2. Materials and Method
2.1. Chemicals and Instruments

In the present investigation, HA was supplied by the Sigma Aldrich Company
(St. Louis, MI, USA). Once the HA stock solution was prepared (1000 mg/L), it was
stored at a temperature below 4 ◦C. Samples were then prepared from the stock solution
via dilution. The chemical structure and other characteristics of the HA are listed in Table 1.
The other reagents, namely, polyethylene glycol (PEG; C2nH4n+2On+1), iron (III) chloride
(FeCl2·4H2O), dimethyl formamide (DMF; C3H7NO), nickel (II) chloride (NiCl2·6H2O),
hydrazine hydrate (N2H4·H2O), tetraethyl orthosilicate (TEOS; SiC8H20O4), zinc nitrate
(ZnNO3·6H2O), ammonia (NH3), hydrochloric acid (HCl), and sodium hydroxide (NaCl),
were supplied by Merck Company. The residual concentration of the HA was evalu-
ated via a UV/Vis spectrophotometer (CT06484 model). The UV radiation was provided
by a PHILIPS PL-L TUV Lamp at a wavelength of 254 nm and a radiation intensity of
2500 µW/cm2. The synthesized magnetic nanocomposite (which included particle size,
structure, and morphology), was characterized using Fourier-transform infrared spec-
troscopy (FT-IR; model: AVATAR, 370, Thermo Nicolet Company, USA), field emission
scanning electron microscopy (FE-SEM; model: Zeiss-SIGMA VP-500, Germany), X-ray
diffraction (XRD; model: X, Pert Pro, Panalytical Company, Malvern, UK), vibrating-
sample magnetometry (VSM; model: 7400, Lakeshare Company, Carson, CA, USA), energy-
dispersive X-ray spectroscopy (EDX; model: Zeiss-SIGMA VP-500, Germany), and diffuse
reflectance spectroscopy (DRS; model: TEC-2048-Avaspec-A, Netherlands).

2.2. Synthesis of BNTN@Fe3O4@ZnO Magnetic Nanocomposite

The required BNTN was acquired from Avaj Mine, in the Qazvin province of Iran. First,
it was ground using a pounder and then washed. Next, the BNTN was passed through a
sieve with a mesh size of less than 100 mm to obtain fine particles. The magnetic properties
were induced through the following steps: first, 6 g of BNTN and 1.5 M NaCl were taken in
a graduated flask and shaken at 300 rpm for 30 min. Next, 100 mL of distilled water was
added into a double-neck flask and heated to 65 ◦C by a magnetic heater for half an hour;
simultaneously, nitrogen gas was injected into it. Then, 1 g of Fe2+ and 2 g of Fe3+ salts were
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poured into the double-neck flask placed on the magnetic heater. The supernatant thus
obtained was then added to a volumetric flask containing 6 g of BNTN and 1.5 M NaCl. This
mixture was subjected to stirring for 1 h. Next, the produced sediment was washed using
distilled water and immediately dried. Then, 0.5 g of the acquired powder was dispersed
in 50 mL of DMF and kept directly beneath the UV bath. Next, 0.6 g of ZnONO3·6H2O
was dissolved in 50 mL of DMF, and this was poured into the solution mentioned above.
The suspension thus obtained was subjected to mixing with a mechanical shaker. Finally,
0.02 M NaOH was added and, employing a mechanical shaker, it was slowly mixed for 6 h.
Finally, the resultant particles were separated utilizing a magnet, and repeated washing
was performed with distilled water and ethanol. Eventually, the particles were oven-dried
at 60 ◦C for 6 h and then calcinated in a furnace at a temperature of 500 ◦C for 2 h.

Table 1. Physiochemical properties of HA.

Molecular Structure pKa Molar Mass Chemical Structure

C187H186O89N9S1 <2 227.17 g/mol

2.3. Photocatalytic Tests

In the present research, HA degradation was examined through the synthesis of a
magnetic nanocomposite. To assess and determine the optimal conditions, the impact
exerted by all crucial variables on the photocatalytic degradation of the HA was studied.
The variables included pH (i.e., 3, 5, 7, 9, and 11), photocatalyst dose (0.005, 0.01, 0.02, 0.03,
0.04, 0.05, and 0.1 g/L), HA concentration (i.e., 2, 5, 10, and 15 mg/L) and contact time
(i.e., 5, 10, 15, 30, 60, and 90 min). A schematic representation of the photocatalytic reactor
is shown in Figure 1. The HA residual concentration in the photocatalytic reactor was
determined by evaluating its absorption at 260 nm. To study the adsorption–desorption
reactions between the HA and BNTN@Fe3O4@ZnO magnetic nanocomposite, the container
in which the HA and photocatalyst were present was maintained in darkness for 30 min
before it was exposed to the UV beam. A cooling system was installed to maintain the
liquid temperature inside the main tank at 24 ± 2 ◦C. Finally, the equation provided
below was applied to assess the performance of the photocatalytic reactor in the HA
removal process.

R =
HA1 − HA2

HA1
(1)

In this equation, R, HA1, and HA2 represent the efficiency (%) of HA elimination, the
initial concentration of HA, and the residual concentration of HA, respectively.

2.4. Kinetic Study of HA Degradation

In the current paper, the Langmuir–Hinshelwood (L-H) expression, a method used to
model reaction velocities, was adopted for modeling the empirical data. In the literature,
this model was extensively employed to depict the kinetic degradation of organic materials
such as HA. The L-H equation provided as [37]:

−
(

dC
dt

)
= −Kobs × C (2)
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Figure 1. Schematic representation of the photocatalytic reactor.

Upon integrating Equation (2), it takes the following mathematical form,

ln
(

C
Co

)
= −Kobs × t (3)

In both equations (Equations (2) and (3)), Kobs, Co, C, and t are the reaction constants of
the pseudo-first-order (1/min), initial concentration of HA (mg/L), residual concentration
of HA (mg/L), and contact time (min), respectively.

To model the degradation kinetics, the integrated rate law equation (Equation (3)),
or ( C = Co × e−Kobs×t), is applied to ascertain the predicted values of the residual HA
concentration post time t. Then, by referring to the chart of the predicted values versus the
experimental values, the relationship between them was assessed by the determination of
the coefficient (R2).

2.5. Reusability Tests

The reusability of the BNTN@Fe3O4@ZnO magnetic nanocomposite in HA degrada-
tion was assessed. It was found that 0.01 g/L of nanoparticles was able to be used four times
for HA removal when conditions were optimal, and the quantity of non-reduction induced
by the destruction of the photocatalyst was regarded as the percentage of reusability.

3. Results and Discussion
3.1. Study of Material Characterization
3.1.1. XRD Analysis

The XRD spectrum of magnetic BNTN coated with zinc oxide is provided in Figure 2.
The chief constituents of the BNTN employed in this work were calcite, illite, quartz, and
albite. The base distance for the raw BNTN was observed to be 799.79 Å. Therefore, in 2θ
equal to 21.47, 26.32, 28.01, 29.74, 35.33, 37.27, 39.92, 43.17, 46.61, 50.74, 60.19, and 67.74,
peaks associated with BNTN are seen; further, in 2θ equal to 29.16, 35.73, 54.54, 56.19,
63.16, and 75.14, peaks are indicative of the presence of iron in the BNTN. The fact that
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these crystal plates are linked to the inverted cubic spinel structure of the Fe3O4 can be
deduced based on the reference card number (ICSD 159976). In addition, the peaks related
to zinc oxide are equal to 26.46, 28.13, 34.11, 37.16, 57.92, and 65.91. The synthesized
nanocomposite was studied, and its size was estimated by applying the Scherrer equation
in terms of the full width at half maximum (FWHM), and the most intense diffraction peak
was visible at 34 nm.

Figure 2. XRD graph of BNTN@Fe3O4@ZnO particles.

However, in the FESEM analyses, it could be recognized that the resulting nanopar-
ticles have the propensity to accumulate because of their magnetic properties; therefore,
their particle size is bigger than the value calculated from the Scherrer equation and is set at
about 67 nm. This difference may arise because although the XRD analysis normally reveals
the crystal size, the FESEM analysis shows the particle size. As a particle is composed of
several crystals, this size can be justified. In the Scherrer formula, D represents the particle
diameter, β is the peak width at half height, θ indicates the diffraction angle at the peak
location, and λ is the X-ray wavelength of the device (0.1540 nm = λ).

3.1.2. FTIR Analysis

The bands present in raw BNTN are seen at 3401, 1643, 1489, 1028, 793, 690, and
520 cm−1, as depicted in Figure 3. The broadband visible at 3401 cm−1 is accorded to
the hydrogen bonds of the water molecules adsorbed onto the interlayer of the BNTN.
The band observed at 1643 cm−1 is due to the flexural vibrations of the water molecules
adsorbed onto the BNTN. The peak seen at 1439 cm−1 is caused by the bending vibrations
of the C-H bonds. Further, the infrared spectrum in the BNTN shows a band at 1028 cm−1,
apparently due to the bending vibrations of the Si-O-Si. The quartz bands (Si-O) show
proximity to 790 cm−1. The band identified at 520 cm−1 is related to the bending vibrations
of the O-Si-O. The 690 cm−1 band is also ascribed to the Al (Mg) -Si-O tetrahedral. The
remaining peaks are evident from 500 to 1000 cm−1; however, they are likely produced by
the functional groups, Fe-O-OH and Fe-O. In addition, the bands present at 850, 1350, 1700,
and 2900 cm−1 can also be related to the zinc oxide functional groups.
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Figure 3. FT-IR graph of BNTN@Fe3O4@ZnO particles.

3.1.3. DRS Analysis

The optical properties of the composite employed in this work were subjected to DRS
analysis for evaluation, as shown in Figure 4. Based on prior studies, the band gap was
around 3.2 electron volts; however, from this analysis, the presence of other materials, suc
as BNTN and iron oxide, induced a slight alteration in the zinc oxide band, and the value is
now 3.1 electron volts.

Figure 4. DRS spectra of BNTN@Fe3O4@ZnO particles.

3.1.4. FESEM Analysis

From Figure 5, the FESEM images of the BNTN, BNTN@Fe3O4, and BNTN@Fe3O4@ZnO
particles are clear. Based on Figure 5A, the BNTN appears bulky, with a massive mor-
phology and irregular flakes; the surface appears smooth, as is evident from Figure 5. In
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addition, Figure 5B indicates that the iron particles are seated well and quite evenly on
the BNTN. The final BNTN@Fe3O4@ZnO composite can be seen in Figure 5C. Obviously,
the zinc oxide particles present on the magnetic BNTN are deposited in a layer that is thin
and compacted.

Figure 5. Cont.
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Figure 5. FESEM spectra of BNTN (A), BNTN@Fe3O4 (B), and BNTN@Fe3O4@ZnO (C) particles.

3.1.5. EDX Analysis

The abundance percentages of the elements in the BNTN@Fe3O4@ZnO nanocomposite
used in this work are found in the EDX analysis provided in the authors’ previous study.
This image distinctly reveals that silica is present in the BNTN and comprises the highest
weight percentage of the nanocomposite. The presence of iron also helps to explain
the magnetic properties of the nanocomposite. However, as the outermost layer of the
nanocomposite is oxidized, the image suggests that high weight percentages of zinc and
oxygen can be easily achieved.

3.1.6. VSM Analysis

The VSM magnetometer was able to study the magnetic properties of the synthesized
nanoparticles (magnetic BNTN coated with zinc oxide) through the vibrations of their
samples at room temperature (Figure 6).

Depending upon the magnetization curve, it is evident that this material is super-
magnetic, with a magnetic saturation of approximately 50. Thus, the conclusion is drawn
that when the final nanocomposite employed in this work is dispersed in water, it can easily
and quickly be gathered using an external magnetic field, and it is also easily dispersed in
the solution via slight shaking.

3.2. Effect of Environmental Variables

The literature contains ample proof that environmental variations highly influence
the efficiency of photocatalytic reactions. Hence, preliminary experiments were performed
to estimate the effects of vital parameters such as the pH, photo-catalyst dose, HA con-
centration, and contact time on the efficiency of HA removal by the BNTN@Fe3O4@ZnO
magnetic nanocomposite.
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Figure 6. VSM spectra of BNTN@Fe3O4@ZnO particles.

3.2.1. Influence of pH

Among the critical variables in the photocatalytic reaction, the solution pH exerts the
greatest effect on the efficiency of pollutant degradation. This is due to many reasons, the
first being the ability of the pollutant molecules to dissolve in aqueous solutions, which is
governed by the pH of the medium. This dissolubility is very different according to its pH
value. HA is the fraction of humic material which remains insoluble in aqueous systems
with pH < 2, though it dissolves at higher pH values. Hence, the conclusion is drawn
that HA compounds carry negative charges on their surface when the pH > 2. Another
significant situation in which pH can influence the process is when the pH reaches a zero
point of charge (pHzpc). Hence, it is vital to ascertain the catalyst’s surface charge before
performing the photocatalytic tests. The findings of the pHzpc determination test are shown
in Figure 7B. This figure indicates that the pHzpc of the BNTN@Fe3O4@ZnO magnetic
nanocomposite is very close to 4.88 (dimensionless). Therefore, it can be concluded that the
BNTN@Fe3O4@ZnO MNC surface can be saturated by negative charges derived from the
excess OH− ions when the solution pH is higher than pHzpc; however, the photocatalyst
surface will carry the positive charges from the H+ protons when the solution pH drops
to less than the pHzpc. From the explanation cited above, an electrostatic force (attraction
or repulsion) is created between the HA and the photocatalyst, which influences the HA
degradation via photocatalysis.

In this work, an investigation into the photocatalytic degradation of HA at various
pH values (i.e., 3–11) was carried out, and the results are displayed in Figure 7A. At
pH values of 3 and 11, the findings reveal the most and least HA degradation efficiency
levels, respectively, which are to be expected. The reasons for these results are that in
a homogeneous photocatalytic degradation reactor, two eminent oxidizing species are
present: the hydroxyl radical: (•OH) and positive electronic holes: (h+). The high potential
can easily degrade the organic pollutants in the reactor. While the •OH can exist throughout
the reactor randomly when it is generated in large quantities, the h+ is present only on
the surface of the photocatalyst. Therefore, wherever both the h+ and •OH are present
at the same time, the degradation efficiency will be high, and the contaminants will be
removed. This simply means the photocatalyst surface attracts the negative HA ions onto its
outer surface due to the electrostatic attraction between them, resulting in HA degradation
through the active h+. These conditions prevail when the medium demonstrates an acidic
pH (below 4.88). Simultaneously, the HA is eliminated by the •OH and h+, and Figure 7A
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indicates that it is at a pH if 3 that the highest yield of degradation occurs. In Figure 7B, a
graphical schematic representation is shown for a clearer understanding of this process.
Other researchers have reported similar findings that correspond to the results of the
current study [38].

Figure 7. The plot of pH effect (A) and graphical schematic representation of the relationship between
HA pKa and BNTN@Fe3O4@ZnO pHZPC (B).

3.2.2. Influence of Photocatalyst Dose

The variable next in significance that affects the photocatalytic reaction is the dose
of the photocatalyst synthesized, which influences the percent of contaminant degraded.
Therefore, it is crucial to determine the optimal value of the dose for practical purposes.
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To study the effect of the dose of the synthesized photocatalyst on the process of the
photocatalytic degradation of HA, several doses of the bentonite@Fe3O4@ZnO magnetic
nanocomposite (from 0.005 to 0.1 g/L) were experimented with under a variety of condi-
tions (i.e., pH = 3; HA concentration = 10 mg/L; UV lamp (16-watt power)). The findings
are listed in Figure 8. From this figure, the inference can be drawn that the greatest and
least efficiencies were observed for the photocatalyst doses of 0.01 and 0.1 g/L, respectively.
Initially, the efficiency escalated when the dose was increased from 0.005 to 0.01 g/L; how-
ever, any further increase in the dosage exceeding 0.01 g/L caused the efficiency to drop,
so the lowest efficiency was observed at the highest dose of 0.1 g/L.

Figure 8. The plot of BNTN@Fe3O4@ZnO magnetic nanocomposite dose.

This trend is justified by the reasoning that any increase in the dose of the nanocom-
posite will result in the provision of a greater surface area of the photocatalyst for the
absorption of UV radiation which, in turn, will generate active h+ and free radicals, •OH
in particular. Consequently, greater HA degradation was achieved. However, when the
photocatalyst dose is increased excessively, it results in a reduction in the efficiency of the
HA degradation. This is likely due to the agglomeration of the nanocomposite in which the
density and the dose of the catalyst are increased, causing them to stick to one another. Sim-
ilar results have been obtained in the photocatalytic elimination of contaminants through
the use of magnetic nanocomposites. This occurs because the magnetic property of the
nanocomposite enables them to accumulate in high doses, resulting in a reduction in UV
absorption and photocatalytic action [39].

3.2.3. Influence of HA Concentration

Another variable that influences the photocatalytic degradation of organic contam-
inants is the concentration of the pollutant present in the aqueous solution [40]. From
the photocatalytic reactions, it is evident that greater removal efficiency is achieved when
the concentration of the contaminant is reduced. However, determining the maximum
concentration that can be completely removed is proving to be a major problem. Therefore,
the removal of HA through photocatalysis was investigated at different concentrations of
HA (i.e., 2, 5, 10, and 15 mg/L), and the results are revealed in Figure 9. According to the
results, the photocatalytic process using BNTN@Fe3O4@ZnO demonstrated the ability to
completely degrade the HA when it was present in concentrations of 2, 5, and 10 mg/L
within 30, 60, and 70 min, respectively; however, at a concentration of 15 mg/L, approxi-
mately 7% of the humic acid was still present in the reactor even after 200 min of contact
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time during photocatalysis. The improvement in the degradation of HA is attributed to the
reduction in its initial concentration. This is because under identical conditions (i.e., pH,
BNTN@Fe3O4@ZnO dose, and reaction time), the elimination of HA by the •OH increases
when its value is lower. Further, at a higher dose of HA, the photocatalyst surface area
available for the UV absorption and the occurrence of photocatalytic actions are decreased
because of the greater adhesion of the HA to the BNTN@Fe3O4@ZnO surface sites.

Figure 9. The plot of HA concentration levels.

3.2.4. Kinetics of HA Degradation

While modeling empirical data in advanced oxidation processes such as photocatalysis,
the rate of organic substance oxidation must be studied, and the performance of the photo-
catalyst must be ascertained [41]. In the photocatalytic unit using the BNTN@Fe3O4@ZnO
magnetic nanocomposite, the kinetics of HA oxidation under UV irradiation was investi-
gated by the first-order kinetic model (using a linear plot to determine the k and integrated
rate law). In Table 2, the findings of the linear analysis and the empirical HA removal data
are shown. The constant rate of the reaction kinetics, Kobs, is obtained by plotting the linear
chart of lnC/Co versus time (Figure 10). In addition, to model the reaction kinetics, the
equation of the integrated rate law ( C = Co × e−Kobs×t) was applied to estimate the residual
HA concentration values over time t. Then, a graph was plotted of the predicted versus
experimental values, and the degree of their relationship was ascertained via the determina-
tion coefficient (R2) [42,43]. Finally, using the Solver plugin in Excel, the best constant value
of the reaction rate was fitted, as shown in Figure 11. The results provided in Table 2 and
Figure 10 reveal that the Kobs values decrease as the HA concentrations increase so that their
values were 0.2207 and 0.0155 min−1 at HA concentrations of 2 and 15 mg/L, respectively.
This suggests that rate of HA degradation was lowered as its concentration increased.

Table 2. Kinetics data for HA degradation.

Concentration (mg/L) Equation Kobs (min−1) R2 t1/2 (min)

2 y = 0.2207x + 0.3849 0.2207 0.9411 3.140009
5 y = 0.0389x + 0.8563 0.0389 0.9637 17.81491

10 y = 0.0380x + 0.4676 0.0538 0.9811 12.88104
15 y = 0.0284x + 0.4211 0.0155 0.9749 44.70968
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Figure 10. Linear plot of the kinetic data.

Figure 11. The plot was obtained from the Solver plugin for kinetic modeling.

As seen in Figure 11, the R2 value obtained when modeling the kinetics of HA decom-
position was high (0.97), and satisfactory compliance is observed between the empirical
data and the values predicted by the Langmuir–Hinshelwood model, indicating that the
HA degradation data follow the first-order kinetic model.

3.2.5. HA Degradation Mechanism

It must be noted that ZnO and TiO2 are semiconductor materials with great significance
as operants in photocatalysis, and no photocatalytic activity can be practically conducted
without these compounds [44]. Another essential operant in the photocatalytic processes
is a beam current, which is similar to UV irradiation [45]. When both of these factors are
present simultaneously in the reaction chamber, the photocatalytic process will occur. The
outcome of these activities is the generation of free radicals and active species in a chain of
reactions through which organic substances can be easily decomposed.
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The dominant property of ZnO and other semiconductors is the presence of conduc-
tion and valence bands in their configurations. These facilitate the transfer of electrons
from the valence band to the conduction band by striking a beam current with their sur-
face and creating cavities (holes: h+) on the surface of the photocatalyst at the same time
(Equations (4)–(6)). The h+ thus created can directly degrade organic materials or decom-
pose the water molecules and hydroxyl ions which, in turn, leads to the production of •OH,
known as a potent oxidant for eliminating organic pollutants (Equations (7) and (8)) [46].
Further, the electrons thus released from their orbit may react with the oxygen molecules
to produce superoxide radicals (•O2

−) (Equations (9) and (10)). The •O2
− first generates

the hydroperoxyl radical (•HO2) and then creates hydrogen peroxide (H2O2) by reacting
with the water molecules, and the formed H2O2 can create •OH by accepting an electron
(Equations (11) and (12)). The reactions responsible are cited below:

ZnO h9→ ZnO(e− + h+) (4)

h+ + OH− → •OH (5)

e− + O2 → •O−2 (6)

ZnO(h+) + H2O→ •OH + H+ + ZnO (7)

ZnO(h+) + OH− → •OH + ZnO (8)

ZnO(e−) + O2 → •O−2 + ZnO (9)

•O−2 + H2O→ •HO2 + OH+ (10)

•HO2 +
•HO2 → H2O2 + O2 (11)

H2O2 + ZnO(e−)→ OH− + •OH + ZnO (12)

The •OH thus formed has a high redox potential to attack the HA compounds present
and break them down into simple molecules such as water and carbon dioxide [47].

Under the optimal conditions obtained, the photocatalysis process using the
BNTN@Fe3O4@ZnO magnetic nanocomposite was able to completely decompose 10 mg/L
of HA after exposure to UV light for 90 min. Thus, it is anticipated that all HA molecules will
be converted into water and carbon dioxide molecules, as well as some likely byproducts
(intermediate compounds). The mineralization reaction occurring during photocatalysis
and the general reactions are shown below (Equation (13)).

HA + •OH + h+ + •O2
− + •HO2 → H2O + CO2 + intermediate compounds (13)

An intermediate compound that could be generated in the process of HA degra-
dation through photocatalysis can be identified using gas chromatography–mass spec-
trometry (GC). To accomplish this, a GC device was employed to identify all the likely
intermediate compounds which can be generated during the photocatalysis process. In
Figure 12, the results of the GC analysis are listed. This indicates that 2-(4-nitrophenyl)-1, 3-
dioxolane; methyl 3-(hydroxymethyl)-5-methyl-1, 2-oxazole-4-carboxylate; 2-(methylamino
methyl) prop-2-enoate; 2-methylamino methyl-1, 3-dioxolane; 2, 2-Dimethyl-1, 3-dioxolane
2-methyl-1-butanol, and 2-methyl-1-butanol compounds are released when the HA is de-
graded during the photocatalysis process. As is evident from the chemical structure of
the byproducts, all the compounds, barring 2-(4-nitrophenyl)-1 and 3-dioxolane, lack the



Water 2023, 15, 2931 16 of 19

presence of a benzene ring. This implies that the intermediates produced have a simple
structure and are biodegradable.

Figure 12. The results of GC analysis.

3.2.6. Reusability of BNTN@ Fe3O4@ ZnO

From Figure 13, the reusability results of the photocatalyst are evident. As observed
from the corresponding figure, after four consecutive reactions, only 6% of the degradation
rate was reduced. This indicates the effective reusability of the nanoparticles.

Figure 13. The reusability of the BNTN@ Fe3O4@ ZnO magnetic nanocomposite.
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4. Conclusions

In the present investigation, the sol–gel method was used to synthesize a
BNTN@Fe3O4@ZnO magnetic nanocomposite. After synthesis, the characterization of
this nanocomposite was carried out using FE-SEM, FT-IR, XRD, VSM, and DRS techniques.
The photocatalytic properties and degradation efficiency of the magnetic nanocomposite
were examined under different environmental conditions for the elimination of HA from an
aqueous solution. The outcomes of the characterization study revealed that this nanocom-
posite had excellent morphology, suitable photocatalytic properties, a particle diameter
in the nanosize range, remarkable crystallization, and strong magnetic properties. The
results of the photocatalysis showed that total HA degradation was obtained under the
optimal conditions, which included a pH level of 3, a nanocomposite dose of 0.01 g/L, and
a concentration of HA of 10 mg/L within a reaction time of 90 min. Further, the kinetic
study showed that the experimental data of the elimination of HA in aquatic systems can
be modeled by applying a simplified form of the Langmuir–Hinshelwood equation. The
results of the kinetic study revealed satisfactory compliance between the empirical data
and the values predicted by the Langmuir–Hinshelwood model, indicating that the data
acquired followed the first-order kinetic model. According to the findings of this work, the
photocatalytic treatment process using BNTN@Fe3O4@ZnO magnetic nanocomposite has
significant potential for the removal of humic acid compounds from aqueous solutions.
As this treatment process eventually produces low-toxicity biodegradable compounds, it
is proposed that this process can be used as a pretreatment process before the biological
treatment of industrial or municipal wastewater.
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