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ARTICLE INFO ABSTRACT
Keywords: This study evaluated the performance of TiO2-ZnO/biochar as activator of persulfate (PS) for
Furfural removal degradation of furfural. After the successful synthesis of the catalyst, X-ray diffraction (XRD),

TiO>-ZnO/Biochar
Persulfate activation
Heterogeneous process
Photocatalytic degradation

Fourier transform infrared spectroscopy (FTIR), and scanning electron microscopy (SEM)
methods were used to investigate the properties of TiO>-ZnO/biochar. The findings of this
research suggests that under optimal conditions (pH = 3, catalyst dosage = 1 g/L, persulfate
concentration = 1.2 mM, and furfural concentration = 10 mg/L), the PS/Catalysts/UV system can
remove 96 % of furfural within 15 min. Under ideal conditions, the experimental results fit well
with the first-order kinetic model (R2 > 0.95), and the rate constant (Kyps) was derived as 0.195
min~!. The quenching experiments provided further insights that confirmed the participation of
SO4°~ and OH° radicals in the degradation process. Nevertheless, the evidence strongly supports
the idea that SO4°~ plays a more prominent and dominant role as the primary radical species
responsible for furfural degradation. Based on the obtained results, it can be concluded that the
PS/Catalysts/UV system has an appropriate ability to remove furfural from aqueous solutions,
which suggests promising perspectives for its practical application in pollutant treatment
scenarios.

1. Introduction

Iran’s oil and petrochemical industries are crucial, accounting for a significant portion of exports and GDP. However, these in-
dustries also contribute to environmental pollution, especially water resources [1]. The chemical compounds released by these in-
dustries are often complex and durable, toxic and non-degradable, making them a significant challenge for conventional wastewater
treatment systems [2]. Furfural is an example of a pollutant produced by petrochemical industries in a significant amount and enters
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the ecosystem [3]. Researchers have reported lung, liver, kidney, spleen problems, and fuefural carcinogenicity. On the other hand,
headaches, severe skin, eye, mucous irritation and pulmonary edema have also been observed after exposure to furfural [4,5]. As a
result, removing furfural before discharging it into receiving resources is vital for both human and environmental health. Because of its
better efficiency and possible benefits over conventional treatment methods, the advanced oxidation process (AOP) has gained
attention as a promising technology for eliminating furfural and other organic contaminants from wastewater [6-8]. Advanced
oxidation processes (AOPs) rely on the production of extremely reactive hydroxyl radicals (OH°), which may successfully oxidize and
degrade furfural molecules into simpler and less toxic chemicals. Typically, oxidizing agents like hydrogen peroxide, ozone, or UV
radiation are used in this process. These agents can be used alone or in combination with other oxidizing agents and catalysts to
increase the production of hydroxyl radicals and increase the stability of the AOP process [9]. Sulfate radical-based advanced oxidation
processes (S-AOPs) have a high redox potential and a long lifetime, making them attractive for removing several contaminants from
wastewater [10]. The S-AOPs involve the generation of sulfate radicals (S04°~), which are highly reactive and can effectively oxidize
and degrade a wide range of organic pollutants. Different activation methods produce sulfate radicals from persulfate or perox-
ymonosulfate anions, including thermal processes, transition metal cations, ultrasound and ultraviolet irradiation and heterogeneous
photocatalysts [11,12]. TiOy is a widely used photocatalyst due to its favorable physicochemical properties, high reactivity,
cost-effectiveness, chemical stability and availability. However, TiO, has some limitations that make it less than ideal for certain
photocatalytic applications [13,14]. One of the main limitations of TiO3 is its tendency to recombine photoinduced charge carriers too
quickly. This reduces the photocatalytic process efficiency. This is because the excited electrons and holes generated by light ab-
sorption in the TiO, tend to recombine before they can participate in chemical reactions with the target pollutants. This rapid
recombination of charge carriers limits the lifetime of excited states, limiting photocatalytic process efficiency. Another limitation of
TiO, is its limited ability to utilize visible light efficiently. TiOy absorbs ultraviolet (UV) light, which accounts for only a small portion
of the solar spectrum. As a result, TiOs-based photocatalysts can only be used in situations where UV light is the energy source [15,16].
Combining TiOy with ZnO has been studied extensively to enhance photocatalytic properties. The resulting composite materials have
improved photocatalytic activity and stability, making them promising candidates for sulfate radical-based advanced oxidation
processes (S-AOPs) to degrade pollutants in wastewater [14,17]. One of the advantages of combining TiO, with ZnO is the synergistic
effect between the two materials. TiOy has high photocatalytic activity, but its performance is limited by its tendency to recombine
photoinduced charge carriers quickly. On the other hand, ZnO has lower photocatalytic activity than TiO, but a longer lifetime of
photoinduced charge carriers. Therefore, by combining TiO, with ZnO, the resulting composite can have improved photocatalytic
properties, such as higher activity and better stability [18,19]. Another advantage of combining TiO2 with ZnO is broadening the light
harvesting range. TiO, absorbs UV light, while ZnO can absorb both UV and visible light. As a result, mixing TiO2 and ZnO can enhance
photocatalytic activity when exposed to visible light, which is more abundant in the solar spectrum. According to some researchers,
carbon-based materials have the good potential to enhance oxidation and breakdown of pollutants due to their favorable photoelectric
properties. These properties include efficient electron transport and storage, which improves photoinduced charge separation effi-
ciency. As a result, carbon-based materials, such as biochar, are being investigated as an effective and low-cost solution to addressing
environmental pollution [20,21]. Hence, biochar was selected as a carbon-based material for this investigation due to numerous
advantageous. These include its narrow band gap, which allows it to absorb light in the visible range and generate photoinduced
charges for pollutant breakdown. Biochar is also easy to prepare using a simple pyrolysis process. It can be produced from various raw
materials, making it a versatile option for pollutant removal.

Additionally, biochar is relatively cheap, making it an attractive choice for large-scale environmental applications [22]. Accord-
ingly, it is anticipated that the combination of TiO2/Zn0O and biochar will be able to modify the energy gap (Eg) of catalysts and
increase the range of light harvesting, both of which would enhance the activation of persulfate and the performance of
visible-light-driven photocatalysis. As a result, under UV light, the TiO2-ZnO/biochar nanocomposites may generate electrons in the
conduction band that persulfate ions can consume to create sulfate anion radicals that are used to degrade furfural [23,24].

Considering the challenges highlighted, this study was undertaken to achieve the following objectives: (I) Synthesis of TiO>-ZnO/
biochar (TZB) nanocomposites and characterizing their morphology. (II) Assess the effectiveness of TZB in degrading furfural by
investigating the influence of operating parameters such as pH, various initial concentrations, catalyst doses and PS concentration. (III)
Investigate and establish the degradation kinetics of the TZB nanocomposites.

2. Experimental
2.1. Chemicals and instruments

Chemicals and reagents were analytical grade and used without additional purification. Sigma Aldrich (St. Louis, MO, USA)
provided the zinc nitrate (Zn(NO3)5), tetrabutyl titanate (Ti(C4Hg0O)4), acetic acid (CHsCOOH), sodium hydroxide (NaOH), methanol
(CH30H), and hydrochloric acid (HCI). Merck Co. (Darmstadt, Germany) supplied the furfural (CsH405). All of the standard solutions
were made using distilled water. 1 N HCL and NaOH were used for adjusting the pH of the solution. A cubic magnet with a magnetic
field of 3000 Gauss separated the solid phase from the solution.

2.2. Synthesis of catalysts and its characterization

Biochar was derived through the pyrolysis of reed straw feedstock under low oxygen conditions at 500 °C for a duration of 6 h.
Subsequently, it was subjected to milling to achieve a particle size that passes through a 0.15 mm sieve. Following this, the biochar was
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subjected to multiple rinses with ultrapure water (UPW) to maintain a neutral pH and then dried at 105 °C. The TiO2-ZnO/biochar
(TZB) nanocomposites were prepared using a sol-gel method originally described by Zhang [25], with some modifications. Specif-
ically, 3g of Zn(NOs),, 1g of biochar, and 25 mL of acetic acid were combined in 50 mL of ethanol and sonicated for 30 min. Then, 40
mL of tetrabutyl titanate, serving as the precursor, was added dropwise to the mixture while mechanically stirring for 2 h at room
temperature. A volume of 25 mL of ultrapure water (UPW) with a pH of 2 was introduced into the solution with constant stirring for a
duration of 4 h, resulting in the formation of a black sol. This sol was subsequently allowed to age for two days and was then subjected
to drying at 105 °C for 8 h. Finally, the dried material underwent calcination at 300 °C for 2 h to yield the as-prepared TZB. The
morphology and surface characteristics of the catalyst were analyzed using scanning electron microscopy (SEM), specifically a Hitachi
S-4700 instrument based in Tokyo, Japan. To examine the phases and crystalline structure of the samples, X-ray diffraction analyses
(XRD) were conducted using a D/MAX 2500 apparatus from Rigaku, USA, equipped with CuKa radiation at 40 kV and 40 mA, along
with a positional sensitive detector (PSD) such as the Philips X-Cellerator. The chemical structure, including functional groups, of the
synthesized catalyst was determined through Fourier transform infrared spectroscopy (FT-IR), employing a Nexus TM 670 instrument
[26].

2.3. Degradation experiments

The degradation of furfural by TZB nanocomposites was carried out within a specially constructed reactor using varying con-
centrations of the pollutant. Prior to UV irradiation, a mechanical stirrer was employed to mix the furfural and catalyst for 30 min. This
step aimed to establish adsorption-desorption equilibrium on the catalyst’s surface and eliminate the impact of adsorption during the
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Fig: 1. SEM (a), XRD (b) and FTIR (c) of synthesized TZB.
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photocatalytic degradation process. The investigation of the degradation process involved the assessment of key parameters,
encompassing pH (ranging from 3 to 11), catalyst quantity (ranging from 0 to 1.5 g/L), persulfate concentration (varying from 0.4 to
1.2 mM), and initial concentration of furfural (ranging from 10 to 45 mg/L), with respect to contact time. The Eq. (1) was used to
describe the ability of the TZB nanocomposites to degrade furfural:

Degradation % = (%) x 100 (€D)]
0

Where Cy and C. represent the initial and residual concentrations of furfural (mg/L), respectively. The kinetics of the degradation
process were also explored and reported. Given that first-order kinetics are commonly employed to describe the degradation of organic
and inorganic pollutants [27], this study assessed the furfural degradation rate using a first-order kinetic equation (Eq. (2)):

Co

In (C—e) =Kops X t (2)

where K,;,s denotes the rate of the reaction (min™1), Cg and C, represent the initial and residual concentrations of contaminants (mg/
L), and t stands for the time (min). It is important to note that all experiments were conducted in triplicate, and the average results were
reported.
3. Results and discussion
3.1. Samples characterization

Fig. 1(a) displays scanning electron microscope (SEM) images of the synthesized TZB. It is evident from the images that the

synthesized TZB exhibits a cylindrical and asymmetrical structure, with a size distribution falling within the range of 23-30 nm.
Notably, the surface of the samples appears to be rough and porous, featuring a series of holes. This porous structure enhances the
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contact between furfural and TZB, thereby contributing to improved degradation performance. In Fig. 1(b), X-ray diffraction (XRD)
patterns of the synthesized TZB within the 20 range of 10-80° are presented for analysis. The diffraction peaks at 25.16° for (101),
37.82° for (004), 48.06° for (200), 55.17° for (211), 62.69° and 70.48° for (220) based on JCPDS No. 21-1272 indicate TiO, with an
anatase tetragonal structure. The diffraction peaks at 260 equal 31.77° (100) and 56.60° (110) according to JCPDS No. 36-1451
standard corresponding to ZnO. The above results confirm the successful synthesis of TiO»—ZnO and its stabilization on biochar. In
Fig. 1(c), Fourier-transform infrared spectroscopy (FTIR) of the synthesized TZB is presented within the spectral range of 4000-450
cm!. The FTIR analysis reveals several noteworthy features: The O-H (hydroxyl) group on the synthesized TZB is apparent as a broad
band centered around 3737 cm~'. A distinct band at 519.75 cm™! corresponds to Ti-O vibration, signifying the presence of TiO2 within
the material. The presence of a peak at 673 cm™ is attributed to the Zn—O-Ti bond, providing confirmation of the presence of TiO-ZnO
in the catalyst. Peaks at 1444 cm™' and 2356 cm™! are indicative of the C=0 and N-O stretching vibrations, respectively.

3.2. Furfural degradation over various systems

Fig. 2 illustrates the efficiency of the PS/Catalysts/UV system in comparison to UV, PS/UV, Catalysts/UV, and PS/Catalysts pro-
cesses under the following experimental conditions: PS concentration of 1 mM, catalyst dosage of 1 g/L, initial furfural concentration
of 20 mg/L, and a total volume of 200 mL. According to Fig. 2(a), it can be found that after 15 min, furfural degradation efficiency
shows an almost constant trend. Furfural removal efficiencies by UV were very low after 15 min (15.6 %), showing that furfural cannot
be degraded enough by UV alone. Fig. 2(a) illustrates that furfural degradation efficiency remains relatively constant/stable after the
first 15 min of the experiment. UV alone exhibits low furfural removal efficiency after 15 min, indicating that UV alone is not sufficient
for substantial furfural degradation (15.6 %). In contrast, higher removal efficiencies are observed in PS/UV (45 %), Catalysts/UV (16
%), and PS/Catalysts (19.02 %) systems, highlighting the impact of these processes. Remarkably, when furfural is exposed to the PS/
Catalysts/UV system, the removal efficiency experiences a significant increase, reaching 73.4 %. Fig. 2(b) demonstrates that the kinetic
study of furfural degradation across various systems aligns well with the first-order kinetic model, with R? values exceeding 0.9. The
degradation constant (Kqps) values were calculated for different systems, as illustrated in Fig. 2(c). In the PS/Catalysts/UV system, the
rate constant for furfural removal is 0.077 min~!, significantly higher than the values of 0.010, 0.038, 0.009, and 0.010 min~! observed
for UV, PS/UV, Catalysts/UV, and PS/Catalysts, respectively. These outcomes affirm that the incorporation of TiOy in the PS/
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Fig. 3. Effect of pH on furfural degradation (PS: 1 mM, Catalysts dosage: 1 g/L, initial concentration: 20 mg/L, Volume: 200 mL) (a), kinetic study
(b) and rate constant (c).
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Catalysts/UV system plays a decisive role in considerably reducing furfural toxicity. This indicates the presence of a synergistic effect
between the combined agents, demonstrating the potential of this process in furfural degradation and reduction of its environmental
impact.

3.3. Effect of operational parameters and kinetic studies

3.3.1. Effect of pH

The pH of the solution influences furfural degradation efficiency using TZB nanocomposites. This is because the charged states of
the catalyst, PS, and furfural molecules vary with pH. This affects the adsorption, activation, and reaction of these species on the
catalyst surface. Hence, the impact of the initial pH of the solution (ranging from 3 to 11) on the removal efficiency of furfural in the
PS/Catalysts/UV system was assessed (refer to Fig. 3(a)). In the first 15 min of the reaction, degradation efficiencies exhibited a decline
of approximately 31 % as the pH levels were elevated from 3 to 11. It is noteworthy that acidic conditions are preferable for the
degradation of furfural within the PS/Catalysts/UV systems. Simultaneously, the corresponding degradation rate constants (kops) for
furfural decreased from 0.089 to 0.037 min~" as the solution’s pH increased from 3 to 11(Fig. 3(b-c)). The pKa values of furfural and PS
(persulfate) are 9.5 and 9.4, respectively. When the pH increases to 9.5, more furfural molecules dissociate into ions, while PS is
predominantly HSOs. The synthesized catalyst has a point of zero charge (PZC) of 7.67. As a result, when pH levels surpass 7.67, the
catalyst surface acquires a negative charge. Conversely, at pH values lower than 7.67, the catalyst surface takes on a positive charge.
Therefore, with decreasing pH, furfural and PS experience a shift towards negative charge, thereby promoting their adsorption onto
the positively charged surface of the catalyst. The catalyst surface can activate PS using electrons, generating sulfate radicals (504°)
that oxidize furfural adsorbed on the catalyst surface. Furthermore, furfural reacts with other free radicals and holes on the catalyst
surface. However, when the pH of the furfural solution turns toward alkaline conditions (>9.5), the negative charge on the catalyst
surface can create a repulsive force that reduces furfural degradation efficiency. Moreover, high concentrations of OH™ ions can
quench the sulfate radicals (SO4°7), which have a shorter lifetime and lower selectivity than the SO° radical [28,29]. These factors can
further decrease furfural removal efficiency. Therefore, it is crucial to control the pH of the solution to 3 to optimize TZB nano-
composites in furfural degradation performance.
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3.3.2. Effect of catalyst amount

In Fig. 4(a), the influence of varying quantities of TZB nanocomposites on the degradation of furfural is illustrated. Findings from
Fig. 4(b-c) reveal that increasing the catalyst dosage from 0.25 g/L to 1 g/L results in an enhancement of the furfural degradation rate,
ranging from 0.046 to 0.077 min-!, and an increase in furfural degradation efficiency from 58 % to 76.9 %. The rise in the degradation
rate and efficiency can be ascribed to the increased availability of additional electron-hole pairs [28,30]. With a higher dose of
photocatalyst, more electron-hole pairs are generated, activating more PS and enhancing furfural degradation. However, it is
important to note that the rate constant and removal efficiency do not improve beyond a TiO,—ZnO/biochar dose of 1 g/L. This
observation can be explained by the finite amount of PS available in the system, when added and produced by electron excitation [28].
As a result, there is a maximum achievable degradation efficiency for any given system, which cannot be exceeded even at higher
catalyst doses. Based on the study results, the optimal photocatalyst dose was 1 g/L of catalyst.

3.3.3. Effect of the PS concentration

The impact of varying concentrations of persulfate (PS) on the efficacy of furfural degradation utilizing TZB nanocomposites was
investigated under conditions of pH = 3 and a catalyst dose of 1 g/L over a 20-min duration. The outcomes are presented in Fig. 5(a-c).
The data illustrates that increasing the PS concentration from 0.4 to 1.2 mM resulted in an extensive enhancement of degradation
efficiency, with a 42 % increase and an augmented degradation rate (Kqps) of 82 %. The enhancement observed can be ascribed to the
increased presence of SO4 ~ and OH' radicals generated through the activation of PS, which promote furfural breakdown [31-33].
Nonetheless, it was noted that increasing the PS concentration beyond 1 mM did not yield a significant improvement in degradation
efficiency. This phenomenon could be attributed to the scavenging effect of persulfate at higher concentrations, as elucidated in Egs.
(3) and (4) [34]. The scavenging effect impedes the efficacy of persulfate radicals in the degradation process. Despite this limitation,
the study identifies an optimal PS concentration of 1.2 mM, which enables superior furfural degradation.
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Fig. 5. Effect of PS concentration (mM) on furfural degradation (pH: 3, Catalysts dosage: 1 g/L, initial concentration: 20 mg/L, Volume: 200 mL)
(a), kinetic study (b) and rate constant (c).
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3.3.4. Effect of furfural concentration

The degradation of furfural by TZB nanocomposites was investigated at different furfural concentrations ranging from 10 to 45 mg/
L. According to Fig. 6(a), at low concentrations (<10 mg/L), almost complete furfural removal was achieved within 15 min of the
reaction. However, increasing the furfural concentration from 10 to 45 mg/L led to a decrease in the removal efficiency of TZB
nanocomposites from almost 100 %-46 %. The reaction rate constant also decreased from 0.195 to 0.032 min ! (Fig. 6(b-c)). This is
likely due to the fact that increasing the furfural concentration leads to the saturation of active sites on the nano photocatalyst, making
it less effective at degrading furfural. Consequently, SO4~ and OH radical generation is diminished [35]. Elevating the furfural
concentration can reduce the number of photons reaching the nanophotocatalyst surface [36]. This phenomenon happens because UV
light is absorbed by furfural molecules, reducing TZB nanophotocatalyst stimulation/excitation by photons.

3.4. Quenching agents

To ascertain the primary radical species in the PS/Catalysts/UV system, quenching experiments were executed under optimized
conditions Four distinct radical scavengers including methanol, benzoquinone, potassium iodide, and tert-Butyl alcohol were applied
at concentrations of 400 mM to quench the S04, 057, HY, and HO' radicals, respectively [37,38]. As depicted in Fig. 7, the intro-
duction of methanol (MeOH) and tert-Butyl alcohol (TBA) led to a substantial reduction in degradation efficiency in comparison to
potassium iodide (KI) and benzoquinone (BQ).

This observation implies that SO4°~ and OH" radicals hold greater significance in the degradation process. Furthermore, in terms of
their impact on reduction efficiency, it is evident that methanol exerts a notably more potent inhibitory effect than tert-Butyl alcohol.

These outcomes validate that SO4°~ radicals take precedence as the primary radical species in the PS/Catalysts/UV system,
emphasizing their prominent role in furfural degradation.

3.5. Degradation mechanism

The mechanism for furfural degradation using persulfate-assisted heterogeneous photocatalytic process by TiO2-ZnO/biochar
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composite can be divided into the following steps.

I. Adsorption:

Furfural (CsH40,) + TiO>—ZnO/biochar catalyst — Furfural adsorbed on the catalyst surface
II. Photocatalysis:

TiO2-ZnO/biochar photocatalyst + UV light irradiation — Generation of electron-hole pairs, Egs. ((5), (6)). These holes facilitate
the oxidation of water molecules, resulting in the formation of hydroxyl radicals (OH®):

TiO,-ZnO / biochar + UV — € +h* 5)

h* +H,0 - OH° +H" 6)

III. Electron transfer:

e~ (from TiOy-ZnO/biochar) + Persulfate (Szog’) — reduce persulfate to sulfate radical anion (SO4°"), according to Eq. (7):

e 4 S,08” - SO,° + SO3~ (eq. 7)
IV. Radical reaction:

S0O4°" 4 Furfural adsorbed on the catalyst surface — Degradation of furfural and production of intermediates (Eq. (8)):

SO4°” 4+ CsH40, — Furfural degradation + intermediates (e.g., 2-furoic acid (CsH40y4), 2-furylaldehyde (C4H40;), and formic acid (CH,0,))(eq.
8)

V. Mineralization:

Continued degradation of furfural intermediates (presented in Eq. (9)) — Formation of simpler, less harmful end products (e.g.,
CO5 and H50):

Furfural degradation intermediates + OH® + SO4°” — CO, + H,O (eq- 9)

In addition to the above steps, it is also important to consider the role of biochar in furfural degradation process. Biochar can play a
number of roles in the process, including: (a) enhancing the photocatalytic activity of TiO2-ZnO, (b) providing adsorption sites for
furfural and other pollutants, and (c) generating reactive oxygen species (ROS) that can further degrade furfural.

4. Conclusion

Furfural represents a hazardous and enduring contaminant commonly encountered in industrial wastewater. It possesses the po-
tential to infiltrate soil, water bodies, and even reach groundwater, leading to environmental contamination. Moreover, furfural is
recognized as a carcinogenic agent and can cause various health effects. Consequently, the elimination of furfural from industrial
wastewater is essential for protecting the environment and human health. Hereupon, the present study scrutinized the degradation of
furfural, assessing the impact of pivotal parameters including pH, catalyst dosage, initial furfural concentration, and persulfate (PS)
concentration, on the removal process and its associated kinetics. To achieve this objective, TiO,-ZnO/biochar was fabricated via the
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sol-gel technique and employed as a catalyst in the persulfate-assisted photocatalytic degradation of furfural. The findings demon-
strated that, under the optimized conditions, a noteworthy 96 % of furfural was effectively eliminated, and the degradation process
followed first-order kinetics. The degradation rate constant (Kobs) was further determined to be 0.195 min-!. In the PS/Catalysts/UV
system, it was established that both SO4 ~ and OH radicals played crucial roles in furfural decomposition. Nevertheless, quenching
experiments provided compelling evidence that SO4 ~ radicals exerted a more dominant influence in the degradation process. In
summary, this investigation offers significant insights into the utility of TZB nanocomposites for furfural degradation and underscores
the necessity of fine-tuning operational parameters to attain peak efficiency. The present study conspicuously showcased the
commendable efficacy of TZB as a catalyst in the persulfate-assisted degradation process for furfural removal. These findings hold
promise for the advancement of innovative and potent approaches to address furfural-contaminated industrial wastewater, thereby
playing a pivotal role in environmental preservation and long-term sustainability.
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