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Abstract: In the field of wastewater treatment, the advanced oxidation process (AOP) is a widely
employed method. It uses reactive oxygen species (ROS) to degrade harmful organic and inorganic
chemicals. Metal catalysts are the conventional standard when using these methods. However,
they have drawbacks such as harsh activation conditions and poor recyclability. We previously
suggested chemical vapor deposition (CVD) graphene film as an alternative metal-free catalyst.
In this study, we enhanced the catalytic activity of the CVD graphene film by synergistically adding
UV light irradiation. The result was complete degradation of phenol on a wafer-scale in a reduced
timeframe. To further enhance the degradation process, we devised a graphene-based column for
continuous in situ chemical oxidation and analyzed the intermediates over time, proving the potential
of graphene-assisted AOP in industrial wastewater applications.

Keywords: CVD graphene; photocatalyst; advanced oxidation process; continuous phenol
degradation; water treatment column

1. Introduction

As modern industrialization exacerbates environmental problems, studies related to ecological
health are gaining traction across disciplines and geographies. Water pollution is especially detrimental
to local and global health as it disrupts the clean water supply, the key to ecosystem mediation and
balance. Much like the human body, clean water is essential to nurture native environments, and though
pollutants can be naturally occurring, any number in excess can prove hugely detrimental to the
well-being of the system. The pollutants of focus in this study are phenol and phenolic compounds.
They are hazardous substances in industrial wastewater generated by plastics and petroleum refinement
plants. Phenol is water-soluble, which means it travels in groundwater and is toxic to both the marine
and terrestrial ecosystems at levels of just a few tens of ppm [1]. In humans, persisting dermal and
pulmonary exposure to aqueous phenol toxins may lead to skin irritation, muscle weakness, and severe
inflammation [2,3].

The advanced oxidation process (AOP) is used to treat toxic organic materials by oxidizing organic
compounds with hydroxyl radicals (·OH). Ferrous ion-based Fenton’s reagent is commonly used to
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complete the process; however, the reaction only activates in acidic conditions (pH 2.5–3.5) and requires
additional steps to collect the purified water. In addition, the residual ferrous ions can cause DNA
damage in humans through intracellular infusion and increase oxidative stress [4,5].

Until recently, graphene’s application in wastewater treatment included only graphene oxides
(GOs), or in combination with a complex with other materials. These forms of graphene catalyze the
degradation of toxic organic pollutants [6,7], or in microbial fuel cells [8,9]. However, GOs exhibit
limitations in commercialization because they require an additional metal catalyst.

Graphene as a nanomaterial is renowned for its superb physicochemical properties as well as its
ability to fabricate into diverse sizes and forms. It is this flexibility that allows for its application in an
assortment of research areas. Our group validated that a large-scale graphene film synthesized by the
chemical vapor deposition (CVD) method could be used as a catalyst for organic acid degradation [10,11]
used in wastewater treatment.

In the study, a monolayer graphene film generated hydroxyl radicals by accelerating the AOP
of phenol and breaking down physisorbed hydrogen peroxide (H2O2) on its surface. This study
reports an upgraded graphene catalyst which, when combined with UV irradiation, further expedites
AOP. We enhanced the catalytic effects by constructing a graphene-coated column which allows
for continuous phenol degradation. The column shows graphene’s practicality when combined
synergistically with UV light [12]. From the synthesis of graphene to the phenol degradation, all the
processes carried out are environmentally friendly and cost-effective when compared to the previous
wastewater catalysts and methods.

2. Results

2.1. Characterization of Graphene before and after Using as a Catalyst

Previous studies proved that graphene reduces hydrogen peroxide into hydroxyl radicals by
temporarily forming a bond [13–16], which facilitates its functioning as an AOP catalyst [17,18].
Since UV light is also known to break hydrogen peroxide into hydroxyl radicals, we examined the
combination of graphene and UV light as a method of catalytic enhancement. To ensure the integrity
of its surface during the catalytic process, we examined the potential that either AOP or UV light could
destroy the graphene structure (Figure 1a).

Raman spectroscopy provides the characteristic peaks for graphene where the G peak (~1590 cm−1)
shows sp2 bonded graphitic domain, and the D peak (~1390 cm−1) shows structural defects. Thus,
the ID/IG value is a key indicator to represent graphene’s structural integrity. The D peak observed in
pristine graphene was barely visible, where the average value of ID/IG was 0.22 ± 0.03. The ID/IG value
of the same graphene samples used for the AOP experiment with and without UV irradiation displayed
0.21 ± 0.07 and 0.35 ± 0.04, respectively, indicating little or no damages on the surface (Figure 1b).
Also, to note was that the I2D/IG value stayed around 2, showing predominant monolayer coverage,
and displaying the preserved integrity of graphene’s surface and thus suggesting its recyclability
(Figure 1c).
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Figure 1. Characterization of graphene before and after usage. (a) Representative optical microscopic 
images of pristine graphene and graphene used for AOP with and without UV treatment. 
(Magnification ×1k, scale bar 10 μm) (b) Raman mapping of each graphene samples’ ID/IG 
(Magnification ×500, scale bar 1 μm), and (c) representative Raman spectra. 

2.2. UV Exposure Enhances the Catalytic Effect of Graphene on Phenol Degradation 

The proposed mechanism of the enhanced catalytic effect of graphene by UV irradiation is 
illustrated in Figure 2a. Graphene assists the reduction of hydrogen peroxide, as well as the UV light, 
which both contribute to the adequate supply of hydroxyl radicals for phenol degradation. Due to 
UV light’s ability to photolyze phenol directly [19], we validated the extent of its degradation as a 
factor of distance from the light source (Supplementary Materials, Figure S1). Even without hydrogen 
peroxide, UV light degraded 23.8% of phenol at a shorter distance (2 cm). This induced 10.4 times 
more degradation than the UV irradiated from further away (4 cm), while a negligible change in the 
concentration occurred in the absence of UV light. Therefore, to maximize the UV light’s effect, we 
fixed the distance as 2 cm for the rest of the experiments. 

We prepared a mixture of phenol and hydrogen peroxide solution, and a graphene film (2 × 2 
cm2) transferred on a SiO2 wafer. From the control (CTL) sample, in the absence of graphene and UV 
light, there was negligible phenol degradation after three hours of incubation (Figure 2b). However, 
when introducing graphene and UV irradiation, the result was respectively 9.7% phenol degradation 
with graphene and 76.8% degradation with UV irradiation. Only when combined did graphene and 
UV treatment degrade phenol completely. The catalytic effect of graphene with UV exposure is 
analogous to that of the 0.05 mM Fenton’s reagent, one of the most used AOP catalysts 
(Supplementary Materials, Figure S2). Although the degradation rate is slower, the graphene film is 
reusable without an additional process to remove the catalyst from the degraded mixture. 

Figure 1. Characterization of graphene before and after usage. (a) Representative optical microscopic
images of pristine graphene and graphene used for AOP with and without UV treatment. (Magnification
×1k, scale bar 10 µm) (b) Raman mapping of each graphene samples’ ID/IG (Magnification ×500, scale
bar 1 µm), and (c) representative Raman spectra.

2.2. UV Exposure Enhances the Catalytic Effect of Graphene on Phenol Degradation

The proposed mechanism of the enhanced catalytic effect of graphene by UV irradiation is
illustrated in Figure 2a. Graphene assists the reduction of hydrogen peroxide, as well as the UV light,
which both contribute to the adequate supply of hydroxyl radicals for phenol degradation. Due to
UV light’s ability to photolyze phenol directly [19], we validated the extent of its degradation as a
factor of distance from the light source (Supplementary Materials, Figure S1). Even without hydrogen
peroxide, UV light degraded 23.8% of phenol at a shorter distance (2 cm). This induced 10.4 times
more degradation than the UV irradiated from further away (4 cm), while a negligible change in
the concentration occurred in the absence of UV light. Therefore, to maximize the UV light’s effect,
we fixed the distance as 2 cm for the rest of the experiments.

We prepared a mixture of phenol and hydrogen peroxide solution, and a graphene film (2 × 2 cm2)
transferred on a SiO2 wafer. From the control (CTL) sample, in the absence of graphene and UV
light, there was negligible phenol degradation after three hours of incubation (Figure 2b). However,
when introducing graphene and UV irradiation, the result was respectively 9.7% phenol degradation
with graphene and 76.8% degradation with UV irradiation. Only when combined did graphene
and UV treatment degrade phenol completely. The catalytic effect of graphene with UV exposure is
analogous to that of the 0.05 mM Fenton’s reagent, one of the most used AOP catalysts (Supplementary
Materials, Figure S2). Although the degradation rate is slower, the graphene film is reusable without
an additional process to remove the catalyst from the degraded mixture.
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Figure 2. UV exposure enhances the catalytic effect of graphene on phenol degradation. (a) Schematic 
illustration of phenol degradation under UV exposure with graphene as the AOP catalyst. (b) 
Degradation of phenol by CTL (without graphene and UV), UV (UV irradiation), Gr/SiO2 (graphene), 
and Gr/SiO2 w/UV (graphene with UV irradiation) within three hours. 

2.3. Continuous Degradation of Phenol Using a Graphene Column 

Graphene is bendable when transferred onto a flexible surface. This flexibility allows for the 
construction of a graphene-coated column with UV-resistant polyimide (PI) film as the substrate 
(Figure 3a) [20]. Before assembling the column, we verified whether phenol could adhere to either 
surface, as phenol can interact with graphene and PI through π-π interactions [21] (Supplementary 
Materials, Figure S3). When floating the PI film on phenol solution for three hours, there was almost 
no change in concentration. However, following the introduction of 2 × 2 cm2 graphene, transferred 
on the PI film (Gr/PI), we detected a slight reduction, of which the change was continuously 
negligible. 

 
Figure 3. Optimizations of continuous phenol degradation by the graphene column. (a) Schematic 
drawing of the graphene column. The optimal condition of graphene column was found by 
comparing the effect of (b) flow rate of solution (10 mM phenol and 50 mM H2O2), (c) concentration 
of H2O2 at a fixed flow rate of 0.3 mL/min, and (d) the extent of graphene’s column coverage. (e) The 
synergistic effect of graphene and UV light treatment is considerable compared to either graphene or 
UV light treatment. 

Figure 2. UV exposure enhances the catalytic effect of graphene on phenol degradation. (a) Schematic
illustration of phenol degradation under UV exposure with graphene as the AOP catalyst.
(b) Degradation of phenol by CTL (without graphene and UV), UV (UV irradiation), Gr/SiO2 (graphene),
and Gr/SiO2 w/UV (graphene with UV irradiation) within three hours.

2.3. Continuous Degradation of Phenol Using a Graphene Column

Graphene is bendable when transferred onto a flexible surface. This flexibility allows for the
construction of a graphene-coated column with UV-resistant polyimide (PI) film as the substrate
(Figure 3a) [20]. Before assembling the column, we verified whether phenol could adhere to either
surface, as phenol can interact with graphene and PI through π-π interactions [21] (Supplementary
Materials, Figure S3). When floating the PI film on phenol solution for three hours, there was almost
no change in concentration. However, following the introduction of 2 × 2 cm2 graphene, transferred
on the PI film (Gr/PI), we detected a slight reduction, of which the change was continuously negligible.
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Figure 3. Optimizations of continuous phenol degradation by the graphene column. (a) Schematic
drawing of the graphene column. The optimal condition of graphene column was found by comparing
the effect of (b) flow rate of solution (10 mM phenol and 50 mM H2O2), (c) concentration of H2O2 at a
fixed flow rate of 0.3 mL/min, and (d) the extent of graphene’s column coverage. (e) The synergistic effect
of graphene and UV light treatment is considerable compared to either graphene or UV light treatment.
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Whether the substrate change could affect graphene’s catalytic ability was validated by transferring
graphene 2 × 2 cm2 on the PI film. Despite the substrate change, phenol was 17.7% degraded by Gr/PI
(Supplementary Materials, Figure S4). However, as PI can interfere with UV penetration, when we
floated the sample so that the graphene faces down, the synergistic introduction of UV light degraded
phenol of only 51.2%, displaying decreased catalytic activity comparison with Gr/SiO2. Since the UV
irradiation nonetheless improved the degradation efficiency, we increased the dimension of graphene
film on PI and rolled it into a glass column so that graphene covers the inside of the column entirely.
We used a syringe pump connected to one end of the column and injected the phenol solution at a
constant flow rate while the degraded product was collected from the other end. The whole process of
the graphene column experiment is described in Video S1.

Of various possibilities, the evaluated factors include the flow rate, hydrogen peroxide
concentration, and UV penetration through PI on phenol degradation [22]. First, we fixed the
hydrogen peroxide concentration to 50 mM, and controlled the flow rate (Figure 3b). At the fastest
flow rate, 1.2 mL/min was the minimum catalytic activity, as it only allows the short exposure time
to graphene and UV light. While the flow rate of 0.6 mL/min achieved the maximum performance,
there was a lurking factor of syringe replacement during the experiment. By employing the flow rate
of 0.3 mL/min, the final phenol concentration was similar to 0.6 mL/min without additional changes.
On average, the flow rate resulted in 21.8% of constant phenol degradation, despite the incoming of
new phenol, suggesting an optimal flow rate of 0.3 mL/min for ensuing experiments.

As hydrogen peroxide can naturally reduce to water and oxygen, increasing its concentration
does not pose serious concern. At the flow rate of 0.3 mL/min, 100 mM of hydrogen peroxide yielded
the most favorable outcome (Figure 3c). Since we obtained the experiment’s maximum efficiency
at the flow rate of 0.3 mL/min and 100 mM of hydrogen peroxide, we set these variables as the
optimized condition.

Regarding the UV light blockage by PI film, we validated the degradation efficiency with only
the lower half of the column covered with graphene (Figure 3d). The degradation rate was slower
when using smaller graphene; however, the final concentration of phenol was saturated to around
6.7 mM. The efficiency is nearly equivalent to that obtained with full graphene coverage, suggesting
that graphene size is a more critical factor than the amount of UV penetration.

In accordance with Gr/SiO2, the graphene column’s degradation efficiency was highest in the
combination of graphene and UV light. Respectively, phenol degraded around 8.3% with graphene and
23.6% under UV irradiation (Figure 3e). When the PI film was rolled into the column and introduced UV
light, 13.4% was degraded. Therefore, considering the blockage of UV light penetration by PI substrate,
a considerable synergistic effect between graphene and UV led to improved catalytic efficiency.

Persistent UV irradiation increased the column’s temperature to around 60~70 ◦C, whereas
the outflowing solution remained around room temperature (Supplementary Materials, Figure S5a).
To verify the sole effect of increased temperature on degradation, we incubated phenol at 60 ◦C in
the presence of Gr/SiO2 (Supplementary Materials, Figure S5b) [23]. While the increased temperature
degraded 20.8% of phenol, which is better than Gr/SiO2 at room temperature, the efficiency was
significantly lower than the combined treatment of Gr/SiO2 and UV.

In order to improve efficiency, we connected two graphene columns in series and introduced UV
light (Supplementary Materials, Figure S6a). Although we observed a slower catalytic efficiency at
the earlier time point, overall, 36.9% phenol was degraded at the three-hour mark (Supplementary
Materials, Figure S6b). Compared to the one column system, even better efficiency was observed
beyond two hours, expecting the doubled volume of safely treated phenol.

2.4. Evaluation of Intermediates from the AOP of Phenol

From the two-column system, we detected and analyzed various AOP intermediates in
chronological order. We compared the retention time and UV spectrum of each organic acids
and illustrated the phenol’s degradation pathway (Figure 4a). From the beginning to 30 min of UV
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exposure, we identified hydroquinone (HQ) and dihydroxy benzene (DB), the very first intermediates
formed by the attack of hydroxyl radical on phenol (Figure 4b). The concentration of DB increased until
an hour later, where we started to observe muconic acid (MU). An hour and a half later, we consistently
detected p-benzoquinone (p-BQ), the oxidized product of HQ, and maleic acid (MA), the final product
of phenol degradation, until the three-hour mark.
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degradation process with the UV spectra of intermediates detected at each retention time and
experimental time point. (b) The change in the area under the HPLC curve of phenol and
each intermediate.

Interestingly, from the combination of Gr/SiO2 and UV irradiation, we only examined DB and
MU, and within two hours, even these intermediates became undetectable (Supplementary Materials,
Figure S7a). Unlike the intermediate analysis by the graphene column, HQ was not examined from the
Gr/SiO2 sample due to its rapid oxidation. However, the same intermediates were constantly identified
until the three-hour mark with Fenton’s reagent (Supplementary Materials, Figure S7b). Therefore,
graphene with UV treatment can be deemed a promising catalyst for safer phenol degradation treatment.

While we analyzed other phenol-degraded intermediates by the purchased products, MU was
confirmed by the reaction of DB and Fenton’s reagent (Supplementary Materials, Figure S7b).
The oxidation of DB produces subsequent intermediates, including cis,cis-muconic acid [24,25].
By comparing the UV spectrum and retention time, we concluded that the intermediate at timepoint
38~39 min of the high-performance liquid chromatography (HPLC) spectrum matches MU.
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3. Discussion

In this study, we enhanced graphene’s catalytic effect in phenol degradation through AOP by
introducing a synergistic UV treatment. We achieved the continuous degradation of phenol using a
customized graphene column along with optimized conditions such as the flow rate and adjusted the
concentration of hydrogen peroxide. The intermediates from the degraded phenol were analyzed
by HPLC and UV spectra, showing the phenol’s conventional degradation process. Compared to
Fenton’s reagent, graphene film can be activated under relatively mild conditions. In addition, the use
of graphene film does not require additional steps for salt removal or water collection, making it a
cost-effective and environmentally friendly AOP catalyst.

This work’s objective was to develop a hydroxyl radical generation method as once the radicals
are made, they react non-selectively with phenol and the intermediates at near diffusion-controlled
rates [26,27]. Graphene with UV irradiation synergistically functioned as the catalyst for hydrogen
peroxide splitting, resulting in the enhancement of phenol’s AOP. TiO2 is a standard photocatalyst,
in which Evonik P25 has been reported to completely degrade phenol 25 ppm in 400 min [28],
and TiO2-coated quartz tube could degrade phenol of 100 mg/L within 4 h under UV irradiation [29].
Compared to both cases, the initial phenol concentration we used in this study (941.1 mg/L, 941 ppm) is
much higher, showing a better catalytic efficiency. Although the graphene column only degraded 33%
of phenol, the initial phenol concentration was much higher than that of normal polluted water [3,30].
Therefore, we expect a better catalytic effect of graphene and UV treatment at more average phenol
concentrations. Doping graphene with nitrogen can improve the catalytic activity as electronegative
nitrogen favorably changes the electron density of the graphitic domain, thus producing more active
sites for more hydroxyl radical generation [15,31]. Increasing graphene’s surface area or repeating the
degradation process can also lead to enhanced phenol degradation.

Beyond the possibility of AOP catalyzation, graphene’s superb physicochemical properties make
it an ideal candidate for other wastewater treatment processes. As suggested previously, GOs or
reduced GOs can effectively adsorb pesticides through π–π interactions and due to their large surface
area [32,33]. In addition, nanoporous graphene can selectively transport specific ions for further
treatments [34]. Graphene can also be applied for water desalination, thanks to its high salt rejection
rate and anti-fouling capability [35]. Therefore, with appropriate modifications depending on intended
use, the continuous graphene column system promises wholesome innovations across many processes
of commercial water treatment.

4. Materials and Methods

4.1. Synthesis and Characterization of Graphene

Graphene was synthesized using a chemical vapor deposition method based on the previous
research [36]. Cu foil (99.95%, Alfa Aesar, Haverhill, MA, USA) was rolled in a quartz tube and annealed
for 90 min while increasing temperature up to 1000 ◦C at the maximum rate while flowing 10 sccm H2.
The graphene synthesis was done by flowing 70 sccm CH4 at 1000 ◦C for 30 min, followed by rapid
cooling. On one side of the Cu foil, the prepared PMMA solution (poly(methyl methacrylate)
(182265-500G, Sigma Aldrich, St. Louis, MO, USA) dissolved in chlorobenzene (319996-2.5 L,
Sigma Aldrich, St. Louis, MO, USA) was spin-coated on one side for protection, and the synthesized
graphene on other side was removed through reactive ion etching. Then, in order to dissolve Cu,
we floated the Cu foil on the 100 mM ammonium persulfate aqueous solution (248614-2.5KG, Sigma
Aldrich, St. Louis, MO, USA), after which we rinsed with deionized (DI) water. Th graphene was
then transferred onto either SiO2/Si wafer or PI film (PI-Film 0.05t, Alphaflon, Seoul, South Korea).
Right before using the graphene, PMMA was removed by acetone to prevent oxidation.
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4.2. Degradation of Phenol Using Graphene Transferred on a Wafer or PI Film

Graphene was cut by the size of 2 × 2 cm2 and transferred on to the SiO2/Si wafer or the PI film.
PMMA was removed right before its usage to prevent oxidation. The mixture of phenol 10 mM (328111,
Sigma Aldrich, St. Louis, MO, USA) and H2O2 100 mM (34.5%, 092817, Samchun, Seoul, South Korea)
aqueous solution was prepared and kept immersed in darkness. In a glass petri dish, the graphene
and 5 mL of the solution were added, and 200 µL of the solution was aliquoted every hour for three
hours. UV ozone cleaner (UVC-300, Omniscience, Yongin, South Korea) was used as the UV light
source, of which the wavelength is 184.9 and 253.7 nm.

4.3. Comparison with Fenton’s Reagent

Fenton’s reagent was prepared by making an aqueous solution of Iron(II) sulfate heptahydrate
(215422-5G, Sigma Aldrich, St. Louis, MO, USA) at the final concentration of 0.05 mM to compare
its catalytic activity with graphene. The final concentration of phenol and H2O2 was the same as
mentioned in Section 4.2. In a glass petri dish, 5 mL of the solution was added, and without the
exposure to UV light, aliquoted 200 uL of solution every hour for three hours.

4.4. Temperature Measurement

The solution flowing out from the column was collected in a 20 mL vial, which was replaced every
30 min. The temperature of the column inside the UV ozone cleaner and the solution gathered in the
vial was measured by an infrared thermometer.

4.5. Graphene Column

Graphene of size 6 × 11.5 cm2 was transferred on a PI film, and after removal of PMMA, it was
rolled inside a quartz column. The phenol solution was prepared as described in Section 4.2. Around
50 mL of the solution was filled inside the column, connected to the 50 mL syringe filled with the same
solution. After placing the column inside the UV equipment, the flow rate was set by a syringe pump
(KDS101 Legacy syringe pump, 78-1101, kdScientific, Holliston, MA, USA). The solution flowing out
of the column was aliquoted every 30 min for three hours.

4.6. Raman Spectroscopy

The surface integrity of graphene before and after using it as a catalyst was detected by Raman
spectroscopy (Renishaw, Wotton-under-Edge, UK) with a 514 nm laser. Graphene transferred on a
SiO2/Si wafer was used for the measurement.

4.7. High-Performance Liquid Chromatography

Degradation of phenol was detected through HPLC (Ultimate3000, Thermo Dionex, Sunnyvale, CA,
USA). Hydroquinone (H9003-100G), 1,2-dihydroxybenzene (135011-5G), p-Benzoquinone (B10358-5G),
and maleic acid (M0375-100G), all from Sigma Aldrich, St. Louis, MO, USA, were dissolved in DI
water for HPLC analysis. The monochromatic light wavelength was set as 280 nm and Chromeleon
software (Version 6.80, Dionex Corporation, Sunnyvale, CA, USA) used for data analysis.

4.8. Dihydroxybenzene Reaction with Fenton’s Reagent

An aqueous solution of dihydroxybenzene 10 mM was mixed with Fenton’s reagent 0.05 mM and
H2O2 100 mM. The reaction proceeded immediately, followed by HPLC analysis.
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Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4344/10/11/1251/s1,
Figure S1: The intensity of UV light’s illumination affects the extent of phenol degradation, Figure S2: Comparison
of the graphene’s catalytic effect on Fenton’s reagent, Figure S3: Adhesion of phenol on graphene or PI surface
does not significantly reduce the phenol concentration, Figure S4: Graphene transferred on PI film still exhibits
the catalytic effect, Figure S5: The effect of temperature on phenol degradation, Figure S6: The two-column system
for the improvement in degradation efficiency, Figure S7: The AOP intermediates detected when using graphene
and Fenton’s reagent, Video S1: Continuous degradation of phenol using the CVD graphene column.
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