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Abstract: The heavy-metal-free photocatalytic system, in which carbon nitride is coated on polylac-
tic acid (PLA) as biodegradable plastic through a simple dip coating method, was used for dye de-
composition under visible light irradiation. Solvent selection, solvent concentration, and the number
of coatings for dip coating were investigated to optimize the conditions for loading carbon nitride
on PLA. Carbon nitride cannot be coated on PLA in water, but it can be strongly coated by decom-
posing the surface of PLA with ethanol or chlorobenzene to promote physical adsorption and acti-
vate surface. The number of dip coatings also affected the photocatalytic decomposition ability. The
photocatalytic system was able to decompose the dye continuously in the flow method, and dye
(rhodamine B) was decomposed by about 50% at a residence time of 12 min (flow rate 0.350 mL/min)
for 30 h.
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1. Introduction

Sunlight is semi-permanent and clean energy, so it has been studied in fields such as
power generation [1], interfacial evaporation [2], and photocatalysis [3]. Since the hydro-
gen production activity of TiO: by the photocatalytic effect was confirmed by Fujishima
and Honda in 1972, new photocatalysts such as ZnO, SiC, and CdS have been discovered
[3,4]. It has been reported that the photocatalyst consumes only light as driving energy to
generate hydrogen, fix COz, and decompose organic substances. Therefore, it is expected
as a clean method for decomposing toxic organic waste [5-7]. Rhodamine B(RhB) is a
highly water-soluble, reddish-purple, basic red dye used primarily as a colorant in the
textile and food industries. However, it has been shown to be toxic to the skin, eyes, res-
piratory tract, and digestive organs of humans and animals, and the carcinogenic and
neurotoxic symptoms of rhodamine B have been experimentally demonstrated [8-10].
Most the synthesized photocatalysts are powders, and they are industrially disadvanta-
geous because they are difficult to recover after performing the photocatalytic activity in
water. To solve this problem, methods of photocatalytic coating on various substrates
were investigated [11,12]. Loading of typical photocatalyst TiO2 on ceramic glass, fiber
glass, sand, stainless steel, pebbles, plastic, and activated carbon has been reported [13—
18]. Among these, plastic is advantageous as a metal-free substrate for a photocatalyst
because it does not contain harmful metals, has excellent flexibility, and can be easily ma-
nipulated in shape. Oh et al. report the direct deposition of silver on PET film. They suc-
ceeded in producing a uniformly deposited thin silver layer by repeatedly depositing sil-
ver layers on PET by plasma reduction reaction [19]. However, ordinary plastics are pre-
cursors to microplastics and pollute the aquatic environment [20-22]. Biodegradable plas-
tic is a desirable material to solve this problem. Biodegradable plastics are decomposed
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by microorganisms and by little residual remains such as microplastics [23]. Furthermore,
since biodegradable plastics are made from plants such as sugar cane, their carbon neu-
trality suppresses an increase in CO», which is advantageous for reducing the environ-
mental pollution. Polylactic acid (PLA) has environmentally friendly properties such as
being made from renewable agricultural resources such as sugar cane and biodegradable
in soil and water [24-26]. In addition, PLA’s excellent thermal stability and mechanical
properties allow it to be easily processed on standard plastic molding equipment to yield
molded parts, films, or fibers. Therefore, it is used as a green chemical plastic to replace
conventional petrochemical-based polymers for industrial applications. It has been con-
firmed that lactic acid is dissolved in organic solvents such as ethanol, butanol, isopropa-
nol, chlorobenzene, and bromethane [27-32]. It may be possible to directly coat powdered
photocatalysts with these organic solvents by dissolving the surface of the PLA and pro-
moting physical adsorption. Photocatalysts using heavy metals have a high performance
of photocatalytic activity due to their high conductivity and appropriate position of band
structure [33-35]. However, most heavy metals have some harmful effects on the human
body, so exposure to the environment is not recommended. CsNs, as a metal-free photo-
catalyst, has been attracting much research interest due to its precursors, which are inex-
pensive and have chemical and thermal stability and a narrow band structure suitable for
visible light response [36-38]. Decomposition of various dyes by the photocatalytic system
using CsN4 has been reported (rhodamine b [39], methyl orange [40], malachite green [41],
crystal violet [42], and methylene blue [43]). However, the photocatalytic activity of g-
CsNuis limited by its low specific surface area and fast photogenic electron-hole pair re-
combination. To eliminate these problems, Liang et al. developed nanotube CsNs using
the molten salt method [44,45]. This study provides a photocatalytic flow system for de-
composing organic materials that do not use heavy metals for both PLA as a substrate and
nanotube CsNs as a photocatalyst to emphasize environmental friendliness (Supplemen-
tary Table S1).

2. Materials
2.1. Preparation and Characterization of Photocatalysts

All reagents (analytical reagent grade) were used as received in this research. Mela-
mine (Kanto Chemical Co., Inc., Tokyo, Japan), lithium chloride (Wako Pure Chemical
Industries, Ltd., Osaka, Japan), sodium chloride (Wako Pure Chemical Industries, Ltd.,
Japan), potassium chloride (Wako Pure Chemical Industries, Ltd., Japan), ethanol (Kanto
Chemical Co., Inc), chlorobenzene (Nacalai Tesque, Inc., Kyoto, Japan), Rhodamine B
(Kanto Chemical Co., Inc), and distilled water were used in this work.

Nanotube CsNs photocatalysts were prepared by one step molten salt synthesis re-
ported by Liang et al. [44,45]. Melamine 1g, LiCl 5g, KC1 5g, and NaCl 5g were mixed in
an agate bowl. The mixture was melted and calcined for 2 h, put in an alumina crucible
with cover at a heating rate of 10 °C/min in a muffle furnace at 500 °C, and naturally cooled
to room temperature in the furnace and denoted as NT-500. For comparison, pure CsN4
was prepared in the same way, except that no metal salts were added and denoted as M-
500.

3. Methods
3.1. Characterization of Photocatalysts

In order to estimate the crystal structure of the prepared photocatalyst, the X-ray
powder diffraction (XRD) pattern of the photocatalyst was measured with a Rigaku RINT
Ultima-IV diffractometer using Cu radiation in a scan range of 0-80° (scan speed: 0.04°/s).
A scanning electron microscope (SEM) equipped with Hitachi S-4000 was used to observe
the morphology of each photocatalyst prepared. The photoluminescence (PL) spectrum
of each photocatalyst was detected using a Shimadzu RF-5300PC at an excitation wave-
length of 350 nm.
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An uncoated PLA ring (diameter =1 cm, length =1 cm) made from Japanese compa-
nies 3 g washed with distilled water was immersed in a 0.5 w/v% NT-500 suspension 40
mL in ultrasound for 5 min and vacuum dried at 60 °C. Then, distilled water was added,
and the mixture was vigorously shaken and vacuum dried several times to remove excess
photocatalyst. In order to investigate the solvent of the suspension, a mixed solution of
water, ethanol (EtOH), and ethanol-chlorobenzene (EtOH-CsHsCl) mixture (volume ratio
of 9:1) was used as the solvent. A PLA ring immersed in a mixed solution of ethanol and
chlorobenzene without photocatalyst was prepared as a reference substance. To investi-
gate the relationship between the number of dip coatings and the photocatalytic activity,
PLA rings dip-coated with NT-500 once, three times, and five times were prepared. The
prepared NT-500 coated PLA ring was labeled as “used solvent (number of dip coatings)”.

3.2. Set Up Photocatalytic RhB Degradation by Flow System and Batch System

Photocatalytic RhB degradation studies by flow system were carried out in the fol-
lowing condition. CsNs-coated PLA ring 3 g and RhB solution (5 ppm) 42mL were put into
50 mL pyrex glass reactor. A xenon lamp (intensity 6000-7000 uW/cm?) equipped with a
cut-off filter (A > 420 nm) was used as the visible light source. The photocatalytic degra-
dation system was kept in the dark for 30 min to establish the adsorption-desorption equi-
librium between photocatalyst and RhB. After that, while irradiating with light for 6 h,
samples were taken out from the reactor periodically. In order to investigate the catalyst
load of the photocatalytic system, RhB was decomposed under two conditions of the flow
rate of 0.700 mL/min (residence time of 6 min). The concentration of RhB was measured
at the 554 nm absorbance using a spectrophotometer (Shimadzu UV- 3600 plus) equipped
with an integral sphere assembly (Table 1). For comparison, powdered CsN: was used to
degrade RhB for 1 h under similar conditions (Supplementary Table S2).

Table 1. Experimental conditions for degradation Rhodamine B (RhB) by flow method under visi-
ble light irradiation.

Sample Rhodamine B (5 ppm, 42 mL)
Temperature Room temperature (25 °C)
Photocatalyst PLA rings/NT-500 (3 g)

Flow rate 0.700 mL/min

Xenon lamp with cut filter
(6000—-7000 uW/cm?, A =420 nm)
Irradiation time 0—-6h

Light source

Analysis UV-visible spectrometer (554 nm)

4. Results and Discussion
4.1. Photocatalytic Characterization

The results of the photoluminescence (PL) spectrum are shown in figure S1. The PL
spectrum can effectively characterize charge carrier transfer and separation. From Sup-
plementary Figure S1, a dramatic decrease in the peak intensity of CsN4 was observed by
using a molten salt for preparation. This may be due to the fact that the formation of the
porous structure promoted the separation of photogenerated electron-hole pairs, and the
increase in charge carrier transfer rate suppressed the recombination of electron-hole pairs.
From the SEM image of Supplementary Figure 52, M-500 was bulky, and many nanotube
morphologies were seen in NT-500. The specific surface area of the sample was measured
by the Brunauer-Emmett-Teller method (BET method). Supplementary Table S3 shows
the specific surface area, average pore diameter, and total pore volume. The surface area
was increased from 14.1 cm?/g to 52.4 cm?/g by using the molten salt method, due to the
difference in shape between the bulk M-500 and the NT-500 having a nanotube morphol-
ogy. The XRD pattern of the prepared CsNas photocatalyst is shown in Figure 1a. In CsNjy,
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two strong peaks of 27.5° and a weak peak of 13.1° found in a typical heptadine-based
CsN4 phase were detected. These are indexed as (0 0 2) face-to-face heptazine inter-stack-
ing and (1 0 0) face-in-plane structural motif diffraction planes, respectively [36,37]. From
the prepared UV-vis diffuse reflectance spectrum (DRS) of CsNa (Figure 1b), the absorp-
tion edge was determined to be 460 nm, suggesting light absorption under visible light (A
> 420 nm). These results were consistent with reported results, indicating that CsN4 was
prepared [37,44].
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Figure 1. Characterization of powdered CsNa. (a) Pattern of XRD; (b) pattern of DRS (diffuse re-
flectance spectrum).

4.2. Photocatalytic Activity

The results of photocatalytic RhB degradation under the flow method conditions
(flow rate 0.700 mL/min) using a PLA ring dip-coated with NT-500 five times using a 5
w/v% NT-500 suspension solution with water, ethanol, or an ethanol-chlorobenzene
mixed solution as the solvent are shown in the Figure 2. Upon irradiation with visible
light for 6 h, the NT-500-coated PLA ring with water as the solvent did not decolorize
RhB, and the one with EtOH decolorized slightly. When EtOH-CsHsCl was used as a sol-
vent, it was decolorized by about 20% (Figure 2). In comparison, Supplementary Figure
S3 shows the results of evaluating the photocatalytic activity of the RhB degradation ex-
periment in a batch system. Prior to irradiation, the RhB solution containing the photo-
catalyst was stirred in the dark for 30 min until absorption/desorption equilibrium was
reached. M-500 and NT-500 degraded RhB by about 10% and 55% in 1 h, respectively. The
improvement in photocatalytic activity of NT-500 is due to the decrease in electron-hole
pair recombination rate and the increase in specific surface area.
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Figure 2. Photocatalytic RhB degradation of the NT-500 coating polylactic acid (PLA) prepared in
different solutions for coating under flow conditions (flow rate 0.700 mL/min).

In order to compare the differences between the prepared photocatalytic systems, we
changed the experimental conditions to Table 2 and conducted RhB degradation experi-
ments. Figure 3 shows the number of dip coatings of a photocatalyst system using ethanol
and a mixed solution of ethanol-chlorobenzene as a solvent for dip coating, and the de-
composition efficiency of RhB during the flow method (flow rate 0.350 mL/min). When
ethanol and chlorobenzene—ethanol mixed solution were used as the dip coating solution,
the dip coating number of three times showed higher RhB decolorization rate than one
time, but it was almost the same between three times and five times. Under similar con-
ditions, no degradation was observed in the photocatalytic RhB degradation experiment
using a PLA ring without NT-500.

Table 2. Experimental conditions for degradation RhB by flow method under UV-Vis light irradia-

tion.
Sample Rhodamine B (5 ppm, 42 mL)
Temperature Room temperature (25 °C)
Photocatalyst Polylactic acid rings/NT-500 (3 g)
Flow rate 0.350 mL/min
Light source Xenon lamp (15000-16000 uW/cm?)
Irradiation time 0-6hor30h

Analysis UV-visible spectrometer (554 nm)
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Figure 3. Photocatalytic RhB degradation of the NT-500 coating PLA prepared at different times of dip-coating (a) ethanol
and (b) ethanol-chlorobenzene (flow rate 0.350 mL/min).

To investigate the stability of the photocatalytic system, the results of a 30-h contin-
uous RhB degradation experiment under visible light in a flow method (flow rate 0.350
mL/min) using a carbon nitride coated PLA ring with EtOH-Ce¢H5Cl as the solvent and
five dip coating times are shown in Figure 4. From the result of RhB continuous decom-
position experiment for 30 h, about 50% decomposition was shown in 6 h, and about 50%
decomposition efficiency was continuously maintained from 6 h to 30 h. Supplementary
Table 54 shows the comparison of the performance between other photocatalytic dye deg-
radation systems with the one in this study [46—49].
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Figure 4. Stability of photocatalytic system with EtOH-CsHsCl as solvent for coating under flow
method conditions (flow rate 0.350 mL/min).

The degradation results of RhB by the batch method and the flow method show that
the prepared CsNuis a visible light-responsive photocatalyst, that RhB is not removed only
by PLA ring, and that CsN4 dip-coated on biodegradable plastic maintains photocatalytic
activity. The effect of the number of dip coatings on the degradation efficiency of RhB
showed that it increased the amount of CsNs loaded on PLA and the degradation effi-
ciency of RhB depended on the deposition amount of CsNa. Then, it was suggested that
the number of coatings was limited. Additionally, the solvent for coating was not only
ethanol; ethanol and a small amount of chlorobenzene improved the degradation effi-
ciency of RhB. This phenomenon was due to the fact that more powdered CsNs was loaded
on the PLA ring because chlorobenzene had a higher ability to dissolve the PLA surface
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than ethanol. The mechanism of RhB degradation with CsN4 under visible light has been
reported in several studies [39,50]. CaNus is excited by visible light to photo-generate elec-
trons and holes, which reduce oxygen to O%~. O?- and holes decompose RhB into CO2, H20,
and some intermediates. In this study, CsNs deposited on plastics showed the above de-
composition ability.

5. Conclusions

Biodegradable plastics and a CsNs composite noble metal-free photocatalyst system
were used via the dip coating method using chlorobenzene and ethanol as a solvent for
degrading RhB. When loading CsN4 onto PLA, the best RhB decomposition efficiency was
obtained under the condition that 0.5 w/v% NT-500 suspension solution with ethanol-
chlorobenzene mixed solution was dip-coated three times or more. When the photocata-
lytic activity was evaluated by the flow method, it was confirmed that 20% and 50% of 10
ppm RhB were degraded at flow rates of 0.700 mL/min and 0.350 mL/min, respectively.
The stability of the photocatalytic activity of the photocatalytic system was suggested by
the continuous decomposition experiment of RhB by the flow method for 30 h.

Supplementary Materials: The following are available online at www.mdpi.com//5/1/11/s1. Table
S1: Comparison of photocatalyst and substrate environmental friendliness, Table S2: Experimental
conditions for degradation RhB by batch method under visible light irradiation, Table S3: BET areas,
total pore volume, and average pore diameter of M-500 and NT-500, Figure S1: Photoluminescence
spectra of M-500 and NT-500, Figure 52: SEM images of (a) M-500 and (b) NT-500, Figure S3: Pho-
tocatalytic RhB degradation of the CsN4 (M-500 and NT-500).
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