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AbstractPharmaceutical contaminants such as diclofenac (DCF) cannot be removed in existing wastewater treat-
ment facilities; therefore, studies on application of new treatment processes and improvement of efficiency are required.
In this study, a modified photocatalyst doped with nitrogen and europium was prepared and the performance of DCF
was evaluated. A modified photocatalyst that responds to visible light was prepared by precipitating nitrogen and euro-
pium in a TiO2 powder using a plasma-in-liquid process (PLP). The performance of the photocatalyst was evaluated by
a degradation experiment of diclofenac, a pharmaceutical ingredient. The dopant tended to precipitate in proportion to
the amount of precursor added, but more nitrogen precipitated than europium even when the same amount was
added. Nitrogen and europium were dispersed evenly throughout the TiO2 powder, and the Ti2p peak position of the
modified TiO2 photocatalyst (MTP) coincided with bare TiO2, and europium precipitated in the form of Eu2O3. The
bandgap energy of the MTPs was lower than that of unmodified TiO2 photocatalyst, but the MTP with only europium
precipitated was the lowest. When a blue light source in the visible region was used, DCF decomposition by MTPs was
improved by about 15 to 25 times compared to bare TiO2, and europium precipitation photocatalyst had the highest
DCF decomposition characteristic. In addition, MTPs showed excellent reusability properties. Four kinds of by-prod-
ucts were detected in the decomposition process of DCF, and three decomposition pathways by reactions such as
decarboxylation, C-N cleavage and hydroxylation were considered. The final mineralization to H2O, CO2, and chlorine
occurs by hydroxylation, such as by OH, on the MTP.
Keywords: Visible Light-responsive Photocatalyst, Plasma in Liquid Process, Nitrogen, Europium, Diclofenac

INTRODUCTION

In many countries, drugs are abused, resulting in many unused
stock drugs that cannot be treated adequately and are discarded,
polluting the environment in various ways [1-3]. Diclofenac (DCF)
is widely used for the treatment of inflammation and pain such as
gout, but due to its stable chemical structure, it is not removed by
the traditional wastewater treatment process and is detected in
aquatic environments such as surface water and ground water [4-
6]. DCF present in water has low acute toxicity, but it can act as a
dangerous influencing factor by generating bacteria resistant to
drugs and adversely affecting the aquatic ecosystem [6]. Therefore,
a new process is needed to decompose pharmaceutical agents effec-
tively, such as diclofenac, which traditional water treatment meth-
ods cannot degrade. For this purpose, research has been conducted
to apply various advanced oxidation processes (AOPs) such as photo-
catalysis, UV-persulfate, photo-Fenton, and electrochemical oxida-
tion [6-9]. On the other hand, it has problems such as complicated
devices, low efficiency, and secondary pollution.

The decomposition process of organic matter using TiO2 photo-

catalyst has been studied and applied [10-12]. Although the TiO2

photocatalytic process is easy and does not generate secondary waste,
it can only be used in the ultraviolet region [13]. The most widely
used, anatase TiO2, has a bandgap of 3.2eV, meaning that it becomes
active as a photocatalyst in the ultraviolet region with a wavelength
of 388nm or less. Therefore, to be used widely in real life, the band-
gap of the TiO2 photocatalyst needs to be reduced to achieve high
photoactivity in the visible region. Doping the surface is a widely
used method of reducing the bandgap of TiO2. Numerous studies
and applications have been reported to prepare TiO2 photocata-
lysts that react to visible light by doping with specific metals, nitro-
gen, and carbon [14-16].

Various methods have been used to dope metal and non-metal
elements in TiO2 powder, but the plasma-in-liquid process (PLP)
has attracted recent attention [17-19]. PLP has been applied to vari-
ous fields such as water treatment and nanoparticle synthesis owing
to its easy and straightforward process [20-22]. In particular, a sub-
strate can be doped with various elements in a one-step process
[23-25].

In this study, TiO2 was precipitated with nitrogen and europium
using PLP to prepare a photocatalyst that reacts to a wide wave-
length range. The physical, chemical and optical singularities of the
prepared modified TiO2 photocatalysts (MTPs) were investigated
using several instrument analyzers. The photocatalytic efficiency
of the prepared MTPs in visible and ultraviolet light was then com-
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pared with that of the bare TiO2 photocatalyst.

EXPERIMENTAL

1. Materials
For the TiO2 photocatalyst, P-25 purchased from Evonik Aerox-

ide was used. Ammonium chloride (NH4Cl) and europium(III)
chloride hexahydrate (EuCl3·6H2O), the precursors of nitrogen (N)
and europium (Eu) as dopants, were purchased from Sigma-Aldrich.

Table 1. The chemical composition of bare TiO2 and modified TiO2 photocatalysts prepared by PLP

Photocatalyst
Precursor conc. (mM) Titanium (Ti) Oxygen (O) Nitrogen (N) Europium (Eu)
NH4Cl Eu(Cl)3 wt% at% wt% at% wt% at% wt% at%

Bare TiO2 00 00 59.7 33.1 40.3 66.9 0.0 0.0 0.0 0.0
N-TiO2 10 00 58.2 31.6 39.2 63.7 2.6 4.7 0.0 0.0
Eu-TiO2 00 10 58.4 32.9 39.5 66.7 0.0 0.0 2.1 0.4
N-Eu-TiO2 05 05 58.2 32.2 39.2 65.0 1.4 2.6 1.2 0.2

Fig. 1. PLP system for the synthesis of modified photocatalysts (a) and photolysis system for DCF decomposition (b).

As the PLP reactant aqueous solution, deionized water (electrical
conductivity 2S/cm) manufactured by Daejung Metal & Chemi-
cal was used. Diclofenac, the decomposition target, was used in the
form of the diclofenac sodium salt (DCF, C14H10Cl2NNaO2) from
Sigma Aldrich.
2. Preparation of MTP

The preparing process of nitrogen doped TiO2 (N-TiO2), euro-
pium doped TiO2 (Eu-TiO2) and nitrogen/europium co-doped TiO2

(N/Eu-TiO2) using PLP reaction was as follows. Bare TiO2 powder
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(0.5g) was added to deionized water (250ml) and stirred, followed
by sonication for one minute. In the reaction solution to which TiO2

powder was added, ammonium chloride and europium chloride
as precursors were dissolved at concentrations (5 mM or 10 mM),
and the total concentration of the precursor was maintained at
10 mM in all experiments. Table 1 shows the concentration condi-
tions of the precursors used in the preparation of MTPs in this
study. After transferring the prepared reactant solution to the PLP
reactor, power was supplied to dope the TiO2 with nitrogen and
europium through a plasma reaction. After the plasma reaction was
completed, the reactants were washed and centrifuged to separate
unreacted substances. The final product was obtained by filtration
and dried in a dryer at 373 K for 10 hours. Fig. 1(a) shows the con-
figuration of the PLP system used to prepare MTPs by precipitat-
ing N and Eu. The reaction solution in which TiO2 and precursor
are mixed is filled inside the double tube type reactor located in
the center of the figure. Electrical energy is supplied through the
tungsten electrodes installed on both sides of the reactor, and plasma
reaction is formed to precipitate N and Eu on the TiO2 surface. The
electrical operation parameters of the power supply shown on the
left of the figure were kept constant at 250 V, 30 kHz, and 5s. Since
the heat generated by the plasma reaction causes the temperature
of the reaction solution to rise, the temperature was kept constant
by using a cooling circulator.

Individual element distribution and morphology of modified TiO2

photocatalysts prepared by PLP were observed using high resolution
field emission transmission electron microscopy (HR-FETEM, JEOL-
JEM-2100F). X-ray photoelectron spectroscopy (XPS, SSK-Multi-
lab 2000) was used to measure the elemental chemical state, bond
formation, and chemical composition of modified TiO2 photocata-
lysts. The band gap energy, a representative characteristic of photo-
catalysts, was calculated through UV-Vis diffuse reflectance spectra
(DRS) spectra obtained using a UV-Vis spectrometer (Shimadzu,
UV-2450).
3. Assessment of MTPs Activity

The photocatalytic performance of the prepared MTPs was mea-
sured by the decomposition of DCF, a pharmaceutical ingredient,
and was compared with the unmodified TiO2 powder. Fig. 1(b)
shows the configuration diagram of the photolysis device for the
DCF decomposition reaction; a detailed description is described
elsewhere [15,18]. The light source of the photolysis reaction was a
UV light module (max=375 nm, total power dissipation: 8 W)
and a blue light module (max=465 nm, total power dissipation:
12 W) manufactured using light-emitting diodes (LEDs).

The photocatalytic performance of the modified TiO2 photocat-
alysts was evaluated using the following method. After preparing
600 mL of 50 ppm DCF solution, the MTP or bare TiO2 photocat-
alyst was added at a concentration of 0.5 mg/mL and stirred to
disperse uniformly in a DCF solution. The reaction solution to which
the MTPs were added was transferred to the PLP reactor and cir-
culated uniformly throughout the photolysis device for 10 minutes
in a state where no light was supplied. Using a light source controller,
the DCF decomposition reaction was caused by irradiation with
UV light and blue light, and the decomposed reactant solution was
analyzed at specific times. The recovered reaction solution was centri-
fuged and filtered to remove MTPs, and the DCF concentration

was calculated using a spectrophotometer. The decomposition rate
was calculated by measuring the absorbance of DCF at 276 nm in
the reaction solution after the degradation reaction was completed.
Liquid chromatography with a mass spectrometer (LC-MS, Shi-
madzu LC-MS 2020) was used to detect by-products produced
during the DCF degradation reaction. Chromatic separation was
performed using a VPODS C18 column, and the operation was
conducted in negative ESI mode.

RESULTS AND DISCUSSION

1. Characterization of the MTP
The TiO2 powders modified by PLP were observed by high resolu-

tion-field emission transmission electron microscopy (HR-FETEM),
as shown in Fig. 2. Fig. 2(a) presents a real image of the observed
MTP, and the particle size was 15-40nm. Fig. 2(b), (c), and (d) pres-
ents mapping images of Ti, N, and Eu, and the dots representing
each element are expressed in the same form as the actual image
in Fig. 2(a). Ammonium ions (NH4

+) and europium ions (Eu3+)
generated in the reaction solution by dissociation of the dopant
precursor are reduced by many electrons in the PLP and deposited
on the TiO2 powder [26-28]. From these TEM observation results,
the TiO2 powder modified with PLP in this study contained nitro-
gen and europium precipitated uniformly in the TiO2 powder.

The chemical composition and chemical state of MTP prepared
by PLP were examined by X-ray photoelectron spectroscopy (XPS).
The results are shown in Fig. 3 as a high-resolution XPS spectrum
for Ti, O, N, and Eu. Fig. 3(a) shows the XPS narrow spectrum of
the Ti2p region of MTP with bare TiO2. Peaks due to Ti2p3/2 and
Ti2p1/2 in bare TiO2 and MTP were observed at binding energies
(BE) of 464.1 eV and 458.4 eV. Spin-orbit splitting between Ti2p3/2

and Ti2p1/2 was 5.7 eV, indicating a peak due to Ti4+ of TiO2 [29-31].
On the other hand, because the Ti2p peak positions of bare TiO2

and MTP coincide, the crystal of TiO2 does not change because of
PLP, and it can be assumed that nitrogen and europium precipi-
tated on the surface of the TiO2 powder. Two peaks were observed
in the O1s region of Fig. 3(b). The peak at 530.2 eV was assigned
to Eu-O and Ti-O because the BE of Eu-O bonds and BE of Ti-O
bonds coincide [32]. The peak of 532.2 eV was due to the hydroxyl
group (H-O) of chemisorbed water [32]. A single peak was observed
at BE 399.6 eV in the N1s region in Fig. 3(c), indicating that nitro-
gen exists in the form of chemisorbed N2 molecules or Ti-O-N
bonds [33,34]. It can be seen that the Ti-O-N bonding is due to
the interstitial site of N between the TiO2 lattice [35]. The Ed3d
spectrum in Fig. 3(d) showed peaks of Eu3d5/2 (BE 1,125.1 eV and
1,134.1 eV) and Eu3d3/2 (BE 1,154.2 eV and 1,164.3 eV). The peaks
at BE 1,154.2 eV and 1,125.1 eV were generated by Eu2+ ions, and
the peaks at 1,164.3 eV and 1,134.1 eV were due to Eu3+ ions; it was
assumed that Eu exists as europium oxide on the TiO2 surface [32,
36,37].

Table 1 lists the chemical composition of the photocatalysts cal-
culated from EDS analysis. The precursor concentration used to
precipitate nitrogen and europium was kept constant at 10 mM. The
oxygen to titanium atomic ratio of bare TiO2 was 66.9% : 33.1%,
which is consistent with the quantitative value of TiO2. N-TiO2

and Eu-TiO2, in which nitrogen and europium had precipitated on
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Fig. 3. High-resolution XPS spectra of N/Eu codoped TiO2 photocatalysts prepared by PLP; Ti2p (a), O1s (b), N1s (c), and Eu3d region (d).

Fig. 2. HR-TEM real image (a) and mapped elements for titanium (b), nitrogen (c), and europium (d) in N/Eu codoped TiO2 photocatalysts
(MTP) prepared by PLP.
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the TiO2 powder, decreased the oxygen and titanium content and
increased the nitrogen and europium composition. Even when
nitrogen and europium precursors were added at the same con-
centration, the atomic composition of N was higher than that of
Eu. Nitrogen and europium ions were reduced by electrons gener-
ated from PLP and adhering to the TiO2 powder, which is consis-
tent with the results in Fig. 2. Nitrogen and europium codoped N/
Eu-TiO2 also showed a similar tendency. Hence, the concentration
of the added precursor affects the chemical composition of MTP.

The bandgap of MTPs, in which N and Eu were precipitated by
PLP, was investigated by ultraviolet differential reflectance spec-
troscopy (UV-DRS) analysis. Fig. 4 shows the results of converting
the measured UV-DRS spectrum of bare TiO2 and MTPs to a
Kubelka-Munk function. The bandgap of the TiO2 powder used
in this experiment was measured to be 3.16 eV, which is similar to
the bandgap of the known TiO2 powder. The bandgap of N-TiO2

and Eu-TiO2 with N and Eu deposited in the TiO2 powder was 3.08
eV and 3.03eV, respectively, which are lower than unmodified TiO2

powder. It is presumed that the band gap is reduced because the
impurity energy level is formed by nitrogen and europium precip-
itated in the TiO2 powder [38,39]. The bandgap of N/Eu-TiO2 was
calculated to be 3.06 eV, which is less than N-TiO2 but greater than
Eu-TiO2.
2. Photocatalytic Performance Evaluation

The photocatalytic performance of the modified photocatalysts
prepared by PLP was examined from diclofenac sodium (DCF)
decomposition, a representative antipyretic analgesic agent. In this
experiment, a light source module was made using 100 UV and
blue LEDs, and used in a photolysis reaction to evaluate the activ-
ity of MTPs. Fig. 5 shows the UV spectra obtained from the DCF
decomposition reaction by MTP under the light source conditions
using a UV LED lamp. Before starting the DCF decomposition
reaction (reaction time=0 min), a band with a maximum absorp-
tion wavelength of 276 nm was observed, which was attributed to
DCF [40]. Subsequently, as the reaction time increased, the absor-
bance decreased at the maximum absorption wavelength, indicat-
ing that the DCF decomposition reaction occurred by MTP. On

the other hand, at a wavelength of 305 nm or more, the absorbance
was higher than before the DCF decomposition reaction, which is
due to by-product intermediates generated during DCF decompo-
sition [41].

The DCF photolysis reaction was performed in an LED mod-

Fig. 4. Tauc plot for determining the bandgap of bare TiO2 and
MTPs.

Fig. 5. Change in UV reflectance adsorption spectra according to
the reaction time in the DCF decomposition reaction using
UV LED lamp and MTP.

Fig. 6. C/C0 plot (a) and first-order kinetics plot (b) of DCF decom-
position reaction according to each photocatalyst type under
UV light source (maximum wavelength 375 nm).
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ule light source with bare TiO2 and MTPs, and the activity of the
photocatalysts was calculated assuming a first-order reaction rate.
Fig. 6 presents the DCF decomposition pattern by each photocata-
lyst in the UV light source. Fig. 6(a) shows the change in DCF con-
centration (C/C0) according to the reaction time. When reacted for
240 min using bare TiO2, the DCF decomposition efficiency was
approximately 79.42%. In the case of using N-TiO2, approximately
78.46% of DCF was decomposed in a reaction time of 240minutes,
which was lower than that of bare TiO2. In contrast, 81.93% and
80.59% of DCF were decomposed using Eu-TiO2 and N/Eu-TiO2,
respectively, in 240 minutes, showing slightly improved DCF de-
composition efficiency compared to unmodified TiO2 photocata-
lyst. Fig. 6(b) shows the first-order kinetics plot of the DCF decom-
position result obtained in Fig. 6(a). The DCF decomposition reac-
tion constant k of unmodified TiO2 photocatalyst was 6.79×103

min1. The first-order kinetics plot of N-TiO2, Eu-TiO2, and N/Eu-
TiO2 was 6.68×103 min1, 7.30×103 min1, and 6.92×103 min1,
respectively. N-doped TiO2 has a reduced bandgap compared to
bare TiO2. Hence, the N element present in TiO2 acts as an elec-
tron-hole recombination center and an inhibitor of the DCF de-
composition reaction [42,43]. On the other hand, the europium
present in TiO2 powder increases the DCF decomposition reac-
tion rate by inhibiting electron-hole recombination of the photo-
catalyst [44]. N/Eu-TiO2, in which N and Eu were precipitated

together, decreased the recombination effect because of the lower
N content than N-TiO2. Moreover, the DCF decomposition reac-
tion by Eu was improved, resulting in a higher decomposition rate
constant than bare TiO2.

Fig. 7 presents the C/C0 plot and first-order kinetics plot of the
DCF decomposition reaction under a visible light source (blue light
LED), which is the visible light area. In Fig. 7(a), approximately
1.8% DCF decomposition occurred on bare TiO2 after 240 min;
hence, there was virtually no reaction, and the concentration of
DCF only decreased due to adsorption on bare TiO2. The MTPs
prepared with PLP increased the DCF decomposition efficiency
significantly compared to bare TiO2. After 240 minutes of reaction
time, the DCF decomposition efficiency of each MTP was the
highest with Eu-TiO2 (28.26%), followed in order by N/Eu-TiO2

(27.11%) and N-TiO2 (19.84%). Looking at the DCF decomposi-
tion rate constant obtained through the first-order kinetic plot in
Fig. 7(b), the decomposition reaction rate constant k on unmodi-
fied TiO2 was 5.84×105 min1. The DCF degradation reaction rate
constant k on N-TiO2 was 9.11×104 min1, which is a significant
improvement over bare TiO2, unlike under UV light conditions.
The bandgap energy was reduced by the N generated on the TiO2

surface, which enabled visible light adsorption, facilitating the gen-
eration of hydroxyl radicals by electrons in the conduction band
[45,46]. In the case of Eu-TiO2, k was 1.46×103 min1, showing
the highest value. The bandgap was reduced by Eu precipitation,
and the separation of electron-holes was increased using visible
light. Hence, the amount of strong oxidants, such as hydroxyl radi-
cals, was increased. This, in turn, increased the DCF degradation
reaction rate [47]. The k of N/Eu-TiO2 was 1.36×103 min1, which
was significantly improved compared to that of N-TiO2, which was
close to the k value of Eu-TiO2. From the result of Fig. 4, it can be
seen that the band gap energy of N/Eu-TiO2 was 3.06 eV, which
was slightly decreased compared to that of N-TiO2 (3.08 eV). How-
ever, the increase in electron-hole separation and the inhibition of
recombination occur at the same time by N and Eu coexisting on
the TiO2 surface, showing that DCF decomposition reaction is actively
carried out.

Fig. 7. C/C0 plot (a) and first-order kinetics plot (b) of DCF decom-
position reaction according to each photocatalyst type under
blue light source (maximum wavelength 465 nm).

Fig. 8. DCF decomposition reaction rate constant change by the
number of repeated uses of N/Eu-TiO2 under visible light
conditions.
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N/Eu-TiO2 was used as the photocatalyst to assess the reusabil-
ity of the MTP prepared with PLP, and the DCF degradation reac-
tion was repeated 30 times under visible light conditions. The
photocatalyst powder was recovered and washed after each DCF
decomposition experiment was completed and then naturally dried
and used. Fig. 8 shows the rate constant k obtained through repeated
decomposition experiments of DCF. After repeated use of 10 and
30 times, the DCF decomposition reaction rate constant k was
approximately 3% and 10%, respectively, compared to the initial,
and MTP prepared by PLP showed excellent reusability.

Table 2. Intermediate-byproducts produced by DCF decomposition reaction
No. m/z Compound name Chemical structure

1 296 2-(2,6-dichlorophenylamino) phenylacetic acid
(Diclofenac)

2 252 2-(2',6'-dichlorphenylamino) methylbenzene

3 312 2-[(2,6-dichlorophenyl)amino]-5-hydroxy-
benzeneacetic acid (5-hydroxydiclofenac)

4 178 4-Amino-3,5-dichlorophenol

Fig. 9. Decomposition pathway of DCF by MTP (Eu-TiO2) prepared by PLP.

3. DCF Decomposition Reaction Mechanism
The mechanism of the degradation reaction of DCF by MTP

was examined by measuring the intermediate products by liquid
chromatography-mass spectrometry LC/MS, as summarized in
Table 2. In this experiment, the Eu-TiO2 photocatalyst and blue light
source were used. Four representative by-products were observed
in the DCF degradation reaction, as shown in Table 2.

Fig. 9 presents the degradation pathway of DCF based on the
intermediate products detected in Table 2. DCF in the reaction solu-
tion undergoes decomposition by three pathways through hydrox-
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ylation, decarboxylation, and C-N cleavage by photocatalysts [48,
49]. The first degradation reaction is the reaction by decarboxyl-
ation. The hydroxyl radicals generated by photocatalysis undergo a
decarboxylation (elimination of -COO) reaction that attacks the CC
bond of the acetic acid group in the DCF structure, and 2-(2',6'-
dichlorphenylamino) methylbenzene (2) is produced [6]. After that,
cleavage of the C-N bond between the two aromatic rings and
hydroxylation reaction occurs, and are changed into 4-amino-3,5-
dichlorophenol (4) and 3-hydroxy-Benzeneacetic acid [48,50,51].
The second decomposition pathway is generated by direct cleav-
age and hydroxylation of the CN bond connecting the two aro-
matic rings of the DCF structure, and by this, 4-amino-3,5-dichlo-
rophenol (4) and 3-hydroxy-Benzeneacetic acid is produced [49,
50]. As a third decomposition pathway, hydroxylation occurs through
the addition of an electrophilic hydroxyl radical to the aromatic
ring and changes to 5-hydroxydiclofenac (3) with an increased m/z
value of 16 [6,51,52]. Then, after di-hydroxylation, C-N bond cleav-
age occurs and changes to 4-amino-3,5-dichlorophenol (4) [49]. It
is finally mineralized into water, carbon dioxide, and chlorine
through a mechanism involving ring-opening [48,53].

CONCLUSIONS

This study investigated the physicochemical properties and pho-
tocatalyst performance of visible light response TiO2 photocatalysts
doped with N and Eu were prepared by PLP. A modified photo-
catalyst with activity in visible light was prepared by precipitating
nitrogen and europium on TiO2 powder using PLP. The activity of
the prepared MTP was assessed by the decomposition of diclofenac,
a pharmaceutical ingredient, and compared and evaluated with
bare TiO2 photocatalysts. The dopant was precipitated in propor-
tion to the precursor amount, but more nitrogen was precipitated
than europium even when the same amount was added. TEM
showed that nitrogen and europium were dispersed uniformly
over the TiO2 surface. High-resolution XPS showed that the Ti2p
peak positions of MTP precipitated with N and Eu coincided with
bare TiO2, and europium precipitated in the form of europium
oxide. The bandgap of MTP was lower than that of bare TiO2, and
MTP that precipitated only europium showed the lowest value. In
the DCF decomposition reaction using visible light, the efficiency
of all MTPs was superior to that of the bare TiO2 photocatalysts.
In particular, the efficiency of the photocatalyst precipitating as euro-
pium was the best. On the other hand, the photocatalyst, in which
only nitrogen had precipitated, was less active than the photocata-
lyst, in which nitrogen and europium were simultaneously precipi-
tated. In evaluating the reusability of MTPs, which were used re-
peatedly (30 times) in blue light, the DCF degradation reaction rate
constant k decreased by approximately 10%. In the decomposition
of DCF using MTPs, four by-products were detected by LC/MS.
Three pathways were considered: hydroxylation, decarboxylation,
and C-N cleavage. DCF was eventually mineralized to H2O, CO2,
and chlorine ions by hydroxylation by oxidizing agents, such as OH,
produced in MTP. Through this study, the visible light responsive
TiO2 manufactured using simple and effective PLP shows that it
can be applied as a drug component removal technology known
as a difficult-to-decompose material.
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