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Efficiency Improvement in Dye-Sensitized Solar Cells by 
Modify Titanium Dioxide Formation on Supercritical 

Carbon Dioxide Fluid Synchronous Dyeing 
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1Department of Fiber and Composite Materials, Feng Chia University, Taichung, Taiwan 

2SCH Electronics Cooperative Limited, Taiwan 
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ABSTRACT:  

In this study, the dye sensitized solar cells (DSSC) were assembled by using natural dyes 
extracted from roselle and red phoenix as sensitizer coated fluorine-doped tin dioxide 
substrate (FTO) plate used a counter electrode for nanocrystalline TiO2. We investigated the 
formation of modified titanium dioxide on dye-sensitized solar cells by simultaneous dyeing 
with supercritical carbon dioxide fluid. The photoelectrode is made of compact layer and 
scattering layer. Supercritical carbon dioxide fluid extracted natural dyestuff and 
synchronous dyed photoelectric. The photoelectric conversion efficiency is the best at the 
dyeing parameters of 3000 psi, 50 ºC, and 30 minutes. Experimental results show that adding 
a scattering layer to the compact layer can improve the conversion efficiency. SEM can 
observe that the polyethylene glycol-added scattering layer has more pore structures in 
which improves the electrode’s ability to capture sunlight. The conversion efficiency of 0.13% 
can be obtained by using 9:1 mixed dyes of anthocyanin and chlorophyll. The photoelectric 
conversion efficiency with the P25/R-type/PEG scattering layer is about 30% higher than that 
of a single compact layer. Finally the paper proposes a schematic diagram of the dye-
sensitized solar cell. 
 
Keywords: Synchronous Dyeing, Dye-sensitized, Supercritical fluid, Anthocyanins, 

Chlorophyll, DSSC. 
 
1. INTRODUCTION 

Dye-sensitized solar cells (DSSCs) are the process of sensitizing the wavelength of visible 
light into electrical energy. DSSCs have the advantages of environmental protection and low 
manufacturing costs, as well as their added value in the product and commercial application, 
so it has always been a topic of great interest to related researchers. The performance of the 
DSSCs mainly depends on a dye used as sensitizer. The absorption spectrum of the dye and 
the titanium dioxide photoelectrode of formation are important that determining the 
conversion efficiency of DSSCs, as shown figure 1 model of dye sensitized solar cells.[1-3] 
The first DSSCs was designed in 1976 in Japan by Tsubomura, who found that porous zinc 



 

  

oxide of photoelectric, but the research are neglected because low efficiency. Until 1991 in 
Switzerland, Gratzel used nanostructures as photoelectric to adsorbing the dye.[4,5] The 
nanostructures DSSCs the efficiency higher than before and the manufacturing cost are lower 
than traditional silicon solar cells.  

 
Because titanium dioxide usually only absorbs ultraviolet light, it is necessary to 

effectively use sunlight in dye-sensitized solar cells. In addition to modifying the titanium 
dioxide itself, another method is to immerse the dye molecules on the metal oxide by soaking 
in a chemical solution. Judy N. Hart et al. showed that the barrier layer can improve the 
conversion efficiency of the battery. The more barrier layers, the higher the battery efficiency. 
In 2006, Hore S et al. pointed out that adding a scattering layer can effectively improve the 
conversion efficiency of the battery. In the study up to 80% increase in current density was 
observed due to inclusion of scattering layers. In 2010, Jinho Chae et al. combined nano-scale 
gallium with titanium dioxide to make a photoelectrode. The results show that the conversion 
efficiency of the photoelectrode combined with gallium is about 4.57% higher than that of the 
pure titanium dioxide photoelectrode.[6-8] In 2012 Niu Huang et al. used titanium 
tetrachloride to treat zinc oxide photoelectrode. The photoelectrode can improve the 
adsorption of dyes and form a good electron transport film with a conversion efficiency of 
6.39%. In the same year, Curtiss S et al. used the RF-sputtering method and the sol-gel method 
to prepare the compact layer, which can improve the contact between the conductive film 
and the electrode, and the conversion efficiency of the two methods were increased by about 
18.9% and 25.3%, respectively.[9,10] 

 
Gases and liquids become supercritical fluids when they are compressed and heated 

above their critical pressure and temperature. In this state these supercritical fluids exhibit 
properties between those of typical gases and liquids. Compared with liquids, the density 
and viscosity of supercritical fluids are lower, but diffusion in these materials is greater. 
Hence, supercritical fluids are widely used in chemical extraction, reactions, polymerization, 
chromatography, and impregnation of desired additives into various materials. Austrian 
scholar Marr and German scholar Werner reviewed related literature publication and 
technical conditions of using supercritical fluid in extraction processing, and proposed that 
the phase behavior of supercritical fluid dissolved solute under different PVT (P: pressure, V: 
volume, T: temperature) conditions is the key factor influencing the extraction effect. They 
argued that the important factors, such as phase behavior and solubility of solute in 
supercritical fluid, could be estimated by using the equation of state.[11-13] In this paper, we 
use supercritical carbon dioxide dyeing technology instead of impregnation as a facile process 
for fabrication dye-sensitized solar cells using anthocyanin/chlorophyll into titanium dioxide 
as the photoelectrode. The DSSCs photoelectrode is currently impregnation and require for 
up to twenty hours or more, so the adsorption isn’t satisfactory by impregnation. We use the 
supercritical CO2 fluid viscosity and diffusion, the adsorption of titanium dioxide could 
decrease the time to dyed nanocrystalline titanium dioxide photo-electrodes and avoiding 



 

  

prolonged exposure to photosensitive dye into the air. Thus we expect supercritical fluid 
dyeing way improves efficiency of DSSCs and achieve zero pollution. 

 

 
Figure 1. Schematic diagram of dye sensitized solar cells 

 
2. EXPERIMENTAL 
2.1 Titanium dioxide compact layer 

In this experiment, titanium isopropoxide, ethanol, nitric acid and deionized water were 
used in molar ratios of titanium isopropoxide: ethanol: nitric acid: deionized water by1:15:3:2, 
stirred at room temperature for 24 hours to prepare a sol gel precursor firstly. Add 0.1 mL of 
acetone as a dispersant to uniformly disperse the resulting sol-gel. After the reaction is 
completed, the sol-gel solution is spin-coated on FTO to form a titanium dioxide film, which 
is passed through a vacuum oven Drying at 70 ℃ and then sintering at 500 ℃ in a high-
temperature furnace to obtain a compact layer of titanium dioxide. Second Degussa P25 
titanium dioxide, ethanol and deionized water were made into titanium dioxide slurry with 
a weight percentage of 1:2:2, and 0.1 mL of acetone was added as a dispersant. The titanium 
dioxide slurry is stirred for 12 hours with an electromagnetic heating stirrer, and then spin-
coated on the FTO substrate to form a thin film. After the thin film is dried, it is sintered in a 
high-temperature furnace to obtain the battery compact layer. 
 
2.2 Light scattering layer 

Use commercial titanium dioxide, polyethylene glycol, ethanol and deionized water at a 
weight percentage of 1:1:3:3 and add 0.1 mL of acetone to prepare a titanium dioxide slurry, 
which uses Rutile-type and Degussa P25 respectively. Two kinds of titanium dioxide R-type 
and Degussa P25 were obtained from Echo Chemical Co, Taiwan. As a material for preparing 
the slurry, the Rutile-type is a white powder with a purity of 99.9% in Titanium(IV) oxide 
rutile form and a particle size range of 200-400 nm. The other Degussa P25 is a white powder 
with a particle size of 21 nm of Titanium(IV) oxide powder. The titanium dioxide slurry was 
stirred with an electromagnetic heating stirrer for 12 hours, spin-coated on the dye adsorption 
layer, dried and sintered at a high temperature to obtain the light scattering layer of the 
electrode. The flow chart is shown in Figure 2. Four scattering layers of R-type, R-type/PEG, 
P25/PEG, and P25/R-type/PEG are produced according to different matching parameters.  



 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Flow chart of light scattering layer production 
 

2.3 Dye extraction and simultaneous dyeing 
The development of solar green renewable energy, and has many advantages are great 

attention.[14,15] Dye-sensitized solar cells use cheap and easy-to-obtain glass as the base 
material and are coated with conductive materials, combined with dye molecules and nano-
level metal oxide semiconductor powder, which can absorb sunlight and convert it into 
electrical energy. The photoelectrode is prepared by using supercritical carbon dioxide fluid 
to utilize its high density and high diffusivity to achieve high-efficiency dye extraction and 
photoelectrode simultaneous dyeing to shorten the manufacturing process. The dye-
sensitized solar cell still maintains the original or even better photoelectric conversion 
efficiency. 

 
Chlorophyll is a fat-soluble natural pigment that is widely present in plant leaves in 

nature. Its basic structure is mainly composed of four pyrroles, forming a macrocyclic 
compound with conjugated double bonds called porphyrin. It is called pyrrolidin. 
Chlorophyll is a magnesium porphyrin derivative. It consists of four nitrogen atoms chelating 
a magnesium ion and has the function of absorbing light energy. The porphyrin ring has a 
special long chain of carbon and hydrogen, one of which is a long chain of phytol, which is 
called phytol. Figure 3 shows the structure of chlorophyll. Chlorophyll is used as a sensitizer 
for dye-sensitized solar cells, and its bonding method is shown in Figure 4.[16] Diagram of 
titanium dioxide and anthocyanins bonding scheme was shown and our early studies 
too.[3,17] 
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Figure 3. Structure of chlorophyll. 

 

 

Figure 4. Diagram of titanium dioxide and chlorophyll bonding scheme. 
 

Using titanium dioxide, polyethylene glycol, ethanol and deionized water at a weight 
percentage of 1: 1: 3: 3 and adding 0.1 mL of acetylacetone to form titanium dioxide slurry, in 
this case two titanium dioxide R-type and Degussa P25 were used as the material for the 
preparation of the slurry. The titanium dioxide slurry was stirred for 12 hours with an 
electromagnetic heating stirrer, spin coating on the compact layer after drying and high 
temperature sintering to get the electrode light scattering layer. The R-type, R-type / PEG, 
P25 / PEG, P25 / R-type / PEG four kinds of scattering layers were prepared according to 
different parameters. 
 
3. RESULT AND DISCUSSION 
3.1 Particle Size analyses 

The particle size analysis of sol-gel titanium dioxide is presented in Figure 5. The 
particles are distributed from 3 nm to 55 nm, mainly in the range of 3.79-6.80 nm. The Table 
1 is analysis volume results of sol-gel titanium dioxide, the average particle size of the 
titanium dioxide particles is 6.3 nm, the particle size is less than 10 nm, but the volume 
percentage is below 2%. The size of the sol-gel titanium dioxide particles is uniform and the 
particle size difference is not significant. 



 

  

 
Figure 5. The particle size distribution of sol-gel titanium dioxide 

 
Table 1. The particle size of sol - gel titanium dioxide from volume results summary 

Angle 
Calculated Results 

Size 
(nm) 

% amt 
(nm) 

Std.Dev 
(nm) 

Mean Size 
(nm) % Dust 

90.0o 
4.4 87.25 0.8 

6.3 0.000 
19.5 12.75 7.6 

 
3.2 Powder XRD analysis  

The crystalline phase of TiO2 nanoparticles were analyzed by X-ray diffraction (XRD 
type MXP3) measurement using target material: Cu, wavelength: 1.5405 nm, filter: Ni, voltage: 
30KV, current 20mA, scanning angle: 5∘-70∘, analyze the crystal form and crystal strength 
of the titanium dioxide film to determine the crystal form of the sample. Figure 6 shows the 
powder XRD pattern of as- prepared TiO2 nano-particles and the presence of sharp 
diffraction peaks in the XRD confirm that products are highly crystalline.  Shown on Figure 
6(a), XRD spectra of  titanium dioxide compact layer that a strong diffraction peak at 2θ = 
25.045∘ and the secondary diffraction peaks at 2θ = 36.083 ∘ ,39.189∘ ,41.239 ∘ ,44.057
∘,54.321∘,56.632 ∘and 69.007∘which is the diffraction peak of rutile(110). In addition, a 
smaller diffraction peak appears at 2θ = 27.215∘ ,which is the main diffraction peak of 
rutile(110), and the secondary diffraction peak at 2θ = 35.925° is also consistent with the 
reference to the characteristics of rutile titanium dioxide peak. The peaks of anatase(101) and 
rutile(110) appear in the XRD pattern. The titanium dioxide produced in this experiment is 
mainly composed of anatase phase and trace rutile phase.  

Degussa P25 is composed of anatase phase and rutile phase composed of titanium 
dioxide, the weight ratio of 71 to 29, as shown in Figure 6(b), there is a strong diffraction peak 
at 2θ = 25.250∘,and followed by 2θ = 38.471∘,48.010∘,53.917∘,55.024∘ and 62.702∘ 
which is the diffraction peak of anatase(101). In addition, the main diffraction peak of 
rutile(110) is shown at 2θ = 27.410∘,followed by 2θ = 36.046∘and 68.905∘.It can be proved 
to the experiment used P25 titanium dioxide for the anatase phase and a small amount of 
rutile phase. 



 

  

R-type titanium dioxide is almost composed of rutile phase, as shown in Figure. X(c), 
that a strong diffraction peak at 2θ = 27.410∘,which is the main diffraction peak of rutile(110). 
The secondary diffraction peaks at 2θ = 36.083∘,39.189∘,41.239∘,44.057∘,54.321∘,56.632
∘ and 69.007 ∘ are in line with the rutile phase characteristic peaks mentioned in the 
literature.[18] 

 
Figure 6. XRD spectra of (a) Titanium dioxide compact layer (b) P25 Titanium dioxide (c) R-
type Titanium dioxide 
 
3.3 Scanning Electron Microscope analysis of the electrode surface  

In the study we investigated the modified of photoelectrode was made with compact 
layer and scattering layer. In this part, analysis of the electrode surface from scanning electron 
microscope analysis. 

(1) Compact layer: The SEM of the sol-gel titanium dioxide compact layer is shown in 
Figure 7. These micrographs indicate that the surface of titanium dioxide particle size is 
uniform. The particle size of the compact layer after high temperature sintering is about 5 nm, 
and a few titanium dioxide particles larger than 5 nm are also smaller than 10 nm, which is 
consistent with the results of the aforementioned particle analysis, and the structure is shown 
in Figure 8 which is schematic diagram of titanium dioxide compact layer. 

 



 

  

 
Figure 7. Scanning electron micrograph (SEM) of the sol-gel titanium dioxide compact 

layer. Magnification at (a) 600 k (b) 800 k 
 

 
Figure 8. Schematic diagram of titanium dioxide compact layer 

 
In order to increase the thickness of the compact layer, it is expected that more 

photoelectric dyes can be adsorbed, so this experiment increases the number of coatings. 
Figure 9 shows the compact layer repeated one to four times. Obviously, the surface of the 
coated single compact layer is completely smooth with only a few parts producing small 
cracks. The surface of the double-layer compact layer is severely cracked and split into small 
uniform pieces. The surface of the compact layer with more than three layers is split into 
massive titanium dioxide of different sizes, and even peeling. According to the experimental 
results, it could be found that as the number of compact layers increases the cracks on the 
surface become more obvious. And the peeled off massive titanium dioxide will destroy the 
overall structure of the compact layer. Unfortunately these cannot improve the conversion 
efficiency of the photovoltaic cell when we repeated coating of the compact layer. Even 
greatly reduce its conversion efficiency. 
 

 
Figure 9. Scanning electron micrograph (SEM) of the compact layers (a) monolayer (b) bilayer 
(c) three layers (d) four layers. Magnification at 2.5 k. 



 

  

  
(2) Scattering layer: The SEM of the R-type, R-type/PEG, P25/PEG, P25/R-type/PEG four 

kinds of scattering layers in Figure 10. As shown in Figure 10(a), the scattering layers of R-
type found extensive aggregation of titanium dioxide which have void around 500 nm. The 
void structure leads to difficulty of electronic transmission and reduce the DSSCs conversion 
efficiency. Figure 10(b) shows the scattering layers of R-type/PEG, which have void around 
100 nm. In the process of adding polyethylene glycol, it leads titanium dioxide to reducing 
aggregated. Figure 10(c) shows the scattering layers of P25/PEG. The particle size of P25 
titanium dioxide is smaller than R-type. Therefore, photoelectrodes of P25/PEG scattering 
layers have void less than R-type/PEG. Figure 10(d) shows the scattering layers of P25/R-
type/PEG. We can find R-type and P25 titanium dioxide are evenly mixed. Even though the 
scattering layers have voided, which filled up with P25 titanium dioxide? The P25/R-
type/PEG photoelectrodes is best structure of scattering layers. It is shown that this structure 
is due to multiple refraction of light. The structure is shown in Figure 11 which is schematic 
diagram of titanium dioxide scattering layer. SEM can observe that the polyethylene glycol-
added scattering layer has more pore structures. These pores and irregular surface patterns 
enable more sunlight to be scattered in which improves the electrode’s ability to capture 
sunlight. 

 

 
Figure 10. Scanning electron micrograph (SEM) of the scattering layers. (a)R-type (b)R-
type/PEG (c) P25/PEG (d) P25/R-type/PEG. Magnification at 100 k. 
 



 

  

 
Figure 11. Diagram of different titanium dioxide scattering layers schemme. (a)R-type (b)R-

type/PEG (c) P25/PEG (d) P25/R-type/PEG. 
 
3.4 I-V testing of photocells 

The TiO2-coated FTO glass substrates were thermally treated using supercritical carbon 
dioxide fluid synchronous dyeing method in this study. In the experiment, natural dyes were 
used to extract anthocyanins and chlorophylls, and supercritical carbon dioxide fluid was 
used to dye natural dye-sensitized solar cells. Electrochemical instruments test different 
extraction and dyeing conditions to obtain the best conversion efficiency parameters. From 
the experimental results, we can obtain natural dyes with a conversion efficiency of 0.05~ 0.07 
% on anthocyanins and chlorophyll natural dyes with a conversion efficiency of 0.04~0.08% 
in Figure 12. The use of supercritical carbon dioxide fluid extraction and simultaneous dyeing 
is compared with traditional solvent extraction dyeing. The latter takes 105 minutes, but the 
former can achieve the same effect in only 30 minutes, and there is no problem of organic 
solvent pollution. It can be clearly seen that the use of supercritical fluid as a medium can 
significantly shorten the material extraction and dyeing time. In this experiment, the effect of 
placing the scattering layer is obvious.The main reason is that supercritical carbon dioxide 
fluid has the characteristics of low surface tension, low viscosity and high diffusivity, so it 
can be easily removed from plants and to achieve the purpose of dyeing. 



 

  

 
Figure 12. Effect of dyeing time on solar photoelectric conversion efficiency by  solvent 

method and supercritical method. (a) anthocyanin (b)chlorophyll 
 

In order to increase the availability of dye-sensitized solar cells, this study also considered 
cocktail dyes mixed with anthocyanins and chlorophyll to improve the thermal stability of 
natural dyes. Table 2 shows roselle and red phoenix as the cocktail dye mixing codes used in 
the experiment. The 9:1 cocktail dye of anthocyanin and chlorophyll showed the best 
conversion efficiency of 0.13% in Figure 13. Because the thermal stability of chlorophyll is 
worse than that of anthocyanin, anthocyanin is used as a protective agent to improve the 
conversion efficiency.  

Supercritical carbon dioxide fluid synchronous dyeing procedure is used at the pressure 
3000 psi with 30 minutes. The anthocyanin reaches the best photoelectric conversion 
efficiency of 0.10% and the chlorophyll is 0.08%. The cocktail dye mixed with anthocyanin 
and chlorophyll by weight ratio of 9:1 can effectively improve the photoelectric conversion 
efficiency of the battery to 0.13% by supercritical fluid treatment at 50 ℃, which is improved 
by 62.5% and 55.6% compared with anthocyanin and chlorophyll dyes. And after 
improvement, the light half-decay test can reach about 3.6 hours, shown on Figure 14. 
Experimental results show that the use of cocktail dyes can effectively improve the 
photoelectric conversion efficiency of the battery and has better stability of descent. Figure 15 
shows that decline curve of conversion efficiency with different layers. We can find R-type 
and R-type/PEG scattering photoelectric conversion efficiency curve are even lower than that 
of pure dye adsorption layer. Because R-type and R-type/PEG scattering layers affected by 
rutile titanium dioxide that can’t achieve good electron transport. P25 /R-type/PEG scattering 
layer showed good photoelectric conversion efficiency at the initial stage because the R-type 
was homogeneously mixed with P25 titanium dioxide in the scattering layer and had good 
contact to produce similar synergistic effect. That is meaning that it becomes necessary to 
include a light scattering layer such that the lower photon conversion due to compact layer 
could be compensated. [7,19] In this experiment, the effect of placing the scattering layer is 
obvious. Finally the paper proposes a schematic diagram of the dye-sensitized solar cell, as 



 

  

shown in figure 16. 
 
Table 2. Cocktail dyestuff mixed code 

Cocktail dyestuff 
mixed 

Dye weight ratio 
Chlorophyll Anthocyanin 

CA91 9 1 
CA73 7 3 
CA55 5 5 
CA37 3 7 
CA19 1 9 

 

 
Figure 13. The conversion efficiency of cocktail dyestuff mixed by supercritical carbon 
dioxide fluid synchronous dyeing.  

 
Figure 14. The decline curve of conversion efficiency at anthocyanin, chlorophyll and 

cocktail CA19 

 
Figure 15. The decline curve of conversion efficiency (a) compact layer, and 4 kinds of 
scattering layer (b) R-type (c) R-type/PEG (d) P25/PEG (e) P25/R-type/PEG 



 

  

 

 
Figure 16. Model of schematic diagram on dye sensitized solar cells 
 
 
 
 
CONCLUSIONS 

Dye-sensitized solar cells (DSSCs) belong to the group of thin-film solar cells which have 
been under extensive research for more than three decades due to their low cost, simple 
preparation methodology, low toxicity and ease of production. In conclusion, DSSCs offers 
an efficient and easily implemented technology for future energy supply. Compared to 
conventional silicon solar cells, it provides comparable the photoelectric conversion 
efficiency at low material and manufacturing costs. This Paper study provided the 
experimental evidence that supercritical carbon dioxide fluid synchronous dyeing enhances 
cocktail dyes mixed with anthocyanins and chlorophyll to improve the thermal stability of 
DSSCs. The supercritical mechanism is a green environmental indicator. Using its high 
density and high diffusivity to make dye-sensitized solar cells can effectively shorten the 
manufacturing process and achieve high efficiency dyes. The extraction and the 
photoelectrode are dyed simultaneously to reduce the interference of external factors, thereby 
improving the photoelectric conversion efficiency of the battery. Compared with the 
traditional solvent method, the use of supercritical carbon dioxide fluid to extract the dye and 
the simultaneous dyeing of the photoelectrode reduces the manufacturing process while the 
battery still maintains the original or even better photoelectric conversion efficiency. At the 
same time, SEM can observe that the polyethylene glycol-added scattering layer has more 
pore structures. These pores and irregular surface patterns enable more sunlight to be 
scattered, which improves the electrode’s ability to capture sunlight. Effectively improve the 
photoelectric conversion efficiency of the battery. Finally, the paper proposes a schematic 
diagram of the dye-sensitized solar cell including compact layer and scattering layer. 
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SuperGreen2022 國際研討會 10 月 28 日北科大登場 
 
2022/08/01  

經濟日報 黃逢森 

 

超臨界流體協會將於 10 月 28 日在集思北科大會議中心舉辦「SuperGreen 2022 國

際研討會」，會中將展現我國研發能量及產業發展脈動與國際趨勢互相印證，包

括台灣、大陸、日本、韓國等國專業菁英人士與會。 

該協會表示，SuperGreen 國際研討會由台灣、日本、中國大陸、韓國發起，每兩

年分別在不同國家舉辦會議，2011 年在大陸北京、2013 年在台灣高雄、2015 年在

韓國首爾、2017 年在日本京都等，2019 年在大陸西安舉辦，2021 年在台灣舉辦，

因疫情延期至 2022 年 10 月。 

本屆研討會發表的技術重點為「熱力學與物化性質研究」、「天然物、醫藥與生

醫應用」、「反應、材料設計與奈米技」、「製程強化、二氧化碳利用與工業應

用」、「超臨界流體於台灣之實務應用」等五大領域，將邀請專家學者作專題演

講與論文發表，期能引入新技術應用之觀念及觸發潛在商機。 

10 月 28 日、29 日歡迎到集思北科大會議中心，聽演講、學技術、展市場、交朋

友、開眼界。學研界的朋友請把握機會，將研發成果與國內產業界分享，投稿截

止 日 期 為 8 月 22 日 ， 並 於 即 日 起 開 始 接 受 報 名 。 請 參 閱 研 討 會 網 站 ：

https://supergreen2022.conf.tw/。超臨界流體協會網站：https://www.tscfa.org.tw/。 

超臨界流體協會電話（07）355-5706。 
 

資料來源：https://money.udn.com/money/story/5723/6503962?from=edn_search_result 
 
 
  



 

  

Development a novel robust method to enhance the solubility of Oxaprozin as 

nonsteroidal anti-inflammatory drug based on machine-learning 

開發㇐種基於機器學習的新型穩健方法來提高奧沙普秦作為非甾體抗炎藥的溶解度 

by Walid Kamal Abdelbasset, Safaa M. Elkholi, Khadiga Ahmed Ismail, Sameer 

Alshehri, Ahmed Alobaida, Bader Huwaimel, Ahmed D. Alatawi, Amal M. Alsubaiyel, Kumar 

Venkatesan & Mohammed A. S. Abourehab 

Department of Health and Rehabilitation Sciences, College of Applied Medical Sciences, Prince 
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Department of Physical Therapy, Kasr Al-Aini Hospital, Cairo University, Giza, Egypt 

 

 

Abstract 

Accurate specification of the drugs’ solubility is known as an important activity to 

appropriately manage the supercritical impregnation process. Over the last decades, the 

application of supercritical fluids (SCFs), mainly CO2, has found great interest as a promising 

solution to dominate the limitations of traditional methods including high toxicity, difficulty 

of control, high expense and low stability. Oxaprozin is an efficient off-patent nonsteroidal 

anti-inflammatory drug (NSAID), which is being extensively used for the pain management 

of patients suffering from chronic musculoskeletal disorders such as rheumatoid arthritis. In 

this paper, the prominent purpose of the authors is to predict and consequently optimize the 

solubility of Oxaprozin inside the CO2SCF. To do this, the authors employed two basic 

models and improved them with the Adaboost ensemble method. The base models include 

Gaussian process regression (GPR) and decision tree (DT). We optimized and evaluated the 

hyper-parameters of them using standard metrics. Boosted DT has an MAE error rate, an R2-

score, and an MAPE of 6.806E-05, 0.980, and 4.511E-01, respectively. Also, boosted GPR 

has an R2-score of 0.998 and its MAPE error is 3.929E-02, and with MAE it has an error rate 

of 5.024E-06. So, boosted GPR was chosen as the best model, and the best values were: 

(Tௗ=ௗ3.38Eௗ+ௗ02, Pௗ=ௗ4.0Eௗ+ௗ02, Solubilityௗ=ௗ0.001241). 

 

資料來源：https://www.nature.com/articles/s41598-022-17440-4 
 
  



 

  

Numerical Study on Proppant Transport in Supercritical Carbon Dioxide under 

Different Fracture Shapes: Flat, Wedge-Shaped, and Bifurcated 

不同斷口形狀下超臨界二氧化碳中支撐劑輸運的數值研究：平面、楔形和分叉 

by Jiaqiao Xie, Yi Hu*, Yong Kang, Hao Chen, and Qi Liu 

School of Power and Mechanical Engineering, Wuhan University, Wuhan 430072, Hubei 

Province, China 

Hubei Key Laboratory of Waterjet Theory and New Technology, Wuhan University, Wuhan 430072, 

Hubei Province, China 

 

Abstract 

As a new type of waterless technology, supercritical carbon dioxide fracturing has been 

widely studied by scholars in recent years, and the migration characteristics of the 

corresponding proppant in supercritical carbon dioxide still need further research. In this 

paper, the Eulerian–Eulerian computational fluid dynamics method was used to study the 

transport capacity of supercritical carbon dioxide, and the UDF method was used to simulate 

the physical parameters of supercritical carbon dioxide. In view of the deficiencies of 

previous studies, the special cases of wedge-shaped fractures and bypass fractures are 

considered, and the influence of large-span pressure and temperature on migration is first 

analyzed in plane fractures, which makes this study more complete. The results show that: (1) 

compared with slickwater, the proppant transport channel in supercritical carbon dioxide is 

30% smaller at 305 K and 10 MPa. (2) The transport capacity of supercritical carbon dioxide 

increases with the increase of pressure and decreases with the increase of temperature. But 

when the pressure or temperature is too high, they have little effect on it. (3) In wedge-shaped 

fractures, the proppant stack height and length increase initially as the shrinkage rate of 

fracture width (the ratio of the fracture reduced width to the fracture length) increases. 

However, as the fracture width ratio increases, the maximum proppant stack height decreases 

in the later stage. (4) In bifurcated fractures, with the increase of bypass angle, the area of 

proppant in the bypass zone tends to decrease. The width of the bypass inlet has little effect on 

the proppant settlement in the bypass. This study further understands the migration law of 

proppant in supercritical carbon dioxide in fractures. 

 

資料來源：https://doi.org/10.1021/acs.energyfuels.2c01370 
 
 
  



 

  

Retention mechanisms of imidazoline and piperazine-related compounds in non-aqueous 

hydrophilic interaction and supercritical fluid chromatography based on chemometric 

design and analysis 

基於化學計量學設計和分析的咪唑啉和哌嗪相關化合物在非水親水相互作用和超臨界流體色譜
中的保留機制 
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1 Department of Pharmaceutical Chemistry, Faculty of Pharmacy, University of Belgrade, Vojvode 
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3 Chemistry Department, Lomonosov Moscow State University, 1/3 Leninskie Gory, GSP-1, 119991 

Moscow, Russia 
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31 Leninsky Prospect, GSP-1, 119071 Moscow, Russia 
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Leninsky Prospect, GSP-1, 119071 Moscow, Russia 

Abstract 

The experimental design methodology based on central composite design of experiments was 

applied to compare the retention mechanisms in supercritical fluid chromatography (SFC) and 

non-aqueous hydrophilic interaction liquid chromatography (NA-HILIC). The selected set 

consists of 26 compounds that belong to imidazoline and serotonin receptor ligands. The 

different chemometric tools (multiple linear regression, principal component analysis, parallel 

factor analysis) were used to examine the retention, as well as to identify the most significant 

retention mechanisms. The retention mechanism was investigated on two different stationary 

phases (diol, and mixed-mode diol). In NA-HILIC, the mobile phase contains acetonitrile as a 

main component, and methanolic solution of ammonium formate (+0.1% of formic acid) as a 

modifier. The same mobile phase modifier was used in SFC, with a difference in the main 

component of the mobile phase which was CO2. 

The retention behaviour differs significantly between HILIC and SFC conditions. The 

retention pattern in HILIC mode was more partition-like, while in SFC the solute-sorbent 

interactions allowed retention. The retention mechanism between mixed-mode diol and the 

diol phases varies depending on the applied chromatographic mode, e.g. in HILIC the type of 

stationary phase significantly affects the elution order, while in SFC this was not the case. 

The HILIC retention behaviour was influenced by the number of tertiary amines-aliphatic, 

and N atom-centred fragments in tested compounds. On the other hand, the number of pyrrole 

and pyridine rings in the structure of the compound showed correlation with their SFC 



 

  

retention, simultaneously increasing the molecular weight and and rapid elution of larger 

compounds. It was found that temperature surprisingly plays a major role in SFC mode. The 

increase in temperature reduces the relative contribution of enthalpy factors to total retention, 

so the separation in SFC was more entropy-controlled. For further pharmaceutical research 

and optimization, the SFC would be considered more beneficial compared to HILIC since it 

gives good selectivity in separation of chosen impurities. 

 

Keywords:Pharmaceutical substances, Chemometric design, Supercritical fluid 

chromatography, Hydrophilic interaction chromatography 
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SiO2 synergistic modification of siloxane thickener to improve the viscosity 

of supercritical CO2 fracturing fluid 
矽氧烷增稠劑 SiO 2 協同改性提高超臨界 CO 2 壓裂液黏度 

by Yanling Wang, Bin Liu, Di Li & Lei Liang 

a Key Laboratory of Unconventional Oil & Gas Development, Ministry of Education, China 

University of Petroleum (East China), Qingdao, P. R. China;b School of Petroleum Engineering, China 

University of Petroleum (East China), Qingdao, P. R. China 

 

Abstract 

Supercritical carbon dioxide (SC-CO2) fracturing technology has the advantages of 

CO2 storage and waterless fracturing and has great application potential in the development of 

unconventional oil and gas resources. However, the low viscosity of SC-CO2 limits the 

development of this technology. This paper investigates the synergistic effect of 

nanomaterials on a developed thickener (HBD-2, high branched D4H). The research results 

show that among the five micro/nanomaterials Cu-BTC, SiO2, MCC, MWCNTs, and TiO2, 

only SiO2 has a good synergistic effect on the HBD-2/SC-CO2 system, and significantly 

improves its thickening, temperature resistance, temperature resistance and shear resistance. 

At 60s−1, 305.15 K and 10 MPa, 5 wt.% HBD-2 + 1 wt.% SiO2 increased the apparent 

viscosity of SC-CO2 to 5.82 mPa·s(The viscosity of 5 wt.% HBD-2 under the same conditions 

is 4.48 mPa·s). The apparent viscosity of SC-CO2 is positively correlated with pressure and 

SiO2 dosage and negatively correlated with temperature and shear rate. The SiO2/HBD-2 

system can effectively avoid clay swelling and can change the water wetness on the core 

surface to neutral wettability. In addition, we also studied the mechanism of SiO2 in HBD-

2/SC-CO2 thickening system by RDF(radial distribution function). The results show that the 

introduction to SiO2 shifts the peak position of the system to the left and enhances the peak 

intensity. The macroscopic manifestation is the enhancement of the apparent viscosity of 

HBD-2/SC-CO2.This paper proves the feasibility of nanomaterials to synergize SC-CO2, and 

provides a new thread for the research and development of SC-CO2 thickeners in the future. 

 

Keywords: Nanomaterials, supercritical carbon dioxide, thickening, rheology, synergy 
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Study on the Alteration of Pore Parameters of Shale with Different Natural Fractures 

under Supercritical Carbon Dioxide Seepage 

超臨界二氧化碳滲流下不同天然裂縫頁岩孔隙參數變化研究 
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Abstract 

Supercritical CO2 can reduce formation fracture pressure, form more complex fractures in the 

near-well zone, and replace methane to complete carbon sequestration, which is an important 

direction for the efficient development of deep shale gas with carbon sequestration. In this 

paper, based on the scCO2 fracturing field test parameters and the characteristics of common 

shale calcite filled natural fractures, we simulated the porosity change in shale with three 

kinds of fractures (no fracture, named NF; axial natural fracture, named AF; and transversal 

natural fracture, named TF) under scCO2 seepage, and carried out the experimental 

verification of shale under supercritical CO2 seepage. It was found that: (1) At the same 

pressure, when the temperature is greater than the critical temperature, the shale porosity of 

three kinds of fractures gradually increases with the injection of CO2, and the higher the 

temperature, the more obvious the increase in porosity. (2) At the same temperature and 

different pressures, the effect of pressure change on the porosity of shale specimens was more 

obvious than that of temperature. (3) Multi-field coupling experiments of shale under 

supercritical CO2 seepage revealed that the porosity of all three shale specimens at the same 

temperature and pressure increased after CO2 injection, and the relative increase in shale 

porosity measured experimentally was basically consistent with the numerical simulation 

results. This paper reveals the mechanism of the effect of different temperatures and pressures 

of scCO2 and different natural fractures on the change in shale porosity, which can be used to 

optimize the CO2 injection in supercritical CO2 fracturing and carbon sequestration. View 

Full-Text 

Keywords: supercritical CO2; fractured shale; porosity alteration; hydraulic fracturing; carbon 

sequestration 
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Supercritical Extraction of a Natural Pyrethrin-Rich Extract from Chrysanthemum 

Cinerariifolium Flowers to Be Impregnated into Polypropylene Films Intended for 

Agriculture Applications 

菊花 中富含除蟲菊素的天然提取物的超臨界萃取，以浸漬到用於農業應用的聚丙烯薄膜中 
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(IVAGRO), University of Cadiz, 11510 Cadiz, Spain 

 

Abstract 

The extensive use of synthetic pesticides and their addition to the field presents significant 

environmental problems that must be minimized. The use of natural insecticides and their 

addition using techniques that minimize their impact in the field are widely studied by the 

current scientific community. In this work an extraction method based on supercritical CO2 to 

obtain a pyrethrin-rich natural extract from different varieties of chrysanthemum flowers is 

analyzed. This extract would be used in a supercritical solvent impregnation (SSI) process to 

produce a commercial polypropylene (PP) film with insecticidal properties to be used in 

greenhouses. The extract selected for the impregnation process was that obtained from the 

Atlantis variety at 35 °C and 10 MPa pressure. The amount of insecticide impregnated into 

the polymer at 55 °C and under two different pressure levels (10 MPa and 40 MPa) have been 

determined. A batch impregnation method (BM) with 5 h constant impregnation time and low 

depressurization rates were used to favor the impregnation process. The results demonstrated 

that this procedure was suitable to produce pyrethrin-loaded PP films that could to be used in 

greenhouses as a protection against pests, while allowing a more rational and moderate use of 

other chemical pesticides. View Full-Text 
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Abstract 

After traditional osteosarcoma resection, recurrence of tumor is still a major clinical 

challenge. The combination of chemotherapy and photothermal therapy (PTT) has great 

potential in improving therapeutic effect. However, the studies using polydopamine (PDA) as 

photothermal transducing agent to improve the anti-cancer activity of curcumin (CM)-loaded 

poly (L-lactic acid) (PLLA) microparticles (PLLA/CM) have seldom been investigated. In this 

study, we reported the synthesis of PDA-coated PLLA/CM microparticles (PDA-PLLA/CM) 

prepared by PDA coating on the surface of the PLLA/CM microparticles fabricated by 

solution-enhanced dispersion by supercritical CO2 (SEDS) for chemo-photothermal therapy 

of osteosarcoma. The average particle sizes of PLLA/CM and PDA-PLLA/CM microparticles 

with a spherical shape were (802.6 ± 8.0) nm and (942.5 ± 39.5) nm, respectively. PDA-

PLLA/CM microparticles exhibited pH- and near-infrared (NIR)-responsive release behavior 

to promote CM release in the drug delivery system. Moreover, PDA-PLLA/CM 

microparticles displayed good photothermal conversion ability and photothermal stability 

attributed to PDA coating. Additionally, the results of in vitro anti-cancer experiment showed 

that 500 μg/mL PDA-PLLA/CM microparticles had good anti-cancer effect on MG-63 cells 

and no obvious toxicity to MC3T3-E1 cells. After incubation with PDA-PLLA/CM 

microparticles for 2 days, NIR irradiation treatment improved the anti-cancer activity of 

PDA-PLLA/CM microparticles obviously and reduced the cell viability of osteosarcoma from 

47.4% to 20.6%. These results indicated that PDA-PLLA/CM microparticles possessed a 

synergetic chemo-photothermal therapy for osteosarcoma. Therefore, this study demonstrated 



 

  

that PDA-PLLA/CM microparticles may be an excellent drug delivery platform for chemo-

photothermal therapy of tumors. View Full-Text 

 

Keywords: osteosarcoma therapy; microparticles; curcumin; synergetic chemo-photothermal 
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