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ABSTRACT 

 

It was found that the air-water interface (air-bubbles) could be used as a separation 

medium for the purification of dyes and pharmaceuticals. Air bubbles are a harmless, 

waste-free medium with a low environmental impact. This study suggests that the air-

water interface has solvent properties comparable to those of ethyl acetate and is 

effective in the purification of the basic dye Rhodamine B and the anti-malarial drug 

Chloroquine, providing the basis for a possible new method of compounds separation 

and purification. 

In Chapter 2, the hydrophobic properties of bubbles as separation media were clarified 

by analysis using fluorescent probes and ultrafine bubbles (UFB), which are stable in 

water. Measurements using the fluorescent molecule 1,2'-dinaphthylamine, which is 

used to evaluate hydrophobic field, observed that water containing UFB is a much more 

hydrophobic solvent than water. The hydrophobicity of the bubbles was similar to that 

of ethyl acetate and diethyl ether, indicating the characteristics of bubbles as separation 

media. 

Chapter 3 shows a rapid purification method for chloroquine based on flotation. 

Chloroquine, an antimalarial drug, is synthesized in about 80% yield by 4-amino-

1diethylaminopentane and 4,7-dichloroquinoline. It has been purified by solvent 

extraction and then recrystallization. The method designed utilizes the differences in 

hydrophobicity and ionicity between the source material and the product, achieving a 

rapid separation in less than 10 minutes. The purity of the product was more than 99% by 

HPLC analysis. The use of bubbles as a separation medium has been shown to provide 

low environmental impact pharmaceuticals purification. 

Chapter 4 was a fundamental study for industrial continuous treatment combined 

with microfiltration (MF). MF membranes have the advantage of good permeability and 
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resistance to fouling, but their large pore size prevents them from blocking low molecular 

compounds such as dyes. We found that a specific dye can be blocked by passing a 

solution containing bubbles larger than the membrane pore size through an MF membrane, 

taking advantage of the properties of bubbles.  

Air-bubbles as a separation medium were found to have solvent properties similar 

to ethyl acetate and could rapidly adsorb and separate compounds with strong 

hydrophobic properties. it is even possible to prevent the permeation of compounds into 

the microfiltration membrane by means of adsorption of molecules on the bubbles. It is 

hoped that this research will provide the beginnings of a new low environmental impact 

separation method that could contribute to a sustainable society. 
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ABSTRACT IN JAPANESE 

 

気液界面（気泡）が分離媒体として色素や医薬品の精製に利用できる可能

性が見出された。空気からなる気泡は無害で廃棄物の発生しない低環境負荷な

媒体である。本研究により、気液界面は酢酸エチルと同程度の溶媒特性を有し

ていることが示唆され、塩基性色素ローダミン Bや抗マラリア薬クロロキンの

精製に有効であることが判明し、新しい物質分離・精製法となり得る端緒が見

出された。 

第 2章では分離媒体として観た気泡の持つ疎水的な性質について、蛍光プ

ローブと水中でも安定なウルトラファインバブル(UFB)を用いた分析によって

明らかにさせた。疎水的な環境評価に用いられる蛍光分子 1,2’-ジナフチルアミ

ンを用いた測定によって、UFB含有水が水と比べてはるかに疎水的な溶媒であ

ることが観察された。その疎水的な性質は酢酸エチルやジエチルエーテルに近

いという結果が得られ、分離媒体として観た気泡の特性が明らかになった。 

第 3章に浮選を基にしたクロロキンの迅速精製法を示した。抗マラリア薬

であるクロロキンは 4-アミノ-1-ジエチルアミノペンタンと 4,7-ジクロロキノリ

ンにより 8割の収率で合成され、溶媒抽出と再結晶を経て精製されている。考

案した手法は原料物質と生成物との疎水性やイオン性の違いを利用し、10分未

満と速やかな分離に成功した。生成物の純度は HPLCの分析にて 99%以上を達

成できた。気泡を分離媒体とすることで、低環境負荷な物質精製が可能である

ことが示された。 

第 4章は精密ろ過(MF)との組み合わせにより、工業的な連続処理を見据え

た基礎検討を行った。MF膜は通水性が良く、目詰まりしにくいという利点が

あるが、その孔径ゆえに色素など低分子化合物を阻止できない。我々は気泡の

性質を利用し、膜孔径より大きな気泡を含む溶液を MF膜に通すことで、特定

色素を透過阻止できることを発見した。 

  分離媒体としての気泡は酢酸エチルに近い溶媒特性を持ち、疎水性の

強い化合物を速やかに吸着、分離できることが判明した。また、気泡への物質

吸着を利用することで、精密ろ過膜への分子の透過を阻止することさえ可能で

ある。本研究により、低環境負荷な新しい分離法の端緒が見出され、持続可能

な社会実現への一助となり得ることが期待される。 
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CHAPTER 1 

INTRODUCTION 

 

   In the chemical industry, there is a need to develop methods that are rapid, cost 

effective and have a lower environmental impact in order to achieve a sustainable 

society. This Started with the proposal of Green Chemistry in 19981,2). Following the 

adoption of the Sustainable Development Goals (SDGs) by the UN General Assembly 

in 20153), it is predicted that industry will need to develop processes that take those 

objectives into account even more in the future. Chemical manufacturing processes are 

broadly divided into synthesis and separation-purification, with separation dominated 

by traditional methods and not undergoing innovative changes. For example, 

crystallization, solid phase extraction and solvent extraction are separation methods that 

have long been used industrially4). However, crystallization is time-consuming and 

requires several hours of processing time5,6). The latter two has the problem of using a 

large amount of environmentally hazardous organic solvents as separation media7,8). 

Recently, ionic liquids (including deep eutectic solvents) 9-15), critical fluids16-20), and 

membrane filtration21,22) have attracted attention as separation media for green 

chemistry. Ionic liquids raise concerns about potential environmental toxicity23), and 

critical fluids and membrane filtration are expensive to install and operate. Therefore, it 

is important for the next generation of the chemical industry to develop innovative rapid 

separation and purification technologies using environmentally friendly and inexpensive 

separation media. 

    To solve this issue, we have investigated using bubbles (air-water interface) as a 

separation medium. Bubbles are an ideal media because they are easy to generate, 

harmless and waste-free. In addition, rapid and low-cost process development seems 

possible, as demonstrated by foam separation 24-27), a typical bubble-based separation 
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method. It has been observed that bubbles in water can attract hydrophobic or amphiphilic 

solute molecules. This is because non-polar molecules are thermodynamically more 

stable if hydration is avoided as far as possible. The absence of water molecules at the 

air-water interface causes non-polar molecules to be attracted to the bubbles as if they 

were adsorbing on them. Hence, it has been predicted that bubbles as separation media 

will act as a kind of organic solvent, trapping hydrophobic molecules in the water, but the 

details have not been clarified. For the further development of separation methods using 

bubbles, it is important to understand the specific hydrophobicity of bubbles and to clarify 

the solvent properties of bubbles as a separation medium. 

    Previously, we successfully developed a surfactant-free flotation process27) 

specifically for dye purification. A flotation28,29) is a type of foam separation and is 

known as a rapid process using air bubbles. However, the conventional flotation28, 30-33) 

lacks selectivity and requires a collector such as a bubble modified with a surfactant or 

an organic solvent in the separation medium, making it difficult to apply the method to 

purification where only a single compound is separated. We have developed the 

flotation method24) that is highly selective and does not require collectors such as 

surfactants. The method is illustrated in Fig.1-1. It requires only 0.1 ml of ethanol, 

which is a harmless compound, and the processing time is as short as 10 minutes, 

making it effective in solving the aforementioned problems. By clarifying the 

characteristics of bubbles as a separation medium, which is the key to this method, and 

discussing the applicability to other compounds and the practicality of industrialization, 

it is possible to establish a new separation method that is inexpensive, rapid, and has a 

low environmental impact. 

    In this study, we evaluated the solvent properties of bubbles as a separation 

medium and clarified the chemistry of the air-water interface. The resulting 

knowledge was applied to the purification of pharmaceuticals, an important  
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Fig.1-1 Surfactant-free and selective flotation. 
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group of chemical products. In addition, a separation method combining bubbles 

and microfiltration was investigated for industrial applicability and even more 

rapid separation. 

    In Chapter 2, the solvent properties of bubbles were evaluated using a 

fluorescent probe, and the microscopic properties of bubbles as a separation 

medium were discussed. In Chapter 3, we focused on chloroquine, a 

pharmaceutical known as an anti-malarial drug, and examined a purification 

method by surfactant-free flotation. Through these studies, the mechanism of 

the separation method using bubbles was clarified. In Chapter 4, we explored the 

possibility of exploiting the properties of bubbles and combining them with 

microfiltration to further increase speed and continuous processing. Finally, air 

bubble-mediated separation and purification technologies were discussed in 

Chapter 5. 
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CHAPTER 2. 

Evaluation of Solvent Property of Air-Water Interface Based on 

the Fluorescence Spectra of 1,2’-dinaphthylamine in the 

Aqueous Solution of Ultrafine Bubbles 

 

2.1 Introduction 

Adsorption of surfactants and amphiphilic substances to air-water interface has been 

well-known phenomenon [1-4]. These molecules orient hydrophilic group toward water 

while hydrophobic group toward air at the air-water interface. Molecular dynamics 

simulation studies have revealed the orientation of hydrophobic ions near the water 

surface [2]. Similarity between air-water interface and water-oil interface has been 

reported in molecular orientation [3]. These results suggest that air-water interface is more 

hydrophobic than bulk water. Polarity of air-water interface had been evaluated by the 

measurement of second harmonic spectra of polarity indicator molecules such as N,N-

diethyl-4-nitroaniline and 4-(2,4,6-triphenylpyridinium)-2,6-diphenylphenoxide (ET(30)) 

[5,6]. The results indicated that air-water interface has similar polarity to very nonpolar 

solvents such as n-heptane, carbon tetrachloride, and butyl ether. More recently, the 

property of air-water interface was found to be dependent on the structure of indicator 

molecule [7]. These studies have deepened our understanding of the property of the air-

water interface. However, the second harmonic spectrometry requires expensive 

instruments and highly skilled experimental manipulations. Moreover, the spectra may be 

dependent on the orientation of indicator molecules at the air-water interface. 

Recently, we have developed novel separation methods including non-surfactant air 

bubble flotation [8,9] and air bubble-assisted microfiltration [10].  In these methods, air 

bubbles act as a kind of adsorbent for basic dyes and drugs for their rapid and selective 
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separation in flotation or microfiltration techniques. Hydrophobicity was certainly an 

important factor for the adsorption onto air bubbles, but the results indicated the strong 

adsorption of rather polar or charged dyes and drugs. In the present study, fluorescent 

molecules that are responsive to solvent polarity as well as to ultrafine bubble 

concentration in water were explored. Three naphthylamine derivatives were tested as 

fluorescent probes. The air-water interface was supplied by generating ultrafine bubbles 

(UFB) for measuring emission spectra of fluorescent probes in homogeneous and clear 

aqueous solution. The UFB are defined as small air bubbles with a diameter less than 1 

μm [11,12], and hence the solution was not turbid and found to be compatible with 

fluorescence spectroscopy in preliminary study. A naphthylamine derivative whose 

emission spectrum was the most sensitive to the presence of UFB was selected and 

compared with the spectra in different solvents to evaluate polarity or solvent property of 

air-water interface. 
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2.2 Expelimental 

2.2.1 Chemicals 

Fluorescent probes; N-phenyl-1-naphthylamine (PN), N-(4-biphenylyl)-1-

naphthylamine (BPN), and 1,2’-dinaphthylamine (DN), were obtained from Tokyo 

Chemical Industry (Tokyo, Japan) and recrystallized three-time in aqueous ethanol.  

They were stored in a freezer (−20°C) as 1.0 mM ethanol solutions for PN and DN, and 

0.25 mM ethanol solution for BPN. Water was purified with a Milli-Q Gradient Water 

Purification System (Merck Millipore, Burlington, MA, USA).  

 

2.2.2 Generation of UFB 

Water containing ultrafine bubbles (UFB solution) were prepared with an IDEC 

FZ1N-05D Ultrafine Bubble Generator (Osaka, Japan) utilizing the pressurized 

dissolution mechanism. It was 3 hours driving followed by 3 hours of rest, repeated 4 

times. The dissolution pressure of air was 0.26 ± 0.01 MPa. Air used was passed through 

a non-woven filter to eliminate particulate materials. The concentration and size 

distribution of UFB were measured with a NanoSight LM10 nanoparticle tracking 

analysis instrument (Malvern Panalytical, Worcestershire, UK). 

 

2.2.3 Fluorescence Analysis 

The sample solution was prepared by adding 10 μL of fluorescent probe solution to 

10 mL of water or UFB solution in a 15-mL glass tube while gently mixing with a vortex 

mixer. The fluorescence spectra were measured by using a JASCO FP-8300 

Spectrofluorometer (Hachioji, JAPAN) with a 1-cm quartz cell.  The emission 

wavelengths were 340 nm for PN, BPN, and DN.  Slit widths of the excitation and 

mission wavelength were 5 nm. 
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2.3 Results and Discussion 

Fig.2-1 shows concentration and size distribution of generated UFB. In the present 

experimental conditions, the UFB concentration was 1.09 × 109 pcs/mL. The 

concentration of UFB in diluted aqueous solution was proportional to the reciprocal of 

the dilution ratio with water.  These results are consistent with reports of UFB 

concentration upon dilution of UFB solution with water [11-13]. From the result of Fig.2-1, 

the average size of UFB was 103 nm with 38 nm of the standard deviation. Compared to 

the high reproducibility in the result of the UFB concentration measurement, that of UFB 

size distribution measurement was less reproducible even in repeated measurements of 

the same sample. 

 

 

 

 

Fig.2-1 Size distribution of UFB in generated UFB water. The red area indicates 

the scatter of 5 measurements. 
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Fig. 2-2 shows emission spectra of PN, BPN, and DN in water and UFB solution.  

PN had been extensively used as a lipophilic probe for biomolecules [14-16] and an 

indicator for determining critical micelle concentrations of surfactants [17], because its 

emission strength enhanced and the spectrum shifted to lower wavelength due to the 

partitioning of the probe to the more hydrophobic region of the surfactant micelle. Such 

function of PN has been successfully utilized for evaluating hydrophobicity of 

microscopic environments of micelles or surfactant aggregates on solid surfaces [18,19] and 

surfactant-modified clay minerals (namely organoclays) [20]. However, the emission 

spectrum of PN changed negligibly in the presence of UFB. In our previous study, some 

degree of hydrophobicity was necessary for the adsorption onto air bubbles [9-11]. PN 

seems to have insufficient hydrophobicity for the effective adsorption on UFB. In contrast, 

the emission spectra of BPN and DN were remarkably changed by the presence of UFB, 

probably because they have enough hydrophobicity to adsorb onto the hydrophobic 

surfaces of the UFB and/or they adsorb more hydrophobic region on the surface of UFB. 

Due to the low solubility of BPN, however, it was difficult to obtain the clear emission 

spectrum. Moreover, there were low spectral change by the presence of UFB (Fig.2-2(B)). 

On the other hand, DN provided clear emission spectral change depending on the 

concentration of UFB (Fig.2-2(C)). The wavelength of the maximum emission (λmax) of 

DN in water was 486 nm, while it shifted to shorter wavelength (408 nm) in the presence 

of ultrafine bubbles with a number concentration of 1.09 × 109 pcs/mL. This fact indicates 

that DN strongly partitions to the surface of the UFB which provided a much more 

nonpolar or hydrophobic microenvironment for DN relative to that it experiences in bulk 

water.  
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Fig.2-2 Emission spectra of PN (A), BPN (B), and DN (C) in water and UFB 

solution. Relative fluorescence intensity (100) was defined by the 

maximum emission intensity in water. 
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To briefly explain the concentration dependence observed for probe DN in the UFB.  

As seen in Fig.2-2(C), the emission wavelength of DN progressively shifts toward smaller 

values as the UFB concentration increases. This probably reflects the fact that a greater 

proportion of the DN partitions to and binds the more hydrophobic microenvironment of 

the UFB as the UFB concentration increases. That is, the equilibrium is shifted so that 

more DN in the bulk aqueous phase becomes bound to the UFB interface and thus at the 

greatest UFB concentration, is most likely completely bound: 

 

   DN (aq)  +  UFB        DN-UFB  (DN bound to interfacial region of UFB)  

 

The results obtained in the present study include adsorption isotherm of DN to the 

surface of the UFB. Accurate and reproducible measurements of the size distribution of 

the UFB, being essential for the accurate estimation of the surface area or interfacial 

region of the UFB, will enable quantitative analysis of adsorption isotherms. 

Fig.2-3 shows the correlation of relative permittivity and λmax value of DN in 

different solvents. The λmax value in UFB solution indicating by an arrow was close to the 

values in ethyl acetate (416 nm) and diethyl ether (406 nm).  The result strongly suggests 

that air-water interface has similar solvent property to ethyl acetate or diethyl ether that 

are extensively utilized as extracting solvents for a wide range of solutes including 

hydrophobic and rather polar organic compounds.  

The property of the surface of UFB as an extracting solvent evaluated in the present 

study corresponded to that of ethyl acetate or diethyl ether. It was more hydrophilic rather 

than n-heptane, carbon tetrachloride, or butyl ether, clarifying by the measurement of 

second harmonic spectrometry using ET(30) [6,7]. The difference may be ascribable to the 

difference in the characteristics of indicator molecule or the difference in distance from 

air-water interface obtained by measurement method. According to the studies about the 
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orientation of organic and inorganic ions at the air-water interface [21-23], it can be inferred 

that the air-water interface has a polar or hygroscopic property that allows the distribution 

of these ions. The present result is consistent with the results obtained using more polar 

indicator molecules [8]. The result obtained in the present study would be useful when 

considering the properties of air-water interface as a selective collection medium for 

target substances.  

 

 

 

 
 

Fig.2-3 Correlation between relative permittivity of solvent and the wavelength at 

the maximum emission (λmax) of DN. Solvent: (1) water, (2) methanol, 

(3) ethanol, (4) 1-propanol, (5) 1-butanol, (6) 1-octanol, (7) ethyl acetate, 

(8) diethyl ether. An arrow indicates λmax value in water containing  

1.09 × 109 [pcs/mL] of UFB. 
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2.4 Conclusion of This Chapter 

It can be emphasized that this study is the first report to reveal the chemical 

properties of the surface or air-water interface of UFBs.  Numerous studies about the 

stability and physical properties of UFBs have expanded the basics and application 

possibilities of the UFBs [24-28].  Differences in stability and physical properties from 

micro-bubbles as well as their size dependence are also interesting features of the UFBs.  

On the other hand, the chemistry or solvent property of UFBs or their surface has not 

received much attention.  Development of a method to clarify the properties of ultrafine 

bubbles as a solvent, that is, their chemical properties, will facilitate the use of UFBs as 

separation media or reaction sites. 
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CHAPTER 3. 

Surfactant-free Air Bubble Flotation–Coagulation for the Rapid  

Purification of Chloroquine 

 

3.1 Introduction 

Chloroquine (CQ) is a popular medicine that has long been used as an antimalaria 

medication [1]. According to the 2020 World Malaria Report of WHO, the disease onset 

patient was 229 million people with 409,000 deaths in 2019 [2]. Malaria is still a serious 

disease threat which has not declined yet. Despite of the occurrence of CQ-resistant 

malaria, CQ and its analogues have been antimalarial of choice for several decades 

because of the effectiveness, large tolerance, safety, and relatively low price. Moreover, 

CQ derivatives have recently been studied as effective therapeutic drug candidates for 

different viral infections, cancer, immune, neoplastic, and neurological diseases [3-8]. 

These facts indicate that CQ remains a solid candidate for the treatment of various 

diseases.  

CQ is typically synthesized by an SN2 reaction of 4,7-dichloroquinoline and 4-

amino-1-diethylaminopentane (Fig.3-1) [9,10]. The crude product is extracted into an 

appropriate organic solvent and then recrystallized to obtain high purity CQ. Considerable 

amounts of toxic, volatile, and flammable organic solvents are used to perform these 

purification processes. Moreover, energy consumption for temperature control and time-

 

 

Fig.3-1 Reaction scheme of CQ 
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consuming procedures are necessary in the respective purification steps. 

Recently, we have designed a novel separation method for the purification of a 

fluorescent dye, Rhodamine B, from its crude product [11]. The method was conducted by 

placing an aqueous solution containing crude Rhodamine B in a cylindrical flotation 

vessel having a sintered glass filter followed by feeding air through the filter to generate 

air bubbles. In the presence of small amount (0.2~0.5% (v/v)) of ethanol, Rhodamine B 

was enriched to temporary generated foam on the surface of water, while reactants and 

intermediate compounds remained in the bulk aqueous solution. By three-times repeated 

separation, reactants, intermediate compounds reduced into undetectable levels. The 

method was applicable to obtain high-purify (>99.8%) Rhodamine B. 

Because of very simple and rapid procedures as well as needless of large amount of 

toxic and flammable organic solvents, air bubble flotation may become a useful basis as 

a drug purification method. Different from conventional surfactant-mediated flotation 

techniques, purified product does not contain surfactants or collector molecules that are 

difficult to separate. In the present study, we examined the applicability of air bubble 

flotation for CQ purification. Experimental conditions required for the selective CQ 

separation were investigated in detail. Physicochemical and computational chemical 

approaches were applied to clarify the mechanism of the adsorption and coagulation of 

CQ at air-water interface. Repeated air bubble flotation was tested for obtaining high-

purity CQ from its crude product. 
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3.2 Experimental 

3.2.1 Chemicals 

Chloroquine (CQ) diphosphate (>98.0%), 4,7-dichloroquinoline (DCQ), and 4-

amino-1 diethylaminopentane (AP) were obtained from Tokyo Chemical Industry (Tokyo, 

Japan). 2-Propanol and sodium hydroxide (for medicine test) were purchased from 

Fujifilm Wako Pure Chemical (Osaka, Japan). Other reagents used was of analytical grade. 

Water was prepared with a Milli-Q Integral Water Purification System (Merck Millipore, 

Billerica, MA, USA). Crude CQ was obtained by a minor modification of the synthetic 

method reported by F.A.R. Ruiz, et al. [10]. A 500-mg portion of DCQ and 2.00 g of AP 

were placed in a 50 mL round bottom flask. The mixture was heated at 80 ℃ for 1h and 

then, the temperature was raised to 140 ℃ to continue the reflux for 7h. It was dissolved 

in 2 mL of 2-propanol and then volumetrically up to 10 mL with water to prepare a crude 

CQ solution. 

 

3.2.2 Flotation of CQ 

A cylindrical open glass column (length: 700 mm, inner diameter: 50 mm, for 

column chromatography, GL Science, Tokyo, Japan) with a sintered glass filter (pore size: 

20~30 µm) at the bottom was used as a flotation vessel. The pore size of the glass filter 

was selected because of the smooth air feeding to generate sufficient amount of air 

bubbles. One milliliter each of crude CQ solution and 10 M NaOH were poured into 1 L 

of water. The resulting solution (pH 12) was placed in the flotation vessel and then air 

(0.4 L min−1) was supplied through the sintered glass filter to generate air bubbles. After 

conducting air bubble flotation for 90 seconds, coagulates formed on the surface of water 

was collected with a suction. The coagulates were washed with cold water and then 

dissolved with 2 mL of 2-propanol to pour into another flotation vessel in which 1.0 L of 

0.01 M sodium hydroxide solution was placed. The air bubble flotation was repeated 3 
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times. Finally, the coagulates were washed with cold water on an OmniporeTM membrane 

filter (hydrophilic PTFE, pore size: 0.45 μm, Merck Millipore) and then dissolved with 

10 mL of 2-propanol. Bulk aqueous solution was also sampled from the bottom of the 

flotation vessel to monitor the residual concentrations of the respective compounds. 

A Waters LC-MS system (Milford, MA, USA) composing of an Alliance e2695 

separations module, a 2439 UV/Vis spectrophotometric detector, and a 3100-type mass 

spectrometric detector with connecting an InertSustainTM C18 column (length: 150 mm, 

inner diameter: 3.0 mm, particle size: 3.0 μm, GL Science, Tokyo, Japan) for the 

separation and determination of CQ and DCQ. The mobile phase composition was 

initially 40% (v/v) acetonitrile containing 5 mM triethylamine and 10 mM ammonium 

acetate for 7 min and, then, followed by elevating acetonitrile content to 80% (v/v) 

continued for 6 min. The flow rate and detection wavelength were 0.5 mL min−1 and 250 

nm, respectively. Ionization potential (positive ion mode) and souse temperature of mass 

spectrometric detector were 20 V and 120°C. A Shimadzu GC-2014 gas chromatographic 

system having an FID detector (Kyoto, Japan) was used for the separation and 

determination of CQ and AP. A capillary column employed was TC-WAX (GL Science, 

liquid phase: polyethylene glycol, inner diameter: 0.25 mm, length: 30 mm). Linear flow 

velocity of carrier gas, N2, was 23 cm s−1. Column oven temperature was initially 85°C 

for 3 min, then ramped by 50°C min−1, held at 190°C for 4 min, ramped by 30°C min−1, 

and finally held at 230°C for 6 min. 

 

 

 

 

 

  



- 26 - 

 

3.2.3 Dynamic Surface Tension Measurement 

    Dynamic surface tension was measured with a potable dynamic tensiometer Dyno 

Tester+ (SITA Messtechnik, Dresden, Germany), in which air bubbles are generated in the 

solution, and the surface tension is measured from the pressure applied to the air bubbles. 

Before measurement, aqueous solutions containing 0.1% (v/v) of 2-propanol and 

prescribed amount of CQ or DCQ were placed in a water bath whose temperature (25.0 

± 0.2°C) was controlled with a CTP-1000 low temperature circulator (EYERA, Tokyo, 

Japan). 

 

3.2.4 Solubility Measurement 

For measuring the solubilities of CQ and DCQ, they were dissolved in 0.01 M 

sodium hydroxide containing 0.1% (v/v) of 2-propanol by mixing for 96 h at 25.0 ± 0.2°C. 

The solution was passed through an OmniporeTM hydrophilic PTFE membrane filter (pore 

size: 0.2 μm) to eliminate insoluble fraction. A Jasco Extrema HPLC system (Hachioji, 

Japan) composing of a PU-8140 RHPLC pump and a UV-4075 Vis/UV detector was used 

for the determination of CQ and DCQ. The separation column, mobile phase composition, 

detection wavelength, and other chromatographic conditions were the same as those 

described above. 

 

3.2.5 Molecular Dynamic Simulation 

A WinmosterTM (X-Ability, Tokyo, Japan) was used for driving a large-scale 

atomic/molecular massively parallel simulator (LAMMPS). An EliteDesk 800G5 desk-

top personal computer (Win 10, 32 GB, HP Japan, Tokyo, Japan) was employed for 

calculating the simulation. 
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3.3 Results and Discussion 

3.3.1 Air Bubble Flotation 

About 60 seconds after the start flotation, occurrence of white coagulates was found 

at the top of the foam temporally generating on the surface of water. This phenomenon is 

ascribable to the enrichment of CQ beyond its saturation concentration around the surface 

of water. Time-dependent removal ratios of CQ and DCQ are shown in Fig.3-2, in which 

their initial concentrations are 10 μM. The removal ratio (%) was calculated by the 

following equation. 

 Removed (%) =  
(C0−C)

C0
 × 100 ・・・(1) 

Here, C0 denotes initial concentration and C is the concentration remaining in the bulk 

aqueous solution. The removal ratio of CQ reached maximum after 90 seconds and 

remained a constant value (95 ± 1%) while the value of DCP was only 20 ± 3%, indicating 

the achievement of selective separation of CQ.  

Fig.3-3 shows the effect of pH on the removal ratio of CQ and DCQ. CQ was hardly 

separated at pH 7 while it was well enriched on the surface of water at pH 12. Such pH 

dependence of CQ separation can be ascribed to the pH dependent acid-base property of 

CQ. CQ (pKa: 10.47 and 6.33 [12]) can protonate to form its positively charged conjugated 

acid in the neutral pH region, while it becomes uncharged species having higher 

hydrophobicity that can be represented by aqueous-octanol distribution coefficient (log 

Kow = 4.63 [13]). The value is greater than that for DCQ (log Kow = 3.57 [13]). Solute 

hydrophobicity was an important factor for the adsorption on the surface of air bubbles. 

Therefore, the solution pH was set to 12 for separating CQ from DCQ.  
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Fig.3-2 Effect of flotation time on the removal of CQ and DCQ 

 

 

 

Fig.3-3 Effect of solution pH on the removal of CQ and DCQ. The fig ure above is 

pH-dependent mole fraction of CQ 
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The adsorption of CQ and DCQ onto the surface of air bubbles can be evaluated by 

measuring the dynamic surface tensions of their aqueous solutions. Fig.3-4 shows 

dynamic surface tension, γ [mN m-1], of the aqueous solutions containing different 

amount of CQ or DCQ. At pH 12, the surface tension of DCQ solution was almost 

independent of the concentration of DCQ, indicating that DCQ hardly adsorbs on the air 

water interface. In contrast, that of CQ solution decreased with increasing the 

concentration of CQ because of its adsorption on the air-water interface. Arrows in Fig.3-

4 indicate the solubilities of CQ (35.6 ± 0.4 μM) and DCQ (166 ± 6 μM) in the aqueous 

solution (pH 12) containing 0.1% (v/v) of 2-propanol. The decrease in the surface tension 

of CQ solution was more significant in the concentration range above the solubility of 

CQ, suggesting that CQ coagulates more strongly adsorb on the air-water interface rather 

than a CQ molecule. This fact was advantageous for the selective collection of CQ. At pH 

7, the surface tension was almost independent of the concentration of CQ, supporting  

non-adsorptive property of positively charged conjugated acid of CQ. 
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Fig.3-4 Dynamic surface tension of aqueous solution containing different amount of 

CQ or DCQ. Arrows indicate the solubilities of the respective compounds 
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The behavior of CQ close to the air-water interface may also be demonstrated by a 

molecular dynamic simulation method. Different simulation methods have been reported 

to reproduce the dynamics of ions or molecules at the air-water interface [14-16]. In the 

present study, LAMMPS was employed to visualize the dynamic behavior of CQ. The 

intermolecular force on a molecule is represented by the sum of the interaction on a 

molecule located at a position.  

 𝑓𝑖 =  ∑ 𝑓(𝑟𝑖𝑗)𝐼≠𝑖  ・・・(2) 

The intermolecular force can also be expressed by the Newtonian equation of motion.  

     𝑚𝑎𝑖 = 𝑚 
𝑑2𝑟𝑖

𝑑𝑡2
= 𝑓𝑖  ・・・(3) 

Here, m [kg] denotes the mass of a molecule (or ion), ai [m s−2] is the acceleration 

of the molecule, ri [m] is the position of the molecule, and t [s] is time. Fig.5 shows the 

results of the dynamic molecular simulation of one molecule of CQ (A) or 30 molecules 

of CQ (B) in water. As indicated in Fig.3-5(A), a CQ molecule placed at the random 

position in water moved to adsorb on the air-water interface. Moreover, multiplex of CQ 

molecules adsorbed on the air-water interface to form coagulate (Fig.3-5(B)). These 

results strongly support the experimental results including the enrichment and coagulation 

of CQ on the surface of water in the air bubble flotation.  

Next, the effect of initial concentration was studied to clarify the sample loading 

capacity of the proposed method. Fig. 3-6 shows the effects of the initial concentrations 

of CQ and DCQ on their removal ratios. The values increased with increasing the initial 

concentrations because of the easy formation of the coagulates. However, selectivity in 

the removal of CQ decreased with increasing the initial DCQ concentration more than 10 

μM (2 mg L−1) due to the increased formation of DCQ precipitates.  
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Fig.3-5 Results of molecular dynamic simulation (LAMMPS) of one or 30 

molecules of CQ close to air–water interface 

 

 

Fig.3-6 Effect of initial concentration, C0, on the removal of CQ and DCQ 
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Before the application to CQ purification, the recoveries of 10 μM each of CQ and 

DCQ from the mixed solution were clarified. Fig. 3-7 shows the recoveries of CQ and 

DCQ obtained by conducting repeated air bubble flotation. Here, the recovery was 

defined by the ratio of the amount recovered (Wi) after the respective times of the flotation 

to the initial amount (W0) in the crude product and taken into consideration of loss during 

suction collection. 

Recovery (%) =  
Wi

W0
 × 100 ・・・(4) 

The recovery of CQ was 72 ± 8% after three times separation, while the amount of 

DCQ reduced into undetectable level. As indicated in Fig. 3-6, removal ratio was 

dependent on the initial concentrations of CQ and DCQ. Since the amount of sample load 

was optimized for target CQ, the initial concentration of DCQ estimated was below 2 μM. 

Preferential adsorption of CQ onto air-water interface may be another reason for the low 

recovery of DCQ and, therefore, high selectivity for CQ. Estimated time for three times 

separation was within 15 min, being extremely shorter than the time required for 

recrystallization, sublimation, or chromatographic separation. 
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Fig.3-7 Recoveries of CQ and DCQ after the respective time of air bubble flotation 
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3.2.2 Application to CQ Purification 

Fig. 3-8 shows liquid chromatograms obtained by introducing crude CQ solution 

(A), purified CQ solution obtained by conducting air bubble flotation three times (B), and 

a solution of standard material of CQ (C). It also indicates mass spectrum ([CQ+H]+ = 

320.3) for the peak (retention time = 6.4 min) in an enclosure. A peak of DCQ and some 

unknown peaks that appeared in the chromatogram of crude CQ (Fig.3-8(A)) reduced 

into undetectable levels in that of purified CQ (Fig.3-8(B)). The chromatogram of purified 

CQ was almost the same as that of standard material of CQ (Fig.3-8(C)). The existence 

of excess AP was monitored by GC as indicated in Fig. 9. Definite peaks of AP and DCQ 

as well as several unknown peaks observed in the gas chromatogram of crude CQ (Fig. 

3-9(A)) also reduced into undetectable levels in the chromatogram of purified CQ (Fig.3- 

9(B)). The purity of CQ estimated based on the peak areas at detection wavelength 250 

nm in liquid chromatogram was >99.0%. White granules of CQ was finally obtained by 

washing the coagulate with cold water and then freeze-drying it. The result obtained in 

the present study strongly suggests applicability of non-surfactant air bubble flotation for 

the rapid and simple purification of CQ. The studies about scaling-up and continuous 

processing may be important for the practical application to drug purification. 
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Fig. 3-8 Liquid chromatograms of crude CQ (a), purified CQ (b), and standard 

material of CQ (c) obtained by ultra-violet detection at 250 nm and ESI-mass 

spectrum obtained by introducing a fraction of CQ 

 

Fig. 3-9 Gas chromatograms obtained by introducing crude CQ (a) and purified CQ 

(b). A peak of CQ was not detectable in the experimental period because of its 

very low volatility. 
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3.4 Conclusion of This Chapter 

Non-surfactant air bubble flotation was a rapid and simple separation method for the 

purification of chloroquine (CQ) from its crude product. CQ in the aqueous solution 

containing 0.1% (v/v) 2-propanol was enriched to form coagulate on the top of the foam 

temporary generated on the surface of water. The results of dynamic surface tension 

measurement and molecular dynamic simulation indicated selective adsorption and 

coagulation of CQ on the surface of air bubbles or air-water interface. At pH 12, CQ was 

selectively collected as the coagulates to the surface of water within 90 seconds, while 

other constituents including source materials and impurities remained in the bulk aqueous 

solution. High-purity (>99.0% as a 250 nm detection in HPLC) CQ was obtained by 

performing three times air bubble flotation. 
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CHAPTER 4.  

Effect of Air Bubbles on the Membrane Filtration of  

Rhodamine B 

4.1 Introduction 

Membrane filtration is a popular technique for separating particulate matters as well 

as even dissolved substances [1,2]. Particularly, nanofiltration membranes have extensively 

been used for the rejection of small molecules or organic ions in water [3,4]. In the practical 

use, these membranes are modularized and the water to be treated is pressurized and 

supplied to the module. However, the requirement of pressurization lead to larger 

equipment and higher operation costs. The reason of the necessity of the pressurization is 

ascribable to the extremely small pore size of the membranes. Recent development in the 

membrane technology enabled the development and application of gravity-driven 

membrane filtration using ultrafiltration membranes [5]. However, molecular size that can 

be separated by the ultrafiltration membrane is in the range of 20–100 kDa being far 

greater than the molecular weights of small organic molecules such as dyes, 

pharmaceuticals, and other analytes. Use of larger pore size membranes such as 

microfiltration membranes or membrane filters can reduce the pressure required and 

increase the throughput, but these filters do not have the ability to reject dissolved organic 

molecules and ions. 

Recently, we reported a surfactant-free air bubble flotation for the purification of a 

basic dye, rhodamine B (RB) in water [6]. The method was conducted by feeding air 

bubbles from the bottom of a cylindrical vessel in which the aqueous solution containing 

crude RB had been placed. RB in the aqueous solution was rapidly enriched to the surface 

of water with separating source materials and intermediate compounds to obtain the 

highly purified product. In this system, air bubbles act as adsorbents for the selective 

collection of RB. The properties of air bubbles as an adsorbent may also be applied to 
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membrane separation. Since the sizes of air bubbles are larger than the pore size of the 

membrane filter present in the aqueous solution and a target substance is adsorbed to the 

air bubbles, it may be possible to prevent the passage of the target substance through the 

membrane filter. 

In this section, we studied the feasibility of the use of air bubbles to achieve 

membrane filtration of a small organic molecule, RB. For this purpose, the aqueous 

solution containing RB was passed through a membrane filter with generating air bubbles 

by vigorous mixing of the solution using a homogenizer. The correlation of the amount 

of air bubbles and rejection efficiency of RB was investigated. Behavior of another dye, 

methylene blue (MB), was also observed to clarify the factor influencing the rejection 

efficiency.  
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4.2 Experimental 

4.2.1 Chemicals 

RB and MB (ion association agents for spectrophotometric analysis) were obtained 

from Tokyo Chemical Industry (Tokyo, Japan). 1-Butanol purchased from Fujifilm Wako 

Pure Chemical (Osaka, Japan) was used as a frother. Water was purified with a Milli-Q 

Gradient Water Purification System (Merk Millipore, Burlington, MA, USA). A 

homogenizer T18 digital Ultra-Turrax® (IKA, Staufen, Germany) with a shaft generator 

S18N-19G (shaft diameter: 19 mm, generator outer diameter: 19 mm, rotor diameter: 12 

mm) was used for generating air bubbles. An OmniporeTM hydrophilic PTFE membrane 

filter (pore size: 0.20 μm, diameter: 45 mm, Merk Millipore) was employed for the 

membrane separation. 

 

4.2.2 Filtration 

The setting of a membrane filter on the filtration equipment and its outline including 

the immersed part of a shaft generator and illustrated in Fig.1 The membrane filter was 

placed on a filter base fitted with a stainless support screen and then a 300 mL glass funnel 

(inner diameter: 70 mm) was placed on it. The filtration equipment was set on a suction 

filtration bell in which a 100 mL beaker was placed for collecting filtrate solution. A 200-

mL portion of the aqueous solution containing 0.05% (v/v) of 1-butanol and 5.0 × 10−6 

mol dm−3 of RB or MB was placed in the glass funnel, the shaft generator of the 

homogenizer was immersed in the solution and then rotated at high speed to generate air 

bubbles.  The rotation speed was in the range of 4,000–24,000 rpm.  A 20-mL portion 

of aqueous solution passed through the membrane filter was collected to measure the 

absorbance at 556 nm for RB and 664 nm for MB.   
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Fig. 4-1 Overview of air bubble-assisted membrane filtration. 
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4.2.3 Analysis of Air Bubbles 

A Canon EOS 90D digital single-lens reflux camera (Tokyo, Japan) with an EF-

S60mm F2.8 macro Ultra Sonic Motor single focus lens was used for taking photographs 

of air bubbles. The shutter speed was set to 1/8000 s. A couple of 50 W LED lamps were 

used for irradiating light to obtain high contrast images of air bubbles. The numbers of 

air bubbles having different size were countered by using an open source image 

processing software, Image J.  

 

4.2.4 Dynamic Surface Tension Measurement  

The dynamic surface tensions were measured with a DinoTester+ dynamic surface 

tensiometer (SITA Messtechnik GmbH, Dresden, Germany). Before experiments, all 

aqueous solutions were immersed in a water bath whose temperature was controlled at 25 

± 1°C with an EYELA CTP-1000 low temperature water circulator (Tokyo, Japan). 
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4.3 Results and discussion 

When the shaft generator of the homogenizer was rotated at high speed, air was 

pulled into the aqueous solution and torn off to generate a large number of air bubbles.  

Fig.4-2 shows the effect of rotation speed of the shaft generator on the rejection ratio, R 

(%), of RB and MB.   

R (%) = (1 −
𝐶𝑓

𝐶0
)  × 100  ・・・ (1) 

Here, C0 denotes the initial concentration of a dye in the aqueous solution and Cf is the 

dye concentration in the filtrate solution. Both dyes were negligibly rejected when the 

rotation speed was lower than 8000 rpm. In this condition, no or few air bubbles were 

generated in the solution to be filtrate and hence the situation was the same as a normal 

membrane filtration.  It is reasonable for these dye molecules 

(1.44 nm × 1.09 nm × 0.64 nm for RB [7] and 1.43 nm × 0.61 nm ×0.4 nm for MB [8]) 

much smaller than pore size (0.20 μm) to pass through the membrane filter. On the other 

hand, RB tended to be rejected above 8000 rpm of the rotation speed and the rejection 

ratio increased with increasing the rpm value. In the concentration of 2.0 × 10−6 to 2.0 × 

10−5 mol dm−3, the rejection ratio was almost independent of the concentration of RB.  

This indicates that the concentration, 5.0 × 10−6 mol dm−3, of RB selected for obtaining 

accurate and precise results was lower than at which the effect of adsorption capacity of 

air bubbles is concern.  
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Fig. 4-2 Effect of rotation speed of a shaft generator of a homogenizer on the 

rejection ratio, R (%), of RB (filled circle) and MB (empty square).  

The model and type of the homogenizer and shaft genera tor are described in 

experimental section. 1-Butanol concentration: 0.05% (v/v) 
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Fig.4-3 shows the effect of 1-butanol concentration on the rejection ratios of RB and 

MB. In the absence of 1-butanol, RB was slightly rejected. On the other hand, the 

rejection ratio increased with increasing 1-butanol concentration. 1-Butanol is known as 

a weak frother which has often been used in flotation techniques to improve their 

separation efficiency [9,10]. It works to reduce the size of the air bubbles that are generated 

but is less effective in producing stable foam. As shown in the photo-pictures in Fig.4-3, 

the addition of 1-butanol significantly reduced the size of air bubbles.  This result 

indicates the suitability of 1-butanol as an additive to reduce the size of air bubbles to 

increase the surface area of air bubbles for the adsorption of RB. However, the addition 

of further amount of 1-butanol resulted in the decrease in the rejection ratio of RB. 1-

Butanol can adsorb on the air-water interface [11] and hence may suppress the adsorption 

of RB on the surface of air bubbles. Therefore, 1-butanol concentration was set to 0.05% 

(v/v) in the present study. Another basic dye, MB, was negligibly rejected under all 

conditions. 
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Fig. 4-3 Effect of 1-butanol concentration on the rejection ratio, R (%), of RB 

(filled circle, empty circle) and MB (empty square). Rota tion speed: 

(filled circle) 16,000 rpm, (empty circle, empty square) 24,000 rpm 
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Fig.4-4(A) lines up photo images of filtration funnels in which air bubbles are 

generated in the aqueous solution containing 0.05% (v/v) of 1-butanol by rotating a shaft 

generator of homogenizer at different rotation speed. As increasing the rotation speed, the 

solution became turbid due to the increased occurrence of fine air bubbles as well as 

inflated because of the increased amount of entrained air. Therefore, increased rejection 

of RB may be ascribable to the increasing surface area of air bubbles for the adsorption 

of RB. In the presence of 1-butanol, the shape of the air bubble was almost spherical 

regardless of their size. As a first approximation, the surface area, Sest, of air bubbles can 

be estimated from the product of the quantity of air bubble (ni) having specified range of 

diameter (di) and the increase in solution volume (ΔV). 

Sest = 4π ∑ [(
𝑑𝑖

2
)

2

 ×  𝑛𝑖]𝑚
𝑖  ・・・ (2) 

ΔV =  
4

3
𝜋 ∑ [(

𝑑𝑖

2
)

3

× 𝑛𝑖]
𝑚
𝑖   ・・・ (3) 

The ΔV value meaning difference in the solution volumes with and without 

homogenizing the solution is attributed to the volume of generated air bubbles if their 

shapes are assumed to be spherical. Therefore, Sest value at each rotation speed was 

estimated from ΔV, di, and ni. Fig.4-4(B) and 4(C) indicate an example of a set of particle 

analysis of air bubbles and their number-based size distribution. The correlation between 

rotation speed and estimated surface area of air bubbles, Sest, is shown in Fig. 4(D). 

The effect of estimated surface area, Sest, of air bubbles on the rejection ratio, R(%), 

of two dyes is shown in Fig.4-5 whose horizontal axis is replaced from the rotation speed 

in Fig.4-2. The shape of the curve for RB seems a kind of adsorption isotherm, indicating 

that air bubbles play as adsorbents to control the membrane filtration. 
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Fig.4-4 Photo images of separation funnels (A), an example set of par ticle analysis 

(B) and number-based size distribution of air bubbles (C), and estimated 

surface area of air bubbles, Sest, at different rota tion speeds (D). 1-

Butanol concentration: 0.05% (v/v) 
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Fig. 4-5 Rejection ratio, R (%), of RB (filled circle) and MB (empty square) as a 

function of estimated surface area of air bubbles, Sest. 1-Butanol 

concentration: 0.05% (v/v) 
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As also shown in Fig.4-2, another dye, MB, was negligibly rejected even in the 

presence of lots of air bubbles (Fig.4-5). This is ascribable to very week adsorption of 

MB onto the surface of air bubbles. Strength of dye adsorption on the surface of air 

bubbles can be evaluated based on the effect of dye concentration on the surface tension 

of the aqueous solution. Fig.4-6 shows the dynamic surface tension of aqueous solution 

containing different amounts of RB or MB. The surface tension of RB solution 

significantly decreased with increasing the logarithmic concentration of RB, while the 

decrease in the surface tension of MB solution was very small. Large negative slope of 

the curve for RB having higher hydrophobicity (logarithmic aqueous-octanol distribution 

coefficient, log Kow = 2.3 [12]) indicates strong adsorption of RB to the air-water interface.  

On the other hand, very small slope of the curve for MB indicates that MB having low 

hydrophobicity (log Kow = 0.1 [13]) hardly adsorbs to the air-water interface. It is well-

known that surfactant molecules having charged group and hydrophobic alkyl chain can 

strongly adsorb on the air-water interface [14-16] and the adsorption strength tend to 

increase with increasing the carbon number, therefore, hydrophobicity of the surfactant 

[17,18]. Resent molecular dynamic simulation studies clarified preferential distribution of 

inorganic ions such as iodide ions and amphiphilic organic molecules close to air-water 

interface [19]. These facts strongly support the adsorption of positively charged RB on the 

surface of air bubbles. The results obtained in the present study strongly suggest the 

possibility of selective membrane filtration dyes by utilizing the difference in adsorption 

strength on the surface of air bubbles. 
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Fig.4-6 Dynamic surface tension of aqueous solution containing 0.05% (v/v) of 

1-butanol and different amounts of RB (filled circle) or  

MB (empty square) 
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The proposed method may be compared with micellar enhanced ultrafiltration 

(MEUF), in which surfactant micelles being larger than the pore size of ultrafilter involve 

hydrophobic solutes and, therefore, enhance their rejection. MEUF processes have 

extensively been studied to remove different dissolved pollutants from wastewaters [21-23]. 

However, pressurization is necessary to operate ultrafiltration, because of small pore size 

of ultrafiltration membranes [22]. Moreover, the presence of highly concentrated surfactant 

hinders the recovery of useful components in the retentate solutions because of the 

difficulty in the elimination of the surfactant. On the other hand, the proposed method 

does not use surfactants or any additives that are difficult to remove. The filtration using 

membrane filters and other microfilters can be conducted by gravity-driven processes.  

The use of air bubbles may effective for selective separation of molecules or ions by 

microfiltration technique. 
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4.4 Conclusion of This Chapter 

In the presence of air bubbles, RB ions were rejected by a hydrophilic PTFE 

membrane filter having 0.20 μm of pore diameter. The rejection ratio increased with 

increasing the amount of air bubbles in the RB solution to be filtrated. The rejection was 

explained by the adsorption of RB on the surface of air bubbles that hardly passed through 

the membrane filter. On the other hand, MB ions having lower hydrophobicity and, hence, 

having lower adsorption strength to air bubbles negligibly rejected. The results of the 

present study suggest the feasibility of the use of air bubbles as a kind of adsorbent for 

the selective microfiltration of molecules or ions. 
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CHAPTER 5 

CONCLUSION 

 

The separation method using bubbles as a medium was shown to be an inexpensive, 

rapid, low environmental impact separation method and effective for the separation of 

drugs. This is thought to be due to the unique properties of bubbles, which act as a kind 

of solvent, selectively separating drugs. 

In Chapter 2, the microscopic solvent properties of bubbles (air-water interface) 

were evaluated by fluorescence analysis using 1,2`-dinaphthylamine, a fluorescent 

molecule. Its fluorescence spectrum fluctuated with the presence of bubbles, with the λmax 

values shifting from 486 nm to 408 nm, toward the shorter wavelength side, suggesting 

the presence of hydrophobic fields on the bubble surface. Compared to the fluorescence 

spectra of generic solvents, the bubbles showed λmax values similar to those of ethyl 

acetate (416 nm) and diethyl ether (406 nm). This shows one aspect of air bubbles as an 

inexpensive green solvent.  

In Chapter 3, it was revealed that with a thorough understanding of the properties of 

bubbles and the right conditions, the purification of chloroquine can be accomplished in 

10 minutes. It was found that the highly hydrophobic non-ionic form of chloroquine 

interacted most strongly with bubbles and was well adsorbed to bubbles under strong 

alkaline conditions at pH 12. On the other hand, the less hydrophobic source materials 

were not strongly adsorbed onto the bubbles under any conditions. It was suggested that 

separation using bubbles is affected by the hydrophobicity (log Kow) and ionic properties 

of the compound. The developed method was better than conventional methods because 

it avoids the use of highly toxic organic solvents and requires fewer steps, making it a 

separation method for green chemistry. 

In Chapter 4, we discussed the possibility of using this technology in combination 
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with microfiltration to achieve even higher speeds and continuous processing. The 

separation time was further accelerated to less than one minute, suggesting the possibility 

of larger equipment and application to continuous processing, which would be effective 

in industrial production. 

Air bubbles were an easy to generate, inexpensive and harmless separation medium. 

In addition, adsorption of molecules onto bubbles was extremely rapid. The drug 

separation technology using bubbles as a medium developed in this study was expected 

to contribute to sustainable industry as a new separation and purification method in the 

chemical industry. 
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