
 

研究科基準様式 15 

  

 氏       名 呉 婷婷           

 授 与 学 位          博士（工学） 

 学 位 授 与 年 月 日          令和 5年 3月 23日 

 学位授与の根拠法規 学位規則第４条第１項 

 研 究 科 専 攻          秋田県立大学大学院システム科学技術研究科 

           博士後期課程総合システム科学専攻 

 学 位 論 文 題 目          Development of Poly(N-phenylglycine)-Based Adsorbent for 

Precious Metals Recovery and Study on Adsorption Mechanism 

(ポリ-N-フェニルグリシン吸着剤の開発及び吸着メカニズムと 

貴金属のリサイクルに関する研究) 

 

 主 指 導 教 員 准教授 梁 瑞録      

 

 論 文 審 査 委 員          主査 准教授 梁 瑞録   

 

           副査 教 授 柴山 敦 (秋田大学)   

                                

              准教授 菊地 英治    准教授 金澤 伸浩  

                         
                        ※本研究科以外に所属する場合はその所属を括弧書きすること 

 

 

        論 文 内 容 要 旨          
 

Today's global society is economically and socially dependent on minerals and metals. Terrestrial mineral 

deposits are by definition ‘non-renewable’ over human timescales, and their stocks are thus finite. Due to the 

large-quantity mining and consumption of metal resources, the decreasing grade of metal resources in the earth's 

crust greatly increases the mining difficulty and cost. Precious metals, such as gold and silver, are rare with high 

economic value, and also widely used in many fields. The imbalance between metal supply and demand is a major 

concern worldwide. At the same time, the increasing waste generated by electrical and electronic equipment has 

drawn more and more attention. The sustainable utilization of metal resources urgently requires the metal 

recovery from the urban mine—e-waste. 

The main methods of metal recovery start with a physical pretreatment, followed by pyrometallurgy, 

hydrometallurgy. For precious metals, hydrometallurgy has advantages of less release of hazardous substances, 

more suitability for the treatment of low-grade raw material. In the final step of hydrometallurgy, an appropriate 

method is essential for the recovery of precious metals from leaching solutions. Among them, adsorption method 

offers advantages, because they are simple in process without secondary pollutants. Conventional adsorbents, such 

as activated carbons, shows limited adsorption capacity and selectivity. In the past few years, nanomaterials, 

including inorganic nanomaterials, organic polymer-support nano composites, and metal-organic frameworks 

(MOFs) nanomaterials, have been applied in the capture and isolation of precious metals ions due to their unique 
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physical and chemical properties, including large surface area, high reactivity, developed porosity, and diverse 

functional groups. Conductive polymer, Poly-N-phenylglycine (PNPG), is an emerging polymer adsorbent used in 

adsorption studies, but its adsorption study on precious metals has not been reported so far.  

Therefore, the purpose of this study is to develop PNPG-based adsorbent materials, study the adsorption 

mechanism towards representative precious metals ions (gold and silver), and recover them from the leaching 

solutions of waste electronic substrate, etc. Firstly, it has been proved that the nanoscale PNPG particles have a 

good adsorption ability towards gold ions, but their nanoscale structure will bring about the separation problem 

after adsorption. To reduce the separation burden, we proposed a strategy making PNPG particles into PNPG 

membrane, so that it can be rapidly separated after adsorption. Subsequently, the adsorption mechanism towards 

gold and silver ions was elaborated with the aid of a series of characterization techniques. Besides, the adsorption 

studies related to composite membranes showed the improved adsorption performance as well as membrane 

stability, providing a theoretical basis for the actual metal recovery application in the future. Finally, the selectivity 

of gold and silver was investigated by adsorption experiments from both experimental mixed solutions and real 

leaching solution of printed circuit boards, and the results indicated the possibility of metals recovery by 

PNPG-based adsorbents. 

The main contents of the paper are arranged as follows. 

Chapter 1 showed the research background, research significance, and research topic studying the 

PNPG-based adsorbent for precious metals recovery and providing the basic theory for practical application. 

Chapter 2 summarized and presented the detail information about materials and equipment, as well as the 

preparation method of PNPG particles, PNPG membranes, and composite membranes of PNPG and multi-walled 

carbon nanotube. 

In chapter 3, PNPG particles were first used to capture gold with adsorption capacity (1356.78 mgg1) and 

good sensitivity to Au(III) in low-concentration solutions at pH 1. The mechanism of Au(III) adsorption by PNPG 

mainly involved chemisorption and monolayer adsorption, as evidenced by the well-fitting pseudo-second-order 

model (PSO) and Langmuir isotherm model. Electrostatic interactions and redox reactions occurred during 

adsorption, as characterized by zeta potential, XRD, TEM, FT-IR, and XPS. To solve the problem of removing the 

adsorbent after adsorption, the PNPG membrane was prepared in advance by vacuum filtration, and corresponding 

stability test experiments were conducted. SEM characterization revealed that the support layer did not participate 

in the adsorption process. The PNPG membrane remained active for a minimum of three cycles and could 

selectively capture Au(III) from uneven-concentration polymetallic solutions. Approximately 80% of the gold in 

the leaching solution of waste printed circuit boards of computers was selectively recovered using the prepared 

2-mg PNPG membrane, proving the possibility of practical application of PNPG membranes for the recovery of 

gold from e-waste. 

Chapter 4 is about the Ag(I) adsorption by PNPG membrane. In this chapter, the PNPG membrane was 

prepared by the same method as before. The characterization studies were also performed to elucidate the reaction 

mechanism between the PNPG membrane and Ag(I). It was found that most benzenoid diamine structures 

undergo a redox reaction with Ag(I), while a minority undergoes chelation which was different from the 

mechanism of Au(III) adsorption by PNPG. Through studies on the pH influence, adsorption kinetics, and 

adsorption isotherms, the maximum adsorption capacity was 366 mgg1 at pH 6, and this Ag(I) adsorption 

process also fitted well with PSO and Langmuir models. In particular, the PNPG membrane showed potential for 

the recovery of Ag from real solutions when leaching solutions of e-waste and municipal solid waste incineration 
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fly ash were subjected to adsorption experiments. 

Chapter 5 introduced the preparation and characterization of PNPG-based composite membrane, and the 

adsorption performance towards gold ions. PNPG decorated with multi-walled carbon nanotube (MWCNT) 

composite membranes (PNPG@MWCNT) was easily prepared using ultrasound-aided vacuum-assisted filtration 

and showed high stability. The results showed that MWCNT bound to PNPG through non-covalent interactions. 

The PNPG@MWCNT composite membrane with a mass composition of P3.5M0.5 showed an approximately 

20% higher adsorption efficiency than the pure PNPG membrane after 24 h adsorption in acidic Au(III) solution 

with pH = 1. The Au(III) adsorption capacity was up to 1262.6 mgg1 at pH 1, and the well-fitted 

pseudo-second-order kinetic and Langmuir isothermal models indicated that the adsorption process was mainly 

chemisorption and monolayer adsorption. More importantly, the characterization data confirmed that the 

adsorption mechanism between composite membrane and Au(III) included electrostatic interactions and redox 

reactions, and the electron transfer from PNPG to MWCNT promoted the adsorption capacity. Furthermore, the 

results of all competitive adsorption, repeatability, and gold recovery experiments in the leaching solution of 

waste printed circuit boards also demonstrated the potential of the PNPG@MWCNT composite membrane in 

practical applications of gold recovery. 

In chapter 6, the general conclusions outlook of this thesis was presented. 

 




