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Abstract

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.

Great effort has been devoted to the recycling of precious metals from leaching
liquid, and many methods have been developed. 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 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 mg-g~') and good sensitivity to Au(IIl) in low-concentration
solutions at pH 1. The mechanism of Au(Ill) 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
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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(Ill) adsorption by PNPG. Through studies on the pH
influence, adsorption kinetics, and adsorption isotherms, the maximum adsorption
capacity was 366 mg-g~! at pH 6, and this Ag(I) adsorption process also fit 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 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 mg-g~* 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(Ill) included electrostatic
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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.
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Chapter 1

Introduction

1.1. Metal resources

Archaeologists believe that the use of metals, such as gold, dates back as early as
7,000 BC, because it sometimes exists as pure metallic elements which can be easily
picked up and beaten to the desired form due to their malleability. As man learned to
extract them by smelting ores, more and more metals were discovered and used. With
the development of civilization, especially since the Industrial Revolution of 1750, the
production and employment of metals have expanded explosively, generating a series

of thinking and research on metal resources.

1.1.1. About metal resources

Before metal resources, the term ‘minerals’ should be understood. Minerals are such
lifeless substances that occur naturally in or on the earth's crust and can be extracted and
used for specific purposes in a variety of commodities and products because of the special
physical and chemical properties of their components. Minerals play an important role in
economic development, social functioning, and life quality maintenance. Minerals can be
classified into four categories, based on their primary uses: (1) Construction minerals,
including sand, gravel, and clay, which provide the foundation and strength for buildings,
roads, and other infrastructure. (2) Industrial minerals, such as salt, gypsum, fluorspar, and
kaolin, are non-metallic minerals and widely used in industry and consumer goods. (3)
Energy minerals, including gas, coal, and oil, are used to generate energy when burned. (4)
Metals [1].

Metal generally refers to a class of ductile and conductive substances with unique
luster (that is, a strong reflection of visible light) but not transparent. In a narrow sense, the
concept of metal is a simple substance composed of metallic elements. Metals have unique

chemical and physical properties, such as high electrical conductivity, thermal conductivity,



malleability, as well as the ability to form alloys with other elements. Thus, metals are
widely used. For example, iron is a bulk commodity with huge production quantities and
mainly for industrial purposes [2]; copper has been highly used in both electrical and
electronic applications; gold has been used in jewelry, investment and banks, and
technology. However, metal resources are unsustainable. It is estimated that mineral
deposits take up to even millions of years to form, but the average life of a viable mine
is as short as about 30-50 years and the existing deposits will be used up before new
deposits can be formed. This makes metal resources inherently unsustainable on a

human time scale [3].
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Fig. 1.1. The abundance of the chemical elements in the earth’s upper continental crust as

a function of atomic number [1]. © 2014 John Wiley & Sons

The existing forms of metals in nature are different. Except for a few inert metals (e.g.
gold, silver) which exist in the form of elemental, the rest exist in the form of compounds
widely distributed in the crust and the ocean [1]. Besides, the abundance of each metal in
the earth's crust is quite different (Fig. 1.1). Some major industrial metals (e.g. iron,

aluminum) have a similar abundance to major rock-forming elements (e.g. calcium,



potassium), and also show several orders of magnitude higher than that of many widely
used base metals (e.g. copper, lead, and zinc). Many other precious metals, such as gold

and platinum, are very rare [1].

1.1.2. Metal production

Metals are produced through a series of actions after exploration: mining, crushing
and milling, separating, smelting, and refining [1]. The general process can be
summarized as follows (Fig. 1.2).

Exploration: Discovering and finding out where the valuable minerals are. This is
one of the most important steps in metal production. Although minerals are everywhere
in the lithosphere, economic deposits of metals are rare and difficult to locate. This step
involves drilling and sampling to determine the type, quantity, quality of the mineral,
and grade of the metal (i.e. the percentage of metals in the rock) [1]. Considering profit,
mining will proceed if the metal concentrations are evaluated to be high enough.

Mining: Getting the ores out of the ground. There are two main methods—surface
mining and underground mining, the combination of both methods is also used in some
locations. Surface mining is the way that digging rocks out from the surface, forming a
hole or pit. When minerals are found far from the earth's surface or deeper down,
underground mining will proceed. In addition, the selection of mining method is the
result of sufficient consideration of physical structure, location, grade or value of the
ore body, and geological characteristics of the adjacent area [4].

Crushing and milling: The process of reducing particle size. Huge ores need to be
broken into smaller and smaller pieces, and the mineral monomers are fully dissociated
after milling. If the particles are too large, no monomers are not fully dissociated;
Conversely, over small particles are not easily separated in the next. These will affect
the economic indicators of production. Therefore, the mineral monomers with target
scale are usually sorted out in time by classification.

Separating the minerals from the waste rock. There are many different separation
techniques to use based on the mineral’s properties, such as hand sorting, magnetic

separation, density separation, and flotation. The methods mentioned above are all



physical separation methods. Different minerals are often found together, for example
copper and zinc, gold and silver or other precious metals, so the combination of
separation techniques is used to separate them from the waste rock and then from each
other.

Smelting and refining: The target element is more often found as a chemical
compound, so it needs to be separated from other atoms by chemical methods. There
are many different methods used to extract the target metal from the compound or
remove impurities from the final product. And the produced metal will be distributed

to where they are needed.

Finding valuable minerals

Exploration

%

Getting the ores out of the ground

Extracting ores

w

Crushing & milling

Py /
Separating

Smelting & refining

Distribution

Reducing the size of minerals

Separating the minerals from the waste rock
Purifying the metals

Sending them to where they are needed

Fig. 1.2. Brief process of metal production.

1.1.3. Precious metals

Precious metals (PMs) (e.g. gold, silver, and platinum group metals) are rare and
high-value metallic elements. Most PMs have outstanding physical and chemical
properties. In addition to good electrical and thermal conductivity, they have strong
chemical stability, high coordination ability, outstanding wear resistance and fading
resistance, and good catalytic performance [5, 6]. PMs are widely used in the
manufacture of numerous products, such as jewelry, aircraft turbines, industrial
catalysts, and electronic and electric equipment [6-8].

(1) Gold

Gold is often found in the elemental form in nature. This metal is dense, soft, bright,
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malleable, and resistant to corrosion. Since ancient times, gold has been treasured for
its beauty and permanence. Today, gold is not only processed into jewelry, but also used
in computers, communications equipment, spaceships, jet engines, and many other
products, and it is one of the essential industrial metals since the late 20th century.

Gold is predominantly utilized for jewelry fabrication accounting for 44-61%
from the year 2010 to 2021, followed by investment (21-38%), technology (7—11%),
central banks & other inst. (2—15%) (Fig. 1.3). According to statistics, the total demand
for gold in these 12 years was basically around 4,000 t.

Thanks to its conductivity, the utilization of gold in technology has occupied a
certain proportion. Gold is mainly used in the printed circuit boards of equipment in the
electronics industry, or used as the germanium-gold alloy to evaporate contacts in the
semiconductor industry. It is also used as connectors, switches, relay contacts, and so
on [9]. From a global perspective, gold consumption varies by country, for example in
the United States, there was 35% of gold was used for electrical and electronic

equipment in 2015, which was much higher than the global level [10].

4500
4000
3500
3000
2000
1500
1000
500
0

2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021
Year

Gold demand (t)

m Jewellery fabrication m Technology ®Investment = Central banks & other inst.

Fig. 1.3. World gold demand in diverse uses from 2010 to 2021 (t: tons). Redraw with
the data from Ref. [11].



Annual mine production of gold by country
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Fig. 1.4. Global mine production of gold from 2010 to 2021 in various countries.

Redraw with the data from Ref. [12].
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Fig.1.5. World gold supply from 2010 to 2021. Redraw with the data from Ref. [11].

Gold has a long production history dating back to 4000 BC, so its ore grades have
fallen over the centuries with huge mining. However, the amount of gold mining was
still on the rise in recent years. In total, the global mine production of gold increased
from 2830 to 3580 t in the past twelve years (Fig. 1.4). The 19 major gold-producing

countries accounted for more than 75% of total global production, and China was the



largest producer with 332 t in 2021 and accounted for about 9% of the total. The
comparison between Fig. 1.3 and Fig. 1.4 shows that it is not enough to meet the global
demand if all gold production comes from mining. To meet the gold demand, 23—37%
of the supply came from recycled gold (Fig. 1.5), but more effort can be put into
recycled gold whose production percentage has been declining in recent years.

(2) Silver

Silver, one of the most known and utilized metals since ancient times, iS an
important precious metal as well. It exists in the forms of single substances and
compounds in silver ores in nature. Silver has the highest electrical conductivity than
other metals, as well as excellent corrosion resistance and antibacterial properties, so it
is widely used in electronics, solar cell manufacturers, pharmaceutical industries, and
other applications. According to statistics (Fig.1.6), the total silver consumption in 2018
was calculated to be 32,141 t, about 7 times as high as that of gold in the same year.
Because of silver's unique physical properties, it cannot be easily replaced. Up to 9,533

t of silver, approximately accounting for 30%, were used in the electronics industry in

2018 which ranked first.
12000
10000 19533 06
= 8000
(o]
£ 6609.38
2 6000 5635.86
2
= 4569.03
T 4000
s |
2 2503.79
E 1900.39
2000 1222.34
167.95
0
R S Ny & » &
b\)” & ¥ b\? & a‘qx Q}Q O
§ ¢ & & & & &
> 3 3 = ¥
& ¢ & & &
o ¢ ¥
Q@

Fig. 1.6. Global silver consumption by different industries in 2018 [14]. © 2021

Elsevier

The total silver demand was basically more than 25,000 t in the past 9 years except
for 2020 (Fig. 1.7). After the decline in 2020 caused by the COVID-19 pandemic,
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global silver demand increased by 19% to 32,627 t in 2021, in which industrial section
rose by 9.3% to 15,807 t. This upward trend was mainly attributable to the resumption
of industrial activities and the re-opening of economic activities, and also potentially
due to the increased demand for electronic products resulting from telecommuting,
investment in new generation communications facilities, and increased use of

photovoltaic [13].
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Fig. 1.7. World silver demand from 2013 to 2021. Redraw with the data from Ref. [15],

and the original data has been recalculated according to 1 ton (t) = 32,151 troy ounces.
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Silver mining began in approximately 3,000 BC in modern-day Turkey. After
small-amounts mining, silver mining spread to other countries and its production
continued to expand due to the advances in mining techniques, so that many of the high-
grade ores throughout the world had been largely used up by the end of the 19th century
[16]. Moreover, the mine production of silver has not escalated to match the demands,
evidenced by the 24.3—28.0 kilotons of silver mine production (Fig. 1.8) but 27.4-33.0
kilotons of total silver demand. Although 14% of recycled silver was produced to meet
consumer demand, this percentage was much lower than that of recycled gold, and

recycled silver needs to be more concerned.

1.1.4. Necessity of metal recovery

With the spread and development of mining and metal-working techniques since
ancient times, a close link between metals, metal pollution, and human history has been
formed [17]. World soils have been increasingly polluted by heavy metals (e.g. Pb, Cd)
since the industrial age [18]. Water pollution also occurs, one reason being the acid
drainage caused by the oxidation of minerals in the air oxygen, and the wastewater
containing high-concentration metal ions [4]. The other reason is that the acid and other
chemicals produced by smelting and refining process will flow into the nearby water
systems such as rivers and groundwater, if the mining process is not properly monitored.
Air pollution will also occur, caused by the dust of the dew pit, and the harmful gases,
for example sulfur dioxide, released from the mining process. This is toxic to plants,
animals, and humans.

In addition, mining activities do harm to natural beauty. In many cases, especially
in open pit mines, the shape of the landscape changes when large amounts of rock are
dug out from the earth and piled up at the surface and leaving some large unsightly, and
dangerous holes or pits in the ground. These mine dumps also change the landscape.

The most direct problem is the depletion of metals. As mineral reserves are finite
and unsustainable, a decline in the grade of exploited mineral ores would typically be
viewed as a deterioration in quality and a sign of depletion [1]. Due to the increasing

global population and the development of new technologies such as modern



communication and computing, greater quantities of minerals and metals are being used
than ever before. The mine production of many metals has grown by one, two, or even
three orders of magnitude since 1900 [1]. Teseletso et al. showed that the ore grade
steadily decreased with the increase in cumulative production. A declining trend was
observed for Cu, Au, Ni, Pb, and Zn [2]. Moreover, the declining gold grade in mining
deposit extremely increases the cost of mining and the consumption of water, electricity,
and so on.

In light of these trends, as ore grades continue to decline, metal recovery and urban
ore mining are necessary to complement archaic mining to assure supplementation of
current and future increasing global demand and consumption. As can be seen from the
applications mentioned above, a significant proportion of gold and silver is used in
electrical and electronic equipment. Once the equipment is obsolete, it is important to

recover precious metals from it.

1.2. E-waste and metal recovery

The rapid development of industries and technological innovations result in the
fast increasing demand for PMs, leading to a supply crisis due to their deficiency in the
earth’s crust. The primary production of PMs through mining, beneficiation, and
metallurgy is a quite complicated process requiring intensive capital, energy, and labor
input, and poses a great challenge to the environment. In the meantime, the discharge
of waste electronic and electric equipment (WEEE) is increasing dramatically since
millions of people are adopting a modern lifestyle. Nowadays, recycling precious

metals from electrical and electronic wastes is very crucial and has been a hot topic.

1.2.1. E-waste, the secondary metal resource

Electrical and Electronic Equipment (EEE), including a wide range of products
with circuity or electrical components with a power or battery supply, is becoming
increasingly used in transport, health, security systems, and generators of energy, and
strongly links to widespread global economic development. It includes many household

or business-use products like basic kitchen appliances, toys, tools to music, and ICT
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items, such as mobile phones, laptops, etc. These kinds of equipment will become
electronic waste (e-waste) once they are discarded without the intent of continued reuse.
E-waste contains a range of components and materials (Fig. 1.9), such as electric cables,
printed circuit boards (PCBs), cathode-ray tubes (CRTs), liquid crystal display (LCD)
monitors, plastics, metals, and glass, some of which can be systematically recovered,

thus making this waste stream a resource of raw materials [19].

Others, 1.38%  Ppollutants, 2.7%

PCBs. 1.71%

Screens (CRT and
LCD), 11.87%

Cables, 1.97%

Metal-plastic
mixture, 4.97%

Fig. 1.9. Generalized material composition in e-waste. Note: Iron and steel (most
common materials) content found in WEEE is included in the metal fraction [19]. ©

2018 Elsevier

The metal content of Cu and Au in primary metal resources like ores was 0.5-1%
and 1-10 g/t respectively, while in the case of e-waste, it was 20% and 250 g/t
respectively. This justifies that the high content of base metal (e.g. Fe, Cu, Al, Pb, and
Ni) and PMs (e.g. Ag, Au, and Pd) makes e-waste a potential source of secondary
resources for metal recovery if feasible technologies can develop with environmentally
friendly methods [20, 21].

From the list, the exact metal content of e-waste varies significantly with its type,
age, origin, and manufacturer (Table 1.1). E-waste such as DVD players, portable audio,
and electronic scrap has most base metals while electronic devices such as personal
computers and mobile phone cards contained a higher level of precious metal compared
with others [21]. For example, TV board scrap contains about 10% Cu, 280 g/t Ag, and
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20 g/t Au, whilst PC board scrap and mobile phone scrap approximately contain 13—
20% Cu, 1000-1380 g/t Ag, and 250-350 g/t Au. Thus, the type of e-wastes as the
secondary metal resource should be chosen according to the main goal of target

recovered metals (precious metals or copper ) [22].

Table 1.1 Various types of e-wastes and their metal content. Redraw with the data from

Ref. [21]. © 2008 Elsevier

F-Waste Fe Cu Al Pb Ni Ag Au Pd
(Wt%)  (wt%) (wWt%) (wt%) (wt%) (ppm) (ppm) (ppm)
TV board scrap 28 10 10 1 0.3 280 20 10
PC board scrap 7 20 5 1.5 1 1000 250 110
Mobile phone scrap 5 13 1 0.3 0.1 1380 350 210
Portable audio scrap 23 21 1 0.14 0.03 150 10 4
DVD player scrap 62 5 2 0.3 0.05 115 15 4
Calculator scrap 4 3 5 0.1 0.5 260 50 5
TV scrap - 3.4 1.2 0.2 0.038 20 <10 <10
(CRT’ s removed)
PC scrap 20 7 14 6 0.85 189 16 3
E-scrap (1972 sample) 26.2 18.6 - - - 1800 220 30

Note that “—" denotes not reported.

1.2.2. Current situation of e-waste

The current situation with e-waste can be summarized in three aspects.

First, increasing production. The production of e-waste is increasing over years.
The per capita production of e-waste increased by 10.7% from 6.6 kg to 7.3 kg (Table
1.2), which seems small, but it was numerous when multiplied by the global population.
The total e-waste production rose by 15.6% from 46.35 to 53.60 Mt during this period
from 2015 to 2019 (Fig. 1.10). It is estimated that the amount of e-waste generated will
exceed 74 Mt in 2030 [23]. There are some reasons for this. The first is the increasing
consumer demand and high rate of obsolescence, which has resulted in an expansion of

the production of electronic equipment and the generation of e-waste. The second factor



is the short life span/replacement interval (e.g. mobile phones, personal computers) of
most of the currently in-use EEE. For example, the average life cycle of new computers
has reduced from 4.5 years in 1992 to 2 years in 2005 [24]. Thirdly, the difference
between high production and poor recycling rates leads to the increasing e-waste
inventories [19]. The above data also shows that e-waste generation varies from
continent to continent. More developed countries (such as Europe and Americas)
produce twice e-waste more than the global average (Table 1.2). Asia produces more

e-waste than Europe or Americas because it has the largest population (Fig. 1.10).

Table. 1.2 Per capita production (kg) of e-waste from 2015 to 2019. Redraw with the data
from Ref. [25].

2015 2016 2017 2018 2019
Africa 2.3 2.4 24 2.5 2.5
Americas 12.5 12.7 12.9 13.1 13.3
Asia 4.7 4.9 5.1 54 5.6
Europe 15.5 15.7 15.9 16.1 16.2
Oceania 15.7 15.9 16 16 16.1
Global 6.6 6.8 6.9 7.1 7.3

Second, insufficient recycling. The statistics show that in 2019, the continent with
the highest collection and recycling rate was Europe with 42.5%, Asia ranked second
at 11.7%, the Americas and Oceania were similar at 9.4% and 8.8%, respectively, and
Africa had the lowest rate at 0.9% (Fig. 1.11)[23]. In 2019, the formal documented
collection and recycling was 9.3 Mt, thus 17.4% compared to e-waste generated. It grew
by 1.8 Mt since 2014, an annual growth of almost 0.4 Mt. However, the total e-waste
generation increased by 9.2 Mt, with an annual growth of almost 2 Mt. Therefore, more
effort is needed to make the recycling activities keep pace with global growth of e-

waste.
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Fig. 1.10. E-waste production from 2015 to 2019 (Mt: million metric tons). Redraw

with the data from Ref. [25].
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Fig. 1.11. Global e-waste production and recycling in 2019 [23].

Third, implications resulting from e-waste. The most negative impact is the waste
of metal resources caused by the imbalance between e-waste production and recycling.
Besides, there are also environmental problems caused by hazardous ingredients (e.g.

mercury, brominated flame retardants, chlorofluorocarbons) or improper treatment [23].
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For example, the large quantities of heavy metals (e.g. Cd, Hg, Pb, Cr) and organic
pollutants in unofficially buried e-waste not only pollute soil, air, and water but also do
harm to human health [26]. Human exposure to toxic substances in the soil will be
through soil-crop-food or inhalation and skin absorption [27]. Improper treatment of e-
waste also contributes to global warming. First of all, if the materials in e-waste are not
recycled, they cannot substitute primary raw materials and reduce greenhouse gas
emissions from the extraction and refinement of primary raw materials. Next, a total of
98 Mt of COz-equivalents were released into the atmosphere from discarded fridges
and air-conditioners without environmental management. This is approximately 0.3%

of global energy-related emissions in 2019 [23].
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Fig. 1.12. Environmental, groundwater and health hazards of e-waste [27]. © 2019

Elsevier

1.2.3. Benefit from e-waste treatment

Considering the current situation of e-waste, there are various economic and
environmental benefits from e-waste treatment and metal recovery.

(1) Contributions to SDGs

E-waste management closely relates to many Sustainable Development Goals
(SDGs) identified by the United Nations and all member states. For example, such as
SDG 8 on decent work and economic growth, SDG 3 on good health and well-being,
SDG 6 on clean waste and sanitation, and SDG 14 on life below water. Given the high
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raw material demand for the production of EEE, e-waste also closely relates to the SDG
indicators, particularly the Target 12.5 of SDG 12: By 2030, substantially reduce waste
generation through prevention, reduction, repair, recycling, and reuse. An increasing
number of people on the Earth are consuming growing amounts of goods, and it is
critical to make metal production and consumption more sustainable [23].

(2) Resource and economic benefit

As metal resources are unsustainable, properly treating e-waste and recovering
metals from e-waste is an important way to protect metal resources. E-waste is an 'urban
mine', as up to 69 elements can be, including PMs (e.g. Au, Ag, Pt, Pd), critical raw
materials (e.g. Co, In, Ge, Bi), and non-critical metals such as Al and Fe (Fig. 1.13.)
[26]. Besides, the contents of PMs in waste PCBs are higher than that of ores, so that it

is worth recycling metals from e-waste.
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Fig. 1.13. Founded elements in EEE from the periodic table [26].

In addition, there are significant economic profits from recycling and utilizing e-
waste. The metal contents in waste PCBs (Table 1.3) describe their economic value, for
which the recovery of metal values from e-waste could be preferred in the future [28].
The PMs in PCBs represent more than 80% of the total intrinsic value even when their
total concentration is less than 1 wt% [29]. The value of raw materials in the global e-
waste generated in 2019 was $57 billion. Iron, copper, and gold contribute mostly to

this value. With the current documented formal collection and recycling rate of 17.4%,



a potential raw material value of $10 billion can be recovered from e-waste, and 4 Mt

of secondary raw materials would become available for recycling [23].

Table 1.3 Metal content economic value of waste PCBs (per ton) [28]. © 2009 IEEE

Metal Content (%)° Metal price ($/kg)*  Potential value Value (%)

Cu 9.7 3.6 349.2 4.8
Al 5.8 1.7 98.6 1.35
Fe 9.2 0.4 36.8 0.51
Ni 0.69 10.5 72.5 0.99
Pb 2.24 1.2 27 0.37
Sn 2.15 13 279.5 3.84
Ag 0.06 315 189 2.6
Au 0.023 24434 5620 77.17
Pd 0.01 6100 610 8.38
Total  29.87 — 7282 —

a London Metal Exchange, November, 2008.
b Chris et al. (2003) [30].

(3) Environmental benefit

Due to the negative impacts of mining activities and the environmental
implications resulting from e-waste, recovering PMs from the secondary resource with
proper treatment has the advantages of less difficulty, less capital and energy cost, less
emission of waste solid and gas, and less pollution on water, soil and air. For example,
in 2019 the recycling of iron, aluminum, and copper has helped save up to 15 Mt of
CO; equivalent emissions by comparing the emissions results between their use as

virgin raw materials and secondary raw materials [23].

1.2.4. Recovery methods
Systematic recovery of metals from e-waste has similar steps to that of metal

production mentioned above, involving e-waste collection, preparation (including



disassembly and sorting out valuable parts from e-waste), separation (including
mechanical crushing or crusher stripping metal from sorted parts), recovering valuable
metals from concentrates (similar to refining in metal production) [8]. The commonly
used recovery methods in industry are pyrometallurgy and hydrometallurgy, and the
products will be further refined by electrometallurgy. The potential process for
recovering metals from e-waste is shown in Fig. 1.14.

Pyrometallurgy: A traditional technology used to thermally and physically
separate metal phases. There are several treatment options, such as smelting in a plasma
arc furnace or blast furnace, drossing, sintering, melting, and reactions in a gas phase
at high temperatures [31]. In the case of PCBs, pyrometallurgy usually provides a
sharper and faster separation [32], but requires considerable energy input. Although
pyrometallurgical processing can recover certain metal components, it generally only
provides the first separation step between a metallic and a (non-metallic) slag phase,
while incinerating organic components. Industrial pyrometallurgical operations are
therefore usually coupled with further processing methods, both pyro- and
hydrometallurgical, to further separate individual metals [33].

Hydrometallurgy: A process traditionally used to extract PMs from ores and to
recover metals from e-waste. The hydrometallurgical processes begin with leaching,
using an appropriate acid or alkali leaching agent to dissolve the maximum metal
content into solutions. This is an important step in the hydrometallurgical recovery of
metal from waste PCBs [20]. Solvent extraction, adsorption, ion exchange, or other
methods and then used to further refine and concentrate the metal [34]. The brief
process of using hydrometallurgy to recover metal from e-waste is shown in Fig. 1.15.
In recent years, there has been an increase in literature on the hydrometallurgical
treatment of waste PCBs.

Compared to pyrometallurgical operation, the hydrometallurgical process is
technically simpler, operates at lower temperatures, does not require high energy inputs,
and does not release harmful substances such as furans and dioxins. Thus,
hydrometallurgy is generally considered to be more "environmentally friendly", which
is its major advantage [19]. Additionally, hydrometallurgy is suitable for small-scale
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applications and the processing of low-grade samples, making it attractive from an

economic point [35].
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Fig. 1.15. A brief process used in hydrometallurgy to recover metals from e-waste,

rather than landfill which is harmful to the environment [34]. © 2019 Elsevier

In the final step for PMs recovery in hydrometallurgy, the metals need to be
recovered from the leaching solutions by precipitation, solvent extraction, adsorption,
and electrorefining [34]. Precipitation has the advantages of low cost and easy operation,
but it will produce secondary pollutants during the chemical reaction. Electrorefining
is mature, but with high energy consumption. When employing solvent extraction, the
processes including extraction and stripping steps require more volume of extraction
reagent, thus increasing the processing cost [36]. In general, the concentration of PMs
(e.g., Au) in leaching solutions is much lower than that of other co-leached metals (e.g.,
Cu), which lowers the efficiency of gold separation and purification [37]. Considering
this, adsorption is a more suitable recovery method in such low-concentration leaching
solutions, and it has the advantages of low cost and high efficiency from a technical and

economic standpoint, without secondary pollution [7].

1.3. Adsorption

Due to the increasing demand for PMs and the decrease in natural metal resources,
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metal recovery has great economic benefits and environmental significance. Adsorption
is one of the most economical and effective methods for recovering PMs ions in

hydrometallurgy.

1.3.1. Adsorption mechanism

The adsorption process is a phenomenon of the accumulation of soluble adsorbates
on the surface of the adsorbent. The adsorption mechanism can be classified into two
main categories: physical adsorption (physisorption) and chemical adsorption
(chemisorption), based on the type of interactions between PMs ions and adsorbents
[38]. Physical adsorption, including electrostatic interaction and diffusion, is weak and
reversible with small energy changes, while chemical adsorption such as coordination,
acid-base interactions, and redox reactions is strong, irreversible, and involves large
energy changes [38]. Generally, the adsorption of metal ions onto adsorbents is a
complicated process involving more than one interaction, and this can be proved by a
variety of characterization and experimental methods.

Physical adsorption: Including electrostatic interaction and diffusion. The
electrostatic interaction depends on the surface charge of adsorbents and the state of
PMs species, which is indicated by the change of PMs uptakes with changing pH.
Diffusion refers to the transport of ions or molecules from a high concentration (or high
chemical potential) area to the low through Brownian motion during the adsorption
process by porous adsorbents [38].

Chemical adsorption: Being further subdivided into six modes of action.
Coordination interactions occur between PMs ions and adsorbents modified with
functional groups such as amino group (—NH>), thiol group (—SH), and carboxyl group
(-COOH), usually resulting in better adsorption performance. The importance of
functional groups may override the surface area of materials in determining the
adsorption capacity. New chemical bonds formed between PMs ions and adsorbents are

another predominant mechanism for PMs adsorption. Ion exchange usually happens in

the adsorption of PMs chloride anions (e.g. AuCl;, PtCI> and PdCI;) by amino-

functionalized adsorbents in chloride solution. Acid-base interactions have been

20



occasionally reported as the mechanism, based on the hard-soft-acid-base (HSAB)
theory, i.e. soft acids react strongly with soft bases while hard acids react strongly with
hard bases when other factors are controlled. Reduction is extensively reported, wherein
the PMs ions are reduced to lower valance and metallic states during the adsorption, as
high valance PMs ions with high electronegativity tend to acquire electrons from low
electronegativity groups such as amino groups and thiol groups. Reduction is crucial to
determining the adsorption capacity of PMs [38].

Physical adsorption
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Fig. 1.16. Adsorption mechanisms between PMs ions and adsorbents [38]. © 2021

Elsevier

1.3.2. Adsorption kinetic models
Studying the kinetics of adsorption is a routine experimental method to investigate
the adsorption behavior of PMs and explore the possible adsorption mechanisms.
Adsorption is a mass transfer process in which adsorbates move from the liquid
phase to the solid adsorbent. The adsorption mass transfer kinetic consists of three steps
(Fig. 1.17). The first step is external diffusion, wherein the adsorbate transfers through
the liquid film around the adsorbent. The concentration difference between bulk

solution and adsorbent surface is the driving force of the external diffusion. The second
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step is internal diffusion, which describes the diffusion of the adsorbate in the pores of
the adsorbent. The third step is the adsorption of adsorbate on active sites of adsorbent
[39]. Adsorption kinetics models have been used to evaluate the properties of
adsorbents and study the mechanism of adsorption mass transfer, and Wang and Guo
summarized and elaborated on 16 adsorption kinetic models [39]. Among various
adsorption kinetics models, the pseudo-first-order (PFO) model and pseudo-second-
order (PSO) model, which fit the relationship between adsorbate uptakes and contact
time, are the most widely used empirical models to estimate whether the rate-
determining step is physical adsorption or chemical adsorption [38].
Pseudo-first-order (PFO) model. The PFO model has been considered as an
empirical model for a long time. This kinetic model assumes that the adsorption process
is limited by physical adsorption, and a diffusion step restricts the movement of
adsorbed substance from liquid to adsorbent surface. The nonlinear and linear formulars

of PFO model are respectively presented as Eq. (1) and (2), respectively:
G =0, (1-e™) (1)

In(g, —q,)=Ing, —kt (2)
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Fig. 1.17. Mass transfer steps and corresponding adsorption kinetic models [39]. ©

2020 Elsevier

Pseudo-second-order (PSO) model. The PSO model was first applied to model
the adsorption of lead onto peat (Ho et al., 1996). Since then, the PSO model has been
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widely adopted to describe the adsorption processes. Most published papers have used
the PSO model to predict the adsorption experimental data and to calculate adsorption
rate constants. The PSO kinetic model assumes that the adsorption process is controlled
by chemical adsorption, involving the sharing or transfer of electrons between adsorbed
substances and adsorbent materials. The nonlinear and linear formulars of PSO model

are respectively presented as Eq. (3) and (4):

tk,g?
q =k ()
1+k,0.t
t 1 t
— = — “
G kg d,

In the above four formulas, ¢ (h) is the contact time and @, is the equilibrium

adsorption capacity, and constants & (h™!) and k> (g-mg~"-h~!) of PFO and PSO models
respectively are used to describe the rate of adsorption equilibrium [39]. The
reliabilities of PFO and PSO models can be analyzed by comparing the values of the

adjusted coefficient of determination (R?). The higher R? means the better-fitting model
and its theoretical value of equilibrium adsorption capacity (, is closer to the

experimental value [38].

In addition, there are other kinetic models, such as the intraparticle diffusion model,
Mixed-order (MO) model, and Elovich model, which are not introduced here due to the
length of the thesis. The specific models used will be introduced in the corresponding

chapters.

1.3.3. Adsorption isotherm models

Studying isotherms of adsorption is a routine experimental method to investigate
the adsorption behavior as well. An isotherm refers to the relationship between the
equilibrium adsorbate concentrations in liquid phase and the equilibrium adsorption
amount in solid phase at a certain temperature. Modeling of adsorption data by isotherm
models (Fig. 1.18) can provide information about the adsorption mechanisms, the

maximum adsorption capacity, and the properties of adsorbents by the isotherms [40].
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For example, in chemical adsorption, a monolayer formation of adsorbate occurs on the

adsorbent, while in physical adsorption a multi-layer formation appears [40, 41].
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Fig. 1.19. The adsorption mechanisms revealed by the Langmuir isotherm model [40].
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Langmuir isotherm model. The most commonly applied Langmuir isotherm
model was raised to represent gas-solid adsorption [42, 43]. It describes the equilibrium
condition of monolayer homogeneous adsorption (Fig. 1.19). The basic assumptions of
the Langmuir isotherm model are: (1) monolayer adsorption; (2) the distribution of

adsorption sites is homogeneous; (3) the adsorption energy is constant; (4) the
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interaction between adsorbate molecules is negligible [40]. The term “homogeneous”
means macroscopic homogeneous adsorption. For most adsorption processes, the
adsorbent materials are homogeneous in the macroscopic view, and the solutions are
homogeneous with agitation. Therefore, even though the adsorbent materials (such as
microplastics, activated carbons from natural sources, modified mineral, and shale)
have irregular shapes and non-uniform surfaces in the microscope, the adsorption can
still be represented by the Langmuir isotherm model [40]. The nonlinear and linear

equations of Langmuir isotherm model are presented as Eq. (5) and (6), respectively:

K. c
qe — qm L™e (5)
1+q,cC,
C_e =C_e_|_ 1 (6)
qe qm KL qu

where C, (mgL!) and g, (mg-gl) are the equilibrium concentration and
equilibrium adsorption capacity, respectively, and ¢, (mg-g~}) is the maximum

adsorption capacity estimated by Langmuir isotherm model. K; (L-mg!), the isotherm
equilibrium binding constants, is the ratio of the adsorption rate and desorption rate.
Freundlich isotherm model. The Freundlich isotherm model is also one of the
most widely used isotherm in adsorption. Unlike the Langmuir isotherm model, the
Freundlich model describes the reversible and non-ideal adsorption process and is used
to represent the multi-layer adsorption on heterogamous surfaces [40]. The equation of
Freundlich isotherm model is empirical and was originally obtained by assuming the
heterogeneous distribution of adsorption energy and the patchwise topography of
surface [41]. Freundlich isotherm model expression defines the heterogeneity of surface
as well as the exponential distribution of the active sites and their energies. Its nonlinear

and linear forms are given by Eq. (7) and (8):
g. = KFCiJ " (7

logq, =log K- +1>< logc, (8)
n

1-1/n,

where Kr (L' mg'""".g7!) is the isotherm equilibrium binding constants. The value of
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1/n determines the availability of the adsorption process. 1/n is the characteristic
constant related to adsorption intensity, which can be explained as the smaller 1/, the
greater the heterogeneity, and the adsorption is favorable on the scale of 0—1 [44]. The

nonlinear Freundlich model (Eq. (7)) can be solved by nonlinear regression analysis.
Eq. (8) is easy to be solved by plotting logq, vs. logC,.

In addition to the above two isotherm models commonly used in judging
monolayer or multi-layer adsorption in many works of literature, other isotherms, such
as the Sips model, the Temkin model, and the Brunauer, Emmett, and Teller (BET)
model, have been also applied in adsorption systems. These models are not introduced
here due to the length of the thesis. The specific models used will be introduced in the

corresponding chapters.

1.4. Adsorbents

Adsorption is an effective and promising method for isolating and separating PMs
ions from aqueous solutions. In addition to conventional adsorbents (e.g. activated
carbons, biosorbent), nanostructured materials are being rapidly developed to enhance

the adsorption capacity and rate of adsorbents.

1.4.1. Conventional adsorbents

Activated carbons (ACs): Activated carbons is a kind of carbonaceous material.
Due to its great capacity to adsorbates, commercial ACs is the most effective adsorbent,
and it can give a good quality output if the adsorption system is properly designed. The
adsorption capacity is mainly due to its distinct porous structure and large surface area,
and its chemical nature which can be easily modified by chemical treatment. The
processes that use these usual adsorbents are often carried out in a batch mode, by
adding ACs to a vessel containing the contaminated solution, or by feeding the solution
continuously through a packed bed of carbon [45]. There are numerous studies on the
application of ACs for the separation/purification of gold from the leaching liquor of e-
waste [46, 47]. ACs exhibit good performance in the adsorption and recovery of PMs
through physical/chemical adsorption [48, 49]. The main limitations of ACs are low
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adsorption capacity and poor selectivity [50].

Biosorbent: Biosorption has been aimed at the removal or recovery of organic and
inorganic substances from solutions by biological materials which can include living or
dead microorganisms and their components, seaweeds, plant materials, industrial and
agricultural wastes, and natural residues [51]. The commonly used biosorbents include
bacteria, fungi, algae, yeasts, biopolymers (e.g. chitosan, tannin, cellulose, protein,
etc.[52].)) and some biowaste materials. For example, chitosan-based bioadsorption
was used for efficient and selective recovery of gold from the chlorate leachate of waste
PCBs [53]. The main attractions of biosorbent are low cost, high efficiency, and
minimal chemical or biological sludges [54]. However, the disadvantages of biosorbent
include low stability and adsorption capacity, poor mechanics, and difficulty in

realizing the solid-liquid separation [38].

1.4.2. Nano-adsorbents

In the past few years, the development and utilization of nanomaterials for PMs
recycling have been attracting tremendous interest due to their unique physical and
chemical properties, including large surface area, high reactivity, and developed
porosity [38]. Nano-adsorbents can be categorized as inorganic nanomaterials, organic
polymer-support nanocomposites, and metal-organic frameworks (Fig. 1.20).

(1) Inorganic nano-adsorbents

Inorganic nanomaterials have gained much interest in PMs adsorption, which can
be further divided into metal oxide/sulfide nanoparticles, carbon-based nanomaterials,
and silica-based nanomaterials [38].

Metal oxide/sulfide nanoparticles, such as Fe3Os, TiO2, ZrO,, and MoS,, are
widely used in PMs adsorption because of their unique properties. For example, the
magnetism of Fe3Os provides an easy, efficient, and convenient way to isolate
adsorbents from water by external magnetic field [38]. MoS: was capable of capturing

gold due to the strong soft—soft interactions between gold and sulfur atoms and the in-
situ reduction in which gold thiosulfate complex ([Au(S203)2]>~) can be reduced to

elemental gold particles because of the photo-generated electrons released by MoS: [55,
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56]. Carbon-based nanomaterials, such as graphene, graphene oxide (GO), and carbon
nanotubes, have been developed to recover PMs, not only for the improvement of
adsorption ability but also for tracing PMs at ppb level in which the effect of ACs is
limited. Carbon-based nanomaterials have the advantages of high stiffness and
resilience, high electrical conductivity, large surface area, good thermal conductivity,
and optical properties [38]. Silica-based nanomaterials, such as silica gel, silica
nanofibers, and silica-coated magnetic particles, are promising for the separation and
recovery of PMs from solutions due to their ordered pore channels and large surface
area [38].

Inorganic nanoparticles have large surface areas but limited adsorption capacities
towards PMs due to the lack of functional groups to chelate PM ions, so they usually
act as substrates and require further modification with functional groups to interact with
PMs, with the exception of metal sulfide nanomaterials, as sulfur has a strong affinity
to PMs through soft-soft interaction. However, the poor stability of metal oxide
nanoparticles in harsh aqueous environment also limits the application in recovering
PMs, as aqua regia and concentrated hydrochloric acid are commonly used as leaching
agents in hydrometallurgy [57].

(2) Organic nano-adsorbents

Organic nanomaterials, possessing abundant functional groups such as —NHa, —
COOH, —-OH, can efficiently bind metal ions from water through ion exchange,
complexation, electrostatic attraction, and reduction [38]. For example, polydopamine
contains a variety of functional groups (e.g. catechol, amine, and imine), which provide
active sites for covalent modification of the desired molecules and also firmly anchor
transition metal ions [58]. Bashir et al. reported that Polythiophene/Prussian red
nanocomposites displayed a good adsorptive tendency towards Au (II1), Pd (II), and Ag
(I), which was ascribed to the hard-soft-acid-base (HSAB) interaction and
complexation of PMs ions with sulfur lone pairs from Polythiophene [59].

Polymers are used as not only single adsorbents to recover precious metals, but
also chelating agents for inorganic adsorbents to improve their dispersion and stability,
because metal oxide nanoparticles are prone to aggregate in aqueous solutions and
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reduce the contacts between adsorbents and adsorbates [38].
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Fig. 1.20. Adsorptive recovery of PMs from aqueous solution using nanomaterials [38].

© 2021 Elsevier

(3) Metal-organic frameworks (MOFs)

MOFs have emerged as a new type of nano-porous inorganic-organic hybrid
materials with one-dimensional (1D), two-dimensional (2D), or three-dimensional (3D)
topology. They are constructed with inorganic metal ions or clusters as the center and
organic ligands as the linker. Due to their unique structure, high porosity (about 94%)),
and large specific surface area (about 7140 m?/g), MOFs have a great prospect in
adsorption and other applications [60]. For example, a synthesized MOFs adsorbent
(MOF-AFH) was used to separate Pd(II) and Au(IIl) from water due to the reduction
reaction and chelation with N and O-containing functional groups, as well as the
electrostatic interaction for Au(IIl) adsorption [61]. Zr-based MOF (DONA-MOF) was
synthesized and showed an excellent removal effect on Au(Ill) in pH 2-9, with
electrostatic attraction, chelation, and reduction being identified as the main adsorption
mechanisms [62].

MOFs are superior to other nanomaterials due to their large surface area, versatile
functionality, and tunable pore structure. However, the stability of MOFs in acidic
aqueous solution still needs to be improved [38], and MOFs with the nano-sized

powdered microcrystalline structure are prone to aggregate, which would cause pipe
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blockage and reduce processing efficiency. Furthermore, the synthesis steps of
multifunctional selective MOFs with controllable sizes/shapes are often complex and

require significant costs for industrial-scale production [60].

1.4.3. Conductive polymers

From the perspective of the advantages of polymers, conductive polymers (CPs)
are also considered as efficient adsorbents [63, 64]. In addition to the aforementioned
advantages of numerous functional groups and stability, CPs also show unique
conductivity characteristics originated by a small, but substantial, alteration in
backbone chemistry with alternating double-single bond structures along the main
chain of the polymer; overlapping the m bonds in the structure of these electroactive
long-range conjugated polymers enables the electrons to be freely shifted and
transferred in their bound atom space [63]. The chemical structures or repeat units of
several CPs are shown below (Fig. 1.21). So far, CPs and their derivatives have been
vastly applied in diverse fields such as biomedicine (e.g., antimicrobial therapy, drug
delivery, and biosensors) [65], coating and anti-corrosion [66, 67], the charge storing
(e.g., supercapacitors and batteries) [68], and more specifically for environmental
engineering (e.g., water treatment and gas separation) [64].

Among CPs, polyaniline (PANI or PAn) and polypyrrole (PPy) with their
ramifications are the two most commonly studied CPs in adsorption [64]. For example,
the hybrid materials of PANI/Mg-Al layered double oxides were used to reduce
hexavalent chromium (Cr(VI)) to Cr(Ill),thus enabling the detoxification treatment of
Cr(VI) in water [69]. Additionally, PANI/Fe3O4 nanofibers exhibited magnetism and
were able to remove Ag nanoparticles from wastewater [70]. Acetate cellulose
composite membranes coated with PANI or PPy exhibited relevant PMs adsorption
properties for bromine complexes: 72% for gold and 98% for silver with PANI; 50%
for gold, and 97% for silver with PPy [71]. Composing them with other polymers or
materials (e.g. carbon-based structures and bio-based materials) promotes adsorption

properties, making them high-efficacy agents [63].
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Fig. 1.21. The chemical structures or repeat units of several CPs [64]. © 2019 Elsevier

1.4.4. Poly-N-phenylglycine

Poly-N-phenylglycine (PNPQG), first published in 2007 [72], is another conjugated
polymer with a skeleton similar to that of PANI. It has low toxicity, which can be
demonstrated by several studies in biomedical applications [73, 74]. PNPG is also a
promising adsorbent with a high density of functional groups, which may provide
numerous adsorption sites. For example, deprotonated PNPG can adsorb more Cu?* via
the ionic interaction between Cu®' and the carboxylate group —COO~ [75]. The
adsorption of Cu®*, Pb%*, and Cd?* by phytic acid-functionalized PNPG is mostly based
on the complexation and electrostatic attraction with HoPO4  groups of phytic acid,
which validated the idea of using the active phytic acid to enhance the capacity of PNPG
[76]. A ternary nanocomposite of deprotonated PNPG, reduced graphene oxide, and
Fe;04 nanoparticle can capture more Cu ions due to the cationic affinity of deprotonated
PNPG [77]. In the above base metal adsorption studies, PNPG was pretreated with
deprotonation or functionalization. Compared with other CPs or well-studied CPs,
PNPG is an emerging adsorbent material whose properties can be further discussed as
its research began relatively recently. From the extensive literature investigation at the
beginning of our study, it was found that there was no research about the adsorption of

PNPG towards PMs from secondary metal resource such as waste PCBs.
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1.5. Research topic and contribution of this dissertation

1.5.1 Research topic

To sum up, the research background can be summarized as follows.

(1) The fact that demand for metals exceeds supply and the emergence of
dwindling reserves of metals as non-renewable resources make the recycling of metals
increasingly important.

(2) E-waste can be considered an urban mine or a secondary metal resource, with
higher metal grades than those found in natural ores. However, the current global e-
waste recycling situation is not ideal, and there is still great room for improvement.
Recycling metals from e-waste is of great economic and environmental importance.

(3) The steps to recover metals from e-waste are similar to those used to produce
metals from ores. The commonly used recovery methods in industry include
pyrometallurgy and hydrometallurgy, but hydrometallurgy is technically simpler,
requires less energy input, and does not release harmful substances.

(4) There are several methods for recovering metals from leaching solutions in the
final step of hydrometallurgy. Adsorption is a more suitable recovery method for such
low-concentration leaching solutions, and it has the advantages of low cost and high
efficiency from the technical and more economical without secondary pollution.

(5) Adsorbent is the key to the adsorption method. The development and utilization
of nanomaterials for PMs recycling is consequently attracting tremendous interest due
to their unique physical and chemical properties, such as large surface area, high
reactivity, and developed porosity.

(6) Poly-N-phenylglycine is a relatively recently-discovered conductive polymer
and an emerging adsorbent material of organic nano-adsorbents. It has abundant
functional groups and low toxicity. Most importantly, its application research in the
recovery of PMs has not been reported before our study.

Based on the above background and facts, we carried out the research on the
adsorption of Au and Ag, and achieved the following research objectives one by one.

(1) Au and Ag as the main precious metals, their adsorption by PNPG was studied,
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and their adsorption mechanism was explained in detail.

(2) Nano-sized adsorbent is not easy to separate after adsorption. To solve this
problem, PNPG adsorbent or with other material was prepared into the form of
membranes by a simple method.

(3) More applications of PNPG adsorbent were explored, including selectivity,

reusability, stability, and the recovery of PMs from leaching solutions of e-waste.

1.5.2. Contribution of this work

From the point of view of materials, our research on the adsorption mechanism of
PMs by PNPG expands the application of this material and fills its gap in PMs recovery
which has actively promoted the research progress of this adsorbent, though it is not a
new material discovered by us. By preparing nano-structure PNPG into membrane form
or composite membrane, the separation problem of adsorbent after adsorption is
effectively solved, and providing a choice for the recovery and subsequent use of
adsorbent.

From the point of view of metal recovery. Recycling metals from e-waste is a
multi-stakeholder task involving society, government, and individuals, and it is also a
task to achieve sustainable use of resources for the benefit of future generations.
Recovery of metals from e-waste is also a large and systematic process, and adsorption
is important as one of the many options for the final step in hydrometallurgy (i.e.
recovery of metals from solutions). Based on the adsorption mechanism of PNPG on
PMs, this study extended the adsorption application to the real leaching solutions, for

contributing to the basic work of PMs recovery and sustainable development.
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Chapter 2

Materials, methods, equipment and characterization

This chapter mainly introduces the detailed information of chemical reagents,
synthesis methods, experimental devices and characterization equipment used in the
research of this thesis. If relevant contents are involved in the subsequent chapters, only

a brief mention will be given instead of a detailed description.

2.1. Materials

The detailed information of materials used in this research was listed in Table 2.1.
Except for the standard solution, which is analytically pure, all other chemical reagents
were chemically pure or even more. Target-concentration acid or base solutions were

prepared by diluting or dissolving the corresponding reagent.

2.2. General synthesis methods

The preparation methods of the main samples will be shown as follows. The
detailed procedure will not be redescribed in the following chapters if relevant contents

are involved, but the dosage of chemical reagents will be clearly described if necessary.

2.2.1. Synthesis of PNPG

PNPG can be synthesized by polymerization of the N-Phenylglycine (NPG)
monomer, where ammonium peroxodisulfate (APS) acts as an oxidant and dilute
sulfuric acid provides the necessary acidic environment [1, 2]. First, NPG (2.0 g) was
completely dissolved in 100 mL H>SO4 (0.1 mol-L™") by ultrasound to form the NPG—
H>SO4 mixture, and then it was poured into a flask. The others, APS—H>SO4 mixture,
was prepared by completely dissolving 3.2 g APS in 100 mL H2SO4 (0.1 mol-L!) by
ultrasound, and then it was transferred to a separator funnel. This acidic APS solution
was slowly added to the as-prepared NPG acid solution at a rate of approximately one

drop in every 4 s. Constant stirring at 700 rpm was provided to avoid local overheating,
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Table 2.1 Information of materials

Materials Maker

N-Phenylglycine Kanto Chemical Co., Inc. (Japan)
(C¢HsNHCH2COOH)

ammonium peroxodisulfate Kanto Chemical Co., Inc. (Japan)
(NH4)2S,05)

Multi-walled carbon nanotubes Tokyo Chemical Industry Co. Ltd. (Japan)
(60—-100 nm (diameter), >5 mm
(length))

Mixed cellulose ester Toyo Roshi Kaisha, Ltd. (Japan)
membranes (pore size: 0.2 um,
diameter: 47 mm)

Standard solutions (1000 Kanto Chemical Co., Inc. (Japan)
mg-L™") of Au(I1I), Pb(Il),

Co(1I), Ni(II), Cu(Il), Zn(II),

AI(III), and Fe(III), Ag(I),

Cd(1D), Pt(IV), Sn(II), Ca(1l),

Mg(II)

CS(NH2)2 (thiourea) Kanto Chemical Co., Inc. (Japan)

H>S04 (98%) Fujifilm Wako Pure Chemical Corporation (Japan)
HNO:; (69%) Fujifilm Wako Pure Chemical Corporation (Japan)
HCI1 (35-37%) Fujifilm Wako Pure Chemical Corporation (Japan)
NaOH Kanto Chemical Co., Inc. (Japan)

NaxSOq4 Kanto Chemical Co., Inc. (Japan)

NaCl Fujifilm Wako Pure Chemical Corporation (Japan)
NaNO3 Nacalai Tesque (Japan)

Waste PCBs from end-of-life Kosaka Smelting & Refining Co., Ltd. (Japan)
computers

MSWI fly ash Akita City Environment Center (Japan)

and an ice-water bath environment (approximately 0°C) was set up to facilitate
polymerization. After the reaction, the mixture was kept at the same stirring speed for
24 h. Subsequently, the mixture was filtered to collect the solid product; and then the

solid product was washed with deionized (DI) water at least five times until the filtrate
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was colorless, and the no-impurities PNPG will be obtained.

One part of the PNPG was dried at 60 °C for 24 h to obtain the PNPG particles.
The other part was immediately dispersed in a certain amount of DI water by ultrasound
to form a PNPG suspension which used to prepare membrane samples, as shown in the

following section.

NHCH,COOH
CH,COOH (|3HZCOOH C|HZCOOH (|3H2000H
APS -
— / l\|l N N=— —N+
polymerization \ \ / + + 3
NPG PNPG

Fig. 2.1. The polymerization of NPG to form PNPG.

2.2.2. Preparation of PNPG membranes

PNPG suspension, obtained in the above section, was performed by vacuum
filtration to form PNPG membranes. Firstly, the concentration of the PNPG suspension
was calculated by carefully vacuum filtering a given volume (1.0 mL) of the dispersion
and weighing the dried solid (dried at 60 °C for 24 h). Subsequently, the target-mass
PNPG membranes (e.g. 2 mg, 4 mg, or 5 mg) were prepared from a certain amount of
the PNPG suspension through vacuum filtration, in which the mixed cellulose ester
membrane acted as the supporting layer. The PNPG membranes were then dried at 60 °C

for 24 h before experiment.

2.2.3. Preparation of the PNPG@MWCNT membranes

The sum of the masses of the multi-walled carbon nanotubes (MWCNT) and
PNPG was fixed at 4 mg. First, x mg of MWCNT (solid) was added to DI water and
subjected to ultrasonic irradiation at 20 kHz for 4 min, in which the probe of the
ultrasonic horn was directly immersed. Subsequently, a certain volume of PNPG
suspension was added to the MWCNT dispersion and sonicated for another 4 min. Note
that the required volume of PNPG suspension is equal to the quotient of (4—x) mg and
concentration. To prepare the PNPG, PNPG@MWCNT, and MWCNT membranes

(marked as P(4—x)Mx according to the composition), the solutions after ultrasonic
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treatment were immediately filtered onto the MCE membrane by vacuum filtration,

followed by drying at 60 °C for 12 h.

et
- PNPG suspension
or + MWCNT
o = ( )

Shr—e ’
/ ( I < Vacuum-assisted
T\ filtration

1l J PNPG-based
= “‘ membrane

Fig. 2.2. The Preparation of PNPG-based membrane by vacuum filtration while mixed

cellulose ester membrane act as the supporting layer.

2.3. Equipment

This section lists the detailed information of equipment and instruments used in

this thesis. It will not be redescribed in the following sections except necessary.

2.3.1. Equipment for adsorption experiments
Yamato WG250 (Japan) water purification equipment was used to produce
deionized water (DI water) whose conductivity is less than 0.06 x 10™* S/m.
Branson Ultrasonics Sonifier 250 (USA) was used to disperse samples in DI water.
TOA-DKK HM-41X pH meter (Japan) was used to evaluate the pH of solutions.
Sartorius BP211D (Germany), a five-digit electrical balance, was used to measure
the mass of the materials
Laboratory shaker Adolf Kithner AG LSR-V-50 (Switzerland), and Thomas T-3SJ

(Japan), provided the shaking environment in the adsorption experiment.

2.3.2. Equipment for characterization

A zeta potential analyzer (Zeta Plus, Brookhaven, USA) was used to measure the
zeta potential of the samples in an electrolyte of 1 mmol-L™' KCI.

Fourier transform infrared (FTIR) analysis (FTIR-6600, Jasco, Japan) was used to

obtain the functional groups information of the samples through using an IRT-5200
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accessory with a KBr tablet on which a few milligrams of the sample were
homogeneously dispersed. The FTIR spectra, obtained in the transmittance mode, were
recorded from 3600 cm ™! to 600 cm ™! and scanned 20 times with a resolution of 4 cm™!.

X-ray powder diffraction (XRD) patterns were obtained using the X Pert PRO
(PANalytical, Netherlands) with Cu-Ka radiation of wavelength 1.5406 A (generator
voltage = 45 kV, tube current = 40 mA, fixed divergence slit size = 0.76 mm). All XRD
patterns were recorded at 20 from 10° to 80° with a step size of 0.017°.

X-ray photoelectron spectroscopy (XPS) was utilized to characterize the chemical
composition using a PHI Quantera II (Ulvac-Phi, Japan) with Mg Ko radiation
(powered at 150 W). The pass energies were 160 eV and 40 eV for the wide spectra and
individual spectra, respectively, and each measured element was scanned 10 times. The
XPS profiles were calibrated by setting the C 1s binding energy at 284.8 eV, and the
characteristic peaks were fitted using the software XPSPEAK41.

Scanning electron microscopy (SEM) was employed to observe the morphology
of all the dried samples using the device S-4300 (Hitachi, Japan) at an accelerating
voltage of 5 kV. The equipped energy dispersion spectroscopy (EDS), in conjunction
with SEM, was used to characterize the distribution of elements. Prior to SEM
characterization, all the membrane samples were dried at 60 °C for 24 h, cut into small
pieces, and mounted on the conductive adhesive, and then platinum spraying was
performed to enhance the conductivity of the sample surface for more clear observation.

Transmission electron microscopy (TEM) images were obtained using a Hitachi
HT7830 microscope (Japan) and showed the microstructures of the adsorbents.

Outgassed samples were characterized by N> adsorption—desorption method at 77
K using the Autosorb IQ instrument (ASIQMOV002-5, Quantachrome, USA), where
Brunauer—-Emmett—Teller (BET) surface areas were determined using the multi-point
BET method under a relative pressure of 0.05-0.35, and the pore volume and pore
diameter were calculated by the Barrett—Joyner—Halenda (BJH) method.

The plasma atomic emission spectrometer (ICPE-9000, Shimadzu, Japan; ICPE-
9820, Shimadzu, Japan) was used to determine the concentrations of metal ions before
and after adsorption.
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UV-vis spectroscopy (V-560, Jasco, Japan) was used to verify the presence of gold
nanoparticles in the post-adsorption solution.
A portable X-ray fluorescence analyzer (S1 TITAN, Bruker, USA) was operated

to quickly analyze the elemental composition of the MSWI fly ash.

48



Reference

[1] M.R. Nabid, S.S. Taheri, R. Sedghi, et al., Chemical synthesis and characterization
of water-soluble, conducting poly(N-phenylglycine), Iran. Polym. J., 17 (2008)
365-371. https://www.sid.ir/en/Journal/ViewPaper.aspx?ID=107888.

[2] Z. Lin, T. Wu, J. Shi, et al., Poly(N-phenylglycine)-based bioinspired system for
stably and efficiently enhancing solar evaporation, ACS Sustainable Chem. Eng.,

9(2021) 448-457. https://doi.org/10.1021/acssuschemeng.0c07608.

49


https://www.sid.ir/en/Journal/ViewPaper.aspx?ID=107888
https://doi.org/10.1021/acssuschemeng.0c07608

Chapter 3
Selective and sensitive adsorption of Au(l11) by poly(N-
phenylglycine)

3.1. Introduction

Population growth, economic development, changing lifestyles, and the faster
update and widespread use of electronic devices have all contributed to an increase in
electronic waste (e-waste) in recent years [ 1, 2]. On the other hand, the current recycling
of e-waste cannot keep up with its generation, as shown by the fact that in the past
decade (2010-2019), the global e-waste generation has increased by nearly 38%, while
the recycling of e-waste has increased by less than 20% [3]. Therefore, considerable
effort needs to be devoted to recycling activities for achieving one of the targets of the
Sustainable Development Goals 12: "by 2030, waste generation should be substantially
reduced through prevention, reduction, recycling, and reuse" [4].

E-waste can be considered an "urban mine", since the components of e-waste
reportedly contain a higher concentration of metallic materials than commonly found
in primary ores [5, 6]. According to published data, at a current recycling rate of less
than 20%, 4 million metric tons of raw materials valued at $10 billion can be recycled
environmentally from global e-waste [7]. In reality, the idea of using metals from
recyclable e-waste to make medals for the 2020 Tokyo Olympic Games has gone from
proposal to practice, and this success has gradually drawn international attention to
issues related to e-waste treatment and the great economic value of this urban mine [8,
9]. Printed circuit boards (PCBs) are an indispensable part of all electronics, consisting
of metals, organics, and refractories in a ratio of 4:3:3 [10]. PCBs account for
approximately 4—7% of the total mass of global e-waste [6]. Hsu et al. highlighted that
PCBs had the highest contents of precious metals (e.g., Au, Ag, Pd, etc.) and showed
the highest monetary value of gold [10]. Gold is a precious metal with limited reserves
but is widely used in jewelry, dentistry, catalysts, the electronics industry, and other
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fields [11-13]. Therefore, it is worthwhile to study the recycling of gold from PCBs for
economic and environmental benefits.

Precious metals can be recovered by pyrometallurgy and hydrometallurgy. The
low quantity and low purity of gold found in e-waste make pyrometallurgy an
inefficient method to melt and recover gold from e-waste. Traditionally, gold is
recovered by hydrometallurgical methods, which have the advantages of less air
pollution, full utilization of leachate, etc. [14-16]. In leaching or aqueous solutions, gold
is normally extracted by metal displacement. However, the adsorption method is more
suitable for enrichment or recovery at very low concentrations. The adsorption method
is easy to operate, does not generate secondary pollutants, and is apparently more
economically and environmentally friendly [17]. However, traditional adsorbents, such
as activated carbon, suffer from poor selectivity and low adsorption capacity. To
maximize the adsorption performance, new adsorbents with excellent adsorption
efficiencies, such as graphene oxide [18], carbon nanotubes [19], MoS> nanosheet [20],
and polymers [21, 22], have been developed and have become a focal point in research.

The advantages of polymers include large surface area, adjustable surface
chemical properties, good mechanical rigidity, uniform pore size distribution, and easy
regeneration under mild conditions. Therefore, polymers can be considered as highly
efficient metal adsorption materials [17, 23]. Poly-N-phenylglycine (PNPG), formed
by the polymerization of N-phenylglycine (NPG) monomer [24], is a promising
adsorbent with a high density of functional groups, which may provide numerous
adsorption sites. It has been reported that deprotonated PNPG can adsorb more Cu?*
via ionic attraction which was evidenced by the increase of maximum adsorption
capacity from 9.2 to 12.8 mg-g ™' [25]. The adsorption of Cu?*, Pb?*, and Cd?* by phytic
acid-functionalized PNPG mostly based on the complexation and electrostatic
attraction with HoPO4~ groups of phytic acid, which validated the idea of using the
active phytic acid to enhance the capacity of PNPG [26]. A ternary nanocomposite of
deprotonated PNPG, reduced graphene oxide, and Fe3;O4 nanoparticle could be captured
more Cu ions due to the cationic affinity of deprotonated PNPG [27]. To date, there
have been no studies on the other adsorption mechanisms of PNPG, or the recovery
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performance of original PNPG on gold ions. When talking about Au(IIl) adsorption,
some polymer-based adsorbents have been reported with good adsorption capacity of
Au [28, 29]. However, it is still technically challenging because of the low
concentration of gold ions and the burden of rapid adsorbent separation after adsorption.
Based on this consideration, it is more attractive to study the adsorption sensitivity of
Au(Illl) by PNPG through use of a PNPG membrane, which can potentially
uncomplicate the separation of nano-adsorbents during gold recovery.

In this study, the effect of pH, time, and concentration on the Au adsorption
behavior of PNPG particles, as well as the kinetics, isotherms, and adsorption
mechanisms of this polymer adsorbent, were investigated. The stability, selectivity, and
reusability of the PNPG membrane were evaluated to explore its potential for practical
applications. Finally, the recovery performance of the leaching solutions of real waste

PCBs was investigated.

3.2. Experimental section

3.2.1. Materials

Used materials were N-Phenylglycine (NPG), ammonium peroxodisulfate (APS),
thiourea, mixed cellulose ester (MCE) membranes, H>SO4, HNO3, HCI, NaOH, Na>SOs,
NaCl, NaNOs3, and standard solutions (1000 mg-L~!) of Au(III), Pb(II), Co(II), Ni(II),
Cu(Il), Zn(II), Al(IT), and Fe(I1I). Samples of waste PCBs from end-of-life computers

was pre-broken into 20 mm.

3.2.2. Synthesis of PNPG particles and PNPG membranes

PNPG can be prepared according to the reported polymerization method using
ammonium peroxodisulfate (APS) as an oxidant under acidic conditions [30, 31].
Please refer to Section 2.2.1 for the specific preparation of PNPG particles and Section

2.2.2 for the detailed procedure of preparing 2-mg PNPG membranes.

3.2.3. Characterization
Fourier-transform infrared (FT-IR) spectroscopy with KBr pellets was used to

52



characterize the functional groups of the adsorbent, and the spectra were recorded in
the wavenumber range of 500—4000 cm™' using a Spectrum Two™ N system
(PerkinElmer, USA). X-ray powder diffraction (XRD) patterns with 26 = 10—80° were
obtained using a Rigaku 18VB3-450 (Japan) diffractometer with Cu-Ka radiation. The
concentrations of ions before and after adsorption were determined using ICPE-9000
(Shimadzu, Japan)

Other characterization methods, such as zeta potential analysis, SEM, EDS, TEM,

XPS, UV-vis, BET surface areas were the same as shown in Section 2.3.2.

3.2.4. Adsorption experiments of PNPG particles

The working solutions of Au(IIl) were prepared by diluting the standard solution
for target concentrations and adjusting with 0.1 mol-L~' HCI or NaOH to obtain the
target pH. PNPG (2.0 mg) was added to 30 mL of Au(III) solution. The entire adsorption
process was kept static and maintained at 25 °C in a constant-temperature water bath.
After adsorption, the samples were independently filtered through mixed cellulose ester
syringe filters (pore size = 0.2 pm).

After a period (¢ (h)) of contact, the adsorption capacity ¢, (mg-g™') and

adsorption efficiency E, (%) were used to quantify the adsorption behavior of Au(III)

on PNPG. The abovementioned parameters can be calculated using Egs. (1) and (2),

respectively:
c,—¢C )V
LA (1)
m
g —(%=%) 400 2)

CO
where V' (L) is the volume of the Au(IIl) solution, m (g) is the mass of adsorbent, C,
(mg-L") is the initial concentration, and C, (mg-L') is the residual concentration at
time 7. When equilibrium is reached, the residual concentration C, is equal to the

equilibrium concentration C,, and the equilibrium adsorption capacity 0, , and
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equilibrium adsorption efficiency E, can be calculated.

3.2.5. Adsorption experiments of PNPG membrane

To explore the actual adsorption performance of the PNPG membrane, it was
directly immersed in the working solution at a pH of 1. After adsorption, the PNPG
membrane was removed promptly, and the remaining concentration of gold ions was
determined using ICPE-9000.

The working solutions include a single Au(Ill) solution, a mixed solution
containing multiple metal ions, and a real leaching solution of waste PCBs. The first
two solutions were prepared by diluting the standard solutions, and the leaching
solution was obtained using the method shown as follow.

Waste printed circuit boards (PCBs) were shredded and treated by the method
shown in Fig. 3.1, and the samples of 1-2 mm were chosen for the subsequent
preparation experiment of the leaching solution of waste PCBs (Fig. 3.2). The 1-2 mm
samples were treated with supercritical water, and the resin part was dissolved while
the insoluble part was separated. This insoluble part, including metals and other
residues, was ground with a mortar, and then gravity separation was carried out and the
obtained concentrates were for subsequent use. 3.0 g concentrates were leached with
30 ml 69% HNO; (heated to 100 °C, stirred at 300 rpm for 20 min), and most of the
metals such as Cu, Pb, and Zn were dissolved at this time. After the reaction, the solid
obtained by filtration was leached with 40 mL fresh aqua regia (heated to 100 °C, stirred
at 300 rpm for 30 min), and the filtrate was adjusted to attain the leaching solution

containing Au with pH = 1.
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Fig. 3.2. The preparation of leaching solution containing Au.
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3.3. Results and discussion

3.3.1. Characterization of PNPG particles

As we mentioned in the synthesis step, the PNPG particles were prepared by the
polymerization of NPG using APS as an oxidant. The industrial price of used chemicals
was derived from the chemical e-commence platforms MOLBASE and ChemAnalyst,
and shown below: NPG (US$ 2.84x10%ton), APS (US$ 2.64x10%/ton), H>SOs4
(US$ 0.124x10%/ton). According to the synthetic ratio, the approximate production cost
of PNPG is $7.185x10° /ton, which is relatively lower than that of modified cellulose
adsorbent (US$ 8.7x10%/ton) [32], single-walled or multi-wall carbon nanotubes
(US$ 4.4x10%ton, 4.8x107/ton) [33]. The cost analysis indicates that PNPG is a
relatively cost-effective adsorbent with potential for real applications.

The Tyndall scattering effect, in which a clear laser beam pathway appears in the
colloid, is easily observed in the as-prepared dark-green PNPG suspension (Fig. 3.3a),
indicating the presence of nanoscale PNPG particles and good dispersion in water. The
TEM image (Fig. 3.3b) shows that the microscopic morphology of PNPG consists of
several tiny parts aggregating to form a spherical PNPG particle, similar to the report
by Ben et al. [26]. but unlike the previously reported deprotonated PNPG nanofibers
synthesized by immersion in NH4OH aqueous solution [25, 27]. Using Brunauer-
Emmett-Teller model (BET) and the Barrett-Joyner-Halenda model (BJH) to analyze
the surface area and porous diameter separately, and PNPG nanoparticles has a surface
area of 36.48 m?>-g ! and an average pore diameter of 1.368 nm.

The chemical functional groups of PNPG were determined by FT-IR spectroscopy
(Fig. 3.3¢). The characteristic peak at 817 cm™' is due to the presence of 1,4 (para)-
substituted phenyl rings, proving the synthesis of PNPG [25, 30]. The peak at 1165

cm™!

is attributed to the vibrational mode of the quinoid ring, which further confirms
the formation of PNPG [30]. The C—N stretching vibration of the benzenoid amine was
found at 1311 cm™! [26]. The characteristic peaks at 1496 and 1573 cm™! correspond to
the C=C stretching vibration of the benzenoid ring and quinonoid ring of PNPG,
respectively [26, 34, 35]. Additionally, the stretching vibration absorption of C=0 was
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observed at 1651 cm™! [34].
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Fig. 3.3. (a) Photograph of PNPG suspension. (b) TEM image of a PNPG particle. (c)
FT-IR spectra of PNPG. (d) Zeta potentials of PNPG at different pH levels (0.001

mol-L~! KCI was used as the electrolyte).

As shown in Fig. 3.3d, PNPG has a positive zeta potential under acidic conditions
due to a large amount of H" that accumulates around the PNPG particles, which
protonates functional groups like carboxylic groups [27]. Under alkaline conditions, the
—COOH groups of PNPG are deprotonated to form —COO™~ groups due to the lack of
H", and the zeta potential of PNPG becomes negative [25, 27]. From these zeta potential

data, the 1soelectric point of PNPG was calculated to be at pH 7.8.

3.3.2. Adsorption performance of PNPG particles at different pH and anion
concentrations

It is known that pH, time, and concentration are the three essential factors
governing adsorption behavior. The influence of pH on adsorption behavior was
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measured by ¢, and E, in the 24-h immersion adsorption experiment with a 50

mg-L~! Au(IIl) solution. The pH of the solution ranged from 1 to 11. Fig. 3.4a shows

an obvious difference in adsorption behavior at different pH levels. In general, while
pH increases from 1 to 11, @, decreases from 597.07 mg-g~! to 13.24 mg-g~!, and E,
also shows a downward trend from 80.3% to single digits. When pH <7, ¢, and E,

are higher than that obtained under alkaline conditions, indicating that it is more

favorable for PNPG to adsorb Au(IIl) under acidic conditions. Particularly, 0, reaches

its maximum at pH 1. This is also true for the adsorption efficiency, reaching a

maximum of 80.3%.
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Fig. 3.4. (a) The relationship between adsorption behavior and pH. (b) The change of

zeta potential before and after adsorption. (¢) The relationship between adsorption

behavior and anion concentration (¢, =50 mg-L~!, pH=2, t=24h).

The excellent adsorption behavior at pH 1 is presumably due to the cooperation of

positive PNPG and negative [AuCl4]™ [27, 36]. As mentioned previously (Fig. 3.3d),
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PNPG has a positive zeta potential in acidic solutions and a negative zeta potential in
alkaline solutions. At low pH, Au(IIl) mainly exists in the negatively charged form as
[AuCls], which is easily attracted and adsorbed by the positive PNPG particles due to
electrostatic interactions, thus improving the probability of capture and recovery of gold.
The drop in potential of PNPG after adsorption (Fig. 3.4b) also indicates the occurrence
of electrostatic interactions. With an increase in pH, PNPG becomes negative, and
[AuCls]™ undergoes a series of hydrolysis reactions to form other negatively charged
gold complexes, which are difficult to capture by PNPG since similarly charged species
repel each other [36].

The influence of anions on the Au adsorption behavior was tested by using NacCl,
NaNOs, and NaxSOy4 in different concentrations (0.001, 0.01, and 0.1 mol-L™"). As can

be seen from Fig. 3.4¢, these three kinds of anions all have negative effects on Au(Ill)

adsorption. The higher the anion concentration is, the lower the @, is, implying that

CI",NOs ", and SO4>~ compete with Au(III) for some positively-charged adsorption sites.

3.3.3. Time-dependent adsorption of PNPG particles and kinetics study

The time-dependent adsorption experiment was performed from 0.25 h to 96 h in
100 mg-L~" Au(III) solution of pH 1. The results are shown in Fig. 3.5a. Both adsorption
capacity and adsorption efficiency increased with time. The adsorption of gold occurs
quicker during the first 24 h has compared to the following hours, due to the high

availability of adsorption sites at the start of adsorption. As adsorption sites become
gradually occupied, the increase of 0, slows down and tends to reach equilibrium
(1085.85 mg-g!) after 96 h.

To explore the adsorption process of gold on PNPG, three adsorption kinetic
models were used: pseudo-first-order model (PFO), pseudo-second-order model (PSO),

and intraparticle diffusion model (ID). The three models are mathematically shown in

Equations (3), (4), and (5), respectively [37, 38]:

o =0q.(1-e™) (3)
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1+k,0.t @

g = kvt +C (5)

where ki, k2, and k3 are the rate constants of the three models, respectively. ¢, and 0,

are the adsorption capacity at time # and equilibrium, respectively. The value of C is the

intercept of the line and is related to the boundary thickness, where a larger value of C

indicates a stronger boundary layer effect in intraparticle diffusion.
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Fig. 3.5. (a) The relationship between adsorption behavior and time. (b) The fitting

curves of three adsorption kinetic models.
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Table 3.1 Kinetic parameters of the gold adsorption by PNPG

Model Parameters Value
PFO kinetic model 0, (mg g—l) 1009.71
ki (h7") 0.08
R? 0.9672
PSO kinetic model q, (mg,g_l) 1146.15
k> (gmg~-h71) 1.3x10°°
R? 0.9904
ID model ki (mg-g~!-h™12) 116.70
C; (mg-g™) 92.90
R? 0.9425
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Fig. 3.5b and Table 3.1 show the fitting of the different kinetic models on the
experimental time-dependent data. Compared to the PFO model, the PSO model has a
higher correlation coefficient (R = 0.9904), which indicates that mainly chemisorption
occurs between PNPG and Au(Ill) during the extended time adsorption process.
Moreover, the theoretical equilibrium adsorption capacity (1146.15 mg-g™") fitted by
the PSO model is closer to the experimental value (1085.85 mg-g~!), which also
indicates that the adsorption process occurs mainly by chemisorption. As seen in the
results of the ID model, the value of C is not equal to 0, indicating that intraparticle

diffusion is not the speed-limiting step [37].
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Fig. 3.6. (a) The relationship between adsorption behavior and concentration. The linear

fitting of (b) Langmuir, (¢) Freundlich, and (d) Temkin isotherm model.

3.3.4. Concentration-dependent adsorption of PNPG particles and isotherm study
The initial concentrations of Au(IIl) in the solution were selected to be 2, 5, 10,

20, 40, 60, 80, 100, 200, 300, and 400 mg-L~! (pH 1). This adsorption experiment lasted

for 120 h until equilibrium was reached. Fig. 3.6a reveals that (, increases with
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increasing €, (from 2 to 100 mg-L"), then gradually rises to a maximum of 1356.78

mg-g~! and remains at this high level. This is because the increased concentration of

metal ions curtails the mass transfer limitations between the solid and liquid [39].

Instead, E, decreases from 100 % to 20.47 % due to the available adsorption sites that

become limited and occupied at high concentrations. It is well worth noting that PNPG
is a sensitive and efficient adsorbent when adsorbing trace quantities of Au(IIl) in
solutions (e.g., 2 mg-L~! and 5 mg-L™"). From the comparison of some reported
polymer-based adsorbents (Table 3.2), it can be said that PNPG has a better adsorption
effect on gold than that of several adsorbents. Although PGMA-NH; and AT-S have
higher adsorption capacities for gold, PNPG has optimal adsorption at more acidic

conditions than PGMA-NH> and an easier synthesis method than AT-S [40, 41].

Table 3.2 Comparison with other polymer adsorbents

Material gm(mg-g 1) Optimum pH Ref.
N-containing polymer 1073 3.23 [28]
PANF-TETA-PT 801.2 2 [29]
AT-S 4215.2 1 mol-L™! HCI [40]
Amino-modified PGMA 1625.0 4.05 [41]
Fe;04@CPTES@PEG 83 1 [42]
N-(3-aminopropyl)imidazole- 236.68 1 [43]

based poly(ionic liquid)

CMPS-IL 516.5 2 [44]
PE-PGMA 601.34 3 [45]
Crosslinked polyethyleneimine 943.5 2 [46]
resin

Poly(glycidyl methacrylate) 459.29 4 [47]
Metal-organic polymer (Cu- 775.0 2 [48]
TFT-Him)

PNPG 1356.78 1 This work
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Table 3.3 Isotherm parameters of the Au(Ill) adsorption by PNPG

Model Parameters Value
Langmuir model q, (mgg") 1317.86
K; (L-mg ™) 12.38
R? 0.9995
Freundlich model 1/n 0.053
Kr (LYr.mg! /n.g-1) 1003.90
R? 0.7595
Temkin model B 64.35
Kr(L-gh 15.34
R? 0.7640

Langmuir, Freundlich, and Temkin isotherm models were used to explain the
correlation between the adsorption behavior and concentration at a constant
temperature [37, 49, 50]. The Langmuir and Freundlich isotherm models depict
monolayer and multilayer adsorption, respectively, and their linear formulas are
separately shown in Equations (6) and (7). The Temkin isotherm model assumes that

the heat of adsorption reduces with increasing coverage and its formula is given by Eq

(8):

Langmuir isotherm model: G _L + ! (6)
qe qm KL x qm
S 1

Freundlich isotherm mode: logq, =log K. +=xlogc, (7)
n

Temkin isotherm model: g, =BInK; +Blnc, (8)

where €, (mgL™!), g, (mgg'),and g, (mg-g')aretheequilibrium concentration,

equilibrium adsorption capacity, and theoretical maximum adsorption capacity,
respectively. K, (L-mg '), Kr (LY"mg!"V".g™"), and Kr (L-g’") are the Langmuir
constant, Freundlich constant, and Temkin isotherm equilibrium binding constants,

respectively. 1/n is the characteristic constant related to adsorption intensity, which can
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be explained as the smaller 1/n, the greater the heterogeneity, and the adsorption is
favorable on the scale of 0—1 [38]. B can be expressed as B=RT /b, where R, T, and
b are the gas constant (8.314 J-mol~"-K!), temperature (298 K), and Temkin isotherm
constant, respectively.

As seen in Figs. 3.6b—d and Table 3.3, compared with the Freundlich and Temkin
isotherm models, the Langmuir isotherm model has a stronger correlation (R = 0.995),

indicating that monolayer adsorption plays a dominant role in the adsorption progress

of Au(IIl) by PNPG. From the Langmuir isotherm model, the ¢, (1317.86 mg-g™!) is

close to the experimental value of 1356.78 mg-g~!.

3.3.5. Adsorption mechanism

The reported mechanisms of conductive polymers adsorbing heavy metals include
electrostatic interactions and redox reactions [17]. In this section, some analyses were
performed to explore the mechanism of Au(III) adsorption by PNPG, which is classified
as a conductive polymers [51].

There is an electrostatic interaction during the Au(Ill) adsorption by PNPG. As
previously mentioned, protonated functional groups make PNPG particles positively
charged and thereby attracts negatively charged [AuCls] . Likewise, the lower zeta
potential after adsorption (Fig. 3.4b) also proves the electrostatic interaction due to the
charge decrease after electrostatic bonding.

The redox reaction can be confirmed by XRD, TEM, and UV-vis characterization
methods. From the XRD results (Fig. 3.7a), four peaks can be seen after adsorption.
The peaks at 20 = 38.1°, 44.4°, 64.6°, and 77.6 °correspond to the crystal faces of
elemental gold (11 1),(200),(220),and (3 1 1), which is in good agreement with the
gold standard card (JCPDS No. 04—0784) [38]. It can be argued that the reduction
reaction occurs during the adsorption process, and PNPG reduces gold ions to elemental
gold. The TEM image of the PNPG after adsorption is shown in Fig. 3.7b. An ample
amount of reduced gold nanoparticles are dispersed throughout the PNPG particle, also
seen outside the PNPG particle, which verifies the redox reaction between PNPG and
gold ions. The filtrates obtained after adsorption were analyzed. In Fig. 3.7c, as the
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adsorption time increased, the yellow color gradually faded and a pale red colored
filtrate appeared. UV-vis characterization of these colored solutions (Fig. 3.7d) showed
no peak when the initial yellow colored solution was analyzed, while the samples
subjected to adsorption for 48 and 72 h, clearly showed a peak characteristic of gold
nanoparticles, in the range of 500-600 nm [52]. This validates not only the redox
reaction between PNPG and the gold ions but also that some of the reduced gold
nanoparticles dislodged and dispersed in the adsorbed solution. This redox reaction
between PNPG and gold ions may provide a new strategy for the preparation of

colloidal solutions of gold nanoparticles (AuNPs).
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Fig. 3.7. (a) XRD patterns of PNPG, PNPG-Au, and the characteristic peaks of the gold
standard card. (b) TEM image of the PNPG particle after adsorption (1 h). (c)
Photograph showing changing filtrate colors with adsorption time, and (d) UV-vis

absorbance spectra of the post-adsorption filtrate.
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Schematic diagram of Au adsorption by PNPG through XPS analyses.

The XPS results for PNPG and PNPG-Au are shown in Fig. 3.8a. Both have three

dominant peaks, whose binding energies are approximately centered at 531, 399, and

284 eV because of O 1Is, N 1s, and C 1s peaks, respectively [25]. After adsorption,

PNPG-Au has additional characteristic peaks of Cl 2p (200.7 eV), Au 4d (353 and 334

eV), and Au 4f (87.7 and 83.7 eV) [48, 53]. In brief, the wide-scan XPS spectra

66



indicated that gold ions were adsorbed onto the PNPG. In detail, as seen in Fig. 3.8b,
the fitted XPS spectra of Au 4f display Au(0) peaks (84.1 eV and 87.8 eV) and Au(III)
peaks (84.5 eV and 88.3 eV), which are consistent with Au 4f7, and Au 4fs» binding
energies [38, 54]. The presence of characteristic peaks of Cl and Au(IIl) indicates that
a part of the gold is adsorbed by PNPG in the form of [AuCls] . Furthermore, the peak
intensity of Au(0) is perceptibly stronger than that of Au(III), since most of the gold
ions are reduced to elemental gold by PNPG, indicating that the oxidation-reduction
reaction does occur and plays a dominant role.

Since the reducibility of PNPG is reflected in benzenoid amine structure [42], the
N 1s XPS spectra of PNPG before adsorption are characterized and the results are
shown in Fig. 3.8¢. The main peak at 399.5 eV corresponds to the N in benzenoid amine
[51], while the distinctive peak at 401 eV is ascribed to the positively charged N linked
to the quinonoid ring [51, 55], and these two peaks account for 84.7% and 15.3% of the
N content, respectively. After adsorption (Fig. 3.8d), the content of benzenoid nitrogen
decreased to 77.1%, indicating benzenoid nitrogen units were oxidized into positive
quinonoid nitrogen units, which was consistent with the oxidation process of PNPG
reported by Muniraj et al. [51]. Meanwhile, the content of quinoid nitrogen increased
to 22.9% due to the oxidation of benzenoid nitrogen [55], the difference being equal to
the content loss of benzenoid nitrogen. The increase in positively charged quinoid
nitrogen facilitates the combination with anionic [AuCls]” through electrostatic
interactions in acidic solutions [51, 56].

The adsorption mechanism of PNPG for gold can be summarized as follows (Fig.
3.8e): a part of [AuCl4]™ is bound by protonated functional groups through electrostatic
interactions, the other is reduced to elemental gold via the redox reaction with
benzenoid nitrogen, and the generated positive quinoid nitrogen can further adsorb

[AuCls] through electrostatic interactions.

3.3.6. Characterization of PNPG membrane
In practice, it is difficult to separate adsorbents from the post-adsorption solution.

To reduce the separation burden after adsorption, the nano-adsorbent can be made into
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a film using a simple and effective method as shown above. The prepared membrane
was black (Fig. 3.9a), and the PNPG particles were retained on the MCE substrate even
after bending the membrane (Fig. 3.9b), demonstrating good flexibility. The membrane
samples were placed in beakers with different pH solutions to investigate their stability
in solution. As can be observed from the photographs in Fig. 3.9¢, the membrane
remained close to its original state for at least seven days without flaking.

Fig. 3.10 shows the SEM characterization of the pre-adsorption and post-
adsorption PNPG membrane. The surface of the PNPG membrane is visibly uneven
(Figs. 3.10a—c), and the many tiny gullies slightly increase the contact area between
PNPG and the solution. Comparing Fig. 3.10a with Fig. 3.10d many reduced gold
spheres on the PNPG membrane after 24-hour adsorption is evident, confirming the
occurrence of the redox reaction. Elemental mapping analyses were carried out on the
selected area in Fig. 3.10g. According to the results in Figs. 3.10i—j, the presence of ClI
and Au confirm that some [AuCls4]” was captured through electrostatic interaction,
which is consistent with the results from zeta potential and XPS analyses. Furthermore,
the existence of Au on the upper layer means that the lower layer—MCE filter

membrane—as a supporting layer does not participate in the adsorption of gold.

Fig. 3.9. Digital photos of the (a) complete PNPG membrane and (b) bending PNPG

membrane. (¢) Stability evaluation of PNPG membrane under different pH solutions.
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Fig. 3.10. SEM images of (a) top view and (b) (c) section view of the PNPG membrane
before adsorption. SEM images of (d) top view and (e) (f) (g) (h) section view of the
PNPG membrane after adsorption (24 h). The corresponding elemental maps of (i) CI
and (j) Au in (h). Note: (c), (f), (h) are the partially enlarged views of yellow boxes.

3.3.7. Reusability and selectivity of PNPG Membrane

To study the reusability, the prepared PNPG membrane was immersed in 20
mg-L~! Au(Ill) solution with a pH of 1. The desorption experiment with the post-
adsorption PNPG membrane was conducted using a fresh desorption agent to leach
gold. The desorption agent contained 1.0 mol-L~' CS(NH2), and 1.0 mol-L~! HCI [34].
These reusability experiments were carried out at 25 °C, and an oscillation of 100 rpm
was applied to ensure complete adsorption and desorption. After each adsorption-
desorption cycle, the PNPG membrane was removed from the desorption agent, cleaned
with deionized water three times, and dried at 60 °C for 24 h before the next round. Fig.
3.11a illustrates that the PNPG membrane can be recycled three times with a slight
decrease in adsorption efficiency, which can be attributed to certain sites that were not
successfully desorbed. The first desorption round did not have 100% desorption

efficiency, due to a small number of nano-gold particles that were not on the membrane,
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but were found in the adsorbed solution, as analyzed in Figs. 3.7c—d. However, the
adsorption efficiency remained above 90% after three cycles, suggesting good

reusability of the PNPG membrane.
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Fig. 3.11. (a) Adsorption and desorption efficiencies in successive cycles (each
adsorption time or desorption time was 24 h). (b) Selective adsorption of Au(IIl) by

PNPG membrane from a mixed solution (¢ = 24 h).

Selectivity is an important index when evaluating adsorption performance in a
multi-substance liquid, such as wastewater and industrial wastewater, due to the
diversity of ions and variation in concentrations. The selectivity of the PNPG membrane
to adsorb gold was tested with the following coexisting ions: Al(III) Co(II), Cu(Il),
Fe(Ill), Ni(Il), Pb(Il), and Zn(Il). In the multi-metal solution (pH=1), the initial
concentration of gold ions was prepared at 10 mg-L~!, while the other ions had a
collective concentration of 100 mg-L-!. This experiment was conducted at 25 °C and
100 rpm. Based on the results presented in Fig. 3.11b, PNPG adsorbed a small amount
of Pb, which can be attributed to the N atom of the -N=C- groups possibly forming a
complex binding with Pb [17]. However, the PNPG membrane shows high selectivity
towards Au in acidic mixed solutions, even though the concentration of Au is very low.
As previously discussed, under acidic conditions protonated functional groups make
PNPG particles positively charged and thereby attract the negative form of Au(IlIl),
while repelling other positively charged metal ions. Another reason for the high
selectivity can be explained from the aspect of redox potential. According to the
standard electrode potential table, [AuCls] /Au pair is the only one whose redox
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potential (1.002 V) is higher than 0.4 V which was measured as the potential of PNPG
pairs by Muniraj et al. [51]. Thus, PNPG is very sensitive to Au(Ill) and preferentially

reduces Au(IIl) although at such unfavorable condition of low concentration.

3.3.8. Recovery of Au from the leaching solution

Au was recovered from real e-waste samples using a waste PCB leaching solution,
the preparation of which is shown in Fig. 3.2. The concentrations (mg-L") of other
metals in the leaching solution (Fig. 3.12b) were determined as: AI(III), 12.80; Au(III),
1.83; Co(II), 0.96; Cu(Il), 27.30; Fe(III), 97.60; Ni(II), 23.00; Pb(II), 4.50; Zn(I1), 6.58.
Although concentrated HNO3 leaching removed most of the Cu, Fe, Pb, etc., a small

part of the residue was found to be leached by aqua regia.
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Fig. 3.12. (a) The process of gold recovery from e-waste. (b) The concentrations of
metals in the leaching solution. (¢) Adsorption efficiency of various metals by PNPG

membrane in the leaching solution of waste PCBs.

The PNPG membrane was soaked in a 20 mL PCB leaching solution for the
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adsorption experiment. Based on the results shown in Fig. 3.12¢, other coexisting metal
ions have little effect on gold adsorption by PNPG, due to their low concentration when
compared to the concentrations listed in Section 3.3.7. Perhaps the use of aqua regia
causes high-concentration of Cl™ ions to compete for occupancy of adsorption sites
through electrostatic interaction, lowering the adsorption efficiency of Au to below
100%. However, the concentration of gold ions (1.83 mg-L~") is much lower than that
of other base metals, and the PNPG membrane still demonstrates outstanding sensitivity
and good adsorption efficiency (~80%) for the selective adsorption of Au(III).
Therefore, PNPG is promising and has the potential to be a selective and sensitive

adsorbent for capturing gold ions from e-waste.

3.4. Conclusion

PNPG obtained by polymerization of NPG monomers can successfully capture
and recover gold from solution, showing excellent adsorption capacity (1356.78 mg-g™!)
and outstanding sensitivity to Au(Ill) in low-concentration solutions. The adsorption
results of Au(Ill) by PNPG showed a good correlation with the PSO and Langmuir
isotherm model, indicating that chemisorption and monolayer adsorption are the
dominant adsorption mechanisms. Zeta potential, XRD, TEM, FT-IR, and XPS analysis
showed that PNPG adsorbed gold ions through electrostatic interactions and redox
reactions. UV-vis characterization revealed the presence of gold nanoparticles in the
filtrate after adsorption, suggesting that the redox reaction between PNPG and gold ions
may provide a new strategy for the preparation of colloidal solutions of AuNPs. In
addition, the PNPG membrane formed by vacuum filtration was stable in solution and
could be used as an effective way to easily separate the nano-adsorbent from the
solutions. The PNPG membrane remained active for a minimum of three cycles.
Additionally, PNPG selectively adsorbs gold in a multi-metal solution. More
importantly, approximately 80% of the gold was selectively adsorbed from the leaching
solution of waste PCBs, which also demonstrated the practical application of the PNPG
membrane in recovering gold from e-waste. Therefore, PNPG is promising and
sensitive to Au adsorption and has the potential to selectively recover gold from e-waste.
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Chapter 4
Adsorption studies on Ag(l) using poly(N-phenylglycine)

membrane and application in practical silver recycling

4.1. Introduction

Silver is not only widely used in jewelry, coins, and silverware, but also in the
electronic industry, which is the dominant consumer of silver owing to its unique
properties (e.g., electrical conductivity and corrosion resistance) [1]. Silver is also
incorporated into medical products, textiles, and cosmetics as an effective antibacterial
agent [2]. Owing to its numerous applications, it is inevitable that silver will find its
way into the aquatic system; the threat this poses to the environment and humans has
attracted increasing attention [3]. There is evidence that silver, like many other metals,
can cause contact allergic reactions in susceptible individuals, deeming it a potential
poisoning hazard [2]. Hence, the World Health Organization (WHO) stipulated that the
amount of silver in drinking water should less than 0.1 mg-L! [4, 5]. Moreover, silver
scarcity has emerged as a serious global concern; the global demand for silver in 2019
increased to 30,848 tons, whereas the global mine production decreased to 26,019 tons
[6]. Sverdrup et al. estimated that half of the recoverable silver reserves have already
been consumed, and the remaining will have been exhausted by 2240; therefore, the
importance of recycling must be emphasized to make the silver supply more sustainable
[7].

Treating Ag(I)-containing wastewater and the subsequent recovery of silver have
emerged as focus areas in research because of their environmental and economic
advantages [8, 9]. Adsorption is a method commonly used to treat solutions with low
Ag(I) concentrations because it is a simple process without secondary pollutants, and
has the ability to decontaminate effectively [10, 11].

Conductive polymers are regarded as excellent adsorbents because of their diverse
functional groups, large active surfaces, and other properties [12]. Taghizadeh et al.
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classified polyaniline (PANI), polypyrrole, polythiophene, and their derivatives as
conductive polymers, which are increasingly being used in water treatment individually
or as components. PANI and its derivatives rank first among the main conductive
polymer-based materials used for water treatment [ 12]. Poly-N-phenylglycine (PNPG),
another type of conducting polymer, has a conjugated skeleton similar to that of PANI,
but contains several carboxylic acid groups functioning as adsorption sites, meaning
that it also has great potential for water treatment [13, 14]. Upon deprotonation of the
—COOH groups of PNPG into -COO™, an ionic interaction occurs between Cu®>* and
the carboxylate group [14]. Considering the presence of numerous Cu?*, Pb?", and other
metal cations in leaching solutions of waste print circuit boards (PCBs) and other waste
water, the selective adsorption of Ag” must be studied. To mitigate the undifferentiated
attraction of —COQO™ to cations, we investigated the adsorption of silver ions using non-
deprotonated PNPG which has not been reported so far.

In this study, PNPG was loaded onto a mixed cellulose ester membrane through
vacuum filtration. The interaction mechanism between the PNPG membrane and Ag(I)
was studied by characterization and adsorption experiments. Silver recovery was also
attempted on leaching solutions of waste PCBs and municipal solid waste incineration

(MSWI) fly ash.

4.2. Experimental section

4.2.1. Materials

Used materials were N-Phenylglycine (NPG), ammonium peroxodisulfate (APS),
thiourea, mixed cellulose ester (MCE) membranes, HNO3, H>SO4, NaOH, Waste PCBs
samples, MSWI fly ash, and 1000 mg-L~! standard solutions of Pb(II), Ni(II), Cu(II),
Zn(1I), AI(IIT), and Fe(I1T), Ag(I), Ca(Il), Mg(II).

4.2.2. Preparation of PNPG membranes
First, PNPG was synthesized by the polymerization of NPG under acidic

conditions, with APS serving as an oxidant [15, 16]. Please refer to Section 2.2.1 for

81



the synthesis of PNPG and Section 2.2.2 for the detailed preparation procedure of 5 mg
PNPG membranes.

4.2.3. Characterization

The ion concentrations were measured using an ICPE-9000 instrument (Shimadzu,
Japan). The characterization methods of XRD, FTIR, XPS, SEM, EDS, zeta potential
analysis, Barrett—Joyner—Halenda (BJH), and X-ray fluorescence analysis were the

same as shown in Section 2.3.2.

4.2.4. Adsorption experiments

In the adsorption experiments of influencing factors, diluting the Ag" standard
solution to the target working solution and adjusting the pH with NaOH and HNO3
solutions. To investigate the effect of the pH, PNPG membranes weighing 5 mg were
each immersed in 30 mL solutions of 50 mg-L ™! Ag(I), with the pH levels ranging from
3 to 7. The PNPG membranes were subjected to oscillating conditions at 120 rpm for
12 h at 25 °C and then sealed to prevent evaporation. To determine the effect of time,
pH 6 solutions were used, and measurements were conducted from 0.5 h to 14 h, while
retaining the rest of the previous conditions. The effect of the concentration was
determined by carrying out the experiment using 5, 10, 20, 40, 50, 100, 150, 200, and

250 mg-L™! solutions, while keeping the other conditions unchanged. The adsorption

capacity 0, (mg-gt) after time t (h) was determined using eq. (1) [17]:

(Co—c )V

o = (1

where m (g) is the mass of PNPG; V (L), the volume of the Ag(I) solution; C, (mg-L™),
the initial concentration; and C, (mg-L™'), the residual concentration. When the
equilibrium state was reached, the equilibrium adsorption capacity (, can be

calculated from the equilibrium concentration C, and the adsorption efficiency Ead

was calculated using eq. (8) [18]:

82



E, = (COC—_Ce)xloO% 2)
0

Both concentrations of metal ions were measured using ICPE-9000. The

adsorption capacity was averaged from the results of three equivalent experiments.
4.3. Results and discussion

4.3.1. Characterization

Fig. 4.1a exhibits the FTIR spectrum of raw PNPG, in which six characteristic
peaks can be identified within the range of 600-3600 cm . The first peak at 1669 cm ™!
belongs to the C=0 of carboxyl groups [15]. The adjacent second and third peaks, at
1574 and 1493 cm™!, are attributed to the stretching vibrations of C=C at the quinonoid
ring and benzenoid ring, respectively [15, 19, 20]. The fourth peak at 1303 cm™' is
characteristic of the C—N bond in the benzenoid amine [14, 19]. The last two peaks
located at 1145 and 807 cm ™! are assigned to the quinone ring and 1,4 (para)-substituted
phenyl ring structure, respectively, confirming the synthesis of PNPG [14, 21].
Moreover, by comparing the FTIR spectra of NPG monomer and synthesized PNPG
(Fig. 4.1b), the most obvious change was that there were characteristic peaks of 1,4
(para)-substituted phenyl ring structure (807 cm™!) and quinone ring structure (1145

cm ') in PNPG, indicating the successful synthesis of PNPG as well.

a) 807 (b)
— —
2 X
— o

[«}]
8 3
c c
£ £
'E (quinonoid ring) C=C —— 'E
7 N "
c 1403 — 1145 £
E (benzenoid ring) C=C 1303 s
= C-N o

3600 3000 2400 1800 1200 600 3600 3000 2400 1800 1200 600
Wavenumber (cm™) Wavenumber (cm™)

Fig. 4.1. (a) FTIR spectrum of synthesized PNPG. (b) FTIR spectra of NPG monomer
and synthesized PNPG.
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Fig. 4.2. (a) Wide-scan XPS profile of PNPG membrane. XPS profiles of (b) C 1s and
(c) N 1s.

Fig. 4.2a shows the XPS wide-scan spectrum of the PNPG membrane. The O 1s,
N 1s, and C 1s peaks are easily identifiable at 531.6, 399.6, and 284.6 eV, respectively.
As shown in Fig. 4.2b, C 1s is divided into four sub-peaks of different sizes: C=C/C—
C/C—H at 284.7 eV with the largest area, followed by C—N, C—0, and C=0 at 285.9,
286.6 and 288 eV, respectively [22, 23]. Fig. 4.2¢ is the N 1s core-level XPS profile
wherein the four peaks cleaved by N 1s are individually assigned to the neutral quinone
imine (398 eV), the neutral N of benzenoid diamine (399.6 eV), the conjugative
protonated polaron N (401 eV), and the conjugative protonated bipolaron N (402.3 eV)
[24, 25].

Fig.4.3 show the morphology of the PNPG membrane. The area of the PNPG
region (Fig. 4.3a) is equal to the effective filtering area of the funnel (9.6 cm?). On the
microscopic level, the seemingly smooth PNPG membrane contains many folds of

different sizes that facilitate sufficient contact by allowing the liquid to penetrate the
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interior. Furthermore, the upper PNPG morphology is clearly different from that of the
lower support layer (Fig. 4.3b—c). The membrane (PNPG and MCE layers), measured
in 10 different areas using a digital micrometer, has an average thickness of 126 um.
The porosity of the membrane, which is the ratio of the pore volume to total
membrane volume, was determined according to the following equation:
&= \ﬁ =x100% 3)
Vmem
where Vyore (cm?) is the total volume of the pores; Vimem (cm?), the total volume of
membrane. Vo can be estimated from the desorption process of the N isotherm using
the Barrett-Joyner-Halenda (BJH) method. In the PNPG membrane (area = 9.6 cm?,
thickness = 126 um, mass = 0.059 g), the measured pore volume at per gram was 0.014
cm?-g~L, so the total volume of pores Vpore was 8.26x10* cm?, and the calculation of

the equation yielded an approximate porosity of 0.68%.

4.3.2. Interaction mechanism

Conducting polymers adsorb metal ions through the following mechanisms:
electrostatic attraction, chelation, and redox reactions. To explore the interaction
mechanism between PNPG and Ag(I), SEM, EDS, and XPS characterizations were
employed.

The SEM image (Fig. 4.4a) shows that many bright and small objects are
distributed on the post-adsorption PNPG membrane. Elemental analysis of the yellow-
dotted enclosed area Fig. 4.4b shows the distribution of Ag (Fig. 4.4¢) which is
consistent with the distribution of bright objects in Fig. 4.4a, and a large amount of Ag
in this area also has been measured (Fig. 4.4d). The XRD results (Fig. 4.5) show that
the post-adsorption sample has four characteristic peaks at 38.16°, 44.35°, 64.48°, and
77.45°, which correspond to the (1 1 1), (2 0 0), (2 2 0), and (3 1 1) lattice planes of
elemental silver (JCPDS No. 04-0783), respectively, indicating the reduction of silver

ions to elemental silver [26, 27].

85



Fig. 4.3. (a) Digital photo of the prepared PNPG membrane and SEM image from top
view. (b) SEM image from section view and (b) the local amplification of upper PNPG

layer.

~Ag

Fig. 4.4. (a) SEM image of the post-adsorption PNPG membrane. (b) Partial view of
the yellow box in (a). (c) Elemental mapping image of Ag in post-adsorption PNPG
membrane. (d) EDS element composition analysis of PNPG membrane after adsorption.
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Fig. 4.5. XRD profiles of the PNPG membrane before and after the Ag(I) adsorption.
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Fig. 4.6. (a) wide-scan XPS, (b) Ag 3d, and (c) N 1s XPS profiles of the PNPG

membrane before and after the Ag(I) adsorption.

In the comparison to the XPS wide-scan spectra (Fig. 4.6a), Ag 3d peaks were
found on the PNPG membrane post adsorption, indicating the successful capture of
silver by the PNPG membrane. Further analysis of the Ag 3d spectra (Fig. 4.6b) shows
that the peaks at 368.2 eV and 374.2 eV are attributed to Ag 3ds» and Ag 3dsp,
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respectively, and the difference between both is 6.0 eV. Each peak can be fitted with
two components, wherein Ag(0) is dominant and Ag(I) occupies a smaller area. This
characteristic signal of Ag 3d and the dominant position of Ag (0) indicate that most of
the silver ions were reduced to elemental silver during adsorption, whereas a smaller

amount was captured through coordination [11, 28].

Table 4.1 Information of N1s XPS spectra before and after adsorption

N 1s (Before) N 1s (After)
Assignment Peak Ratio Peak Ratio
Are Are
(eV) (%)  (eV) (%)

Neutral quinone imine 399.6 253775 733 399.5 26837.0 67.8

N.eutr.al benzenoid 3980 1226.7 35 397.8 1766.9 4.5
diamine

Conjugative protonated-

polaron 401.0 6984.8 20.2  400.7 8766.1 22.1

Conjugative protonated- ) 3 10sa 0 30 4021 22097 5.6

bipolaron
a)
CI:H,COOH tl:HzCOOH <|:H,coon CH,COOH
-4 +2 Ag* _Redox 4 —$+2 \
iy—@— L g Reaction g Ad
b) CH,COOH CH,COOH
CH,COOH CH,COOH - -
| | + Chelation / \
2 = 3 +2 Ad)——> Ag® Ag*
CH,COOH CH,COOH

Fig. 4.7. Interaction between PNPG and Ag" via (a) redox reaction and (b) chelation

reaction.

The N 1s XPS profiles (Fig. 4.6¢) show that the positions of the four peaks pre-
and post-adsorption are similar. However, the amount of post-adsorption neutral
benzenoid diamine (399.5 eV) decreased from 73.3% to 67.8%, indicating the
involvement of this structure in the reaction with silver ions [11]. This reaction with
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silver ions can proceed in two ways to form a conjugative protonated bipolaron
(evidenced by its increased content in Table 4.1): one, the redox reaction between
neutral benzenoid diamine and silver ion (Fig. 4.7a) [24] and two, the chelation reaction
wherein the lone-pair electrons in the neutral benzenoid diamine bind with silver ions

(Fig. 4.7b).

4.3.3. Adsorption performance
This section discusses the potential influence of the pH, adsorption time, and Ag(I)
concentration on the adsorption performance by the PNPG membranes, and evaluates

the Ag(I) adsorption behavior through kinetic and isotherm studies.
Fig. 4.8a shows that (|, gradually increases with an increase in the pH from 3 to

7. This can be explained as follows: Free Ag" in the Ag(I) working solution accounts
for over 99% of the total amount of silver in solutions with a pH range of 2—7 [29]. The
pH point of zero charge (PZC) of PNPG was measured as 7.5 (Fig. 4.8b). PNPG
becomes positively charged under acidic conditions because of the protonation of
functional groups like amine and carboxyl [30, 31]; therefore, Ag" cannot be effectively
captured due to electrostatic repulsion. Under neutral conditions, some functional
groups become electrically neutral [30], resulting in less repulsion and an improvement
in the adsorption performance of Ag". Based on the above facts, the gradually higher
adsorption of Ag(I) on the PNPG membrane with the upward pH can be attributed to:
the decrease of positive charge in PNPG makes less repulsion and is beneficial to
capture silver ions. A working pH of 6 was chosen for the subsequent two influence-
factor experiments because it is safer to handle and has a similar adsorption

performance to that obtained with pH 7.
The time-dependent experimental data (Fig. 4.9) show that (, increases from 0.5

h to 14 h. During the first 2 h, the silver ions were adsorbed quickly because of the
numerous available adsorption sites. With the progress of time, the available adsorption
sites gradually reduced, resulting in a lowered adsorption rate to eventually attain

equilibrium (229.5 mg-g~') at 10 h.
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Fig. 4.9. Effect of time on Ag(I) adsorption.

To evaluate the Ag(I) adsorption behavior of the PNPG membrane, the following
two kinetic models—Pseudo-first-order model (PFO) and Pseudo-second-order model

(PSO) were utilized to fit the experimental data [32]:

PFO: In(qg,—q,)=Ing, —kt 4)
pso: L1 b )
a9  kd. g

where 0, (mg-g~!) denotes the equilibrium adsorption capacity, while & (h™") and k>

(g'mg"-h7!) are the rate constants of the two models. Fig. 4.10 and Table 4.2 show the
fitting results and analyzed data, respectively. R? is a frequently used validation
criterion for adsorption kinetics fitting [33]. In Table 1, an R? > 0.8 for PFO and PSO,
but PSO was deemed to be the better-fit model because its R* was higher and closer to
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1, indicating the dominant role of chemisorption in this process [34]. The equilibrium
adsorption capacity obtained from PSO fitting was 238.7 mg-g~', approximate to the

experimental value (229.5 mg-g™!).

a) b) O e perimental dat
6 @ Experimental data ° .xperln'!ef'l al data
o Linear fitting of PFO | —~ -~ Linear fitting of PSO o
5} (R?=0.822) e T (R*=0.999) -
9
- £ .
t.’i ar e o :’ 0.04 ad
o £ -9
§ 3 ] = '.9"
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Fig. 4.10. Adsorption kinetics fitting of the (d) PFO and (e) PSO models.
Table 4.2 Parameters of kinetic models
Model Parameters Value
PFO qe (mg.gfl) 105.8
ki (h™) 0.27
R? 0.822
PSO qe (mg.g_l) 238.7
k> (gmg~'h™!) 8.3x1073
R? 0.999

Regarding the effect of concentration at 25 °C, Fig. 4.11a shows that the (., goes

up with increasing Ag(I) concentration. For more information on the adsorption, there
are three isotherm models to be used. The Langmuir model was applied to represent the
equilibrium condition of monolayer homogeneous adsorption; the Freundlich model to
describe multilayer adsorption on heterogeneous surfaces; the Temkin model to account
for adsorption as a multilayer process. Their linear mathematical equations are

expressed as follows [35-37]:
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1

Langmuir: *+=—2+—— (6)
qe qm KL x qm
: 1
Freundlich: logq, =log K. +=xlogc, (7)
n
Temkin: q, = %In K; +% Inc, ®)

where C, (mg-L7!) is the equilibrium concentration of the Ag(I) solution; 0,
(mg-g1), the equilibrium adsorption capacity; ¢, (mg-g-!), the maximum adsorption

capacity. K, (L-mg™"), Kr (L""mg'"".g™"), and Kr (L-g”!) represent the isotherm
equilibrium binding constants of Langmuir, Freundlich, Temkin model respectively.
The 1/n term is related to the surface heterogeneity; a smaller 1/n corresponds to a
stronger heterogeneity of the adsorption sites. The adsorption process is favorable
when 0 < 1/n < 1. The gas constant and temperature are represented by R and 7,

respectively, and b is a constant [17, 38].
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Fig. 4.11. (a) Effect of concentration on Ag(I) adsorption. Adsorption isotherm studies

using the (b) Langmuir, (c) Freundlich, and (d) Temkin models.
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Table 4.3 Parameters of isotherm models

Model Parameters Value
Langmuir q, (mgg™) 363.6
K; (L-mg ™) 0.15
R? 0.988
Freundlich 1/n 0.16
Kr (LY".mg! 1. g1 155.3
R? 0.938
Temkin b 58.3
Kr(L-gh 3.06
R? 0.928

Table 4.4 Comparison of silver ions adsorption capacity with other adsorbents

Material gm (mg-g) pH  Reference
PDMTD 127.89 1 [39]
TA-PS nanoparticles 190+ 5 6 [40]
Thiol-grafted graphene oxide 134.1 5 [6]
TU-PVDF membrane 172.8 6 [41]
Acrylate modified CAB 23.92 3 [42]
2-AMP resin 110.5 4.88 [43]
Fe304@ microbial extracellular 48 6 [44]
polymeric substances

Carboxymethyl functionalized PGMA 157.05 4 [45]
PolyTBAUCH 39.8 2.5 [46]

rSFB 62.50 6 [47]
PNPG membrane 366 6 This work

Among the three models presented in Figs. 4.11b—d, the correlation coefficient R?

of the Langmuir isotherm model was closest to 1 (Table 4.3). This implies that



monolayer adsorption promotes Ag(I) adsorption by the PNPG membrane. The
theoretical (,,, calculated from the Langmuir model, was 363.6 mg-g~!, which is close

to the experimental value of 366 mg-g~!. Additionally, the PNPG membrane exhibits a
higher maximum adsorption capacity of silver compared to other reported materials

(Table 4.4).

4.3.4. Reusability

The study of the potential practical applications of adsorbents for reusability is
aligned with the theme of green and environmental protection. Adsorption experiments
were carried out in pH 6 Ag(I) solutions at 120 rpm and 25 °C. The membrane was then
removed and immersed in a fresh eluting agent (0.5 g thiourea in 50 mL of 0.01 mol-L"!
HNO3) while shaking. Afterwards, the PNPG membrane was washed with deionized
water five times to remove the residual eluent, regenerated after drying, and then

subjected to the next adsorption experiment.

=)
Qo
T

N
o
T

£ m / - 4
Cycle

Fig. 4.12. Adsorption efficiencies in the reusability experiment (C,= 30 mg-L~!, V=30

mL, t=12h)

The results of repeated utilization (Fig. 4.12) suggest the good reusability of the
PNPG membrane during the first four adsorption-desorption cycles, as evidenced by
the nearly 100% adsorption efficiency. By the end of the fifth adsorption process, Ead

decreased to approximately 90%, possibly owing to some consumed N sites.
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4.3.5. Selectivity

Superior selectivity is necessary because other metal ions (e.g., Pb**, Cu?**, and
Ni**) coexist with Ag(I) [3]. To ensure the selective adsorption of Ag(l), selective
adsorption experiments were conducted using solutions with two different
concentration ratios and a pH of 5. The 1 : 5 mixed solution had a Ag(I) concentration
of 10 mg-L™!, while the Cu?*, Pb**, Zn>", AI**, Ni**, and Fe*" concentrations were 50
mg-L~!. Meanwhile, the 1 : 10 mixed solution had a Ag(I) concentration of 5 mg-L!,

while the concentrations of the other components were retained at 50 mg-L™!.

a)
b)
PNPG pair Ag*/Ag
-2.0 -1.5 -1.0 -0.5 0.0 0.5 1.0
E L) L) L) L) L] L) L]
0]
uj L A 1 A 1 1 1 2 L A ]
P G e P Yae Ny

AIR*/Al Zn%*Zn Ni2*/Ni PbZ*/Pb Fe**/Fe Cu?'/Cu

Fig. 4.13. (a) Adsorption efficiency of different metal ions using two types of mixed
solutions (V=20 mL, pH =5, # = 12 h). (b) Schematic diagram comparing the redox

potential.

According to Fig. 4.13a, the adsorption efficiency of the PNPG membrane for
Ag(I) in these two mixed solutions is approximately 90%, a value greater than those of
the other metal ions. The redox potential can give explanation for this high selectivity

to Ag(I). The PNPG CV curve obtained by Muniraj et al. showed the redox potential of
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PNPG to be approximately 0.4 V [24]. Among the other metal ions present in this
experiment, only the Ag'/Ag pair had a higher redox potential (0.7996 V) than PNPG
(Fig. 4.13b); thus, PNPG preferentially captures Ag" even at low Ag" concentrations.
Upon Ag(I) exhaustion, PNPG still have large sums of surplus adsorption sites.
Fig. 4.13a shows the adsorption efficiency of Al and Fe (approximately 10-25%). This
affinity is consistent with the hard acid and base principle, in which AI** and Fe*" are
considered hard acids that bind strongly with the O-reactive groups (COOH, hard base)
of PNPG [29, 48-50]. Pb**, Cu*", Ni?", and Zn?" are generally classified as borderline
metals with lower affinity for the hard base [51]; consequently, their adsorption
performance is poorer. To summarize the above analysis, the selectivities for metal ions

are ranked in descending order as: Ag" > AI**, Fe** > Pb%*, Cu?*, Ni*", and Zn*".

4.3.6. Recovery of Ag from waste PCBs leaching solution

PCBs are integral components of most electronic waste. The silver content of
PCB:s is approximately 0.12%, which is higher than that of natural argentiferous ore (~
0.08% silver) [1]. E-waste is an urban mine, and can be used as a raw material source
to extract secondary silver. To investigate the recovery of Ag by the PNPG membrane
from two real solutions, the prepared waste PCBs samples were extracted with acid to
obtain a leaching solution containing silver ions. The 5 mg PNPG membranes were
then immersed in these leaching solutions and shaken for 12 h under the same
conditions as before.

The experimental process of preparation waste PCBs leaching solution began with
two sequential leaching steps using a H>SO4/H>O: solution, followed by a step using a
HNO;3 solution (Fig. 4.14) [29, 52]. Prepared samples (3.0 g) were firstly leached with
H>S04-H,0> mixture (100 mL 2 mol-L™' HSO4, 44 mL 15 % H»0,) with heating to
80 °C and stirring at 300 rpm for 1 h, and most of the metals such as Cu, Fe, Ni, Al, and
Zn were dissolved. After the first reaction, the solid A obtained by filtration was the
mixture of gold, silver, lead, and insoluble oxides and salts. And then, the solid A was
treated with 50 mL 2 mol-L™' HNOj3 at 80 °C with stirring at 300 rpm for 1 h. Since

HNO;3 has natural oxidation, it can dissolve Ag, Pb, etc., but does not affect Au and Pt.
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After the second reaction and filtration, the liquid was prepared into a 200 mL stock
solution which was sampled and adjusted to pH = 7 with NaOH solution before
filtration, followed by adsorption experiments. The pH of the leaching solution was
then adjusted to the target value (Fig. 4.14) before the leaching solution was subjected
to silver recovery using a PNPG membrane. While adjusting the pH to neutral, the metal
ion concentration decreased due to the increase in the solution volume and the
precipitation of Fe, Pb, and Cu. The adjustment of the pH not only provided the
optimum pH for Ag adsorption, but also reduced the interference of other metal ions.
The initial concentrations of the ions determined using ICPE-9000 were as follows

(mg-L~1) (Fig. 4.15a): Ag, 5.09; Cu, 17.0; Pb, 1.06; Al, 0; Ni, 2.97; Fe, 0; and Zn, 0.801.

~[ Prepared samples

Leaching with the mixed solution
of H,SO, and H,0,, and filtration

l# Solid A ‘* Leaching solution A

Leaching with HNO, and filtration

Solid B Leaching solution B

Adjusting and filtration

| target waste PCBs leaching
solution (pH =7)

Fig. 4.14. The preparation of target waste PCBs leaching solution which contains Ag(I)
with pH =7.

In heterogeneous multicomponent systems, the adsorption of metal ions relies on
several aspects such as the pH, initial metal ion concentration, and competitive binding
sites [53]. For the waste PCBs leaching solution with a pH of 7, the adsorption
efficiencies decreased in the following order: Ag(93.03%) > Cu(15.88%) > Pb(6.04%) >

97



Zn(0.5%) (Fig. 4.15b). The adsorption of Ag is excellent because the redox potential is
higher than that of PNPG (see Section 4.3.5). Wadhawan et al. suggested that the order
of adsorption of metal ions was related to the atomic mass, electronegativity, and ion
radius [54]. Some studies used a covalent index to measure this correlation and reported
that Pb(II), Cu(Il), and Zn(II) have covalent index values of 6.41, 2.64, and 2.04,
respectively, indicating that Pb(II) has a stronger attraction to the lone-pair electrons of
N than the rest do [55, 56]. However, the concentration of Cu(Il) is significantly higher
than that of Pb(Il) in our waste PCBs leaching solution, increasing its probability of

being captured, and causing its adsorption efficiency to be higher than that of Pb(II).

a) 20l  Waste PCBs leaching solution b) L Waste PCBs leaching solution
17 100 93.03
~ 16} 80|
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al ¢ 7 , 2.97 20} 15.88
: 7 1.06 0.801 - 6.04
g , / 9 v | / 9 4 .2 e 0 1 9 E._Z 9 Q 2% | 91§
Ag Al Cu Fe Ni Pb 2Zn Ag Al Cu Fe Ni Pb Zn
Metals Metals

Fig. 4.15. (a) Initial metal concentrations in target waste PCBs leaching solutions and

(b) adsorption efficiency of different metals after the experiment (V=30 mL, # =12 h).

4.3.7. Recovery of Ag from MSWI fly ash leaching solution

MSWI produces large amounts of fly ash. MSWI fly ash contains Ca, Si, Al, Na,
K, Mg, CI, and O (contents >10000 mg-kg !); other metal elements such as Zn, Pb, Cu,
Cr; and several other components. Recently, rather than landfill disposal, many regions
have been progressively encouraging rational waste disposal by reuse and recovery of
heavy metals from MSWI fly ash [57]. To investigate the silver recovery from MSWI
fly ash, the leaching solution of MSWI fly ash samples was prepared, and then
performing the adsorption experiments.

To remove the soluble salt and improve the metal grade as much as possible, the
MSWI fly ash was initially washed with deionized water. Mix 20 g fly ash with 400 mL
water and stir thoroughly at 800 rpm for 5 minutes. The solids obtained by
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centrifugation are dried at 60°C. Collect the dried samples for subsequent experiments.

Zhang et al. reported that the concentration of leached elements increases as the
pH decreases during the digestion of MSWI fly ash. They observed that leaching was
most effective at pH 2 [58]. To obtain leaching solutions containing more silver ions
and fewer other elements, pre-treated fly ash was digested stepwise prior to adjusting
the pH to 6. Dried pre-treated MSWI fly ashes samples (2.0 g) went through two steps
of leaching: leaching at pH = 2 condition and leaching with 2 mol-L ™" acid (Fig. 4.16).
It is important to note that in the first step, the mixture needs to be maintained at pH =
2 by dropping a higher-concentration HNO; while stirring. After every centrifugation,
wash the solids and then centrifuge again, and this process needs to be repeated 3 times.

The results from the quantitative elemental analysis of dried pre-treated MSWI fly
ash (Fig. 4.17) show that CaO accounted for the largest proportion (37.87%,), followed
by Zn (10.02%) and Ag (0.08%) in the sample. Other substances not listed amounted
to 45.02%.

2.0 g samples, 30 mL HNO; (maintain pH = 2)

Stirring (500rpm, 80°C, 1 h)
N

Centrifugation (Sooorpm, Smin) SO e T R PP PP 5

The upper liquid Solid A

o Leaching at
Washing

i pH =2 condition :

+30 mL HNO; (2 mol-L ") H
, Stirring (same as above) H .

(,‘Cn[rifugati()n (Sonorpm’ Smin) f e e rrsnniinni s :

H

3 i Leaching with :
| : i 2mol-L'acid :
1 H -

The upper liquid Solid B
Adjusting pH and Washing
atmospheric filtration
target MSWI fly ashes v

leaching solution (pH = 6) Targessolutioi

Fig. 4.16. The preparation of target MSWI fly ashes leaching solution containing Ag(I)
with pH=6.
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Fig. 4.17. Elemental analysis of pre-treated fly ash (measured by the portable X-ray

fluorescence analyzer).
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Fig. 4.18. (a) Initial metal concentrations in target MSWI fly ash leaching solution and

(b) adsorption efficiency of different metals after the experiment (V=20 mL, t =12 h).

Analysis (Fig. 4.18a) shows that the concentrations of Ca, Mg, and Zn were very
high; those of Ag, Co, and Ni were less than 1%; and those of Al, Cu, Fe, Pb, and Sn
were zero. Such could results arise from the leaching during the previous step or
filtering by precipitation during pH adjustment. Despite the harsh environment of real
solutions, the sensitivity of PNPG enabled the adsorption of approximately 96% of Ag
(Fig. 4.18b). Combining this property with the selective adsorption of silver in real
waste PCBs leaching solution, it can be deduced that the PNPG membrane is promising

for the recovery of silver.
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4.4. Conclusion

In this study, a PNPG membrane was successfully prepared via vacuum filtration
after forming PNPG by the polymerization of the NPG monomer. The PNPG membrane
could adsorb silver ions. The characterization results obtained from SEM, EDS, XRD,
and XPS analyses revealed the reaction mechanism of the PNPG membrane with Ag(I):
(1) most of the redox reactions occurred between the neutral benzenoid diamine of
PNPG and Ag(I) to generate a positively charged conjugative bipolaron and elemental
silver; (2) coordination reactions occurred between Ag(I) and the lone-pair electrons of
benzenoid diamine, to a lesser extent. This discovery of the interaction mechanism
between the PNPG membrane and silver ions has broadened the scope of this specific
conductive polymer in adsorption studies. Based on the adsorption experiments, the
performance of Ag adsorption was highly dependent on the pH and was optimal under
neutral conditions. The kinetic results showed that the adsorption process agreed well
with the PSO model, indicating chemical adsorption. The adsorption isotherm results

displayed good consistency with the Langmuir model, indicating monolayer adsorption.
The experimental g, value (366 mg-g~') was also close to the theoretically calculated

value. After selectivity and reusability studies, adsorption experiments were carried out
on two leaching solutions from waste PCBs and MSWI fly ash, in which more than 90%
Ag ions can be adsorbed by PNPG membrane. The results indicate that the PNPG

membrane has practical potential for silver recycling.
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Chapter 5
Poly-N-phenylglycine@multi-walled carbon nanotubes

composite membrane for improvement of Au(ll1) adsorption

5.1. Introduction

Sustainable development goals (SDGs) aim to ensure the availability and
sustainable management of water and other natural resources [1]. To avoid the waste of
metal resources and environmental pollution caused by heavy metal ions or organic
pollutants [2], emerging methods, such as artificial intelligence [3], bio-chemical
strategy [4], and photocatalysis [5, 6], have been used to treat waste products containing
metal ions, wastewater, and landfill leachate.

Metal resources, particularly precious metals, are very limited but extensively
researched and widely used in many fields, such as jewelry, biomedicine, catalysts, and
electronics, owing to their unique physicochemical properties [7-9]. Electronic waste
(e-waste) components, particularly printed circuit boards, contain higher grades of
precious metals compared to primary ores; therefore, it is economically attractive to
recover precious metals from e-waste leachates or waste fluids [10]. Although several
research efforts are being invested in the aforementioned emerging methods,
metallurgical approaches, including pyro- and hydrometallurgy are the most practical
and mature processes for extracting metals from solid e-waste. Hydrometallurgy
involves metal dissolution and leaching for extracting metals and offers advantages of
less environmental impact and high metal recovery. In the final step of hydrometallurgy,
metals can be recovered from aqueous solutions by various processes, including
adsorption, membrane filtration, chemical precipitation, cementation, and ion exchange
[11].

Adsorption methods have attracted significant attention because they are suitable
for enrichment or recovery at very low concentrations, are simple to operate, and do
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not produce secondary pollutants [12]. For example, the commonly used activated
carbon shows tremendous potential in the adsorption of metal ions. However, it still
needs to be improved, such as selectivity [11]. Recently, conjugated polymers have
been recognized as excellent adsorbents owing to their numerous sites for adsorbing
active functional groups, unique redox chemistry, and reversible ion (especially cationic)
adsorption/desorption capabilities [13]. Conjugated polymers, such as polyaniline,
polypyrrole, polydopamine, and their composites, have been widely studied as noble
metal adsorbents [14-16].

Poly-N-phenylglycine (PNPG), another conjugated polymer with a skeleton
similar to that of polyaniline, is a promising adsorbent containing several functional
groups that can provide numerous adsorption sites. Previous studies reported the
recovery of gold and silver using a conjugated polymeric PNPG [17, 18]. Conjugated
polymers are increasingly being used for precious metal recovery. However,
challenging problems remain despite significant progress in using membranes to reduce
the separation burden of nanoparticles after adsorption. For example, owing to
intermolecular and intramolecular interactions, bare PNPG particles easily aggregate,
which significantly reduces the surface area and reduces the adsorption capacity. The
use of membranes for metal recovery faces some challenges, such as the instability of
the membrane and the inadequate exposure of adsorption sites [19]. The composite
adsorbents of conjugated polymers and organic/inorganic materials may combine the
special advantages of both components to enhance the purification and adsorption
effects [20]. Considering graphdiyne, which can anchor nanoparticles [21], we used
carbon nanotubes, another commonly used carbon material, to improve membrane
stability without compromising adsorption performance. Carbon nanotubes are rich in
delocalized m electrons, act as good electron donors, and show non-covalent
functionalization [22]. Moreover, it will be an important development if the
combination of PNPG and carbon nanotubes has an effect of 1 + 1 > 2.

This study reports the design and preparation of a PNPG@multi-walled carbon
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nanotube (MWCNT) composite membrane, in which MWCNT are uniformly
distributed in the PNPG matrix, inhibiting the aggregation of PNPG, and enhancing the
stability and overall mechanical properties of the membrane. Moreover, the effects of
pH, time, and concentration on the adsorption behavior of Au, as well as the kinetics,
isotherms, and adsorption mechanism, were studied. Further, gold recovery from the
leaching solution of e-waste was attempted. The results demonstrated the potential of

the PNPG@MWCNT composite membrane for practical applications.

5.2. Experimental details

5.2.1. Materials and equipment

Used materials were multi-walled carbon nanotubes (MWCNT), N-phenylglycine
(NPG), ammonium peroxodisulfate (APS), mixed cellulose ester (MCE) membrane,
thiourea, NaOH, HCI, H>SO4, Na;SO4, NaCl, NaNOs, waste printed circuit boards
(PCBs) samples, and standard solutions (1000 mg-L-!) of AI(III), Au(I1I), Cd(1I), Co(II),
Cu(I), Fe(III), Ni(II), Pb(II), Pt(IV), Sn(II), and Zn(I).

5.2.2. Preparation of the PNPG suspension

PNPG can be synthesized by polymerization of the NPG monomer, where APS
acts as an oxidant and dilute sulfuric acid provides the necessary acidic environment
[23]. The procedure is almost consistent with that described in Section 2.2. In short, the
APS-H,SO0s mixture (6.4 g APS; 100 mL 0.1 mol-L! H,SO4) was added dropwise to
the NPG-H,SO4 mixture (4.0 g NPG; 200 mL 0.1 mol-L! H,SOa4) in a beaker with
stirring in an ice-water bath (about 0 °C) for 24 h. The products were separated by
filtration and washed with DI water until the filtrate was colorless. The collected no-
impurities PNPG was redispersed in DI water to form a suspension whose concentration

was calculated by carefully filtering 1.0 mL dispersion and weighing the dried solid.

5.2.3. Preparation of the PNPG@MWCNT membrane
The preparation procedure of 4 mg PNPG membranes and PNPG@MWCNT
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membrane (Scheme 5.1) was described above in Sections 2.2.2 and 2.2.3, respectively.

Please refer to the corresponding section for detail.

CH,COOH clznzcoou (|ZH2C00H <|:H2coon
PNPG

Scheme 5.1. Schematic diagram of the PNPG@MWCNT composite membrane

5.2.4. Characterization

The concentrations of the metal ions were determined using a plasma atomic
emission spectrometer (ICPE-9820, Shimadzu, Japan). The characterization methods
of FTIR, XRD, XPS, SEM, EDS, zeta potential analysis, Brunauer—Emmett—Teller

(BET) and Barrett—Joyner—Halenda (BJH) were the same as shown in Section 2.3.2.

5.2.5. Adsorption experiment

Au(l11) solutions with the desired concentrations and pH were prepared by diluting
the standard solution and adjusting pH using 0.1 mol-L-' NaOH or HCI solution. The
total mass of the sorbent (i.e. PNPG and MWCNT) in the composite membrane was 4
mg.

In the adsorption experiment to determine the influence of composition, each of
the as-prepared membranes with different PNPG-MWCNT compositions was
immersed in 50 mL of Au(III) solution (100 mg-L~!, pH = 1) for 24 h. To examine the
influence of pH on adsorption, composite membranes in four proportions (P4MO,

P3.5M0.5, P2M2, and POM4) were separately soaked in Au(III) solutions (50 mL, 100
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mg-L") of pH 1, 3, and 5 for 24 h. The effect of anions (C1~, SO4*", and NO3") on
adsorption was investigated by soaking P3.5M0.5 composite membranes in 50 mL
anion-containing Au (III) solutions for 24 h, where the concentration of Au(IIl) was 100
mg-L-!, the pH of the solutions was 1, and the anion concentrations were set to 0.001,
0.01, and 0.1 mol-L".

In the adsorption experiment to determine the influence of time, P3.5M0.5
composite membranes were soaked in 16 beakers containing 80 mL of Au(III) solutions
(100 mg-L~!, pH = 1), and the membranes were then removed from the corresponding
beakers at 0.5, 1, 2, 4, 6, 8, 10, 12, 15, 18, 21, 24, 30, 36, 42, and 48 h. To study the
effect of concentration on adsorption, serial Au(IIl) solutions (pH = 1) with
concentrations of 20, 40, 60, 80, 100, 120, 140, and 160 mg-L-! were prepared before
the adsorption experiment, where P3.5M0.5 composite membranes were individually
soaked in 80 mL of Au(III) solution for 24 h.

The competition among several metal ions was evaluated by immersing the
P3.5M0.5 membrane into three types of mixed solutions (pH = 1, 50 mL): 50 mg-L"!
for other metal ions, whereas gold ions were 5, 10, and 25 mg-L~! in sequence, for 24
h.

In the reusability experiment, the prepared P3.5M0.5 membrane was dipped into
50 mg-L~! Au(III) solution for 24 h, and the post-adsorption membrane underwent for
desorption 24 h by bathing in the acidic thiourea solution (containing 1.0 mol-L™!
CS(NHa)2, 1.0 mol-L~! HCI) [24]. The next reusability round began after the membrane
was cleaned with DI water three times and dried at 60 °C for 12 h.

Recovery capacity experiments were conducted in an actual leaching solution of
waste PCBs. After processing the original samples, the solid residue "concentrate" with
a high gold content was obtained. The concentrate (3.5 g) was first treated with 40 mL
concentrated HNO3 (magnetic stirring at 300 rpm, heating at approximately 100 °C, 3
h), and the residual solid was then treated with 20 mL of freshly prepared aqua regia

under the same process conditions and covered with a watch glass to prevent water

113



from evaporating. After the reaction, the filtrate was collected and adjusted to pH 1
using 1 mol-L~! NaOH and stored as the leaching solution (Scheme 5.2). The P3.5M0.5
membrane was dipped into 50 mL of the leaching solution for 24 h adsorption.

These experiments were performed in triplicate under constant shaking at 120 rpm
and 25 °C room temperature, and each beaker was covered with sealing film to keep

the water from evaporating. The adsorption capacities were expressed as mean =+

waste PCBs ‘
concentrate :
(3.5 9)

standard deviation.

69% HNO, (40 mL), P
300 rpm, 100 °C, 3 h

aqua regia (20 mL),
300 rpm, 100 °C, 3 h

adjusted to pH 1
(by 1 mol L-' NaOH)

Scheme 5.2. Schematic diagram of the preparation of leaching solution containing Au.

5.3. Results and discussion

5.3.1. Preparation and Characterization of PNPG@MWCNT membrane

The XRD patterns of membranes with different proportions are shown in Fig. S.1a.
Because only MWCNT are present in the POM4 membrane, its XRD pattern has a
distinct characteristic peak at 20 = 26.2°, representing the (002) reflection planes of the
MWCNT. The presence of this peak is due to the effect of several overlapping graphene
sheets in the concentric circles mode, indicating the features of multi-walled carbon
nanotubes [25]. This characteristic peak of MWCNT can also be observed in the P2M2
membrane, but it seems that the peak is not well displayed in the P3.5M0.5 membrane,
which may be due to the small amount of MWCNT compared with PNPG.

FTIR spectroscopy was used to further characterize the composite materials. Three
samples, pristine MWCNT, dried as-prepared PNPG, and collected P3.5MO0.5, were
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! and their

separately pressed by KBr for FTIR measurements from 600 to 3600 cm™
spectra are shown in Fig. 5.1b. The FTIR spectrum of the pristine MWCNT exhibits a
relatively intense peak at approximately 1540 cm ™!, representing the double bonds of
C=C [26]. There are six characteristic peaks in the spectrum of PNPG: 815 and 1152
cm ! are assigned to the 1,4 (para)-substituted phenyl ring structure and the N=Q=N
vibration in the quinone ring, respectively; 1309 cm™! is the characteristic peak of C-N
at benzenoid amine; 1497 and 1585 cm™! belong to the stretching deformation of C=C
at the benzenoid and quinonoid rings, respectively; and 1673 cm ™! is attributed to the
C=0 of carboxyl groups [27-29]. In the P3.5M0.5 spectrum, no new peak can be
observed, compared with that of PNPG, but a change in absorption intensity (1497 cm™)
is observed, which may be influenced by the C=C double bond in the MWCNT,

indicating the successful combination of both substances [30].

Y
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——P3.5M0.5
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P3.5M0.5
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Fig. 5.1. (a) XRD spectra of POM4, P2M2, P3.5M0.5, and PAMO membranes. (b) FTIR

spectra of MWCNT, PNPG, and P3.5MO0.5.

The combination of PNPG and MWCNT can be clearly observed in the SEM
images (Figs. 5.2a—b), which shows that the PNPG particles gathered to form a rough
surface and a porous structure on the as-prepared P4AMO (Fig. 5.2a), whereas the surface
of P3.5M0.5 is densely crisscrossed with fiber-shaped MWCNT that spread among the
PNPG particles (Fig. 5.2¢). In addition, there are obvious large cracks whose average

gap is up to ten microns on the PNPG surface in P4MO (Fig. 5.2b), whereas on the
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surface of P3.5M0.5, the large cracks are not observed, only tiny cracks (Fig. 5.2d).
Concerning membrane stability, similar results are observed for other equally
proportional composite membranes of different masses (Fig. 5.3). The pure PNPG
membranes (Fig. 5.3a—c) are prone to break, and micrometer-sized cracks appear after
24 h of drying, which is attributed to desiccation-related membrane shrinkage [31]. In
this case, the higher loading on the supporting layer leads to significantly visible cracks
(Fig. 5.3c), which may reduce the stability of the membrane in solutions. The addition
of MWCNT (Figs. 5.3d—f) has an obvious effect on alleviating the cracks caused by
drying, which greatly improves the stability of the membranes. The consolidation effect

of MWCNT on PNPG is similar to that of plant roots on loose soil particles.

L o 2 U 1

Fig. 5.2. SEM images of (a) (b) PAMO and (c) (d) P3.5M0.5. (g) Schematic diagram of

the PNPG@MWCNT composite membrane.

XPS was used to further explore why the cracks in the composite membrane were
repaired after adding MWCNT and the interaction between MWCNT and PNPG. The
XPS spectrum of the P3.5M0.5 membrane (Fig. 5.4a) shows three peaks: C s, N Is,
and O 1s, at 284.8, 399.9, and 531.9 eV, respectively. Fig. 5.4b displays the
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deconvolution of the C 1s spectrum, which is split into six sub-peaks. From right to left,
the peaks at 284.5, 284.8, 285.5, 286.3, and 288.0 eV are assigned to sp> C, sp> C, C—N,
C—0, and C=0, respectively [32, 33]. The peak at 290.8 eV is due to the n—x structure
of conjugate PNPG and MWCNTs [34, 35].

PNPG@MWCNT
composite membranes

&
o
ol ol

Fig. 5.3. Digital photograph and SEM image of pure PNPG membranes containing (a)

Pure PNPG membranes

(a)

A

—

O [ )

A

1.75 mg, (b) 3.5 mg, (¢) 7 mg, and those of PNPG@MWCNT composite membrane
with the addition of MWCNT of (d) 0.25 mg, (e) 0.5 mg, and (f) 1 mg, correspondingly.
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Fig. 5.4. (a) XPS spectrum of the P3.5M0.5 membrane. (b) C 1Is XPS-spectrum of

P3.5M0.5 membrane.
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In addition, the results of the characterization of the zeta potential can also explain
the interaction between MWCNT and PNPG. As shown in Fig. 5.5, the PNPG dispersed
in DI water is positively charged with a zeta potential of 40.51 mV. At the same time, a
zeta potential of —36.18 mV is determined for MWCNT which were uniformly
distributed in DI water after ultrasonic dispersion. After the liquid-phase mixing of
PNPG and MWCNT (PNPG: 3.5 mg; MWCNT: 0.5 mg), the zeta potential shifts to
35.36 mV. This is because of the Coulombic interactions between the negative

MWCNT and the positive PNPG, which screen the surface charges of PNPG.

MWCNT P3.5M0.5
(-36.18 mV) | (35.36 mV) f

Intensity (a.u.)

75 50 25 0 0 75

25 5
Zeta Potential (mV)

Fig. 5.5. Zeta potential of PNPG, MWCNT, and P3.5M0.5.

5.3.2. Adsorption performance at different PNPG@MWCNT membrane
compositions and solution pH values
To understand the effect of the ratio of PNPG and MWCNT on Au(IIl) adsorption,

different PNPG@MWCNT membranes were prepared and used for the adsorption

experiment. The adsorption capacity 0, (mg-g') was calculated using Eq. (1) [36]:

g = (1)

where V(L) is the volume of the Au(lll) solution and m (g) is the sum of the mass of

PNPG and MWCNT. C, (mg-L')and C, (mg-L')represent the initial and residual
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concentrations at time ¢ (h), respectively.

As shown in Fig. 5.6a, the two ends of the curve represent the pure PNPG
membrane and MWCNT membrane, and their adsorption capacities are approximately
980.9 and 54.5 mg-g~%, respectively. It can be seen that untreated MWCNT (POM4)
displays very low adsorption of gold ions compared to PNPG (P4MO0), and the
adsorption capacity of the composite membranes mainly depends on PNPG. Under the
constant condition that the total mass of PNPG and MWCNT is constant at 4 mg, the
adsorption capacity gradually increases from 980.9 to 1191.6 mg-g~* when the content
of MWCNT increases from 0 to 0.5 mg. The growth rate of the adsorption capacity is
21.48%. Beyond this point (PNPG = 3.5 mg, MWCNT = 0.5 mg), the adsorption
capacity decreases with decreasing PNPG content. The P3.5M0.5 composite membrane

shows the highest adsorption capacity for Au(III).
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Fig. 5.6. (a) Comparison of adsorption capacity among different PNPG@MWCNT

membranes for 24 h adsorption. The x-axis represents the mass change in MWCNT,
and the corresponding mass of PNPG in the composite membrane is (4—x) mg. (b)

Au(IIT) adsorption capacity of the four membranes at different pH.

The pH range was not higher than 7 because most of the real leaching solutions
were acidic. To examine the influence of pH on adsorption, several membranes of
representative proportions were selected for the experiments at pH of 1, 3, and 5. As
demonstrated in Fig. 5.6b, with increasing pH, the adsorption capacity of these

membranes shows a downward trend: P3.5MO0.5 is the most significant, whereas PAMO
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and P2M2 are the least. In addition, the adsorption capacity of the P3.5M0.5 composite
membrane is the highest among all membranes, regardless of the pH of the Au(IIl)

solution.
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Fig. 5.7. Zeta potential of P3.5M0.5 mixture at different pH.

The pH of the solution is an important factor that affects the adsorption capacity
because it affects not only the form of the gold ions in the solution but also the binding
site of the adsorbent. It can be seen from the species distribution of Au(III) at varied pH
that the major existing form of Au(Ill) is [AuCl4] in a strongly acidic solution, such as
pH =1, whereas a small fraction of [AuCls]™ gradually becomes [AuCI3(OH)] at a pH
of 5 [37]. Thus, in the studied pH range of 1-5, Au(Ill) always exists as a negative
monovalent ligand in solutions, regardless of the configuration. As shown in Fig. 5.7,
the point of zero charge (PZC) of the P3.5M0.5 composite adsorbent is at pH 7.6, which
means that it is easy for P3.5M0.5 to capture negatively charged Au(IIl) species by
electrostatic interactions below this pH. In addition, with a decrease in pH, the potential
of P3.5MO0.5 increases, inducing an increase in Au(Ill) adsorption capacity, which is
consistent with the results shown in Fig. 5.6b. Therefore, pH of 1 was considered

beneficial for Au(Ill) adsorption.

5.3.3. Adsorption performance of P3.5M0.5 at different anions

The effect of coexisting anions on Au(Ill) adsorption was investigated by soaking
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P3.5M0.5 composite membranes in different Au (III) solutions separately containing
CI7, SO4*", and NOs™ at concentrations of 0.001, 0.01, and 0.1 mol-L~!, respectively,
and the results are shown in Fig. 5.8. Owing to the increase in anion concentrations
from 0.001 to 0.1 mol-L~!, CI", SO4*", and NO;™ cause the decline in Au(III) adsorption
capacity. This is due to the anions competing with [AuCl4]™ to occupy some adsorption
sites through electrostatic interaction. Although the anion concentration (0.1 mol-L")
is significantly higher than that of Au(III) (100 mg-L~! = 5.08 x 107 mol-L"), the
Au(IIl) adsorption capacity was still over 900 mg-g~!, implying that electrostatic

interaction was not the main or only interaction force.
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Fig. 5.8. Au(Ill) adsorption capacity of the P3.5M0.5 composite membrane in the

presence of different anions.

5.3.4. Adsorption kinetics study of P3.5M0.5
The time-influenced results of Au(Ill) adsorption by the P3.5M0.5 composite
membrane are shown in Fig. 5.9. The adsorption capacity increases sharply to

approximately 550 mg-g~* in a short time (0.5 h) and then gradually increases because
abundant active sites are involved in the adsorption process. After 24 h, (, reaches

equilibrium because the adsorption sites are exhausted.
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Fig. 5.9. Adsorption capacity of P3.5M0.5 composite membrane at different times.

The adsorption process of Au(Ill) by the P3.5M0.5 composite membrane was
studied using the pseudo-first-order (PFO), pseudo-second-order (PSO), and intra-
particle diffusion (IPD) models. The PFO kinetic model presupposes that the adsorption
process is limited by physical adsorption, and a diffusion step restricts the movement
of the adsorbed substance (Au(Ill) in our study) from the liquid to the surface of the
adsorbent material (P3.5M0.5 composite membrane in our study). The PSO kinetic
model assumes that the adsorption process is controlled by chemisorption, involving
the sharing or transfer of electrons between the adsorbed substances and adsorbent
materials. The IPD model illustrates the multistep adsorption process, including the
transport of adsorbate from liquid to the adsorbent surface and the transfer of adsorbate

from the adsorbent surface to its interior [38] Their linear formulae are as follows [39,

40]:
pFO: In(g,-q,)=Inq, -kt 2)
t 1t
PSO: —= +— 3
g k7 g, ®
IPD: ¢, =kt"?+C, (4)

where 0, (mg-gY)and ¢, (Mmg-g?) are the equilibrium adsorption capacity and the

instantaneous adsorption capacity at time ¢ (h), respectively; k1 (h™!), k2 (gmg~"-h™1),
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and k; (mg-g~'-h~'?) are the rate constants of the PFO, PSO, and IPD models,
respectively. C, is an ordinary constant that reflects the boundary—layer effect [39].

The kinetic parameters of the PFO and PSO models are listed in Table 5.1, and
the relevant fitting curves are presented in Fig. 5.10, respectively. The correlation
coefficient (R?) is mostly used to measure the fitting degree between the model and
experimental data [41]. From Table 5.1 and Fig. 5.10, the observed correlation
coefficient of the PSO kinetic model is 0.9956, which is closer to 1 than that of the PFO
kinetic model (R? = 0.9570). Thus, the PSO kinetic model is fitted well with the
experimental data, indicating that the adsorption of Au(Ill) using the P3.5M0.5

composite membranes is primarily controlled by chemisorption.

Table 5.1 Parameters of gold ions adsorption by the P3.5M0.5 membrane

Model Parameters Value
PFO kinetic model 0, (mgg™) 716.38
ki (h7h 0.106
R? 0.9570
PSO kinetic model 0, (mgg) 1250.32
k> (gmg~-h71) 3.09 x 107
R? 0.9956
IPD model (Stage 1) ki (mg-g~!-h™12) 144.84
C; (mg-g™) 448.91
R? 0.9942
IPD model (Stage 2) ki (mg-g~!-h™1"%) 16.41
C; (mg-g™) 1077.64
R? 0.7711
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Fig. 5.10. Linear fitting of the (a) PFO kinetics model, (b) PSO kinetics model.
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Fig. 5.11. The linear fitting of the intra-particle diffusion model.

Moreover, the fitting results of IPD model are shown in Table 5.1 and Fig. 5.11.

Multilinearity in the 0 vs.

stages are involved in the Au(Ill) adsorption by the P3.5M0.5 composite membrane.
Stage 1 involves surface adsorption of Au(IIl) by the P3.5M0.5 composite membranes
and shows a slope of 144.84 and an intercept of 448.91. The second stage has a smaller

slope (16.41), indicating the diffusion of Au(IIl) through the surface to the interior of
the P3.5M0.5 composite membrane until the adsorption achieves equilibrium. The C;

of Stage 2 (1077.64 mg-g™!) is significantly larger than that of the first stage; therefore,

the boundary—layer effect in Stage 2 is much greater. Besides, the entire adsorption

t1/2

60

plot can be observed in Fig. 5.11, indicating that two

process is not rate-limited as no value of C, in the fitted curves is equal to 0 [42].
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5.3.5. Adsorption isotherm study of P3.5M0.5

The trend in the adsorption capacity of gold ions with the initial concentration was
studied, and Fig. 5.12 shows that the adsorption capacity increases with increasing
initial concentration and gradually reaches equilibrium. At low concentrations (20—80
mg-L!), there are abundant unoccupied active sites for adsorption; therefore, the
adsorption capacity increases as the initial concentration increases. Subsequently,
owing to the saturation of the adsorption sites, equilibrium is reached. The maximum

Au(I1I) adsorption capacity of the P3.5M0.5 composite membrane was 1262.6 mg-g~*.
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Fig. 5.12. Adsorption capacity of the P3.5M0.5 composite membrane at different initial

concentrations.
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Fig. 5.13. The fitting results of (a) Langmuir and (b) Freundlich isotherm models.
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Table 5.2 Isotherm parameters of gold ions adsorption by P3.5M0.5 membrane

Model Parameters Value

Langmuir model q, (mgg™) 1264.6
K. (Lmg™) 1.495
R? 0.9996

Freundlich model 1/n 0.0497
Kr (L'""mg! n.g-1) 1011.9
R? 0.9875

The interaction between the P3.5M0.5 composite membrane and Au(IIl) can be
interpreted and analyzed using adsorption isotherm models. Here, two isotherm models
are used to fit the experimental data, and the correlation coefficient (R?) indicated the
degree of fitting. One model is the Langmuir isothermal model, which assumes
monolayer adsorption and that the accessible adsorption sites on the adsorbent surface
are homogeneously distributed. The second model is the Freundlich isotherm model,
which is suitable for multilayer adsorption on heterogeneous surfaces. The linear

formulae are listed in Egs. (5) and (6), respectively [39, 40]:

Langmuir: G _L + ! %)
qe qm KL x qm

. 1
Freundlich: l0ogq, =log K. + n xlogc, (6)

where C, (mg-L™")is the equilibrium concentration. ¢, (mg-g~}) and ¢, (mg-g™)

are the equilibrium and maximum adsorption capacities, respectively; Kz (L-mg ') and
Kr (LY"-mg!"Vn.g1) are the isotherm equilibrium binding constants of the Langmuir
and Freundlich isotherm models, respectively. The value of 1/n determines the
availability of the adsorption process.

Table 5.2 and Fig. 5.13 show the fitting results of the experimental data using the

linear equations of the Langmuir and Freundlich isotherm models. According to the
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data in Table 5.2, the R?= 0.999 of the Langmuir isotherm model is significantly larger
and closer to 1 than that of the Freundlich isotherm model (R?= 0.9875). These values
indicate that the Langmuir isotherm model can better describe the Au(IIl) adsorption

process of the P3.5M0.5 composite membrane, in which monolayer adsorption is the
main adsorption process. In addition, the theoretical maximum adsorption capacity ({,

=1264.6 mg g ) calculated from the Langmuir isothermal model was very close to the
experimental data (1262.6 mg-g™1). Furthermore, our P3.5M0.5 composite membrane,
which was prepared by ultrasound-aided vacuum-assisted filtration, showed a higher
adsorption capacity for gold ions at pH 1 than that of the previously reported membrane

adsorbents (Table 5.3)
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5.3.6. Adsorption thermodynamic study of P3.5M0.5

Several composite membranes P3.5M0.5 were soaked into 80 mL Au(Il)
solutions and constantly stirred at different temperatures (298, 303, 308, 313, and 318
K) for 24 h to attain equilibrium. The thermodynamic study of P3.5M0.5 toward Au(III)
is conducted by calculating the change in Gibbs free energy (AG, kJ-mol™"), enthalpy

(AH, kJ-mol "), and entropy (AS, J-mol -K™") using the following Eqgs. (7—10) [49-52]:

AG =AH -TAS (7)

AG=-RTInK, (®)

InK, :A—RS—% 9)
C.-C

K, = OC : (10)

where K, is the dimensionless equilibrium constant, R is the ideal gas constant (8.314

J- K 'mol™), and T (K) is the absolute temperature.
From the Van't Hoff equation (Eq. 9), plotting In K with 1/T yields a straight line

(Fig. 5.14), in which the intercept and slope values predict A H and AS, respectively.
As shown in Table 5.4, positive AH (23.35 kJ-mol™') suggests the endothermic
adsorption process, whereas the positive AS (78.92 J-mol '-K!) reflects an increased
randomness of gold ions adsorption on the surface of P3.5M0.5 composite membranes
[24]. In addition, AG is negative in the temperature range 298-313 K according to Eq.
7, indicating spontaneous adsorption; decrease in AG with increasing temperature
indicates the increasing spontaneity of adsorption. High spontaneity at high temperature
can be explained in two ways: one is assigned to the swelling of the adsorbent, thereby
making it easier for gold ions to enter, and the other can be attributed to the enhanced
protonation of carboxyl groups and amine groups, improving the affinity between the

adsorbent and gold ions [52].

129



0.8

(* )
~
~
06 L y = -2808.1x + 9.49
e o R%*= 0.9712
(&) ~
X o4l e
£ @ ~
> -
N
0.2} Y
~
B

0 1 A 1 A 1 A 1 A 1
0.00315 0.00320 0.00325 0.00330 0.00335

1T (K™")

Fig. 5.14. Relationship curve between 1/7 and InK_ .

Table 5.4 Thermodynamics parameters of gold ions adsorption by P3.5M0.5 membrane

T (K) AG (kJ-mol™) AH (kJ-mol ™) AS (J-mol LK)
298 —0.17

303 —0.57

308 ~0.96 23.35 78.92

313 ~1.35

318 ~1.75

5.3.7. Adsorption mechanism

Based on the SEM, EDS, XRD, and XPS characterizations, the Au(III) adsorption
mechanism of the PNPG@MWCNT membrane was determined.

The SEM images of the post-adsorption P3.5M0.5 composite membrane show the
presence of gold particles (Fig. 5.15a). Further analysis of the partial area is performed
using EDS, and the elemental mappings of Cl and Au (Figs. 5.15e—g) show their
presence with atomic percentages of 53.68% and 46.32%, respectively (Fig. 5.15¢). Cl
is homogeneously dispersed because of the capture of the [AuCl4]™ ligands by P3.5M0.5
through electrostatic interactions. Depending on the ratio of atoms in the [AuCls]”
ligand, the extra atomic percentage of Au represents the elemental gold. In addition,

Fig. 5.15b and Figs. 5.15f—g show that the distribution of the centrally distributed Au
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is very consistent with the position of the particles in the SEM images, indicating the
existence of elemental gold in the P3.5M0.5 composite membrane after adsorption,

which provides a powerful support for chemisorption.

-4 Au

Element Weight conc. (%) Atomic conc. (%)
Cl 17.26 53.68
| -ci Au 82.74 46.32

/“'F"-‘-&-———wﬂ

. -.' e "'

by ..-._ 2 .’-

" »
n

Fig. 5.15. (a) (b) SEM images of P3.5M0.5 composite membrane after Au(Ill)

adsorption. (c) Energy dispersive X-ray spectra of the yellow-box area of (b). The
corresponding elemental maps of (e) Cl Ka, (f) Au Ma, and (g) Au La in the SEM

image shown in (d).

P3.5M0.5-Au
'/\JL.L A A

(111)
04-0784 (Au) | 200  (220) G111

L 1 1 | 1 i 1 l Il i I

10 20 30 40 50 60 70 80
20 (degree)

Fig. 5.16. XRD spectra of P3.5M0.5 membrane before and after Au(IIl) adsorption.

Intensity (a.u.)

The chemisorption of Au(Ill) by the composite membrane can also be
demonstrated by XRD characterization. The XRD spectrum in Fig. 5.16 shows four
peaks at 20 = 38.3, 44.5, 64.7, and 77.6° for the P3.5M0.5 membrane after Au(III)
adsorption (line P3.5M0.5-Au), which is consistent with those described in the gold
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standard card (JCPDS No. 04—0784). These peaks correspond to the crystal faces of
elemental gold: (1 1 1), (200),(220),and (3 1 1) [53]. The average crystallite size of
the Au particles from the XRD patterns can be calculated from the Debye—Scherrer
equation: d = (kA/fcosf), where d is the average crystallite size, 4 is the wavelength of
the Cu-Ka radiation (0.154 nm), f is the Full width at half maximum (FWHM) width
of the diffraction peak, and k is the Scherrer constant, which depends on the broadening
parameter, crystal shape, and symmetry and is generally considered to be equal to 0.94
[54]. Using the Debye-Scherrer equation and the four peaks at 26, the average crystallite
size of the Au particles was calculated to be approximately 27.5 nm.

The full XPS profiles of the P3.5M0.5 membrane before and after Au(Ill)
adsorption are shown in Fig. 5.17. Compared with spectrum of P3.5M0.5 (before
adsorption), that of P3.5M0.5-Au exhibits dominant peaks of O 1s, N 1s, and C 1s,
which are also characteristic of Au 4d, CI 1p, and Au 4f, suggesting the adsorption of
gold ions on the P3.5M0.5 membrane. The Au 4f spectrum has two adjacent peaks
representing Au 4f72 and Au 4fs/2, and each of them can be well fitted by two other sub-
peaks (Fig. 5.17b). The Au 4f7,> peak is split into Au(0) (83.9 eV) and Au(Ill) (84.5 eV),
whereas the Au 4fs); peak is split into Au(0) (87.6 eV) and Au(Ill) (88.3 eV). However,
the Au(0) curves show a stronger intensity than the Au(IIl) curves. Combined with the
characteristic peaks of Cl observed in the broad spectrum, it is confirmed that some
gold ions are reduced to elemental gold and the others are captured in the [AuCl4]” form.
As reported, the N on PNPG was the main group for the redox reaction [35]. In Fig.
5.17¢, the three sub-peaks of N 1Is at 399.7, 400.9, and 402.3 eV are ascribed to the
neutral benzenoid amine, conjugative protonated polaron, and bipolaron with a
proportion of 76.65%, 19.56%, and 3.78%, respectively [35]. After Au(Ill) adsorption
(Fig. 5.17d), the proportion of N in the benzenoid amine structure sharply decreases to
49.75%; however, that of the conjugative protonated polaron N increases to 46.94%.
The content loss, which was approximately equal to the increment of the polaron,

suggested that the N in the benzene ring units underwent oxidation to form the
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conjugated polaron. In addition, these protonated polarons or bipolarons of N mainly

combine with [AuCl4]™ through electrostatic interactions [55, 56].

a) P3.5M0.5 b) [Aua4f
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Fig. 5.17. (a) XPS profiles and the core-level spectra of the (b) Au 4f in P3.5M0.5-Au,
(c) N Is in P3.5M0.5, (d) N Is in P3.5M0.5-Au.

Two main factors affect the adsorption performance of adsorbents: the physical
properties (surface area, pore volume, and pore size) and surface chemical properties
(functional groups and surface charge). Table 5.5 lists information on the physical
properties of the pure PNPG and P3.5M0.5 composite membranes. No significant
changes are observed in the composite membrane, and thus the physical properties are
not suitable to show the relationship between the adsorbent composition and
corresponding improvement in adsorption capacity. Moreover, because of electrostatic
interactions, PNPG and MWCNT combines more closely as the surface area decreases.
From the aspect of chemical properties, PNPG is a conductive polymer with a structure

similar to that of polyaniline, which can form more polarons and bipolarons when
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functionalized by MWCNT through n-m interactions, thereby enhancing the electrical
conductivity [30, 57]. The proportion of polarons in P3.5M0.5 (19.56%) is slightly
higher than in the pure PNPG membrane (17.47%) (Fig. 5.18a). Besides, it has been
reported that the addition of a small amount of MWCNT, making MWCNT randomly
distributed, can play the role of a "conductive bridge", which may be caused by electron
transfer from the conductive polymer to the carbon nanotubes [57]. In our study, SEM
images and BET results prove that the distributed MWCNT made PNPG connect closer
to each other, which ensures a more favorable electron transport, that is, the electrons
on the internal adsorption site can be better transferred to the exterior to enable the
reduction of Au(Ill). Even if the inner N of benzenoid amine is oxidized to quinone N
due to the loss of electrons, the positively charged conjugated polaron can still be used
as the active site for secondary adsorption by electrostatic interaction because the
volume size of the ligand [AuCls]™ is much smaller than that of the gold nanoparticles;
otherwise, the adsorption is hindered as the Au particles had a larger crystallite size
(calculated as 27.5 nm) than the pore diameter of the membranes (Table 5.4). However,
this "conductive bridge" plays a promoting role rather than a decisive role in the
adsorption; therefore, the Au(Ill) adsorption capacity decreases with increasing

MWCNT proportion because adsorption mainly depends on PNPG.
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Fig. 5.18. XPS profiles of N 1s in (a) P4MO and (b) P3.5M0.5 samples.
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Table 5.5 Physical parameters of the PAMO and P3.5M0.5 membranes.

Parameters P4MO0 P3.5M0.5
Surface area (m? g ) 17.88 15.14
Pore Volume (cm? g ™) 0.026 0.021
Pore Diameter (nm) 15.08 15.21

5.3.8. Competition study

Index—selectivity is very important for evaluating the adsorption performance of
adsorbent materials in multi-metal liquids, where the concentrations of ions are diverse.
To study whether the P3.5M0.5 composite membrane has a selectivity for Au(Ill), the
adsorption experiment of the competition study was carried out using three mixed
solutions with different concentrations. The adsorption efficiency E of each metal was

calculated using Eq. (11) [36]:

E:(CO(:Ce)xloO% (11)
0

In a binary mixture of the precious metals Au and Pt, the gold ions concentration
was 5, 10, or 25 mg-L~!, and the platinum ion concentration was set at 50 mg-L~!. Fig.
5.19a shows that the adsorption efficiency of gold is 100%, whereas that of Pt is 30—
35% for all Au—Pt mixtures with different concentrations. In another binary mixed
solution of Au—Sn (Fig. 5.19b), whose initial concentrations were the same as those of
the Au—Pt mixture, the P3.5M0.5 composite membrane also exhibits 100% adsorption
of gold ions, but 6-11% Sn(II) is adsorbed. In the multi-metal mixed solutions (Fig.
5.19c¢), the adsorption efficiency of Au(III) is always the highest (100%), regardless of
the harsh conditions, where the gold ions concentration was 5, 10, or 25 mg-L~!, when
other base metal ions were controlled at 50 mg-L~!. It can be said that the P3.5M0.5
composite membrane is extremely selective for gold ions and displayed very little or
no adsorption for coexisting metal ions of Al, Cd, Co, Cu, Fe, Ni, Pb, and Zn.

The relatively high selectivity of P3.5M0.5 for Au(IIl) can be explained in two
ways. The first one is based on electrostatic interactions. In a solution of HCI with pH
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1, Al, Cd, Co, Cu, Fe, Ni, Pb, and Zn mainly exist in the form of positive valence ions,
while the main chemical forms of Au(IIl) and Pt(IV) are [AuCls]” and [PtCle]*", and
Sn(II) can also form anionic complexes with C1™ in such a strongly acidic solution [58,
59]. As shown in Fig. 5.7, the zeta potential of P3.5MO0.5 at pH 1 is higher than 50 mV,
which strongly repels the positively charged ions, but generates an electrostatic

attraction toward the negatively charged species.

Fig. 5.19. Adsorption efficiency of metal ions in the (a) Au-Pt mixed solution, (b) Au-
Sn mixed solution, and (c) multi-metal mixed solution. (x:50 signifies x mg-L~! for Au

versus 50 mg-L~! for others)

Another explanation is the redox reaction. The standard electrode potential of
[AuCls] | Au (1.002 V) is much higher than that of AI** | Al (—=1.662 V), Cd** | Cd
(=0.403 V), Co*" | Co (—0.28 V), Cu** | Cu (0.342 V), Fe*" | Fe (—0.037 V), Ni** | Ni
(-0.257 V), Pb*" | Pb (—0.1263 V), Zn** | Zn (-0.7618 V), [SnCls]* | Sn (-0.19 V),
[PtCls]*" | [PtCl4]* (0.726 V), and [PtCl4]*~ | Pt (0.758 V), indicating that Au(IIl) is
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more prone to undergo redox reactions with P3.5M0.5 than other metals ions. Although
the standard electrode potential of [PtCls]>~ | Pt has not been listed directly, there is a
possibility for [PtCls]*>” to become Pt(0) based on a previous study on a similar-
structured adsorbent, poly(m-aminobenzoic acid), that captured Pt (IV) only through
ionic interactions at pH < 3.5 [58]. Consequently, the P3.5M0.5 composite membrane

demonstrates a good selectivity for the adsorption of Au(III).

5.3.9. Stability and Reusability study

Good stability indicates a potential practical application. A self-made device was
prepared to test the stability of pure PNPG membrane (P4MO0) and P3.5M0.5 composite
membrane by making 100 mL DI water fall freely from the separatory funnel to scour
the membrane surface at a height of 40 cm (Fig. 5.20). From the photographs taken
before and after observation, it is obvious that the loaded adsorbent in the P4MO
membrane detached, while the P3.5M0.5 composite membrane is still in perfect
condition. Considering that the purpose of converting nano-adsorbents into films is to
reduce the separation burden of the adsorbent after adsorption, it can be achieved if the
adsorbent is firmly attached to the supporting layer without shedding. Therefore, the
P3.5M0.5 composite membrane is more stable and exhibits greater practical application
value than the pure PNPG membrane.

The desirable property of reusability means that the adsorbent material can be used
in multiple adsorption cycles to reduce the treatment cost [60]. As shown in Fig. 5.21,
although the adsorption efficiency slightly decreases after the first three cycles, it
remains above 95%. The adsorption efficiency in the fourth round decreased to 90.5%.
The main reason for this downward trend is that the occupied adsorption sites are not
released. The P3.5M0.5 composite membrane can be recycled for at least four rounds,
and the adsorption efficiency generally remained above 90%, indicating that the

P3.5M0.5 composite membrane possessed good reusability.
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Fig. 5.20. Schematic diagram of membrane stability test and digital photos of

membranes before and after washing.
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Fig. 5.21. Adsorption efficiency of Au(Ill) in consecutive rounds.

5.3.10. Recovery of Au from the actual solution

To further evaluate the practical application of the P3.5M0.5 composite membrane
for gold recovery, a leaching solution of PCBs of waste computers was selected as a
representative. The leaching solution was prepared as described in Section 5.2.5. The
initial and residual concentrations of the metal ions in the leaching solution are shown
in Fig. 5.22, along with the calculated adsorption efficiencies. The adsorption efficiency
of Au(IlI) is the highest, up to 100%. This result indicates that the P3.5M0.5 composite
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membrane can efficiently capture Au(Ill) from the e-waste leaching solution, showing
good practical application prospects. Because the gold ions content is very low, the
P3.5M0.5 composite membrane captures all the Au(IIl) and still has numerous
adsorption sites available for the adsorption of 5% Sn. This suggests that Sn and other
base metal ions should first be removed as much as possible from the leachate to

maximize the utilization of the P3.5M0.5 composite membrane for Au(III).
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Fig. 5.22. Concentration of metal ions in actual leaching solution before and after

adsorption, and the corresponding adsorption efficiency.

5.4. Conclusion

In summary, XRD, FTIR, and SEM characterization confirmed the synthesis of
the PNPG@MWCNT composite membrane. The Au(Ill) adsorption capacity of the as-
prepared composite membrane varied with the change in the compositions of PNPG
and MWCNT; the P3.5M0.5 composite membrane showed the highest adsorption
capacity of 1262.6 mg-g~! at pH 1, which was approximately 20% higher than that of
the pure PNPG membrane. The Au(IIl) adsorption process was well fitted by the PSO
kinetic model and Langmuir isotherm model, suggesting that it was mainly
chemisorption and monolayer adsorption. The adsorption proceeded spontaneously and
endothermically, as confirmed by the negative AG and positive AH values. The SEM,
FTIR, XPS, and other characterization results showed that the Au(IIl) adsorption
mechanism of the composite membrane included redox reactions as well as electrostatic
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interactions. Moreover, the P3.5M0.5 composite membrane was extremely selective for
gold ions in the solution of multi-metal ions, exhibited good stability and reusability,
and could efficiently capture Au(Ill) from the e-waste leaching solution. The
combination of MWCNT and PNPG via non-covalent interactions not only alleviated
the PNPG cracks and enhanced the stability of the membrane but also improved the
Au(III) adsorption performance by fully utilizing the inner adsorption sites through the
transfer of electrons from PNPG to MWCNT. The PNPG@MWCNT composite

membrane showed good prospects for practical application in gold recovery.
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Chapter 6

General Conclusion and Outlook

As non-renewable resources, demand and consumption of precious metals (PMs)
are increasing year by year, drawing more and more attention to the recovery from
secondary resources. Compared with primary metal resources such as ores, secondary
metal resources such as e-waste contain various fractions of metals with high grades.
Industrially, pyrometallurgy, hydrometallurgy, or a combination of all routes are used
for recovering PMs from e-waste. Appropriate hydrometallurgical techniques/methods
can lead to an excellent future for gold and silver recovery with decreased
environmental pollution. Adsorption is an effective and promising method to isolate
and separate PMs ions from aqueous solution, and the development and utilization of
nanomaterials for PMs recycling are consequently attracting tremendous interest.

In this research, the latest developments in PNPG-based adsorbents for PMs
recovery have been presented. Firstly, it has been demonstrated that the nanoscale
PNPG particles have a good adsorption ability towards gold ions, but their nanoscale
structure complicate the separation of PNPG after adsorption. To address this issue, we
proposed a strategy method based on the PNPG membrane, which can facilitate rapid
adsorbent separation after adsorption. Subsequently, the adsorption mechanism towards
gold and silver ions were elaborated with the aid of a series of characterization methods.
The PNPG-based adsorbents have a good adsorption effect on gold ions and silver ions,
and the adsorption process were well-fitted with the PSO and Langmuir model which
means the chemisorption and monolayer adsorption were dominant. Mechanisms of
Au(Ill) and Ag(I) adsorption by PNPG-based materials included physical adsorption
(i.e. electrostatic interaction), and chemical adsorption (i.e. coordination and reduction)
which mainly occurs in N-containing groups. Furthermore, we developed
PNPG@MWCNT composite membranes for solving the crack problem of pure PNPG
membrane when PNPG load increases. The experimental results showed that the cracks

were repaired and the stability of PNPG@MWCNT composite membranes were better,
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thus improving its practical application possibility. Moreover, the composite membrane
with optimal mass ratio can improve the adsorption capacity of gold ions, compared
with pure PNPG membrane. These PNPG-based adsorbents also showed good
adsorption effects of gold and silver ions in both experimental mixed solutions and real
leaching solutions of waste PCBs and MSWI fly ash, indicating the possibility of
practical application in metals recovery.

In most cases, the adsorption process is complicated, and so is the actual metal
recovery work. Conclusively, more efforts still need to be put into promoting the large-
scale and industrial-scale utilization of PNPG-based adsorbents in the field of PMs

recovery.
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