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ABSTRACT

INVESTIGATION OF NICKEL RECOVERY BY BIOGRANULES TAILORED
FOR METAL RECOVERY THROUGH BIOMINERALIZATION

Kadir SEKERCIOGLU

Master of Science, Department of Environmental Engineering
Supervisor: Assist. Prof. Dr. Yusuf Cagatay ERSAN

January 2022, 120 pages

Electronic waste production in the world is increasing day by day. Nowadays, PCBs,
which are one of the most important components of electronic waste, are considered as
more valuable metal resources than ores due to their high value- and base-metal contents.
Commercial metal recovery applications from WPCBs are mostly carried out using
chemical techniques. However, due to the high chemical and energy consumption of these
chemical techniques, development of alternative biological recovery techniques is

essential to minimize the environmental impact of recovery processes.

In this thesis study, it is aimed to use biogranules that are capable of denitrification and
urea hydrolysis for selective metal recovery from bioleachate solutions obtained via
bioleaching of WPCBs. Selective nickel recovery performance of mature biogranules
which were produced from seed sludge and exposed to incrementing nickel
concentrations was investigated. Upon reaching steady conditions very compact and
small granules with 0.2-0.6 mm size were obtained and the SVI3¢ values were recorded
in the range of 7-9 mL/g. Produced biogranules could consume 55% and 100% of the

urea and nitrate fed under anoxic conditions, respectively. Although the microbial
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performance of the granules increased by 39.8% as a result of nickel acclimation,

deterioration in the granule structure and increase in flocs were observed.

Upon acclimation, metal recovery performance of biogranules were investigated in
bioleachate solutions prepared with 1:20, 1:10, 1:5 and 1:2.5 dilution ratios. As a result
of the process, the biomineralization process performed in 1:10 dilution ratio was
determined as the most efficient concentration in terms of both microbial activity and
recovered nickel purity (24.82%). In addition to nickel, zinc and copper could be

effectively separated from the liquid and thus nickel purity decreased.

Keywords: Bioleaching, Biomineralization, Metal Recovery, E-Waste, Waste Printed

Circuit Board, Biogranule, Microbial Induced Calcite Precipitation
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OZET

BiYOMINERALIZASYON YOLUYLA METAL GERI KAZANIMINA
YONELIK URETILEN BiYOGRANULLERLE NiKEL GERi KAZANIM
PERFORMANSI

Kadir SEKERCIOGLU

Yiiksek Lisans, Cevre Miihendisligi Boliimii
Tez Damsmani: Dr. Ogr. U. Yusuf Cagatay Ersan

Ocak 2022, 120 sayfa

Diinyada elektronik atik iiretimi her gegen giin hizlanarak artis gostermektedir. Elektronik
atiklarin en 6nemli bilesenlerinden olan baskili devre kartlar1 (BDK) yiiksek degerli- ve
baz-metal igeriklerinden dolay1 giinlimiizde maden cevherlerinden daha degerli metal
kaynaklar1 olarak goriilmektedir. Atik baskili devre kartlarindan (ABDK) ticari boyutta
metal geri kazanimi uygulamalari c¢ogunlukla kimyasal teknikler kullanilarak
gergeklestirilmektedir. Ancak yiliksek kimyasal ve enerji tiiketimleri nedeniyle bu
kimyasal tekniklere alternatif olabilecek biyolojik geri kazanim tekniklerinin
gelistirilmesi, geri kazanim siireglerinde gevreye verilen zararin azaltilmasi anlaminda

Onemlidir.

Tez ¢alismasinda ABDK’larin biyoli¢ islemine maruz birakilmasi sonucu elde edilen
biyoli¢ ¢ozeltisinden, secici olarak metal geri kazanimi ig¢in iire hidrolizi ve
denitrifikasyon yapabilen biyograniillerin kullanilmas: amaglanmistir. As1 ¢amurundan
iiretilerek olgunlastirilan ve kademeli bir sekilde farkli nikel derisimlerine maruz

birakilan biyograniillerin secici nikel geri kazanimi performansi incelenmistir.
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Graniilasyon periyodunda reaktor kararlilig1 saglandiginda 0.2-0.6 mm boyuta sahip ve
SVIzo degeri 7-9 ml/g araliginda olan olduk¢a yogun ve kiiciik graniiller elde edilmistir.
Uretilen biyograniiller anoksik sartlarda reaktére beslenen iire ve nitrat1 sirasiyla
%47.848.4 ve %100 oraninda tiiketmistir. Nikel aklimasyonu sonucunda graniillerin
mikrobiyal performanslarinda %39.8 oraninda bir artis elde edilmesine ragmen graniil

yapisinda bozulmalar ve flok miktarinda artig goézlemlenmistir.

Nikel aklimasyonu sonrasinda biyograniillerin 1:20, 1:10, 1:5 ve 1:2.5 oranlarinda
seyreltilmis biyoli¢ sollisyonlarinda metal geri kazanimi performanslart incelenmistir.
Islem sonucunda 1:10 oraninda seyreltilmis ¢dzeltide gergeklestirilen biyomineralizasyon
islemi hem mikrobiyal aktivite hem de geri kazanilan nikel saflig1 (%24.82) acisindan en
verimli derisim olarak belirlenmistir. Nikel ile birlikte ¢inko ve bakirin da biyoli¢
sollisyonundan efektif bir sekilde ayristirilabildigi bu nedenle de safligin diisiik oldugu

belirlenmistir.

Anahtar Kelimeler: Biyoli¢, Biyomineralizasyon, Metal Geri Kazanimi, E-atik, Atik

Baskili Devre Kartlari, Biyograniil, Mikrobiyal Kaynakli Kalsit Cokelmesi
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1. INTRODUCTION

Nowadays, Electrical and Electronic Equipment (EEE) are becoming more important
day-by-day for society to satisfy their modern life needs [1]. The increase in the need for
electronic equipment and consequently the consumption of these products cause massive

amounts of electronic waste production as a result of the end-of-life of these items.

Waste Electrical and Electronic Equipment (WEEE), which is generally called e-waste,
consists of several different waste electrical and electronic devices such as refrigerators,
computers, mobile phones, TVs, LED bulbs, monitors, small home appliances [1]. WEEE
is also defined as “all components, sub-assemblies, and consumables, which are part of

the product at the time of discarding” by European Union (EU) in 2003 [2].

In addition to containing valuable materials, e-wastes contain materials that are highly
harmful to the environment and extremely toxic to living things. The systematic
collection of electronic wastes and recovery of valuable materials, in addition to reducing
the increasing amount of electronic waste, reduces the negative environmental impact of

these wastes by providing raw materials as a secondary source.

Constituents of electrical and electronic devices such as printed circuit boards (PCBs),
lead capacitors, batteries, cathode-ray tubes (CRTs) are also defined as e-waste [3].
Among these devices, PCBs, which is a main part of nearly all EEE, appear as very
valuable electronic wastes due to their precious metal content. In addition to being
economically valuable, the metals contained in PCBs cause fatal toxic effects on living
beings as a result of their uncontrolled disposal to the environment. For example, the legal
limit value of the mercury content of WPCBs reaching groundwater is 2 ppb. Mercury
poisoning and even deaths for humans are seen because of the consumption of water
contaminated with mercury above this concentration [4]. Moreover, PCBs contain
brominated flame retardants (BFR) and PVC plastics which are quite detrimental for
environment as well as heavy metals. If these wastes are disposed of in unsanitary landfill
areas, it may be possible for toxic substances to reach into underground waters together
with the leachate that will occur. In addition, uncontrolled incineration of PCBs generates

environmental emissions such as furans, polybrominated organic pollutants, polycyclic



aromatic hydrocarbons and dioxins, due to the presence of BFR, epoxy resins and plastics

substances [5].

Typically, waste PCB has a content of 70% nonmetallic material and 30% metal
consisting of copper, nickel, iron, aluminum, lead, zinc, even silver and gold [6]. The
purity of these metals is 10 times higher than their natural metal ores, and therefore PCBs
are described as "urban mineral resources" in the literature [7]. During metal exploitation
from metal ores, important environmental burdens are created in terms of soil, water and
air pollution, and the energy required for processing the ores is quite high. For example,
according to a study conducted in China, 20 tons of wastewater and 3 tons of hazardous
solid wastes are generated as a result of the process performed to obtain 1 ton of copper
[8]. Therefore, recovering metal content of PCBs which constitutes over 80 % of their
economic value, does not only create an important economic resource, but also a
significant part of the environmental burden related to raw material extraction can be

avoided [9].

Acid washing and open incineration processes are conventionally used for metal recovery
from waste printed circuit boards (WPCB). However, heavy metal and organic pollutant
emissions resulting from these processes are damaging people health who works at the
recycling area [8]. In recent years, methods such as pneumatic separation, high
temperature metallurgy, mechanical treatment, hydrometallurgy, supercritical process
and bio-hydrometallurgy have been developed to both reduce the amount of emissions
and increase the percentage of metal obtained [10,11,12,13,14]. However, it has been
observed that using these processes separately could not be successful in increasing
process efficiency. Therefore, it seems more beneficial to combine different processes in

a single process chain and use them in an integrated way for metal recovery from WPCBs

8].

Among the aforementioned methods, number of research on development and

improvement of bio-hydrometallurgical processes which exploits microbiological

organisms has increased. This extra interest on bio-hydrometallurgical processes was due

to the environmental impact and operational costs of hydrometallurgical methods. Ozkan

evaluated pyrometallurgy, hydrometallurgy and biohydrometallurgy techniques on the

basis of benefit, cost and risk clusters, using multi-criteria-decision-making methods. As
2



a result of the study, biohydrometallurgical methods emerged as the most efficient
method with 72%, hydrometallurgical and pyrometallurgical methods remained at the

rate of 26% and 2%, respectively [15].

Bio-hydrometallurgical processes were first used for mineral ores in the 1950s [16], and
they are now considered as an environmentally friendly processes for metal recovery from
electronic waste. The mechanism of bio-hydrometallurgical processes is actually quite
similar with hydrometallurgical processes that use chemicals for extraction of metals
from e-waste, but the former uses microorganisms to produce reagents such as H2SOs,

HCN, CsHsO- which are used for extraction of metals from e-waste [17, 18, 19, 20].

Bio-hydrometallurgical processes generally classified under three main processes: (i)
biosorption, (ii) bioleaching, (iii) biomineralization. Cost-effectiveness, environment
friendliness and specificity are the major advantages of these biological metal recovery
processes [21]. According to the studies in the literature, Cu and Zn recovery was
achieved with approximately %100 recovery efficiency from wastes such as fly ash, slags,
filter dust, galvanic sludge by using bio-hydrometallurgical methods [22]. Due to their
high metal content PCBs appeared as a suitable WEEE for efficient metal recovery by

means of bioleaching process.

Bioleaching is carried out with bacteria or fungus which can produce inorganic and
organic acids or cyanide that stimulate enzymatic oxidation-reduction or ligand and
complex formation [17]. Although many different types of microorganisms such as
bacteria, fungi and yeast are used for the bioleaching processes [18, 19,20], iron-oxidizing
bacteria and acidophilic sulfur-oxidizing bacteria are most commonly used. Previous
studies revealed that bioleaching process is more suitable for metal extraction from low
grade ore [23]. Nonetheless significant amount of bioleaching studies were also
conducted for metal recovery from electronic waste and WPCBs. It was realized that the
performance limiting parameter in bioleaching is the toxic effects of heavy metals on
microorganisms [24]. In addition, some studies have also reported that organic content of
PCBs such as brominated flame retardants (BFRs), might have toxic effects on
microorganisms [25, 26]. Isildar achieved 99% Cu and 92% Au recovery from PCBs by
using acidophilic bacteria, despite the toxic effects of heavy metals formed during the

process [27].



Biomineralization process is another technique used for metal recovery from
contaminated soil, wastewater and metal ores. The biomineralization process generally
takes place in two different ways as biologically induced mineralization (BIM) and
biologically controlled mineralization (BCM) [28]. In the BIM mechanism, organisms
provide a suitable physicochemical environment to precipitate metals. Calcium carbonate
can be mentioned among the most common biomineralization agents of BIM process.
Calcium carbonate precipitation by bacteria can often be induced and the type of mineral
produced is substantially contingent upon environmental conditions. Denitrification, urea
hydrolysis and metabolic conversion of organic compound, which are induced by
microorganisms, are significant mechanisms of calcium carbonate precipitation that's
why the process is called as microbially-induced calcium carbonate precipitation (MICP)

[29].

In order to use MICP for metal recovery from electronic waste, the metal content in
electronic waste must be dissolved. As a result of the bioleaching of electronic wastes, a
leachate solution containing dissolved metal ions is obtained [30]. Metals in this solution
are recovered via various chemical processes such as precipitation, ion exchange, solvent
extraction, according to studies in the literature [31]. However, using MICP for metal
recovery from leachate solutions appears to be a more environmentally friendly method
as it will reduce the energy and chemical use in the recovery process. On the other hand,
the use of microorganisms for metal recovery from electronic waste brings some
difficulties. The most important of these is that the heavy metal content of electronic
waste can be toxic to microorganisms above a certain threshold concentration. The high
metal concentrations that the microorganisms are exposed to during the metal recovery
process may cause microbial activity inhibition [32], bacterial lysis and thus low metal
recovery efficiency [33]. Due to the poor adaptability of axenic cultures (pure cultures)
to harsh environmental conditions [34], the use of non-axenic biogranules formed by the
combination of various microorganisms might be more suitable for acclimation processes
[35]. Since the acclimated non-axenic biogranules are reported to be more resilient to
harsh environmental conditions [36], metal specific inhibitory concentration thresholds
can be increased and thus the efficiency of microbial metal recovery process can be

enhanced.



2. GENERAL INFORMATON

2.1. Waste Electrical and Electronic Equipment (WEEE)

Proportion of the WEEE in global waste composition have been increasing rapidly as a
result of the population growth, economic growth and reckless consumption of electronic
products, so that WEEE are considered among the most important environmental
problems of the era. Recent studies revealed that e-waste is one of the fastest growing
waste categories with an annual growth of between 3% and 5% [37]. Electrical and
electronic equipment such as computers, mobile phones and cameras, which have become
the necessities of modern life, turn into electronic waste when they complete their useful
life. Factors such as changes in consumption habits as a result of the rapid development
of technology, design and production of nondurable products by the producers to increase
their sales, and the limited repair possibilities can be considered as the major reasons of

the observed increase in e-waste generation [1].

When WEEE:s are evaluated within the scope of circular economy, they can be considered
as a source of secondary raw materials to natural resources due to their valuable material
content. They also have a significant economic value because they contain high levels of

precious metals such as Au, Ag, Ni and Cu.

2.1.1. Definition of WEEE

The definition and classification of WEEEs vary according to different organizations and
researchers. While some organizations define e-waste as "user-discarded electronic
devices from large household appliances to consumer electronics [38]", some defines it
as an electrically operated device that no longer satisfies its current owner for its original
purpose [39]. According to the United Nations, it is defined as “devices that are harmful
to human and environmental health, contain toxic additives or dangerous substances such

as mercury and lead and work with electricity” [40].

2.1.2. Types of WEEE

WEEE is generally divided into 4 main groups which constitutes approximately 95% of

e-waste as large household appliances (Refrigerators, food freezers, dish washers, heat



pumps), small house appliances (Blender, kettle, oven, toaster), IT and
telecommunication equipment and consumer equipment [41]. However, as shown in
Table 2.1., the European Union has divided e-waste types into 10 categories in its

Directive 2002/96/EC [2].

Table 2.1. Types of WEEE in accordance with EU Directive [40]

Category Label Category Label
Electrical and electronic
tools (with the
Large household '
' Large HH exception of large-scale E&E tools
appliances . . .
stationary industrial
tools)
Small household Toys, leisure and sports
' Small HH ' Toys
appliances equipment
Medical devices (with
IT and . .
the exception of all Medical
telecommunications ICT ' ' '
' implanted and infected equipment
equipment
products)
Consumer Monitoring and control
. CE . M&C
equipment instruments
Lighting equipment Lighting Automatic dispensers Dispensers

The valuable materials contained in WEEE often vary depending on the type, model, age
and manufacturer of the EEE. For example, IT and telecommunications equipment
contain more precious metals than household appliances. However, besides containing
precious metals, WEEESs also contain metals such as Hg, Pb, Cr, which are highly toxic
for the environment and human health. The average rates of valuable and toxic materials

contained in WEEEs are given in Figure 2.1.
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Figure 2.1. Material composition of WEEE [27]

The market value of precious metals contained in e-waste is estimated to be $14 billion.
In addition, it is estimated that $10 billion worth of e-waste containing precious metals

such as Au and Pt is generated every year [41].

2.1.3. Generation of WEEE
2.1.3.1. World Current Situation

When the current WEEE formation data is examined, e-waste formation, which was 41.8
million tons per year in 2014, reached 53.6 million tons per year in 2019 [41, 42] (Table
2.2.). WEEE production, which shows an average annual growth of 2 million tons, is
expected to be 74.7 million tons in 2030 [41, 42]. However, after e-waste production,

which has grown by about 2-3% to date, has grown by 6% in 2019, it is likely that much

Printed Circuit

Metal-plastic mixture

more e-waste will occur in the coming years than expected [41, 42].

Table 2.2. Amount of e-waste generated by waste types in 2019 [41]

WEEE Type Amount (million ton)
Small Equipment 17.4
Large Equipment 13.1
Temperature Exchange Equipment 10.8
Telecommunication Equipment 6.7
Small IT 4.7

Lamps

0.9




WEEE produced per capita and total WEEE generated are increasing in all continents.
The Asian continent, where countries with a large population such as China, Japan and
India are located, has been the continent where the most electronic waste is produced in

the world. WEEE production by continent is given in Table 2.3. [41].

Table 2.3. E-waste production by continent and its effects on global e-waste production

[41].

Region Total e-waste Total E-waste Collected
generation (MT) | Contribution (%) | and Recycled (%)
Asia 24.9 46.45 11.70
Europe 13.1 24.44 42.50
Americas 12.0 22.39 9.40
Africa 2.9 541 0.9
Oceania 0.7 1.30 8.80

Although they have national e-waste policies, especially in developed countries in the
Asian Continent, which prohibit the export of WEEE and make it mandatory to process
it in their own licensed recycling and recovery facilities, the total amount of recycled

waste remains at a very low level compared to the amount of waste generated [41].

After the Asian Continent, the most e-waste is generated in the Europe and the America.
The amount of waste produced per capita per year in North and South American countries
was reported as 12-13 kg [41] and thus the total amount of waste produced annually was
calculated as 11-13 million tons [41]. The annual amount of WEEE in European countries
has been kept steady around 12 million tons for the last six years by applying waste
management strategies. In addition, according to official data, the amount of recycled
WEEE in the USA was 1.2 million tons, while it was 5.1 million tons in Europe [41]. The
main reason for this success of European countries that have managed to reduce the
amount of waste produced per capita is that they develop strict WEEE management
practices. Countries such as the USA and Canada have developed their own special
legislation for e-waste management. The e-waste legislations implemented by Canada
and the USA have given the responsibility for e-waste management more to the consumer
than the producer [43]. As a result of this situation, the desired level of recovery and
recycling cannot be achieved in e-waste management. European countries apply EU

directives for e-waste management [41].



The continents of Africa and Oceania stand out as the continents with the lowest WEEE
production. When 49 African countries are examined, Egypt, South Africa, Nigeria and
Algeria are the African countries that produce the highest e-waste. However, unregistered
practices are frequently carried out due to the incomplete WEEE legislations and

insufficient control mechanisms in African countries [41].

Australia has been the country that produces the most e-waste among the 12 countries in
the Oceania Continent, with an annual amount of 650 kilotons of e-waste. New Zealand
is the second largest producer of e-waste with 96 kilotons per year [41]. As in the African
Continent, many of the countries in Oceania have not established national WEEE
legislation to conduct an efficient WEEE management and to prevent unregistered
transactions. In addition, the Australian government enacted the National Television and
Computer Recycling Plan (2011) which was aiming to increase the recycling rate of scrap
televisions and computers to around 80% by 2027. It has been also prohibited to dispose

of e-waste in landfills in Australia [41].

2.1.3.2. Turkey Current Situation

Due to the inadequacy of management systems and lack of social awareness, e-waste
management cannot be carried out effectively, especially in developing countries [44]. In
Turkey, which is among the developing countries, although there is a WEEE regulation
for the collection, recovery and recycling of electronic waste, the e-waste recycling rate

remains below the world average with 6% [45].

In 2010, 539 000 tons of e-waste was produced in Turkey and with an increasing trend
this value reached to 847 000 tons in 2019 [41, 46]. In the study carried out by REC
Turkey in 2010, the annual e-waste production was calculated as 0.27 kg/cap/yr. In the
same study, it was predicted that the e-waste production value per capita would be 6.5 kg
in 2020, but the annual e-waste production amount in Turkey has already reached 10.2
kg per capita in 2019 [41,47]. The amount of e-waste formed in Turkey between the years
2015-2019 is given in the Figure 2.2. As it is seen, only 3.2% of e-waste could be collected
in Turkey in 2019. It is clear that the e-waste collection system needs to be improved in

order to increase the recycling and recovery rate in Turkey.



In addition, in the report prepared by the European Commission (EC) in 2014, the amount
of waste that may occur in Turkey in 2021 according to e-waste types is given in Figure
2.3. It seems that about 64% of the e-waste generated in Turkey consists of large and
small household items. However, IT devices and monitors with high PCB content

constitute a significant portion of e-waste in Turkey with 19%.

Turkey WEEE Generation (Ton)
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Figure 2.2. E-waste collection amounts by years in Turkey [48]
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Figure 2.3. E-waste estimates by categories for Turkey in 2021 [49]
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In 2021, the rate of unregistered transactions in e-waste management in Turkey is quite
high, as is the case on a global scale. Very little of the e-waste generated is collected in
landfills, which are the responsibility of municipalities. The most majority of e-waste is
purchased free of charge or informally by small distributors and second-hand dealers and
sold to processing facilities. In addition, a small portion of e-waste is collected by street
collectors and sold to processing facilities. The most basic factors in the low e-waste

recycling rate in Turkey are seen as informal transactions [50].

Turkey's e-waste collection and recycling rates seem to be insufficient compared to other
developed countries. Therefore, Waste Collection Centers (WCC) seem to be the most
suitable method in the efficient management of domestic e-waste for solution. Since the
people should take their e-waste to the WCCs by their own means, it is important to raise
awareness and encourage the public in this regard. Appropriate e-waste management
methods currently applied in Turkey and recommended by the country's legislation are

given in the Figure 2.4 [50].

Consumer WCC or E-waste
Collection Point
Ministry of Environment, E(dzi
Urbanization and
Climate Change .
p I Jm== Raw Material
b ir“‘ e g -
) 7}
Authorized |_> Egj s
Organizations ; Municipality E-Waste

2 | Street Collection Vehicle

% % Storage Area Collector e Secondary Source

o, e of Metals
K Collection and
F:' } % Recyclllng
Q 1 Improper Disposal
L—— Unlicensed Facﬂlty
(Scrap Dealer)
LN
ﬁQ-—' o) ¢
2

] -
B

Producer of Raw Licensed
Material Facility

Figure 2.4. WEEE management proposed by the legislation and in practice in 2021; Green

line indicates the legislation proposed, red line indicates the common practice [50]
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The e-waste collected in WCCs is then taken to waste treatment facilities for physical
pretreatment. Within the framework of certain standards, precious metal parts of e-waste
are disassembled, shredded and sent to raw material manufacturing facilities for final
recycling. Non-complex parts of e-waste such as iron, copper and plastic can be recycled
simply by using these methods. However, the recovery of precious metals in printed
circuit boards of devices such as mobile phones and computers is a complex process that
requires high investment and technology. Currently, precious metal recovery processes
from PCBs cannot be performed in Turkey. PCBs that are separated from the device they
are in are collected and exported to different countries, primarily Germany, Belgium,
France [50]. The inability to utilize semi-finished products with high precious metal

content in processing facilities leads to serious employment and income loss.

Licensed WEEE processing facilities in Turkey reached 98 at the end of 2018 [50]. The
high amount of WEEE, which is formed due to the population density, has made the
establishment of WEEE processing facilities in Istanbul, Ankara and Kocaeli provinces
widespread. However, some big cities such as Adana and Konya do not have e-waste
processing facilities although they have high population and developed industry. The
number of e-waste facilities currently serving in Turkey is given in the Table 2.4.

according to the provinces they are located in.

Table 2.4. Licensed E-waste Recovery Facilities (2018) [50]

. E-Waste Recover . E-Waste Recover

City Facility ’ City Facility '
Ankara 25 Sakarya 2
Istanbul 13 Amasya 1
Kocaeli 13 Aksaray 1
Bursa 9 Balikesir 1
Eskisehir 5 Diizce 1
Manisa 3 Hatay 1
Denizli 3 Kirikkale 1
Bolu 3 Mardin 1
Antalya 2 Mersin 1
[zmir 2 Samsun 1
Konya 2 Tekirdag 1
Nevsehir 2 Tokat 1
Nigde 2 Zonguldak 1
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2.1.4 Management of WEEE

According to the waste management hierarchy, reducing the materials used in the
production of EEE and controlling the consumption habits are the most important forms
of e-waste management in order to prevent the generation of e-waste or reduce its amount.
It is important that the reuse and recycling of the e-waste generated are carried out

efficiently, taking into account environmental concerns.

The management of e-waste generated in households around the world is ensured by
being thrown into the trash cans, collected by state-authorized organizations, and
collected by informal companies and street collectors. Thanks to the official collection
and recycling studies carried out by licensed companies and municipalities, valuable
materials are recovered by using advanced technology, while effective control of

environmentally harmful substances is ensured.

The use of these methods as a last resort should be encouraged in order to prevent the
environmental burdens and economic losses caused by the waste storage and incineration
options known as traditional methods. For example, Molto et al. have shown that serious
polycyclic aromatic hydrocarbons and polychlorinated biphenyls emissions occur as a
result of thermal disposal of mobile phones [51]. Widmer et al. (2005) stated that 70% of

heavy metals found in landfills in the USA come from e-waste [40].

One of the most important issues that should be dealt with in e-waste management is e-
waste export, especially implemented by developed countries. Developed countries
generally export 50% of their e-waste to China, and the rest to countries such as Ghana,
India, and Nigeria illegally [44]. It is known that the processes carried out in these
countries, especially without suitable recycling technologies, contribute to global
environmental pollution significantly [52]. For example, most of the waste in
Agbogbloshie, Ghana, which is considered one of the largest e-waste landfills in the
world, has been disposed of informally. In addition, recycling studies here are carried out
without considering health and safety measurements and decent technological advances.
Andrea et al. found in a study that recycling workers in Agbogbloshie are exposed to

considerable amount of polychlorinated biphenyl [53].
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Collection and recycling activities carried out by unlicensed persons and companies are
generally carried out using inadequate and environmentally unfriendly methods (i.e.
uncontrolled release of pollutants). However, the use of inappropriate methods in
recycling causes a significant part of the valuable resources to cannot be recovered during
the process. Only about 17.4% (9.3 Mt) of e-waste produced on a global scale in 2019
was collected by official organizations and the remaining 44.3 Mt was collected and
recycled through informal means [41]. One of the most important reasons for this high

rate is the informal transactions in Asian and African countries.

Due to the coexistence of precious metals such as Fe, Al, Au, Cu, Ni, WEEEs constitute
a serious economic resource for scrap dealers, recovery and recycling companies.
However, the use of strong acids such as HNOs, H.SOa, HCI, for the extraction of heavy
metals from WEEE cause emission of toxic gases and reactive compounds to the
environment. Moreover, presence of brominated flame retardants and polychlorinated
biphenyls in WEEE and production of toxic substances like polychlorinated dibenzo-p-
dioxins, polychlorinated dibenzofurans, polycyclic aromatic hydrocarbons during the
recycling process, significantly increase the adverse environmental impact of the
recycling processes. In management of WEEE, emissions are classified into three main
types; (1) pollutants in e-waste are defined as primary emissions, (ii) pollutants generated
during recycling processes are defined as secondary emissions, (iii) emissions created by

chemicals used for processing are defined as tertiary emissions [1].

2.2. Printed Circuit Board (PCB)

Printed circuit boards are one of the most basic components of most EEEs. It is produced
by coating a thin layer of copper foil on the surfaces of a plate made of epoxy resin and
glass fiber. The conductive paths of the circuits are made of copper to connect the
electronic components to be soldered on [54]. PCBs are generally produced from varying

concentrations of plastic, non-ferrous and ferrous metals [27].

PCB contents vary according to the year of manufacture, resource device and board type.
PCBs produced in recent years contain much less metal concentration than PCBs
produced in previous years. Integrated circuits produced with the combination of different

types of circuits and electronic components are the PCBs with the highest metal content.
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These types of PCBs turn into one of the most dangerous e-waste for the environment at
the end of their useful life.

About 20% of the total weight of a typical laptop is PCB. At around 250-300 g, PCB has
the third largest mass after display and battery [55]. The PCB contents of devices such as
TVs and phones are also quite high. Table 2.5. shows the PCB percentages of EEEs by

mass.

Table 2.5. PCB Ratios of EEE Types [56]

Resource Device Amount of PCB (w/w)
Computer 19.23
TV 10.55
Phone 7.77
Radio 6.34
Calculator 5.12
Control Device 9.95
Video Recorder 3.86
Tape Recorder 6.14

PCBs’ metal content is generally about 40% of the total mass. The copper used to
manufacture PCB circuits accounts for about one-third (~13% of the overall) of the
amount of metal used in a circuit. Other metals found in electrical components or used
for brazing are precious metals such as Au, Ag, Ni Fe. In addition, there are rare elements
with very high economic value such as 0.3% Ag, 0.1% Au and 0.03% Pd by weight.
Depending on the current price situation of these three precious metals in the markets, it
represents 80% of the economic value of PCBs, Table 2.6. gives the heavy metal
concentrations in PCBs such as nickel, lead, copper which have negative effects on the

environment [57].

Table 2.6. Metal percentage of PCBs [58]

Metal Amount
Cu 10-26.8%
Al 1.3-4.8%
Pb 1-4.2%
Zn 0.2-2.2%
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Ni 0.3-2.4%
Fe 1.22-8%
Sn 1-5.3%

Sb 0-0.4%
Au 80-1000 ppm
Pt 4.6-30 ppm
Ag 110-3301 ppm
Pd 10-294 ppm

PCBs contain electrical components such as resistors, integrated circuit chips,
transformers, capacitors, in different sizes and compositions. Metal wires, usually made
of copper or aluminum, are used to connect the components. In PCB production,
semiconductors containing As, Sb, Se, Te, Ga, In, Ti, Si, Ge and Pb and Cd metals are

used in solder connections [58].

When PCBs complete their useful life, they turn into e-waste just like the other EEEs.
The copper and nickel contents of these waste printed circuit boards are 13-26 times
higher than the concentrations found in natural metal ores. WPCBs with such high
precious metal content are stated among the secondary metal sources possessing

significant economic value [59].

In 2019, a total of 847000 tons of WEEE was collected in Turkey, of which 19% is made
up of TV, information equipment and telephones. On average, the PCB content of IT, TV
and telephone devices corresponds to approximately 12.52% of the mass. A PCB is
composed of an average of 18.4% copper and 1.32% nickel. While the current price
(October 2021) of 1 ton of nickel is 20215 dollars, 1 ton of copper is 10500 dollars. In the
light of these data, the economic value of the copper content of WPCBs formed in Turkey
in 2019 was 38.93 million dollars, while the wasted nickel value was 53.76 million
dollars. As can be seen, every PCB that cannot be recovered is seen as a serious loss of

economic value and secondary resource [41, 49, 56, 58].
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2.3. Metal Recovery from PCBs
2.3.1. Physical Methods

In order to recover precious metals from WPCBs with complex structures and electronic
components, it is necessary to remove toxic substances and non-metallic parts. Physical
pre-treatments are needed to separate these parts and to classify valuable parts according

to their metal content.

Physical processes are commonly the first step in metal recovery from WEEE.
Technologies such as disassembly, size reduction, magnetic separation and Eddy-current
separation have been developed according to the physical and chemical properties of the
materials in WEEE. Physical separation processes are low-cost processes, but metal
losses are between 10-35% in these processes [60]. The reason for the metal losses is that
the metals that are not in the appropriate particle size for crushing processes cannot be
separated from the plastic parts. In order to minimize metal loss in the WPCB recycling
sector, physical processes are used only as a pre-separation process before

pyrometallurgical, hydrometallurgical and bio-hydrometallurgical methods.

2.3.1.1. Disassembly

Firstly, different electronic components on WPCBs are separated, usually by disassembly
method. In addition, as a result of the disassembly of WPCB components, the toxic
components in the PCBs are prevented from entering the recycling process [61].
Components such as capacitors and batteries that are decomposed at this stage are
processed in special recycling facilities due to the toxic heavy metal contents of these

components [62]. Figure 2.5. shows how a TV-WPCB looks before and after disassembly.
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Figure 2.5. Photos of the TV-WPCB: (a) TV-WPCB (b) front side of the TV-WPCB after
dismantling, (¢) back of the TV-WPCB after dismantling, and (d) dismantled electronic

components [63]

Disassembly can be performed manually, semi-automatically or automatically. Manual
disassembly is the most preferred method in conventional applications. In automatic
disassembly, a flexible algorithm is needed that can change itself by instantly evaluating
the product condition. It has been reported that when this algorithm is developed properly,

automatic removal will be the most economically feasible method [64].

In current conventional processes, WEEE recycling mostly starts with the
separation/removal process. Removing hazardous parts and sorting reusable parts provide
the most efficiency in further recycling activities. In the disassembly process, PCB, cable,
battery and plastic parts are generally separated by hand. PCBs are then disassembled

using additional separation processes at specialized recycling facilities [65].

During the disassembly process, not all parts of WEEE containing hazardous materials
can be separated. In this case, some hazardous materials go through the crushing
processes and blended with valuable recyclable materials, leading to a reduction of their
recycling rate. [66]. As a result of these situations, disassembly is seen as the most
important step in the PCB recycling chain for increasing the recycling efficiency,

protecting resources and reducing environmental emissions [65].
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2.3.1.2. Shredding and Size Reduction

After the removal of toxic materials, processes such as crushing, grinding and crushing
are used to separate precious metals from coating materials such as glass fiber, plastic and
resin and to bring the metals to the desired particle size. Equipments such as rotary
crushers, disc crushers and hammer crushers are used for crushing and shredding

operations [61].

The use of conventional crushers is not very efficient in the shredding process of PCBs
produced in multilayers from copper wires, reinforced resin and glass fiber. It has been
suggested that size reduction by trimming and cutting methods is more suitable for
WPCBEs. There is no fixed size fraction for the release of metals contained in PCBs, as in
metal ores. Different size fractions are used for the release of different metals. For
example, Zhang et al. revealed that ferromagnetic metals and copper in WPCB are

completely free below 6 mm size, but larger sizes are needed for aluminum release [67].

In the size reduction processes of WPCB, 1-2 cm? pieces are cut first, usually with the
help of grinders or granulators. It is then reduced to 5-10 mm with the help of a cutting
or centrifugal mill equipped with a lower sieve. The most important disadvantage of this
method is the formation of brominated and non-brominated phenol emissions when the
WPCB temperature rises above 250 °C during impact and crushing [68]. In addition,
another problem that occurs during the size reduction processes of WPCBs is the

formation of fine dust, which is very difficult to evaluate during downstream processing.

Bio-recovery methods such as bioleaching are frequently used for metal recovery from
WPCBs, and precipitate formation is common during these processes. Generally, this
precipitate is expected to be composed of ferric hydroxides, while the precipitate formed
during metal recovery from powdered WPCBs by bioleaching consists of Cu, Pb, Sn and
Fe [69]. As a result of the precipitate being in this form, the separation of the residual
WPCB powder and the precipitate becomes more difficult, making the recovery process

more complicated [70].

Furthermore, if larger WPCB parts were used for metal recovery, the non-metal parts can
also be easily recycled after the process. Therefore, it seems more appropriate to use

larger pieces than powder WPCB in order to prevent precipitate contamination and make
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the recycling process efficient. However, when bioleaching is applied on large pieces, the
chemical coatings on the pieces prevent microorganisms from reaching the metals. To
eliminate this problem, it is necessary to remove the chemical coatings before bioleaching

[70].

2.3.1.3. Magnetic Separation

The method that allows metals with different magnetic susceptibility to be separated from
each other in the appropriate magnetic field in WPCBs is called magnetic separation.
Low-intensity drum magnetic separators are used for the recovery of non-ferrous metals

and non-magnetic WPCB components [71].

The pieces formed after shredding and size reduction are fed onto the drum with a
conveyor belt. Magnetic parts move by accumulating on the drum surface. Non-magnetic
parts, on the other hand, fall in a parabolic trajectory due to gravity and centrifugal force.
Due to the different magnetic poles, the pieces next to each other move by rotating and

thus the non-magnetic pieces that are stuck between them are separated and fall [54].

Fragmented WPCB contains approximately 4.5-11% amount magnetic metal of its total
weight [72]. In the magnetic separation process, while Fe and Ni accumulate in the
magnetic fraction, Cu is accumulated in the conductive area [27]. However, with this

method, metal species cannot be separated from their alloys.

2.3.1.4. Electrostatic Separation

In order to separate the non-ferrous metals and non-conductive materials contained in
PCBs, the separation process using the different electrical conductivity properties of these
components is called electrostatic separation. Basically, electrostatic separation is applied
with three different method such as Eddy current separation, corona electrostatic

separation and triboelectric separation [73, 74, 75].

In the Eddy Current method, which is generally used during the separation of metals such
as Cu, Al, Pb and Zn, eddy currents are formed thanks to the voltage applied to the
separators and these currents create a magnetic field [76]. WPCB parts fed on a rotating
conveyor at the top are pulled onto the drum by the magnetic field. Other materials with

weak electrical conductivity are not affected by the magnetic field and accumulate in the
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collection section. The investment cost of the Eddy current separation method is high and

the working efficiency is low for particle sizes smaller than 5 mm [71].

Corona electrostatic separators are used in the separation of metal and non-metal parts in
materials with a particle size of 0.1-0.5 mm [77]. In addition, the triboelectric separator
is used for plastic separation from materials with particle sizes smaller than 5 mm due to

its low energy consumption and high processing capacity [78].

2.3.2. Hydrometallurgical (Chemical) Methods

Many base and precious metal ions from WEEEs can be recovered by extraction with
hydrometallurgical methods using commercial chemicals. In order to obtain high metal
recovery efficiency, it is crucial to use solvents suitable for the metals to be recovered
and to apply pre-treatments to increase the efficiency. However, the use of chemicals and
energy increases the cost of precious metal recovery from WEEEs by hydrometallurgical
methods. Nevertheless, the recovery of precious metals such as rare earth elements (REE)
by hydrometallurgical methods compensates for the high costs of the processes [79]. The
precious and base metals that can be recovered by hydrometallurgical methods are given

in Table 2.7. according to their classes.

Table 2.7. Metals that can be recovered by hydrometallurgical methods

Classification Metal
Base Metals Cu, Al, Ni, Zn, Fe, Sn
Precious metals Au, Ag
Platinum Group Metals Pd, Pt, Rh, Ir, Ru
Hazardous Metals Hg, Pb, Cd, As, Sb
Rare Earth Elements In, Te, Ga, Se, Ge, Ta

Hydrometallurgical methods are realized with the use of chemicals such as acid reagents,
oxidizing agents in the aqueous medium. For example, acids such as HCI, H2SOq,
C2H204, are used to dissolve copper from WPCBs [54]. Name of leaching processes such
as oxidative acid leaching, thiosulfate leaching, cyanide leaching, halogen leaching is
given according to the type of solvent used in the recovery of base and precious metals

from PCBs.
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As PCB has a multi-layer structure and solvents cannot fully penetrate between these
layers, metal losses between 10-35% ocurr during the leaching process. These losses can

be reduced by performing size reduction processes before the leaching process. [80].

All of the purification processes such as solvent extraction, ion exchange, adsorption are
performed following the leaching processes to release metals from WPCB surfaces and

these type of processes are classified under hydrometallurgy [65].

2.3.2.1. Oxidative Acid Leaching

Mineral acids such as H>SO4, HCl and HNO3 are widely used for extraction processes
due to the flexibility of process control and scale-up advantages for metal recovery from
WPCBs. [81]. While base metals such as Fe, Al, Zn are generally leached with dilute

acids, precious metals are leached with concentrated strong oxidizing acids like HNOs.

According to a study by Kumari et al., increase in pressure enhances metal dissolution
[82]. The recovery efficiency was determined as 99% when Cu, Ni, Fe metals were
reacted with 2.4 M H»SO4 at 150 °C and 20 bar oxygen pressure for 90 minutes. It has
been determined that when chemical reagents such as CuCl> and H>O» are added to the
process for Cu leaching, the efficiency increases even more [82]. Moreover, Oh et al.
revealed in their study that different chemical concentrations can dissolve metals
selectively. In the study, 95% of Cu, Fe, Zn, Ni, and Al were dissolved with 2 M sulfuric
acid and 0.2 M hydrogen peroxide. Ag and Au were dissolved with 0.2 M ammonium
thiosulfate, 0.02 M copper (II) sulfate and 0.4 M ammonium hydroxide at 100% and 95%
rate, respectively [83].

Furthermore, HCI acid leaching is widely used for the extraction of metals such as Ni, Al,
Fe, Zn, Ag from WPCBs [84]. The chemical reactions of solid Al, Zn, Ni, Fe, Ag metals
during the leaching process with HCI are given in Eqn. (1-5).

Zn(s) + ZHCI(aq) - ZHCIZ (aq) + HZ ® (2)
Nl(s) + ZHCI(aq) i NICIZ (aq) + HZ (3) (3)
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Fe(s) + ZHCl(aq) i FeClz (aq) + HZ ® (4)

2.3.2.2. Cyanide Leaching

Cyanide leaching has been used in the mining industry for many years to separate Au
from primary Au ores. Cyanide was used as a liquefier in approximately 875 Au and Ag
mines that were actively operated in 2000 [85]. Cyanide extraction of Au in the ore is an

electrochemical reaction and that is given in Eqn. (6-7) [86].
4Au + 8CN™ - 4Au(CN); + 4e (6)
0, + 2H,0 + 4e - 40H™ (7)

As a result of the cyanide leaching process carried out in the pH range of 10-10.5, it was
determined that the extraction efficiency of precious metals was higher than base metals.
The highest activity was observed in Au metal, followed by Ag, Pd and Pt, respectively
[86].

Since WPCBs contain significant amounts of Au and Ag, cyanide leaching can be used
to recover precious metals from WPCBs. However, Cu content dissolution of WPCB
causes excess amount of cyanide consumption. In addition, CuO and Cu(OH), layers
formed on the particle surface, due to the 23.4% (w/w) Cu content of WPCB, may
adversely affect the dissolution of precious metals [87]. Furthermore, the CN~ leaching

process in WPCB recycling is quite slow [88].

Considering the reasons such as CN- pollution from accidents in Au mines,
aforementioned operational inefficiency in precious metal recovery from WPCBs due to
high consumption of CN-, and the hazardous of WPCB recycling facilities that use
cyanide due to the prohibition of high cyanide use in urban areas on a global scale,
alternative techniques to cyanide leaching are being investigated. There is a need to use
more suitable hydrometallurgical techniques such as thiourea. Moreover, instead of
hydrometallurgical recovery methods with high chemical consumption and high energy

needs, bio-hydrometallurgical methods which proposes a more sustainable and bio-based
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solution for extraction and recovery of metals should be prioritized in the approaching

bioeconomy era.

2.3.2.3. Thiosulfate Leaching

Thiosulfate (S20s72) leaching process is suggested as an alternative to cyanide due to its
low environmental impact, low corrosivity, high selectivity and economically feasibility
for the recovery of precious metals such as Au and Ag from WPCBs [89]. Since
thiosulfate decomposes easily in an acidic environment, thiosulfate leaching is carried out
in the pH range of 9.0-10.5 [90]. In order to perform Au extraction in alkaline thiosulfate
solution quickly and efficiently, it is necessary to add a catalyst such as Cu(Il) and NH3
to the solution [91]. When Cu(Il) and NHj3 are used as a catalyst in thiosulfate leaching
of Au from solid form, the reaction that will take place is given in Eqn. (8-9). The
Cu(NHs)4™ species in the solution extract electrons in the cathodic part of the Au surface
and are directly reduced to Cu(NH3)4". Then, ammonia or thiosulfate ions react with Au

ions and Au(NH3)4*2 or Au(S203): species occur.
Au + 55,032 + Cu(NH5) % = Au(S,05);3 + 4NH; + Cu(S,05)3° ®)

Cu($;03)3° + 8NH; + -0, + H,0 — 2Cu(NHy)}? + 20H™ + 68,032 (9)

Due to the high reagent and thiosulfate consumption, the thiosulfate leaching method
might not be an economical and efficient technique for the recovery of precious metals
from WPCBs, despite its potential environmental benefits. Appropriate additional
chemicals and proper pretreatment process can improve operating conditions and obtain

a more efficient thiosulfate leaching for metal recovery from WPCBs [91].

2.3.2.4. Thiourea Leaching

The use of thiourea for metal extraction is more environmentally friendly and less toxic
compared to traditional leaching methods, and in this method leaching of gold and silver
reaches 99% efficiency levels [92]. As seen in Eqn. (10-11), thiourea transforms Au and

Ag into soluble form by forming cationic complexes in acidic medium.

Au+2SC(NH,), + Fe™® - Au(SC[NH,],)7 + Fe*? (10)
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Ag+2SC(NH,), + Fe™® - Ag(SC[NH,],)} + Fet? (11)

In leaching processes, Fe™ is generally used as an oxidizer. It has been proven that the
addition of extra Fe™ to the process in thiourea leaching process can increase the
extraction efficiency up to 4 times [93]. However, when excessive Fe*3 is added to the
system, Fe™* oxidizes thiourea and consumes thiourea, and as a result, the leaching

efficiency may decrease [94].

Thiourea is very sensitive to pH changes and decomposes easily when the pH drops below
4.3 [95]. Thiourea leaching is generally carried out in the 1-2 pH range. Thanks to the
extremely acidic environment, metals such as Fe, Cu, Ni, Zn in WPCBs can also be

extracted [93].

2.3.3. Bio-hydrometallurgical (Biological) Methods

The method in which microorganisms are used to extract metal from metal ores and
electronic waste is called bio-hydrometallurgy [96]. The adverse environmental effects
of bio-hydrometallurgy are less than those of hydrometallurgy. Since it also enables metal
recovery from low grade and complex ores, the number of studies in this field has been
increasing day by day [97]. Commercial metal extraction from ores by bio-
hydrometallurgical methods was first performed in a Cu mine in Chile in the 1980s.
Today, 15% of the global Cu production and 5% of the Au production are provided by
bio-hydrometallurgical methods [96]. In addition to Cu and Au, biohydrometallurgy has

been extensively investigated and applied for extraction of Ni, Zn and Co.

Table 2.8. List of metal recovery efficiencies from WPCBs

. . Metal Operation conditions
Recovery Microorganism
No recovery Reference
method used %) pH oC Day

Acidithiobacillus
. Acidophilic | ferrivorans
Bioleaching | Acidithiobacillus Cu-984 1 10-1.6 | 23 7 98]

thiooxidans
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| Pseudomonas
Cyanogenic
20 . | Jluorescens Au-44.0 | 7.3-8.6 | 30 2 [98]
Bioleaching
Pseudomonas putida
3 Acidophilic Acidithiobacill gﬁ a gg
cidithiobacillus sp. - _
Biolcaching Pl Nisags | 2030|3715 [99]
Zn - 48
Cyanogenic | Chromobacterium
4 . . Au-22.5 9.5 30 8 [100]
Bioleaching | violaceum
Acidithiobacillus
ferrooxidans
5 Acidophilic | Leptospirillum
Bioleaching | ferrooxidans Cu—83 L7 35 > [101]
Acidithiobacillus
thiooxidans
6 Cyanogenic | Pseudomonas Cu-523
Bioleaching | Chlororaphis iguilgz'zl 7.0 2 3 [102]
Aspergillus
5 Fungal niger MXPEG6 Au-_g87
Bioleaching | Aspergillus 13111:()2 2 4.4 28 14 [103]
niger MX7
Cyanogenic | Chromobacterium B g
8 ‘ ' . Cu-24.6 10.0 30 2 [104]
Bioleaching | violaceum Au-11.31 11.0
. . Pseudomonas
9 | Bioleaching | 4 occens Au-—54 90 | 30 | 56h [105]
Thiourea
10 Acidiplasma sp. Au—98
bioleaching P P Ag— 14 Ls 4| 2 [106]

Reasons such as the reduction of easily extractable ore deposits, the extraction of low-

grade and complex ores from deeper deposits, the acceleration of electronic waste

production day by day are seen as the driving force in the development of bio-

hydrometallurgical techniques. The importance of biological methods, which are

developed to reduce the environmental effects created by the high chemical and energy

needs of the conventional methods used by the mining and recycling sectors, within the

framework of the circular economy, is increasing in the current situation.
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According to the interaction between metals and microorganisms, bioprocessing
techniques have been named differently, such as biosorption, bioleaching,
bioprecipitation, bioaccumulation [107]. For instance, metal extraction from ores and e-
waste is defined as a bioleaching process in the literature. In addition, the process of
accumulating organic or inorganic pollutants by living organisms or using their own
metabolic activities is called bioaccumulation. Moreover, the process of removing the
pollutants from the environment by precipitating various metabolites produced by some

microorganisms as a result of their metabolic activities is called bioprecipitation.

2.3.3.1. Biosorption

The process of removing substances through binding of metal ions with proteins present
on the cell surface from the solution using microorganisms such as bacteria, fungi and
algae is called biosorption [108]. It has been widely used in recent years, especially in
metal recovery from WEEEs, metal removal from wastewater and electroplating
applications due to its features such as simple processing, reusability and high metal

recovery [109, 110].

The mechanism of biosorption is realized by the adsorption of metal on biosorbents by
electrostatic interactions rather than interactions such as chemical reactions and ion
exchange [91]. It has been proven that extracellular proteins play an important role in the
biosorption process using microorganisms. For example, 1 mg of extracellular protein
obtained from Tepidimonas fonticaldi sp. can adsorb 9.7 mg of gold. In addition, in the
study carried out to treat the wastewater of the PCB production factory, 71% of the gold
in the wastewater was removed by using the extracellular proteins. [111]. Furthermore,
significant progress has been made in recent years as a result of the studies carried out to
improve the adsorption capacity. For example, E. coli suspension treated at 90-100 °C
temperature realised biosorption process 7 times faster than untreated suspension [112].
Thanks to the increased zeta potential and free amino acids on the cell surface as a result

of thermal treatment, the biosorption efficiency has increased.

2.3.3.2. Bioleaching

Metal solubilization using microorganisms from WEEEs and ores is called bioleaching.

In the ores, metals in sulfur and oxide forms are solubilized as metal cations [107]. Then,
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the purity of dissolved metals is increased by using techniques such as solvent extraction,
adsorption, membrane separation, and selective precipitation [107]. Bioleaching, which
is successfully used for the extraction of valuable metals such as Cu, Ni, Zn, Co, U, is
also known as bio-oxidation. For example, CuS; is oxidized to CuSO4 by microorganisms

and metal ions dissolve and mobilize in the aqueous phase [107].

Due to the scarcity of natural metal resources, bioleaching technology is gaining
importance day by day for metal recovery from electronic wastes, which are seen as
secondary metal resources. Bioleaching process is seen as an environmentally friendly
technology in e-waste management in order to prevent leakages due to e-waste and to

recover the metals back into the economy [113].

Microorganism species used in bioleaching process are divided into two main groups as
chemolithotrophs and chemoorganotrophs according to their energy source preferences.
Microorganisms that use inorganic electron donors such as hydrogen, iron and sulfur as
energy sources in the low pH range are called chemolithotrophs. In addition,
chemolithotrophs are divided into 3 groups as thermophilic, moderately thermophilic and
mesophilic according to their optimal growth temperature. Thermophiles (60-80 °C)
usually consist of archaea, while mesophiles (28-37 °C) and intermediate thermophiles
(40-60 °C) are usually bacteria [114]. Microorganisms that use CO> as carbon source are
called chemolithotrophic autotrophs, while microorganisms that use organic carbon as
carbon source are called chemolithotrophic heterotrophs. Fungi that use organic carbon
as an energy source, such as fungi and cynogenic microbes, are called

chemoorganoheterotrophs.

Chemolithotrophs generally tend to grow in highly acidic (2.0 pH) conditions. The most
preferred chemolithotrophs for bioleaching, such as Acidithiobacillus ferrooxidans and
Acidithiobacillus thiooxidans bacteria, oxidizes reduced sulfur compounds (Ss, S203

and HaS or polysulfide) to SO4> or Fe*? to Fe** [115, 116].

Fungi, which are considered as chemoorganotrophic, consume organic carbon and turn it
into organic acid, while cyanogenic microbes produce HCN. These produced products

react with metals and metal extraction takes place [34].
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The process, which is generally carried out at a pH range of 3.0-7.0 and at a temperature
of 25-35°C, using organic acids such as gluconic, citric and oxalic acids produced by
fungal species such as Aspergillius niger and Aspergillius flavus, is called fungal

bioleaching [117,34].

The most commonly used bacterial species in the cyanogenic bioleaching process, which
is generally carried out in the pH range of 7.0-11.0 and at a temperature of 25-35°C, are
as follows; Pseudomonas fluorescens, Pseudomonas aeruginosa, Pseudomonas putida,
Chromobacterium violaceum, Bacillus megaterium, Pseudomonas chlorophis,
Pseudomonas aureofaciens and Escherichia coli [118]. In addition, Marasmius oreades,
Clitocybe sp. HCN-producing fungi species such as Polysporus sp. are also preferred for
bioleaching [119].

Acidophilic (Chemolithotrophic) Bioleaching: In bioleaching processes using
acidophilic microorganisms, Fe'? is oxidized to Fe** and sulfur is oxidized to sulfuric acid
by contact and non-contact mechanisms. Protons from the resulting ferric iron and

sulfuric acid dissolve metals from ore and e-waste.

Previously, it was thought that bioleaching occurred only by contact and directly
microbial enzymatic decomposition of ores, but today it has been revealed that metal
dissolution occurs via ferric iron produced by microorganisms, similar to the non-contact
mechanism. [120]. Bacteria adhere to edges, corners and cracks on the ore surface through
extracellular polymeric substances (EPS) [121]. Fe™ in EPS, consisting of Fe™ and
glucuronic acid complex, is reduced to Fe™ by removing an electron from pyrite. Then,
glucuroinic acids come into equilibrium with dissolved Fe* ions and take new Fe™ from
the solution. In this way, six electrons are repeatedly removed from the pyrite by EPS. As
a result of the reaction, the sulfur part of the pyrite is released as thiosulfate, while the
metal part passes into the water as a cation. S,037% formed in the EPS layer is oxidized to

H>SOs and elemental sulfide via polythionates SyO¢>.

Non-contact bioleaching is carried out by free-living bacteria. Fe*? ions in the solution
are oxidized to Fe™ by these microorganisms and also free sulfur species (Ss, S203%", H2S)
are converted to HoSO4. Metal ions and sulfur species in the ore are released by EPS

around the cell [122].
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Bioleaching mechanisms occur in two mechanisms as thiosulfate and polysulfide which
are given in Figure 2.5. Bioleaching process of some sulfidic ores, whose valence bonds
are derived only from orbitals and not affected by acid dissolution, takes place via
thiosulfate, where only Fe** extraction occurs [120]. Some sulfidic ores that dissolve with
both sulfuric acid and Fe™ are extracted by polysulfide [120]. The bioleaching

mechanisms by thiosulfate and polysulfide pathways are shown in Figure 2.6.

Contact mechanism

Figure 2.6. Contact and non-contact mechanisms of bioleaching [123]
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Figure 2.7. Metal extraction by thiosulfate and polysulfide mechanisms [123]
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Fungal (Organotrophic) Bioleaching: Fungi that produce organic acids such as
gluconic, citric, and oxalic acids are also frequently used in bioleaching applications.
Metal extraction with organic acids produced by fungi takes place through acidolysis,
complexolysis, redoxolysis and bioaccumulation [124]. The process of solubilization of
metal ions as a result of the reaction of protons in organic acids produced by fungi with
the ore surface is called acidolysis. For example, the solubilization of nickel metal by

acidolysis is given in Eqn. (10).
NiO + 2H* - Ni*? + H,0 (10)

Organic acids and amino acids produced by fungi carry out the complexolysis reaction
by binding protons and complexes to metal ions dissolved as a result of the acidolysis

reaction. Metal extraction by complexolysis is given in Eqn. (11) [124].
Nit?2 + C¢HgO, — Ni(C¢Hs0,)™ + 3H™ (11)

Moreover, the microbial oxidation and reduction of metals is called redoxolysis. In Eqn.

(12), the enzymatic oxidation of manganese is given.
MnO, + 2e~ + 4H* - Mn*? + 2H,0 (12)

Furthermore, the process of accumulation in the cell by binding to various functional
groups such as hydroxyl, carboxyl, amine, phosphate and sulfate is called
bioaccumulation. Aspergillus sp. and Penicillium sp. genus fungi are known to have high

aptitude for the bioaccumulation process [34, 124].

Cyanogenic (Organotrophic) Bioleaching: Cyanogenic bacteria and fungi, which use
organic carbon as an energy source and produce HCN, are used for metal recovery from
ores and e-waste. Metals interacting with cyanide transform into complexes with good

water solubility and chemical stability [118].

The HCN production reaction realized by consuming glycine by cyanogenic bacterial
species such as Pseudomonas putida, Pseudomonas florosence, Chromobacterium
violaceum 1s given in equation 14. [125]. The produced HCN is used for the extraction of

metals such as Au, Ag, Cu, Zn from metal ores, but also it is used for the recovery of
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these metals from WEEEs [126]. The gold extraction reaction with HCN is given in Eqn.
(13-14).

NH,CH,COOH + 0, - HCN + CO, +2H,0 (13)
4Au+8CN™ + 0, + H,0 > 4Au(CN); +40H™ (14)

Metal Recovery via Bioleaching from E-Waste: Metal recovery from e-waste, sludge
and slag by bioleaching method has become increasingly common in recent years [127,
128, 129]. However, in the process of metal extraction with bioleaching, the addition of
these extra substances might be required because there could be lesser amount of iron and

sulfur in WEEESs than metal ores.

In the literature, bioleaching is carried out in three different ways as one-step, two-step
and spent medium step [124]. The process, which is carried out by adding
microorganisms and the material to be removed at the same time to the environment, is
called one-stage bioleaching. In two-stage bioleaching, the microorganism is grown
separately, and then material is added to the microorganism culture that begins to produce

oxidant. [124, 130].

It has been reported that two-step and spent medium step bioleaching processes, where
microbial organic acid production and microbial growth are higher in the absence of
waste, are more efficient in metal recovery compared to one step bioleaching [131]. In
addition, microbial growth could not be obtained in some studies due to the toxicity
caused by the presence of heavy metal ions in the environment during microbial growth
in the one step bioleaching process [124]. In addition, the spent medium step process
seems to be more suitable especially for industrial scale applications, so that the microbial
community is not affected by metal toxicity and can produce organic acids for a longer

period of time.

The extraction efficiency of the species produced by microorganisms differs according to
the metal type to be extracted. It turned out that while Fe™ is more efficient at Cd
extraction from Ni-Cd batteries, sulfuric acid is more efficient for Li recovery from Li-
ion batteries [132, 133]. In addition, metal recovery efficiency from WEEEs can be
increased by using a catalyst. For example, Gu et al. examined Cu recovery from WPCBs,

they obtained 74% Cu extraction with only Acidithiobacillus ferrooxidans in the catalyst-
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free process, while they obtained 84% Cu extraction in the process they used
Acidithiobacillus ferrooxidans with graphene as a catalyst. As a result of the study, it was
determined that when the appropriate dose of graphene was added to the process, it

showed good compatibility with A. ferrooxidans [134].

Different organic acids produced by the fungal species used in the bioleaching process
affect the solubility of metals differently. For example, in a study in which citric acid was
used as a leaching agent, the extraction efficiencies of metals in Li-ion batteries were
reported as 99.99% Cu, 65% Al, 45% Co, 38% Ni [34]. In another study where gluconic
acid was used as a leaching agent for metal extraction from scrap electronics, it was

reported that 8% Cu, 43% Al, 100% Ni and 100% Sn could be recovered [34].

The bioleaching process is the first step in metal recovery from WEEEs. In addition to
traditional methods such as precipitation, ion exchange, and solvent extraction, new
biological methods such as bioadsorption, bioflotation, and bioreduction are used to

selectively convert dissolved metals into solid form after bioleaching [31].

Limitations of Bioleaching: While the bioleaching process has many advantages over

hydrometallurgical and pyrometallurgical methods, it also has several disadvantages;

e Low process speed [135]

e Insufficient suitability for metal recovery from high-grade ores and WEEEs [136]

e The negative effects of toxic metals on microorganism activity [137]

e Additional iron and sulfur cost for WEEEs with low iron and sulfur content [138]

e Low metal recovery efficiency from hard-to-process and durable WEEE [139]

e The accumulation of Jarosite and iron hydroxide on the ore surface reduces the
diffusion of leaching agents to the ore surface and decreases the metal recovery
efficiency [140]

e WEEE grinding cost [141]

The negative effects of toxic metals on microorganisms can be reduced by acclimation of
the microorganisms to the metals to be extracted [142]. In addition, the use of naturally
occurring nutrient sources for microorganism incubation instead of commercially
available microbial nutrient sources and the addition of low-grade pyrite or pyrite-

containing coal to the process instead of commercial iron and sulfur sources can reduce
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the cost of the process. [143]. Moreover, the low metal recovery efficiency due to the

durable structure of WEEEs can be increased by using suitable catalysts [134].

2.3.3.3. Bioprecipitation (Biomineralization)

Microbial technologies are used for metal recovery from wastewaters or leachate formed
as a result of dissolving metals in electronic waste [144]. One of these technologies that
provides selective metal recovery for low cost and industrial scale applications is

bioprecipitation [145].

Precipitation of dissolved metal ions by interacting with microbial metabolites such as
sulfur, hydroxide and carbonate is called bioprecipitation. Precipitation occurs when these
agents produced by microorganisms change the ionic balance of the solution medium
[146]. The efficiency of the metal recovery process by bioprecipitation is highly
dependent on the pH and the metal concentration in the solution. The high chemical
consumption to adjust the appropriate pH range is seen as the most important

disadvantage of the process [147].

Metal Sulfide Precipitation: Biogenic sulfur production occurs through the use of
oxidized sulfur compounds as electron acceptors by sulfate-reducing bacteria such as
eubacteria and archaea. Biogenic sulfur formed during the reduction of sulfate
compounds can precipitate metal ions [148]. Bioprecipitation reactions of metal ions are

given in Eqn. (15-16).
2CH,0 + S0;2 — H,S + 2HCO;3 (15)
Me*? + HS™ — MeS (1) + H* (16)
(Me*? — metal cation)

The Metal Sulfide Precipitation (MSP) mechanism consists of biogenic hydrogen sulfide
production with SRB and metal sulfide precipitation as a result of the interaction of the
produced HoS and metal. The most important parameters affecting the MSP process are;

Metal sulfide ratio, pH, sulphate source, COD/SO4 ratio [149].
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The most important advantage of bioprecipitation is the selective recovery of metals from
polymetallic leachates. Cao et al. had used MSP mechanism for the recovery of metals
from leachate containing Cu, Ni, Mg and Fe. As a result of the study, Cu, Ni and Fe metals
precipitated as metal sulfide compounds at pH 7.0, while Mg remained soluble [150].
According to Sethurajan et. al., selective Zn recovery with biogenic sulfides is possible

from the leaching residues containing high Fe and Zn [149].

Microbiologically Induced Calcite Precipitation: Microbial induced calcium carbonate
precipitation is based on the mechanism of calcium precipitation with microorganisms
during microbial activity [151]. The MICP mechanism takes place by varying the amount
of dissolved calcium in the environment as a result of metabolic pathways that produce
alkalinity and dissolved inorganic carbon, such as urea hydrolysis, nitrate reduction
(denitrification), photosynthesis, sulfate reduction, methane oxidation [152, 153, 154,

155, 156, 157, 158].

In the MICP process, the alkalinity of the aqueous medium changes due to the microbial
production of COs% in various metabolic activities, and in the presence of Ca*?, CaCOs
precipitation occurs [159]. During the induction process by microorganisms, increasing
the adsorption capacity on the cell surface. Thanks to the large number of negative
charges in bacterial cell walls, divalent metal ions that can precipitate with calcium

carbonate can be separated from water [160].

Although carbonate formation can be achieved by various processes such as
denitrification, photosynthesis, and ammonification, MICP with urea hydrolysis is the
most widely used technique [161]. MICP is usually induced by enzyme activities that
facilitate mineral formation. As a result of the reactions affected by the urease enzyme,
which is widely used in MICP, the pH rises and carbonate precipitation occurs as shown
in Figure 2.8. [162]. MICP reactions realized by the mechanism of urea hydrolysis are
given in Eqn. (17-22).

CO(NH,), + H,0 - NH,COOH + NH; (17)
NH,COOH + H,0 — NH; + H,CO; (18)
NH; + H,0 —» NH] + OH~ (19)
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Figure 2.8. MICP mechanism through urea hydrolysis [163]
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In the MICP mechanism with denitrification, microorganisms reduce nitrate to nitrogen

gas and produce carbonate. If there is sufficient Ca*? in the medium, MICP occurs [164].

MICP reactions with denitrification mechanism are given in Eqn. (23-27).
2HCOO~ + 2NO3 + 2H* - 2C0, + 2H,0 + 2NO;

HCOO~ + 2NO; + 3H* - CO, +2NO + 2H,0

HCOO~ +2NO+H* - CO0, + 2N,0 + 2H,0

HCOO~ +2N,0 + H* - CO, + N, + 2H,0

Ca*? +C0O, + H,0 » CaCO; + 2H™
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Carbonate ions formed by urea hydrolysis and denitrification mechanisms can interact
with dissolved divalent metal ions in the aqueous medium and depending on their Ksp
value they may precipitate as metal carbonate compounds. Eqn. (28-29) shows how the
precipitation process of carbonates formed by microbial induced urea hydrolysis,

denitrification or photosynthesis occurs in the presence of metal in the environment.

Cu*? + OH™ + HCO3 - CuCO; + H,0 Ksp: 1.4x1071° (28)

Nit?2 + OH™ + HCO3 - NiCO; + H,0 Ksp: 6.6x107° (29)

In the literature, metal removal efficiencies of up to 98% were obtained in MICP studies
using urea hydrolysis. For example, Jalilvand et al. performed MICP study with urea
hydrolysis for metal recovery from heavy metal contaminated mine soil. As a result of
the study, 96.25% Pb, 71.3% Cd and 63.91% Zn were removed from the environment as
metal carbonate compounds [165]. Again, in a study conducted by Maity et al. for metal
removal from contaminated soils, 95.93% Pb, 73.45% Cd and 73.81% Zn removal were
obtained [166]. In addition to the prevalence of metal carbonate precipitation studies with
MICP using urea hydrolysis in the literature, the lack of metal removal studies using the

denitrification mechanism is striking.

According to studies in the literature, in most heterotrophic MICP mechanisms,
approximately equal amount of substrate is required for 1 mole of biomineral production.
However, while 1 mol of HCO3 can be produced with 1 mol of urea in the mechanism
realized by urea hydrolysis, 2 mol of CO; can be produced with 1 mol of acetate in the
denitrification mechanism [167]. In this context, more metal precipitation can be achieved

by the denitrification mechanism for equal substrate concentrations.

In addition, studies are carried out on biogranules that produce biominerals with the
denitrification mechanism on the inside and generally with urea hydrolysis on the outside,
where both mechanisms are carried out together. For example, Ersan et al., in their study
with non-axenic cultures, showed that biomineral production can increase more when the

two mechanisms are used together for biomineral production [168].
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2.4. Biogranulation

Microorganism consortia formed by cell-to-cell interactions physically and chemically
under aerobic or anaerobic conditions are called biogranules which is given in Figure 2.9.
Biogranules consisting of different bacterial species and millions of bacteria are formed
as a result of the loss of individual motility of each bacteria in the granule [169]. Due to
their dense and strong structure and good settling properties, biogranules are seen to be
more resistant to high pollution load compared to conventional activated sludge [170,
171]. In granular systems, decomposition of the substances and pollutants depends on the
enhanced synergistic substrate consumption and product transfer between various
microorganisms that are enriched in different layers of the compact structure of the

biogranules according to the redox potential of their preferred metabolic pathway.

Aerobic layer

Biological oxidation of organic matter
COD+0; - CO, + H:0 / Nitrification

NH; + O, — NO,

Anoxic layer

/ Denitrification

Biological phosphorous removal

Anaerobic core

Figure 2.9. Schematic drawing and microscopic image of aerobic granule [172]

Aerobic granular sludge sytems are suitable for treatment of both low and high strength
wastewaters [173]. In addition, aerobic granular systems avoid the use of several
biological treatment units (anaerobic, anoxic, aerobic tanks) that occupy massive area in
wastewater treatment plants. Moreover, due to their compact structure biogranules can be
separated from the liquid in a very short time and thus avoids the need for a secondary
settling tank. Overall, these systems occupy less area than conventional activated sludge
process, save about 20-25% of the operational costs and 23—40% of the electricity costs

[174].

Aerobic granules were observed to provide the most efficient growth in the sequencing
batch reactor (SBR) [175]. As in anaerobic granulation, long initiation period seems to

be an important disadvantage in aerobic granulation. Slow aerobic granulation process
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leads to negative results such as foam formation, poor settling characteristics and

inefficient treatment performance of pollutants such as COD, P, N [176].

It is known that the granulation process that is applied in wastewater with high pollutant
load takes longer times varying based on the strength of the water. For example, in a study
of Fulazzaky et al., process that was conducted with palm oil production facility
wastewater, granule formation was not observed after 190 days [177]. In addition, in a
study conducted by Cetin et al. at high Mixed Liquor Suspended Solids (MLSS) and high
suspended solids concentrations, they grew mature granules of 600 um in diameter at day
44. The presence of high MLSS destabilized the system, resulting in smaller mature

granules and formation of irregular filamentous granules [178].

2.4.1. Aerobic Granules Formation

Biogranules are considered as dense and compact microbial aggregates with a spherical
structure. Biofilm development plays an important role in aerobic granule growth [179].
Granulation generally consists of 4 stages: 0-30 days of cell to cell attachment, 30-60
days of microbial aggregation, 60-200 days of pre-maturation and post-maturation [180].
Cell to cell attachment stage plays an important role in granule formation. Factors such
as surface hydrophobicity, charge neutralization, hydrodynamic shear force and EPS
release are defined as primary factors [180]. The optimal levels of these factors enhance
the interaction between microorganisms and prepare the environment for microbial
aggregation. Performing the first stage of the granulation process under suitable
conditions (i.e. controlling primary factors) can shorten the granulation time. In addition,
factors that have less effects on the granulation process than primary factors such as
organic loading rate (OLR) and solid retention time (SRT) are called secondary factors

[181].

Compared to flocs, aerobic granules have a more regular, dense and strong microbial
structure. It is also known that they have better settling abilities than flocs. In addition,
EPS accumulated around the granules forms a shield that protects the granules from the
highly toxic effects of pollutants. Thanks to these advanced features, they are more
resistant to high pollutant loads and can remove different pollutant loads in the same

environment thanks to their complex microbial diversity [182].
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2.4.2. Factors Affecting Aerobic Granule Formation

2.4.2.1. Substrate Composition

Granular structure and species diversity are directly related to the type of carbon source.
Biogranule growth was obtained with different substrates such as glucose, acetate,
ethanol, methanol, formate, phenol and synthetic wastewater [183, 184, 185, 186]. While
filamentous and less stable granules were obtained in granulation with glucose-containing
substrate, more compact and stable granules were obtained in granulation when acetate
was used as the main carbon source. In addition, although strong granules were obtained

as a result of using phenol as a substrate, the granulation time was prolonged [187].

In some studies carried out in recent years, propionate has been used as a carbon source.
Despite the long cultivation time, strong granules were obtained that can be used for a
long time without disintegration [188]. However, it has also been revealed that substrates

containing high concentrations of propionate can inhibit granule formation [189].

The ratio of chemical oxygen demand to nitrogen has important effects on the granulation
process. The COD/N ratio affects the physiochemical and microbial properties of the
granules, causing significant changes in the granule size [190]. A study by Liu et al.
suggested a significant reduction in granule size when the COD/N ratio was set below 5

[191].

Luo et al., on the other hand, investigated the effects on aerobic granules by adjusting the
CODI/N ratio as 1,2,4 in three different ways. 1 and 2 COD/N ratios caused a decrease in
the physical properties and nitrification abilities of the granules. In fact, I COD/N ratio

caused a decrease in the EPS ratio of the granules, leading to granule fragmentation [192].

In addition, the high COD/N ratio of the substrate may cause filamentous bacterial growth
and granule fragmentation. In another study, filamentous but large granules with a
COD/N ratio of 10-30 were obtained, while small but more stable granules were obtained

between 2-5. In the study, the optimal COD/N value was determined as 7.5 [193].

2.4.2.2. Organic Loading Rate

Organic loading rate (OLR) is used to provide granule formation and stability in the

granulation process [194]. Aerobic granules can be grown in a wide OLR scale between
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2.5-15 kg COD. m™.d"! [195]. Although the effect of OLR on aerobic granulation is low,
it does affect the physical properties of the granules. For example, in a study by Liu et al.,
as a result of raising OLR from 3 kg COD. m™.d"! to 9 kg COD. m>.d"!, the granule size
increased from 1.6 mm to 1.9 mm [196]. It is known that OLR is ineffective in the
formation of the rounded structure of granules, but it affects the properties such as sludge

volume index (SVI), biomass density and weight.

In their granulation studies carried out in the range of 4.8-18 kg COD. m™>.d"!, Long et
al., obtained stable granules by using OLR values below 15 kg COD. m>.d"! [197]. In
another study with 0.54 kg COD/ m>.d' OLR, it was reported that biomass was broken

down and thus granulation did not occur [198].

In addition to these, OLR can be adjusted with volume exchange ratio. In most laboratory

studies, the volume exchange ratio is usually adjusted between 50-75% [199, 200].

2.4.2.3. Hydrodynamic Shear Force

Hydrodynamic shear force (HSF) and feast-famine feeding regimes play an important
role in the aerobic granulation process with SBR. HSF affects the bacterial species

clustered in the biofilm as well as the structural and functional properties of the biofilms.

In SBR tanks, the HSF value is calculated by dividing the aeration rate by the cross-
sectional area of the tank and is often referred to as the up-flow superficial air velocity.
In order to obtain granulation in SBR tanks, the lower limit value of up-flow superficial
air velocity was stated to be 1.2 cm/s [183]. At higher aeration rates, rounder and more

compact granules were obtained [184].

Moreover, it was reported by Tay et al. that HSF, which usually originates from aeration
bubbles, positively affects aggregation by increasing EPS production and intercellular
cohesion [183]. As HSF increases the EPS production, it indirectly contributes to granule
formation by increasing the cell surface hydrophobicity. In this context, stronger and
more compact granules were obtained in the reactors operated with high HSF values

[201].
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2.4.2.4. Settling Time

In the SBR system, the biomass is precipitated at the end of successive cycles before the
treated water is discharged from the reactor. By setting a short settling time, a hydraulic
selection pressure is created on the microorganisms [202]. As a result, bacteria that settle
quickly continue to grow in the reactor, while bacteria with poor settling characteristics

are wash-out with the effluent.

In addition, long-term settling time causes excessive floc formation and increase of
filamentous bacteria in the reactor [203]. Qin et. al. investigated aerobic granulation by
operating the reactors with two distinct settling periods of 5 minutes and 15 minutes.
Their findings indicated that while granule formation was observed in the settling time of
5 minutes, mixed sludge with high suspended solids density was obtained in the settling
time of 15 minutes [204]. In another study, which was performed by setting the settling
time to 3 minutes, compact granules with rapid settling properties (SVI: 23 ml/g) were

obtained [205].

Furthermore, a small amount of granules is obtained as a result of the process, as the
settling time, which is set for a short time at the initial stage of the reactor operation,
adversely affects bacterial growth. Nevertheless, a settling time of 1 minute seems

sufficient for mature granules [183].

2.4.2.5. Hydraulic Retention Time

HRT and settling time create hydraulic selection pressures which control aerobic
granulation performance [206]. The frequency of removal of solids in the reactor during
the SBR cycle time is called the wash frequency. This wash frequency is related to the
hydraulic retention time (HRT) of a given rate of change. HRT is typically calculated by
dividing the reactor volume with the volume of effluent discharged in specific time period

from the reactor.

Short HRT and short settling time create very strong selection pressure on biomass. For
example, in a study performed by Zhang et al., the granulation process was carried out by
adjusting the cycle time of 30 minutes and the settling time of 1 minute. The granules
formed at the beginning of the process were completely fragmented due to high selection

pressure at the end of 2 days of operation [207]. For this reason, HRT and settling time
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should be adjusted in a balanced way in order to create appropriate selection pressure on

biomass.

Moreover, it is known that excessive biomass formation in the reactor reduces the
granulation efficiency. In order to keep the biomass amount in the sludge in balance, the
SRT value depends on the HRT and settling time adjustment [208]. For example, in a
study by Liu et al., HRT was set at 1.5 hours and settling time as 2 minutes, and these
conditions caused a short SRT value in the process. This prevented the formation of slow

growing bacteria such as nitrifying bacteria [209].

2.4.2.6. Solid Retention Time

The removal of substrates such as nitrogen and phosphate by aerobic granules is highly
dependent on the sludge retention time (SRT) [210]. Regular removal of excess sludge
from the reactor stimulates biomass conversion and new cell growth. This transformation
increases the removal performance by making growth stimulus nutrient consumption

faster [211].

In addition to affecting the substrate removal performance of SRT granules, it also affects
their physical properties. One of the main problems of the granulation process is the
growth of filamentous organisms [212], which adversely affects the settling properties of
the sludge. High SRT value supports filamentous organism growth. Therefore, regular
removal of excess sludge is necessary to prevent the proliferation of filamentous

organisms [213].

Although quite different values are reported in the studies, it is accepted that the
appropriate SRT value for aerobic granules is approximately 2-30 days at medium and

low temperatures (16-20 °C) and 8-10 days in warm (27-40 °C) environments [214, 215].

According to the study of Beun et.al., during the granulation in an SBR, SRT usually
increases from 2 days to 30 days initially. Afterwards, the SRT value, which drops to 17
days, stabilizes in 9 days as the granules begin to mature [216]. In another study by Lin
et al., small-sized but compact granules were obtained at a 10-day SRT [217]. In this
context, a stable reactor can be operated with different SRT values under different

operating conditions.
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2.4.2.7. Feast-famine Operation

SBR operation for aerobic granulation typically consists of feeding period, aeration
period, settling of biomass and removal of the supernatant. Bacteria growing in SBR are
subject to periodic feast-famine conditions under the influence of substrate change in the
environment. Due to the rapid depletion of substrate during the reaction period,
microorganisms experience a period of starvation [183]. The aeration process takes place
in two stages. The first stage is the nutrient decomposition also known as the feast period.
It is followed by the famine period due to the absence of nutrients. During this starvation
period, the hydrophobic properties of bacteria increase and they tend to adhere to each
other [183]. The main reason for the formation of these hydrophobic properties is the
consumption of EPS by granules during the starvation period [218]. As a result of
decreasing EPS, the electrostatic balance changes and microbial aggregation becomes

easier.

Microorganisms that enter the famine period in proper time produce denser and stronger
granules [219]. Wang et al. obtained aerobic granules in SBR with two different cycle
times of 3 and 12 hours. As a result of the study, it was determined that the granules
grown in 12-hour cycles had larger granule size and stronger granule strength than 3-hour

cycles [220]

2.4.2.8. Extracellular Polymeric Substances

Extracellular polymeric substances (EPS), mostly composed of polysaccharides and
proteins, are biopolymers produced by microorganisms [221]. EPS affects microbial
aggregation positively by enabling bacterial cells to adhere to each other [222]. EPS and
bacterial cells are interconnected by interactions such as hydrophobic interactions, ion
bridging interactions, and polymer entanglement that trigger granulation [223]. In

addition, it is known that high HSF increases EPS production [224].

One of the most important factors affecting EPS formation in aerobic granulation is OLR.
Rusanowska et al. carried out granulation studies at three different OLR values: 0.78 kg
COD.m?>.d", 1.16 kg COD. m3.d"! and 1.53 kg COD. m>.d"!. They obtained the highest
EPS amount at the lowest OLR value [225]. Considering that the lower OLR value in
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general will increase the fasting time, granules that are fasted for longer produce more

EPS.

Moreover, differences in COD/N ratio cause significant changes in EPS composition. Shi
et al. investigated the amount of EPS in the two different reactors with COD/N ratios of
20 and 10. As a result of the study, they obtained more EPS with low COD/N ratio [226].

Furthermore, water salinity affects EPS production. In the granulation study conducted
by Corsino et al. in a wastewater containing more than 20 mg NaCl/L salt, it was
determined that 90% of the EPS consisted of tightly-bound EPS (TB-EPS) [227]. TB-
EPS is known to be the main EPS composition that increases zeta potential and

hydrophobicity and improves aggregation between sludge cells [228].

Rhodocyclaceae, Xanthomonadaceae, Sphingomonadaceae, Meganema and Devosia
species in the granules are denitrifying bacteria that provide nitrogen removal as well as
taking an active role in EPS production. Therefore, EPS producing bacterial species also

have an important role in the nutrient removal performance of aerobic granules [229].

Cell aggregation can be increased by polymeric interactions created by high EPS amount.
In addition, it can be said that aggregation is low in the presence of low EPS. The amount
of EPS increases during the growing phase of granule cultivation process, but remains
constant in mature granules [230]. High EPS production can provide rapid granulation as

well as increasing granule stability [206].

2.4.2.9. Presence of Ca*™ and Mg*? Ion in Feed

As a result of the studies, it has been reported that divalent and trivalent cations such as
Ca', Mg, Fe*?, Fe™ form a bridge with EPS in the granulation process and positively
affect the agglomeration of microorganisms. It is known that Ca*?> and Mg*? divalent
cations can accelerate the granulation process by reducing the start-up time [231]. In
addition, it has been revealed that divalent metals contribute to granule formation by

providing self-immobilization of microorganisms [232].

Jiang et al., obtained granulation in 32 days and in 16 days with wastewater that does not
contain Ca*? and with wastewater containing 100 mg/L Ca*?, respectively. In addition,

EPS amount and settling properties of granules fed with Ca*? containing wastewater were
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higher [233]. Furthermore, Li et al. reported that the positive effect of using Mg*? on the
granulation process was slightly less than that of Ca* [234].

2.4.2.10. Dissolved Oxygen, pH and Temperature

Dissolved oxygen (DO), temperature and pH are important parameters in biogranulation
reactors. In the granulation process, aerobic granules were obtained at the lowest
concentration of 0.7-1.0 mg/L DO, while granulation was achieved successfully at >2

mg/L DO [235].

The effects of pH and temperature on the process efficiency in the anaerobic granulation
process have been frequently investigated in the literature [236]. However, due to the fact
that these parameters in aerobic granulation are not as effective as in anaerobic

granulation, studies on this subject are lacking in the literature.

Growth of aerobic granules with the SBR system is usually carried out at room
temperature (20-25°C) [237]. The efficiency of aerobic granulation below and above
room temperature continues to be investigated in the literature. For example, De Kreuk
et al found that in a reactor operated at 8§°C, filamentous organisms grew excessively and
destabilized the granules [237]. However, in the granulation studies performed by Halim
et al. at 50 °C, they succeeded in obtaining mature and stable granules with a diameter of

2-5 mm [238].

2.4.2.11. Seed Sludge

In anaerobic granulation, the properties of the seed sludge significantly affect the
formation of anaerobic granules. However, information on the effect of seed sludge
quality on granulation in aerobic granulation is limited. In aerobic granulation, the quality
of the seed sludge affects the microbial activity, surface properties and settling

characteristics [239].

Since the seeding sludge affects the microbial committee during granule cultivation, it
also affects the substrate removal performance of the granules [240]. For example, Ersan
et al. obtained granules in separate reactors with two different seed sludges taken from
membrane bioreactor (MBR) and conventional activated sludge (CAS). As a result of the

study, it was determined that the granules obtained with MBR sludge were more resistant
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to high OLR, had a more compact and smooth shape, and also had higher substrate

removal performance [241].

Moreover, Verawaty et al. revealed that the mixture of crushed granules and biomass
flocs shortens the initiation time of the granulation process without affecting the nutrient

removal performance [242].

2.4.3. Metal Recovery with Aerobic Granules

In recent years, aerobic granules have been used frequently for heavy metal removal from
wastewater. Thanks to its properties such as high adsorption capacity, large surface area
and strong physical structure, biogranules are seen as a suitable biosorbent for heavy
metal removal [243]. Heavy metal adsorption with aerobic granules takes place both on
the granule surface and in the inner region of the granules due to the porous structure of

the granule [244]. Moreover, it is quite easy to separate the granules from the liquid phase.

Liu et al. used aerobic granules for heavy metal adsorption for the first time and the
reported successful Cd adsorption from industrial wastewater [245]. In addition, Xu et al.
reported that Ni biosorption increased in the pH range of 2-6 and the highest removal was

obtained at pH 6 [246].

Ni biosorption performances of aerobic and anaerobic granules were investigated by Li
et al. [247]. As a result of the study, it was revealed that the EPS amount of anaerobic
granules was higher than aerobic granules. It has been observed that anaerobic granules
provide more Ni biosorption thanks to the adsorption potential provided by the high EPS
amount [247]. Feng et al. investigated the removal performance of aerobic granules
grown with the addition of Ni. An increase in COD removal efficiency was observed after
increasing the Ni ion concentration from 0 to 1 mg/L. I It was found that while feeding at
5 mg/L Ni level, the COD value in the effluent increased and COD removal efficiency
decreased. However, a significant decrease in COD removal efficiency was observed

during 10 mg/L Ni feeding [248].

Cu (II) removal using aerobic granules has also been frequently investigated in the
literature. Xu et al. reported that aerobic granules could remove Cu (II) up to 246.1 mg /g
(mass of granule). Zhang et al., on the other hand, observed that stable granules could be

formed at Cu (II) concentrations between 0.5mg/L to 3 mg/L with low SVI. However, it
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was found that microbial activity of granules was impaired at higher Cu (II)

concentrations [249].

2.5. The Goal and the Scope of the Thesis

As seen in the literature research, WPCB recycling is not implemented in Turkey.
Therefore, it is clear that hydrometallurgical and biohydrometallurgical methods need to
be explored and integrated into the local electronic waste recycling industry.
Hydrometallurgical methods are widely used for recycling processes in European and
developed countries around the world. However, due to the high chemical and energy
consumption required by hydrometallurgical methods, the importance of
biohydrometallurgical methods, which are seen as more environmentally friendly

processes, is increasing day by day.

The bioleaching process, which is becoming widespread today, seems to be the most
efficient and environmentally friendly biohydrometallurgical method. However, physical
or chemical methods still continue to be used to purify the mixed metal content of
leachates formed after bioleaching. In this context, the use of biogranules, which are more
resistant to high heavy metal concentrations than isolated pure culturesa, as a metal
purification method has been theoretically found suitable to make WPCB recycling a fully

biological process.

Literature studies on metal recovery from WPCBs by biohydrometallurgical methods
have generally focused on Au, Ag and Cu metals. Despite the high economic value of Ni

metal, studies on Ni recovery from WPCBs in the literature are insufficient.

Biogranules produce carbonate through many different mechanisms such as urea
hydrolysis, denitrification, photosynthesis, and sulfate reduction, and these carbonate ions
interact with the dissolved metals in the environment and enable their separation from the
liquid in the form of metal carbonates. It seems theoretically more appropriate to perform
biomineralization process using both urea hydrolysis and denitrification mechanisms to
increase the amount of generated carbonate ions. There is information in the literature
that acclimation of microorganisms with the target metal for selective bioleaching

processes might increase the recovery efficiency.

48



In accordance with the aforementioned needs and the advances in microbial metal
recovery, in this thesis study, the use of mature granules acclimated to Ni exposure was
investigated for selective Ni recovery from a synthetic metal leachate solution. In order
to propose a completely biohydrometallurgical and complementary approach for metal
recovery from WPCBs, the composition of the synthetic metal leachate solution was

defined based on a previous study that investigated bioleaching of metals from WPCBs.
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3. MATERIALS AND METHODS

Although aerobic granules are frequently used for metal recovery from wastewater, they
have never been used before to extract metals from multi-metallic leachate resulting from
bioleaching process. Within the scope of the thesis, it was aimed to investigate whether
it is possible to selectively recover the nickel metal from the synthetic leachate solution
prepared based on the available information in literature. In experimental studies, firstly
aerobic granules were produced from a dry seed and then biomineralization experiments
were carried out using the obtained granules. General thesis working scheme is given in

the Figure 3.1.
Thesis Work Chart

Installation of SBR
\)
Enrichment of Microorganism
)
Granulation Period
\J
Nickel Acclimation Period

l

Biomineralization

Figure 3.1. Thesis working scheme

3.1. Experimental Procedure of Biogranulation

The granule cultivation was carried out under SBR operating conditions in a plexiglass
cylindrical reactor with a length of 76 cm, a diameter of 4.5 cm and a volume of 1.2 L.
The reactor was operated in 4 cycles of 6 hours, consisting of 1-hour of simultaneous
feed/draw period to replace 50% of the reactor content, 2-hours of anoxic period and 3-
hours of aerobic period. An automatic time controller was used to control aeration and

feeding.
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Figure 3.2. SBR setup

Dry powder (<200 um) composed of denitrifying spores were used as initial seed for
cultivation of biogranules. The HRT value was set to 12 hours. While aeration was carried
out with an air pump, the feed with a flow rate of 10 ml/min was provided by a peristaltic
pump through the valve located at the bottom of the reactor. The reactor setup is given in

Figure 3.2.

3.1.1. Seed

In a previous study by Sonmez and Ersan (2022), spores were obtained as a result of
drying and sieving denitrifying granules grown with Beet-sugar processing water [250].
Sonmez and Ersan used Beet-sugar processing water with a high pH value in order to
select resilient bacteria (to alkaline pH, high temperatures) in the biogranules which were
further used in highly alkaline concrete environment [250]. The granulation reactor in this
thesis study was seeded with 2 g of dry powder (particle size < 200 um) containing

denitrifying spores previously cultivated by Sonmez and Ersan.
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3.1.2. Nutrient Solution

In a study performed by Ersan et al., aerobic granules were obtained by adjusting the
COD/TAN ratio to 1500/200. In the same study, the reactor was fed by diluting the
nutrient solution in half until the VSS value rose above 2000 mg/l [251]. Based on this
study, the reactor was initially set up with dry powder of denitrfying spores and fed with
4-times diluted nutrient solution for 2 weeks. Next, the reactor was fed with 2-times
diluted nutrient solution until the VS concentration reached 2500 mg/L. The reactor,
which reached a VS value of 2500 mg/L on day 68, was fed with the synthetic nutrient
solution without any dilution and the content of the undiluted nutrient solution was given

in Table 3.1.

Table 3.1. Nutrient solution content

Chemical Concentration Chemical Concentration
CH4N20 1000 mg/L Yeast Extract 240 mg/L
MgS04.7H0 90 mg/L NaNO3 508 mg/L
KH2PO4 60 mg/L NaCl 600 mg/L
Ca(NOs),- 4H,0 150 mg/L CH;0H 1.3 ml/L

In parallel with the work of Sonmez and Ersan, the minimal nutrient solution was free of
micronutrients [250]. Different from the previous study, the nutrient solution contained 1
g/L of urea and 0.24 g/L yeast extract to enrich urea hydrolyzing microorganisms in the
granular biomass. The main reason for using minimal nutrients was to reduce the
operational costs in full-scale processes. In traditional biogranulation processes, trace
elements and nutrients such as yeast extract are used to increase granulation efficiency
and accelerate granulation [252]. In this study, it was tried to reduce the cost of granule
production by completely excluding micronutrients and minimizing the supplied yeast

extract.

3.1.3. Enrichment of the Nitrate Reducing Urea Hydrolyzing Bacteria from Dry
Seed and Acclimation Period

The settling time was initially set to 30 minutes for the enrichment of the bacteria and to
prevent the wash-out of the newly grown culture from the reactor. As the amount of
bacteria started to increase in the reactor, the settling time was gradually reduced to 15
and 5 minutes to increase the selective pressure on microorganisms and thus wash-out the

poorly settling microbial flocs. As of the 103rd day, the settling time was completely
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removed from the operation, maximizing the selection pressure on the grown culture. the
important details of the operational conditions of the reactor at different time intervals

were summarized in the Table 3.2.

Table 3.2. Operational parameters whilst cultivation of biogranules

Ovperation OLR (kg | NLR (kg Ig;R Anoxic Aerobic Settling

p]‘;a s‘° COD/ NO; -N/ Urega/ Period Period Period

y m3-d) m3-d) 5 (min) (min) (min)

m~-d

1-13 0.77 0.05 05 180 150 30
14-16 1.54 0.10 1 180 150 30
17-67 1.54 0.10 1 180 165 15
638-102 3.08 0.20 2 180 175 5
103-159 3.08 0.20 2 180 180 -
160-244 3.08 0.41 2 180 180 -

3.1.4. Acclimation of biogranules to Ni

It was reported in several studies that most of the microbial communities are susceptible
to heavy metal concentrations and their metabolic activites may be inhibited when the
threshold values are exceeded [253]. However, the feeding of low doses of metal to the
system during the cultivation of microbes and gradually increasing the exposed metal
concentrations before the actual exposure conditions provides both an increase in the
activity of microorganisms and resilience against the toxic effects of higher

concentrations [254].

Furthermore, in the studies carried out to provide metal recovery from e-waste by
bioleaching process, it was revealed that the pre-adaptation of the microorganisms with
the metal desired to be recovered increases the selective metal recovery efficiency [255].
In addition, Huang et.al. revealed that acclimated microorganisms before the process had
higher metal recovery efficiency [256]. Therefore, in this thesis work, in order to
acclimate the produced mature granules to Ni exposure for selective nickel recovery,
nickel concentration in the feed solution was gradually increased as given in Table 3.3. If
nickel was given with other metals, the toxicity tolerance level of the granules to other
metals would also increase, but this would not provide an advantage for selective nickel

recovery.
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Table 3.3. Nickel concentrations fed into the reactor and their starting day

Operation 196 01 )14 .
Day

Nickel

Concentration I mg/L 2 mg/L 3 mg/L 4 mg/L

3.1.5. Determination of Biogranulation Performance and Microbial Activity

During the granulation process, the development of the microbial granules was
investigated by monitoring TSS, VSS, SVI, wet particle size and microscopic surface
properties of the agglomerates. Moreover, the operational parameters and microbial
activity was assessed by regular monitoring of pH, DO, chemical oxygen demand (COD),
NOs-N, total ammonia nitrogen (TAN) concentrations in the nutrient solution, at the end

of the anoxic period and at the end of the aerobic period.

The TAN generated due to urea hydrolysis and the COD consumed through nitrate
reduction and aerobic oxidation in anoxic and aerobic periods over a cycle were
monitored. In order to accurately determine the urea hydrolysis and carbon consumption
perforrmances of the biogranules, samples were taken at four different time points; from
feed solution (t=0 min), from the effluent of the previous cycle (t=0 min), at the end of
the anoxic (t=180 min) and the aerobic periods of the new cycle (t=360 min). In regular
monitoring of the reactor, operation was plug flow during feed/draw period (first hour of
anoxic period) and completely mixed during the aerobic period. TAN and COD samples
were taken from the effluent point from the reactor at the end of the anoxic and the aerobic

periods.

Bacterial aggregates with a radius of at least 200 microns are considered as biogranules
in the literature [184]. In addition, it has been reported that the system reaches a granular
structure when the SVI30 value falls below 50 ml/g [257]. In their study, Sonmez and
Ersan accepted that the granulation process was completed when the SVI30/SVIs ratio
reached 85% [250]. Accordingly, in this thesis study, it was tried to reach these values

before the nickel acclimation stage.

At the end of the granulation period (granule percentage > 85%) and during the

acclimation of granules to Ni exposure, kinetic analyzes were performed to picture the
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performance of microbial community before and after the acclimation. Kinetic analyses
were conducted by taking samples every 15 minutes during a cycle to examine the
microbial activity of the granules, and the samples were analysed to determine the
changes in TAN, COD and NO3-N concentrations. As described above, in normal
operation, granulation reactor was fed from the bottom of the reactor and the feed solution
passed through the granular sludge layer during the feed/draw period. In order to avoid
the effect of the plug flow operation and thus the sampling point on determination of
microbial activity, the reactor was operated in completely mixed mode during the kinetic

analysis.

In addition, size distribution analysis was carried out to examine the change in granule
size during the granulation period and during the gradual increase in nickel concentration
of the feed solution. In addition, the size distribution of the granules used in the

biomineralization experiment was also determined.

3.1.6. Analytical methods

Methods for the analyses conducted during regular monitoring of the biogranulation

reactor and during the kinetic analyses are described below.

pH: Daily measurements were made with a pH meter (Hanna HI98190, USA). The pH

meter is calibrated at regular intervals over 2 different pH points (acidic and neutral).

DO: Daily measurements were made with a DO meter (Hanna HI98193, USA). The DO
meter was calibrated with 2 points as zero oxygen solution and oxygen concentration in

the air.

TSS & VSS: Total suspended solid and volatile suspended solid values were determined
according to the 2540 D, E coded standard methods [258].

SVI: SVI3o values was calculated twice a week according to the standard methods with
code 2710 D. The duration of the method was changed to 5 minutes to determine SVIs as

previously described by Liu et.al. [257].

Granule Percentage: The formuladescribed by Liu et.al. which is given in Eqn. (31) was

used to determine the granule percentage of the reactor [257].
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V0 v 100 (1)

Granulation:
SVIs

COD: The COD analyzes of the filtered samples were carried out twice a week with the
reactor digestion method approved by the EPA with a measuring range of 100-1000 mg
COD/L (Hach LCI 400).

TAN: The reaction of urea to ammonia as a result of microbial activities is given in Eqn.
(17-19). Thanks to the conversion of urea to ammonia, TAN analyzes were carried out in
order to determine the urea hydrolysis efficiency in the thesis study. The TAN analyzes
of the filtered samples were carried out twice a week according to the standard methods
coded 4500-NH5 Step-B, C. As the titrant, 0.02 N sulfuric acid was used in the titration

process.

NO;3-N: NOs-N concentrations of the filtered samples were determined with HACH, LCK
340 test kits.

Average Granule Size: Samples were taken while the reactor was fully mixed in the
aerobic period. The samples, which were dropped on the glass surface with the help of a
dropper, were visualized with 100x magnification of a light microscope. The granule
images in the microscope were taken with a 25 Megapixel camera. Then, with the imageJ
program, 8-9 granules were selected randomly from each image and the granule sizes
were measured. After performing the same procedure for 20 photographs, average

granule sizes were determined.

Statistical Analysis: Deviations and accuracy of the data were analyzed by SigmaPlot

software's one way ANOVA calculation.

3.2. Experimental Procedure of Nickel Recovery from Bio-leachate Solution via
Biogranules

3.2.1. Setup of Biomineralization Experiment

While preparing the bioleachate solution, the metal mass percentage of the laptop WPCBs
obtained by Isildar (2016) and the immobilization percentages of the metals as a result of
the bioleaching process performed on electronic scrap materials by Brandl et. al. with

A.niger fungi were used [16, 20]. Thanks to these data obtained from the literature, the
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metal concentrations of the polymetallic bioleachate solution that may occur after the

bioleaching process of 1 g laptop WPCB could be determined (Table 3.4).

Table 3.4. Metal content of a laptop WPCB [16, 20]

Metal Al Cu Pb Ni Zn

Scrap Metal

Content (mg/g) 19.8 176.1 22 5.7 45

Metal
mobilization %43 %8 %97 %100 %100
percentage

Amount of
dissolved metal 8.51 14.09 2.13 5.7 4.5
(mg/L)

In order to control the effect of heavy metal toxicity on biogranules and to determine
whether selective Ni recovery occurs via MICP in synthetic leachate solutions at different
concentrations, 4 different bioleachate solutions: 1:20, 1:10, 1:5 and 1:2.5 were prepared

(Table 3.5).

Table 3.5. Starting metal concentrations of biomineralization

Conc.
Metal 1/20 (mg/L) 1/10 (mg/L) 1/5 (mg/L) 1/2.5 (mg/L)
Al 0.43 0.85 1.70 3.40
Cu 0.70 1.41 2.82 5.64
Pb 0.11 0.21 0.43 0.85
Ni 0.29 0.57 1.14 2.28
Zn 0.23 0.45 0.9 1.80

Microbial granules for the batch experiments were harvested from the biogranule reactor
on day 311. The VSS:TSS ratio of the harvested biogranules was 62%. Harvested
biogranules were first separated from the liquid media via centrifugation. Then, the
granules were washed once with tap water and the supernatant was removed by

centrifugation. These granules were used for further batch tests.

In batch tests, 100 mL serum bottles were used. In each batch the bacteria concentration

in the form of biogranules was set to ~3000 mg/L. In order to induce microbial production
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of carbonate in synthetic leachate solutions given in Table 3.5, each solution was
supplemented with nutrients providing the final nutrient concentrations of 1 g/L urea, 100
mg/L NO3-N and 1542 mg/L COD. In the absence of Ca" ions, the metals were expected
to act as the metal ions in carbonate precipitation. The batch reactors for biomineralization

experiment were given in Figure 3.3. Each batch was prepared in triplicate.

Figure 3.3. Batch reactors for the biomineralization tests

In order to verify that the metals in the bioleachate solution precipitated due to the effect
of the granules, abiotic control batches were prepared. Initially, the air in the headspace
of the batches (10 mL) and the dissolved oxygen in the medium were not removed.
However, processes were carried out at anoxic operational conditions by completely
sealing the bottles with rubber stoppers. Therefore, the process was initially carried out
under microaerobic conditions until the initial dissolved oxygen was depleted, then the

rest of the process took place under anoxic conditions.

All the prepared bottle reactors were operated at 25°C on a 100-rpm shaker for a total of
6 hours. At the end of the 3rd hour and the 6th hour, samples were taken from the reactors
to determine the dissolved metal concentrations inside the reactors. In addition, COD,
TAN and NOs-N analyzes were performed with the samples taken from the reactors to

determine the microbial activities of the biogranules during the biomineralization process.
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3.2.2. Analytical Methods for Determination of Metal Biomineralization
Performance

In order to examine the biogranule activity in the bioleachate solution, COD, NO3-N and
TAN analyses were conducted on each sample according to the methods given in section
3.1.6. In addition, samples were analysed with ICP-MS device to determine the dissolved
metal concentration that could not be separated from the leachate solution via

bioprecipitation.

ICP-MS analyzes were performed based on EPA 200.2 (Sample preparation procedure
for spectrochemical determination of total recoverable elements) and EPA 6020 (Multi-
elemental determination of analytes by Inductively Coupled Plasma-Mass Spectrometry,
ICP-MS in environmental samples) methods. For the calibration studies performed for
the analysis, the solutions were prepared using Agilent (27 element mix: 8500-6940 2A
and 8500-6940 Hg) and the obtained calibration curves are given in Annex-1. All samples

were analyzed as triplicate and mean values were used in the thesis study.

The carbonate content of the precipitates was determined by using a test setup described
by Kardogan et al. [259]. In this setup, which is given in Figure 3.4., 10 M H2SOs was
added to the reactors to dissolve the carbonate precipitates. Formed gas bubbles due to
the latter were trapped inside the vacuumed headspace of a water column and the

carbonate content was calculated by using Eqn. (32).

P.V=nR.T (32)
KH =PCO:/[CO2] =29.41 atm/M (33)
Metal- CO;3 + H2SOs — Metal- SO4 + CO-1 + H,0 (34)
H,SO; —»
CaCO;
Precipitate

Figure 3.4. (a) Schematic representation of the COs;* quantification method; (b)
Experimental set up of CO3> quantification [258].
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4. RESULTS AND DISCUSSION

4.1. Granulation and Nickel Acclimation Stage

The reactor, which was inoculated with spores, was fed with diluted concentrations of the
nutrient solution until the volatile solid (VS) value reached 2500 mg/L. During this time,
analyzes were not performed to evaluate treatment performance, but total solid (TS) and
volatile solid values were determined. The TS-VS changes during the enrichment of

bacteria inside the reactor, are given in Figure 4.1.

0,25 %50 %100
Feed Feed Feed
5000 ‘ i
| . 1S |
N \
4000 A | |
| |
| |
| |
3000 1 ‘ ‘
% | |
: | |
| |
| |
1000 A } }
| |
| |
0 ‘ T T T T T ‘
10 20 30 40 50 60 70

Operation Day
Figure 4.1. TS-VS values during the enrichment of bacteria from seed

During the enrichment stage, the VS/TS ratio gradually increased and reached to 55% as
shown in Figure 4.2. As the VS concentration was over 2500 mg/L and VS:TS ratio was
higher than 55% on day 67, the reactor was further operated without diluting the feed

solution given in Table 3.1.
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Figure 4.2. VS/TS ratio before %100 feeding

Parameters pH, DO, TSS-VSS, NHy-N, floc/granule size distribution were monitored
regularly until stable and mature granules were obtained. When these parameters became
steady, the carbon oxidation, nitrate reduction and urea hydrolysis performances of the
microbial community were evaluated by kinetic analyses of a single cycle. In order to
assess the effect of Ni on the activity of microbial community kinetic measurements were

conducted before and after the acclimation period to Ni exposure.

During the acclimation period, nickel feed was provided to the reactor by gradually
increasing the Ni concentration of the feed solution from 1 mg/L to 4 mg/L and regularly
monitoring the performance parameters. After the reduction in the granule sizes, which
were examined regularly, the nickel feeding was stopped at 4 mg Ni /L level. Results of
the kinetic analysis before and after the acclimation period was compared among each
other. Each operation stage, except the enrichment period, was represented with a letter

(Table 4.1) in the graphs of the operating parameters.

61



Table 4.1. Letters representing each of the operational periods in performance figures

Granulation | Granulation
Period Period Img/LNi | 2mgLNi | 3mgLNi | 4mgLNi
(100 mg NO;- (200 mg Feeding Feeding Feeding Feeding
N/L) NO;-N/L)
Al A2 B C D E
4.1.1. pH

Recorded pH values in the feed solution, during anoxic period and aerobic period at all

operational conditions of the reactor are given in Figure 4.3.

Al A2 B C D E
10 |
|
|
|
|
|
|
|
9 |

A <N
L w/ i
;,f\ k \y’ )/ “
o 4 |
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5 8- |
I
|
|
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X |
7 1 |
|
I
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—&— Aerobic |
|
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Operation Day
Figure 4.3. pH change during reactor operation; A1) Granulation period (100 mg NOs3-

N/L), A2) Granulation period (200 mg NOs-N/L) B) 1 mg/L Ni feeding period, C) 2 mg/L
Ni feeding period, D) 3 mg/L Ni feeding period, E) 4 mg/L Ni feeding period
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The main reason feed pH is so unstable is that nutrient solutions begin to degrade over
time. Spontaneous microbial activities in the nutrient solution cause urea hydrolysis
which raise the pH of the feed. While the pH value of the freshly prepared nutrient
solution was 7.3 on average, the pH value of 3-days old nutrient solutions could exceed
8. However, this situation did not significantly affect the pH values at the end of the

anoxic and aerobic periods.

The pH value measured at the end of the aerobic period was generally around 8.7-8.9 on
average. The anoxic pH value was recorded as 8.8 on average. During the reactor
operation, a slight increase in pH values is observed both at the end of the anoxic period
and at the end of the aerobic period from the 70th day to the beginning of 1 mg/L Ni
acclimation period. This was attributed to the NO3-N reduction and urea hydrolysis
performed by biogranules, as both processes produce alkalinity. According to a study by
Wang et al., a pH value above 7 is sufficient for metal carbonate precipitation [253], and

in this thesis study pH values were always above 8.

4.1.2. Dissolved Oxygen

DO values were measured regularly during the reactor operation and are given in Figure
4.4. While the average DO value was 5.5 mg/L in the aerobic periods of the cycles, it was
0.17 mg/L in the anoxic periods. Recorded values confirmed that the anoxic and aerobic
periods were successfully achieved in the reactor. It was observed that the Ni acclimation

step did not significantly affect the DO concentration in the reactor.
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Figure 4.4. DO change during reactor operation; A1) Granulation period (100 mg NOs-
N/L), A2) Granulation period (200 mg NOs-N/L) B) 1 mg/L Ni feeding period, C) 2 mg/L
Ni feeding period, D) 3 mg/L Ni feeding period, E) 4 mg/L Ni feeding period

4.1.3. TSS-VSS

As seen in Figure 4.5, the VSS value in the reactor could only reach around 6500 mg/L
until the 157th day. From day 159, the concentration of NOs-N in the nutrient solution
was doubled (200 mg NO3-N/L). As a result of denitrifying bacteria reaching more
NO; — N, microbial activity increased and thus microbial growth as well. After the nitrate

increase in the feed, the VSS value doubled within 2 weeks.

Feng et al. investigated the simultaneous nitrification and denitrification activities of
aerobic granules under 1, 5 and 10 mg/L Ni exposure. While 1 mg/L Ni stimulated
nitrification and COD degradation activities, these activities were inhibited when the Ni
concentration was increased to 10 mg/L Ni. The highest nitrification and COD
degradation activities were observed during 5 mg/L Ni feeding. In addition, inhibition of
denitrification activity was observed at all Ni concentrations [248]. In this context, as a

result of feeding low concentrations of Ni to the reactor, Ni accelerated the growth of
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microorganisms by creating a trace element effect. However, 3 mg/L Ni feeding
negatively affected the biogranule stability as the major core community in the
biogranules were denitrifying bacteria. This negative effect on denitrifying core
community might have caused disintegration of biogranules. The latter caused wash-out
of VSS from the reactor due to the hydraulic selective pressure in the reactor (no settling

period).

A1 A2 B C D E
18000

—h— TSS
16000 - —8— VSS

14000 A

12000 -

10000 -

mg TSS-VSS/L

8000 A

6000

4000 A

2000 . . . . . . . . . —.
40 60 80 100 120 140 160 180 200 220 240 260

Operation Day

Figure 4.5. TSS-VSS change during reactor operation; Al) Granulation period (100 mg
NO3-N/L), A2) Granulation period (200 mg NO3-N/L) B) 1 mg/L Ni feeding period, C)
2 mg/L Ni feeding period, D) 3 mg/L Ni feeding period, E) 4 mg/L Ni feeding period

In order to determine the bacterial content of the biogranules in the reactor, the VSS/TSS
ratio was calculated and given in Figure 4.6. According to the VSS/TSS ratio data, a
maximum microbial density was obtained with of 88% on the 111th day. In addition, it
was determined that the granules, which were examined with a microscope in this period,

had small sizes but very compact shapes.

Granular compactness and stability mainly depend on microbial growth rate [250]. It is

known that granules obtained in operational conditions promoting slow growth rate are
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stronger and more compact than granules obtained with systems with fast growth rate
[260]. Therefore, it was also possible that the increase in the amount of flocs during the
Ni acclimation period was due to the trace element effect of Ni on growth rate of the
bacteria in the reactor. Both disintegration of the existing granules and the increase in

growth rate might lead to boost of flocs and formation of loose unstable granules.

One of the most important parameters increasing the microbial growth rate is OLR [261].
For instance, in a study by Moy et al., granulation was performed with different OLRs.
According to the results of the study, it was determined that the granules obtained at low
OLR had a high density of filamentous bacteria and a loose structure. In the granulation
performed at high OLR, granules with a more irregular structure with folds and crevices
on the surface were obtained [262]. The formation of floc is significantly higher in
granulation reactors with high OLR and therefore high growth rate. In this context as a
result of doubling the NO3-N concentration, the VSS raise was observed due to excessive
formation of floc. The stability of the reactor, which was also monitored through the

abundance of compact granules, has been deteriorated due to this increase.

As a result of the microscope examination of the samples taken from the sludge in the
reactor, it was observed that the compact structure of the granules began to deteriorate
during the Ni feeding process, and at the same time, nickel-carbonate compounds were
found in the sludge in crystalline form. Hence, accumulating NiCOs crystals in the reactor

increased the TSS value, causing a decrease in VSS/TSS ratio.

Barros et al. reported that the VSS/TSS ratios started to decrease slowly as a result of the
accumulation of inorganic calcium compounds in the reactors where they grew
biogranules [263]. Moreover, in another study by Ren et al., it was reported that excessive
CaCOs3 accumulation had a negative effect on the microbial activities of biogranules. It
has been shown that CaCO3 compounds accumulated on the granule surface prevent
substrate entry into the granule core and impair the microbial activity of microorganisms
in the granule core [264]. In this context, it can be said that NiCO3; compounds

accumulated as a result of Ni feeding cause a decrease in the TSS/VSS ratio of the reactor.
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Figure 4.6. VSS/TSS ratio change during reactor operation; A1) Granulation period (100
mg NOs3-N/L), A2) Granulation period (200 mg NOs-N/L) B) 1 mg/L Ni feeding period,
C) 2 mg/L Ni feeding period, D) 3 mg/L Ni feeding period, E) 4 mg/L Ni feeding period

4.1.4. Sludge Volume Index

The sludge volume index values which indicates the settling characteristics of the
granules were measured regularly. While the reactor was operating in the aerobic period
with full stirring, aeration was stopped for 30 minutes to calculate the SVIs and SVI3o

values. SVI values at the 5th and 30th minutes were calculated and given in Figure 4.7.

It was described that in granular sludge reactors, SVI3o value over 150 ml/g is an
indication of the abundance of bulk and filamentous bacteria. [265]. In this study, since
the seed of the biogranulation reactor was the powder obtained from a granular reactor
with good settling characteristics [250], the SVI3¢ value of the reactor was recorded as
slightly above 50 ml/g immediately after the enrichment period (enrichment period: Day

0 - 68). SVI3 value decreased even more during the granulation period. Between Day 79
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and Day 201 SVI3p was under 50 ml/g which revealed that the reactor content was fully

granular biomass.

The SVI30/SVIs ratio is another good indicator of the granulation level of the reactor
during the granulation period (when SVI3o is close to or larger than 50 ml/g) [257].
However, it should be noted that the sensitivity of this measurement decreases
significantly when the system is completely granular, because in fully granular systems,
SVIs value might change rapidly due to granule disintegration or increase in floccular
biomass while SVIzo does not change significantly as the overall composition is still
mostly granular. The former cause significant changes in the granule percentage (Figure
4.7) which do not truly represent the reactor content. Considering this sensitivity, it can
be claimed that in fully granular systems (when SVI3 < 50 ml/g and VSS:TSS ratio >
75%) SVI30/SVIs values are only significant to detect granule disintegration and floc
formation but they are less meaningful in terms of determination of granule percentage
until the SVIzo value reach above 50 ml/g. In stage A2, due to the increase of NO3-N in
the feed solution, floc formation and microbial activity increased. In the same period, the
SVI3¢ value did not change significantly (Figure 4.7). The main reason for this seems to
be that the mature granules in the reactor continued to sweep part of the newly formed
flocs. As seen in Figure 4.7, in stage A2, SVIs value slightly increased with the increase
in floc formation and as a result the SVI3¢/SVIs ratio decreased abruptly although the
SVI;0 value was way below 50 ml/g which was an indication that the system was mostly
granular (See section 4.1.8). These observations confirmed that the SVI30/SVIs ratio is
more meaningful during the granulation stage rather than full granular stage. Increase in
SVIs further continued with the further disintegration of granules during acclimation

period operated for Ni exposure.
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Figure 4.7. SVI change during reactor operation; A1) Granulation period (100 mg NOs3-
N/L), A2) Granulation period (200 mg NOs-N/L) B) 1 mg/L Ni feeding period, C) 2 mg/L
Ni feeding period, D) 3 mg/L Ni feeding period, E) 4 mg/L Ni feeding period

4.1.5. Granular Size Distribution

The granule size, which affects the specific surface area and cohesion of the granule,
determines the performance of the whole process by affecting the microbial activity and

granule performance by causing differences in substrate and oxygen permeability [266].

In this context, granule size distribution analyzes were performed at different stages of
granule growth as seen in Figure 4.8. In the distribution analysis performed on the 133rd
day, the presence of granules from 0.2 mm to 3.5 mm was detected. In this period, the
rate of granules with a diameter higher than 0.2 mm was determined as 95.78%. In
addition, the SVI30 value of the reactor was determined as 22 ml/g so the reactor content
was fully granular. However, as can be seen in Figure 4.9. larger granules did not have a

compact structure.
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On the 147th day, round and compact granules were obtained compared to the previous
analysis. However, the granules, which were in large sizes before, were getting compacter
at this stage. The density of 0.2-0.6 mm diameter granules was 58% and 69% on days 133
and 147, respectively, which revealed a significant increase in compactness. Moreover,
the rate of granules with a diameter higher than 0.2 mm was determined as 98.91% in this

period.

In the distribution analysis performed on the 171st day, the granule density with a
diameter of 0.4-0.6 mm had the highest rate with 53%. Also in this period, the rate of
granules with a diameter higher than 0.2 mm was determined as 100%. A slight increase
in the diameters of the granules also positively affected their microbial activity. The
reactor, which had 70% urea hydrolysis on the 133rd day, showed 77% urea hydrolysis
performance on the 171st day. It can be said that the increase in the microorganism
density in the anoxic zone in the granule core and the doubling of the NO3-N feeding in

the same period cause this increase in urea hydrolysis.

In the last distribution analysis before the Ni acclimation process, 70% of the biogranules
have a diameter of and 0.2-0.4 mm. In this period, the SVI;,/SVI; ratio reached its highest
with 90%. Although the granule sizes obtained in this thesis study were smaller than those
reported (1.4-3.4 mm) in previous studies [267, 268], when the settling characteristics,
microbial activities and microscopic images were concerned, it was quite clear that

mature stable granules were obtained.

Moreover, some of the recent studies revealed that when low strength wastewater was
used, granules which has smaller diameter size were obtained (0.2-0.9 um) [269]. In the
granulation study performed by Czarnota et al., granules were obtained with two different
OLR values. Smaller diameter granules were formed in the reactor fed with low OLR
[261]. In the study of Du et al., granules were obtained in two separate SBR reactors fed
with different NLR. In the reactor fed with low NLR, smaller diameter but rather compact
granules were obtained with a slower granulation process [270]. In this context, small but
highly compact granules were obtained with minimal nutrient feeding, which was used

to reduce granule production costs in the thesis study.
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Figure 4.9. Granule size alteration of granulation stage; a) Day 91, b) Day 108, ¢) 131, d)
161
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The size distribution analysis data achieved before each increase in the Ni dose during
the acclimation stage are given in Figure 4.10. According to the size distribution analyzes
performed at the end of each metal increase in the Ni acclimation period, the proportions
of granules larger than 0.2 mm were determined as 98.15%, 87.21%, 86.63% and 74%,
respectively. Although low Ni concentration played an important role in the increase in
VSS, it caused a decrease in the granule sizes as seen in Figure 4.11. As a result of the
size distribution analysis performed on day 244, the percentage of the granules with a
diameter of 0.2-0.3 mm was 60% and the percentage of the flocs smaller than 0.2 mm
was 26%. In addition, the disintegrated granules with poor settling properties were
washed-out from the reactor during feed/draw period as there was no settling period
before the feed/draw period. The wash-out caused a significant loss of VSS. Based on
these data, the acclimation process was stopped at a Ni level of 4 mg/L to recover the

granular biomass.
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Figure 4.10. Change of granule size distribution in accordance with Ni feeding
concentrations; Day 201: end of 1 mg/L Ni Feeding, Day 215: end of 2 mg/L Ni Feeding,
Day 229: end of 3 mg/L Ni Feeding, Day 244: end of 4 mg/L Ni Feeding
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b) DAY 215

d) DAY 244

2 mm

Figure 4.11. Granule size alteration during acclimation to Ni exposure; a) Day 201 (1
mg/L Ni feeding), b) Day 215 (2 mg/L Ni feeding), ¢) Day 229 (3 mg/L Ni feeding), d)
Day 244 (4 mg/L Ni feeding)

4.1.6. Urea Hydrolysis

Urea was used as a nitrogen source in the granulation process. Urea hydrolysis efficiency
of granules grown in aerobic and anoxic periods are given in Figure 4.12. Urea hydrolysis
efficiencies were calculated by monitoring the variation of total ammonium nitrogen

(TAN) concentrations over cycles.

TAN formed as a result of urea hydrolysis accumulates in the reactor. In case of
nitrification activation in the system, only TAN measurements are not sufficient to
monitor urea hydrolysis. In cases where nitrification is present, nitrite and nitrate
measurements are performed, and urea hydrolysis is calculated over mass balance. For
this reason, it was checked whether there was nitrification in the reactor during the aerobic
period. Since neither ammonia oxidation nor nitrification occurred during the aerobic
period, urea hydrolysis could be determined by monitoring the change in TAN

concentration in the reactor.
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In this context, the theoretical maximum TAN concentration that can occur in the reactor
as a result of 100% urea hydrolysis was calculated as 466.7 mg/L and this value was
obtained on the 207th day. Average urea hydrolysis throughout the steady reactor
operation in stage A (days between 140-180) was 70.28+8.51% and the effluent TAN
concentration was 417.03+14.14 mg/L. In addition, urea hydrolysis performances of all

different operating periods are given in Table 4.2.

Table 4.2. Urea hydrolysis performance of reactor in different operation period

TAN Con. TAN Con.
. . Anoxic Urea Aerobic Urea Total Urea
Period Anoxic Period Aerobic Period Hydrolysis (%) | Hydrol %) | Hydrol %)
ydrolysis (% ydrolysis (% ydrolysis (%
(mg NH4+-N/L) | (mg NH4-N/L)
Granulation 246.99497.36 | 292.53+114.89 | 28.12416.44 | 258741644 | 53.99+429.78
(Day 70-140)
Granulation
36028 42727 | 417.03x14.14 | 48.17+8.01 | 41.95417.02 | 70.2848.51
(Day 140-180)
1 L Ni
e Y1 3604549.14 | 424.95:5.54 53.8241.59 55.6847.79 79.6343.17
Feeding
2 mglh NIl o 704898 | 4662042476 | 43.69+16.51 100+13.88 1008.54
Feeding
3omgll N 4o 5640 4231140 527040 35.44+0 69.46+0
Feeding
4 mgl Ni| 31406280 | 396.2049.80 56.3341.64 | 46.69+10.28 76.8943.61
Feeding

2 mg/L Ni feeding increased the urea hydrolysis efficiency to 100+8.54% in the reactor.
Mugwar reported in his doctoral study that the addition of low concentrations of Zn
increased enzyme activity [271]. Similar to this situation, it can be said that Ni feeding
has the same effect up to a certain concentration. In addition, according to the results
obtained, the optimum Ni feed for microbial enzyme activity seems to be 2 mg/L.
However, it is clear that further research is required to determine at which Ni

concentrations the enzyme activity is best affected.

The major influence of Ni was observed on the aerobic microbial community as the
positive effect on urea hydrolysis was only valid under aerobic conditions. Baltar et al.

investigated the effects of metals such as Fe, Ni, Cu, Zn on the growth of heterotrophic
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microorganisms in the marine water environment. As a result of the study, it was revealed
that especially Fe significantly increased microbial growth [272]. In this context, it can

be said that the Ni feeding carried out in the thesis study has the same effect.

When the periods in a cycle are compared among each other in terms of urea hydrolysis
performance, 48.17+8.01% of the urea was hydrolyzed on average in the anoxic period,
while this rate was around 22.11+£10.27% in the aerobic period. The total urea removal
was around 48.23+23.01% before doubling the NO; — N concentration on Day 159, the
total urea removal reached around 70.28+8.51% after the NO; — N increase (Table 4.2).
In the light of these data, it can be claimed that the bacteria hydrolyzing urea under anoxic
conditions via nitrate reduction were more abundant in the granule compared to the
bacteria hydrolyzing urea under aerobic conditions. This observation was significant as
most of the urease positive bacteria reported in literature are strict aerobes [273]. Our
findings revealed that considerable urea hydrolysis under anoxic conditions is also

possible which can enhance the MICP yield of the community.
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Figure 4.12. Urea removal variation during reactor operation; Al) Granulation period
(100 mg NOs-N/L), A2) Granulation period (200 mg NOs-N/L) B) 1 mg/L Ni feeding
period, C) 2 mg/L Ni feeding period, D) 3 mg/L Ni feeding period, E) 4 mg/L Ni feeding
period
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4.1.7. Organic Carbon Oxidation

COD values were measured by taking samples from the end of the anoxic and aerobic
periods in a cycle and recorded values are given in Figure 4.13. As can be seen in Figure
4.14. of the reactor, as a result of the COD analyzes starting on the 166th day, the carbon
oxidation activity ranges between 87-99%. According to these data, the amount of COD

in a cycle was almost completely consumed at the end of the cycle.
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Operation Day
Figure 4.13. COD values at the end of the anoxic and aerobic periods throughout the

operation; A1) Granulation period (100 mg NOs-N/L), A2) Granulation period (200 mg
NOs3-N/L) B) 1 mg/L Ni feeding period, C) 2 mg/L Ni feeding period, D) 3 mg/L Ni
feeding period, E) 4 mg/L Ni feeding period
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Figure 4.14. Evolution of COD consumption in anoxic and aerobic periods throughout
the operation; A1) Granulation period (100 mg NOs-N/L), A2) Granulation period (200
mg NOs3-N/L) B) 1 mg/L Ni feeding period, C) 2 mg/L Ni feeding period, D) 3 mg/L Ni
feeding period, E) 4 mg/L Ni feeding period

4.1.8. Nitrate Reduction Activity

Oxidized nitrogen compounds might be used in various microbial processes such as
nitrate reduction, dissimilatory nitrate reduction to ammonia (DNRA) or annamox. In
order to verify that the nitrate reduction was coupled with carbon oxidation rather than
annomox, on day 157, the culture inside the reactor was tested in a separate batch reactor
for nitrate reduction activity. The nitrate reducing activity of 6819 mg/L initial VSS
concentration was analyzed in a medium containing 100 mg/L NO3-N and 1542 mg/L
COD. The system was operated as a batch reactor under anoxic conditions with

intermittent mixing for 3 hours. Samples were taken at 1-hour intervals and filtered.

NO3-N and COD concentrations were examined and given in Figures 4.15 and 4.16.

According to the results of the analysis, the COD/N ratio was found to be 6.94 in the
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optimal range. According to the studies carried out in the literature, annamox can
generally be used in the treatment of wastewater with a low COD/N ratio. The most
suitable COD/N ratio for the Annamox mechanism to work is values below 0.5 [274]. In
addition, annamox bacteria could be obtained up to 2.7 COD/N ratio by providing
different conditions [275]. In the light of this information and experimental data, it is

revealed that there is no annamox mechanism in the reactor.
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Figure 4.15. NOs-N variation during batch test under anoxic operation condition
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Figure 4.16. COD variation during batch test under anoxic operation condition
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4.1.9. Microbial Activity of the Mature Biogranules

The biodegradation kinetics of substrates in a bigoranulation reactor provides information
on microbial activities, simultaneously occuring processes (e.g. simultaneous nitrification

and denitrification) and duration of feast-famine conditions [209].

Since the feeding was carried out in the form of plug flow in the SBR operating system,
in order to avoid the effect of sample location, the kinetic analysis was carried out on the
180th day under completely mixed operational conditions. Samples were taken from the
reactor in 15-minutes intervals, filtered, and NH4-N, NO3-N and COD analyzes were
performed. As seen in Figure 4.17, the NH4-N concentration increased rapidly at the
beginning of the cycle. As shown in Figure 4.18, 64% of urea hydrolysis occurred in the
first 3 hours in the anoxic period, while this rate obtained at the level of 69.32% in the

aerobic period.

Anoxic Aerobic
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Figure 4.17. Variation of urea and NH4-N and Urea concentrations in a cycle
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Figure 4.18. Urea removal variation in a cycle

According to the results of the kinetic analysis, 85% of the NO3-N amount was reduced
in the first 2 hours of the anoxic period. At the end of the anoxic period, NOs-N in the
reactor was completely reduced by microorganisms. The NOs-N reduction activity in a

single cycle was given in Figure 4.19.
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Figure 4.19. NO3-N concentration variation in one cycle
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As seen in Figure 4.20, 70% of the organic carbon was oxidized at the end of the anoxic
period. The removal of a significant part of the COD in the anoxic period enabled the
famine period in the aerobic period. At the end of the aerobic period, 95% of the COD
amount was removed and only 50 mg/LL COD remained in the reactor as shown in Figure
4.21. With the kinetic analysis data, it was understood that the reactor was ready for the

Ni acclimation stage.

The COD/N ratio is one of the most important parameters affecting the size, shape and
strength of the granules grown. As a result of the kinetic analysis experiment, the COD/N
consumption was found to be 9.6 in one cycle. Considering that the low COD/N ratio
limits the microbial activities of denitrifying bacteria [276], carbonate production is

accomplished successfully by the denitrification mechanism of the granules.
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Figure 4.20. Oxidation of organic substrate in a single cycle
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Figure 4.21. COD concentration variation in one cycle

4.1.10. Kinetic Analysis of Nickel Acclimation Stage

Kinetic analysis was carried out to examine the change in the microbial activities of the
granules as a result of Ni feeding into the reactor. Due to the detection of deterioration in
granule structures on day 244, kinetic analysis was performed to examine granule
performances. The same kinetic analysis method that was carried out for the mature

granules was performed again.

Despite the deterioration in granular structure and significant loss of VSS, urea was
completely converted to ammonia in the beginning of the aerobic period, as seen in Figure
4.22 and 4.23. In addition, NO3-N was completely consumed at the end of the anoxic

period, as shown in Figure 4.24.

As seen in Figure 4.25, only 25 mg/L COD remained in the reactor as a result of the
kinetic analysis. Moreover, as shown in Figure 4.26, the COD oxidation efficiencies in

the anoxic and aerobic periods were 47% and 84%, respectively.
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Taking all things into the consideration, although Ni feeding increased the activity of the
microorganisms like a trace element, crystal nickel compounds accumulating in the

reactor caused deterioration of granule structure and reduction of granule sizes.

In order to compare the microbial performances of the granules in both the steady
operation with mature granules and Ni acclimation periods, the specific activity values
are calculated and given in Table 4.3. Since NO3-N is completely depleted before the
aerobic period in both stages, NO3-N reduction specific activity was only determined for
anoxic periods. In addition, organic carbon oxidation and urea hydrolysis performances

in the aerobic period increased 1.39 and 1.15 times, respectively, after Ni addition.

Table 4.3. Specific activity of biogranules in different operation conditions

Sp.ec.lﬁc Anoxic Period | Anoxic Period | Aerobic Period Aerobl.c Period
Activity (g . . (Nickel
(Mature (Nickel (Granulation . .
substrate/ g ranules) Acclimation) Kinetic) Acclimation
VSS-h g Kinetic)
NO;-N 0,004 0,009 NA* NA*
COD 0,017 0,070 0,018 0,025
NH4-N 0,010 0,039 0,004 0,005
*NA: Not applicable
Anoxic Aerobic
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Figure 4.22. Variation of urea and NH4-N concentrations in a cycle with 4 mg/L Ni

feeding
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Figure 4.23. Urea removal variation in a cycle with 4 mg/L Ni feeding

Anoxic Aerobic

80

60

NO,-N (mg/L)

40

20 A1

0
00:00:00 02:00:00 04:00:00 06:00:00

Time (hr)

Figure 4.24. NO3-N concentration variation in one cycle with Ni feeding
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Figure 4.25. COD concentration variation in one cycle with Ni feeding
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Figure 4.26. COD removal variation in one cycle with Ni feeding
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4.2. Selective Nickel Recovery from Bioleachate Solution via Biomineralization
4.2.1. COD Concentration Change

COD analyzes were performed on the samples to examine bacterial activation during the
biomineralization experiment. It was observed that after 6 hours, the amount of COD was
completely consumed at all metal concentrations. At the end of the first 3 hours, 70.1%,
83.3%, 66.6% and 41.2% of the organic substrate was oxidized in reactors prepared with
1:20, 1:10, 1:5 ,1:2.5 bioleachate dilutions, respectively. It was found that as the metal
concentration increased, the microbial activity slowed down. However, the amount of
COD oxidation in 1:10 dilution increased slightly. The COD change in the samples during

the biomineralization process was given in Figure 4.27.
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Figure 4.27. COD changes during biomineralization
4.2.2. NO3 Concentration Change

Since the biomineralization process is mostly carried out under anoxic conditions, NO3-
N reduction would greatly affect the biomineralization efficiency. In this context, NO3-N
analyzes were carried out on the samples and the data obtained were given in Figure 4.28.

At the end of the 6th hour, it was observed that all NO3-N was consumed in all reactors.
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At the end of the first 3 hours, 76.4+3.7%, 85.443.5%, 71.4+6.1% and 53.4+3.2% of NOs-
N was consumed in reactors containing 20, 10, 5 ,2.5 times diluted bioleachate solution,
respectively. Similar to COD consumption, the nitrate reduction activity increased
slightly in 10 times diluted bioleachate solution, then the NOs-N reduction efficiency

decreased when metal concentrations increased.
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Figure 4.28. NO3-N concentration change during biomineralization

4.2.3. NH4-N Concentration Change

One of the most important factors affecting carbonate formation is urea hydrolysis. The
change in the amount of total ammonium nitrogen (TAN) formed in the reactors as a
result of urea hydrolysis was analyzed and given in the Figure 4.29. With the TAN values
obtained in the analysis, the approximate urea hydrolysis efficiencies were calculated.
The values of change in urea hydrolysis throughout the process were given in the Table
4.4. There is no significant differences between urea hydrolysis efficiency of diluted

bioleachate solutions (p>0.05).
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Table 4.4. Urea removal during biomineralization

Reactor Metal | 3rd Hour Urea Standard 6th Hour Urea Standard
Concentration hydrolysis (%) Deviation hydrolysis (%) Deviation
1/20 35 11,4 44 7,6
1/10 31 3,5 42 6
1/5 31 4,6 45 3
1/2.5 21 3 38 3,5
250

200

150

100

NH,-N (mg/l)

50

Time (Hour)

Figure 4.29. NH4-N concentration change during biomineralization

4.2.4. Total Carbonate Determination

In order to demonstrate that dissolved metals precipitate as metal carbonates in the
biomineralization process, the carbonate amounts formed at the end of the process in all
reactors were measured and the results are given in Figure 4.30. As can be seen, there
was no significant difference amount of COs* formed in the reactors that were prepared
by different dilution of bioleachate solution (p<0.05). It was found logical that the amount
of COs* formed was approximately the same (60-65 mg) due to the urea, COD and nitrate
added to all reactors were completely depleted at the end of the 6th hour.

88




During the biomineralization process with carbonate, carbonates bind divalent metal ions
with higher affinity than trivalent ions. Since carbonate analysis can only be done at the
end of the 6th hour, the amount of carbonate in the 3rd hour cannot be known. It is thought
that the carbonates formed at the beginning of the experiment primarily precipitated
divalent metal ions (Ni, Cu, Zn, Pb). However, after a certain period of time, it is observed
that trivalent ions also begin to precipitate due to the reduction of divalent metal ions in
the aqueous medium. In this context, the fact that the amount of carbonate formed in the
reactors at the end of the process is approximately the same, but the amount of
precipitated metal is different can be explained by the affinity between carbonate and

divalent metal ions.
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Figure 4.30. Amount of COs production in 20, 10, 5 and 2.5 times diluted bioleachate
solution end of biomineralization process (No carbonate formation was detected in any

of the abiotic reactors)
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4.2.5. Metal Concentrations Change

Samples were analyzed to determine how much dissolved metal was left in the reactors
at the 3rd and 6th hours aiming to evaluate the biomineralization of metals.

Biomineralization efficiencies were given in Table 4.5.

It was found that Ni, Cu, Zn metals were completely precipitated at the end of the first 3
hours in all dilutions. At the end of the 3rd hour, 0%, 41.8£10%, 67.9+£5.5%, and
81.5£2.5% of Pb precipitated in 1:20, 1:10, 1:5, and 1:2.5 dilutions, respectively. In
addition, Al precipitated at a rate of 9.6+12.6% in only 1:2.5 dilution at the end of the 3rd

hour.

At the end of the 6th hour, 15.7+4.8% and 46.5+20.2% of Al precipitated in 1:5 and 1:2.5
dilutions, respectively. On the other hand, 50.3+2.4%, 70.3+1.4% and 84.1£2.0% of Pb
precipitated in 1:10, 1:5 and 1:2.5 dilutions respectively. According to the results, as the
process time increases, precipitation of other metals increase as shown in the Figure 4.31
and therefore, selective metal recovery cannot be performed efficiently. In this context,
the reaction time of the selective metal recovery process should be under 3 hours. In

addition, how much metals precipitated abiotically at different dilutions is given in the

Figure 4.32.
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Table 4.5. Biomineralization percentage of metals (%)

Initial Conc. Abiotic Precipitation Bioprecipitation
Dilutions | Metals
(ppb) 3 hr (%) 6 hr (%) 3 hr (%) 6 hr (%)
Al 510.7 0 100 0 0
Ni 273.2 42.1 48.5 100 100
1:20 Cu 631.8 84.7 88.0 100 100
Zn 57.9 100 100 100 100
Pb 71.7 0 9.1 0 0
Al 853.4 0 78.5 0 0
Ni 520.6 9.5 9.8 100 100
1:10 Cu 1361.5 32.1 43.1 100 100
Zn 115.9 100 100 100 100
Pb 238.2 0 49.0 41.8+10 50.3+2.4
Al 1458.5 0 40.2 0 15.7+4.8
Ni 1176.6 1.2 8.3 100 100
1:5 Cu 2917 3.1 16.5 100 100
Zn 231.8 20.3 20.3 100 100
Pb 460.3 0 11.9 67.9+5.5 70.3+1.4
Al 3231.8 0 69.5 9.6+12.6 46.5+20.2
Ni 2536.8 0 52 100 100
1:2.5 Cu 6189.8 0 7.2 100 100
Zn 463.5 0 0 100 100
Pb 925.9 0 0 81.542.5 84.1£2.0
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Figure 4.31. Removal efficiencies of metals in different diluted synthetic leachate

solution; a) Al recovery efficiency, b) Ni recovery efficiency, c) Cu recovery efficiency,

d) Zn recovery efficiency, e) Pb recovery efficiency
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Figure 4.32. Abiotic metal precipitation in different diluted synthetic leachate solution;
a) Al abiotic recovery efficiency, b) Ni abiotic recovery efficiency, ¢) Cu abiotic recovery

efficiency, d) Zn abiotic recovery efficiency, e) Pb abiotic recovery efficiency

Metals are precipitated not only by the biomineralization process, but also abiotically by
chemical interactions. As can be seen in Table 4.3., abiotic precipitation at low metal
concentrations decrease as the concentrations increase. While determining dissolved

metal concentrations by ICP-MS, it is estimated that organic substances form complexes




with metals and reduce dissolved metal values in samples with very low metal
concentrations. As can be seen in Figure 4.33., no precipitation was observed in abiotic
reactors. As can be seen in Figure 4.34., visibly residues are formed in biomineralization

bottles via precipitation.
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Figure 4.33. Images of blank batch bottles at the end of 6™ hour
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Figure 4.34. Images of biomineralization batch bottles at the end of 6™ hour

In bioprecipitation, carbonate formed as a result of microbial activities, and further
precipitated with metals that are attracted to the negative cell surface as previously
described for MICP mechanism. In this case, instead of Ca®*, negative charge of the
bacteria attracted the dissolved metal ions. Upon formation of COs* metals precipitated
by forming NiCO3, CuCO3, ZnCO3, PbCO3 and Alx(CO3); compounds. The reason why
Alx(CO3)3 with the lowest solubility is the least precipitated metal at the end of the process
is due to the higher affinity between carbonate and divalent metal ions. The solubility

constants (Ksp at 25 °C) of the resulting compounds are as follows;

NiCO; = 6.6x10°  [277]
CuCOs = 1.4x10710  [277]
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ZnCO; = 1.4x107""  [277]
PbCO3; =7.4x10"  [277]
AlL(CO3)3 =7.2x10% [278]
The data obtained are not sufficient to explain the effect of Ni acclimation period on
selective biomineralization. Ni, Cu, Zn and Pb divalent ions precipitated after 3 hours in
all dilutions due to the long process time and low metal concentrations used for the
experiment. In order to better understand the effect of Ni acclimation on selective
biomineralization, the same tests should be performed with non-nickel acclimated

granules.

At the beginning of the process, the purity by mass of dissolved Ni in all dilutions was
adjusted to be approximately 18.1+0.9 %. According to the data at the 3rd hour, the purity
rates of precipitated Ni in 1:20, 1:10, 1:5, 1:2.5 dilutions were found as 28.4%, 24.8%,
25.4%, 19.4%, respectively. In this context, it can be said that the biomineralization
process performed with low metal concentrations increases the purity of Ni. In addition,
as a result of more detailed research on the process, it seems possible to recover Ni at

higher purity rates.

The residue obtained as a result of the biomineralization process is mostly composed of
Cu, Ni and Zn. Since these metals are present with carbonate, solid metal oxides are
obtained by removing carbon dioxide from the compounds and the final product can be
made suitable for industrial use. The CO> they contain can be removed by introducing the
residue containing metal carbonates to a highly acidic or alkaline environment. The metal

oxides obtained can be used in brass alloys containing copper-nickel-zinc.
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5. CONCLUSION

In the thesis study, selective metal recovery was aimed by means of aerobic granules from
the synthetic polymetallic bioleachate solution obtained as a result of the bioleaching
process of WPCBs. First of all, mature biogranules were obtained in SBR, then metal

recovery experiments were carried out by bioprecipitation process.

When the reactor stability was achieved during the granulation period, biogranules with
an average diameter of 0.4-0.6 mm (%61) were obtained. Despite the increase in
microbial performance during nickel acclimation, deterioration in granule structure and
reduction in granule size were observed. Average granule size decreased to a range of

0.2-0.3 mm.

A highly stable reactor configuration was formed prior to nickel acclimation. The highest
VSS/TSS value was obtained as 88.7% on the 111th day of the reactor operation, and the
highest SVI30/SVIs value was obtained with 90.7% on the 134th day. In a single cycle,
average COD consumption, NOs-N reduction and urea hydrolysis performances of the
biogranules were recorded as 98.2%, 100% and 82.6%, respectively. Specific activities

of the biogranules were recorded as 0.181, 0.020 and 0.044 g substrate/ g VSS-h.

It was revealed that microbial urea hydrolysis is not a strictly aerobic process and can also
be performed by nitrate reducing microorganisms. Nitrate reducing microorganisms

hydrolysed 55.1% of the fed urea during the anoxic period.

It was observed that the microbial activities in the reactor increased when low
concentration of nickel was fed into the reactor. The highest microbial activity was
obtained during 2 mg/L Ni feeding. In this period, urea hydrolysis efficiency in a single
cycle was 100%, organic carbon oxidation efficiency was 91.3% and NO3-N reduction

efficiency was 100%. Specific activities were recorded as 0,091, 0.251, 0.036.

In the biomineralization process, selective nickel recovery studies were carried out in
bioleachate solutions diluted in 4 different ratios. In addition to metal precipitation
efficiencies, the microbial activities of the granules during the process were also
investigated. In general, the highest microbial activity was obtained in 1:10 dilution of

the bioleachate solution. In addition, the purity (w%) of the recovered solid nickel
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achieved in 3 hours from the 1:10 dilution was 24.82%. Considering the microbial activity
performance and the purity of the recovered nickel, 1:10 dilution appeared to be more
suitable than other dilutions for future selective nickel recovery studies. It was also
determined that shorter durations should be investigated to determine if there is a

sequence in precipitation of the metal carbonates.

Finally, as a result of the thesis study, nickel recovery to high purity rates could not be
obtained. One of the main reasons for this is the long process duration. During the process,
the amount of carbonate formed as a result of microbial activities increased and caused

the precipitation of most of the metals at ppb level in the reactors.

Taking all things into the consideration, bioleaching and biomineralization appeared to
be useful techniques for the recovery of precious and base metals in e-waste and WPCBs
that are increasing day by day in the world. The use of biomineralization mechanism for
selective metal recovery from polymetallic leachate solution obtained after bioleaching
should be further investigated in detail in order to overcome the purity issues presented
in this thesis study. It is predicted that especially in future studies, shortening the
biomineralization process time and evaluating different acclimation options for selective

metal recovery will increase the process efficiency.
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ANNEX

ANNEX 1 — Calibration and Absorbance Curves
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Figure Annex-1.1: Calibration curve for COD kit range of 100-1000 mg/L
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Figure Annex-1.2: Calibration curve for COD kit range of 100-1000 mg/L
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Figure Annex-1.3: Calibration curve of Al for ICP-MS analysis
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Figure Annex-1.4: Calibration curve of Ni for ICP-MS analysis
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Figure Annex-1.5: Calibration curve of Cu for ICP-MS analysis
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Figure Annex-1.6: Calibration curve of Zn for ICP-MS analysis
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Figure Annex-1.7: Calibration curve of Pb for ICP-MS analysis
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