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ABSTRACT

REMOVAL OF DYES AND ANTIBIOTICS BY ADSORPTION AND
PHOTOCATALYTIC DEGRADATION USING ZN-BASED
COMPOSITES

In this study, the ZIF-8 was synthesized and immobilized on the clinoptilolite
surface (ZIF8@CLN) and doped with Ag nanoparticles, forming the Ag-ZIF8 and Ag-
ZIF8@CLN composite materials. The characterization results indicated that the ZIF-8
was well-deposited on the clinoptilolite surface and doped successfully with Ag
nanoparticles. The adsorption and photocatalytic activity of these adsorbents/catalysts
were evaluated by the removal of the organic pollutants such as dyes and antibiotics.
The target dyes were cationic Methylene blue (MB), anionic Methyl orange (MO) and
Congo red (CR), and zwitterionic Rhodamine B (RhB). The target antibiotic was
tetracycline (TC).

The influence of various parameters on removal was investigated using different
initial pH, photocatalyst amount, pollutant concentrations and ionic strength. The results
showed that ZIF-8 and ZIF-8@CLN are excellent adsorbents. However, the
photocatalytic activity of Ag-ZIF8 and especially Ag-ZIF§@CLN composites were
much better than ZIF-8 and ZIF-8@CLN for degradation of all dyes. The Ag-ZIF8 and
Ag-ZIF8@CLN composite catalysts exhibited more than 90% removal capacity under
UV irradiation for 120 min with the dye concentration of 25 mg L™ at the optimum pHs
of each dye. The enhanced adsorption and photocatalytic performance of the composite
photocatalysts was attributed to the synergistic effect between the ZIF-8, CLN and Ag.
The adsorption data were evaluated by considering adsorption isotherms, kinetics and
thermodynamics using target dyes and antibiotics. Proposed photodegradation
mechanism of the dyes over Ag-ZIFS§@CLN was explained detailed. This work
introduced the ZIF-8-based composite photocatalysts with high efficiency, and may
provide to prefer these catalysts in photocatalytic field.
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OZET

BOYALARIN VE ANTIBIYOTIKLERIN ZN TEMELLI
KOMPOZITLER KULLANILARAK ADSORPSIYON VE
FOTOKATALITIK PARCALAMA ILE UZAKLASTIRILMASI

Bu calismada, ZIF-8 sentezlenerek klinoptilolit ylizeyi iizerine tutturulmustur
(ZIF8@CLN) ve Ag nanopargaciklari ile katkilanarak Ag-ZIF8 ve Ag-ZIF8@CLN
kompozit malzemeleri iiretilmistir. Karakterizasyon sonuglari, ZIF-8'in klinoptilolit
yiizeyine iyi tutturuldugunu ve Ag nanoparcaciklari ile basaril bir sekilde katkilandigini
gostermistir. Bu adsorbanlarin/katalizorlerin adsorpsiyon ve fotokatalitik aktivitesi,
boya ve antibiyotik gibi organik kirleticilerin uzaklastirilmasiyla degerlendirilmistir.
Katyonik Metilen mavisi (MB), anyonik Metil turuncusu (MO) ve Kongo kirmizisi
(CR) ve zwitter iyonik Rodamin B (RhB) kullanilan hedef kirletici boyalardir.
Tetrasiklin (TC) ise antibiyotik sinifindan secilen kirleticidir.

Cesitli  parametrelerin  giderim iizerindeki etkisi, farkli baslangic pH',
fotokatalizér miktari, kirletici konsantrasyonu ve iyonik kuvvet kullanilarak
incelenmistir. Sonuglar, ZIF-8 ve ZIF-8@CLN'nin miikemmel adsorbanlar oldugunu
gostermistir. Bununla birlikte, Ag-ZIF8 ve ozellikle Ag-ZIF8@CLN kompozitlerinin
fotokatalitik aktivitesi ZIF-8 ve ZIF-8@CLN'ye kiyasla tiim boyalarin bozunmasinda
daha iyi sonu¢ gostermistir. Ag-ZIF8 ve Ag-ZIF8@CLN kompozit katalizorleri, her bir
boyanin optimum pH'inda 25 mg L™ boya konsantrasyonu ile 120 dakikalik UV 1simasi
altinda % 90'dan fazla giderim kapasitesi sergilemistir. Kompozit fotokatalizorlerin
gelismis adsorpsiyon ve fotokatalitik performansi, ZIF-8, CLN ve Ag arasindaki
sinerjistik etkiyle aciklanabilir. Boya ve antibiyotik gideriminde elde edilen adsorpsiyon
verileri adsorpsiyon izotermleri, kinetigi ve termodinamigi dikkate alinarak
degerlendirilmistir. Boyalarin Ag-ZIF§@CLN {izerinde fotokatalitik pargalanma
mekanizmasi ayrintili olarak agiklanmistir. Bu calisma ZIF-8 temelli yiiksek verimli
kompozit fotokatalizorleri tanitmis ve bu katalizorlerin fotokatalitik alanda tercih

edilebilecegini gostermistir.
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CHAPTER 1

INTRODUCTION

Water is one of the defining characteristics of the world and indispensable to
many aspects of life. Unfortunately, the rapid development of industries causes to
increasing anthropogenic pollutants, which makes the water pollution main problem
(Shen, Liao, and Li 2021). Dyes and pharmaceutical and personal care products are
considered as common contaminants due to their potential damage to environment and
human health, bioaccumulation abilities, and aquatic contamination (da Silva
Bruckmann et al. 2022).

Dyes are common toxic contaminants in the environment, and have been used in
textile, print, architecture, paper, leather, cosmetic, food, pharmaceutical, etc. It is
asserted that 7 x 10° tons of dyes are produced and about 9 billion tons of them are
discharging per year (Gao et al. 2021). The color of wastewater affects the public
perceptions significantly. Even low concentration of dyes is visible and undesirable in
wastewater and decreases the water quality (Gupta et al. 2013). In addition to aesthetic
perceptions, many organic dyes are nonbiodegradable, toxic, mutagenic and
carcinogenic due to their aromatic structures (Shen, Liao, and Li 2021).

Antibiotics are commonly used to heal the human, livestocks, and aquatic life
which infected by microorganisms such as bacterias and viruses. Globally, 200,000 tons
of antibiotics are utilizing annually (Hu et al. 2017). The high amount of antibiotics are
releasing from the body as feces and urine through the aquatic life, which causes to
continual contamination and leads to develop resistant genes in environment (Kashmery
and El-Hout 2022). Tetracyclines, quinolones, sulfonamides and macrolides are the
most widely used antibiotics (Kashmery and El-Hout 2022; Baynes et al. 2016).
Therefore, there has been growing interest to improve effective and cheap technology
for organic pollutant removal from aquatic environment.

The methods for the removal of organic pollutants have been investigated for

few decades, consisting of electrochemical methods, biological methods, photocatalytic



degradation and adsorption (Naikwade et al. 2020; Kitazono et al. 2012; Belkheiri et al.
2015; Thinley et al. 2022). Among these methods, the adsorption and photocatalytic
degradation have various advantages such as easy management, high efficiencies, very
low energy consumption, efficient environmental protection and small investment.
Therefore, adsorption and photocatalytic degradation methods have been used for the
treatment of water pollution extensively (Ali et al. 2020; Qingchun Zhang et al. 2020;
Jing et al. 2014). Clay, activated carbon, zeolite, agricultural wastes and metal organic
frameworks are generally used as an adsorbent (Blachnio et al. 2020; B. Chen et al.
2021; Streit et al. 2019; Kadhom et al. 2020); and TiO,, ZnO and Fe,O; are used as an
photocatalyst for wastewater treatment (Priyadharshini et al. 2021; Rasheed et al. 2019).
The exploring of the novel adsorbents/photocatalysts which are environmentally
friendly and cost-effective is the main consideration of the removal process (Y. Meng et
al. 2022).

Metal-organic frameworks (MOFs) are the novel three-dimensional porous
materials. MOFs are designed to use for wastewater treatment due to their distictive
properties such as large specific surface area, plenty of interaction sites, regular
channels, adjustable pore size and high porosity process (K. Fan et al. 2018). They have
regular pores and nano-sized cavities that avoid the aggregation of nanoparticles.
During the MOFs synthesis, pore structure can be controlled. Zeolite imidazole
frameworks (ZIFs) are a subclass of MOFs. ZIFs especially ZIF-8 have gain much
attention owing to environmentally friendly synthesis method at room temperature and
high chemical stability in aqueous media. These properties make it attractive candidate
for the removal of organic pollutants in water process (Miao et al. 2022).

Although MOFs are effective adsorbents/photocatalysts in the removal of
organic pollutants, some of them have some disadvantages such as high cost, low
reusability, poor moisture and chemical stability and the difficulties on handling process
(Abbasnia et al. 2022). Meanwhile, MOFs crystals are generally present in small-sized
powders, which adversely affect the process effectiveness and practicability process
(Miao et al. 2022). To overcome these disadvantages, MOFs have been constructed with
other practical support materials, such as zeolite (O. Singh et al. 2022), clay (Shahriyari
Far et al. 2022), graphene and graphene oxides (Szcze$niak, Choma, and Jaroniec 2019)
and etc. Therefore, the synthesized MOF composites contain the advantages of both
pristine MOF and support material. The natural zeolite, Clinoptilolite, could be used as

the support substances for the immobilization of ZIF-8.



Clinoptilolite (CLN) is a natural zeolite in heulandite group, which includes
39% porosity and Si/Al ratio from 4.0 to 5.3 (Estrada-Cabrera et al. 2021). CLN
contains two dimensional frameworks, tetrahedral SiO4 and AlO4 units and includes
three sets of intersecting channels. The molecular formula of CLN is
(Na,K)sAlsSi3007,.20H,0 (Ullah et al. 2020). It has high thermal and chemical stability,
low price and high availability around the world (Akgiil 2014). It is resistant to
corrosion and radiation. The cation organization of CLN is different due to their
multiple network cation sites, which provides enhanced cation exchange capacity
(Estrada-Cabrera et al. 2021; Kennedy and Tezel 2018). Based on remarkable properties
of ZIF-8 and CLN, they have been used in wastewater treatment applications (Yu and
Wu 2020; Abdi 2020; Molla Mahmoudi et al. 2019). However, the composite material
of ZIF-8 and CLN has not been studied as an adsorbent or photocatalyst yet.

In this study, we have synthesized ZIF-8 and immobilized on the CLN surface
(ZIF-8@CLN) to study adsorption of the organic dyes such as methylene blue (MB),
methyl orange (MO), congo red (CR) and rhodamine B (RhB). The adsorption behavior
of tetracycline (TC) has been also examined on both ZIF-8 and ZIF8§@CLN composite.
TC was selected as the representative of ionizable antibiotics. The effects of process
parameters such as pH, adsorbent amount, initial dye concentration, ionic strength on
the dye removal capacity were investigated in details. Isotherm studies were carried out
by using Langmuir, Freundlich, Dubinin-Radushkevich, Radke Prausnitz, Redlich
Peterson and Langmuir-Freundlich isotherm models. In addition, kinetics,
thermodynamics, and reusability studies were also performed to elaborate the
adsorption process. Overall, the ZIF-8 and the designed ZIF-8@CLN are effective and
reusable adsorbents for wastewater treatment application.

It is also aimed to synthesize the ZIF§@CLN, Ag-ZIF8 and Ag-ZIF8@CLN
composites to use as a photocatalyst by combining attractive properties of ZIF-8, CLN
support and Ag nanoparticles. The Ag-ZIF8@CLN nanocomposite has both the ZIF-8
porous structure with CLN support and doped Ag nanoparticles. Therefore, our strategy
consists of two aspects: one is the utilization of porous and superior surface area of ZIF-
8, the other is the combination of ZIF-8 with CLN and/or Ag to enhance photocatalytic
performance. Inspired by the previous studies, it is recorded that ZIF-8 and Ag-ZIF8
have impressive potential as a novel photocatalyst (G. Fan, Zheng, et al. 2018; Thi
Thanh et al. 2017; Abdollahi et al. 2021). As far as we know, no study focusing on
ZIF8@CLN and Ag-ZIF8@CLN photocatalyst has been reported. In this study,



photocatalytic degradation ability of these photocatalysts for the cationic MB, the
anionic MO and CR, and the zwitterionic RhB dyes under UV irradiation was
investigated. The experiments were conducted varying different parameters such as pH,
photocatalyst amount and initial dye concentration. Such parameter study is carried out
to determine the optimum conditions for photocatalytic degradation of dyes. The
reaction kinetics study was performed considering both the initial rate of a reaction and

Langmuir-Hinshelwood model.



CHAPTER 2

BACKGROUND INFORMATION

2.1. Organic Pollutants

Water pollution is a common problem facing people around the world due to the
industry, human activities and agriculture. The industrial and domestic wastewater are
generally environmentally persistant to the conventional treatment systems (Ye et al.
2021). The large amounts of these pollutants are produced and released to the water
bodies. Therefore, these organic contaminants have been threatened the human and
animal health (Ye et al. 2021; Brausch and Rand 2011). The water bodies are seriously
polluted by four main classes of organic pollutants including dyes, pharmaceuticals and
personal care products, pesticides and aromatic compounds. The chemical structures of

commonly used organic pollutants are given in Table 2.1.

2.1.1. Organic Dyes

Organic dyes are used to give color to fabrics and other materials. The
worldwide usage of organic dyes causes a serious environmental contamination. The
textile industry is the main source for this pollution (Konstantinou and Albanis 2004).

According to World Bank, about 17 - 20 % of water contamination is caused by textile

Some parts in this chapter have been published in the following paper. Reproduced with permission from
Springer Nature.

Saygi, G., Kap, 0., Cak1c10glu—Ozkan, F., Varlikli, C., 2023. Photocatalytic Reactors Design and
Operating Parameters on the Wastewater Organic Pollutants Removal. Springer, Published Book Chapter,
in book: Photocatalysis for Environmental Remediation and Energy Production.



and dyeing industries (Rafiq et al. 2021). Current studies demonstrated that 10 - 12 % of
total consumption of dyes such as Methylene Blue, Indigo Red, Rhodamine B,
Eriochrome, Black-T, Congo red, Thymol blue, Methyl orange and Caramine, Red 120
are used in textile industries and approximately 20 % of the used dye are lost during
process and create wastewater (Rafiq et al. 2021; A. Kumar 2017). The release of these
reactive, direct, disperse, acidic or basic dyes may have carcinogenic effects and may
cause rhinitis, asthma, allergic reactions and dermatitis (Osagie et al. 2021). Therefore,

the removal of organic dyes from aquatic environments is essential.

Table 2.1. The chemical structures of common organic pollutants.
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Methylene blue (MB), methyl orange (MO), congo red (CR) and rhodamine B
(RhB) are among the dyes commonly used. The cationic MB, the anionic MO and CR,
and the zwitterionic RhB dyes whose removal from wastewater have been usually
investigated due to their harmful effects on the ecosystem (G. Fan, Luo, et al. 2018;
Baziar et al. 2021; Ba Mohammed et al. 2021; X. Chen et al. 2021). The
physicochemical properties of these dyes were given in Table 2.2.

MB is a heterocyclic aromatic cationic dye, which is the most commonly
encountered dyes in the aquatic life. Annually, tens of MB tons are releasing to the
water systems (Baziar et al. 2021). MB exposure could cause to human ailments, such
as hemolysis, nausea, neurological disorders and vomiting (G. Fan, Luo, et al. 2018).
MO dye is in azo dye group, which is commonly used in various industries such as
printing, food, leather, paper, and textile (Ba Mohammed et al. 2021). Azo dyes are
high chroma and very toxic dyes and it is hard to degrade in nature. Azo bonds can be
easily broken into benzidine in wastewater. This compound is carcinogen to human and
it can insert into human body with the food chain (Cao et al. 2021). Acute exposure to
MO can cause to the shock, increasing heart rate, tissue necrosis, jaundice, vomiting,

quadriplegia and cyanosis (Ba Mohammed et al. 2021).

Table 2.2. Physicochemical properties of MB, MO, CR and RhB.

Organic Chemical Chemical Molecular Solubility  Apay
Dye Formula Structure Weight in water (nm)
(g mol'") gL
Methylene  C;¢H;sCIN;S Ny 319,85 43.6 664
Blue HJC.\ N’QS’_@\N/CH‘
l!':l—'u Ci (!.H
Methyl C14H14N3NaO3S l.:-) 327,33 5.0 463

Orange Og—om
O
Hs’Cerll

CHa
COHgO C32H22N(,N320(,Sz 696.67 10.0 497
Red HOLS HH,
M,
HOyS
Rhodamine  CyHj3,;CIN,O; ”3"\] cl wr””* 479,02 15.0 554

B HyCo N O~ Mo _CHy
LT




CR is an ionic azo dye containing benzidine group, which is widely used in
paper, printing, plastics and textile industries, although it is carcinogenic (X. Chen et al.
2021). RhB is a synthetic dye that has the characteristics of high toxicity and
carcinogenity, causing harmful effects on human health such as kidney damage,
cognitive impairment, anemia, and detriment to the reproductive systems (Jing Wang et
al. 2021). These dyes are highly stable and xenobiotic in nature (Nazir et al. 2021).
Therefore, they must be removed from industrial wastewater, before releasing it to

aquatic environment.

2.1.2. Pharmaceuticals and Personal Care Products

Pharmaceuticals and personal care products (PPCPs) are common organic
pollutants produced over one million tons worldwide (Xue Zhao et al. 2021). The
municipal wastewater could enter water, soil and air by different stages, which is the
major pathway of PPCPs contaminant (H. Yang, Zhang, and Wu 2018). PPCPs are
encountered in groundwater, rivers, reservoirs and even in oceans. Urban areas are the
main zones where PPCPs releases through large amounts of industrial and domestic
effluents (Y. Zhang et al. 2018). Pharmaceuticals such as antibiotics, analgesics, anti-
inflammatories, hypertensive blockers, antipyretics, hypertensive blockers, adrenergic
agonists, endocrine disrupting compounds and psycholeptics are nonbiodegradable and
persistent products with significant risks on ecology and human health (Antoniadou,
Falara, and Likodimos 2021). The long term exposure of PPCPs causes genotoxicity,
endocrine disruption, fetal development and carcinogenicity (Xue Zhao et al. 2021; X.
Jin et al. 2014).

Antibiotics is a class of medicines widely used to heal the diseases. However,
the large fractions of these drugs are excreted from the body with unchanged form
because they are slightly absorbed and metabolized (da Silva Bruckmann et al. 2022).
Antibiotics 1s largely utilized in the medical industry, aquaculture and animal
husbandry. Although the antibiotics have the benefical roles in our lives, their overuse
causes to problem (W. Zhang et al. 2023). It is expected that the global consumption of
antibiotics for veterinary would rise up 67 % from 2010 to 2030. Morover, the global



consumption of them for the edible animals was determined as 63,000 tons in 2015, and
it is estimated that it will increase up 70 % in 2030 (Abbasnia et al. 2022).

The large amount of antibiotics have released to the natural environments, and
mostly concentrated in water. Because the antibiotics have continuous mass injection,
they are potential threat to environment and human life (W. Zhang et al. 2023). Even
their low concentrations could have potential risk on human health and the ecosystem
via bioaccumulation and growing of resistant genes and bacteria (da Silva Bruckmann
et al. 2022).

Tetracyclines (TCs) are the second most used antibiotics globally. TCs have
remarkable advantages such as low cost, high quality and broad-spectrum activity
through bacteria (gram positive and negative), rickettsia and fungus (chlamydia). They
are preferred for human treatment, agricultural and veterinary purposes (Abbasnia et al.
2022; Daghrir and Drogui 2013). TC can maintain in the ecological life for a long time,
which can cause adverse effects on humans and environment even at low concentrations
(Sheng et al. 2022). TCs are often observed in wastewater, groundwater, sludge, surface
water, drinking water and sediment, which cause to destruction of the ecosystem
balance. The existence of TCs in aquatic environment hinders the growth of aquatic
species and causes various problems on human health such as endocrine disruption,
mutagenicity, nephropathy, probable change in photosensitivity and central nervous
system defect (Abbasnia et al. 2022). They can also accumulate in the food chain and
impress the human health via this way. TCs structure consists of both electron rich and
deficient moiety. They contain three different pKa values that are 3.3, 7.7 and 9.7 (J.
Yang et al. 2022).

2.1.3. Pesticides

Pesticides are considered as one of the deadly contaminants. Among the twelve
most hazardous chemicals around the world, nine of them are determined as pesticides
and the intermediate compounds of pesticides (Khan and Pathak 2020). Pesticides are
the synthetic chemicals used for destroying pests and providing food security to meet

the global population demand (Ahmed et al. 2011). Pesticides contamination caused by



different sources such as industrial effluents, agricultural runoff and chemical spills
grows via bio-magnification (Duirk and Collette, n.d.). They can have direct or indirect
routes of entring the environment. The classification of pesticides is created considering
the target organisms such as herbicides (kill weeds), algaecide (kill algae), bactericide
(kill bacteria), insecticide (kill insects), fungicide (kill fungi), rodenticide (kill rodents),
etc. (Khan and Pathak 2020). Another classification is carried out by considering the
chemical groups such as organochlorine, triazines, substituted urea, organohalogen,
organophosphorus, synthetic pyrethroid, carbamates and phenol derivatives (Khan and
Pathak 2020).

The structure of pesticides comprises complex groups and their intermediate
products could be more lethal than precurce compound. Many studies reported that
approximately 98 % of insecticides can not achieve quick degradation and enter the
environment (Muhamad 2010). The potential health and environmental risks of

pesticides is a great concern all over the world.

2.1.4. Aromatic Compounds

Aromatic compounds are one of the most persistent and recalcitrant among
environmental organic contaminants. Aromatic compounds are classified as polycyclic
aromatic hydrocarbons (PAHs), heterocyclic compounds including one or more S, O or
N atoms in the aromatic ring, alkylated PAHs, etc. (Hyun Chung, Meshref, and Ranjan
Dhar 2021; Ahad et al. 2020). Some of them is considered as highly-toxic and
carcinogenic. It is critical to detect these compounds to protect human health and
ecology (Hyun Chung, Meshref, and Ranjan Dhar 2021; Wallace et al. 2020). PAHs are
the significant aromatic compounds caused by incomplete combustion of fossil fuels
and/or fuel spills. PAHs interfere the water bodies directly or indirectly and cause
increasing concerns due to the largely unknown synergic/agonistic and individual
effects on the environment (Vecchiato et al. 2021).

The organic pollutants in wastewater and their toxic concentrations for living
species are summarized in Table 2.3. Due to the toxic and persistent nature of these

organic polutants, they can not be completely removed by using conventional
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biological, physical and chemical water treatment processes such as flocculation,

adsorption, filtration, chlorination, precipitation, bioremediation and coagulation

(Antoniadou, Falara, and Likodimos 2021). The innovative methods for removing

organic compounds from wastewater have attracted much attention currently.

Photocatalytic degradation process has been most promising solution due to low cost

and high efficiency (Antoniadou, Falara, and Likodimos 2021).

Table 2.3. Organic pollutants in wastewater. (Data was collected from Ref. (N. Ahmad

etal. 2021)).

Pollutant

Toxic concentrations to human
health and aquatic species

Removal challenges

Organic dyes
(anionic and cationic dyes)

Pesticides

PPCPs

Aromatic compounds

>1 ppm

>0.3 ppm

It is reported in ng/l - pg/l in
wastewater

Benzene >0.01 ppm

Xylene >0.5 ppm

Toluene >0.7 ppm

PAHs >0.0007 ppm

Nonbiodegradability and stability

Phosphorus and
containing pesticides
from industry cause a
significantly =~ high  chemical
oxygen demand (COD) value.
Many different types of pesticides
with different structures and
various pH values of the waste
water (range 0.5-14)
Hydrophilicity and persistence

nitrogen
released

Difficulty for oxidizing and
stability
Nonbiodegradability, low
recovery while treating through
adsorption and membrane
filtration

2.2. Removal of Organic Pollutants

The removal of organic pollutants from water bodies is the significant task to

prevent detrimental effects to human and environment. In general, biological, physical,
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and chemical methods are the main three types of water treatment technologies. Each
technology involves their own advantages and disadvantages (Sarkodie et al. 2023).

Biological methods: Biological technique is potentially ecofriendly way for

treatment of organic pollutants. For this aim, various microorganisms such as bacteria,
yeasts and fungi have been used to remove organic pollutants. Some enzymes such as
oxidases and peroxidases could degrade the azo dyes (R. L. Singh, Singh, and Singh
2015).

Despite some advantages, developing of degradation-effective microorganisms
may take time at the present-day biotechnology. It is the long-term solution. Contrarily
to adsorption and oxidation techniques, biological degradation is sluggish in organic
pollutant removal. To obtain complete decomposition of organics, researchers mainly
focus on the physical or chemical technologies (Sarkodie et al. 2023; Qingchun Zhang
et al. 2020).

Physical methods: Physical methods consist of physical adsorption, electrostatic

attraction/repulsion, precipitation, membrane, interfacial chelation and ion-exchange
(Ullah et al. 2020; Sarkodie et al. 2023). Multiple physical techniques can also used to
obtain high removal efficiency. Coagulation, followed by flotation, sedimentation and
filtration could remove higher weight dyes. To obtain higher efficiency without
byproducts and with well recovery potential, the adsorption process is the most popular
strategy (Sarkodie et al. 2023).

Chemical methods: The advanced oxidation processes are the commonly used

chemical methods to remove the organic pollutants, which include photocatalytic
degradation, plasma process and ozonation. These chemical strategies consist of
producing radicals, reactive ions or electrons, or neutral species (Sarkodie et al. 2023;
Palfi, Wojnarovits, and Takéacs 2011). These reactive species can attack organic
molecules to decompose it into CO, and H,O.

Among these methods, there are many advantages of adsorption and
photocatalytic degradation processes. Adsorption has the advantages like simplicity,
reuses of adsorbents, effectiveness, less residual and low cost (N. Kumar and Kumar
2022). The photocatalytic degradation has been also considered the most trustworthy
and efficient method owing to its high efficiency and low cost. This method offers
unique advantages such as mild operating conditions (pressure and temperature) and the
capability to convert the organic pollutants in the aqueous media into harmless materials

(Karami et al. 2022).
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2.2.1. Adsorption

The adsorption method is used for the treatment of water pollution extensively.
The performance of the adsorption process is generally defined by maximum absorption
capacity (Lou, Osemwegie, and Ramkumar 2020). The adsorption of organic pollutants
can be affected by various factors such as particle size, contact time, surface area of
adsorbent, the interaction between adsorbate and adsorbent, pH and temperature. The
other properties such as the pore size of adsorbent and the diameter of adsorbate
molecule could be also considered for developing adsorption process. Low-cost
adsorbent with high adsorption capacity is required to obtain effective process (Osagie
etal. 2021).

In the adsorption studies, there can be the experimental or theoretical adsorption
capacity values. The theoretical adsorption capacity value could be calculated by using
the model equations of isotherms/kinetics through drawing the graph and determining
the slope and intercept. The adsorption capacity values calculated by the theoretical
basis may be greater than the experimental values. If the theoretical model and
experimental values match with each other, it will be the fitting of the selected model

(Osagie et al. 2021).

2.2.1.1. Adsorption Process

Figure 2.1 indicates a porous adsorbent with the hydrodynamic boundary layer
or film. The adsorbent has the macropores which are large enough. Therefore, the
diffusion is not hindered by the pore walls. The adsorbent could have also the
micropores which have the similar radii to the diffusing species. In this case, the
diffusion could be obstructed by the pore walls. This concept consists of resistance rate
series illustrated in Figure 2.1. The overall rate of adsorption depends on the steps
causing the highest resistance to mass transport (Weber and Smith 1987).

The transport process can be expressed with four main steps during adsorption

by using porous adsorbents. These steps were expressed in Figure 2.1 (Tran et al. 2017).
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The first step is bulk transport. It is transport in the solution phase and it happens
quickly. When the adsorbent is added to the adsorbate solution, bulk transport takes
place instantaneously. The second step is film diffusion. It takes place slowly. At this
step, the adsorbate molecules are moving from the bulk liquid phase to the external
surfaces of adsorbent via the film or hydrodynamic boundary layer. The third step is
intraparticle diffusion. This slow step comprises the diffusion of adsorbate from the
exterior to the pores of the adsorbent via pore-wall surfaces. The last step is adsorptive

attachment, it happens quickly (Tran et al. 2017).
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Figure 2.1. Transport process for the adsorption by using the porous adsorbent
(Reprinted (adapted) with permission from (Weber and Smith 1987).
Copyright (2023) American Chemical Society)
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2.2.1.2. Adsorption Parameters

There are many parameters that affect the adsorption of organic pollutants such
as pH, adsorbent dosage, initial concentration, ionic strenght and temperature.

pH: The pH of the solution is generally most significant parameter that affects
the adsorption efficiency directly. The difference in solution pH can affect the surface
chemistry of both adsorbent and adsorbate molecule. It also influences the degree of
ionization and size of the electrostatic charges (Mudunkotuwa and Grassian 2010).
Frequently, the adsorption of the cationic pollutants are higher at high pH, meanwhile,
the adsorption of the anionic pollutants are higher at low pH (Al-Shaalan et al. 2019).
At low pH, anionic molecules and the positively charged adsorbent surface interact with
each other (Lan et al. 2022). When the pH gets higher value, anionic molecules repel
the negatively charged adsorbents surface.

The point of zero charge (PZC) is a major factor which defines the electrokinetic
properties of a surface. Many adsorption studies have focused on the PZC of the
adsorbents to understand adsorption mechanism. The cationic organics can be more
preferably adsorbed when pH is higher than PZC due to the presence of OH™ and COO"
groups. Conversely, the positively charged adsorbent prefers anionic dye removal when
pH is lower than PZC (Lan et al. 2022; Tiimsek and Avci 2013).

Adsorbent dosage: The minimum adsorbent amount with maximum adsorption

efficiency is the main economic consideration. The adsorption capacity is directly
affected by adsorbent dosage. The amount of adsorption sites on the adsorbents surfaces
enhances with increasing adsorbent amount (Sonawane and Shrivastava 2009). When
the dosage is in optimum level, the removal process can be fast and efficient owing to
the available active sites (Lan et al. 2022). Conversely, when the dosage is in very high
level, the organic molecules could not interact with all adsorption sites.

Initial concentration: The adsorption efficiency is also considerably influenced

by the initial organic pollutant concentration. The adsorption performance depends on
the interaction between the surface avaiable sites of adsorbents and the pollutant
concentration. Generally, the removal efficiency reduces with increasing pollutant
concentration due to the saturated active sites on adsorbent surfaces (Eren and Acar

2006). When the adsorption active sites are unsaturated, the rising of initial
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concentration causes to the higher adsorption capacity (Lan et al. 2022). The higher
initial concentration of pollutant increases the driving force for mass transfer in removal
process.

Ionic strength: Ionic strength is one of the significant parameters, because,
industrial wastewaters generally include many inorganic salts. The existence of the salts
in water causes to strong ionic strength, which influences the entire adsorption process.
It is known that the NaCl, and CaCl, salts affect the adsorption of organic compounds
prominently (Anirudhan and Ramachandran 2007). The increase of the ionic strength
could compress the diffuse double layer of adsorbents and impress the electrostatic
attractions and the adsorption process. Frequently, the adsorption efficiency reduced
with increasing salt concentration. The excessive salt ions can screen the adsorbent
surface and reduce the electrostatic attraction between the organic compound and
adsorbent surface (Lan et al. 2022).

Temperature: Temperature influences the reaction rate. Therefore, the
temperature of the solution is notable factor for effective process. In endothermic
process, the removal is enhanced with increasing temperature due to the higher mobility
of organics and active sites of adsorbents (Argun et al. 2008). Conversely, in
exothermic process, the removal is reduced with increasing temperature due to the

decreasing interaction between organics and active sites of adsorbents.

2.2.1.3. Adsorption Equilibrium

In literature, a plenty of adsorption isotherm models have been applied until
now. The classification of the models can be expressed as follows:

- one parameter and irreversible isotherms (i.e. Henry isotherm),

- two parameter isotherms (i.e. Langmuir, Freundlich, Dubinin-Radushkevich,
Temkin),

- three parameter isotherms (i.e., Radke Prausnitz, Redlich Peterson, Langmuir-
Freundlich, Sips),

- more than three parameter isotherms (i.e., Fritz Schlunder, and Baudu, Weber-

van Vliet)



Among them, the most commonly used models have been Langmuir and
Freundlich models. The Dubinin Radushkevich, Radke Prausnitz, Redlich Peterson and
Langmuir-Freundlich models are followed these models. Because they are simple; their
parameters are beneficial; they can be interpreted easily (Tran et al. 2017; Hamdaoui

and Naffrechoux 2007).

Langmuir isotherm

Langmuir theory depends on a continuous sorption of molecules on an adsorbent
surface and desorption or evaporation processes of molecules from the surface.
Therefore, there is no accumulation rate on the surface. The rates of adsorption and
desorption processes are the same. The Langmuir isotherm relation is expressed for the

aqueous phase adsorption as follow (Langmuir 1918):

— Qm,lKLCe (21)

e 1+K,C,

where qm (mg g"') represents the maximum adsorption capacity for Langmuir
model. Kp (L mg'l) is the constant of the model. The q. (mg g'l) and C. (mg L") are the
adsorption capacity and the concentration at equilibrium, respectively.

The assumption of Langmuir model is monolayer adsorption. In other words, the
thickness of the adsorption layer is only single molecule. The adsorption is performed at
the identical localized sites. There is no lateral interactions and steric barrier between
the hold molecules (Vijayaraghavan et al. 2006). The other assumption of Langmuir
model i1s homogenous adsorption. Every molecule have constant enthalpies and
homogenous activation energies. Therefore, the active sites show the same affinity to
the adsorbate (Kundu and Gupta 2006). The rise of distance causes to reduce of the
intermolecular attractive forces (Al-Ghouti and Da’ana 2020).

There are six different adsorption mechanisms of Langmuir process. The variety
of the surface chemistry and the geometry of the adsorbent cause these different
Langmuir classifications as follows (Al-Ghouti and Da’ana 2020; Swenson and Stadie
2019):

(1) Single-site Langmuir adsorption: There are elementary identical adsorption

sites on the surface that capture the single molecule.
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(2) Multi-site Langmuir adsorption: There are different elementary adsorption
sites on the surface that fit to only single adsorbed molecule. There is independent
binding sites and no interaction between adsorbent and adsorbate.

(3) Generalized Langmuir adsorption: There are many different adsorption sites
with different adsorbate affinities. The interactions between adsorbent and adsorbate
can be neglected. The adsorption isotherm is interested in the binding energies
distribution of the active sites.

(4) Cooperative adsorption: The active sites of the surface are identical and can
capture multiple molecules. The adsorption energy depends on the different adsorbates
at the same adsorption site.

(5) Dissociative adsorption: There are two stages during adsorption process. The
first stage is the chemical bonding on the active site and molecular dissociation.
Afterthat, the second stage is desorption and leaving the surface, due to the re-
association of two neighboring atoms into the diatomic molecule.

(6) Multi-layer adsorption: There are identical and independent active sites.
There is no limitation for the amount of adsorbed molecules. They could be hold above
each other.

In addition, Weber and Chakravorti (1974) suggested the dimensionless

constant, which is entitled as separation factor (Rp):

R, = — (2.2)

- 1+K1Cy

where Cy (mg L'l) 1s the initial adsorbate concentration. The 0 < Ry < 1
indicates favorable adsorption, Ry > 1 means unfavorable adsorption, Ry, = 0 shows

irreversible adsorption, and also Ry = 1 indicates linear adsorption (Xiong et al. 2021).

Freundlich isotherm

Freundlich theory depends on non-ideal adsorption system. In contrast to
Langmuir model, the multilayer adsorption is feasible instead of monolayer formation.
It is not necessary to the uniform distribution of heat and affinities. There is the
heterogeneous surface (Al-Ghouti and Da’ana 2020). This model is recognized as the
surface heterogeneity and the exponential distribution of sorption sites and the sites

energies.
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The non-linearized form of Freundlich model is defined in Eq. 2.3. The graph of
log q. versus log C. yields a straight line. The 1/n and and log (Kr) can be calculated
from the slope and the intercept of the graph, respectively.

1

Ge = KiCl (2.3)
where Kr (L g™) shows the model constant and n is the Freundlich exponent.
According to this model, the ratio of the adsorbate to the solute is not constant at

the various concentrations of the solution. The adsorbed amount is corresponded to the
sum of the adsorbed molecules on each site. At the beginning, the adsorbates attack to
the stronger binding sites. Afterthat, the adsorption energy is reducing exponentially
until completion of adsorption process. Recently, Freundlich isotherm model is widely
applied to the adsorption systems such as adsorption of organic pollutants on various
adsorbents. This model is suitable for sorption systems which include heterogeneous
surfaces in liquid or gas phase. In gas phase systems, the application is restricted in a
narrow range of pressure. At low pressure, there is an unavailable behavior of
Freundlich model towards Henry’s law. At the sufficiently high pressure, there is no
finite limit (Al-Ghouti and Da’ana 2020). Therefore, this adsorption model is valid
narrow range of adsorption data.

The Freundlich isotherm parameters of Kr and n depend on temperature. The
intensity of the adsorption and surface heterogeneity can be defined by the value of 1/n.
When 1/n value is closer to zero, the adsorption is more heterogeneous. If 1/n value is
below unity, there is a chemisorption process. 1/n above one indicates a cooperative
adsorption process.

The irreversible behaviour of this isotherm can be corresponded to the
considerably decreasing of pressure or concentration before the desorption of adsorbate
from the surface (Ayawei, Ebelegi, and Wankasi 2017; Chen 2015). The Freundlich
model is defined with empirical equation (Eq. 2.3). The equation was created by the
assumption of surface heterogeneity and patch wise topography of adsorbent surface.
The patch wise topography means that one of the patch consists of all sites with equal
adsorption energy. The adsorption energy is formed due the interaction between
adsorbent and adsorbate. Every patch is independent from the others, due to the fact that

there are no interactions between the patches (Al-Ghouti and Da’ana 2020).
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Dubinin-Radushkevich model

Dubinin-Radushkevich isotherm model is constructed for the sorption of
subcritical vapors on the micropore solid by using pore filling mechanism. This model
with Gaussian energy distribution for heterogeneous surfaces is commonly defined the
adsorption mechanism (Da 2001). Dubinin-Radushkevich model is generally fitted well
to the high solute activities. The data of intermediate range of concentrations are also
well fitted to the model. However, the model is not suitable to Henry’s law at low
pressure and presents undesirable asymptotic properties (Altin, O ™ Nder O ~ Zbelge,
and Dog 1998; Foo and Hameed 2010).

The nonlinear form of Dubinin-Radushkevich isotherm model was given in Eq.

24.

Qe = Qm2 * exp[—Kpg * [RT * [n (1 + Cie)]z 2.4)

where qpn, demonstrates the maximum adsorption capacity value. Kpg (mol® kJ°
%) is the model constant. T (K) indicates absolute temperature. R (8.314 J mol ' K™) is
molar gas constant (Dubinin 1960).

One of the most prominent properites of Dubinin-Radushkevich isotherm is the
temperature-dependency (Razmi et al. 2019). The characteristic curve of the model
includes the adsorption data at different temperatures. All available data are plotted in
logarithm of the adsorbed amount versus the square of potential energy (Foo and
Hameed 2010).

By contrast with Langmuir and Freundlich models, this isotherm has the
semiempirical equation and there is a mechanism of pore filling. A multilayer character
is an assumption of the model. This character includes Van der Waal’s forces and the
model can be utilized for the physical adsorption processes (Israel and Eduok, n.d.). The
prediction of chemical and physical adsorption is possible by using this model (Al-
Ghouti and Da’ana 2020).

Dubinin-Radushkevich model suggests the description of solute adsorption on
the solid, however, it was not same for gas adsorption. Because, there are some ignoring
issues such as the solvent influence (especially pH of the solution), the functional
groups of surface and charges of it. Thus, the mean free energy can not be determined
accurately. It prevents to suggest whether the adsorption system is physical or chemical

(Al-Ghouti and Da’ana 2020).
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Radke Prausnitz model

The Radke-Prausnitz isotherm is commonly used model which has some
specific features at lower adsorbate concentrations. The Eq. 2.5 indicates the Radke-

Prausnitz model.
_ qm3KrpCe
e = (1+KgpCe)RP (2.5)

where qm3 (mg g) shows the maximum adsorption capacity value. The Kgp (L
mg') and mgp represent the model constant and the exponent of Radke-Prausnitz,
respectively (Radke, Prausnitz, and Radke 1972).

At lower adsorbate concentrations, the isotherm is linear. At higher adsorbate
concentrations, the isotherm converts to Freundlich model. When the mgp is zero, it
converts to Langmuir model. Radke-Prausnitz isotherm can be applied in a wide range
of concentration (Mozaffari Majd et al. 2022). The model parameters can be determined

by using nonlinear fit of experimental data.

Redlich-Peterson model

Redlich-Peterson model is a hybrid model which have the properties of both
Langmuir and Freundlich models. It is an empirical equation with three parameters. The
isotherm equation (Eq. 2.6) comprises the linear concentration term in the numerator
and the exponential concentration term in the denominator (Ng, Cheung, and McKay
2002). The model equation demonstrates adsorption equilibrium through the wide
concentration range and it can be utilized in homogeneous or heterogeneous systems

(Foo and Hameed 2010).
_ _KrCe
€ 1+agch

(2.6)

where K (L g™) and o (L mg") are the model constants. The B represents the
exponent of the model (Redlich and Peterson 1959).

At high concentration (the exponent approaches zero), the model converts to
Freundlich, whereas, at low concentration (all values approach one), it converts to
Langmuir (Nimbalkar and Bhat 2021). There is a minimized procedure for solving the
isotherm equations. The correlation coefficient can be maximized with the predictions

of the theoretical value and the experimental data (Al-Ghouti and Da’ana 2020).
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Langmuir-Freundlich model

Langmuir-Freundlich isotherm model is the combination of Langmuir and
Freundlich models, which predicts heterogeneous adsorption systems. The Langmuir-
Freundlich model equation is represented in Eq. 2.7.

_ 9ma4 (KLpCe)™LF
 14(KLpCe)™LF 2.7)

de
where qm4 (mg g') indicates the maximum adsorption capacity. The Ky ¢ (L mg’
" is the model constant. The mr shows the exponent of the model (Uzunkavak et al.
2019; Tran et al. 2021).
The Langmuir-Freundlich constant K;  shows the adsorption energy. When the
my, g value approaches to zero, there could be heterogeneous sorbent. When the my p
value approaches to unity, there is homogeneous distribution of adsorption sites
(Uzunkavak et al. 2019).

The operating parameters such as pH, temperature and organic pollutant

concentration govern the calculated parameters of Langmuir-Freundlich model.

2.2.1.4. Adsorption Kinetics

In aqueous-phase adsorption studies, three kinetic reaction models (i.e., Pseudo-
first-order, Pseudo-second-order and Weber-Morris intraparticle diffusion model), and
the Boyd model have been commonly used to describe the adsorption mechanism and

determine the kinetic adsorption constant.

Pseudo-first-order model

The Pseudo-first-order model was suggested by Lagergren (1898) at first. The

nonlinear form of this model is given in Eq. (2.8)

q =q.(1—e k) (2.8)

where q (mg g"') shows the adsorption capacity at time t. The t (min) is time. k;

(min™") represents the rate of adsorption constants for the model (An et al. 2020).
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There are three conditions to satisfy this model hypothesis (Wang and Guo
2020):

The first condition is the high value of C,.

The second condition is that adsorption is at the early stages. It is reported that
when the operation time close to zero, the Pseudo-second-order model replace to the
Pseudo-first-order model (Wang and Guo 2020). Frequently, the Pseudo-first-order
model is only suitable for the contact time of initial 20-30 minutes. It can not be
appropriate for the whole adsorption range (Ho and McKay 1998). Therefore, model
plots are only linear during the first 30 min. After 30 min passed, theoretical and
experimental data could not fit sufficiently (Tran et al. 2017).

The third condition is the few adsorption sites of the adsorbent. The rate
controlling step of the process is internal or external diffusion. Generally, the adsorptive
removal of hydrophilic compounds and metals ions by using microplastics fits to the
Pseudo-first-order model (Wang and Guo 2020; Guo and Wang 2019). Because, the
hydrophobic nature of microplastics prevents the diffusion of hydrophilic adsorbate to
the microplastics surface. In this case, the rate limiting step is internal or external
diffusion. Conversely, the adsorption of hydrophobic adsorbates (lubrication oil, etc.)
on the microplastics fits to the Pseudo-second-order model (Hu et al. 2017). The
hydrophobic adsorbates can easily diffuse to the microplastics surface compared to
hydrophilic adsorbates. In this case, the rate controlling step could be the adsorption on
the binding sites. Thus, Pseudo-first-order model needs to the condition of a few active
sites of the adsorbent or few interaction of adsorbate with the active sites (Wang and

Guo 2020).

Pseudo-second-order model

Until now, physical meaning of the Pseudo-second-order kinetics model has
been considered. It is suggested that the Pseudo-second-order model is available at the
lower Cy value. It is also predicted that the Pseudo-second-order model is attributed to
the vacant active sites (Wang and Guo 2020). The equation of Pseudo-second-order
isotherm is given in Eq. 2.9.

q= qikot
1+qek2t

(2.9)
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where k, (g mg" min™) indicates the rate of adsorption constants for the model
(An et al. 2020).

There are three conditions to represent this model hypothesis (Wang and Guo
2020):

The first condition is the low value of C,.

The second condition is that adsorption is at the final stage. Compared to
Pseudo-first-order model, the Pseudo-second-order is better fitted to the adsorption
applications at the contact time of more than 20 minutes. This situation extends the
applications of this model, all the adsorption kinetics data from the initial to the final
stage can be represented by Pseudo-second-order model.

The third condition is the abundant adsorption sites of the adsorbent. The
modified materials such as modified MOFs, modified biochars and modified silica
comprise the plenty of active sites. Therefore, these adsorption processes generally
follows Pseudo-second-order model. The dominated stage of the kinetics is the
adsorption on active sites (Wang and Guo 2020).

Mostly, the kinetics data of organic pollutant adsorption by porous materials are
well fitted to the Pseudo-second-order model (Ba Mohammed et al. 2021; Cao et al.
2021; Santoso et al. 2021). The well fitting of this kinetic model generally shows that
the adsorption process consists of chemisorption. There are valence forces and sharing
electrons between the adsorbent and organic pollutant.

However, some researchers have suggested that fitting kinetic models (i.e.
Pseudo-second-order model) and simple kinetic studies may not explain the adsorption
mechanisms directly (Tran et al. 2017). The kinetic data, thermodynamic data and the
analysis results (i.e. FTIR, SEM, BET, XRD and XPS) are necessary together to
approve whether the adsorption of organic pollutants is a physical or chemical (Tran et

al. 2017).

Weber-Morris intraparticle diffusion model

The intraparticle diffusion model is suggested by Weber and Morris, the
isotherm equation is indicated in Eq. 2.10. This model is based on Fick’s law. The
adsorption of pollutants is directly proportional to the root square of time (Vareda

2023).
q=knt+B; (2.10)
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where k; (mg g min"?) represents the rate of adsorption model constant. B;
indicates the thickness of the boundary layer (WeberJr. and Morris 1963).

By using porous adsorbents, one of the important phenomena (pore diffusion or
intra-particle diffusion) must be considered. It has a significant role during adsorption
processes. Many researchers have investigated the role of intra-particle diffusion on
adsorption to explicate the adsorption kinetics and mechanism (Sen Gupta and
Bhattacharyya 2011).

Pseudo-second-order model can sufficiently define the kinetic experimental
data. However, the reaction pathways and reaction mechanisms can not be explained by
this model. Conversely, Weber-Morris intraparticle diffusion model is useful to
determine the reaction pathways, mechanisms and the rate-controlling step. During
solid-liquid adsorption process, the transfer of adsorbate happens through external
diffusion, surface diffusion, pore diffusion or both of pore and surface diffusion. When
the q; vs t™ graph is linear and passing through the origin, the whole adsorption process
is managed by intraparticle diffusion (Tran et al. 2017). Conversely, when the q; vs 1%
graph has multiple linear sections, the adsorption process is governed by the multistep

mechanism.

Boyd model

In many of the adsorption systems, the controlling stage is diffusion
(intraparticle or/and film). Because, the reaction step is faster than the diffusion. When
the resistance of intraparticle and film diffusion is equivalent, the governing mass
transfer equations are solved numerically. The coefficients of film and intraparticle
diffusion are determined by matching the empirical and numerical solution data. On the
contrary, when one of the film and intraparticle diffusion resistance is very higher than
the other, mass transfer equations are solved analytically. In this case, the diffusion
coefficients are determined analytically (Yao and Chen 2017).

The quantity of film and intraparticle resistances is influenced by operating
conditions such as adsorbent amount/size and stirring rate. The higher stirring rate can
diminish or even disappear the mass transfer resistance (Yao and Chen 2017). The less
particle size causes to diminish the intra-particle diffusion resistance.

Eq. 2.11 and 2.12 are recognized as Boyd or Reichenberg kinetics model.
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Bt=m (1 - |1- §ﬂ> for ¢/q.< 0.85 (2.11)

- = _a
Bt =—in"=—In (1 ; ) forglg> 0.5 2.12)

e

where B represents the Boyd model parameter.

In this model, the Boyd plot (Bt vs t) is drawn. The straight line pass through the
origin of this plot indicates that the adsorption process is managed by intraparticle
diffusion. Otherwise, the process is governed by film diffusion or intraparticle and film
diffusions together. The slope of the plot gives the Boyd model parameter (effective
intraparticle diffusion coefficient) (Yao and Chen 2017).

2.2.1.5. Adsorption Thermodynamics

Adsorption thermodynamics is beneficial to predict adsorption mechanisms such
as physical or chemical. The thermodynamic parameters, Gibb’s free energy (AG®),
enthalpy (AH®) and entropy (AS°), were determined by using the Eq. 2.13 - 2.15. The
AG® is directly determined from Eq. 2.13. However, the plot of InKp versus 1/T (Eq.
2.15) is drawn to obtain the AH® and AS® from the slope and intercept, respectively.

AG = —RTInk, (2.13)

AG = AH —TAS (2.14)
AH AS

lTLKD = —F-l‘T (215)

where the units of AG®, AH® and AS° are J/mol, J/mol, J/mol.K, respectively. T
is absolute temperature (K), R is gas constant (8.3144 J mol'K™).
Kp is dimensionless distribution coefficient calculated using the Ky value from
the Freundlich isotherm as suggested by Tran et al. (2017) (H. N. Tran et al. 2017;
Uzunkavak et al. 2019):
Kp=1,000 Kg (2.16)
Generally, the adsorption capacity is decreased with an increasing temperature,
which demonstrates the exothermic adsorption process. During exothermic adsorption

process (AH® < 0), the energy is releasing as heat to the surrounding. There can be
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either chemisorption or physisorption or both of them. At the exothermic process, the
adsorbed energy during breaking of bonds is less than the released energy during
making of bonds. It provides the releasing of the extra energy as heat.

On the contrary, during endothermic process (AH® > 0), the energy is adsorbed
as heat from the surrounding. It is associated to the chemisorption. The adsorbate
molecules could replace more than one water molecule, which is about endothermic
adsorption process (Tran, You, and Chao 2016). When AH® < 84 kJ mol ', there are
physical adsorption type bonds. When 84 kJ mol '< AH°< 420 kJ mol ', there are
chemisorption bond strengths (Al-Degs et al. 2008). To explain adsorption process more
detailed, it is necessary to determine the other thermodynamic parameters.

The Gibb’s free energy change generally indicates the degree of
spontaneousness of the adsorption system. The more negative AG® shows the more
favorable adsorption. The adsorption process at a certain temperature is spontaneous
and favourable when the AG® has negative sign. Otherwise, the process could carry out
non-spontaneously and non-favourably. Additionally, the magnitude of AG®° can also
display whether the adsorption process is chemical or physical.

The other important thermodynamic parameter is AS°. It indicates the
organization of the organic pollutant at the solid interface during the adsorption. If the
AS° < 0, the adsorption is less random. Otherwise (if AS® > 0), the adsorption is more
random. The - AS° demonstrates the associative mechanism and the + AS° shows the
dissociative mechanism. In addition, + AS® indicates the higher degree of freedom of

ions in the solution (Tran, You, and Chao 2016).

2.2.2. Photocatalytic Degradation

The photocatalytic degradation process is an eco-friendly method used for
degradation of various organic pollutants such as dyes, PPCPs, pesticides, and aromatic
compounds into non-toxic products like CO,, H,O and other harmless compounds

(Khan and Pathak 2020).

27



2.2.2.1. Photocatalytic Degradation Process

The reactions of the photocatalytic degradation process initiates with the
absorption of a photon that has the energy (4v) equal or higher than the band gap energy
of the photocatalyst (Carp, Huisman, and Reller 2004), shown in Figure 2.2. The
absorption of photon causes the charge separation; the electron (") at the valence band
(VB) of the semiconductor is promoted to the conduction band (CB) and leaves a hole
(h") behind (Figure 2.2). The recombination of the hole and the electron has to be
prevented for achieving high degradation efficiency. The reactions for the
photocatalytic degradation of organic pollutant on the semiconductor (TiO;) surface are
defined in Eq. 2.17- 2.24 (Konstantinou and Albanis 2004; Akpan and Hameed 2009).
The activated electrons react with the oxidant to form the oxidized product. The O,
which is adsorbed on the surface of semiconductor or dissolves in water can react with
generated electrons and produce superoxide radical anion (O, ). The generated
electrons can reduce the organic pollutant, and generated holes could oxidize the
pollutant or react with HyO or OH to form OH’ radicals. The OH’ radicals have the
redox potential of +2.8 V and they are strong oxidizing agents. These radicals and the
other oxidant species such as peroxide radicals provides the photocatalytic degradation

of organic pollutants (Akpan and Hameed 2009).

TiO, + hv — TiOx(ecg + hyg) (2.17)
TiO»(hyg") + H,O — TiO, + H + OH’ (2.18)
TiOs(hyg") + OH — TiO, + OH’ (2.19)
TiOs(ecg ) + O,— TiO, + Oy (2.20)
0, +H'— HOy (2.21)
Organic Pollutant + OH" — Degradation Products (2.22)
Organic Pollutant + hyg"— Oxidation Products (2.23)
Organic Pollutant + ecg — Reduction Products (2.24)
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The photocatalytic degradation processes on the semiconductor carry out in the
following main steps (Khan and Pathak 2020): (i) Transfer of reactants to the
semiconductor surface; (ii) adsorption of the reactants; (iii) photocatalytic reactions in
the adsorbed phase; (iv) desorption of the generated products; (v) diffusion of the

products from the semiconductor surface.
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Figure 2.2. The mechanism of photocatalytic degradation of organic pollutants
(Reprinted Ref. from (N. Ahmad et al. 2021) with permission).

2.2.2.2. Photocatalytic Degradation Parameters

The photocatalytic degradation of organic pollutants is affected by various
significant parameters including pH, pollutant concentration, catalyst dosage, oxidants,
temperature and coexisting inorganic anions (Figure 2.3) (Saygi et al. 2023). The
efficiency of a photocatalytic reaction can be enhanced by using the optimum reaction

parameters (Zare et al. 2021).
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Figure 2.3. Operating parameters affected to photocatalytic activity.

pH: For the photocatalytic degradation of organic pollutants, pH is one of the
most significant parameter that affects the effectiveness in numerous ways (Rafiq et al.
2021). The optimum pH for a photocatalytic reaction is associated with organic
pollutant, nature and type of the catalyst, and electrostatic forces between them (Vaya
and Surolia 2020). The effect of pH on the photocatalytic process is generally
complicated and depends on: (i) the agglomeration of semiconductor; (ii) the ionization
state of semiconductor surface; (iii) the location of CB and VB of the catalyst; (iv)
hydroxyl radicals in solution (Riaz and Park 2020). The adjustment of the solution pH
can change the surface charge or the isoelectric point. The pH effect on the
photocatalytic degradation could be determined by using the PZC of the semiconductor.
The positively charged organic pollutants are adsorbed at pH > PZC and the negatively
charged contaminants are adsorbed at pH < PZC (Riaz and Park 2020). Photocatalytic
degradation process starts with the adsorption of organic pollutants on the photocatalyst
surface (Vaya and Surolia 2020). The adsorption of the neutral molecules is also
affected by the pH due to the dissociation of them to the charged species.

Photocatalyst dosage: Photocatalyst dosage is a significant parameter affecting

the photocatalytic performance. Regarding economic feasibility of a process, using a
minimum catalyst amount is preferable to obtain maximum efficiency. There is a

positive correlation between the photocatalyst dosage and reaction rate until adding an
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optimum dosage (R. Malik et al. 2016). Using photocatalyst above the optimum dosage
causes the negative effects. The excessive photocatalyst dosage leads to the blocking
effect, reducing luminous transmission, decreasing light penetration depth and
increasing turbidity (Zare et al. 2021). Light hindering causes the dead zones that not be
activated by light (Serra et al. 2021). Due to excessive catalyst amount, the catalyst may
tend to agglomerate with high surface energy. The diffusion path length rises and the
effective surface area reduces due to the agglomeration of catalyst (Zare et al. 2021).
Furthermore, the photocatalyst amount is directly relevant to the capital expenses, the
lower cost of catalyst materials are preferable for water purification (Serra et al. 2021).

Pollutant concentration: The initial organic pollutant concentration is a crucial

factor that must be considered. The photocatalytic degradation process depends on the
adsorption of organic pollutant on the photocatalyst surface. Only the adsorbed amount
of pollutant can undergo the photocatalytic reaction, not the amount in bulk of the
pollutant solution (Rafiq et al. 2021). By using the fixed photocatalyst dosage, the
degradation percentage reduces with increasing initial concentration of pollutant (Reza,
Kurny, and Gulshan 2017). As the amount of pollutant concentration increases, more
pollutant is adsorbed on the catalyst surface, and less photon could reach the catalyst
surface. The excessive pollutants cause to the blocking effect, therefore, there would be
less OH" ions generation and photocatalytic activity reduces (Rafiq et al. 2021). The
excessive pollutant also hinders the direct contact between photogenerated radicals or
holes and the organic pollutant in bulk (Zare et al. 2021).

Temperature: The temperature of photocatalytic reaction affects the catalyst
performance and overall efficiency of the system (Zare et al. 2021). Photocatalytic
degradation of organic pollutants is generally carried out at room temperature. The
photocatalytic reactions could be perfomed between 20-80 °C. Between the temperature
of 20-60 °C, the photo decomposition rate is increased (Riaz and Park 2020). The
formation of bubbles and generation of free radicals are observed with the increase of
temperature. The temperature increase would also reduce the electron-hole
recombination (Rafiq et al. 2021). Molecular collisions are increased with the higher
kinetic energy at higher temperatures. When the temperature is below 20 °C, the
photocatalyst activity reduces and the desorption of the final products could be the rate
limiting step. At the temperature around 0 °C, the activation energy is high (Xuesong
Zhao, Zhang, and Zhang 2020). Conversely, at temperature above 80 °C, the exothermic

adsorption of the organic pollutant becomes difficult, which would be the rate limiting
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step (Riaz and Park 2020; Mozia 2010). Above 80 °C, the temperature of the system is
close to the the boiling point of water and this inhibites the surface interactions (Zare et
al. 2021).

Oxidants: The electron-hole recombination of the photocatalytic process is the
main limitation. Using the appropriate donor or electron acceptor reduces the
recombination rate and rises the quantum yield. The addition of external electron
acceptors/oxidants to the solution could enhance the photocatalytic efficiency
significantly (Vaya and Surolia 2020). Molecular oxygen is the commonly used electron
acceptor. Recently, many studies focused to increase the photocatalytic degradation of
organic pollutants by the addition of oxidants such as H>O,, (NH4),S,0g and KBrO;
(Huang et al. 2008; Khavar et al. 2018; Gong et al. 2021). The addition of oxidants
prevents the e /h" pair recombination and increases the generation of hydroxyl radicals
(Vaya and Surolia 2020).

H,0; is the most commonly used oxidant that produces strong hydroxyl radicals
by peroxide bond cleavage and generated electron trapping (Dong et al. 2020). The
degradation rate was increased with increasing H,O, concentration until reaching the
optimum concentration. Exceeding the optimum amount caused to decrease in the
degradation efficiency. The sufficient concentration of H,O, provides to the generation
of hydroxyl radicals (Huang et al. 2008).

Coexisting inorganic anions: The coexisting inorganic anions such as Cl~, SO4*,

CO5”", HCO5, HPO4* and NOj;~ significantly affect the photocatalytic activity. The
impact of coexisting species has been studied so far (Mahvi et al. 2009; C. Zhang et al.
2021; Tong et al. 2021). The influence of the inorganic anions is generally complicated
(Xuesong Zhao, Zhang, and Zhang 2020). These species compete with the organic
pollutant and cover the active sites, therefore, decrease the surface activity. They also
lead to the scavenging of generated charge carriers (Zare et al. 2021). The photocatalyst
surface was positively charged when the pH was lower than the PZC value of the
catalyst, and anions could be adsorbed on the active sites of the photocatalyst surface,
which hinder the degradation reaction. Sulfate anions inhibited the photocatalytic
activity more than chloride ions due to the carrying of higher charges compared to

chloride ion (Chang et al. 2021).
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2.2.2.3. Photocatalytic Degradation Kinetics

The initial rate method

The initial rate method is commonly used to explain the reaction kinetics of
photodegradation of organic pollutants. The initial rate of a reaction (ry) is the
instantaneous rate at the beginning of the reaction (¢ = 0). The initial rate is determined
by the curve of dye concentration (C;) versus time (f) graph. The negative slope of the
curve at ¢+ = 0 gives the initial rate. The ry values are determined for each initial
concentration (Cp). At this method, kinetic data at the initial short period can be used
with the considering of constant light intensity.

The initial rate of a reaction can be given as (Thanh et al. 2018):

ro = k; x C (2.25)
where £; is the overall reaction rate constant observed, # is the reaction order. By

taking natural logarithm, Eq. 2.25 is linearized and the Eq. 2.26 yields.
Inry = Ink; + ninC, (2.26)

The graph of the Inry vs InCy is a straight line, where the slope gave n value and

the intercept on the ordinate showed Ink;.

Langmuir-Hinshelwood model

Langmuir-Hinshelwood model is the kinetic expression which is widely used to
understand kinetics of heterogeneous catalytic process and represented with the Eq. 2.27

(Saien and Khezrianjoo 2008):
1 1 1

=24 (2.27)

To kr kT K CO

where k, is reaction rate constant (mg L™ s™), K is dye adsorption constant (L
mg™), ro and Cy were defined as above. The plot of 1/ry vs 1/Cy gives the Langmuir-

Hinshelwood model parameters (kr and K) (Tang and Huren An 1995).
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2.3. Adsorbents and Photocatalysts

The adsorbent/photocatalyst selection is one of the most significant stage in
order to reach the higher removal performance. Therefore, there has been many studies
carried out by using the different adsorbent/photocatalyst in the last couple of decades
(B. Chen et al. 2021; Blachnio et al. 2020; Priyadharshini et al. 2021; Rasheed et al.
2019; Streit et al. 2019; Kadhom et al. 2020).

So far, many adsorbents have been used such as silica gel, activated carbon,
polymeric porous materials frameworks, and activated alumina to remove organic
pollutants (Tzvetkova, Vassileva, and Nickolov 2010; Romero-Anaya, Lillo-Rodenas,
and Linares-Solano 2010; Costanzo et al. 2010; Camacho et al. 2010). Lowcost, high
performance, easy regeneration and high porosity are desired properties for selection of
adsorbent (F. Li et al. 2015). The elementary composition, the morphology and
chemical properties of adsorbents are also significant, which can be determined by
various characterizations techniques. Some researchers have modified the adsorbents to
enhance the adsorption efficiency without influencing of their original feature (Osagie
et al. 2021; Mesbah et al. 2020).

Photocatalytic degradation of organic pollutants is performed with the aid of a
catalyst, generally metal oxides semiconductors such as TiO,, ZnO, SnO,, WO;, CuO,
LaCoO0s, Fe,03, M00Os, V,0s, SrTiOs, CdS, and SnO; (Ambigadevi et al. 2021; Variar
et al. 2021). The photocatalyst should be non-toxic, inexpensive,
chemically/biologically inert, stable and be active for the light in visible or/and UV
region (Variar et al. 2021). In order to achieve an efficient photocatalytic degradation of
organic pollutants, there are some properties to be considered such as morphology,
surface area and band gap energy of photocatalysts (Ambigadevi et al. 2021; Enesca
2021). The semiconductors can be used as pristine, dopped or as a composite by
immobilization on support material for the photocatalytic degradation of organic
pollutants (Velempini, Prabakaran, and Pillay 2021).

Although metal oxide semiconductors are great photocatalysts, they are affected
from corrosion especially at the highly acidic or basic conditions, and the other
challenges are the post-separation step and the agglomeration of nanoparticles.

Therefore, it is necessary to explore the highly active and stable photocatalysts (A.
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Malik and Nath 2019). Recently, metal-organic frameworks (MOFs), a novel porous
structure, has been discovered to have the adsorption and photocatalytic activity and it
i1s promising as photocatalyst due to its large surface area, tuneable pore size, innate
doping with heteroatoms, easily tailored structures, low density, large crystalline porous

networks and high pore volume (A. Malik and Nath 2019; G. Fan, Luo, et al. 2018).

2.3.1. Metal Organic Frameworks (MOFs)

Metal organic frameworks (MOFs) are novel materials consisted of inorganic
blocks and organic linkers with a textured structure and permanent porosity. The
inorganic blocks are small clusters or isolated polyhedral. Meanwhile, the organic
linkers part generally consists of di, tri, or tetra-dentate ligands. The inorganic part is in
charge of the final topology of MOFs. Inorganic clusters could be in different
arrangements such as square planner, tetrahedron, trigonal and di-metal paddle wheel
(Saeed et al. 2020).

MOF-5, MOF-74, MOF-801, ZIF-7, ZIF-8, ZIF-67, MIL-53(Fe), MIL-88B,
MIL-100(Fe), MIL-101, UIO-66 and UIO-67 are widely produced MOFs for utilizing in
many applications.

Generally, the used starting materials (inorganic part and organic linker)
influence all the properties of MOFs. It is also extremely important how these starting
materials are connected each other. The length of organic ligands without any change in
metal specie could effect the porosity and isoreticular coordination polymers. The
different metallic components without any change in ligand also affect the porosity of
the MOFs (Saeed et al. 2020; Alfonso Herrera et al. 2020). The longer carbon chain of
linkers can change pore size, however, the symmetry of the MOF and its structure could
be the same. The linker type and the substitution ways can cause to the different unit
cell parameters with respect to the chain elongation, as seen in UIO-66, UIO-67, etc.
The symmetry can be changed by the mutual arrangement of functional groups, as seen
in MOF-1 and MOF-101 (Saeed et al. 2020).

Various effective synthesis methods to produce MOFs were summarized in the

following:
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Solvothermal or hydrothermal synthesis method: Solvothermal or hydrothermal
is the most commonly used method to synthesize MOFs with the reaction between
metal clusters and organic ligands (S. Li, Tan, and Meng 2020). The temperature is
significant for the crystal growth rate irregardless of pressure. Generally, the energy
source is supplied from an electric oven during synthesis of MOFs. The synthesis
temperature usually enforces crystal growth rate of MOFs. A polar solvent could have
low boiling point. The higher pressure and low boiling point of solvent lead to increase
partial pressure due to increased solvent evaporation, which cause to rapid crystal
growth (Haider et al. 2022). Single-phase MOF crystals can be produced by using
solvothermal method, applying slow crystal growth under low temperature with long
reaction time (Ronfeldt et al. 2020).

Microwave-assisted technique: Microwave irradiation could enhance crystal

growth rate of MOFs with the help of energy via waves. In this method, heat is
generated by electromagnetic waves, ions/molecules are moving in polar solvent, and a
high temperature is provided for the reaction. The crystals growth could be examined by
altering the operating parameters such as energy power, reaction time, solvent nature
and concentration of reactants (Haider et al. 2022). The morphological properties of
MOFs can be changed by altering these parameters. The advantages of microwave
techniques are particle size reduction, morphology control, high efficiency and phase
selectivity (Couvreur et al. 20006).

Electrochemical approach: The electrochemical method includes an anode and

cathode in a reaction medium that involves a metal salt and organic ligand. In
electrochemical medium, the dissolved metal ions (anodic) lead to the reaction between
the organic linker and the salt. In order to inhibit deposition of metal on cathode,
various protic solvents are utilized, and H; is released with the reaction. This method
requires higher solid contents compare to batch synthesis methods (Haider et al. 2022).

Ultrasonic-assisted technique: The ultrasonic-assisted method consists of

acoustic cavitation approach, which rises the temperature and pressure (~5000 K and
~1000 atm). Bubbles generation and collapse take place during sonication. The
irradiation conditions of ultrasonic system are significant for the reaction. The
ultrasonic waves can also clean the MOFs surface and activate the unsaturated reactive
sites of metal. The resonant cavitation bubbles can break down to clusters and provide
to form nanoscale MOFs at less reaction time compared to solvothermal method

(Haider et al. 2022).
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Mechanochemical approach: Mechanochemical method is a solvent-free-MOFs-

synthesis approach by using large organic linkers at room temperature. With the aid of
mechanical force, bonds in metal salts are broken and new bonds form between metal
and organic linkers. In this approach, metal oxides can be used as reactants instead of
metal salts, thereby, water is formed as a by-product. Only a few MOFs types could be
synthesized by mechanochemical method (Jiagiang Liu et al. 2019).

Reverse microemulsion method: The reverse microemulsion method is generally

used for the synthesis of nano MOFs appropriate for medical applications. In this
method, the synthesis of nano MOFs is performed in the emulsified liquid phase. There
are organic-solvent-droplets in water or water-drops in organic solvent. The
stabilization of emulsified phase is achieved by using surfactant. It inhibits the
agglomeration and improves the stability of MOFs crystal (Haider et al. 2022; Cui,
Chen, and Qian 2014).

2.3.2. Zeolitic Imidazolate Frameworks-8 (ZIF-8)

Zeolitic imidazolate frameworks (ZIFs) are in MOFs class, which have similar
structures with molecular sieves like zeolites. ZIFs are excellent crystalline microporous
materials because they have distinctive properties from both MOFs and zeolites, such as
high surface area, well crystallinity, control of the pore size, large micropore volume,
high thermal and chemical stability and uniform micropores (Park et al. 2006).

ZIF-7, ZIF-8, ZIF-67, ZIF-69, ZIF-78, ZIF-80, ZIF-82, ZIF-91, ZIF-95, ZIF-100
and ZIF-L are different materials in ZIFs class (K. Ahmad et al. 2022).

ZIF-8 is of the most commonly investigated materials among the ZIFs. ZIF-8
has a faujasite zeolite topology with a cubic lattice. It is highly stable up to 500 °C and
has excellent sorption properties due to high internal surface area (Chirra et al. 2021).
ZIF-8 has distinctive morphological properties that include sodalite topology and
rhombic octahedral crystals, as illustrated in Figure 2.4. ZIF-8 was discovered by Chen
and coworkers (Kukkar et al. 2021). ZIF-8 is composed of imidazole ring based ligand
(2-methylimidazole) and coordinative bridging of metal ion (Zn*"), which is defined as

imidazolate frameworks.
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Figure 2.4. The crystal structure of ZIF-8.

ZIF-8 has the nanoscale processibility and resistance to alkali solutions, water
and hydrophobic solvents. These unique features distinguish ZIF-8 from other MOFs,
which make them more appropriate for various applications. ZIF-8 is more resistant to
hydrolysis in water and methanol than the other zinc-based MOFs (Kukkar et al. 2021).

ZIF-8 has been studied in many applications such as membrane, electrochemical
sensor, hydrogen production, photocatalysis and adsorption processes (Y. Pan et al.
2012; Jing et al. 2014; Y. F. Jin et al. 2018; Thi Thanh et al. 2017; Feng et al. 2016).
ZIF-8 has been used as the adsorbent and photocatalyst for the removal of the
norfloxacin, methylene blue and trichloroethylene (Heydari Moghaddam et al. 2019;
Feng et al. 2016; Zhou et al. 2019). The synthesis of ZIF-8 is generally performed at the
time durations from < 1 h to several days (Calik et al. 2022). Different synthesis recipes
can not change the ZIF-8 crystals. High structural similarity can be obtained due to the
substantial reproducibility of ZIF-8 (Kukkar et al. 2021).

Two approaches to develop the adsorption and photocatalytic activity of ZIF-8

are immobilization on the zeolite surface and metal doping.

2.3.3. Immobilization on the Support Surface

In addition to desirable properties of MOFs, there is a significant issue that
inhibits the practical application. The reported studies about MOFs generally use
powder MOF particles with micron scales, that hinder the application of MOFs in
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industry. The adsorption process is commonly performed using large scale adsorption
columns (J. Wu et al. 2021). To increase the adsorption effect of the MOFs and ease of
use in the practical application, immobilization of them on the natural or synthetic
zeolite and grafen oxide, has been applied (Al-Naddaf, Thakkar, and Rezaei 2018; B.
Chen et al. 2021).

Most of the photocatalysts are utilized in powder form and have some
shortcomings during photocatalytic degradation process (Deng et al. 2021): (i) Powder
catalysts can be easily agglomerated at the preparation step (Luna et al. 2019); (ii)
Powder catalysts is separated from water phase difficultly, therefore treatment costs
could be increased (G. Zhang et al. 2007); (iii)) Powder catalysts can behave as
shortcircuit microelectrode in water, which increase the recombination of electrons and
holes (Jie Wang et al. 2020). The immobilization of photocatalysts on the support
surfaces is a remarkable solution to overcome these shortcomings (Deng et al. 2021).
The assembly of photocatalyst into the photocatalytic reactors can be easily
accomplished by the selection of suitable support material.

The widely used support materials are glasses, zeolites, clays, silicon-rich
ceramics, adsorbents and graphene (R. Zhang et al. 2018; Ma et al. 2013; W. Wang et
al. 2018). The support materials could be organic or inorganic and each one has some
advantages and disadvantages. Therefore, while the choosing of support material, some
significant points must be considered such as specific surface area, types of reactor
design, price, reusability, characteristics of the pollutants, catalytic activity, degradation
resistance, adhesion for photocatalyst, light transmittance and operating conditions
(Deng et al. 2021). The preferable support material should have high surface area, easy
separation from liquid, well light transmittance and strong adhesion to the photocatalyst
(Deng et al. 2021; You et al. 2019).

The immobilization of photocatalyst on the selected support material can be
performed by using various methods such as chemical vapor deposition, coupling
method, seeding method, sol-gel method, liquid phase deposition and impregnation
method (Yiren Wang and Yang 2019; Akpan and Hameed 2010; Tian et al. 2015). The
suitable immobilization method can be selected by considering the types, properties and
structure of support, the type of photocatalyst and the application conditions (Deng et al.
2021).

Zeolites are also known as a catalyst support due to their excellent thermal and

chemical stabilities (Du et al. 2017).
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Zeolites are three-dimensional structures of AlO4 and SiOy4 tetrahedra linkage
with sharing of oxygen atoms. Simple geometric structures of zeolites are produced
from the combining of single tetrahedra (rings of 3 to 6 tetrahedra). There can be also
more complex polyhedral structures with more tetrahedra, cages, chains and layers
(Noviello et al. 2021). The zeolites are divided into two main groups such as synthetic
and natural.

Synthetic zeolites are produced by chemical processes. They have more uniform
pore size, crystal structure and chemical composition than the natural zeolites. The
properties of synthetic zeolites could be modified according to the certain commercial
usages. However, their cost is significantly higher than natural ones (Krol 2020).

Natural zeolites are of volcanic origin and some of them are abundant such as
erionite, clinoptilolite, phillipsite, chabazite and mordenite. They have a honeycomb
like structure with the pores/channes (Ahmadi and Shekarchi 2010). Zeolite-rich rocks
consist of >50 % of pure zeolite, which are used in many applications. The worldwide
production of natural zeolites was 1,1 million tons in 2020 (Noviello et al. 2021).

Natural zeolites can include some impurities respective of extracted area, which
could limit their application. Some treatment methods are used to eliminate impurities
and enhance the physicochemical properties. Pore size, specific surface area, acidity and
pore volume are the significant parameters of natural zeolites for the applications in
adsorption and photocatalytic degradation (de Souza et al. 2018).

The clinoptilolite (CLN) is the most abundant and most commonly used natural
zeolite. It is in heulandite group, whose members are of same structure. This group
member is differentiated only with the amount of aluminum existence in network.
Therefore, some properties like thermal stability can be different in each member. The
clinoptilolite has the highest thermal stability (de Souza et al. 2018). The main chemical
and physical features of the most commonly used natural zeolite/clinoptilolite are given
in Table 2.4. The corresponding clinoptilolite structure is given in Figure 2.5.

The CLN includes a monoclinic symmetric structure with microporous
aluminosilicate crystals (Ackley, Giese, and Yang 1992). Aluminosilicate tetrahedrons
consist of aluminum and silicon atoms which are bonded covalently to oxygen atoms,
shown in Figure 2.5. It has a three-dimensional framework with cation enriched

channels and interconnected cages (Yanzhi Wang et al. 2021).
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Table 2.4. The physical and chemical features of Clinoptilolite. (Noviello et al. 2021)

Zeolite Chemical Accessible Idealized Si/Al Cation
name formula volume cell data ratio exchange
(%) A) capacity
(cmoly,, kg™)
Clinoptilolite  Cay(H,0)24 9.42 Monoclinic; 4.3-5.3 220
[Algsi28072] a=175

b=17.6

c=74

Bp=116.1

Figure 2.5. Three dimensional structure of clinoptilolite (Reprinted Ref. from (Raja et
al. 2021) with permission).

There are different methods were applied for the combination of the other MOFs
and zeolite. The seeding method has been discovered as effective and feasible for the
synthesis of MOFs-zeolite composite (Thi Thanh et al. 2017; Keser Demir et al. 2014;
Tate et al. 2017).

2.3.4. Doping of Metal

Heterogeneous photocatalysts have become the most promising technology to

improve the photocatalytic degradation of organic pollutants (Vaya and Surolia 2020).
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Metal ion doping, non-metal doping or co-doping of metals are applied to decrease
charge carrier recombination. Metals dopants like Pt, Ag, Pd, V, Au, Th, Mo, etc. and
non-metal dopants like C, F, N, S, etc. are used to increase photocatalytic performance
of photocatalysts (Vaya and Surolia 2020; Akpan and Hameed 2009).

Dopants enhance the photocatalytic activity of photocatalyst in a number of
ways such as band gap narrowing, specific surface area for adsorption, oxygen
vacancies, electron trapping and impurity energy level formation (Rafiq et al. 2021).

Due to the narrow band gap of photocatalyst, more electron hole pairs are
formed and photocatalytic activity is increased (Yousefi, Allahverdi, and Hejazi 2013).
Impurity energy levels, band gap narrowing, and oxygen vacancies enhance the
photocatalytic performance even at visible light (Rafiq et al. 2021; Rodriguez-Gonzalez
et al. 2008). Doping of the photocatalyst prohibits the recombination of the holes and
electrons, which improves the photocatalytic activity (Quan Zhang et al. 2013). Under
the visible light region, electronic properties of semiconductor could be modified by
doping of metal to the crystal lattice of photocatalyst (Rafiq et al. 2021). Nevertheless,
the increment of photocatalytic activity could decrease beyond the optimum amount of

dopant.

2.3.5. ZIF-8-Clinoptilolite-Silver Composites as Adsorbent and
Photocatalyst

ZIF-8 is a prominent functional material for the removal of organic pollutants
such as dyes and antibiotics (Wang et al. 2019). The surface functionality, pore sizes
and surface area are the major properties that improve the removal capacity (Santoso et
al. 2021). However, nano ZIF-8 still have shortcomings such as aggregation and being
lost during recycle (Wang et al. 2019). In this study, the novel composite
adsorbent/photocatalyst (ZIF-8@CLN) was synthesized for the adsorption of organic
pollutants. Additionally, the Ag is doped on the ZIF-8 and ZIF-8@CLN structure to
enhance the photodegradation capacity of these materials.

Due to its inexpensiveness, thermal and chemical stabilities and nontoxicity, the

clinoptilolite is promising support material to use in organic pollutant treatment. The
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combination of ZIF-8, clinoptilolite and silver has some advantages over the pure

counterparts, discussed in the following. These novel adsorbents/photocatalysts are the

potential interests for future applications.

The existence of CLN support prevents the aggregation of ZIF-8 particles. Thus,
well distributed ZIF-8 particles on CLN supplies more adsorption and
photodegradation sites for organic pollutants.

There are many functional groups in ZIF-8 (C=C, O-H, N-H, C-N, C=N, Zn-0)
and CLN (O-Si(AD-O, O-H, Si-OH, Si-O) structure, which provides the
excellent adsorption of organic pollutants such as MB, MO, CR, RhB and TC.
These structures provide the electrostatic interactions, n-n stacking interactions,
hydrogen bonding, surface complexation and coordination, and ion exchange
between the organic pollutants and ZIF§@CLN.

The CLN is cheap and abundant material. The pretreatment of raw CLN is
effortless. The presence of CLN in composite decreases the price of the
photocatalyst considerably.

The ZIF-8@CLN is produced by seeding method easily. In addition, the recycle
of ZIF-8@CLN composite after usage is much easier than pure ZIF-8. It is
seperated from water phase easily. Thus, the hybrid material reduces the
production and treatment costs (G. Zhang et al. 2007).

The assembly of the adsorbents with suitable support material is easier than ones
without support.

With the help of the adsorption process, the concentrated organic compounds
can be efficiently degraded by the ZIF-8 based photocatalysts.

ZIF-8 has 3D open cavities which allow light penetration and access to the
active sites (Yao et al. 2018). The homogenously immobilized ZIF-8 onto the
CLN maximizes the light irradiance, which enhances the quantum efficiency.
The supported ZIF-8 also have higher dispersion of the organic pollutants.

CLN support has high electron storage capacity, which can place the excited
electrons for the separation of electron hole pairs. It increases the photocatalytic
degradation capacity of ZIF-8.

The immobilization of ZIF-8 on CLN support lead to high durability to the heat

and chemicals.
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This hybrid catalyst improves the adsorption capacity and provides more
exposed ZIF-8 active sites for the using of generated carriers. It increases the
photocatalytic activity compared to pure ZIF-8.

The enrichment of organic pollutants around ZIF-8 cavities develops local
concentration effect, which ensures to prolong refention time of pollutants on
the active sites (Yao et al. 2018).

The doping of Ag into the ZIF-8 and ZIF-8@CLN is a beneficial technique to
increase the photocatalytic performance. The pores of ZIF-8 ensure the
dispersion of Ag nanoparticles and form the different microenvironment around
the active sites. The semiconductor behaviour of ZIF-8 can be enhanced with the
encapsulation of tiny Ag particles for the degradation of persistent organic
pollutants.

The tiny Ag particles are isolated by ZIF-8@CLN structure and the exposed
surfaces of Ag sites in Ag-ZIFS@CLN could be considerably higher than
pristine Ag.

The design of Ag-ZIF8@CLN photocatalyst can not only increase the exposure
of active sites to the organic pollutants, but can also instantly degrade the
arrested pollutants within the highly porous ZIF-8 structure. The composite
structure of Ag-ZIF8@CLN guarantees accessibility of the organic pollutant and
formed intermediates to the generated holes. Because, the light-harvesting
centers, the enriched organic pollutants and active sites are placed at the same
confined space.

The doping of Ag on ZIF-8 improves the electron excitation and migration from
ZIF-8 to organic pollutants due to their relatively low Fermi energy level and
surface plasmon resonance. Therefore, ZIF-8 with CLN provides high specific
surface areas and high porosity for the dispersion of Ag, facilitating the
photocatalytic performance of ZIF§@CLN hybrid catalyst (X. Meng et al.
2020).

The CLN structure could supply the electron migration from AgCl to Ag, and
then Ag to ZIF-8 via multiple transfers on CLN support area. The generated
pairs can be transferred further to the surfaces of AgCl and ZIF-8 and they

would be used in the reaction continuously.
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The Ag generally behaves as a reservoir for photoinduced electrons. The Ag into
the ZIF-8@CLN can reduce the recombination rate of photogenerated charge
carriers and improve the light-harvesting ability, which increases the
photocatalytic activity (V. A. Tran et al., 2020).

The Ag-ZIF8@CLN has the narrow band gap and forming more electron hole
pairs compared to other synthesized photocatalysts. Therefore, photocatalytic
performance is increased.

Ag is increased the photocatalytic activity with the impurity energy levels,
oxygen vacancies and electron trapping (Rafiq et al. 2021; Rodriguez-Gonzalez
et al. 2008).

The functional groups of the organic linker in ZIF-8 can act as an antenna to
increase the absorption of light and stimulates active sites. The excited electrons
can easily transfer owing to the intimate interfacial relation between Ag and
ZIF-8@CLN (Yao et al. 2018).

There can be a Schottky barrier between the Ag and ZIF-8@CLN interface,
which assists interfacial electron transfer and increases the separation of charge
carriers (Mamaghani, Haghighat, and Lee 2017).

Many of the accumulated holes can degrade conquered organic pollutants
instantly without remaining leaving carbonaceous species on the surface of
catalyst. It prevents the catalyst deactivation.

The diffusion of reactive species into the bulk solution was hard. Only the
adsorbed organic pollutants on the photocatalyst could be oxidized (Liu et al.
2017). The high adsorption capacities of Ag-ZIF§ and Ag-ZIF8@CLN
encourage the utilization of reactive species for the degradation reactions. There
was an adsorption-desorption process between the dyes and catalysts. The
adsorption equilibrium was broken with the degradation of adsorbed molecules.
Then new organic pollutants transport from the solution to the photocatalyst
surface quickly. This adsorption-desorption process increased the

photodegradation performance (Fan et al. 2018).
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2.3.6. Contributions to the Literature

The contributions of this thesis to the literature are summarized in the following:

Until now, CLN and ZIF-8 are generally used for separation processes
individually, however, the combination of ZIF-8 and CLN has not been studied
yet. Therefore, there is no reported study focusing on the synthesis of ZIF-
8@CLN and Ag-ZIF§@CLN.

The adsorption and photocatalytic degradation ability of these novel materials
were not investigated for our selected persistant organic pollutants (MB, MO,
CR, RhB and TC).

Additionally, the adsorption and photocatalytic degradation mechanisms of these

ZIF-8-based materials have not been explained detailed in literature.
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CHAPTER 3

MATERIAL AND METHODS

3.1. Materials

Zinc nitrate hexahydrate (>98.0 %) was obtained from Acros Organics. 2-methyl
imidazole was purchased from Alfa Aesar. Methanol, ethanol, AgNOs, NaCl, HCI, and
NaOH, tetracycline and the dyes (MB, MO, CR and RhB) were acquired from Merck in
analytical reagent grade. The natural zeolite tuff (from Gordes, TURKEY) was kindly
supplied by INCAL Mineral Co.

3.2. Synthesis of Adsorbents/Photocatalysts

3.2.1. Synthesis of ZIF-8 and ZIF§@CLN

ZIF-8 was prepared using the synthesis procedure of Demir et al. (2014),
illustrated in Figure 3.1.a. Each of the 2.4 g of Zn(NOs3),.6H,0 and 5.3 g of 2-methyl
imidazole were dissolved in 90.4 g of methanol, separately. Afterthat, the solutions
were mixed and stirred for 1 h at room temperature. The solid ZIF-8 was centrifuged,
washed with methanol twice and dried at 80 °C overnight (Keser Demir et al. 2014).

For ZIF8@CLN synthesis, The CLN was washed with deionized water and
sonicated 20 min. The seeding method suggested by Tate et al. (2017) was used to
prepare CLN surface (Figure 3.1.b). The 5 g of heated CLN (150 °C for 5 min) was
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added to the ZIF-8-deionized water (2 wt %) suspension and sonicated for 5 min. The
obtained seeded zeolite was dried at 100 C overnight (Tate et al. 2017). Afterthat, at
the immobilization step, the seeded CLN was added to the ZIF-8 solution at the
beginning of the ZIF-8 synthesis procedure. Then, the synthesis procedure of ZIF-8 was
followed and ZIF-8 immobilization on the CLN surface was achieved and denominated

as ZIF8@CLN.

(ﬂ) Zinc ritrate 2-methyl (b) 7IFs Deionized
hexahvydrate mmdazole water
l l CIN Dissolve
Dizzolve in Dizzolve in ¢
methanol methanol ¥
\ / Heat L Add heated CLN
¥
Mix andstirfor 1 h Centrifuge

¥

. Dry

Centnfuge
5 ¥
Seeded CLN
' v
Wazh with methanol Add to ZIF-E zolution
and centrifuge
J' v
Follow the ZIF-2
ZIF-S synthesis step
v
ZIFSaCLN

Figure 3.1. The synthesis procedures of (a) ZIF-8 and (b) ZIF§@CLN.

3.2.2. Synthesis of Ag-ZIF8 and Ag-ZIF8§@CLN

The synthesis procedure of Ag-ZIF8 and Ag-ZIF8§@CLN was illustrated in
Figure 3.2. 0.2 g of ZIF-8 (or ZIF§@CLN) was dispersed in 53.7 mM AgNOs water (2
ml)-ethanol (12 ml) mixture with stirring for 3 h. Afterthat, the solution was added to
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the 10.48 mM NaCl water (14 ml)-ethanol (84 ml) mixture dropwise within 20 min, and
stirred for 10 h at room temperature. The product was centrifuged, solid part was
washed with deionized water three times, and then dried at 70 °C for 12 h (G. Fan,
Zheng, et al. 2018). The Ag-doped catalysts were denominated as Ag-ZIF8 and Ag-
ZIF8@CLN.

ZIF-8 or ZIF8@ CLN

|

Dizpersze in
AgNO:-water-ethanol

.

Stirih

'

Add dropwise into
MNaCl-water-ethanol

!

Stir 10 h

1
L
Centrifuge
and wash three times

.

Dry

'

Ag ZIFS or Ag- ZIFS@CLN

Figure 3.2. The synthesis procedures of Ag-ZIF-8 and Ag-ZIF§@CLN.

3.3. Characterization Methods

X-ray diffraction patterns (XRD) were taken with a Philips X'Pert Pro
diffractometer. Attenuated Total Reflectance (ATR-IR) spectra were provided by a

Perkin Elmer Spectroscopy in transmission mode. The morphology of the catalysts was
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analyzed by a FEI Quanta 250 FEG model scanning electron microscope (SEM) with
the Energy Dispersive X-Ray Analysis (EDX). N, adsorption-desorption isotherms
were performed on Mikromeritics Gemini V. after degas at 250 °C for 24 hours by
using Nj. The pH of the solutions was measured with a pH meter with Sartorius Docu-
ph” meter model. The dye concentrations were determined by using Perkin Elmer
Lambda 45 UV-Vis spectrophotometer. Band gap energies of the photocatalysts were
determined by UV-Visible Diffuse Reflectance Spectroscopy (UV-DRS). This analysis
was carried out using Shimadzu UV-ISR 2600. The thermogravimetric analysis (TGA)
was performed on Shimadzu TGA-51. The samples were heated in the range of 30-
1000°C with the 10° C/min heating rate under the nitrogen atmosphere. The PL
spectrum of the photocatalysts were taken with the Perkin Elmer LS 55 Fluorescence
spectrometer. The elemental composition was explored by X-ray photoelectron

spectroscopy (XPS) using Thermo Scientific K-Alpha model.

3.4. Adsorption of Organic Pollutants

The dye and tetracycline adsorption experiments were performed at room
temperature under dark conditions. The effect of pH (2.0-12.0), adsorbent amount (0.25
-2 g L") and ionic strength (0.05 M and 2 M NaCl) on the adsorption were studied. The
effect of initial dye concentration (1.25-17.5 mg L") and initial TC concentration (10-
80 mg L") were also considered. The adsorbents were mixed with the magnetic stirrer
during 2 h for dyes and 5 h for TC in 40 mL of solution. The adsorbents were taken
with 0.45 pm syringe filters and the MB, MO, CR, RhB and TC concentrations were
determined by measuring the absorbance at 664, 463, 497, 554 and 357 nm,
respectively. Each experiments and measurements was performed in dublicate.

The adsorption capacity (g (mg g")) and the percentage dye removal efficiency,

(R (%)) were determined according to the following equations.

Ci—Ce)V
g = =Sl (3.1)

m

R(%) = “=2 x 100 (3.2)
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where C; and C. (mg L'l) are initial and final concentration of dye solutions, m
(g) is the adsorbent weight and V (L) is the volume of dye solution.

Equlibrium isotherm, kinetic and thermodynamic studies were carried out using
the conditions determined in parameter experiments. During the adsorption equilibrium
study, Langmuir, Freundlich, Dubinin-Radushkevich, Radke-Prausnitz, Redlich-
Peterson and Langmuir-Freundlich models were used to evaluate the experimental data,
given in Eq. 2.1 - 2.7 (Langmuir 1918; Dubinin 1960; Redlich and Peterson 1959;
Radke, Prausnitz, and Radke 1972; Uzunkavak et al. 2019).

The best suitable isotherm model was defined by R? close to 1, lower Aq value
and lower RMSE error function value, given in Eq. 3.3 and 3.4.

dmodel-Yexp

1
Aq = L3 [Tl (3.3)
N 1
) _ 2
RMSE = [(Zl=1(QeJ;\z]J_;Imodel) ) 2 (34)

The pseudo-first order, pseudo-second order, Weber Morris intraparticle
diffusion and Boyd kinetic models were used to analyze the kinetic data, shown in Eq.
2.8-2.12 (An et al. 2020; WeberJr. and Morris 1963; Yao and Chen 2017).

During the thermodynamics study, the temperatures of 20°, 30°, 40° and 50 °C
and the dye concentration of 1.25-17.5 mg L were the parameters. Gibbs free energy
(AG®), enthalpy (AH®) and entropy (AS°) of the process were determined from the
adsorption isotherms (Eq. 2.13-2.16).

For the reusability of the adsorbents, the dye-loaded on ZIF-8 and ZIF-8@CLN
were desorbed using ethanol. They were soaked in ethanol for 1 h. The TC-loaded ZIF-
8 and ZIF-8@CLN were also desorbed using the deoinized water, and then, washed
with deoinized water three times (Ba Mohammed et al. 2021). After that, they were

filtered and dried overnight, used in four consecutive cycles.

3.5. Photocatalytic Degradation of Organic Pollutants

In order to investigate the photocatalytic degradation of MB, MO, CR and RhB
dyes, one of the ZIF-8, ZIF8@CLN, Ag-ZIF8 and Ag-ZIF8@CLN photocatalysts was

added to the 40 mL of dye solution. Next, the solution was stirred under magnetic stirrer
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for 60 min (MB and MO) and 120 min (CR and RhB) in a dark cabine to achieve
adsorption equilibrium. Then, the solution was exposed to the 15W ultraviolet lamp
(UV) for 120 min under continuous stirring. There was 12 c¢cm distance between the
reactor and the light source. At each 20 min, the samples were taken from the solution
using a 0.45 pm syringe filter. Afterthat, the concentration of the samples were
determined by using a UV-Vis spectrophotometer at their maximum adsorption
wavelengths. All experiments were carried out dublicate.

The photodegradation (%) were calculated by the Eq. 3.5:
Photodegradation (%) = % x100 (3.5)
0

where C is the initial dye concentration and C; is the dye concentration at time t.

The effect of the various parameters on photocatalytic activity of the synthesized
photocatalysts was investigated through the following experimental conditions:

. The effect of pH (pH 4, 8, 11): The photocatalyst amount was
0.04 g. The initial concentration of MB, MO, CR and RhB solutions were 25 mg
L. The pH of solution was arranged by using 0.1 M HCl or 0.1 M NaOH.

o The effect of photocatalyst amount (0.01 g, 0.04 g, 0.08 g): The
initial concentration of MB, MO, CR and RhB solutions were 25 mg L. The pH
of the MB, MO, CR and RhB dye solutions were 11, 4, 4 and 8, respectively.

o The effects of initial dye concentration (5-35 mg L'): The
photocatalyst amount was 0.04 g. The pH of MB, MO, CR and RhB dye
solutions were 11, 4, 4 and 8, respectively.

Furthermore, the photodegradation kinetics study was carried out by using the
models defined in Eq. 2.25-2.27. Afterthat, the used photocatalysts (Ag-ZIF8 and Ag-
ZIF8@CLN) were collected by filter paper and washed with 50 % (v/v) ethanol-water
solution for the three-cycle test to check the reusability of the photocatalysts.
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CHAPTER 4

RESULTS AND DISCUSSION

4.1. Characterization

Various characterization techniques such as XRD, BET, ATR-IR, SEM-EDX,
TGA, UV-DRS, PL and XPS were utilized to examine the properties of synthesized
ZIF8, ZIF8@CLN, Ag-ZIF8 and Ag-ZIF8@CLN.

4.1.1. Crystal Structure Analysis

The XRD spectra of samples were investigated to identify the formation of ZIF-
8, ZIF8@CLN, Ag-ZIF8 and Ag-ZIF8@CLN in Figure 4.1. The characteristic peaks of
cubic ZIF-8 were placed at around 20 = 7.36°, 9.91°, 12.59° and 18.13°, which can be
indexed to the (0 1 1), (00 2), (1 12) and (2 2 2) plane reflections, respectively (G.
Fan, Zheng, et al. 2018). The additional peaks of CLN pattern observed at 9.70°, 22.20°,
26.72° and 29.71° which are ascribed to (0 2 0), (4 0 0), (3 1 2) and (1 5 1) plane
reflections (Mortazavi et al. 2021; Hosseinzadeh, Ghasemian, and Zinatloo-Ajabshir
2022). They were appeared after the immobilization of ZIF8 onto the CLN,
corresponded to the CLN that is appropriate to the literature (Abdollahi et al. 2021;
Okte et al. 2017).

Ag-ZIF8 and Ag-ZIF8@CLN composites comprise characteristic diffraction
peaks of ZIF-8, CLN and Ag. They include distinct peaks of Ag at 27.72°, 32.15°,
46.27°and 54.57°, which were ascribed to the (1 1 1), (20 0), (22 0) and (3 1 1) planes
of AgCl, respectively (G. Fan, Zheng, et al. 2018). Furthermore, it is shown that the
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intensity of the some diffraction peaks of ZIF-8 decreased after doping Ag
nanoparticles. This confirms that Ag was successfully attached on the surface and in the
porous ZIF-8 structure (Abdi 2020). All characteristic peaks of ZIF-8, CLN and Ag
were observed in Ag-ZIF8@CLN, showing the successful combination of them.

The XRD analysis was performed to examine average minimum particle size

with Scherrer equation (Eq. 4.1).

KA
" Bcosh (4.1)

where, D is particle diameter (nm), A is X-ray wavelength (0.15406 A), f is line
broadening (0.00263 radian for Ag-ZIF8@CLN) by using the full width at half
maximum (FWHM), and @ is Bragg angle (0.283456 radian for Ag-ZIF8@CLN). The
shape factor K is 0.94 with the assumption of spherical shape of particles (Tsai and
Langner 2016).

By using XRD Scherrer equation, it was seen that the particle size of ZIF-8 was
increased from 33.17 nm to 38.27 nm after immobilization on the CLN surface (Table
4.1). Ag doping also affected the particle size. The particle size of Ag-ZIF8 and Ag-
ZIF8@CLN was 51.67 and 57.46 nm, respectively.
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Figure 4.1. XRD spectra of synthesized catalysts.
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4.1.2. Surface Analysis

The surface area of the photocatalysts was determined by nitrogen adsorption-
desorption method. The results were given in Table 4.1. The surface area of CLN was
only 24.47 m* g'. However, ZIF8@CLN composite was much superior in surface area,
(1120.07 m* g), which was still lower than ZIF-8. After Ag doping, the surface area of
ZIF8 and ZIF8@CLN decreased to 383.91 and 23.49 m* g, respectively. The external
surface area values were also diminished after Ag doping. This demonstrated that Ag
ions were incorporated on the ZIF-8 surface and in the porous ZIF-8 structure.

Various adsorption isotherms have been reported for vapors on many solids.
Brunauer (1945) divided the isotherms into the five main classes from type [ to V
(Chiou 2003). As shown in Figure 4.2, BET adsorption-desorption isotherms of all ZIF-
8-based photocatalysts were fitted to the type I, which is characteristic of the
microporous adsorbents. The pores can not be more than a few diameters in width. The
interaction between the adsorbate and adsorbent can be increased owing to the
overlapping potential fields with neighbouring walls. In this way, the pore filling was
achieved at the relatively low pressure and the adsorption was high at the lower relative
pressure of isotherm (Palantavida and Warrier, n.d.). Afterthat, the adsorption reached a
plateau and no hysteresis was observed at the isotherms of ZIF-8, ZIF§@CLN, CLN
and Ag-ZIF8. The plateau indicated to the complete filling of pores. The BET isotherm
of Ag-ZIF8@CLN included the small hysteresis loop, which can be attributed to the
existence of mesopores due to the packing of the ZIF-8 particles and there can be also

capillary condensation in the ZIF-8 nanopores (Luanwuthi et al. 2015).

Table 4.1. Textural properties of the synthesized photocatalysts.

Adsorbent Stang External Surface Crystal size
(m’ g™ Area (m” g)* (nm)**

ZIF8 1912.46 137.33 33.17

CLN 24.47 14.28 21.09

ZIF-8@CLN 1120.07 80.14 38.27

Ag-ZIF8 383.91 14.54 51.67

Ag-ZIF8@CLN 23.49 5.29 57.46

* External area was calculated from t-plot.
** Crystal size was calculated from XRD Scherrer equation.
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Figure 4.2. BET adsorption-desorption isotherms of synthesized photocatalysts.

4.1.3. Structural Properties

Figure 4.3 presents the ATR-IR spectra of synthesized ZIF-8, ZIF8@CLN, Ag-
ZIF8 and Ag-ZIF8@CLN photocatalysts. The characteristic peaks of the imidazole ring
at 1577 em” (C=N stretching vibrations), 1080-1450 cm™ region (C-N stretching
vibrations), 755 cm™ and 685 cm™ (entire imidazole ring stretching) were observed in
ZIF-8 and also in ATR-IR spectra of synthesized composites (Chakraborty, Islam, and
Acharya 2019; Jia et al. 2020). Comparing the ATR-IR spectra of pure ZIF-8 and CLN-
based composites, the new bands appeared at the spectrum of composites. The presence
of peaks at 1042 cm™, 590 cm™ and 790 cm™ indicated the bending vibrations of O-
Si(Al)-O group and also showed the tetrahedral atoms of the zeolite structure (Ullah et
al. 2020). A considerable shifts in the spectrum of Ag nanocomposites (at 1080-1450
cm’” region, 770 cm™ and 692 cm™) can be attributed to the some interactions of Ag and

N of the imidazole ring.
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Figure 4.3. ATR-IR spectra of synthesized photocatalysts.

4.1.4. Morphology Analysis

Figure 4.4 demonstrated the SEM images of ZIF-8, ZIF8§@CLN, Ag-ZIF8 and
Ag-ZIF8@CLN samples. The SEM image of pure ZIF-8 indicated the aggregation of
uniform cubic particles (Figure 4.4.a). After immobilization on the CLN, the uniform
particle structure of ZIF-8 was well maintained and coated the CLN surface (Figure
4.4.b), which can be explained by the formation of ZIF-8 on the CLN surface.

After Ag doping, the morphology of the uniform ZIF-8 particles changed
(Figure 4.4.(c-d)). A rough surface with small particles was shown for Ag-ZIF§@CLN
(Figure 4.4.d). As seen in Figure 4.4.(e-f), a homogeneous Zn and Ag distribution was
observed for Ag-ZIF8 and Ag-ZIF8@CLN, suggesting that Ag nanoparticles were
uniformly doped on the ZIF8. The Ag-ZIF8 was composed of many needle-like
structures.

Table 4.2 shows the results of the SEM-EDX analysis for the photocatalysts.
The ZIF-8 contains 40.0 wt % Zn, after immobilization and metal doping, Zn
percentage of ZIF-8 decreased. Ag-ZIF8 involves 33.3 wt % Zn and 14.8 wt % Ag,
whereas, Ag-ZIF8@CLN consists of 8.8 wt% Zn and 25.1 wt % Ag as major

component. The existence of all other elements, including C, N, O, Na, Al and Si, over
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the surface of the photocatalysts were denoted as others in Table 4.2 and also the

nonexistence of any impurity was verified by EDX analysis.
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Figure 4.4. SEM images of (a) ZIFS, (b) ZIF8@CLN, (c) Ag-ZIF8 and (d) Ag-

ZIF8@CLN. The mapping analysis of (e) Ag-ZIF8 and (f) Ag-
ZIF8@CLN.

Table 4.2. SEM-EDX Results.

Photocatalyst Zn (wt%) Ag (Wt%) Others (Wt%)
ZIF8 40.0 0.0 60.0
ZIF8@CLN 27.5 0.0 72.5
Ag-ZIF8 333 14.8 51.9
Ag-ZIF8@CLN 8.8 25.1 66.1
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4.1.5. Thermal Analysis

The thermal stability of photocatalyts was determined by thermal gravimetric
analysis. The ZIF-8, raw CLN and ZIF§@CLN were highly stable up to 455°C (Figure
4.5.a). Beyond this temperature, the framework began to decompose and the flat valley
was observed after 628 °C. The incorporation of ZIF-8 on CLN surface made the
catalyst more stable compared to pure ZIF-8. This situation was also obtained as silver
was doped at ZIF-8 and ZIF-8@CLN. The Ag-ZIF8 and Ag-ZIF8@CLN were highly
stable up to 609 °C (Figure 4.5.b). Until 800 °C, the photocatalysts were decomposed
slowly. The decomposition reactions caused the loss of 34.91 % and 24.75 % total mass

of Ag-ZIF8 and Ag-ZIF8@CLN at 800 °C, respectively.
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Figure 4.5. TGA spectra of (a) ZIF-8, raw CLN, ZIF§@CLN and (b) Ag-ZIFS8, Ag-
ZIF8@CLN.

From the TGA analysis, there were different temperature regions showed the
weight losses of ZIF-8. The initial small weight loss at <100 °C can be ascribed to the
loss of the solvent and adsorbed water existing in the sample. The other weight loss at
100-455 °C was due to the oxidative decomposition of imidazole ring. The weight loss
beginning from 455 °C can be attributed to the degradation of the organic linkers of

ZIF-8.
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4.1.6. Optical Properties

The photophysical properties of all the synthesized photocatalysts were studied
by using the diffuse reflectance spectra (UV-DRS) to confirm the presence of Ag on the
ZIF-8 structure. From Figure 4.6.(a-b), all the photocatalysts showed the absorbance
below 240 nm in the ultraviolet spectra. There were slight variations at the absorbance
spectra of ZIF-8 and its composites. Moreover, the Tauc plot indicated the measured
band gap energies of ZIF-8 and ZIF§@CLN as 5.18 and 5.16 eV, respectively (Figure
4.6.c). As seen in Figure 4.6.d, the band gap energies of the Ag-ZIF§ and Ag-
ZIF8@CLN were measured as 5.12 and 5.10 eV respectively, which were slightly less
than the photocatalysts before Ag doping. The lowest band gap of Ag-ZIF8@CLN
indicated its higher photocatalytic performance compared to the other synthesized
photocatalysts.

To further investigation of the photophysical properties, photoluminescence
(PL) spectra of the photocatalysts were recorded to understand the lifetimes of e /h" pair
(Figure 4.6.e). PL spectra also ensures the understand the separation efficiency of
generated ¢/h” pairs (Varangane et al. 2022).The combination of ZIF-8, CLN and Ag
was remarkably reduced PL intensity, which showed that the recombination of h” pairs
carried to the ZIF-8 surface is hindered. Because, the doping of Ag on ZIF-8 and
immobilization on the CLN surface decreased the recombination rate of the charge
carriers with the extention of their lifetime. The peak intensity of Ag-ZIF§@CLN is
lower than other photocatalysts, which confirmed that immobilization and doping

diminished recombination by interacting with ZIF-8, CLN and Ag.
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Figure 4.6. Optical properties, (a) and (b) the UV-DRS spectra of photocatalysts, (¢) and
(d) Bandgap of photocatalytsts, (¢) PL spectra.

4.1.7. XPS Analysis

The structure of photocatalysts was also investigated by XPS analysis. Figure
4.7 demonstrated the survey spectrum of the photocatalysts. In the Cls, Nls, and Ols
region of ZIF-8, three signals around 285.29 eV for Cls, 399.14 eV for N1ls, and 532.19

eV for Ols were observed respectively, which were belong to C and N exist in the
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ligand (Chirra et al. 2021). In the zinc region, the peak shown at 1022.02 eV (Zn2p),
expressed the presence of Zn*". Ag-ZIF-8@CLN composite showed the signals around
285.73 eV for Cls, 399.81 eV for Nls, and 531.81 eV for Ols, 1021.94 eV for Zn2p.
The positions of the Zn 2p, Cls, Ols and N 1s peaks in ZIF-8 were shifted a little after
immobilization and doping, indicating that the ZIF-8, CLN and Ag were interacting
with each other. In the Si2p and Al2p region of CLN, the signals around 102.29 eV for
Si2p and for 74.06 eV for Al2p were observed in Ag-ZIF8§@CLN spectrum. Due to Ag
doping, the two more signal around 367.81eV for Ag3d and 198.38 eV for CI2p were
also observed in the spectra of Ag-ZIF8@CLN. These assignments of the elements
confirmed the presence of ZIF-8, CLN and the Ag particles on the synthesized
photocatalysts.
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Figure 4.7. XPS survey of the synthesized photocatalysts.

As seen in Figure 4.8.a, the XPS peaks of Zn 2p,, and Zn 2ps/, were observed at
1044.65 and 1021.65 eV, respectively, indicating Zn cations of ZIF-8. Zn 2ps, was
attributed to the attachment of hydroxyl groups with the Zn ions on the surface.
Meanwhile, Zn 2p;, indicated to the Zn atoms bonding to oxygen atoms (Makhetha,
Ray, and Moutloali 2020). The slight increase in the binding energies of zinc ions at the
Ag-ZIF8 and Ag-ZIF8@CLN spectra was caused by the bonding of the Zn cation with
the Ag (Abd El Khalk et al. 2021). It shows that there could be ion exchange between
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Zn*" in the ZIF-8 structure and Ag" in the solution. At the Zn2p states, there were
positive shifts in binding energies, which indicated to the oxidation of Zn ions. Due to
the metal doping, Zn species can deliver partial electrons to the Ag species, thus, these
electrons transfer between Zn and Ag. Therefore, the Zn2p spectra of Ag-ZIF8 and Ag-
ZIF8@CLN approved the formation of the new chemical bonds between ZIF-8 and Ag.
This is compatible with the previous reports (Xin Guo et al. 2022).

The Cls spectra of the photocatalysts were deconvolved in three subpeaks
(Figure 4.8.b). The Cls spectra of ZIF-8 included the peak at 284.77 eV that indicated
to the C-H bond and the sp*-hybridized carbon (C-C). The peak at 285.83 eV assigned
the presence of C-N bond on the methyl imidazole and the hydroxyl carbon (C-O) (Jia
Liu et al. 2012; W. Q. Chen et al. 2019). The other peak at 291.76 eV showed the C=N
bond (Abd El Khalk et al. 2021). When the Cls spectra of Ag-ZIF§@CLN and pure
ZIF-8 were compared, the results demonstrated that the spectra of Ag-ZIF8@CLN
shifted to the higher binding energies. An increase in binding energies can be displayed
the loss of electron density, which could form more active vacancies, thereby increased
the photocatalytic performance (W. Q. Chen et al. 2019).

As shown in Figure 4.8.c, the N1s spectra of ZIF-8 was deconvolved in three
subpeaks. However, the spectra of ZIF8@CLN and Ag-ZIF8 composite catalysts were
deconvolved in the two subpeaks and Ag-ZIF§@CLN had only one subpeak. The N1s
band peaks of ZIF-8 was observed at 398.73 and 399.58, which were corresponding to
the pyridinic N and pyrrolic N, respectively, originated from 2-methyl imidazole.
Moreover, the peak at 406.68 eV was associated with the N1s of oxynitride (O-Zn-N)
(Jia Liu et al. 2012). The peak areas at around 399.58 eV were decreased at the
ZIF8@CLN and Ag-ZIF8 spectra, and disappeared in the Ag-ZIF§@CLN spectra. It
means that the pyrrolic N of the imidazole ring of ZIF-8 was diminished after
modification. The peak at 406.68 eV corresponding to the existence of O—Zn—N bond
was not observed in the spectra of composites.

Figure 4.8.d indicated that the Ols spectra of all catalysts contained the peak
around 531.06 eV indicating the C=0O bond (Abd EI Khalk et al. 2021). However, the
peak at 531.68 eV, corresponding to the Zn-OH, observed only in Ag-ZIF8 and Ag-
ZIF8@CLN spectrum (Zhu et al. 2017). The presence of Zn-OH denoted that the
generation of the H;O" protons can be the charge compensating species, therefore, the
surface conductivity could be protonic in nature (Mufioz-Gil and Figueiredo 2019).

These spectra revealed that the Ag-ZIF8@CLN catalyst involved more O1S species
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with the larger peak areas. XPS also suggested the interaction between the Zn from ZIF-
8 with the oxygen-containing groups in CLN. In Ag-ZIF8 spectrum, there was one more
deconvolved peak at 530.36 eV associated with the O-C carbonate (Mufioz-Gil and
Figueiredo 2019).

Two peaks at 367.50 and 373.51 eV with 6.01 eV splitting were defined as Ag
3ds, and Ag 3d;n, respectively (Figure 4.8.e), which were corresponding to the
formation of metallic Ag. The slightly lower binding energies of Ag in composite than
bulk Ag (368.3 eV of Ag 3ds,; and 374.3 eV of Ag 3ds,) showed the strong interactions
between Ag and ZIF-8/ZIF8§@CLN and also the electron transfer from the Ag to the
ZIF-8. In addition, the narrow width of the peaks indicated that only the single-element
silver existed in the system, and proved the encapsulation of zero valence Ag by ZIF-8
(Tran, Kadam, and Lee 2020).

Figure 4.8.f showed the XPS Cl2p spectra of Ag-ZIF8 and Ag-ZIF8@CLN.
The peak of Cl 2p;, and CI 2p;, associated with Cl” anion was observed at around
198.18 and 197.68 eV. The Cl2p peaks at 198.18 eV was also assigned to C-CI bond
(Takehira et al. 2018; Zheng et al. 2012).

XPS results comply with the XRD and ATR-IR spectra, suggesting the
successful synthesis of Ag-ZIF8 and Ag-ZIF8@CLN. The results showed that the
synthesized composite photocatalysts had more active sites and more considerable

photocatalytic effects than pure ZIF-8.
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4.2. Adsorption

The synthesized ZIF-8 and ZIF-8@CLN were used for the removal of the dyes
(Methylene blue, Methyl orange, Congo red and Rhodamine B) and the antibiotic

(Tetracycline) from aqueous solution.

4.2.1. Adsorption of Dyes

In this part, the adsorption of cationic MB, anionic MO and CR, and zwitterionic

RhB dyes by using ZIF-8 and ZIF-8@CLN were considered detailed.

4.2.1.1. Dyes Adsorption Parameter

The pH was the main factor affecting the adsorption capacity of ZIF-8 and ZIF-
8@CLN. Figure 4.9 demonstrated that the adsorption behavior of each dyes were
different.

When the solution pH was increased from 2 to 10, the adsorption capacity of
MB by ZIF-8 and ZIFS@CLN increased from 3.31 to 9.71 mg g, and from 6.38 to
9.88 mg g, respectively. Then the adsorption capacity remained almost constant until
the pH 12.

The adsorption of MO by ZIF8 and ZIF-8@CLN slightly increased from pH 2 to
pH 4, however, at the rising pH from 4 to 12, the adsorption capacities of MO were
decreased.

A substantial decrease in adsorption capacity for the CR was obtained under
basic conditions. As the pH was increased from 4 to 12, the adsorption capacities of
ZIF-8 and ZIF-8@CLN reduced from 39.67 to 7.41 mg g and from 39.29 to 6.39 mg g

! respectively. There is no dramatic change on the adsorption capacities of ZIF-
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8@CLN for RhB by increasing pH from 2 to 12. However, the adsorption capacities of
ZIF-8 were decreased from 13.1 to 6.3 mg g, during the pH was increased from 8 to
12.

Similar adsorption behavior with respect to pH has been reported in the
literature (Yating Wang et al. 2019). The suitable pH for the removal of MB, MO, CR
and RhB (by ZIF-8 and ZIF-8@CLN) were determined as pH 10, pH 4, pH 4, and pH 8,
respectively.

The adsorption capacity is generally explained with the point of zero charge
(PZC) of the adsorbent. The PZC for ZIF-8 is at pH 9.8 (C. S. Wu et al. 2015). As the
pH is below 9.8, the surface charge of ZIF-8 is positive. When the pH is higher than 9.8,
it turns from positive to negative.

Cationic MB molecules could attract with the negatively charged ZIF-8 (at pH
>9.8), which improves the adsorption efficiency. At the pH below than 3.47 (pKa), the
MO is protonated (Avila et al. 2021). When the solution pH increases even until the
acidic pH of 4.4, the protonated ion predominates. At the lower pH values, MO has
electrostatic interaction with the positively charged adsorbent surfaces. At the pH of
MO is equal or greater than 3.2, MO has resonant structures such as double-charged
zwitterion. This double charge consists of positive and negative charge of the MO.
These resonant forms in the zwitterion provides to the additional -electrostatic
interaction that is effective for the adsorption of the azo dye (Avila et al. 2021).

At the acidic pH values, adsorption of the azo dye CR was also substantially
enhanced. The protonation of the amino groups on CR increases the electrostatic
attraction between CR and the adsorbents (Tang et al. 2020). At alkaline pH, the
adsorption of the anionic dyes (MO and CR) decreases dramatically due to the hydroxyl
ions which compete with the anionic dye for the active sites (Elmoubarki et al. 2015).
There is an electrostatic repulsion between the negatively charged ZIF-8 and the anionic
dye molecules.

RhB could be adsorbed even at low pH of 2. The reason for the adsorption at
lower pH was the presence of cationic and zwitterionic forms of RhB (Khamparia and
Jaspal 2016). When the pH was higher than 8.0, the adsorption of RhB decreased due to

excessive OH ions compete with COO ™ ions in binding with -N".
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Figure 4.9. Effect of ph (a) ZIF-8@CLN and (b) ZIF-8. Experimental conditions:
volume of dye solution=40 ml; pH range 2-12; MB (Co= 10 mg L™, myqs= 1
gL"); MO (Ce=10mgL", mye=1gL"); CR(Co=20mg L, mpas=1 gL
N: RhB (Co=10mg L™, myg=1 gL™).

The adsorbent amount plays an important role in the removal performance of the
system. The effect of adsorbent amount was studied from 0.25 to 2 g L at their
optimum pHs and room temperature.

When the ZIF-8 amount varies from 0.25 to 1 g L, the percentage removal of
MB increases from 64.88 % to 96.27 % (Figure 4.10.a). Likewise, with the increase of
the ZIF-8@CLN amount from 0.25 to 0.75 g L', MB removal is increased from 85.69
% to 96.85 %. The removal efficiency of ZIF-8 for MO at 1.25 g L adsorbent dose was
observed to be 97.01 %, and for CR at 0.5 g L' adsorbent dose, it was 99.29 %, and for
RhB at 0.75 g L adsorbent, it was 98.24 % (Figure 4.10.(b-d)). Almost complete
removal of MO, CR and RhB was accomplished at the ZIF-8@CLN dosages of 1.5, 0.5
and 1.25 g L™, respectively.

Therefore, in all the subsequent experiments, the amounts of ZIF-8 and ZIF-
8@CLN were maintained at these dosages due to the achieving almost complete
removal. With an increase in the adsorbent dosage, the density of active sites was
increased and the rate of adsorption was also rised (Kirandeep et al. 2021).

When the adsorbent amounts were further increased, the percentage removal
was not changed and the adsorption capacities decreased (Figure 4.10). The further
increase in the adsorbent amount decreases the homogeneous distribution of adsorbent,
which causes adsorption resistance. At higher dosages, there could be the agglomeration

between ZIF-8 particles, the active sites would be decreased.
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Figure 4.10. Effect of adsorbent amount (a) MB, (b) MO, (¢) CR and (d) RhB.
Experimental conditions: volume of dye solution=40 ml; adsorbent
amount range 0.25 - 2 g L'; MB (Co= 10 mg L™, pH=10); MO (Co= 10
mg L, pH=4); CR (C¢= 20 mg L, pH=4); RhB (C¢= 10 mg L', pH=8).

The effect of initial dye concentrations of MB, MO and RhB were studied for
1.25 to 17.5 mg L™'; and CR was investigated for 5 to 40 mg L™ (Figure 4.11). Almost
complete removal of MB, MO, CR and RhB dyes by using the ZIF-8 was accomplished
at the initial concentrations of 10, 10, 30 and 10 mg L™'; and by using the ZIF-8@CLN,
the complete removal were obtained at 12.5, 10, 20 and 10 mg L™, respectively. Due to
the high removal efficiencies, the dye concentrations were maintained at these values
during the subsequent experiments. The removal efficiencies of ZIF-8@CLN for MB at
12.5 mg L was observed to be 96.64 %; and for MO at 10 mg L'l, it was 97.77 %; and
for CR at 20 mg L™, it was 98.60 %; and for RhB at 10 mg L™, it was 97.03 % (Figure
4.11).

When the dye concentration is increased, the accessibility of active sites is

enhanced until the saturation level (Kirandeep et al. 2021). At higher dye
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concentrations, the removal efficiencies were reduced. The adsorption process was

slowed down due to the molecular competition for a few empty active sites (Al-Sadoon,

Mohammed, and Al-Tameemi 2021). Due to the increasing driving force, the film

thickness of the adsorbent and mass transfer resistance increase, thus, the adsorption

rate decreases.

Therefore, when the MB, MO, CR and RhB concentrations was

increased from the above wvalues, the efficiencies were decreased, however, the

adsorption capacities were further increased, which is owing to the increase of the

driving force (Figure 4.11).
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Figure 4.11. Effect of dye concentration (a) MB, (b) MO, (c¢) CR and (d) RhB.
Experimental conditions: volume of dye solution=40 ml; MB (Co=1.25-
17.5 mg L pH 10 MmMyzr-8=— 1 g L , MzIF- 8(/CLN_ 0.75 g L ) MO (C()—
1.25- 175mgL pH4 mZIFg—IZSgL mZIFg@CLN—ISgL) CR
(C()— 5-40 mg L pH 4 Myzp-8= 0.5 g L mZIF 8@CLN— 0.5 g L ) RhB
(Co— 1.25- 175mgL ,pH 8 mznsg—o75 gL mzmg@cm— 1.25 gL )

Electrostatic interactions are the main forces for the adsorption of dyes, and

therefore, the presence of coexisting ions causes to competition for the active sites. Dye
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wastewater generally comprises some salts such as chloride, carbonate and sulfate (J.
Pan et al. 2021). Figure 4.12 indicates the ionic effects on the adsorption of MB, MO,
CR and RhB onto ZIF-8 and ZIF-8@CLN as a function of pH by using NaCl (0.05 M
and 0.2 M). The presence of ion affected the adsorption of four dyes in varying
degrees.With increasing the NaCl concentration, the adsorption capacities of both
adsorbents for MB and MO were slightly decreased at the pH range 2 to 12 (Figure
4.12). The removal of CR was substantially reduced at the presence of salt, especially in
the pH range from 2 to 10. At pH 4, in the existence of 0.2 M NaCl, the adsorption
capacity of ZIF-8 for CR was decreased from 59.59 to 23.86 mg g'; and the adsorption
capacity of ZIF-8@CLN was decreased from 45.53 to 14.43 mg g'. The RhB

adsorption on the ZIF-8 also decreased with an increase in NaCl concentration.
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Figure 4.12. Effect of ionic strength (a) MB, (b) MO, (¢) CR and (d) RhB.
Experimental conditions: volume of dye solution=40 ml; pH range 2-12;
MB (Co= 10 mg L, mzrs=1 g L"); MB (Co= 12.5 mg L, myp.
s@cin=0.75 g L™); MO (Co= 10 mg L™, mzr5=1.25 g L™"); MO (Co= 10
mg L7, mzrsacn=1.5 g L); CR (Co= 30 mg L', mzr.5=0.5 g L); CR
(C(): 20 mg L . l’nZIF_g@CLN:O.S g L-l); RhB (C(): 10 mg L_l, mZ]F_g:0.03
g L™"); RhB (Co= 10 mg L', mzrs@cin=1.25 g L™).
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There could be the competition between dye molecules and coexisting ions for
the effective adsorption sites. The activity coefficient of dyes may be also changed by
the existence of salt, which inhibits the adsorption process (Fu et al. 2021). As the ionic
strength increased, the electrical double layer of the adsorbents was compressed, and

caused to decrease in dye adsorption.

4.2.1.2. Dyes Adsorption Isotherms

The knowledge on how the dyes adsorbed on the adsorbent surface is acquired
by the isotherms (Nimbalkar and Bhat 2021). Isotherms give the information about
adsorption states of adsorbent, surface structure and the adsorption mechanism. As
shown in Figure 4.13, as the initial concentration of dyes increased, the equilibrium
capacity increased rapidly, then slowed down, and finaly reached equilibrium. All
experimental data were evaluated with Langmuir, Freundlich, Dubinin-Radushkevich,
Radke Prausnitz, Redlich Peterson and Langmuir-Freundlich isothermal models, as
defined by the equations in part 2.2.1.3.

The isotherm parameters were calculated by nonlinear fit of experimental data.
The model parameters, corresponding deviation (Aq) and error functions were
determined by using the Microsoft excel solver. For each isotherm model above, three
error functions (R?, Aq and RMSE) were calculated by using the Eq. 3.3-3.4. The best
fitting isotherm model was determined by R* near to unity, lower Aq and lower error
function values (Nimbalkar and Bhat 2021; Almeida-Naranjo et al. 2021; Khamparia
and Jaspal 2016).

The experimental data and fitting isotherm models were demonstrated in Figure
4.13 and calculated model parameters and error functions were given in Table 4.3. MB
adsorption by ZIF-8 follows Redlich Petterson isotherm, and MO and CR adsorption by
ZIF-8 follows Langmuir-Freundlich isotherm model. For MB, MO and CR adsorption
by ZIF-8@CLN, the datas fitted better with Langmuir-Freundlich model. In other
words, the adsorption between MB/MO/CR dyes and ZIF-8/ZIF-8@CLN adsorbents
happened as an adsorption systems of hybrid Langmuir and Freundlich models. RhB

adsorption follows the Langmuir model for both adsorbents with homogeneous
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surfaces. According to the fitted models, the adsorption capacities of ZIF-8@CLN (MB:
1922 £ 2.1 mg g'; MO: 7.47 + 7.6 mg g'; CR: 46.79 = 1.2 mg g and RhB: 10.25 +
1.0 mg g at 293 K) and ZIF-8 (MB: 11.46 + 2.0 mg g'; MO: 12.45+ 0.2l mg g''; CR:
63.35+ 4.6 mg g and RhB: 19.23 + 2.1 mg g at 293 K) were calculated.

Table 4.3. Isotherm parameters and error functions calculated for MB, MO, CR and
RhB adsorption onto ZIF-8 and ZIF-8@CLN.

Model Parameter  Dyes/Adsorbents
MB MO CR RhB
ZIF-8 ZIF-8 ZIF-8  ZIF-8 ZIF-8 ZIF-8 ZIF-8 ZIF-8
@CLN @CLN @CLN @CLN
Langmuir  qu(mgg’) 10.27 19.78 1144  7.57 67.36 46.88 19.23 10.25
K (Lmg') 3.88 4.59 6.49 8.13 6.15 5.94 5.05 4.07
Ry 0.025 0.017 0.015  0.012 0.005 0.008 0.019 0.024
R? 0.88 0.92 0.98 0.88 0.94 0.91 0.99 0.99
Aq 0.133 0.238 0.027  0.236 0.109 0.082 0.021 0.010
RMSE 1.311 1.70 0.55 0.88 4.50 433 0.782 0.408
Freundlich Kg(L g’ 7.99 1522 9.03 5.70 48.05 33.27 14.54 6.80
I/n 0.24 0.35 0.30 0.22 0.21 0.16 0.42 0.42
R? 0.81 0.81 0.92 0.70 0.75 0.73 0.78 0.89
Aq 0.234 0.390 0.226  0.391 0.209 0.151 0.54 0.16
RMSE 1.65 2.78 1.14 1.41 9.54 7.28 4.20 2.01
Dubinin- qm(mg g1 11.47 19.61 1147  7.57 64.36 46.54 18.48 8.75
Radush Kpr 2.20x 2.38x 4.60x  2.23x 5.0x 1.36x 2.8x 2.7x
kevich molPkJ?) 10 10 10 10 10 10 10°* 10°*
R? 0.78 0.83 0.88 0.90 0.68 0.53 0.95 0.96
Aq 0.252 0.581 0367 0.243 0.291 0.394 0.029 0.018
RMSE 1.76 2.66 1.37 0.80 10.92 9.65 1.55 0.82
Radke qm(mg g 11.47 19.78 11.07  7.57 64.36 46.88 18.49 9.72
Prausnitz Kpp(L mg!) 438 433 6.17 7.94 6.61 5.84 7.11 4.29
Mgp 0.99 0.96 0.98 0.99 0.99 0.99 0.99 0.94
R? 0.92 0.94 0.98 0.89 0.94 0.91 0.98 0.98
Aq 0.008 0.240 0.057  0.242 0.109 0.091 0.138 0.059
RMSE 1.04 1.62 0.50 0.86 4.64 4.23 1.33 0.76
Redlich Kr(L g™") 35.12 57.07 84.61 43.64 328.54 50.02 118.72  41.84
Peterson ar(L mg-1)  2.31 1.94 7.43 4.57 4.30 0.50 6.09 4.23
B 1.16 1.34 0.99 1.14 1.09 1.28 1.06 0.87
R’ 0.95 0.97 0.98 0.92 0.96 0.35 0.98 0.98
Aq 0.020 0.149 0.023  0.198 0.084 0.277 0.126 0.011
RMSE 0.91 1.14 0.51 0.73 3.88 11.32 1.31 0.85
Langmuir-  qu(mg g’) 11.01 19.22 12.45 7.47 63.35 46.79 17.13 9.71
Freundlich K;x(L mg") 5.31 4.99 5.44 8.82 7.10 5.30 9.06 4.51
mp 2.46 1.87 0.95 1.93 1.55 2.27 1.91 1.08
R? 0.93 0.99 0.99 0.96 0.98 0.96 0.98 0.98
Aq 0.022 0.021 0.002 0.076 0.046 0.012 0.033 0.028

RMSE 0.96 0.46 0.31 0.56 3.08 3.00 0.93 0.42




In addition, Ry, a dimensional separation factor indicated the affinity between
dyes and adsorbents, was determined by the Langmuir isotherm. As shown in Table 4.3,
all Ry values were smaller than 1, indicating that there were favorable adsorption
processes. By using Freundlich model, the value of 1/n predicts the surface
heterogeneity and adsorption intensity. The 0.1 < 1/n<I indicates that the adsorption
process is preferential and easy to perform (Duan, Hu, and Sun 2020).

Langmuir-Freundlich isotherm model can be interpretted with the exponent of
the model (mrg). Due to the fact that the my ¢ value approaches to unity, there was
homogeneous distribution of adsorption sites. Langmuir-Freundlich model approaches
Langmuir model for MO and CR adsorption on both adsorbents. The fitted Redlich
Petterson isotherm model of the MB adsorption by ZIF-8 approaches also the Langmuir
model due to operating at low concentration. RhB adsorption also followed the
Langmuir model. Therefore it can be said that the adsorption processes consist of a
monolayer adsorption. The thickness of the adsorption layer is only single molecule.
There is identical localized sites with no lateral interactions and steric barrier between
the hold molecules (Vijayaraghavan et al. 2006). These adsorption processes can be
evaluated as a homogenous adsorption. The constant enthalpies and homogenous
activation energies of each molecule provides the same affinity to the adsorbate on the

active sites (Kundu and Gupta 2006).
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Figure 4.13. Adsorption isotherms of dyes. Experimental conditions: volume of dye
solution=40 ml; Temperature 293 K; MB (Cy= 1.25-17.5 mg L'l, pH=10,
mZIF_gZI g L-l, mZ]F_g@CLN:0.75 g L-l); MO (C(): 1.25-17.5 mg L-l, pH:4,
mZIF_g:1.25 g L-l, mZIF_g@CLNZI.S g L-l); CR (C(): 5-40 mg L-l, pH:4,
mZIF_g:O.S g L-l, mZIF_g@CLN:O.S g L-l); RhB (C(): 1.25-17.5 mg L_l,
pH=8, mzrs=0.75 g L'l, mzirs@cin=1.25 g L'l); Points: experimental
data, Lines: suitable models.
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4.2.1.3. Dyes Adsorption Kinetics

The adsorption capacity of MB, MO, CR and RhB dyes on ZIF-8 and ZIF-
8@CLN were studied as a function of contact time. The MB, MO, CR and RhB
adsorption of these adsorbents reached equilibrium within 100 min. The removal
percentages of dyes were higher than 96 % at equilibrium time. As shown in Figure
4.14, the adsorption of dyes was rapid at the beginning, and decreased gradually
approaching to equilibrium time, and then remained almost constant. The common
kinetic models such as Pseudo-first-order, Pseudo-second-order, Weber-Morris
intraparticle diffusion and Boyd models (Eq. 2.8-2.12) were applied to the adsorption
kinetics data.

As clearly observed in Figure 4.14.(a-b), the experimental kinetic data were
fitted well to the pseudo-second-order model. The kinetic parameters and error
functions were listed in Table 4.4. The R? values for the pseudo-second-order model
were highest and the error functions were lowest compared to other models. In
literature, several authors have mentioned that the adsorption of MB, MO, CR and RhB
by ZIF-8-based adsorbents comply with pseudo-second-order kinetic model (Ba
Mohammed et al. 2021; Cao et al. 2021; Santoso et al. 2021).

According to the intraparticle diffusion model in Figure 4.14.(c-d), there are
multi-linearity stages for each dyes. MB, MO and RhB have two adsorption steps, and
CR has three stages. At the first stage, the removal rate was high due to the external
surface adsorption or diffusion of dyes on the boundary layer. At other stages, the
adsorption is slower and finally reaches equilibrium. Each portion has linearity but not
to pass through the origin. It shows that the intraparticle diffusion was not the only rate
controlling step, there could be other rate controlling mechanisms like ion-exchange and
complexation mechanism (Vimonses et al. 2009).

The value of B;, shown in Table 4.4, was about the internal diffusion phase and
it defines the thickness of the diffusion boundary layer. The non-zero value of B; shows
that there was intraparticle diffusion during dye adsorption. However, this step was not
the only rate-controlling step. The higher B; value was attributed to the higher boundary
layer thickness (Duan, Hu, and Sun 2020). As seen in Table 4.4, the B; value reduced

and the thickness of the boundary layer became shorter with the immobilization of ZIF-
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8 on the CLN surface for MO, CR and RhB dyes adsorption. The inner surface

adsorption became less sensitive than the outer surface adsorption after immobilization.
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Figure 4.14. Pseudo-second-order kinetics for (a) ZIF-8@CLN, (b) ZIF-8. Intraparticle
diffusion model for (c) ZIF-8@CLN, (d) ZIF-8. Boyd model for (e) ZIF-
8@CLN, (f) ZIF-8. Experimental conditions: volume of dye solution=40
ml; MB (Co= 10 mg L'1 mzrg=1 g L', pH= 10); MB (Cg= 12.5 mg L'1
MmyzJf- 8@CLN—0 75 g L pH— 10) MO (C()— 10 mg L , MzIF- 8_1 25 g L
pH 4) MO (C()— 10 l’l’lg L , MzIF- S@CLN_l 5 g L pH 4) CR (C()— 30
mg L , MzIF-g= =0.5 g L pH 4) CR (Co 20 mg L , MzIF- S@CLN_O 5 g L
pH 4) RhB (Cy= 10 mg L , mzips=0.75 g L™, pH= 8); RhB (C¢= 10 mg
L , Mzirg@gcin=1.25 g L , pH= 8). Points: experimental data; lines:
Pseudo-second-order kinetic model.



The Boyd plots (Bt vs ) were given in Figure 4.14.(e-f). The Boyd plots

contains straight lines, however they were not passing through the origin. It indicates

that the adsorption process is controlled by both the intraparticle and film diffusions or

only film diffusion (Yao and Chen 2017). The slopes of lines in Figure 4.14.¢ gives the
B values of 1.4263, 1.0367, 1.484 and 1.9696 for MB, MO, CR and RhB adsorption on
ZIF8@CLN, respectively. In Figure 4.14.f, the B values of MB, MO, CR and RhB
adsorption on ZIF8 were also determined as 1.7967, 1.5377, 2.2312 and 1.8922,

respectively. The effective intraparticle diffusion coefficient (B) values of ZIF-8 were

higher than ZIF-8@CLN for target dyes except RhB.

Table 4.4. Kinetic parameters and error functions calculated for MB, MO, CR and RhB
adsorption onto ZIF-8 and ZIF§@CLN

Model Parameter Dyes/Adsorbents
MB MO CR RhB
ZIF-8  ZIF-8 ZIF-8  ZIF-8 ZIF-8 ZIF-8 ZIF-8  ZIF-8
@CLN @CLN @CLN @CLN

Pseudo- Qe ca (Mg g 894 15.29 7.91 6.53 58.11 37.22 8.70 5.75
first- k;(min™) 0.088  0.052 0.134  0.179 0.076 0.063 0.021 0.025
order R? 0.90 0.93 0.94 0.83 0.98 0.97 0.72 0.92

Aq 0.049  0.112 0.015  0.042 0.061 0.050 0.557  0.481

RMSE 0.85 1.32 0.50 0.59 2.69 2.04 4.99 2.43
Pseudo- Qe2.cal (MG g 9.66 16.17 7.83 6.42 61.02 40.02 13.59 7.94
second- k, 0.012  0.005 0.029  0.051 0.002 0.002 0.008  0.016
order (g mg'min™")

R? 0.97 0.97 0.98 0.96 0.99 0.99 1 1

Aq 0.018  0.047 0.013  0.037 0.048 0.049 0.107  0.065

RMSE 0.54 0.99 0.29 0.32 2.69 1.31 0.738  0.290
Weber- kig 0.608 1.135 0.397 0.713 4.269 2.715 0.713  0.381
Morris (mgg 'min™"?)
intra B; 2.62 2.83 3.39 0.24 11.64 8.11 4.08 2.81
particle R’ 0.89 0.93 0.71 0.83 0.84 0.85 0.76 0.80
diffusion  Aq 0.096  0.048 0.122  0.140 0.237 0.269 0.264  0.198

RMSE 0.92 1.33 1.08 2.04 7.98 4.81 2.06 0.98

4.2.1.4. Dyes Adsorption Thermodynamics

The effect of temperature on MB, MO, CR and RhB adsorption by ZIF-8 and

ZIF-8@CLN was studied in the range of 20-50 °C. The thermodynamic parameters
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such as Gibb’s free energy (AG®), enthalpy (AH®) and entropy (AS®) were determined
by using the Eq. 2.13 - 2.16 (H. N. Tran et al. 2017).

The Van't Hoff plots were drawn (Figure 4.15) to calculate AH® and AS° values
given in Table 4.5.

As shown in Table 4.5, all the AG® values of adsorption were negative, indicated
that the adsorption processes were spontaneous and possible in this temperature range
(Nguyen et al. 2022).

The positive enthalpy values for the MB adsorption on the ZIF-8 and ZIF-
8@CLN (+ 3.85 and + 11.65 kJ mol ', respectively) showed that the adsorption was an
endothermic process. Rising temperature may possibly cause to form of new active sites
or enhance penetration of MB inside the micropores (Al-Degs et al. 2008). The negative
enthalpy values for the MO adsorption on the ZIF-8 and ZIF-8@CLN (- 6.45 and -
22.90 kJ mol ', respectively) and CR adsorption on these adsorbents (- 21.45 and -
21.75 kJ mol ', respectively) and RhB adsorption (- 20.71 and - 35.60 kJ mol ',
respectively) indicated that the adsorption processes were exothermic. There can be heat

released during the bond creation between dyes and adsorbents (Al-Degs et al. 2008).
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Figure 4.15. Van't Hoff plots for AH® and AS® calculations (a) MB, (b) MO, (c) CR and
(d) RhB.
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The endothermic MB adsorption and exothermic MO, CR and RhB adsorption

processes can be observed in Figure 4.16. Additionally, the adsorption isotherms (6

different models above) of each dyes at different temperatures were studied and suitable

models were presented in Figure 4.16. Besides, physical and chemical adsorption

processes can be defined by the value of the enthalpy change. The calculated AH®

values (AH®° < 84 kJ mol

') proved that the processes were physical (Yaneva,

Georgieva, and Yaneva 2012). At higher temperatures, physical interactions between

MO, CR or RhB and adsorbents could be weaken due to the weakening of van der

Waals forces and hydrogen bonds, which causes the decreasing removal efficiency

(Litefti et al. 2019).
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Figure 4.16. Adsorption isotherms of dyes at various temperatures (a) MB, (b) MO, (¢)
CR and (d) RhB. Experimental conditions: volume of dye solution=40 ml;
Temperature range 20-50 °C; MB (Cp= 1.25-17.5 mg L'l, pH—lO myp-s=1
g L , MzJF- 8@CLN_0 75 g L ) MO (Co— 1.25-17.5 mg L pH 4 Mmgyir-
8= =1.25 g L , MzIF- S@CLN_I 5 g L ) CR (C()— 5-40 mg L pH 4 Mmyzyk-
8_0 5 g L 1’1’121]: S@CLN_O 5 g L ) RhB (Co— 1.25-17.5 mg L pH 8 Mmyir-
§=0.03 g L , Mzps@cen=1.25 g L ) Points: experimental data, Lines:

suitable models.
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In table 4.5, the positive value of AS® indicated that the randomness and entropy
of the adsorption system was increased. There could be co-existed adsorption and
desorption processes. During the adsorption of dyes, randomness was decreased.
However, desorption of water would be more than adsorption of dyes, this provided
positive entropy (Hussain et al. 2021; C. Chen et al. 2012). The negative value of AS°®
demonstrated that randomness and entropy was decreased during the MO adsorption by

ZIF-8@CLN.

Table 4.5. Thermodynamic parameters calculated for MB, MO, CR and RhB adsorption
onto ZIF-8 and ZIF-8@CLN at various temperatures.

Dyes Adsorbents T InK, AG® AH® AS’
(K) (kj mol™)  (kjmol™)  (jmol'K")
MB ZIF-8 293 8.99 -21.89
303 9.05 -22.80
313 9.09 -23.66 3.85 87.89
323 9.14  -24.53
ZIF-8@CLN 293 9.63 -23.46
303 9.83 -24.76
313 9.98 -25.97 1165 119.98
323 10.07  -27.04
MO ZIF-8 293 9.11 2219
303 9.03 22.76
313 9.00  -23.42 -6.43 3384
323 884  -23.75
ZIF-8@CLN 293 8.65 -21.07
303 8.27 -20.84
313 7.99 -20.80 2290 651
323 7.78 -20.88
CR ZIF-8 293 10.78  -26.26
303 1050  -26.44
313 10.12  -26.35 2145 16.30
323 10.00  -26.85
ZIF-8@CLN 293 1041  -25.36
303 10.00  -25.20
313 9.74 -25.36 2175 11.88
323 9.58 -25.73
RhB ZIF-8 293 1543 -37.60
303 1525  -38.41 -20.71 55.51

313 1436  -37.37
323 1422 -38.19
ZIF-83@CLN 293 1522 -37.07
303 14.79  -37.27 -35.60 7.45
313 1473  -38.32
323 1436  -38.57
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4.2.1.5. Reusability

An adsorbent can be cost effective when it is used repeatedly after elution. The
removal of MB, MO, CR and RhB dyes by using the ZIF-8 and ZIF-8@CLN adsorbents
was investigated after elution with ethanol. There was a slight change in the removal
percentages of the dyes after four consecutive adsorption cycles. The removal
efficiencies of the ZIF-8 after forth cycle for MB, MO, CR and RhB were found to be
94.0%, 90.2%, 85.1% and 81.52% respectively (Figure 4.17). Meanwhile, after forth
cycle, the removal efficiencies of ZIF-8@CLN for MB, MO, CR and RhB were 75.2%,
82.0%, 82.7% and 66.74%, respectively. These decreases in removal efficiencies can be
based on the blockage of active sites of the adsorbents (El-Sewify et al. 2022). The
adsorption capacity versus time curves of MB, MO, CR and RhB adsorptions for four
consecutive cycles were presented in Figure A.l1 and Figure A.2. Additionally, the
characteristic ATR-IR peaks of adsorbents maintained well after dye adsorption (Figure
4.18- 4.22), it indicated that the stability of the adsorbents were appropriate to reuse.

100 -
90 - W% MB removal
by ZIF8
80 - m2% MB removal
70 by ZIF3@CLN
W% MO removal
60 - by ZIF8
g 50 - W% MO removal
o by ZIF3@CLN
40 - m° CR removal
30 b'y ZIF8
m% CR removal
20 by ZIF8@CLN
10 | M5 RhB removal
by ZIF8
0 T m 2% RhB removal
1 2 3 4 by ZIF3@CLN

Cycle

Figure 4.17. The removal efficiencies of MB, MO, CR and RhB for four consecutive
cycles. Experimental conditions: volume of dye solution=40 ml; MB (C,=
10 mg L', mzrg=1 g L', pH= 10); MB (Co= 12.5 mg L, myy.
sacin=0.75 g L', pH=10); MO (Cop= 10 mg L™, mzr5=1.25 g L', pH=4);
MO (Co= 10 mg L™, mzpsgcin=1.5 g L', pH=4); CR (Co= 30 mg L™,
l’nZIF_g:O.S g L-l, pH= 4), CR (C0= 20 mg L-l, mZ[F_g@CLN=0.5 g L-l, pH=
4); RhB (Co= 10 mg L', mzr.4=0.75 g L', pH= 8); RhB (Co= 10 mg L™,
mZIF_g@CLN=1.25 g L-l, pH= 8)
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4.2.1.6. Dyes Adsorption Mechanism

The adsorption mechanism of target dyes (MB, MO, CR and RhB) on the ZIF-8
and ZIF-8@CLN surface can be controlled by various ways, such as electrostatic
interactions, m-m stacking interactions, hydrogen bonding, metal coordination and ion
exchange (Ba Mohammed et al. 2021; Santoso et al. 2021). The possible adsorption
mechanisms for each dye and the ATR-IR spectra of ZIF-8 and ZIF8@CLN before and
after dye adsorption were shown in Figure 4.18 - 4.22. These figures indicated some
changes of the ATR-IR bands after adsorption of the dyes.

The order of adsorption capacities of ZIF-8@CLN for the dyes is
CR>MB>RhB>MO. The order of adsorption capacities for ZIF-8 is also as
CR>RhB>MO>MB due to the various interactions between the dyes and the adsorbents.
The adsorption performance of ZIF-8@CLN is higher than ZIF-8 for MB dye. Because,
CLN has cations in its interconnected cages. The ion exchange can be significant
mechanism between the cations in CLN and the cationic MB dyes. However, the
adsorption performance of ZIF-8@CLN is lower for the MO, CR and RhB dyes.
Although the adsorption capacities of the other dyes decreased some amount, ZIF-
8@CLN has some important advantages compared to pure ZIF-8 such as easy
seperation from water phase, lower treatment cost, inexpensiveness, inhibition of ZIF-8
particle agglomeration. The ZIF-8@CLN is much more practicable and cheap compared
to pristine ZIF-8.

After adsorption of MB, MO and CR, there were bands at around 3670 cm 1,
which attributed to O—H and N-H vibrational bands based on the formed hydrogen
bridges or hydrogen bonds between the dyes and adsorbents (Xia et al. 2019). In each
adsorption process, there is m—m stacking interaction between the 2-methyl imidazole
ring and the aromatic compounds of these dyes (Figure 4.19 - 4.22).

In Figure 4.19, the increase intensity of the absorption bands at 1584 cm™ ' and
1145 cm™ ' that were attributed to the vibrational bands of N-H, and shifting at 1300 cm™
! band, indicated the aromatic peaks of MB (Ainane et al. 2014). The adsorption band at
953 cm™ attributed to the S-N interaction between MB and ZIF-8 (Santoso et al. 2021).
There could be donor-acceptor electrostatic interactions between MB and ZIF-8 due to

the attraction between the lone pair of nitrogen in ZIF-8 and the electron deficient sulfur
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and nitrogen in MB, shown in Figure 4.19 (Santoso et al. 2021; Ainane et al. 2014). In
these MB adsorption process, Zn>" behaves as the metal coordination centre. There
could be also the ion exchange between the positively charged MB and Na' or Ca®" in
CLN channels.

After MO adsorption (Figure 4.20), the rising intensity at 1586 cm™ '
demonstrated the C=N stretching vibration on imidazole ring of ZIF-8 (Chakraborty,
Islam, and Acharya 2019). The electrostatic interaction occurred between the negatively
charged sulfonic acid group of MO and the positively charged groups (Zn*", Na", Ca*")
of ZIF-8@CLN, shown in Figure 4.20. The metal coordination is observed due to the
Zn*". The peak at 829 cm™ ' showed the m-7m interactions between the MO and the
adsorbents. The intensity of the peak at 757 cm ™' decreased and shifted, which assigned
to the aromatic C-H bending (Jia et al. 2020).

Meanwhile, shown in Figure 4.21, after CR adsorption, there was a band at
1094.0 cm™ ', which is corresponded to S=O stretching vibration based on CR
adsorption (Cao et al. 2021). At solution pH of 4, the negatively charged sulfonic acid
group of CR caused the electrostatic interaction with the positively charged groups of
ZIF-8@CLN (amino, Zn*", Na®, Ca®"). The Zn*" of ZIF-8@CLN provided the metal
coordination mechanism. The characteristic peak at 1590 cm™ ' was attributed to C=C
stretching vibration. CR adsorption strengthened the C-C peaks at 1381 cm ! The peak
at 513 cm ' was corresponded to Zn-O bond (Cao et al. 2021). After CR adsorption, the
intensity of Zn-N peak at 429 cm ' weakened, showed that the ZIF-8 hydrolyzed
partially and Zn-N cracked. The imidazole ring was protonated and hydroxyl group
coordinated the Zn (Cao et al. 2021; Zhang et al. 2019).

As seen in Figure 4.22, the peak at 1578 cm™ that shows the C=N stretching
vibrations of imidazole in ZIF-8 shifted to 1583 cm ' after adsorption of RhB, which
attributed that there could be hydrogen bonding interaction between the RhB dye and
ZIF-8. The negatively charged carboxylic acid of RhB attracted the positively charged
groups of ZIF-8@CLN through electrostatic interaction, shown in Figure 4.22. The ion
exchange can be carried out between the positively charged RhB and the Na* or Ca** in
CLN channels. There is also the metal coordination mechanism around the Zn>*. There
are shifts for the peaks in ATR-IR spectra representing C-N stretching from 1450 to
1466 cm ™' and 1140 to 1149 cm ™', after adsorption (Chakraborty, Islam, and Acharya
2019). The peak at 831 cm ™' indicates the aromatic ring stretching of RhB (Anh Tran et

al. 2021), which proves the n- & interaction between the n-electrons of RhB and ZIF-8.
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The intensity of the peaks at 755 cm ' (the aromatic C-H bending (Jia et al. 2020))
decreased and shifted to 763 cm ', and the peak at 685 cm™ shifted to 680 cm™ after
adsorption, which indicates the attachment of RhB on ZIF-8.
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Figure 4.18. ATR-IR spectra of ZIF-8 and ZIF-8@CLN before adsorption.
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Figure 4.19. Possible mechanism for MB adsorption on ZIF8@CLN and ATR-IR spectra of
ZIF-8 and ZIF-8@CLN after MB adsorption.
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Figure 4.20. Possible mechanism for MO adsorption on ZIF§@CLN and ATR-IR spectra of
ZIF-8 and ZIF-8@CLN after MO adsorption.
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Figure 4.21. Possible mechanism for CR adsorption on ZIF§@CLN and ATR-IR spectra of
ZIF-8 and ZIF-8@CLN after CR adsorption.
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Figure 4.22. Possible mechanism for RhB adsorption on ZIF§@CLN and ATR-IR spectra of
ZIF-8 and ZIF-8@CLN after RhB adsorption.

4.2.2. Adsorption of Tetracycline

The adsorption properties of ZIF-8 and ZIF§@CLN were also investigated for

tetracycline removal from aqueous solution.

4.2.2.1. TC Adsorption Parameter

In Figure 4.23, the effect of initial pH on adsorption of TC was investigated and
a series of experiments were performed with pH values varying from 2 to 12. The pH
shows the significant role that affects the adsorption performance by changing the

ionizing degree of the adsorbate and altering the surface charge of the adsorbents.
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Tetracycline is an amphiphilic molecule, which has multiple ionizable functional
groups (Yang et al. 2021). TC can present in cationic, zwitterionic, and anionic form
due to the possessing of three different pK, values (acid dissociation constants) of 3.3,
7.7 and 9.7 (Gao et al. 2012). In other words, different ionic species of TC exist at
different pH values. When the pH of solution is below 3.3, TC presents as a cation
(TCH3"), attributed to existence of dimethyl-ammonium (C4) group. When solution pH
is between 3.3 and 7.7, TC presents as a zwitterion (TCH,°), corresponding to the
proton loss from the phenolic diketone moiety (C10-C12) (Li et al. 2010). Additionally,
when solution pH is greater than 7.7, TC presents as an anion (TCH or TC®),
corresponding to deprotonation of the tricarbonyl system (C1-C3) (Mirsoleimani-Azizi
et al. 2018).

ZIF-8 has the PZC of 9.8 (Wu et al. 2015). The TC adsorption on the ZIF-8 and
ZIF8@CLN was dependent on the pH. As shown in Figure 4.23, the adsorption capacity
of the ZIF-8 and ZIF8@CLN grown up first and afterthat fell down with the increasing
pH. When 2 < pH < 3.3, there was the deprotonation of TC and a lot of positive charges
aggregated on the adsorbent surface. This caused the electrostatic repulsion between the
cationic TC molecule and the positively charged adsorbents, resulted in lower
adsorption of TC (Yang et al. 2021). In this range, the removal can be attributed to the
intermolecular n-m interactions between TC and ZIF-8 (Mirsoleimani-Azizi et al. 2018).

When 3.3 < pH < 7.53 with rising of the pH, the surface of ZIF-8 and
ZIF8@CLN was still positively charged. The zeta potential of the adsorbents gradually
reduced, meanwhile, the TC molecules were deprotonated. Therefore, the electrostatic
repulsion was weakened, provided to the increasing adsorption capacity. When the 7.53
< pH < 9.8, the adsorption capacity was also high. The highest adsorption capacities
were obtained 93.81% and 97.08% at pH = 8 for ZIF-8 and ZIF8@CLN, respectively.
Therefore, the subsequent experiments were conducted at pH = 8. The ZIF-8 and
ZIF8@CLN indicated very high adsorption capacities for TC in the large range of 4.0-
10.0, which can be corresponding to the electrostatic interaction between positively
charged ZIF-8 and ZIF8§@CLN and zwitterionic TC. However, when the 9.8 < pH <
12, the surface of ZIF-8 and ZIF8@CLN were negatively charged. At pH=12, the
alkalinity increased and the adsorption capacities reduced sharply. There could be the
degradation of ZIF-8 skeleton at pH=12 due to extreme alkalinity conditions (Yang et
al. 2021). In short, electrostatic interactions gain significant role in adsorption

mechanism.
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Figure 4.23. Effect of pH on TC adsorption. Experimental conditions: volume of TC

The effect of the adsorbent amount on TC removal indicated in Figure 4.24. The
removal efficiencies rised with increasing in the ZIF-8 and ZIF§@CLN amount up to a
certain limit of 1 g L. The reason is that the presence of more active sites exposed to
the TC molecules. On the other hand, further rising in the adsorbent amount caused to
the decrease of the removal efficiency. The reduce of the adsorption efficiency after 1 g
L could be attributed to the aggregation of the adsorbent particles that led to diminish
of the total active sites (Mirsoleimani-Azizi et al. 2018). Additionally, the higher

adsorbent amount reduces the homogeneous distribution of the adsorbent. It causes the

solution=40 ml; pH range 2-12; Cp= 50 mg L'l, Mygs=1 g L

adsorption resistance.

Figure 4.24.
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The initial TC concentration is the driving force that overcomes the mass
transfer resistance resulted from the all molecules between the TC and the adsorbents.
Thus, the effect of initial TC concentration on the adsorption capacities of ZIF-8 and
ZIF8@CLN were examined. As shown in Figure 4.25, the adsorption capacities of the
adsorbents considerably enhanced by increasing of initial TC concentration. In the
concentrated solution, there was a higher adsorption driving force. However, in a lower
initial TC concentration, removal efficiencies were higher. Because, there were
favorable active sites on the sorbent surface for lower amounts of the TC species
(Mirsoleimani-Azizi et al. 2018). Therefore, TC adsorption efficiencies were decreasing

after 60 ppm, as the adsorption capacities were still increasing.
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Figure 4.25. Effect of TC concentration. Experimental conditions: volume of TC
solution=40 ml; Cyp= 10-80 mg L'l, pH=8, mugsorben=1 & L

The effect of ionic strength (NaCl) on TC adsorption was investigated with
initial pH between 2-12 (Figure 4.26). The adsorption capacity of TC by ZIF-8 and
ZIF8@CLN slightly reduced with increasing NaCl concentration from 0.05 M to 0.2 M.
When the NaCl concentration was 0.2 M, the adsorption capacities reduced slightly
from 46.90 mg g’ to 41.86 mg g for ZIF-8 and from 48.54 mg g to 42.52 mg g for
ZIF-8@CLN.

The hydrophobic interactions and the electrostatic force between TC molecules
and ZIF-8 or ZIF8@CLN could be changed due to the ionic strength. Some active sites
could be neutralized with adding NaCl, and there can be reduction in the electrostatic

interaction between the adsorption sites and TC. Additionally, the hydrophobic action
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was generally increased. The thickness of ZIF-8 or ZIF8§@CLN surface electric double
layer was compressed with higher NaCl concentration. The decrease in electrostatic
force between TC and the adsorbents was the main reason to reduce the TC adsorption
capacity. Meanwhile, there was an adsorption competition between TC and NaCl. The
NaCl molecule covered many adsorption sites on ZIF-8 and ZIF8@CLN, which
decreased the adsorption efficiency (Duan, Hu, and Sun 2020).
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Figure 4.26. Effect of ionic strength on TC adsorption. Experimental conditions:

volume of TC solution=40 ml; pH range 2-12; Co= 50 mg L'l, Madsorbent—1
-1
gL,

4.2.2.2. TC Adsorption Isotherms

The Langmuir, Freundlich, Dubinin-Radushkevich, Radke-Prausnitz, Redlich-
Peterson and Langmuir-Freundlich isotherm models (Eq. 2.1 — 2.7) were applied to
explain the adsorption process of TC by ZIF-8 and ZIF8@CLN. The best fitting model
and the isotherm parameters were indicated in Figure 4.27 and Table 4.6.

Among these models, the Langmuir-Freundlich isotherm model showed the
largest R? (0.97 and 0.97), the smallest Aq (0.06 and 0.05) and the smallest RMSE (3.31
and 3.46), for ZIF8 and ZIF8@CLN respectively, revealing that the adsorption process
includes both Langmuir and Freundlich behaviour with heterogeneous system.
According to the fitted model, the TC adsorption capacities of ZIF-8@CLN and ZIF-8
were 64.57 + 5.0 and 63.0 £ 6.1 mg g, respectively. As shown in Table 4.6, both R

values were lower than 1, showing that the adsorption processes were favorable. The
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range of 0.1 < 1/n<I generally shows that the adsorption process is preferential and the

adsorption process of TC on ZIF-8 and ZIF§@CLN was easy to perform.

Table 4.6. Isotherm parameters and error functions for TC adsorption on ZIF-8 and ZIF-

8@CLN.
Model Parameter ZIF-8 ZIF§@CLN
Langmuir qm (mg g) 65.72 75.41
K. (L mgh) 0.39 0.43
R, 0.17 0.19
R’ 0.73 0.71
Aq 0.21 0.30
RMSE 8.99 11.05
Freundlich Ke(Lg") 20.62 22.97
1/n 0.47 0.51
R? 0.75 0.71
Aq 0.25 0.28
RMSE 9.56 10.90
Dubinin- qm (mg g ™) 65.61 70.10
Radushkevich ~ Kpg(mol® kI ) 9.62x107 7.21x107
R? 0.95 0.90
Aq 0.09 0.15
RMSE 3.86 6.58
Radke qm (mg g™ 65.78 70.11
Prausnitz Kgp (L mg™) 0.33 0.38
Mgp 0.96 0.84
R’ 0.75 0.76
Aq 0.14 0.27
RMSE 9.73 9.94
Redlich Kg (L gh) 13.99 17.87
Peterson or (L mg-1) 0.013 0.011
B 1.923 2.185
R’ 0.89 0.82
Aq 0.19 0.25
RMSE 6.42 8.68
Langmuir- qm (mg g ™) 63.0 64.57
Freundlich Kir (L mg™) 0.42 0.54
myr 3.20 5.37
R’ 0.97 0.97
Aq 0.06 0.05
RMSE 3.31 3.46
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Figure 4.27.

4.2.2.3. TC Adsorption Kinetics

The kinetic study of TC removal by ZIF-8 and ZIF8@CLN were illustrated in
Figure 4.28. The kinetic parameters were given in Tables 4.7 and a comparison of
Pseudo first-order, Pseudo second-order and intraparticle diffusion models
demonstrated that the R’ of the Pseudo second-order kinetics model (>0.98) was higher
than the others with the lower Aq and less RMSE value. It was seen in Figure 4.28.a that
Pseudo second-order kinetics fitted well for the adsorption of TC on ZIF-8 and
ZIF8@CLN.

The curve of Weber-Morris intra-particle diffusion model was given in Figure
4.28.b. It showed that the adsorption process contained three distinct stages. The curve
(qtand t;2) was not pass via the origin, showing that the intraparticle diffusion could not
be the only rate control step (Moral-Rodriguez et al. 2016). The largest slope of the first
stage was corresponding to the outer surface adsorption. The reduced slope was
attributed to the reduced diffusion rate and the adsorption on the inner surface. The third
stage demonstrated the adsorption equilibrium, where the inner surface active sites of
the adsorbents achived the equilibrium. The concentration gradient of TC was poor at
the solution and the rate limiting step was not longer internal diffusion rate (Duan, Hu,

and Sun 2020).
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As seen in Table 4.7, the value of B; was not zero, which indicated that there
was intraparticle diffusion during process, however, this step was not the only rate-
controlling one. The B; was about the internal diffusion phase and it indicated the
thickness of the diffusion boundary layer. The higher B; value was based on the higher
boundary layer thickness (Duan, Hu, and Sun 2020). As seen in Table 4.7, the B; value
rised and the thickness of the boundary layer became larger with the immobilization of
ZIF-8 on the CLN surface. It can be explained that the inner surface adsorption became
more sensitive than the adsorption of outer surface after immobilization process.

The Boyd plots (Bt vs ) were illustrated in Figure 4.28.c. The Boyd plots
included straight lines which were not pass through the origin. There can be only film
diffusion or existing both intraparticle and film diffusions (Yao and Chen 2017). The B
values of 1.0426 and 1.3563 for TC adsorption on ZIF-8 and ZIF8@CLN, respectively,
determined by the slopes of lines in Figure 4.28.c. The effective intraparticle diffusion
coefficient (B) value of ZIF-8@CLN was higher than ZIF-8 for TC.
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Figure 4.28. Kinetics model, (a) Pseudo-second-order kinetics, (b) Intraparticle
diffusion model, (c) Boyd model. Experimental conditions: volume of
TC solution=40 ml, Cy= 50 mg L'l, Madsorbent=1 & L'l, pH= 8. Points:
experimental data; lines: kinetic model.
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Table 4.7. Kinetic parameters and error functions for TC adsorption on ZIF-8 and ZIF-

8@CLN.
Model Parameter ZIF-8 ZIF§@CLN
Pseudo-first-  Qejca(mg g’) 40.64 44.57
order k; (min™) 0.072 0.100
R’ 0.95 0.95
Aq 0.07 0.03
RMSE 2.84 3.05
Pseudo- Qezcal (Mg g7) 44.57 47.34
second-order k» (g mg” min™) 0.002 0.003
R’ 0.98 0.99
Aq 0.05 0.01
RMSE 1.75 1.39
Weber-Morris ~ k; (mg g min™"?) 2255 2.169
intraparticle B; 11.21 16.72
diffusion R’ 0.86 0.83
Aq 0.37 0.16
RMSE 4.96 5.92
4.2.2.4. Reusability

Figure 4.29 indicated that the synthesized adsorbents still showed high

adsorption capacities after four cycles, showing the novel adsorbent (ZIF8@CLN)

performed excellent reusability and stability. The adsorption capacities of ZIF-8 and
ZIF8@CLN after four cycles were 85.12 % and 86.69 %, respectively. The adsorption

capacities of the synthesized adsorbents slightly diminished after four cycles, which

could be depend on the loss of some adsorption sites with the recovery process.
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Figure 4.29. The adsorption efficiencies of TC for four consecutive cycles.
Experimental conditions: volume of TC solution=40 ml; Co= 50 mg L™,

Magdsorbent™ 1 g L-l, pH= 8.

94



Moreover, the characteristic ATR-IR peaks of adsorbents maintained well after
TC adsorption (Figure 4.30), it showed that the stability of the adsorbents were
appropriate to reuse. This study indicated that ZIF-8 and the novel composite

ZIF8@CLN are promising for TC adsorption.

4.2.2.5. TC Adsorption Mechanism

The possible adsorption mechanism of TC on ZIF-8 and ZIF8§@CLN and the
ATR-IR spectrum of the adsorbents after TC adsorption were illustrated in Figure 4.30.
In order to compare of before and after adsorption, the ATR-IR spectra of ZIF-8 and
ZIF-8@CLN before adsorption of TC was given in Figure 4.18. It was seen that the
peak in the range of 3100-3700 cm ' was very weak, indicating the hydrogen bonds
were not dominant effect. However, some of the N-sites of the ZIF-8 could interact with
the carbonyl and hydroxyl of the TC due to the hydrogen bond (Yang et al. 2021).

The peak at 1592 cm™ increased and moved to 1585 cm ™' after TC adsorption,
which was corresponding to the n-r stacking interaction, showed in Figure 4.30 (Sheng
et al. 2022). In other words, the band at 1585 cm” indicated that the adsorbents contain
characteristic peak of C=C aromatic carbon, which was grown after adsorption, showing
that the m-m interaction between TC and ZIF-8@CLN was a significant adsorption
mechanism (D. Liu et al. 2023). The conjugated benzene ring of the TC structure and
the imidazole ring of ZIF-8 and ZIF8@CLN can interact with each other via m-n
interactions (Yang et al. 2021).

Furthermore, compared with the ZIF8@CLN before adsorption, the peaks
located at 2929 and 1450 cm™ were observed in the ZIF8@CLN after adsorption, which
demonstrated the anti-symmetric stretching vibration of -CHj; groups and the skeleton
vibration of the benzene ring of TC, respectively. These proofs showed that the TC
molecules were adsorbed on ZIF§@CLN surface successfully. There can be also the
surface complexation between the electron-defect sites of the ZIF-8 and ZIF§@CLN
and the amide, hydroxy and carbonyl groups (the electron-rich O-including groups) in

the TC molecule (Figure 4.30) (Yang et al. 2021).
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From the pH effect analysis, adsorption capacities of the adsorbents were the
best at the pH of 8, which indicated the electrostatic interaction between TC and
synthesized adsorbents. The electrostatic interaction between the functional groups of
TC and ZIF-8@CLN were illustrated in Figure 4.30. The three different pK, values of
TC affect the form of TC molecules as explained before. At pH 8, the negatively
charged of the electron-rich-O-including groups of TC attracted to the positively
charged groups of ZIF-8@CLN (Zn*", Na”, Ca*"), showed in Figure 4.30.

Additionally, the coordination between TC and ZIF8@CLN can highly enhance
adsorption performance owing to the presence of ZIF-8. The adsorption capacity of
ZIF8@CLN was high due to the great specific surface area and distinctive pore
structure of ZIF-8, demonstrating the ZIF-8 had crucial effect during the process (Sheng
et al. 2022). Considering physical adsorption, although the Langmuir surface area of
ZIF-8 was reduced from 1912.46 to 1120.07 m? g after immobilization on the CLN
surface, ZIF8@CLN still has many adsorption sites and high adsorption areas made it

remove TC molecules easier to the adsorbent surface.

--------------- Electrostaticinteraction
» = - —  JIlinteraction
————— Surface complexation
— = —  Hydrogen bond

Gresesnanns >  lonexchange

T ransmittance(%)

=FiFl_TC

TIFRECLN_TC

300 1300 1300 o0

Figure 4.30. Possible mechanism for TC adsorption on ZIF8@CLN and ATR-IR spectra of
ZIF-8 and ZIF-8@CLN after TC adsorption.
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According to the above results, as illustrated in the Figure 4.30, the mechanism
of TC adsorption on ZIF8@CLN included the electrostatic interaction, the m-m
interaction, the hydrogen bond, surface complexation and coordination, and ion

exchange which were synergistically provide the high adsorption capacity.

4.3. Photocatalytic Degradation

After detailed adsorption studies, the photocatalytic degradation activity of ZIF-
8, ZIF8@CLN, Ag-ZIF8 and Ag-ZIF§@CLN were investigated for the dyes such as
MB, MO, CR and RhB.

4.3.1. Photodegradation Parameter

4.3.1.1. Effect of pH

Effect of initial solution pH (4, 8 and 11) on photocatalytic degradation of MB,
MO, CR and RhB by using the synthesized photocatalysts was investigated. The results
were given in Table 4.8 and the concentration (C/Cy) versus time plots were shown in
Figure 4.31 for Ag-ZIF8 and Ag-ZIF8@CLN. The degradation of these dyes by using
pure ZIF-8 and ZIF8§@CLN were also given in Table A.1.

The results showed that the Ag-ZIF8 and Ag-ZIF8@CLN composites were
photocatalytically active, however, the photodegradation activity of ZIF-8 and
ZIF8@CLN was not effective for all selected dyes. Because the adsorption phenomenon
played a major role for them at the removal of the dyes, thus, the ZIF-8 and ZIF§@CLN
can be used as excellent adsorbents for the wastewater treatment.

The pH of the dye solution is a significant parameter that affects the amount of

adsorbed dye. It can alter the surface charge properties of the catalyst and also change
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the photocatalytic degradation reactions. The formation of the number of hydroxyl
radicals and size of aggregates are also influenced by pH.

The results demonstrated that increasing the pH of MB (pH=11) and RhB
(pH=8) solutions caused to higher adsorption capacity and increasing photodegradation
efficiency for all the photocatalysts. In alkaline medium, the generation of more OH’
increased the removal activity. The solubilization of unprotonated form of MB owing to
quite low pKa value (<1) was the main reason for the removal of MB dye (Chandra and
Nath 2017). The high adsorption efficiencies of Ag-ZIF8 (50.2 %) and Ag-ZIF8§@CLN
(54.4 %) for MB can be caused by the electrostatic attraction between the negatively
charged catalyst surface and the positively charged cationic MB dye (Jing et al. 2014).

The pH of the MB dye solution (pH 11) was higher than PZC of ZIF-8 (9.52)
and very greater than pKa. Additionally, the increased OH concentration enhanced the
photodegradation activity as the OH neutralized the H™ generated by Ag-ZIF8 (75.6 %)
and Ag-ZIF8@CLN (97.1 %) (Chandra and Nath 2017). At higher pH values such as
11, OH" can also react with h" (holes) to generate OH" and the electrostatic interaction
was increased between Ag-ZIF8 and the positive charges of MB (Fan, Luo, et al. 2018).
The adsorption capacity of the catalysts influenced the photodegradation system
remarkably.

For RhB, the higher adsorption efficiencies of Ag-ZIF8 (64.1 %) and Ag-
ZIF8@CLN (51.4 %) and high photodegradation efficiencies of Ag-ZIF8 (91.5 %) and
Ag-ZIF8@CLN (97.2 %) was obtained at pH 8.

As seen in Table 4.8, the MO and CR degradation over Ag-ZIF8 (98.8 % and
85.4 %) and Ag-ZIF8@CLN (98.7 % and 94.4 %) were higher at the initial solution pH
of 4 compared to other solution pH values. MO and CR were anionic dyes and the
photocatalysts surface was positive at pH=4, therefore, they considerably attracted each
other. In alkaline pH, the surface of photocatalysts was negative, so they repel the MO
and CR molecules, which caused a reduced dye adsorption capacity, and less
photocatalytic activity.

The results indicated that pH 11, pH 4, pH 4 and pH 8 were selected as optimum
pH for photodegradation of MB, MO, CR and RhB dyes, respectively. Ag-ZIF§@CLN
composite was better photocatalyst than Ag-ZIF8 and pristine ZIF-8 for the degradation
of MB, MO, CR and RhB dyes.
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Table 4.8. Effect of pH. (Experimental conditions: pH range=4-11, Meatatyse=0.04 g, Co=

25 mg L™
Ag-ZIF8 Ag-ZIF§@CLN
pH Dark Total Removal  Dark Total Removal
Adsorption (Ads+Photodeg) Adsorption (Ads+Photodeg)
(%) (%) (%) (%)
MB 4 42.8 59.8 39.2 77.4
453 65.1 48.3 88.1
11 50.2 75.6 54.4 97.1
MO 4 40.0 98.8 39.0 98.7
355 89.9 27.5 83.9
11 256 76.0 16.4 69.6
CR 4 46.3 85.4 523 94.4
29.9 57.4 28.3 68.5
11 110 36.3 18.9 50.4
RhB 4 56.5 83.5 51.1 94.7
64.1 91.5 514 97.2
11 395 66.0 41.3 80.4
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Figure 4.31. The effect of pH for photodegradation of MB, MO, CR and RhB by using
Ag-ZIF8 and Ag-ZIF8@CLN. (Experimental conditions: pH range=4-11,
Megratys=0.04 g, Co=25 mg L)



4.3.1.2. Effect of Photocatalyst Amount

Figure 4.32 shows the change of MB, MO, CR and RhB dye concentration
(C/Cy) with reaction time in presence of Ag-ZIF8 and Ag-ZIF8@CLN varying catalyst
amount (0.01 g, 0.04 g and 0.08 g). The results demonstrated that the degradation of all
target dyes were increased by rising the amount of photocatalysts from 0.01 to 0.08 g at
the reactor condition (Table 4.9). The effect of photocatalyst amount on degradation of
the dyes by using pure ZIF-8 and ZIF8§@CLN were also given in Table A.2.

In Table 4.9, by using 0.08 g of catalyst, the high adsorption capacity of MB,
MO, CR and RhB on the Ag-ZIF8 (63.0%, 40.2%, 49.2%, 73.7%) and Ag-ZIF8§@CLN
(55.7%, 38.2%, 51.8%, 55.4%) was achieved at their optimum pHs, respectively. The
high MB, MO, CR and RhB degradation efficiency over Ag-ZIF8 (93.2%, 99.9%,
87.9%, 97.3%) and Ag-ZIF8§@CLN (99.6%, 99.5%, 95.0%, 99.9%) were also achieved,
respectively.

In general, the reaction rate enhances with increasing photocatalyst amount up to
a certain dosage. Because the number of active sites and available sites are increased

with the rising of the photocatalyst amount, which enhances the photocatalytic activity.

Table 4.9. Effect of photocatalyst amount (m). (Experimental conditions: catalyst
amount range= 0.01-0.08 g, Co=25 mg L', pH (MB)=11, pH (MO)=4; pH
(CR)=4, pH (RhB)=8)

Ag-7ZIF8 Ag-ZIF8§@CLN

m Dark Total Removal Dark Total Removal

(2 Adsorption (Ads+Photodeg) Adsorption (Ads+Photodeg)
(%) (%) (%) (%)
MB 0.01 34.1 57.1 38.8 72.9
0.04 50.2 75.6 54.4 97.1
0.08 63.0 93.2 55.7 99.6
MO 0.01 253 79.2 14.3 71.7
0.04 40.0 98.8 39.0 99.0
0.08 40.2 99.9 38.2 99.5
CR 001 223 55.8 259 63.0
0.04 483 85.2 49.2 91.8
0.08 49.2 87.9 51.8 95.1
RhB 0.01 353 533 29.7 68.6
0.04 638 92.7 51.5 96.3
0.08 73.7 97.3 55.4 99.9
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Figure 4.32. The effect of catalyst amount for photodegradation of MB, MO, CR and
RhB by using Ag-ZIF8 and Ag-ZIF8@CLN. (Experimental conditions:
catalyst amount range= 0.01-0.08 g, Co = 25 mg L', pH (MB)=11, pH
(MO)=4; pH (CR)=4, pH (RhB)=8)

4.3.1.3. Effect of Initial Dye Concentration

The effects of the initial concentration of dyes for photocatalytic degradation of
MB, MO, CR and RhB were illustrated in Table 4.10 and the concentration (C/Cy)
versus time plots were given in Figure 4.33 for Ag-ZIF8 and Ag-ZIF8@CLN. The

effect of initial dye concentration on degradation of these dyes by using pure ZIF-8 and
ZIF8@CLN were also given in Table A.3.
Table 4.10 showed that both the adsorption (%) and photodegradation (%) over

Ag-ZIF8 and Ag-ZIF8@CLN depend on initial dye concentration. The results indicated

that increasing the initial MB, MO, CR and RhB concentration from 5 to 35 mg L™

caused to the decrease in the degradation efficiency of Ag-ZIF8@CLN from 99.3% to
83.8%; 99.6% to 81.8%; 90.3% to 84.2%; and 99.7% to 94.0%, respectively. Same

trends in the photodegradation of all these dyes were observed for Ag-ZIF8 composite.
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The adsorption efficiencies of ZIF-8 and ZIF8§@CLN also decreased with rising initial
dye concentration.

The photocatalytic activity reduced with increasing the dye concentration.
Because the number of available active sites were higher than the dye molecules at the
low dye concentration. However, at the high dye concentration, the dye molecules
around the active sites inhibited the light penetration to the photocatalyst surface. Even
if irradiation time and light intensity were constant, the formation of OH" and O, ~ on
the photocatalyst surface were reduced. The dyes degraded by reactive oxygen species.
However, increasing initial dye concentration reduced the reactive oxygen species and
utilization of light. The reactive oxygen species were not enough to degrade all dye

molecules, which decreased photodegradation efficiency.

Table 4.10. Effect of initial dye concentration (Cy). (Experimental conditions: dye conc.
range Co= 5-35 mg L', Mealyst=0.04 g, pH (MB)=11, pH (MO)=4; pH
(CR)=4, pH (RhB)=8)

Ag-ZIF8 Ag-ZIF8§@CLN
Cy Dark Total Removal Dark Total Removal
(mg L") Adsorption (Ads+Photodeg) Adsorption (Ads+Photodeg)
(%) (%) (%) (%)
MB 5 66.7 99.7 53.5 99.3
15 51.6 78.8 54.2 98.7
25 50.2 75.6 54.4 97.1
35 42.1 65.6 45.7 83.9
MO 5 41.3 99.9 39.7 99.5
15 40.6 99.3 393 99.7
25 40.0 98.8 39.0 98.7
35 31.3 84.3 24.3 81.8
CR 5 57.7 90.4 55.1 90.3
15 48.3 85.2 51.8 94.7
25 48.3 85.2 49.2 91.8
35 47.3 75.0 49.1 84.2
RhB 5 66.9 99.6 48.6 99.7
15 67.4 97.8 48.8 97.5
25 64.0 92.6 47.9 97.3
35 49.6 73.5 44.9 94.0
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Figure 4.33. The effect of initial dye concentration for photodegradation of MB, MO,
CR and RhB by using Ag-ZIF8 and Ag-ZIF§@CLN. (Experimental
conditions: dye conc. range Co= 5-35 mg L'l, Meaalyst=0.04 g, pH

(MB)=11, pH (MO)=4; pH (CR)=4, pH (RhB)=8)

4.3.2. Photodegradation Kinetics

The photocatalytic degradation rate of MB, MO, CR and RhB over Ag-
ZIF8@CLN was illustrated in Figure 4.34. The degradation rates of these dyes over
ZIF-8, ZIF8@CLN and Ag-ZIF8 were also given in appendix (Figure A.3-A.6).

The initial rate method was used to explain reaction kinetics. The method is

explained in part:

"2.2.2.3 Photocatalytic Degradation Kinetics". Figure 4.34

represented the plots of C; versus . The ry values was determined for each initial

concentration (Cp) and listed in Table 4.11.

The graph of the Inry vs InCy gave a straight line, where the slope gave n value

and the intercept on the ordinate showed Ink; (inset of Figure 4.34). The determined

values of n and k were given in Table 4.12. Linear regression ensured a compatibility
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with high R%. The reaction orders of photocatalytic degradation were close to unity for
some cases such as MB degradation by ZIF8 (n=0.923), ZIF8§@CLN (n=0.984) and Ag-
ZIF8@CLN (n=0.935). The value of n varying from 0.548 to 0.984 can be explained by
the contribution of both adsorption process and photocatalytic degradation. The rate
constant values (k) for Ag-ZIF8@CLN is higher than the other catalysts for all dyes.

Langmuir-Hinshelwood model is the other used model to understand kinetics of
heterogeneous catalytic process and represented with the Eq. 2.27. Figure 4.35 indicated
the Langmuir-Hinshelwood plot for the photocatalytic degradation of MB, MO, CR and
RhB over Ag-ZIF8@CLN. The plot of 1/ry vs 1/Cy gave the Langmuir-Hinshelwood
model parameters (kr and K) (Tang and Huren An 1995). Figure A.7 also demonstrated
the photodegradation of these dyes over Ag-ZIF8. The calculated model parameters
were presented at Table 4.13. The rate constant (k,) values of ZIF-8 and ZIF§@CLN
were lower than Ag-ZIF§@CLN and Ag-ZIF8§@CLN. However the adsorption
constants (K) of ZIF-8 and ZIF8§@CLN were high. The photocatalytic degradation is
limited for ZIF-8 and ZIF8@CLN. The degradation efficiency was enhanced by Ag-
doping.

The high R’ in the range of 0.960 to 0.999 showed that the Langmuir-
Hinshelwood kinetic model was compatible with the data of MB, MO, CR and RhB
degradation by all the catalysts.

The results can be explained that the dye molecules initially adsorbed on the
active sites of ZIF8-based catalysts and the intermediates (Dye.qs)) were generated. The

rate determining step was decomposition of Dyeqs) (Thanh et al. 2018).
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Figure 4.34. The initial rate of a reaction method for the photodegradation of MB, MO,

CR and RhB over Ag-ZIFS§@CLN. (Experimental conditions: ma,.
zirs@cin=0.04 g, pH (MB)=11, pH (MO)=4; pH (CR)=4, pH (RhB)=8)

Table 4.11. Initial rates (r) at different concentrations (Cy).

ZIF8 ZIF8§@CLN Ag-7ZIF8 Ag-ZIF8@CLN
Cy ry Co ry Co ry Co Fy
(mg L™ (mg L™ (mg L™ (mg L™
MB 1.1 0.002 1.0 0.006 1.7 0.022 2.3 0.033
4.9 0.008 2.5 0.015 7.3 0.055 6.9 0.085
10.1 0.016 4.9 0.034 12.5 0.078 114 0.164
16.9 0.030 8.2 0.046 20.3 0.103 19.0 0.220
MO 1.0 0.006 1.1 0.006 2.9 0.030 3.0 0.032
2.5 0.012 7.0 0.009 8.9 0.101 9.1 0.118
5.0 0.014 13.8 0.013 15.0 0.161 15.3 0.140
10.3 0.039 21.2 0.012 24.0 0.226 26.5 0.225
CR 2.1 0.017 2.9 0.016 10.5 0.111 11.0 0.142
3.6 0.022 11.3 0.032 17.5 0.176 16.7 0.223
8.4 0.044 19.1 0.040 234 0.241 22.2 0.261
12.0 0.040 31.5 0.061 28.7 0.270 28.5 0.297
RhB 1.1 0.004 1.1 0.001 1.6 0.020 2.6 0.041
2.2 0.011 3.6 0.009 4.7 0.048 7.7 0.109
6.8 0.022 6.9 0.022 9.0 0.061 13.0 0.151
12.1 0.032 12.0 0.029 17.7 0.107 19.3 0.245

105



Table 4.12. The rate constants (k;) and the reaction orders (n).

Dye Catalyst ki n R
MB ZIF8 0.002 0.923 0.990
ZIF8@CLN 0.006 0.984 0.992
Ag-ZIF8 0.016 0.632 0.999
Ag-ZIF8§@CLN 0.015 0.935 0.989
MO ZIF8 0.005 0.769 0.941
ZIF8@CLN 0.006 0.773 0.959
Ag-ZIF8 0.012 0.957 0.994
Ag-ZIF8@CLN 0.013 0.887 0.967
CR ZIF8 0.011 0.564 0.943
ZIF8@CLN 0.009 0.548 0.990
Ag-ZIF8 0.013 0.913 0.994
Ag-ZIF8§@CLN 0.023 0.774 0.965
RhB ZIF8 0.004 0.853 0.952
ZIF8@CLN 0.001 0.944 0.973
Ag-ZIF8 0.015 0.682 0.985
Ag-ZIF8§@CLN 0.018 0.872 0.993
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Figure 4.35. The Langmuir-Hinshelwood plot for the photodegradation of MB, MO, CR

and RhB
zirs@cin=0.04 g, pH (MB)=11, pH (MO)=4; pH (CR)=4, pH (RhB)=8)

over

Ag-ZIF8@CLN.

(Experimental

conditions:

MAg-
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Table 4.13

. Parameters of Langmuir-Hinshelwood model.

Dye Catalyst k,(mgL's™ K(L mg" R’
MB ZIF8 0.051 0.043 0.995
ZIF8@CLN 0.734 0.001 0.998
Ag-ZIF8 0.131 0.116 0.996
Ag-ZIF§@CLN 1.150 0.100 0.996
MO ZIF8 0.040 0.163 0.960
ZIF8@CLN 0.012 0.841 0.961
Ag-ZIF8 8.726 0.001 0.999
Ag-ZIF8§@CLN 3.830 0.003 0.989
CR ZIF8 0.067 0.156 0.972
ZIF8@CLN 0.062 0.115 0.977
Ag-ZIF8 2.180 0.005 0.997
Ag-ZIF8§@CLN 1.194 0.013 0.979
RhB ZIF8 0.030 0.355 0.991
ZIF8@CLN 0.073 0.045 0.999
Ag-ZIF8 0.153 0.093 0.994
Ag-ZIF8§@CLN 0.712 0.023 0.998
4.3.3. Reusability

The reusability results were shown in Figure 4.36. Ag-ZIF8 and Ag-ZIF8@CLN

catalysts maintained high adsorption and photocatalytic degradation capacities for all

selected dyes after three run cycles. At the end of the third cycle, the MB, MO, CR and
RhB removal amount was reduced only 8%, 13%, 22% and 10% by using Ag-ZIF8 and
7%, 13%, 18% and 11% by using Ag-ZIF8@CLN, respectively.
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Figure 4.36. Reusability of Ag-ZIF8 and Ag-ZIF8@CLN. (Experimental conditions:

Meatalyst= 0.04 g, Co= 25 mg L’l, pH (MB)=11, pH (MO)=4; pH (CR)=4,
pH (RhB)=8)
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A slight decrease in photodegradation rate was due to the accumulation of the
dye molecules on the photocatalyst surface, which directly influenced the adsorption of
dyes and decreased the photocatalytic activity of photocatalysts. Therefore, Ag-ZIF8
and Ag-ZIF8@CLN are sustainable, economic and efficient photocatalyts for the dye

removal.

4.3.4. Photodegradation Mechanism

The photodegradation of MB, MO, CR and RhB dyes on Ag-ZIF8 and Ag-
ZIF8@CLN can be explained by two primary mechanisms:

1) adsorption-catalysis model that ZIF-8 and ZIF-8@CLN have the high
adsorption capacity toward the dye molecules.

2) enhanced electron transfer owing to the tiny and well-dispersed Ag
nanoparticles on ZIF-8.

Firstly, the dye molecules were adsorbed by the Ag-ZIF8 and Ag-ZIF8§@CLN
composite surfaces where the photocatalytic reaction occurs. The dyes were adsorbed
by ZIF-8@CLN via three main mechanisms: (1) interaction between the functional
groups on ZIF-8@CLN and the dyes; (2) binding of the dyes to the open metal sites
over ZIF-8; (3) electrostatic interactions between the adsorbents and the dyes.

Moreover, the imidazole rings of 2-methyl imidazole have a major role on
interactions between ZIF-8 and the dyes. Their double bonds and electron-rich nitrogen
atoms could attract to the aromatic rings of the dye molecules through the n-n stacking
interaction, additionally, hydrogen atoms could be provided to hydrogen bonding (Ba
Mohammed et al. 2021). All of these interactions provided perspective how MB, MO,
CR and RhB molecules can interact with Ag-ZIF8 and Ag-ZIF8@CLN.

Obviously, the Ag-ZIF8 and Ag-ZIF8@CLN composite catalysts were
successfully synthesized through a simple doping and immobilization approach, which
acquired better photocatalytic activity than pure ZIF-8 and ZIF§@CLN in MB, MO, CR
and RhB degradation. Based on the previous characterizations, the higher photocatalytic
performance of these photocatalysts could be associated with the higher BET surface

areas, the better optical properties, the higher charge migration efficiency and well
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separation of electron-hole pairs. With respect to the specific surface area, BET analysis

2 g') was

results showed that the specific surface area of Ag-ZIF8 (383.91 m
considerably higher than Ag-ZIF8@CLN (23.49 m” g), which expressed the Ag-ZIF8
had more adsorption sites for the photodegradation process. Conversely, the
photocatalytic degradation activity of Ag-ZIF§@CLN was higher than Ag-ZIFS. It
reveals that the BET surface area was not the dominant factor influencing the
photocatalytic process.

The optical properties of Ag-ZIF8@CLN catalyst were better than that of Ag-
ZIF8 composite and pure ZIF-8 and CLN. This photocatalyst with the better optical
properties displayed the higher degradation rate. The enhanced photocatalytic
performance can be explained by the better separation efficiency of electron-hole pairs
with less carrier transport resistance. Although the ZIF-8 catalyst can be evaluated as an
insulator due to the large band gap energies, the doping of Ag on ZIF-8 increased the
charge separation efficiency (He et al. 2020).

According to XPS results, the higher binding energy at Cls spectra of Ag-
ZIF8@CLN compare to the other composite and pure materials demonstrated a loss of
electron density, which caused the formation of more active vacancies, thereby,
increased the photocatalytic activity (W. Q. Chen et al. 2019). The Ols spectra of
photocatalysts proved that the Ag-ZIF8@CLN photocatalyst involved more OIS
species with the larger peak areas. The peak corresponding to Zn-OH observed only in
Ag-ZIF8 and Ag-ZIF8@CLN spectrum. Slightly less binding energy of Ag in
composite catalysts than the bulk Ag showed the strong interactions between Ag and
ZIF-8/Z1IF8@CLN and the electron transfer from the Ag to ZIF-8 (V. A. Tran, Kadam,
and Lee 2020).

The band gap energies of 5.18 eV in ZIF-8 and 5.16 ¢V in ZIF§@CLN were
corresponding to the intra-linker excitation from the highest occupied molecular orbital
(HOMO) to the lowest unoccupied molecular orbital (LUMO) levels, defined as valence
band and conduction band, respectively. However, the charge transfer transition of ZIF-
8 is different from other semiconductors. After photo excitations, there is ligand to
metal charge transfer transition. The organic linker provides an electron to the metal
node (Chakraborty, Islam, and Acharya 2019; Yu et al. 2015). Under light irradiation,
the electrons and holes are excited on organic ligands. Then, the electrons at excited

state transfer to the zinc-nitrogen tetrahedron and convert O, to O," (Yu et al. 2015).
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Such a transition is weak in ZIF-8§ and cause to a rapid electron-hole
recombination, which is not efficient for photocatalytic degradation. To develop the
photocatalytic performance, Ag nanoparticles were anchored on ZIF-8. Although the
band gap energy of ZIF-8 was narrowed by doping with Ag, it was still not sufficient
for photodegradation under visible light region. The photocatalytic activity of the Ag-
doped ZIF-8 composite depends on both the band gap energies and hybrid nature of
conduction band edges (Chakraborty, Islam, and Acharya 2019; Yu et al. 2015). Under
UV irradiation, the interaction between ZIF-8 and Ag remarkably enhanced the charge
carrier transfer process.

The role of doping metal was to decrease the recombination rate, enhance the
transition rate of electron hole pairs and separation efficiency, and improve the stability
of the catalyst, which increase the photocatalytic efficiency (Fan, Zheng, et al. 2018).
Furthermore, doping Ag in ZIF-8 also presented the other electronic levels at the ZIF-8
band by forming the other LUMO and HOMO which can be called as interband trap
sites. Trapping of electrons by these interband trap sites also provided to reduce
electron-hole recombination in the Ag-doped ZIF-8, which improved the photocatalytic
activity (Thanh et al. 2018).

To determine the main oxidation species of Ag-ZIFS§@CLN, the different
scavengers were used in the photodegradation reaction of MB, MO, CR and RhB, to
understand the relative roles of the reactive species and explain the mechanism. The
synthesized Ag-ZIF8@CLN as the best photocatalyst was used in this analysis. The
methanol, L-ascorbic acid and disodium ethylenediaminetetraacetate (EDTA) were used
as scavengers and introduced into the reaction to trap the specific reactive species such
as hydroxyl radicals (OH"), superoxide ions (O, ) and holes (h"), respectively. The
scavengers concentration were fixed at ImM. The results in Figure 4.37 demonstrated
that the degradation efficiencies of MB, MO, CR and RhB dyes were reduced with the
presence of methanol and EDTA scavengers, while the addition of the L ascorbic acid
had no significant effect on photodegradation. Thus, O," ~ can be one of the active
species but it was not dominant specie. It was concluded that, the h” and the OH" were
the main active species at the photocatalytic degradation of the MO, CR and RhB over
the Ag-ZIF8@CLN. The h" was the main specie at the photodegradation reaction of
MB. The varying of the active species during the degradation process of different dyes

can be explained by their different energy gaps for the electron transition (Kong et al.
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2017). The proposed dye degradation mechanisms of Ag-ZIF8 and Ag-ZIF§@CLN

were summarized below.
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Figure 4.37. The active species trapping experiment.

Since the conduction band (CB) of ZIF-8 is highly negative (~ -1.0 V), the direct
electron transfer from Ag/AgCl to CB of ZIF-8 could be thermodynamically prohibited.
However, the ZIF-8 is not a perfect crystal generally and there are many defects on its
surface. These defects can act as a shallow electron trapper to adopt the excited
electrons from the Ag/AgCl, afterthat, deliver them for using in the photocatalytic
reaction (He et al. 2020).

As for the Ag-ZIF§@CLN composite, ZIF-8 was immobilized on CLN surface
through seeding method. The CLN structure can enhance the electron migration from
AgCl to Ag, and then Ag to ZIF-8 via multiple transfers on support area. The
recombination rate of electron-hole pairs could be highly reduced with the help of CLN
support. The ¢ and h” can be transferred further to the surfaces of AgCl and ZIF-8 and
they would be used in the reaction continuously. Therefore, Ag-ZIF8@CLN showed
better photodegradation activity than Ag-ZIF8. The possible reactions for the
photodegradation of MB, MO, CR and RhB dyes were given via Eq. 4.2 - 4.13 and the
schematic representation of the dyes degradation mechanism was displayed in Figure

4.38.
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Potential (V)

Figure 4.38. Proposed photodegradation mechanism of the dyes over Ag-ZIF8@CLN.

Ag-ZIF8@CLN + Dye (MB/MO/CR/RhB) —» Dye s (4.2)
ZIF8 + hy —» ZIF-8(¢'+h") 4.3)
AgCl+hv —»  AgCl(e +h") (4.4)
AgCl(e) + Ag —> AgCl+ Ag(e) (4.5)
Ag(e) + ZIF-8 —» Ag+ ZIF-§(¢) (4.6)
ZIF-8(¢) + O, — ZIF-8+ 0, (4.7)
ZIF-8(h") + HyOp4sy —» H' +OH’ (4.8)
AgCI(h") + HyOgsy —» H' + OH’ 4.9)
ZIF-8(h") + AgCl(h") + OHgsy —» OH’ (4.10)
O, "+ Dye@asy — Degradation product (4.11)
OH'+ Dyedsy — Degradation product (4.12)
h"+ Dyewssy —» Degradation product (4.13)
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Firstly, the dyes (MB, MO, CR and RhB) were adsorbed on the Ag-ZIF8@CLN
surface where the photocatalytic reactions occur (Eq. 4.2) as seen in Figure 4.38. Due to
the fact that the energy of the photon was higher than the bandgap values of ZIF-8 and
AgCl, electrons on the CB migrated to the VB forming h” and e-, respectively (Eq. 4.3
and 4.4). AgCl was excited under UV light because of its narrow band gap of 3.26 eV
(Fan, Luo, et al. 2018).

Ag nanoparticles are great electron acceptors and their Fermi level is lower than
CB of AgCl crystals, which provided to transfer of photoelectron from AgCl crystal to
the Ag nanoparticle under UV light (Eq. 4.5). Afterthat, photoelectrons swiftly moved
from Ag nanoparticles to the ZIF-8 surface, owing to the well adsorption ability and
high reducing power of ZIF-8 (Eq. 4.6) (Fan, Luo, et al. 2018; J. Liu, Li, Wang, et al.
2017). In other words, Ag nanoparticles at the surface of AgCl act as a bridge to transfer
electron to ZIF-8 surface and hindering electron hole pairs recombination significantly
(Fan, Zheng, et al. 2018). Therefore, this electron migration from Ag nanoparticles to
ZIF-8 had a significant role on the photocatalytic performance of Ag-ZIF8 and Ag-
ZIF8@CLN.

Afterthat, the electrons were taken by O, and the reactive oxygen species (0, )
were generated (Eo(Oy/ Oy ) (-0.046 e€V)) (J. Liu, Li, Wang, et al. 2017). The O, " was
formed on the ZIF-8 surface because of the more negative CB of ZIF-8 (-0.86 eV) than
AgCl (-0.09 eV) . It can be said that ZIF-8 was an oxygen activator at this process (Fan,
Luo, et al. 2018). Thereby, the oxidation of the dyes with O, ~ mostly carried out on the
ZIF-8 surface (Eq. 4.7) (J. Liu, Li, Wang, et al. 2017).

Moreover, the oxidized silver ions existing on the ZIF-8 surface were reduced to
metallic form of silver under UV light (Abdi 2020), confirmed by the XPS analysis. The
generated metallic silver would act different roles through the different location of the
system. On the AgCl surface, metallic silver plays a role as the surface plasmon
resonance (SPR) metal that affects the light-harvesting. However, metallic silver on the
ZIF-8 surface behaves as electronic medium to improve the photoinduced electrons
utilization and separation (J. Liu, Li, Hu, et al. 2017).

Simultaneously, h" remained on the AgCl crystal assisted the electron-hole
separation and hindered the electron-hole recombination. Meanwhile, the h" at the VB
of ZIF-8 and AgCl oxidized OH" groups on surface and/or reacted with H,O to form
very reactive OH' radicals (Eq. 4.8 - 4.10). Because, the VB of ZIF-8 (+4.32 e¢V) and
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AgCl (+3.17 eV) was more positive than the oxidation potentials of H;O and OH"
(Eo(H,O/OH")(+2.4 eV) and Eo(OH/OH")(+1.99 eV)) (Yalgin and Diikkanci 2022).

The O, ", OH and h" exhibited high dye degradation capability (Eq. 4.11 - 4.13)
(Fan, Luo, et al. 2018). Then, the dye molecules were subsequently degraded to CO,
and H,O by these reactive species.

As a result, the presence of Ag nanoparticles was significantly enhanced the
photocatalytic degradation efficiency. Furthermore, due to the high activity of the
reactive species, the diffusion of these reactive species into the bulk solution was hard.
Thus, only the adsorbed dyes molecules on the photocatalyst could be oxidized (J. Liu,
Li, Wang, et al. 2017). Therefore, owing to the strong adsorption capacities of Ag-ZIF8
and Ag-ZIF8@CLN for the dyes, these photocatalysts encouraged the utilization of the
reactive species for the degradation reactions.

When the adsorbed dyes were degraded, the adsorption equilibrium was broken,
and the new dye molecules transported quickly from the solution to the photocatalyst
surface. There was an adsorption-desorption process between the dyes and catalysts.
This efficient adsorption-desorption process enhanced the photodegradation
performance (Fan, Zheng, et al. 2018).

Finally, the comparison of our study with the ZIF8-based
adsorbents/photocatalysts in literature was summarized in Table 4.14. Under quite
similar conditions, the synthesized Ag-ZIF8@CLN provided high adsorption and
photocatalytic performances compared to the other ZIF8-based photocatalysts reported

in literature.
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Table 4.14.

The comparison of ZIF8-based photocatalysts' removal performances for

the target organic pollutants.

Dye Photocatalyst Dye Dye/Catalyst  Results, Result, Reference
Concentration (mg/mg) Dark ads.  Photocat.
(mg L") % degradation
(time, %
min) (time, min)
Methylene ZIF8 10 0.02 30% 82% (Jing et al.
Blue (120) (120) 2014)
Methylene TiO,@ZIF8 1.64 0.0033 22% 89% (Chandra
Blue (60) (120) et al.
2017)
Methylene Ag-ZIF8 25 0.025 50.2% 75.6% This
Blue Ag-ZIF8@CLN 54.4% 97.1% Study
(60) (120)
Methyl ZnO@ ZIF8 3.27 0.0033 20% 97% (Okte et
Orange TiO,@ ZIF8 (100) (100) al. 2017)
Methyl Ag-ZIF8 25 0.025 40.0% 98.7% This
Orange Ag-ZIF8@CLN 39.0% 98.8% Study
(60) (120)
Congo Red  AgNPs@ZIF8 1.6 0.0032 4.5% 97% (Chandra
(120) (120) et al.
2020)
Congo Red  Ag-ZIF8 25 0.025 47.9% 86.6% This
Ag-ZIF8@CLN 51.8% 91.9% Study
(60) (120)
Rhodamine  ZIF8/TiO, 10 0.02 50% 90% (Zhong et
B (60) (40) al. 2020)
Rhodamine  ZIF8@Zeolite A 10 0.01 16.6% 95.5% (Du et al.
B (30) (60) 2017)
Rhodamine  CulnS,@ZIF-8 4.8 0.024 31% 91% (Liu et al.
B (30) (60) 2019)
Rhodamine  Ag-ZIF8 25 0.025 63.8% 92.7% This
B Ag-ZIF8§@CLN 51.4% 97.2% Study
(60) (120)
Tetracycline  Cu,O/ZIF-8 50 0.125 38% 84% (Zhou et
(60) (120) al. 2022)
Tetracycline  Fe;O4,@PDA- 20 0.16 93% - (Sheng et
ZIF-8 (360) al. 2022)
Tetracycline  ZIF8 50 0.05 93.8% 94.0% This
ZIF8@CLN 97.1% 97.4% Study
(360) (120)
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CHAPTER 5

CONCLUSION

In summary, ZIF-8, ZIF-8@CLN, Ag-ZIF8 and Ag-ZIF8@CLN
adsorbents/photocatalysts were successfully synthesized and their adsorption and
photocatalytic degradation performance were investigated for the organic pollutants
such as various dyes (Methylene blue, Methyl orange, Congo red and Rhodamine B)
and antibiotics (Tetracycline). Various characterizations, including XRD, ATR-IR,
SEM-EDX, BET, UV-DRS, TGA, PL and XPS were performed to determine their
structure, composition, morphology, stability, textural properties and optical properties.

The adsorption capacities of MB, MO, CR and RhB were higher than 96 % by
using ZIF-8 and ZIF-8@CLN at optimum conditions within 100 min. The ZIF-8
adsorption process was suitable to the Redlich Petterson isotherm model for MB,
Langmuir-Freundlich isotherm model for MO and CR, and Langmuir model for RhB.
The ZIF-8@CLN adsorption datas followed to the Langmuir-Freundlich model for the
MB, MO and CR dyes and Langmuir model for RhB dye. Kinetics results fitted better
with pseudo second order kinetics model. Thermodynamic analysis demonstrated that
MB adsorption by these adsorbents was endothermic and MO, CR and RhB adsorption
were exothermic, all adsorption processes were spontaneous. The regenerated ZIF-8 and
ZIF-8@CLN adsorbents indicated more than 82% and 67% removal efficiencies
respectively, after four consecutive cycles.

The synthesized ZIF-8 and ZIF-8@CLN were also used for the TC removal
from aqueous solution. The Langmuir-Freundlich isotherm model was the best fitted to
the TC adsorption data of ZIF-8 and ZIF-8@CLN with the maximum adsorption
capacities of 63.0 + 6.1 and 64.57 + 5.0 mg g'. It is obvious that ZIF-8 and ZIF-
8@CLN are efficient adsorbents to eliminate TC from aqueous solutions.

Compared to pure ZIF-8 and ZIF-8@CLN, the presence of Ag nanoparticle
enhanced the photocatalytic performance significantly for degradation of the dyes.

Thanks to the high surface area and strong adsorption ability of ZIF-8, the dyes
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molecules easily diffused and interacted on ZIF-8-based catalyst surface. The Ag
nanoparticles enhanced the optical properties, and improved the separation efficiency of
electron hole pairs. The influence of some reaction parameters, such as pH,
photocatalyst amount, and initial dye concentration, were investigated. The highest
photocatalytic performance of the synthesized catalysts was achieved at the pHs of 11,
4, 4, 8, and by using 0.08 g of photocatalyst for MB, MO, CR and RhB, respectively.
The initial rate of a reaction method and Langmuir-Hinshelwood model were used to
explain reaction kinetics. The reaction order, n was varied between 0.564 and 0.984
considering four dyes and four catalysts. Langmuir-Hinshelwood kinetic model was
also competent to the experimental kinetic data.

Due to the high adsorption potential, ZIF-8 and ZIF-8@CLN are one of the
promising candidates for elimination of organic pollutants such as cationic and anionic
dyes and antibiotics from wastewater. Additionally, the novel ZIF-8@CLN composite is
efficient, more practicable and cheaper adsorbent compare to pure ZIF-8, thus, it is
promising for the treatment of textile and pharmaceutical wastewater. The synergetic
effect of each ZIF-8, CLN and Ag nanoparticle were observed in the photodegradation
study. Therefore, the novel Ag-ZIF8@CLN photocatalyst can be potentially used in

similar catalytic applications.
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Figure A.1. (a) MB adsorption by ZIF-8@CLN, (b) MB adsorption by ZIF-8, (¢) MO
adsorption by ZIF-8@CLN, (d) MO adsorption by ZIF-8 for four
consecutive cycles. Experimental conditions: volume of dye solution=40
ml; MB (Co= 10 mg L'l, mzrpg=1 g L'l, pH= 10); MB (Cp= 12.5 mg L'l,
mzirs@cin=0.75 g L', pH= 10); MO (Co= 10 mg L', mzps=1.25 g L™,
pH: 4), MO (C(): 10 mg L-l, mZIF_g@CLNZI.S g L-l, pH: 4)
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Figure A.2. (a) CR adsorption by ZIF-8@CLN, (b) CR adsorption by ZIF-8, (c) RhB
adsorption by ZIF-8@CLN, (g) RhB adsorption by ZIF-8. Experimental
conditions: volume of dye solution=40 ml; CR (Cy= 30 mg L'l, myzr.s=0.5
g L_l, pH: 4), CR (C(): 20 mg L_l, mz]F_g@CLNZO.S g L_l, pH: 4), RhB (C():
10 mg L', myps=0.75 g L', pH= 8); RhB (Co= 10 mg L', myp.

8@CLN:1‘25 g L-l, pH: 8)
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Table A.1. Effect of pH for ZIF-8 and ZIF8@CLN. (Experimental conditions: pH
range=4-11, Mcatalyse=0.04 g, Co= 25 mg L'l)

ZIF-8 ZIF8§@CLN
pH Dark Total Removal Dark Total Removal
Adsorption (Ads+Photodeg) Adsorption (Ads+Photodeg)
(%) (%) (%) (%)
MB 4 45.7 53.8 51.2 65.6
8 53.9 60.7 60.0 74.7
11 59.7 67.9 80.4 95.5
MO 4 74.2 81.8 44.8 53.0
8 66.5 71.6 30.7 37.0
11 51.5 57.3 24.7 29.2
CR 4 98.6 98.7 91.7 98.3
8 95.0 97.5 83.1 87.0
11 53.2 57.6 41.0 45.2
RhB 4 65.1 71.6 64.8 70.7
8 73.0 81.2 72.4 80.3
11 65.8 73.1 64.3 70.8

Table A.2. Effect of photocatalyst amount for ZIF-8 and ZIF8@CLN. (Experimental
conditions: catalyst amount range m= 0.01-0.08 g, Co = 25 mg L, pH
(MB)=11, pH (MO)=4; pH (CR)=4, pH (RhB)=8)

ZIF-8 Z1IF8@CLN
m Dark Total Removal Dark Total Removal
(2 Adsorption  (Ads+Photodeg) Adsorption (Ads+Photodeg)
(%) (&) (%) (%)
MB 0.01 413 51.1 54.8 64.8
0.04 59.7 70.8 80.4 90.5
0.08 68.0 81.0 86.9 97.9
MO 0.01 320 37.2 22.5 25.2
0.04 742 79.5 44.8 49.8
0.08 86.6 92.1 75.9 81.2
CR 0.01 917 92.1 90.2 91.6
0.04 98.6 98.7 97.7 98.9
0.08 974 98.3 95.2 97.7
RhB 0.01 564 62.5 53.1 58.5
0.04 73.0 79.6 72.4 78.8
0.08 854 93.5 83.2 90.2
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Table A.3. Effect of initial dye concentration for ZIF-8 and ZIF§@CLN. (Experimental
conditions: dye conc. range Cy= 5-35 mg L'l, Meatalys=0.04 g, pH (MB)=11,
pH (MO)=4; pH (CR)=4, pH (RhB)=8)

ZIF-8 ZIF8@CLN
G Dark Total Removal Dark Total Removal
(mg  Adsorption (Ads+Photodeg) Adsorption (Ads+Photodeg)
L) (%) (%) (%) (%)
MB 5 88.7 924 90.6 99.2
15 67.1 72.9 83.7 93.7
25 59.7 64.5 80.4 90.5
35 51.6 58.0 76.6 88.1
MO 5 87.4 95.4 77.8 84.7
15 83.7 90.7 53.2 60.0
25 77.9 79.5 44.8 49.8
35 70.6 773 393 44.9
CR 5 97.6 98.0 97.3 97.8
15 97.8 98.2 97.8 98.3
25 98.6 98.7 97.7 98.3
35 88.7 91.1 67.5 69.3
RhB 5 93.2 99.0 92.2 97.0
15 85.5 90.4 76.1 80.1
25 73.0 79.6 72.4 78.8
35 65.4 71.6 65.6 72.0
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