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ZIF-8/Activated carbon (AC) composite was synthesized by heating plate method. 
Morphology and structural properties of the material were examined with Scanning electron 
microscopy (SEM), X-ray diffraction (XRD) and Fourier Transform Infrared spectroscopy 
(FTIR). Adsorptive properties of ZIF-8/AC were evaluated by the adsorption isotherm and 
kinetics for removal of tetracycline hydrochloride (TCH) and diclofenac sodium (DCF). 
Effect of pH and point of zero charge of the composite were determined. Adsorption of 
tetracycline hydrochloride by ZIF-8/AC was fit with Freundlich adsorption model, while 
adsorption of DCF showed better fit with Langmuir isotherm model. Kinetics of adsorption 
followed pseudo-second-order kinetic model. Suggested mechanisms of adsorption are p-p 
interactions and hydrogen bond formation. Photocatalytic experiments showed that ZIF-
8/AC performed photoactivity under visible light irradiation with 80% TCH degradation. 
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SYMBOLS AND ABBREVIATIONS 

 

Roman characters 

C equilibrium concentration  [mg L-1] 

m mass of the adsorbent  [mg] 

q adsorption capacity  [mg g-1] 

r revolutions per minute  [rpm] 

R removal efficiency  [%] 

t contact/irradiation time  [min] 

T temperature   [ºC] 

V  volume    [L] 

Greek characters 

λ wavelength   [nm] 

 

Constants 

k isotherm adsorption constant [L mg-1], [mg g-1 (mg L-1) -1/n] 

 kinetic adsorption constant  [min-1], [g mg-1min-1] 

 

Dimensionless quantities 

1/nF heterogeneous factor 

 

Subscripts 

1 pseudo-first-order 

2 pseudo-second-order 

e equilibrium 

F Freundlich 

L Langmuir 

m maximum 

t time 

 

 

Abbreviations 

AC Activated carbon 
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AOP Advanced oxidation process 

ARG Antibiotic resistance genes 

CAS Conventional activated sludge 

CB Conduction band 

DCF Diclofenac-sodium 

EC Emerging contaminant 

EDS Energy-dispersive X-ray spectroscopy 

FTIR Fourier transform infrared spectroscopy 

MIM 2-methylimidazole 

MOF Metal-organic-framework 

NSAID Nonsteroidal-anti-inflammatory drug 

OECD Organisation for Economic Co-operation and Development 

PEG Polyethylene glycol 

SEM Scanning electron microscopy 

TC Tetracycline 

TCH Tetracycline hydrochloride 

UN United Nations 

UV Ultraviolet 

VB Valence band 

WHO World Health Organization 

WWTP Wastewater treatment plant 

XRD X-ray powder diffraction  

ZIF Zeolitic imidazolate framework 
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1  Introduction 

The current master’s thesis is devoted to application of microporous metal-organic 

frameworks (MOFs) as adsorbent materials for removal of pharmaceutical compounds from 

aqueous solutions. The subject of the work is the process of adsorption of diclofenac sodium 

and tetracycline hydrochloride compounds by the composite zeolitic imidazolate framework 

(ZIF-8) synthesized on activated carbon (AC). The aim of the work is investigation of ZIF-

8/AC properties as adsorbent and photocatalyst for water purification from the target 

pollutants. The thesis consists of literature review and experimental part. The aim of the 

literature review is to highlight the problem of contamination of water systems by 

pharmaceuticals, methods of removal and application of MOFs in pharmaceutical treatment. 

 

The thesis is connected to a larger project which is focusing on MOF materials for different 

applications such as water purification, antibacterial properties, and metal recovery. 

 

After the introduction in chapter 2 water pollution with pharmaceutical compounds, their 

pathways to water systems and adverse effects on living organisms are discussed. In chapter 

3 methods of removal of pharmaceutical contaminants from water are highlighted. Chapter 

4 introduces materials and methods used in the current work. In chapter 5 results of the thesis 

are performed and discussed.  
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2  Water pollution with pharmaceuticals. 

Wide use and disposal of chemical products resulted in their ubiquitous occurrence in the 

environment. Presence of pharmaceuticals was detected in waters all over the world. 

Reasons of water pollution with pharmaceuticals, their pathways to water bodies, 

toxicological effect on living organisms and methods of removal are discussed in the current 

chapter. 

 

2.1  Background of the problem  

“ Water is the driving source of all nature ” (Pfister et al. 

2009) 

 

Water is an essential source providing life to the whole Planet. Human health and 

environmental protection are dependent on water quality, the crucial parameter which has 

received increasing attention over the last ten years (WHO). In 2015 the United Nations 

conducted the Agenda for Sustainable Development establishing water-quality related 

targets focusing on availability of safe drinking water, reduction of dump pollution and 

untreated wastewater (UN, 2015). Water quality is affected by many factors, among which 

overpopulation, climate change, industrialization and urbanization are the most significant 

as well as “chemization” of the environment with industrial contaminants, mostly pesticides 

and pharmaceuticals, that jeopardizes the wellbeing of all natural ecosystems (König et al. 

2017, Wolfram et al. 2021).  

 

There are various contaminants presenting in wastewaters among which pharmaceuticals 

have become an alarming issue due to their bioactive and toxic nature. Pharmaceuticals are 

substances performing biological activity that are used for prevention and treatment of 

animal and human diseases (Boxall et al. 2012). Global pharmaceutical market revenue has 

increased over 200% from 2001 to 2020 and is currently growing since revenue in global 

spending on medicines is expected to rise from 1265.2 to 1595 billion US dollars by 2025 

(Statista). Eventually, larger pharmaceutical product consumption will lead to increased 

disposal, causing environmental pollution. 
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Overuse of drugs along with antimicrobial agents is a global problem that occurs mostly in 

countries with developing healthcare systems where the access to prescribed medicine has 

less control (Jovanovic et al. 2021, Kookana et al. 2014). Self-medication and availability of 

antibiotics over-counter leads to disposal of excess amount of such to sewage systems and 

dump settings from where they escape to the environment (Jovanovic et al. 2021). Since 

monitoring of pharmaceuticals in the environment is scarce, they are considered as emerging 

contaminants potentially harmful for nature and human health (Bandala et al. 2021, 

Rosenfeld and Feng, 2011).  

 

Pharmaceutical product impact on the environment has been questioned for a long time. 

Already in 1999 the problem of pollution caused by pharmaceuticals and personal care 

products has gained increased attention by scientists (Daughton and Ternes, 1999).  The 

main concern about medicine is related to their persistent nature, toxicity, and ability to 

interact with other emerging contaminants. Toxicological effects of pharmaceuticals on 

ecosystems include bioaccumulation in living organisms, development of antibiotic 

resistance genes (ARG) in bacteria and formation of hazardous metabolites and by-products 

(Wang et al. 2021(b)). For instance, exposure of such common nonsteroidal-anti-

inflammatory drugs (NSAIDs) as diclofenac, naproxen, ibuprofen and ketoprofen resulted 

in cellar damage and photosynthesis reduction in aquatic plants (Wang et al. 2020 (b)), and 

physiological abnormalities and disfunction in reproductive system in fish and mussel 

species (Diniz et al. 2015, Parolini et al. 2011, Xu et al. 2019).  

 

Another frequently prescribed class of pharmaceuticals is antibiotics. Antibiotics are 

antimicrobial agents used in clinical applications for bacterial infections treatment in humans 

and animals either by destroying bacteria cell or inhibiting bacterial growth. Along with 

clinical applications large part of antibiotics is used in animal farming and aquaculture for 

treatment and prophylaxis of infections and for growth promotion in food-producing animals 

(Jovanovic et al. 2021, Tamminen et al. 2011). Due to their bactericidal properties antibiotics 

can affect microbial community via elimination of some bacterial strains or development of 

antibiotic resistant bacteria that results in interruption of natural biochemical cycles in soil 

and water (Grenni et al. 2018). Formation of antimicrobial resistance in bacteria and 

development of ARG leads to suppressed efficiency of antimicrobial agents, and therefore 
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the increase in burden of infections among the human population. According to EARS-Net 

data collected and analyzed by Cassini and co-workers in 2015, 671689 cases of infections 

with antimicrobial resistant bacteria were estimated with over 33 000 deaths attributed.  

Though the assessment of deposit of antibiotics to formation of antimicrobial resistance 

genes is challenging due to its multidimensional nature and differences related to clinical 

and microbiological settings of the subject (Jovanovic et al. 2021), the development of ARG 

in bacteria is considered as an emerging global problem threatening human health that makes 

antimicrobial medicines ineffective. 

 

2.1.1  Pathways for occurrence of pharmaceuticals in water bodies 

Common pathways for occurrence of pharmaceutical compounds in waters are illustrated 

in Figure 1. and include wastewater effluents from pharmaceutical industries and medical 

facilities, farms and households, wastewater treatment plants and individual septic systems, 

and runoff from fields (Larsson. 2014, Parida et al. 2021, Pena et al. 2010). 

 

 
Figure 1. Pathways for pharmaceutically active compounds entering freshwater and 

terrestrial systems (OECD, 2019). 
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Once consumed, the pharmaceutical products are disposed directly as solid waste or enter 

sewerage systems in pristine or not completely metabolized form excreted with urine and 

feces. Animal manure containing medicine residues is another source of pharmaceutical 

compounds that are fleeing to waters through runoff, as well as through the runoff from 

landfill sites and dumps. Wastewater from households and medical facilities as well as 

industrial wastewater is collected at WWTPs, where the removal rate of pharmaceuticals 

depends on the methods of treatment (Daughton and Bryan, 2011). The most of conventional 

WWTPs do not manage complete removal of drugs (Bijlsma et al. 2021, Su et al. 2021) 

hence the pharmaceutical residues are released with effluents to surface waters (Loos et al. 

2013, Parolini 2020). It was established that in general conventional methods of treatment 

can remove about 60% of emerging contaminants from wastewater, which means that the 

rest is discharged to water systems (Parida et al. 2021). 

 

Various pharmaceutical compounds were obtained in aquatic systems globally (aus der Beek 

2015, Zhou et al. 2019). Several therapeutic groups of pharmaceutical contaminants such as 

analgesics, estrogens, antibiotics, antiepileptics and lipid-lowering drugs were obtained in 

waters worldwide, among which analgesics and antibiotics were the most frequently 

occurred (aus der Beek et al. 2016). Overall, 631 pharmaceutical compounds were found in 

71 countries (aus der Beek et al. 2016). The analysis of presence of medicine in European 

surface waters showed that 243 pharmaceuticals were detected in concentration exceeding 

limiting. Several pharmaceutical groups were obtained among which antibiotics and anti-

inflammatory drugs were the most frequently occurring (Zhou et al. 2019). Therefore, 

members of these groups namely diclofenac drug and tetracycline antibiotic were selected 

for the current work as target pollutants. 

 

2.1.2  Diclofenac (DCF) 

Diclofenac (DCF) is classified as a NSAID used for pain relief and reduction of 

inflammation at arthritis conditions. (Lonappan et al. 2019) It was discovered in 1973 by 

Swiss company Ciba-Geigy (now Novartis) with chemical name 2-(2,6-

dichloranilino)phenylacetic acid. Molecular structure and properties of diclofenac are 

presented in Figure 2. 
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Molecular formula C14H11Cl2NO2 

Molecular weight 296.16 g mol-1 

CAS no. 15307-86-5 

pKa 4.15 

log Kow 4.51 
 

Figure 2. Molecular structure and properties of diclofenac drug ( 
www.drugbank.ca, www.pubchem.ncbi.nlm.nih.gov) 

For enhanced solubility and absorption in human body DCF is usually used in a form of 

potassium or sodium salt. After consumption DCF undergoes degradation to hydroxylated 

and methoxylated derivatives, that are excreted through urine. Metabolites of diclofenac are 

considered to pose environmental impact due to possible reactions with other emerging 

contaminants with unknown toxicological effect. Moreover, studies on aquatic organisms 

showed that in comparison to pristine DCF its metabolites pose higher levels of acute 

toxicity (Fu et al. 2020). 

One of the most notorious cases of environmental damage by diclofenac exposure is known 

as “Indian vulture crisis”. In years 1992–2007 the rapid decrease in population of three 

species of vultures was observed in Southern Asia region including Pakistan, Nepal, India, 

and Bangladesh (Prakash et al. 2012). Diclofenac residues in cattle carcasses were consumed 

by the birds which caused renal failure and became the main reason for decline in the species 

population (Lonappan et al. 2019). 

Hydrophilic and stabile in aqueous media diclofenac tends to persist in water and was 

included on the list of five the most frequently detected pharmaceuticals along with 

ibuprofen, carbamazepine, naproxen, and sulfamethoxazole. The substance was found in 

waters of 50 countries within concentration range from 0.02 to 0.2 µg L-1. Particularly in 

Finland the drug was detected in Haapajärvi and Päijänne lakes with concentrations of 302 

ng L-1 and < 500 ng L-1, respectively (Lindholm-Lento et al. 2016). 

Number of published works documented adverse effects of diclofenac exposure in living 

organisms (Table 1). For instance, effect of DCF at environmental concentrations resulted 

in accumulation, biochemical disfunction and tissue damage in Rainbow trout, as well as 

oxidative stress in mussels and algae. 
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Bácsi and co-workers (2016) studied effect of several NSAIDs on species of cyanobacteria 

and eucaryotic algae and compared results of laboratory and field studies. Particularly, 

diclofenac exposure in concentration of 0.1 g L-1 caused growth inhibition in both types of 

organisms. The authors urged to pay attention to the fact that nevertheless both organisms 

suffer growth inhibition, cyanobacteria showed better tolerance towards studied drugs than 

eucaryotic algae, which means that at certain condition in the environment these bacteria can 

prevail in mass production over the algae species. 

 

Another effect of DCF exposure to some algae species is a hormesis phenomenon that was 

observed by number of authors. For instance, study by Zhang and co-workers (2019) showed 

that at concentration less than 10 mg L-1 DCF stimulates growth and has positive effect on 

function, structure, and enzyme activity of C. pyrenoidosa, meanwhile at concentrations over 

100 mg L-1 the negative effect was observed. 

 

2.1.3  Tetracycline (TC) 

Tetracycline (TC) is a broad-spectrum antibiotic effectively applied both for medical and 

agricultural purposes. It is produced by Streptomyces bacteria and belongs to a class of 

antibiotics tetracyclines, that contain its derivatives such as chlortetracycline and 

oxytetracycline. TC effectively works against Gram-positive and Gram-negative bacteria 

inhibiting protein synthesis in cells of both. Only part of the antibiotic is absorbed in human 

body, meanwhile from 70% to 80% of TC is excreted (Lundstrom et al. 2016). TC was 

detected in different water systems including wastewaters, surface waters, groundwaters, 

drinking waters as well as in sediments and activated sludge (Xu et al. 2021). Highly soluble 

in water (0.231 g L-1) and owning low octanol-water partition coefficient (log	𝐾!" =

−1.37) TC performs hydrophilic nature and tends to persist in water media (Daghrir and 

Drogui, 2013). In aqueous solution TC presents in its protonated forms, fraction of which 

depends on pH (Gu et al., 2007) (Figure 3). 
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Figure 3. Structure (a) and species distribution (b) of TC depending on pH (Gu et al. 2007). 

The exposure of TCs enhances the development of ARG in bacteria (Bryskier, 2005) and 

causes acute or chronical toxicity in living organisms, particularly aquatic, such as fish, 

mussels, and algae. Adverse effects of TC exposure on aquatic organisms are listed in 

Table 1. 

 

Table 1. Adverse effects of pharmaceutical contaminants on aquatic organisms 

Pollutant Organism Effect Exposure 
concentration Reference 

Diclofenac 

Rainbow Trout Oncorhynchus 
mykiss 

Bioaccumulation, 
tubular necrosis in 

the kidney, 
hyperplasia and 

fusion of the villi 
in the intestine 

0.5–25 µg L-1 
 

1.7 µg L-1 

Mehinto et 
al. 2010; 

 
Kallio et al. 

2010 

Blue mussel Mytilus edulis 
 

Zebra mussel Dreissena 
polymorpha 

 

Oxidative stress to 
gills, affected key 

structural, 
metabolic and 
stress-response 

proteins, 
negative effect on 
immune response 

1 mg L-1 

Jaafar et al. 
2015; 

 
Schmidt 

et al. 2014; 
 

Quinn et al. 
2011 
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Table 1. Adverse effects of pharmaceutical contaminants on aquatic organisms 

(continuation) 

Pollutant Organism Effect 
Exposure 

concentration 
Reference 

Diclofenac 

Algae Chlamydomonas 
reinhardtii 

 
 

Oxidative stress, 

photosynthesis 

and growth 

inhibition 

135 mg L-1 

Majewska et al. 
2021; 

 
Harshkova et al. 

2021; 

Invertebrate Hyalella 

azteca 

Bioaccumulation, 

inhibited synthesis 

of prostaglandin, 

affected carnitine 

shuttle pathway 

10 and 100 µg 

L-1 
Fu et al. 2021 

Tetracycline 

Microorganism: Stentor 
coeruleus and Stylonychia 

lemnae 
 

Cell damage, 

growth inhibition, 

inhibition of 

antioxidant 

enzyme activity 

60–270 mg L-1 

and 10–70 mg 

L-1 

Wang et al. 2020 

(a) 

Aquatic insect: 
Chironomus riparius 

 

Oxidative stress, 

ecdysone 

mimicking 

2, 20, 200 µg 

L-1 
Xie et al. 2019 

Zebra fish Danio rerio 
 

Induced 

malformation, 

reduced body 

length in larvae 

20 µg L-1 
Zhang et al. 

2015 

 

Another key concern about tetracycline antibiotic is the ability to form complex compounds 

with different metal ions that are stable in water. Functional groups in its structure undergo 

either protonation or deprotonation process at different pH values, which makes it possible 

for the substance to interact with various metal ions such as Cu, Zn, Cd, Co and other 

(Pulicharla et al. 2017). 
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3  Removal of pharmaceuticals from water 

 
 
Treatment methods applied at conventional WWTPs are not efficient enough for removal of 

some emerging contaminants, including pharmaceuticals (Parida et al. 2021). Depending on 

the operating conditions, system design and type of contaminant, removal rate of such varies 

significantly. For example, in the study by Rosal et al. (2010) the removal of target 

pharmaceuticals such as analgetic, antibiotics and β-blockers by activated sludge process 

from mixture of industrial and domestic wastewaters in Madrid, Spain resulted in less than 

20%. Overall, 50%–60 % removal for ECs by conventional treatment methods is achieved, 

and for that reason combined systems of treatment are required (Lancheros et al. 2019, Parida 

et al. 2021). 

 

According to literature, removal of DCF by conventional methods is not effective enough 

(Lonappan et al. 2016, Tran et al. 2017). Depending on operating conditions, treatment of 

the drug by conventional activated sludge (CAS) varies from less than 25% removal (Martín 

et al. 2012, Alessandretti et al. 2021) to 75% (Kimura et al. 2005). Similarly, conventional 

biological treatment does not perform very high efficiency towards DCF resulting in 65%–

75 % (Gomez et al. 2007, Lonappan et al. 2016, Samaras et al. 2012). Combination of 

conventional methods with tertiary treatment can enhance the purification rate. For example, 

CAS with following UV treatment resulted in over 80% removal of DCF (Behera et al. 

2011).  

 

In case of TC removal by conventional biological treatment does not exceed 40% (Topal 

and A. Topal, 2015), whereas tertiary treatment can significantly improve the purification 

(Ben et al. 2018). For example, treatment system combining oxidation ditch and UV resulted 

in over 80% removal efficiency (Zhou et al. 2013). Therefore, efficient removal of 

recalcitrant pollutants demands for advanced treatment. 

 

Various methods of tertiary treatment are applied for DCF and TC removal from wastewater, 

including AOPs (Fenton, ozonation, photolysis), membrane filtration, reverse osmosis, and 

adsorption (Alessandretti et al. 2021, Gopal et al. 2020). Compared to adsorption AOPs 
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disadvantage is in generation of chlorinated and oxidative by-products, while membrane 

filtration is limited due to pore size of membranes, fouling and high energy and maintenance 

costs. Hence costs, relatively simple design and operation, and the absence of toxic by-

products make adsorption more attractive and efficient method (Grassi et al., 2012). 

One of the essential issues in adsorption is the choice of adsorbent material. Various 

microporous inorganic materials including AC (Zhou et al. 2021), zeolites (Wang and Peng, 

2010, Martucci 2012, Salmankhani et al. 2021), clays, biochar, chitosan (de Andrade et al. 

2018) have been successfully used for ECs removal from water. Compared to other 

adsorbents such as zeolites and AC, MOFs demonstrate superior porosity and surface area 

that make them potentially efficient adsorptive material (Adesina Adegoke et al. 2020, 

Ahmed and Jhung, 2017). The comparative studies showed better adsorption capacity of 

MOF for selected ECs than conventional adsorbents such as zeolites and activated carbon 

(Ramanayaka et al. 2019). Moreover, variation of choice of organic and inorganic 

constructive parts and methods of synthesis make it possible to create structures for specific 

targets. MOFs have demonstrated effective adsorption capacities that approved their 

implementation in water and wastewater treatment. 

3.1  Metal-organic frameworks (MOFs) 

Demand for more developed materials, compared to zeolites brought the science forward 

aiming to find suitable structures. Starting in early 1995 since their first development metal-

organic frameworks, abbreviated as MOFs, have been paid attention by scientific community 

because of their tunable structural and chemical properties (Baumann et al. 2019). In 

comparison to inorganic microporous materials, organic units in MOFs composition made 

them more flexible and available for design control (Yaghi et al. 1999). Owning attractive 

characteristics such as large surface area and high porosity MOFs found their 

implementation within a wide range of applications from adsorption and energy storage to 

biomedicine (Cheng et al. 2020).  

 

First the term MOF was coined by professor Omar Yaghi (Yaghi et al. 1995). However, 

definition of MOF varies in literature. Conflicts related to terminological usages of the 

developed material took place and created misunderstandings and confusion about the 

subject (Batten et al. 2012). Depending on the field of chemistry scientists use either one or 
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another term which causes certain difficulties in search (Batten et al. 2012). Such terms as 

hybrid inorganic–organic materials, coordination polymer, porous coordination polymer and 

coordination network are widely used in definition of MOFs (Zhou and Kitagawa, 2014). In 

2013 the IUPAC research group provided clear definitions of all three terms in their report 

where MOF was defined as follows: “A Metal-Organic Framework, abbreviated to MOF, is 

a Coordination Polymer (or alternatively Coordination Network) with an open framework 

containing potential voids.” (Batten et al. 2013). 

 

Seth and Matzger, (2017) in their review pointed out differences that let distinguish between 

MOFs and other materials based on differences in properties such as chemical composition, 

crystallinity, dimensionality, porosity and robust framework.  

 

Summarizing definitions presented in literature, MOFs can be described as highly ordered 

porous structures that comprise of metal cations and organic ligands connected with each 

other by coordination bonds with formation of crystalline network. Potentially endless 

variations of choice of construction units and reaction conditions affect the pore size and 

make it possible to design structures for specific applications (Poole, 2020). 

One of crucial parameters for adsorbents is their stability in aquatic environment. Number 

of MOFs were reported as water stable and applied as adsorbents for water purification. Such 

include: (1) Zeolitic imidazolate frameworks (ZIFs) comprising transit metal nodes and 

imidazole units (ZIF-8 (Zn) and ZIF-67 (Co)); (2) MIL (Materials Institute Lavoisier) 

comprising trivalent metals and carboxylate linkers (MIL-100 (Cr, Fe), MIL-101 (Cr, Fe, 

Al), MIL-53 (Cr, Al)) (Pettinari et al. 2017); (3) Zr-based MOFs UiO-66 (University of Oslo) 

and their derivatives. Implemented for treatment of different pollutants MOFs adsorption 

performance has been improved with addition of functional groups and doping with other 

metals. Due to high chemical, thermal and water stability, high porosity and developed 

surface area, the abovementioned groups of MOFs have been investigated as adsorbent 

materials in water treatment. 
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3.1.1  Zeolitic imidazolate frameworks (ZIFs) 

Zeolitic imidazolate frameworks (ZIFs) are a class of MOFs that consist of transit metal ions 

such as zinc and cobalt, and imidazolate linkers. Zinc (II) ions are connected to imidazolate 

ions via N atoms with formation of Zn(im)4 tetrahedrons that form a 3D assembly structure 

(Figure 4 (a)). Since the angle between M-Im-M complex is close to Si-O-Si angle (145°) in 

zeolites, structure of ZIF performs analogous topologies as in zeolites (Chen et al. 2014, 

Park et al. 2006). Discovered in 2006 the material has been paid attraction by scientific 

community that results in development of a wide variety of ZIF structures that found 

applications in different fields (Phan et al. 2009).  

 

 
Formula: C8H10N4Zn 

Structure and topology Cubic, sod 

Pore window size: 2.6 Å 

Pore size: 11.6 Å 

Geometric surface area: 1947 m2 g-1 

Apparent BET surface area: 1300-1800 m2 g-1 

Properties: Highly water stable, highly 

hydrophobic, small pore adsorbent, flexible, 

molecules larger than the pore window can be 

captured 
 

Figure 4. (a) Structure and properties of ZIF-8: Zn (polyhedral), C (sphere), (b) the bond 
angle in ZIF-8 and zeolites. M is metal, IM is imidazole. (Burrows, 2017, Park et al. 2006) 

Attractive properties superior to conventional zeolites such as chemical stability in organic 

and water solutions, thermal stability at temperatures up to 500° C, high specific surface area 

of 1500–2500 m2 g-1, better interaction with organic polymers, and opportunity of 

functionalization with various organic units give ZIFs materials a potential for different 

applications including adsorption and catalysis (Chen et al. 2014, Dai et al. 2021). Due to 

large pore size ZIF-8 can be used as a catalyst holder, meanwhile its functional groups can 

(a) 

(b) 
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perform catalytic activity transferring absorbed light from organic linker to the metal cluster. 

Nevertheless, pristine ZIF-8 has a few drawbacks which include aggregation of particles in 

water, difficulty of regeneration and poor response to visible light (Dai et al. 2021) due to 

large band gap (4.90–5.18 eV) that limits its photoactivity (Zhou et al. 2022). Thus, 

modification of ZIF-8 with other materials is quite common. In water treatment ZIFs and its 

derivatives are applied for removal of various contaminants including pharmaceuticals, 

synthetic dyes, and heavy metals (Yuan et al. 2019). 

Number of studies were investigating the adsorptive removal of TC from water solutions by 

ZIFs and its composites (Ahmadi et al. 2021, Dehghan et al. 2019, Li et al. 2019, Yang et al. 

2021, Zhang et al. 2021(b)). Dehghan and co-workers (2019) studied the adsorptive removal 

of TC by eight synthesized ZIFs with different morphology. Co-based ZIF-67 samples were 

modified with -NO3, -Cl, -SO4, -OAC (acetate) groups along with ZIF-8 synthesized with 

different structures (cubic, leaf, cuboid, octahedron). As a result, 93.7% removal efficiency 

was achieved by ZIF-67-OAC and 71.9% for cuboid ZIF-8. Electrostatic interactions, π - π 

interactions and hydrogen bond formation between polar TC groups and groups in MOF 

content were suggested as adsorption mechanisms (Dehghan et al. 2019).  

 

Table 2. Zeolitic imidazolate frameworks for adsorptive removal of TC and DCF 

MOF Pollutant 
Removal 
efficiency 

[%] 

Maximum 
adsorption 

capacity 
[mg g-1] 

Suggested 
mechanism 

of adsorption 

Method of 
synthesis Reference 

ZIF-8  
and 

ZIF-8 with 
PDDA 

TCH - 
56.9 
and 

134.8 

coordination bonds, 
electrostatic 

attraction, π-π 
stacking, hydrogen 
bonding, effect of 

pore-filling 

Room 
temperature 

stirring 

Zhang et 
al. 

2021(b) 

ZIF-8 
TC 

 
OTC 

90.7 
 

82.5 

303.0 
 

312.5 
π-π interactions 

Room 
temperature 

stirring 

 
Li et al. 

2019 
 

AC@ZIF-8  TC 90.5 35.64 

electrostatic 
interactions, hydrogen 

bonding,  
π-π interactions 

Drop by 
drop/ Room 
temperature 

Ahmadi et 
al. 2021 

Fe-doped 
ZIF8 TC - 867 

surface complexation, 
electrostatic 

interaction, π-π 
interaction and 

hydrogen bonding 

Precipitation 
method 

Yang et 
al. 2021 
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Purification of water from TC by ZIF-8 and its composites via adsorption and photocatalytic 

degradation was studied under different conditions. Li and co-workers (2020) synthesized 

ZIF-8@TiO2 by hydrothermal method. The material performed enhanced adsorptive and 

photocatalytic properties. TC removal rate was 90% within 40 min of irradiation under 

simulated sunlight. Beni et al. (2020) prepared ZIF-8 combined with polyoxometalate 

decorated with Au nanoparticles. The structure was denoted as ZIF-8@PTA@AuNP and 

showed effective (about 86%) degradation of TC antibiotic under UV-irradiation. Yuan et 

al. (2021) studied photodegradation of TC under visible light by graphite carbon nitride g-

C3N4@ZIF-8 composite. The result showed 87.6% degradation of antibiotic. Zhou and co-

workers (2022) synthesized ZIF-8 doped with CuO2 that demonstrated removal rate of 

84.1% and 73% towards TC and TCH, respectively. 

 

However, published papers investigating removal of DCF by ZIF-8 and its composites are 

scarce. Arabkhani et al. (2021) created a magnetic nanocomposite containing graphene oxide 

nanosheets decorated with ZIF-8, pseudo-boehmite and iron oxide nanoparticles. The 

material was called GO/ZIF-8/g-AlOOH. The composite performed 99.9% adsorption 

efficiency towards DCF (C = 80 mg/L) with ability to regenerate the adsorbent for five 

cycles.   

 

3.2  Adsorption 

Adsorption is a phenomenon based on the interaction between solid and liquid phases that 

results in adhesion of particles of dissolved matter onto the inner surface of an adsorbent. 

(Piccin et al. 2017) Adsorbent is a porous material that provides surface for adsorption 

process, while adsorbate is a substance that is captured by the adsorbent in fluid phase. 

Adsorption process can occur via chemisorption and physisorption mechanisms that are 

illustrated in Figure 5. 
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Figure 5. Mechanisms of contaminant adsorption on MOF (Ramanayaka et al. 2019). 

Chemical adsorption occurs through transfer of electrons between the adsorbent and the 

adsorbed matter. It is strong type of adsorption characterized with high energies of 40–800 

kJ mol-1, irreversibility, and formation of monolayer. Common mechanisms of 

chemisorption are acid-base interactions, coordination interactions, and chemical bond 

formation (Ramanayaka et al. 2019).  Another type of adsorption is physisorption that can 

be reversable and allows multilayer adsorption via electrostatic interactions, formation of 

hydrogen bonds, van der Waals forces and dipole-dipole interactions (Piccin et al. 2017). 

 

 

3.2.1  Mechanisms 

Electrostatic interactions 

The electrostatic interaction between charged surface of MOF and functional groups of the 

substance is one of the common adsorption mechanisms, where pH parameter is 

determining. The mechanism is described by several authors and is well illustrated by Hasan 

et al. (2016) for Zr-based UiO-66 for removal of DCF (Figure 6). In acidic media positively 

charged UiO-66 repulses with NH2+ group in DCF. At pH 4.0 to 5.5 carboxylic group in 

DCF is deprotonated and UiO-66 interacts with O-. The following increase in pH up to 8.5 

leads to high concentration of OH- that changes the MOF charge to negative. At this point 

the repulsion between deprotonated carboxylic group and the MOF takes place. 
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Figure 6. Schematic image of electrostatic interaction between DCF molecule and MOF 

depending on pH (Hasan et al. 2016). 

 

Hydrogen bonding 

The hydrogen bond formation mechanism is based on the donor-acceptor interactions 

between the adsorbent and adsorbate functional groups. Karami and co-workers (2020) 

studied the competitive removal of naproxen and DCF by adsorption on Al-based MIL-53. 

The possible mechanisms of interaction between the drugs and Al-based MIL-53 suggested 

by authors were hydrogen bonding and π-π interaction (Figure 7).  

 

  
Figure 7. Schematic mechanisms of naproxen (a) and diclofenac (b) adsorption by MIL-

53(Al) (Karami et al. 2020) 
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The bridging 𝜇-OH and -COO groups in the MOFs content have hydrogen and oxygen atoms 

that act as a donor and acceptor, respectively, forming bond between corresponding atoms 

in functional groups of pharmaceuticals.  

 

π -π interaction 

π -π interaction/stacking is a non-destructive reversable interaction between π orbitals in 

aromatic compounds. Wu and co-workers (2015) suggested that π- π stacking between 

aromatic rings of imidazole and TC along with electrostatic interactions are the main 

mechanisms of adsorption by ZIF-8. However, this type of interactions is very weak and less 

directional than hydrogen bonding (Chen et al. 2018). 

 

Acid-base interaction 

Acid-base interactions were suggested by Khan et al. (2015) as one of adsorption 

mechanisms for phthalic acid removal by ZIF-8, functionalized MILs and UiO-66 (Figure 

8).  

 

 
Figure 8. Schematic image of adsorption mechanism of phthalic acid by ZIF-8. Adapted 

from Khan et al. (2015). 

At low pH the dominant adsorption mechanism was acid-base interactions between nitrogen 

atoms and hydroxyl groups of imidazole linker in ZIF-8 or amino-group in functionalized 

MOFs and molecules of H2-PA. At high pH ZIF-8 showed superior adsorption compared to 

other MOF mostly due to electrostatic attraction.  
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3.2.2  Equilibrium adsorption/desorption isotherms 

Adsorption equilibrium is a state that is reached when the quantity of adsorbed substance 

has reached its limit. In this state adsorption and desorption rates are equal.  

Adsorption isotherm reflects the relation between the quantity of adsorbent onto the 

adsorbent surface (adsorption capacity) and the amount of adsorbate remained in the solution 

(equilibrium concentration). The optimal pH, temperature, and adsorbent dosage are selected 

and kept constant. Equilibrium isotherm provides information about adsorption capacity of 

the adsorbent, and interactions between adsorbate and adsorbent. Based on adsorption 

isotherm model the interaction mechanism between adsorbent and adsorbate can be 

described. There are several models that describe isotherms of adsorption. 

Langmuir model 

Langmuir adsorption model takes in assumption that: (i) adsorption is limited by only one 

layer; (ii) each adsorptive site adsorbs only one molecule of adsorbate; (iii) the surface of 

adsorbent is homogeneous owning energetically equal adsorptive sites; (iv) the adsorbate 

molecules do not interact with each other. The Langmuir model is shown in Eq.2.1 (Lima 

et al. 2015, Piccin et al. 2017):  

𝑞# =
$!%"&#
'(%"&#

      (2.1) 

where qe is the adsorption capacity at the equilibrium [mg g-1], qmax is the maximum 

adsorption capacity [mg g-1], kL is the Langmuir equilibrium constant [L mg-1] that is 

related to binding energy, Ce is the adsorbate concentration at the equilibrium [mg L-1]. 

Freundlich model 

In Freundlich isotherm model it is assumed that adsorption can result in multilayer, the 

surface of adsorption is heterogeneous, and the adsorbent quantities increase with rise in 

concentration (Eq. 2.2) (Lima et al. 2015, Piccin et al. 2017): 

𝑞# = 𝑘)𝐶#'/+$      (2.2) 
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where kF is Freundlich equilibrium constant [mg g-1 (mg L-1) -1/n], 1/nF is the heterogeneous 

factor. 

3.2.3  Kinetics 

Kinetics study can give important observations about possible mechanisms of adsorption 

and reaction pathways. The most common kinetic adsorption models were provided by 

Lagergren and are pseudo-first-order and pseudo-second-order kinetic models. Pseudo-first 

order equation is shown in Eq.2.3 (Lima et al. 2015): 

,$
,-
= 𝑘' ∙ (𝑞# − 𝑞-)      (2.3) 

where qe is the equilibrium adsorption capacity [mg g-1], qt is the amount of adsorbate 

adsorbed at time t [mg g-1], k1 is the pseudo-first-order rate constant [min-1], t is the contact 

time [min]. 

Integration of the Eq. (qt = 0 at t = 0; qt = qt at t) leads to the following equations Eq.2.4 and 

Eq.2.5 (Lima et al. 2015): 

ln(𝑞# − 𝑞-) = ln(𝑞#) − 𝑘' ∙ 𝑡     (2.4) 

𝑞- = 𝑞# ∙ [1 − exp	(−𝑘' ∙ 𝑡)]     (2.5) 

Pseudo-second-order kinetic model is shown in Eq.2.6 and Eq.2.7: 

,$%
,-
= 𝑘. ∙ (𝑞# − 𝑞-).    (2.6) 

𝑞- =
%&∙$#&∙-
'(%&∙$#∙-

     (2.7) 

where k2 is pseudo-second-order rate constant [g mg-1min-1]. 

 

3.3  Photocatalysis 

Photolysis is the method of degradation of contaminant through the light exposure. It can be 

direct when the light is applied directly to contaminant, or indirect when the light is applied 

to catalyst and causes the release of oxidative radicals which degrade the contaminant (Gopal 

et al. 2020) i.e. indirect photolysis is called photocatalysis. 
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Photocatalysis is based on the reduction-oxidation processes that take place on the surface 

of the photocatalyst which performs semiconductor properties (Saadati et al. 2016). A 

semiconductor owns a valence band (VB) and a conduction band (CB) that have an energy 

gap (band gap) between each other. The photoreaction is generated by the light source (either 

UV or visible light) exposed to the semiconductor catalyst that absorbs the photons of light. 

When the energy of absorbed photons equals or exceeds the energy gap, the electrons of the 

valence band get excited and transfer to the conduction band, leaving the positively charged 

vacant hole (h+). To obtain a photocatalytic reaction, the presence of oxygen or air is 

demanded as well as the recombination of semiconductor electron-hole pairs that does not 

match the initial charge separation. During the number of subsequent reactions (Eqs. 2.8-

2.11), oxygen scavengers electrons with formation of oxidating radicals. The generated 

radicals degrade organic matter to water and carbon dioxide. At the same time, valence band 

holes can interact with water with hydroxyl radicals’ production (Eq.2.12) as well as oxidize 

radicals of organic matter (Eq.2.13). 

 

O. + e0 →∙ O.0     (2.8) 

∙ O.0 + H( ↔∙ OOH     (2.9) 

2 ∙ OOH → H.O. + O.     (2.10) 

H.O. + e0 →∙ OH + OH0     (2.11) 

H.O + h( →∙ OH     (2.12) 

R + h( → R(     (2.13) 

 

Photocatalysis is considered as one of the most efficient methods for pharmaceutical 

degradation that is attractive due to ability to degrade complex compounds into simple 

molecules with no secondary sludge production, photocatalysts reuse, small quantities of 

photocatalyst, low-cost and operation simplicity (Nguyen et al. 2020). Semiconductor 

properties of MOFs along with a combination of metal and organic units, uniform pore 

distribution and crystallinity are beneficial for photocatalysis, and therefore make MOFs 

good for photocatalytic applications (Zeng et al. 2020). 
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3.4  Conclusions from literature review 

Ubiquitous chemicals applied in everyday life by population and industries have caused 

“chemization” of the environment. Regular and excess consumption of pharmaceuticals has 

led to increasing occurrence of these bioactive substances in water bodies worldwide 

affecting natural biochemical cycles and ecosystem functioning. Among such, common 

antibiotics and NSAIDs are the most occurring therapeutic groups found in surface, drinking 

and groundwaters in concentrations of µg L-1 – ng L-1. Thus, diclofenac drug and tetracycline 

hydrochloride antibiotic were selected for the current work as target pollutants due to their 

persisting nature, toxicity, and frequent occurrence in water bodies.  

Exposure of pharmaceuticals to the environment leads to toxicological effects, such as 

bioaccumulation, tissue damage, biochemical and development disfunction in living 

organisms. Formation of antibiotic resistance genes in bacteria leads to reduction in 

treatment efficiency of antibiotics and therefore increase in burden of infections. 

The main pathway for pharmaceuticals to water bodies is effluents from WWTPs, that 

cannot completely remove most of the drugs by conventional methods. Removal of 

pharmaceutical residues by combination of different methods shows better purification rates. 

Such methods as adsorption and photocatalysis are proved to be efficient and attractive due 

to their advantages in low costs, operation simplicity, high removal and degradation rates of 

pharmaceutical contaminants, and reusability of materials.  

MOFs are a new class of fast developing materials that consist of metal ions and organic 

linkers that form endless assembly of crystal porous structure. Due to large surface area, high 

porosity, chemical and thermal stability, ability to create composite materials and design 

structures in a controlled manner, MOFs have been applied in various fields from gas storage 

to biomedicine.  

Adsorption and photodegradation of hazardous pollutants such as dyes, heavy metals, and 

pharmaceuticals by MOFs has been studied. Among different classes of MOFs, zeolitic 

imidazolate frameworks were widely investigated. Simple synthesis, superior thermal and 

chemical stability, large pore size and photoactive sites make it a good candidate for 

adsorption and photocatalysis. However, such drawbacks as aggregation of particles in water 

media, weak response to visible light and difficulty of regeneration has brough the science 
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forward to overcome the limitations via creation of composites. Combination of ZIF-8 with 

different materials and metals improved adsorptive and catalytic properties of MOF 

performing over 80% of tetracycline removal. However, published information about 

removal of DCF by ZIF-8 or its derivatives is scarce. Since composite materials based on 

ZIF-8 are expected to perform high adsorptive and photocatalytic efficiency towards the 

target pollutants, in this work ZIF-8 was deposited on commercial activated carbon. 
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4  Experimental methodology 

This chapter contains description and results of material characterization with analytical 

methods, effect of pH on adsorption, isotherm and kinetics of adsorption, and photocatalytic 

experiments. 

 

4.1  Materials and methods 

Zinc acetate dihydrate (Zn(CH3COO)2×6H2O, >99.5%) was obtained from Merck Co. 

Granulated activated carbon (AC) was purchased from Norit Co. Ethanol, 2-

methylimidazole (C4H6N2, MIM, 99%), tetracycline hydrochloride (TCH), and diclofenac-

sodium salt (DCF) were obtained from Sigma-Aldrich Co. Polyethylene glycol (PEG) was 

purchased from Fluka Chemika Co. All materials were used without further purification. 

 

The pH of solutions was determined by pH meter Metrohm 744 (Metrohm AG, Switzerland). 

The point of zero charge was determined by the salt addition method reported by Mahmood 

et al. (2011), using 0.1 M KCl solution. 

 

4.2  Synthesis of adsorbent 

The synthesis of ZIF-8 was conducted according to the procedure reported by Li et al. (2019) 

with slight modifications. 4 g of zinc acetate dihydrate, 5 g of MIM, and 2 g of AC were 

grounded manually and mixed with 3 mL of PEG. The obtained mass was put in aluminum 

foil and heated with electric heating plate at 100 °C during 2 min. The mixture was washed 

with ethanol and dried subsequently for 30 min at 80 °C and for 6 h at 120 °C. The obtained 

powder material was called ZIF-8/AC (Figure 9). 
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4.3  Characterization 

Scanning electron microscope (SEM, Hitachi SU3500, Japan) equipped with X-ray energy 

dispersive spectrometer (EDS) was used for examination of elemental content and the 

surface morphology of ZIF-8/AC at acceleration voltage of 5 kV. X-ray powder diffraction 

analysis was performed with X-ray diffractometer (XRD, Bruker D8 ADVANCE) at a scan 

range of 2 q recorded from 2 to 40 degrees. The Fourier Transform Infrared (FTIR) spectrum 

patterns of adsorbent samples were obtained with use of FTIR spectrometer (Thermo 

Scientific) at wavenumber range 400 – 4000 cm-1. 

 

4.4  Adsorption experiments 

Stock solutions of DCF and TCH (500 mg L-1) were prepared by dissolving the substances 

in deionized water for further dilution. All adsorption experiments were carried out in 10 mL 

plastic tubes with adsorbent dosage of 10 mg. After adsorption reaction the solution was 

filtered with 0.45 µm RC membrane. Concentrations of contaminants were determined by 

UV-vis spectroscopy. Calibration curves for DCF and TCH were obtained with series of 

standard solutions with concentrations of 1–10 mg L-1 by absorbance at 276 nm and 357 nm, 

respectively. The removal efficiency of the pollutants was calculated according to Eq. (2.14) 

 

𝑅% =	 &'0&%
&'

∙ 100	     (2.14) 

 

where R is adsorption efficiency [%], C0 and Ct are initial concentration of contaminant and 

concentration of the contaminant [mg L-1] at time t [min]. 

 

Adsorption isotherm 

 

Solutions of DCF and TCH with initial concentrations (10–500 mg L-1) were prepared by 

dilution of the stock solutions. 10 mg of the adsorbent were placed in 10 mL solution and 

stirred for 24 h. After the adsorption reaction the solution was filtered, and residual 
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concentration was determined. Experimental adsorption capacity was calculated with 

Eq.(2.15): 

𝑞# =
(&'0&#)∙3

4
     (2.15) 

 

where qe is the amount of the contaminant [mg g-1] adsorbed at equilibrium; Ce is the 

equilibrium concentration [mg L-1]; and V and m are the volume of the solution [L] and mass 

of the adsorbent [g], respectively. Since the linearization of adsorption models causes errors 

and different outcomes, non-linear modeling was applied for adsorption data (Ho, 2006).  

 

Adsorption kinetics 

Kinetics of adsorption was conducted with fixed initial concentrations of DCF and TCH of 

100 mg L-1 as optimal based on isotherm adsorption experiments. 10 mg of adsorbent was 

placed in 10 mL solution and stirred for 24 h. The samples were taken at certain time interval 

and filtered. Equilibrium adsorption capacity was determined with Eq.(2.16): 

𝑞- =
(&'0&%)∙3

4
     (2.16) 

 

where qt is the amount of the contaminant [mg g-1] adsorbed at time t [min]. C0 and Ct are 

initial concentration and concentration [mg L-1] at time t [min]. 

To understand the insight mechanism of adsorption experimental data was optimized with 

adsorption kinetic models. Due to errors appearing during the mathematical transformation 

of pseudo-first- and pseudo-second-order equations into linear form and hence different 

outcomes, non-linear method of optimization of adsorption models was used (Ho, 2006).  

  

4.5  Photocatalytic experiment 

Photocatalytic properties of ZIF-8/AC towards single photodegradation of DCF and TCH 

were tested with 300W Xenon lamp (MAX-350) equipped with filter (Figure 9). 
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Figure 9. Synthesized ZIF-8/AC and photocatalytic system with Xenon lamp 300W 
(MAX-350). 

 
10 mg of ZIF-8/AC were dispersed in 40 mL solution (20, 40 and 100 mg L-1) in a 

borosilicate glass beaker with water cooling system and stirred for 2 h in the dark to reach 

the adsorption-desorption equilibrium. After the equilibrium was reached, the light source 

was used with filter (l ³ 430 nm) to start photoreaction. During the irradiation samples of 

2.5 mL were collected at certain time intervals and filtered with 0.45 µm RC membrane. The 

UV-vis spectrophotometry was used for determination of residual concentration of the DCF 

and TCH pollutants at wavelengths of 276 nm and 357 nm, respectively. 
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5  Results and discussion 

This chapter introduces the obtained results, discussion and outlook of material 

characterization, adsorption, and photocatalytic experiments.  

 

5.1  Characterization of the adsorbent material 

The synthesized composite ZIF-8/AC was examined with SEM-EDS, X-ray powder 

diffraction and FTIR analysis for examination of material structure, surface morphology and 

elemental content. 

 

5.1.1  SEM-EDS 

The morphology of synthesized ZIF-8/AC was examined by SEM. The images observed at 

different magnification showed that material is heterogeneous with crystals of ZIF-8 

unevenly spread over the surface of the supporting substrate of activated carbon (Figure 10 

(a-b)). Crystals of different geometry were observed including cubic, rhombic dodecahedron 

and truncated rhombic dodecahedron, among which the latter prevails. Particle size was 

irregular, with the largest particle size of approximately 3 µm. 
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Figure 10. SEM images at different magnifications (a-b), elemental maps (c-f) and EDS 

spectra (g) of ZIF-8/AC 

Irregular particle distribution as well as variations in size and geometry can be explained by 

uneven heating and application on the activated carbon surface. Nevertheless, prevailing 

shape of particles is consistent with literature (Linder-Patton et al. 2018). EDS analysis 

showed the element distribution of ZIF-8/AC which consists of C, O, N, and Zn (Figure 10 

(c-g)). The EDS spectra shows that the first most detected element in composite material 

was carbon, obviously due to AC substrate. Also, C is included in imidazole units in ZIF-8 

along with N and O atoms. The second most detected element was Zn in ZIF-8 structure. 

Hence element distribution can indicate the successful formation and distribution of ZIF-8 

on the surface of AC.  

 

 

5.1.2  XRD 

XRD patterns of ZIF-8/AC and AC before and after reaction with DCF and TCH are 

presented in Figure 11. The XRD spectra of ZIF-8/AC showed both peaks of pristine 

activated carbon and ZIF-8 reported by Li et al. (2019), which in addition to SEM indicated 

the successful formation of ZIF-8 on activated carbon surface.  

 

C N 

O Zn 
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Figure 11. XRD spectra of AC and ZIF-8/AC before and after adsorption of DCF and 
TCH. 

 
The diffraction peaks appearing at 21° and 26.8° visible in both spectra were related to AC, 

while peaks at 12.9°, 16.6°, 18.2°, 22.3°, 24.6° correspond to ZIF-8. The “hump” appearing 

between 15° and 30° characterizes AC and presents in XRD patterns of AC and ZIF-8/AC 

before the reaction and shows reduced intensity after adsorption of DCF and TCH. In case 

of ZIF-8/AC the intensity of all main diffraction peaks decreased after the exposure to each 

pollutant, which is explained by adhesion of the contaminants on the adsorbent. No new 

peaks were observed after reaction. 

 

5.1.3  FTIR 

FTIR analysis was conducted to examine possible structural changes in the adsorbents after 

reaction. The obtained spectra of materials are illustrated in Figure 12. 
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Figure 12. FTIR spectra of AC and ZIF-8/AC before and after adsorption 

 

The FTIR spectra of activated carbon shows no significant change in structure before and 

after adsorption. The broad peaks observed in pristine AC at 1552 and 1160–1000 cm-1 

correspond to C=C and C-C groups, respectively. The peak at 2860 cm-1 is attributed to C-

H group and is clearly visible in both adsorbents before adsorption. The peak intensity 

reduced significantly after adsorption of both pollutants. 

The observed characteristic peaks of ZIF-8 are in consistence to those observed in published 

studies (Ahmadi et al. 2021, Li et al. 2019). In ZIF-8/AC the most of peaks before and after 

adsorption of TCH showed no change, while the peaks after DCF adsorption changed 

significantly. The small peak at 3127 cm-1 and broad peak at 2860 cm-1 in pristine ZIF-8/AC 

is related to symmetric stretching vibrations of aliphatic and aromatic alkane group C-H, 

respectively (Zhang et al. 2021). The small peak disappears after adsorption of DCF, while 

the broad peak reduces in intensity after adsorption of both pollutants. The region between 

1453 and 1419 cm-1 corresponds to stretching vibration of the imidazole ring. The peaks at 

757, 1306, 1143 and 1578 cm-1 are attributed to bending signals of C-N and C=N tensile 

bond of the imidazole ring (Li et al. 2019, Yang et al. 2018). The peaks observed at 418 and 

691 cm-1 are corresponded to stretching vibrations of Zn-N bonds and determine ZIF-8 

structure. According to FTIR spectra the characteristic peaks of these bonds stay unchanged 

in the adsorbent after adsorption of TCH. However, after DCF adsorption the intensity of 

peaks of Zn-N and C-N bonds shows significant reduction that can be related to partial 

disintegration of the framework. 
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5.2  Adsorption experiments 

The adsorption process of DCF and TCH removal by ZIF-8/AC and AC was evaluated by 

isotherm and kinetic studies with the following analysis with corresponding models of 

adsorption. pH effect on the removal efficiency and point of zero charge of ZIF-8/AC were 

determined.  

 

5.2.1  Effect of pH on adsorption 

Adsorption process is highly dependent on the pH of the solution as it affects the surface net 

charge of ZIF-8/AC and protonated forms of pharmaceuticals presented in the solution 

(Piccin et al. 2017). Effect of pH in a range from 5.00 to 10.50 on adsorption efficiency of 

diclofenac and tetracycline was investigated (Figure 13) and the point of zero charge was 

determined (Figure 14).  

 

Figure 13. Effect of pH on removal efficiency of TCH and DCF (C0 = 20 mg L-1) by ZIF-

8/AC (adsorbent dosage 1 g L-1), r = 250 rpm, T = 25°C, t = 24 h.  
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Figure 14. Point of zero charge for ZIF-8/AC composite 

 

The result shows noticeable pH effect on adsorption of TCH while no significant change in 

adsorption of DCF was observed, which can mean that electrostatic interactions of DCF with 

catalyst were negligible. The maximum removal efficiencies of TCH and DCF were 

achieved at pH 9.02 and are equal to 64% and 44%, respectively. 

Point of zero charge (PZC) or zero-point charge was determined by the salt addition method. 

It is defined as a point at which the difference between initial pH value and pH observed 

after reaction (DpH) equals zero. The surface charge of the adsorbent is positive at pH < 

pHzpc and negative at pH > pHzpc . Hence at pH range from 5.00 to 9.00 ZIF-8/AC has 

positive surface charge and at pH over 9.00 it is charged negatively. According to the result 

the pHzpc is close to 9.00, as at 9.07 the difference between initial and residual pH is already 

negative (-0.1). At this pH value ZIF-8/AC is electrically neutral which means that attraction 

between the MOF and anionic tetracycline species should not be determined only by 

electrostatic interactions. Therefore, other mechanisms should be involved in the adsorption 

process of both pollutants.  
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5.2.2  Adsorption isotherms 

Isotherms of adsorption were obtained after 24 h of reaction and analyzed with Langmuir, 

and Freundlich adsorption models (Figure 15). Parameters of adsorption models are 

presented in Table 3.  

 

  

Figure 15. Adsorption isotherms of TCH (a) and DCF (b) by AC and ZIF-8/AC (C0 =10–
500 mg L-1; adsorbent dosage 1 g L-1; T = 25°C; pH = 9.02). 

Experimental data showed that AC has better adsorption capacity for both TCH and DCF 

than ZIF-8/AC.  In its turn ZIF-8/AC demonstrated better adsorption towards TCH compared 

to DCF.  

 

Table 3. Parameters of adsorption isotherm models 

  Langmuir model Freundlich model 

Adsorbent Pollutant 
kL 

 

(L mg-1) 

qm, 
 

(mg g-1) 
R2 n 

kF, 
 

(mg-1/nL1/ng-1) 
R2 

  AC TCH 0.0270 275.55 0.959 2.721 31.142 0.970 
ZIF-8/AC 1.655´ 10-4 1546.69 0.940 1.009 0.255 0.946 

AC  
DCF 

0.0416 266.67 0.940 3.910 59.243 0.962 
ZIF-8/AC 5.915´10-3 118.476 0.836 1.978 3.793 0.748 

 

The accuracy of the Freundlich adsorption model is higher for adsorption of both pollutants 

by AC and adsorption of TCH by ZIF-8/AC. It can be suggested that these cases are 

described as multilayer adsorption on heterogeneous surface of the adsorbent that have 

(a) (b) 
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active sites with different binding energies. The values of n constant exceeding 1 in 

Freundlich model indicate chemical adsorption of the pollutants on ZIF-8/AC particles (Wu 

et al. 2015). Adsorption of DCF by ZIF-8/AC is better defined by Langmuir model, which 

indicates monolayer adsorption on homogeneous surface of the adsorbent.  

 

5.2.3  Adsorption kinetics 

Kinetic studies were conducted to evaluate the effect of adsorption over time. The obtained 

data was simulated with pseudo-first- and pseudo-second-order kinetic models (Eq.2.5 and 

Eq.2.7). Kinetic parameters were calculated with use of a solver add-in with Microsoft Excel 

and presented in Table 4. The experimental data of adsorption capacity over time and models 

of adsorption are presented in Figure 16. 

 

In the first minutes the adsorption rate was fast due to many vacant sites on the adsorbent 

surface. Fast adsorption is reflected as a slope of the kinetic curve. Further, the reaction was 

slowing down until it reached the equilibrium. The adsorption capacity of AC was better 

than ZIF-8/AC for both of pollutants with maximum values of 82 and 98 mg g-1 for TCH 

and DCF, respectively, meanwhile for ZIF-8/AC qmax was 31 and 15 mg g-1. In general, 

adsorption equilibrium was achieved after 360 min of reaction.  

 

  

Figure 16. Linear fit of pseudo-first- and pseudo-second order kinetics models for adsorption 
of TCH (a) and DCF (b) by AC and ZIF-8/AC (C0 =100 mg L-1, adsorbent dosage 1 g L-1, 
and pH = 9.02). 

 

(a) (b) 
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According to determination coefficient R2 values, pseudo-second-order kinetic model 

showed the best fit for adsorption by both adsorbents. It can be suggested that the limiting 

stage of adsorption is chemisorption that can include electron transfer or sharing between 

the adsorbent and adsorbate (Zhang et al. 2021). The rate constant values k2 of ZIF-8/AC are 

larger than of AC. According to literature in general constant values correlate proportionally 

with the pore size of an adsorbent, meaning that the larger are pores the higher value of 

adsorption constant is obtained (Hasan et al. 2013). Deposition of ZIF-8 on AC can result in 

composite with higher average pore size and aperture and with large amount of available 

adsorption sites. However, it was expected that ZIF-8/AC would perform superior adsorption 

in comparison to AC. The reduced adsorption capacity of the composite can occur due to 

distribution of ZIF-8 on AC support which can result in clogged pores of activated carbon 

by MOFs and hence reduced adsorptive properties of the material. 

 

Table 4. Parameters of kinetic model for adsorption removal of DCF and TCH by ZIF-

8/AC and AC. 

Adsorbent Pollutant 
qexp 

(mg g-1) 

Pseudo-first-order model Pseudo-second-order model 

k1 

(min-1) 

qe1 

(mg g-1) 
R2 

k2 

(g mg-1min-1) 

qe2 

(mg g-1) 
R2 

AC 
TCH 

82.032 0.0343 78.587 0.912 6.793´10-4 83.118 0.948 

ZIF-8/AC 31.142 0.127 27.437 0.829 5.698´10-3 29.239 0.915 

AC 
DCF 

97.877 0.0604 93.687 0.987 9.290´10-4 98.892 0.997 

ZIF-8/AC 14.724 0.0314 12.564 0.883 2.934´10-3 13.577 0.942 

 

The removal efficiency of TCH by the synthesized MOF is significantly lower than was 

reported by Ahmadi et al. (2021) that can be related to different method of synthesis and 

post-synthesis activation. 
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5.3  Photocatalytic experiments 

Photodegradation of DCF and TCH by ZIF-8/AC was examined. Comparison of degradation 

process of TCH under visible light irradiation and in the dark indicates that ZIF-8/AC owns 

photocatalytic properties. First, both contaminants were tested for degradation at different 

pH values with concentration 100 mg L-1. Photocatalytic degradation of DCF was not 

efficient due to decomposition in the catalyst structure which was confirmed by FTIR 

analysis. Since, further photocatalytic experiments were conducted only with TCH 

contaminant. 

 

Figure 17. Photodegradation of TCH by ZIF-8/AC under visible light irradiation (irradiation 
intensity = 500, C0 = 100 mg L-1, catalyst dosage 1 g L-1, and pH = 9)  

 

Photodegradation of TCH was conducted under visible light irradiation during 180 min. 

Before the photoreaction ZIF-8/AC was dispersed in the solution for 120 min to reach the 

adsorption equilibrium. Dark adsorption of TCH showed 64.6% removal meanwhile under 

the light exposure removal rate was 79.3%. Exposure to light to TCH without catalyst 

resulted in photolysis with 62.5% degradation. Therefore, it can be suggested that ZIF-8/AC 

is photocatalytically active. 
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5.3.1  Effect of pH 

Based on the adsorption experiments, the best removal rates of TCH were observed at pH 

values of 5.0 and 9.0, which were selected for photocatalytic experiments. Photocatalytic 

properties of ZIF-8/AC towards degradation of DCF and TCH (C0 = 100 mg L-1) were 

evaluated and compared. Figure 18 illustrates degradation rates of DCF and TCH in presence 

of ZIF-8/AC at visible light.   

  

Figure 18. pH effect on degradation of TCH (a) and DCF (b) by ZIF-8/AC under visible 
light irradiation (irradiation intensity = 500, C0= 100 mg L-1, and catalyst dosage 1 g L-1). 

 
The reaction in light exposure demonstrates higher photodegradation rates for both pH 

values. Such behavior can be explained by protonated forms of TCH existing in the solution. 

TCH has three dissociation constants (pKa = 3.3, 7.7, and 9.7), which means that at pH < 3.3 

it presents as cation, at pH 3.3–7.7 mostly as zwitterion and at pH over 7.7 as anion. At pH 

5.0 TCH presents in a form of cations, meanwhile at pH 9.0 it is mostly in anionic form. 

Negatively charged TCH species have higher electron density of the ring system that favors 

interaction between reactive species produced during photoreaction (Jiao et al., 2008). As a 

result, the photocatalysis is enhanced at a higher pH. 

 

It is seen that at higher pH photodegradation rate of TCH resulted in 79.3% degradation, 

while at pH 5.0 it was 66.3%. The opposite effect is observed in photodegradation of DCF. 

In general, degradation rates of DCF did not exceed 20.0%, which can be explained by 

weak adsorption and possible destruction of MOFs molecule after reaction that is 

consistent with the results of FTIR analysis. 

(a) (b) 
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5.3.2  Effect of concentration 

Effect of TCH concentrations of 20, 40 and 100 mg L-1 on photodegradation process by ZIF-

8/AC was evaluated. 

 

Figure 19. Effect of concentration of TCH on photocatalytic properties of ZIF-8/AC 

(irradiation intensity = 500, catalyst dosage 1 g L-1 and pH = 9.0).  

As shown in Figure 19 photodegradation of TCH by ZIF-8/AC under visible light resulted 

in 81.1%, 80.1% and 79.3% removal for concentrations of 20, 40 and 100 ppm, respectively. 

Degradation rate is faster for removal of 100 ppm.  Overall, concentration of TCH did not 

show significant effect on its removal by photodegradation.   
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6  Conclusions and outlook 

Water pollution by the pharmaceutical products has become an alarming issue due to the 

toxicity and biological activity. Studies show that conventional methods of treatment applied 

at wastewater treatment facilities cannot effectively eliminate the contaminations. Hence 

pharmaceutical residues are detected in natural waters worldwide. Among tertiary treatment 

methods, adsorption and photocatalysis are outstanding due to their simplicity, high removal 

rates and low maintenance costs. Searching for new efficient adsorbents and catalytic 

materials can lead to creation of metal-organic framework (MOF) materials with superior 

properties. Integrating MOFs with other porous crystalline structures provide design 

flexibility with tailored specific surface area, stability under different conditions and ability 

of material recovery, making them excellent adsorbents. 

 

ZIF-8 is a typical member of the zeolitic imidazolate framework (ZIF) family that owns a 

zeolitic type structure. Combination of adsorptive and catalytic properties of ZIF-8 gives it 

a potential to be applied for pharmaceutical contaminant removal. However, such drawbacks 

as the aggregation of ZIF particles in water and large energy band gap limit the adsorption 

and the photocatalytic performance of the pristine ZIF-8. Studies show that composite 

materials on the base of ZIF-8 demonstrate better efficiencies towards pharmaceutical 

removal. Compatibility of ZIF-8 with various materials allow to create composite structures 

with combined properties of conventional adsorbents and MOF.  

 

In this work, ZIF-8 was synthesized on the surface of conventional activated carbon. 

Examination of the material morphology and structure by SEM, XRD and FTIR analysis 

revealed that crystalline ZIF-8 was successfully formed on activated carbon. Adsorptive and 

photocatalytic properties of the material were investigated towards the removal of 

pharmaceutical contaminants in water, and compared with pristine AC. Among other 

medicine residues found in waters tetracycline antibiotic and non-steroidal anti-

inflammatory diclofenac drug are frequently detected and were selected as target pollutants. 

In contrast to the study by Ahmadi et al. (2021) the pristine AC showed a better adsorption 

efficiency for both pollutants than the composite ZIF-8/AC which can be related to different 

methods of synthesis and post-synthesis activation. Adsorption performance by adsorbents 
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reduced in the order: DCF by AC > TCH by AC > TCH by ZIF-8/AC > DCF by ZIF-8/AC, 

with the maximum experimental adsorption capacities of 97.88, 82.03, 31.14, and 14.72 mg 

g-1, respectively. The adsorption isotherms were optimized based on Langmuir and 

Freundlich adsorption models. It was observed that adsorption of both pollutants by AC and 

the adsorption of TCH by ZIF-8/AC had the best fit with Freundlich adsorption isotherm 

model, which is consistent with the published studies (Álvarez-Torrellas et al. 2016, Zhang 

et al. 2021). Hence it can be suggested that these processes of adsorption were multilayer 

adsorption on heterogeneous adsorbent surface. Adsorption of DCF by ZIF-8/AC had the 

best fit with the Langmuir model, which indicates monolayer character of adsorption on the 

homogeneous surface. Analysis of kinetic experimental data showed the best consistence 

with pseudo-second-order adsorption kinetic model, which corresponds with published 

studies as well (Zhang et al. 2021, Li et al. 2019). Based on the adsorption experimental 

results, the adsorption mechanism is mostly based on chemical sorption. 

 

Studies of pH effect showed that TCH removal had the best performance at pH 9.02. No 

significant effect of pH on DCF adsorption was observed. It was estimated that ZIF-8/AC 

has point of zero charge at pH = 9.02. Since at this pH tetracycline presents in the anionic 

form of TCH- and that ZIF-8/AC is neutrally charged, the adsorption is more likely to be 

controlled by other mechanisms than electrostatic attraction, such as hydrogen bond 

formation and π -π interactions. 

 

XRD analysis of the ZIF-8/AC before and after reaction showed reduced intensity of 

diffraction peaks that indicates the change of the surface properties due to adsorption of 

contaminant species from the solution. FTIR spectra of the adsorbents after TCH exposure 

also featured decreased peak intensity with no significant change in structure. Because in 

both AC and ZIF-8/AC, the diffraction peak that corresponds C-H bond shows significant 

reduction upon adsorption, the adsorption of pollutants can occur via the formation of 

hydrogen bonding. On the contrary, the FTIR spectra for ZIF-8/AC after DCF exposure 

showed significant changes in structure including Zn-N and C-N bonds damage, which can 

mean partial decomposition of ZIF-8 structure, explaining low removal efficiencies for DCF. 

Another possible adsorption mechanism of TCH as suggested by number of researchers is 

explained by p-p stacking between the aromatic rings in molecular structure of the 

interacting compounds. 
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Results of photocatalytic experiments clearly indicated that ZIF-8/AC performs 

photocatalytic activity under visible light irradiation with 80% degradation of TCH. Most 

published studies about ZIF-8 composite photocatalysts use UV-light irradiation. Thus, the 

achieved efficiency suggests that the ZIF-8/AC composite has a smaller energy gap than 

pristine ZIF-8, which makes it an efficient photocatalytic material. However, 

photodegradation of DCF was less successful due to weak adsorption and possible damage 

of the photocatalyst framework structure. 

 

In summary the following conclusions can be made: 

a) ZIF-8 can be successfully synthesized on the surface of activated carbon in situ by 

electric plate heating method. 

b) ZIF-8/AC is an efficient photocatalyst for tetracycline hydrochloride removal under 

visible light irradiation. 

c) ZIF-8/AC shows less competitive adsorption properties than AC which is related to 

synthesis method. The proportions of MOF to AC used in the synthesis method could 

result in blockage of pores of AC by ZIF-8 and hence reduced adsorption properties 

of the composite in comparison to pristine AC were observed. 

d) FTIR analysis revealed the changes in Zn-N and C-N bonds in the composite 

structure after adsorption of DCF. Meanwhile, XRD analysis showed decreased 

intensity of characteristic diffraction peaks of the adsorbents with no new peaks 

observed. Therefore, only partial structural damage to ZIF-8/AC framework can be 

suggested. However, no related literature was observed to support this theory. 

e) According to PZC and pH effect on adsorption in relation to contaminant species 

presenting in the solution, it is suggested that except electrostatic interaction 

mechanism possible mechanisms for adsorption include p-p interactions and 

hydrogen bond formation. 

Follow upmore studies are required to tailor the ZIF-8/AC properties as adsorbent and 

photocatalyst. Possible issues can include modification of synthesis method, catalyst dosage 

and irradiation time. For example, the proportion of MOF to activated carbon can be varied 

to avoid the clogging of pores of AC. Other methods of synthesis of composite such as 

microwave synthesis method can be tested as well.  
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