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Abstract

The presence of emerging contaminants such as hormones and pharmaceuticals in water due to the
growing population and industrialization is a global concern. These contaminants are not
completely removed by municipal wastewater treatment plants and their harmful effects at very
low concentration levels on water resources, soils, plants and humans cannot be over-emphasized.
Attention is being drawn to possible low-cost and environmentally friendly treatment methods.

This thesis aimed at developing novel, carbon adsorbents efficient in contaminant removal, and
further, composite and hybrid carbon materials with light regeneration ability. The idea of light
regeneration is to remediate the secondary pollution that may arise from end-of-cycle adsorbents
and conventional regeneration. Palm kernel shell waste was used as a carbon precursor, which was
hydrothermally carbonized. Photocatalytic activity was introduced by adding titanium dioxide and
tungsten to the material during preparation. All the materials were thoroughly characterized and
their potential in the treatment of diclofenac, ethinylestradiol and amoxicillin was evaluated, with
the aim of increasing understanding on their performance.

The results showed the great potential of these materials in the removal of emerging pollutants.
Maximum 95% removal of diclofenac in 90 minutes and 83% removal of ethinylestradiol in 20
minutes were reached using the carbon adsorbents. Diclofenac adsorption seemed to take place via
physical adsorption, whereas ethinylestradiol adsorption was chemisorption in nature, which
makes the regeneration of the adsorbent more difficult. Steam activation led to a higher specific
surface area compared to nitrogen activation.

Adding of titanium dioxide and tungsten to carbon resulted in a decrease in specific surface
area. Both the hybrids and composites achieved a similar photocatalytic removal of diclofenac in
non-adjusted pH, even though the hybrid contained only the anatase phase of titanium dioxide
while the composite consisted of commercial P25 containing both anatase and rutile. A complete
recovery of their adsorption capacity was achieved after UV-B irradiation in distilled water
leading simultaneously to 86% (composite) and 93% (hybrid) degradation of diclofenac in the
regeneration liquid. Tungsten in the hybrid material was observed to enhance the complete
degradation of diclofenac. The results show that the carbon adsorbents have both good potential
for the removal of emerging contaminants and photocatalytic regeneration ability.

Keywords: adsorption, biomass, characterization, emerging contaminants, hydrothermal
carbonization, photocatalysis, regeneration, wastewater
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Tiivistelmä

Uusien haitta-aineiden löytyminen vesistöistä on kasvava globaali ongelma. Näiden haitta-ainei-
den, kuten hormonien ja lääkeaineiden pitoisuudet kasvavat väestön kasvun ja teollistumisen
seurauksena. Nykyisin käytössä olevat kunnalliset vedenkäsittelylaitokset eivät pysty poista-
maan uusia haitta-aineita riittävän tehokkaasti, koska haitallisia vaikutuksia on havaittu pienissä-
kin pitoisuuksissa. Näistä syistä uusien tehokkaiden, edullisten ja ympäristöystävällisten veden-
käsittelytekniikoiden kehittäminen on tärkeää.

Tässä väitöskirjatyössä tavoitteena oli kehittää uusia tehokkaita hiiliadsorbentteja, sekä valon
avulla regeneroitavia komposiitti- ja hybridihiilirakenteita uusien haitta-aineiden poistamiseksi
vesistä. Valokatalyyttisen regeneroinnin avulla voidaan välttää tavanomaisessa regeneroinnissa
syntyvä sekundäärinen päästöongelma. Hiilimateriaalien valmistuksessa käytettiin palmunydin-
öljyn valmistuksessa syntyvää kuorijätettä, joka karbonoitiin hydrotermisesti. Valokatalyyttinen
aktiivisuus tuotiin materiaaliin titaanioksidi- ja volframilisäysten avulla. Valmistettujen hiilima-
teriaalien tehokkuutta arvioitiin diklofenaakin, etinyyliestradiolin ja amoksisilliinin poistossa
vedestä ja materiaalit karakterisoitiin kattavasti niiden toiminnan selittämiseksi.

Tutkimuksen tulokset osoittivat, että materiaalit ovat hyvin lupaavia käytettäväksi uusien
haitta-aineiden poistossa. Hiiliadsorbenttien avulla saavutettiin korkeimmillaan 95 % diklofe-
naakin poistuma 90 minuutissa ja 83 % etinyyliestradiolin poistuma 20 minuutissa. Diklofenaa-
kin adsorptio tapahtui pääasiassa fysisorptiolla kun taas etinyyliestradiolin adsorptio tapahtui
kemisorption kautta, mikä vaikeutti materiaalin regenerointia. Höyryaktivoinnin avulla saavutet-
tiin korkeampi ominaispinta-ala kuin typpiaktivoinnilla.

TiO2 ja W lisäys hiilimateriaaliin laski materiaalin ominaispinta-alaa. Hybridi- ja komposiit-
tihiilimateriaalit osoittautuivat yhtä tehokkaiksi diklofenaakin valokatalyyttisessä hajottamises-
sa pH:ssa 6.2, vaikka hybridihiilimateriaali sisälsi ainoastaan titaanidioksidin anataasi muotoa ja
komposiittihiilimateriaali kaupallista P25 katalyyttiä, joka sisältää sekä anataasia että rutiilia.
Materiaalien adsorptiokyky pystyttiin palauttamaan täydellisesti tislatussa vedessä UV-B regene-
roinnin avulla. Regeneroinnin aikana komposiitilla saavutettiin 86 % ja hybridillä 93 % diklofe-
naakin poistuma. Tulosten perusteella voidaan sanoa, että kehitetyt hiiliadsorbentit ovat hyvin
potentiaalisia materiaaleja uusien haitta-aineiden poistoon vedestä ja ne voidaan regeneroida
valokatalyyttisesti.

Asiasanat: adsorptio, biomassa, hydroterminen karbonointi, jätevesi, karakterisointi,
regenerointi, uudet haitta-aineet vesistöissä, valokatalyysi
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1 Introduction 

1.1 Emerging contaminants 

In recent years, developments in science and technology have led to the discovery 

of a new group of pollutants in aquatic bodies called ‘emerging contaminants’. 

These emerging contaminants (ECs) are synthetic or natural chemicals and 

microorganisms, which are not commonly monitored, but have the potential to 

cause known and suspected adverse effects in the environment and human health 

at some point of time (Patel et al., 2020; Rosenfeld & Feng, 2011). ECs are not 

properly removed by conventional water treatment processes nor natural 

attenuation, and hence they originate from both point sources (wastewater 

treatment plants (WWTP) in urban and industrial areas) and diffuse sources (crop 

and animal production, atmospheric deposition). About 700 emerging contaminants 

including their transformation products and metabolites have been found in the 

European aquatic environment (Geissen et al., 2015; Rodriquez-Narvaez, Peralta-

Hernandez, Goonetilleke, & Bandala, 2017). These contaminants are present at low 

concentration ranges from ngL-1 to µgL-1 and they also have diverse chemical 

properties due to their complex structures (Pal, He, Jekel, Reinhard, & Gin 2014; 

Patel et al., 2020). 

Emerging contaminants comprise pharmaceuticals, personal care products, 

antibiotics, biocides and pesticides. Pharmaceuticals are chemical compounds 

intended to cure living creatures and prevent the spread of diseases (Maletz et al., 

2013). About 3000 substances: anti-inflammatories, antihistamines, painkillers, 

antidiabetics, contraceptives, anti-depressants and lipid regulators to name a few, 

are produced by the pharmaceutical industry. They are not easily biodegradable, 

are soluble in water and have chronic toxic effects. The large-scale use of 

pharmaceuticals has led to their presence in wastewater, fresh water and storm 

water, and storm water runoff in urban areas (Campanha et al., 2015; Diamond, 

Munkittrick, Kapo, & Flippin, 2015; Lambert & Skelly, 2016; McGrane, 2016; 

Patel et al., 2020). Personal care products such as insect repellants, sunscreens, 

fragrances and shampoos are substances used for personal care purposes. They are 

mostly used externally unlike pharmaceuticals, and thus there is no metabolic 

change in their chemical structure. In wastewater treatment plants (WWTPs), due 

to their hydrophilic nature, they can combine with other hydrophilic compounds 

and end up being adsorbed into the sludge (Fawell & Ong, 2012; Jiang, Zhou, & 
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Sharma, 2013; Margot, Rossi, Barry, & Holliger, 2015). Antibiotics, biocides and 

pesticides are used in the urban environment and for agriculture. At very low 

concentrations, when released into the environment, they lead to the development 

of resistant bacteria. These in turn prevent the biodegradation of plant materials 

thus disrupting the food chain in aquatic ecosystems. The World Bank has predicted 

that, by 2050, these resistant bacteria could lead to the death of about 10 million 

people every year (Bloom, Merrett, Wilkinson, Lin, & Paulin 2017; Margot et al., 

2015; Richardson & Ternes, 2014). 

Generally, the problems linked to the presence of ECs are classified under 

genotoxicity, immune toxicity, interference of hormones in aquatic organisms and 

endocrine disruption (Bilal & Iqbal, 2019; Mortensen et al., 2014). Aquatic 

ecosystems are important for the survival and existence of all other ecosystems, so 

it is important for them to be protected. In the future, anthropogenic pressure and 

climate change may worsen the adverse effects caused by the presence of ECs 

(Sousa, Ribeiro, Barbosa, Pereira, & Silva 2018; Zhao et al., 2017). In an attempt 

to curb the negative effects, countries such as Japan, the USA, Germany, China and 

Canada are leading large-scale research on ECs (Bao, Wei, Yao, Ruan, & Zeng 

2014). 

1.2 European surface water watch list - Water framework directive 

The European Union (EU) established Directive 2000/60/EC in 2000 to ensure the 

good quality of surface water. Table 1 shows the substances included in the first EU 

watch list of emerging contaminants (Decision 2015/495). 

Table 1. First EU watch list of emerging contaminants (Decision 2015/495). 

Group of substances  Chemicals 

Oestrogens (Hormones) Natural Hormone: Estrone E1, 17-β-estradiol E2 

Synthetic oestrogen: 17-α-ethinylestradiol EE2 

Non-steroidal anti-inflammatory drugs (NSAID) Diclofenac 

Macrolide antibiotics 

Antioxidants 

UV filters  

Pesticides 

Azithromycin, Clarithromycin, Erythromycin 

2,6- ditert-butyl-4-methyl phenol BHT 

2-ethylhexyl 4-methoxycinnamate EHMC 

Carbamate pesticide: Methiocarb 

Neonicotinoid: Imidacloprid 

Thiacloprid, Thiamethoxam, Clothianidin, Acetamiprid 

Herbicides Oxadiazon, Triallate 
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Directive 2000/60/EC was amended in 2008 and 33 substances were listed to be 

monitored (Directive 2008/105/EC). In 2013, the number of substances to be 

monitored was updated to 45 and the need to develop new water treatment methods 

was highlighted (Directive 2013/39). A more explicit list was finally published in 

2015 (Decision 2015/495), which comprises 17 organic substances (Sousa et al., 

2018).  

Based on the recommendations from the Joint Research Council (JRC) 

(European Commission. Joint Research Centre, 2018) and the approval of the EU 

member states, a report containing a second watch list was made, Commission 

Implementing Decision EU 2018/840 of 5 June 2018. In this report, five chemicals 

(Diclofenac DCF, Oxadiazon, Triallate, 2-ethylhexyl 4-methoxycinnamate EHMC, 

2,6- ditert-butyl-4-methyl phenol BHT) were removed from the list and three 

chemicals (metaflumizone- a pesticide, amoxicillin and ciprofloxacin- antibitoics) 

were included. The EU watch list is updated periodically and depending on accurate 

evaluations, substances are included or excluded from the list. The current valid 

watch list was updated in 2020 (Water Europe, 2020). The following contaminants 

were added to the 2018 list: the antibiotics sulfamethoxazole and trimethoprim, the 

antidepressants venlafaxine and O-desmethylvenlafaxine, the pesticides imazalil, 

ipconazole, metconazole, penconazole, prochloraz, tebuconazole and tetraconazole, 

and the azole pharmaceuticals clotrimazole, fluconazole and miconazole. 

In this thesis work, the focus is on the oestrogen EE2, the antibiotic amoxicillin 

and the non-steroidal anti-inflammatory drug diclofenac. Therefore, detailed 

information is presented on these contaminants. 

The human population releases about 30 000 kg of natural and 700 kg of 

synthetic oestrogens into the environment every year. This is solely from birth 

control pills. Pregnant women release about 790 µg estrone (E1) and between 

 2800‒600 µg of E1 and 17- β-estradiol (E2) daily (Adeel, Song, Wang, Francis, & 

Yang 2017). Hospital effluent has been reported as a major source of estrogen 

pollution (Avberšek, Šömen, & Heath, 2011). The average excretion per person per 

day of E1 is between 12‒196 µg, for E2 it is 7.70 µg and for EE2 0.41 µg 

(Laurenson, Bloom, Page, & Sadrieh, 2014). Oestrogen released from livestock 

yearly is about twice that released by humans, i.e. 83 000 kg. The application of 

animal manure (cow, pig, horse) to agricultural land is the main source of 

oestrogens in the environment when the amount of oestrogens present in lagoon 

effluent is included (Adeel et al., 2017; Andaluri, Suri, & Kumar, 2012; Biswas et 

al., 2013). Ray et al. (2013) reported that about 1 315 kg of E1 and 570 kg of E2 is 

excreted from farm animals every year. Municipal sewage treatment plants do not 
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remove these oestrogens completely, and as a result, their effluents and bio-solids 

contain significant concentrations of oestrogens, which are then released into the 

natural environment. Leachates from municipal landfills seep into ground water 

(Belhaj et al., 2015; Goeppert, Dror, & Berkowitz, 2014; Li, 2014; Pessoa et al., 

2014). It has been reported that 12‒196 ngL-1, 6.2‒42.2 ngL-1 and 0.6‒5.6 ngL-1 

concentrations of E1, E2 and 17-α-ethinylestradiol (EE2), respectively, have been 

detected in sewage treatment plant (STP) effluent (Pal, Gin, Lin, & Reinhard, 2010). 

In Beijing, about 60% of EE2 and and 40% natural oestrogens in wastewater could 

be entering the natural environment with about 74.2 ngL-1, 3.9 ngL-1 and 4.6 ngL-1 

of E1, E2 and EE2 concentrations detected in the largest WWTPs (Zhou, Zha, & 

Wang, 2012; Zhou, Zha, Xu, Lei, & Wang 2012). The interesting aspect about these 

oestrogens in the natural environment is that they can be converted to one another 

(Haiyan, Shulan, ud din Ahmad, Dao, & Chengwu 2007; Prater, Horton, & 

Thompson, 2015). Therefore, finding suitable ways to avoid releases into the 

natural environment is important. 

The presence of these oestrogens in the aquatic environment alters the 

reproductive characteristics of male fish, reduces their testes size and lowers the 

sperm count (Arnold, Brown, Ankley, & Sumpter, 2014; Kidd et al., 2007; Van 

Donk, Peacor, Grosser, De Senerpont Domis, & Lürling 2016). In animals, 

permanent infertility occurred in sheep that grazed on clover plants containing 

potent levels of phytoestrogens. Intraocular eye pressure caused by oestrogens has 

been reported in cats (Hotchkiss et al., 2008; Shemesh & Shore, 2012). Oestrogens 

are useful for human physiology, but could cause adverse effects when they are 

consumed above the threshold. The joint Food and Agriculture Organization/World 

Health Organisation FAO/WHO expert committee on food additives established 

that the safe daily consumption of oestrogens was between 0‒50 ng per kg body 

weight (Plotan, Elliott, Frizzell, & Connolly, 2014). Consuming quantities above 

this threshold could cause premature menopause and increase the risk of breast 

cancer in women. It can also cause a decrease in sperm count and increased risk for 

prostate cancer for men (Moore et al., 2016; Nelles, Hu, & Prins, 2011; Sumpter & 

Jobling, 2013). High levels of oestrogen consumption can also cause cardiovascular 

disease (WocŁawek-Potocka et al., 2013), increase the risk of developing glaucoma, 

and phytoestrogens affect the human immune system and metabolism (Shemesh & 

Shore, 2012; Sirotkin & Harrath, 2014). Fan et al. (2013) carried out a study to find 

out the level of the presence of oestrogens in drinking water in China. They detected 

E2 in 53 out of 62 drinking water treatment plants (Fan, Hu, An, & Yang, 2013). 
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Diclofenac (DCF), a non-steroidal anti-inflammatory drug, is the most 

common detected pharmaceutical in the environment. It is used frequently in 

animal and human care. Biological wastewater treatment does not remove 

diclofenac, as it is not easily biodegraded. Hence, it is easily released into fresh 

waters (Bonnefille, Gomez, Courant, Escande, & Fenet 2018). In fresh water, it has 

a half-life of about 4 to 12 days, and about 5‒10 minutes in marine water depending 

on water salinity (Ali et al., 2017; Fang, Nan, Chin, & Feng, 2012; He, Wang, Liu, 

& Hu, 2017). Though diclofenac has a short half-life in marine environments, there 

is a continuous deposit from fresh and coastal waters, which leads to its 

bioaccumulation in marine organisms. Osmoregulation in mussels was disrupted 

when they were exposed to concentrations between 10‒100 ngL-1 of DCF for 7 

days, and DNA damage and cytotoxic effects on mussel haemocytes were also 

detected. Oxidative stress was caused in fish exposed to concentrations of  

5 ngL-1‒1000 µgL-1 (Eades & Waring, 2010; Schmidt, Rainville, McEneff, Sheehan, 

& Quinn 2014; Toufexi, Dailianis, Vlastos, & Manariotis, 2016). Several Asian and 

African vulture species are near extinction due to renal and liver failure after 

consuming carcasses of cattle that were treated with DCF (Naidoo, Wolter, 

Cuthbert, & Duncan, 2009; Oaks et al, 2004). In fresh waters, the presence of DCF 

has caused the modification of the sex ratio, cellular alteration, oxidative stress and 

osmoregulation of freshwater invertebrates (Efosa, Kleiner, Kloas, & Hoffmann, 

2017; Ghelfi et al., 2016; Gröner, Höhne, Kleiner, & Kloas, 2017; Saravanan & 

Ramesh, 2013).  

Amoxicillin (AMX) and ciprofloxacin (CIP) are the most widely used 

antibiotics globally for animal and human care. About 30‒90% of antibiotics are 

excreted through urine and faeces into the environment (Heberer, 2002; Kwon et 

al., 2011). About 46 mgkg-1 of CIP was detected in chicken dung in China (Zhao, 

Dong, & Wang, 2010). These antibiotics end up in ground water and possibly in 

the drinking water unless they are fully degraded (Githinji, Musey, & Ankumah, 

2011). As mentioned above, their presence leads to the development of antibiotic-

resistant bacteria, so it is important to find ways of removing them from WWTPs. 

Hartmann et al. (1999) and Kümmerer (2001) reported that concentrations of about 

28‒83 mgL-1 of AMX and 0.7‒125 mgL-1 of CIP were detected in hospital 

wastewaters. About 7 mgL-1‒31 mgL-1 of CIP was detected in WWTPs receiving 

pharmaceutical wastewaters and about 14 mgL-1 in rivers contaminated with 

industrial waste (Fick et al., 2009 and Larsson, de Pedro, & Paxeus, 2007). CIP 

concentrations between 18‒199 µgL-1 disrupt the metabolism of a wide group of 

autotrophic and heterotrophic organisms. The nitrifying activity of freshwater 



24 

microbial communities decreased when exposed to 100 µgL-1. An amount of  

5‒50 mgkg-1 of CIP reduces the diversity of soil microbial communities (Cui et al., 

2014; Girardi et al., 2011; Johansson, Janmar, & Backhaus, 2014; Rico et al., 2014). 

The effluents from two Croatian pharmaceutical companies were analysed during 

winter, spring, autumn and summer by Bielen et al. (2017). During the winter and 

spring, about 10.5 mgL-1 of azithromycin (AZI) was detected and 638 µgL-1 during 

summer and autumn. The concentration in the recipient river was 30 µgL-1 in winter 

and spring. Up to 83% of cultured bacteria in the recipient river developed AZI 

resistance; multiple abnormalities were induced in zebra fish eggs and toxicity in 

green algae (Bielen et al., 2017). 

These examples clearly demonstrate the increasing requirement for new 

methods of water treatment to be able to remove the emerging pollutants efficiently 

and avoid their release into natural waters. The examples also demonstrate the 

research problem focused on in this thesis work. 

1.3 Objectives and scope 

The development of novel, environmentally friendly and cost-efficient methods for 

the treatment of the emerging contaminants is also important for developing 

countries. This thesis work is therefore focused on studying the development of 

cost-efficient adsorbent materials for the treatment of ECs from aqueous solution, 

and the possibilities to regenerate the adsorbents using light irradiation. Keeping 

this focus in mind, the main objectives of this work are as follows: 

1. To study the applicability of organic waste material (palm kernel shells) as a 

precursor for the development of adsorbents – to create new valuable products 

from waste. 

2. To find an efficient way to introduce photocatalytic activity in the adsorbents 

developed. 

3. To study the regeneration of the prepared adsorbent materials, first with 

chemical treatment, and then using light irradiation. 

4. To characterize the developed materials thoroughly for better understanding of 

their performance in the removal of ECs from aqueous solution. 

In this work, the author hypothesized that: 

1. Highly active and selective carbon adsorbents can be produced from biowaste 

using the hydrothermal carbonization process and activation procedure. 
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2. Regeneration using light irradiation has the potential to solve the secondary 

pollution caused by regeneration of ‘end-of-cycle’ carbon adsorbents. 

To reach the goals of this thesis, different research tasks were carried out and the 

results of the work have been published in four scientific journal articles. The aim 

of Publication I was to develop a new, efficient and economic adsorbent for the 

removal of diclofenac in water using hydrothermal carbonization (HTC) and 

activation in an inert gas atmosphere (N2). The chemical and structural properties 

of the adsorbent were characterized to explain its performance. To obtain more 

information on the adsorption process, the adsorption isotherms and kinetics of 

adsorption were evaluated. The regeneration of the adsorbent was accomplished 

using ethanol. 

In Publication II, our objective was to demonstrate that efficient adsorbents 

could be developed at lower carbonization and activation temperatures (200 °C and 

500 °C) using steam as the activating agent. The efficiency of the prepared 

adsorbent was studied in the adsorption of ethinylestradiol (EE2). Kinetic and 

thermodynamic studies were also carried out. Regeneration of the adsorbent was 

accomplished using ethanol. 

Fig. 1.  Scope of the thesis and articles submitted and published in reference to this 

work. 
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In Publications III and IV, the aim of the work was to prepare novel carbon 

materials efficient in pollutant removal from water that could be regenerated via 

photocatalytic treatment. We sought to develop materials that have characteristics 

leading to both good adsorption capacity and photocatalytic activity. The 

photocatalytic activity was added to the materials developed in Publication III in 

such a way that the end product was a composite, consisting of separate phases of 

carbon material and a photocatalytically active part. In the hybrid materials 

reported in Publication IV, a closer contact between carbon and the 

photocatalytically active part was expected. The prepared materials were 

thoroughly characterized to explain their performance, and to find out whether the 

composite or hybrid material is better than the other. The photocatalytic efficiencies 

of the materials were evaluated to be able to study the regeneration in the correct 

light irradiation conditions. Photocatalytic and regeneration experiments were 

carried out with diclofenac and amoxicillin as pollutants. 

Generally, the treatment and possible removal of emerging contaminants is a 

global problem, which requires environmentally friendly approaches to mitigate 

their adverse health and environmental effects. Development of adsorbents that can 

be regenerated by light irradiation with simultaneous degradation of the pollutants 

is equally beneficial, as it would reduce the secondary pollution caused by end-of-

cycle adsorbents. In the next chapter, a summary is given of the different methods 

that have been employed to treat emerging contaminants from water with the focus 

on the phase-changing process - adsorption.  
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2 Treatment of emerging contaminants  

In general, the treatment of emerging pollutants is difficult, and commonly used 

water treatment technologies are not efficient enough to achieve complete removal. 

Therefore, several novel methods have been investigated for this purpose. The 

common water treatment methods are divided into three main types: biological, 

chemical (including advanced oxidation methods) and phase-changing processes 

(Rodriguez-Narvaez, Peralta-Hernandez, Goonetilleke, & Bandala, 2017).  

2.1 Biological treatment 

Biological treatment processes are either anaerobic or aerobic (Czajka & Londry, 

2006; Dafele, Wate, Meshram, & Neti, 2010; Martin, Santos, Aparicio & Alonso, 

2015; Rodriguez-Narvaez et al., 2017). The activated sludge process is the most 

commonly used system for biological treatment (Sipma et al., 2010). Biological 

treatment is often used in municipal wastewater treatment plants (MWWTPs). 

Ferreiro et al. (2020) carried out an analysis on the influent and effluent of a 

wastewater treatment plant in Spain where they observed different removal rates 

for different emerging contaminants (ECs). After biological treatment, a removal 

rate of about 38% diclofenac was achieved. Biological treatment is not sufficient 

for the removal of emerging contaminants and contributes only to a limited extent 

to decreasing their concentrations in contaminated waters (Joss et al., 2006). 

Paterakis et al. (2012) reported the results for the anaerobic digestion of activated 

sludge contaminated by Estrone (E1), 17-β-estradiol (E2) and Estriol where they 

observed 53% removal of these oestrogens from primary sludge and 39% in the 

case of mixed sludge. In the case of mixed sludge, only about 12% removal was 

achieved at mesophilic and thermophilic temperatures. Sui et al. (2011) reported 

the results for the aerobic digestion of activated sludge contaminated by 

Trimetoprim with removal rates of 38‒53%. Aerobic digestion with the use of other 

systems such as soil and biological filtration for the treatment of hormones and 

non-steroidal anti-inflammatory drugs (NSAIDs) has also been reported by Carr et 

al. (2011). They found ~18% removal for Ibuprofen and 27% for 17-β-estradiol 

(Carr, Morse, Zak, & Anderson, 2011). Matamoros et al. (2012) found ~2‒98% 

removal for about 18 different emerging pollutants using two biological filtration 

lines, including a polishing pond. 

Though significant work has been carried out on the biological treatment of 

emerging contaminants, there exists a lapse in the effect that anthropogenic factors 
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from different geographical locations could have on the wastewater and the effect 

of other pollutants in the wastewater (Rodriguez-Narvaez et al., 2017). Another 

issue arises from managing the biosolids produced when activated sludge is used. 

The hydrophobic ECs remain in the biosolids, are released with the used sludge 

and can later desorb and contaminate soil and water (Noguera-Oviedo & Aga, 

2016). 

2.2 Chemical treatment 

During chemical treatment, the emerging contaminant molecules are transformed 

into other molecules, ideally into water and CO2 or other less toxic substances. The 

chemical treatment is carried out through electrochemical oxidation and other 

advanced oxidation processes. Electrochemical oxidation is a method consisting of 

two electrodes where strong oxidizing species are formed upon energy input, 

leading to the breakdown of the contaminants. About 73% removal of 

carbamazepine has been observed using this method (Komtchou, Dirany, Drogui, 

& Bermond, 2015). 

The main characteristic of chemical treatment processes (such as advanced 

oxidation processes, AOPs) is the production of free hydroxyl radicals during the 

treatment. These radicals are produced using different routes and process 

conditions. Radical production can be increased by semiconductor photocatalysts 

such as TiO2. Optimum dosage of the catalyst is of utmost importance in the overall 

degradation process (Ganzenko et al., 2015; Giraldo, Erazo-Erazo, Flórez-Acosta, 

Serna-Galvis, & Torres-Palma, 2015). Some oxidizing agents which have been 

used for the treatment of ECs are ozone, UV, ozone/H2O2/UV, ozone/H2O2 and 

UV/H2O2. These oxidants and combinations have been used for the treatment of 

EE2, E1, the NSAID naproxene and antibiotic doxycycline respectively (Bolobajev, 

Trapido, & Goi, 2016; Feng, Watts, Yeh, Esposito, & van Hullebusch 2015; Sarkar, 

Ali, Rehmann, Nakhla, & Ray 2014; Vallejo-Rodriguez, Murillo-Tovar, Navarro-

Laboulais, León Becerril, & López-López 2014). Other AOPs are the Fenton, photo 

Fenton and sonochemical processes (Borghi, Silva, Al Arni, Converti, & Palma 

2015; Carra et al., 2015; Villegas-Guzman, 2015). Ozone has been widely used as 

an oxidant, but it is costly and its mineralization efficiency for complex organic 

contaminants is low. Catalytic oxidation has been studied to offset the drawbacks 

of ozone (Moussavia, Alahabadi, & Yaghmaeian, 2015). The initial concentration 

and chemical structure of the target contaminant, the pH of the solution, the 
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intensity of light radiation used in the case of UV, are important factors that affect 

AOPs (Liu, Ying, Shareef, & Kookana, 2011).  

Although these processes have gained interest over time, their operating costs 

and energy requirements are quite high (Herlekar, Barve, & Kumar, 2014). In 

addition, the use of AOPs produces by-products that could be released into the 

environment (Cao, Elliott, & Zhang, 2005). Efforts are being put into the use of 

more environmentally friendly synthetic protocols to mitigate the release of more 

harmful by-products from AOPs (Genuino, Mazrui, Seraji, Luo, & Hoag 2013; 

Harshiny, Iswarya, & Matheswaran, 2015). In this thesis, novel materials were 

developed that can be activated under UV-light irradiation and have the potential 

to degrade ECs in water. 

2.3 Phase-changing treatments 

The main idea behind this treatment process is the removal of a contaminant from 

one phase to another, in most cases from the liquid phase to the solid phase. The 

two main phase-changing processes are membrane technology and adsorption. 

(Ahmed, Zhou, Ngo, & Guo, 2015; Homem & Santos, 2011). 

In membrane technology, suspended and high molecular weight compounds 

are removed while low molecular weight compounds and water pass through the 

membrane by means of hydrostatic pressure. The membranes are tailored with 

different pore sizes, hydrophobicity and surface charges, and depending on these, 

specific types of contaminants are removed. Different types of filtration membranes 

are used such as, ultra, nano, micro, forward and reverse osmosis membranes. 

(Schäfer, Akanyeti, & Semião, 2011; Simmons, Kuo, & Xagoraraki, 2011). 

Adsorption is the most commonly used phase-changing treatment. Generally, 

during adsorption, the adsorbate can either adsorb or precipitate on the surface or 

condense into the pores of the adsorbent. This is influenced by several factors such 

as the adsorbent dosage and the pH of the solution to name a few examples 

(Ambaye, Vaccari, van Hullebusch, Amrane, & Rtimi 2020; Fagbohungbe et al., 

2017). Adsorption is the main area of focus of this thesis and is discussed below in 

more detail. 

2.3.1 Adsorption 

Adsorption is the most widely used and promising method for the removal of 

pollutants from water. Most dissolved pollutants that remain after biological 
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treatment and AOPs can be treated with adsorption (He, Sutton, Rijnaarts, & 

Langenhoff, 2016; Saucier et al., 2017; Xu, Cheng, Zhang, Ji, & Xu 2016). 

Adsorption is environmentally benign, it is simple to operate, design and scale up, 

can treat micro-level pollutants, is insensitive to toxic chemicals and the adsorbents 

can be regenerated for reuse (Álvarez-Torrellas, Ribeiro, Gomes, Ovejero, & 

García 2016; Bhatnagar & Anastopoulas, 2017; Soto, Moure, Domínguez, & Prajó, 

2011). During adsorption, molecules from the surrounding liquid attach onto the 

surface of the solid. The solid material onto which the molecules stick is called the 

adsorbent. Before the molecule is attached to the surface of the adsorbent, it is 

called the adsorptive, and when it adheres to the solid it is called the adsorbate (Butt, 

Graf, & Kappl, 2003; Ruthven, 2001). 

Adsorption occurs spontaneously when the free energy of adsorption ΔGads is 

negative. Electrostatic and non-electrostatic forces are responsible for this free 

energy of adsorption. Non-electrostatic forces are attributed to physical adsorption 

(physisorption) and include forces that are relatively weak such as van der Waals 

forces, hydrogen bonding and hydrophobic interactions (the log Kow of the 

adsorbate can determine its hydrophobicity). It is worthwhile noting that these non-

electrostatic interactions are always attractive. On the other hand, electrostatic 

interactions attributed to chemical adsorption (chemisorption), can be attractive or 

repulsive and they depend on the ionic strength of the solution and the charge 

densities of the adsorbent surface and adsorptive molecule (Cumming & Rücker, 

2017; Moreno-Castilla, 2004; Ruthven, 2001). Single or multiple layers of the 

adsorbate can be formed on the surface of the adsorbent at low enthalpy of 

adsorption (physisorption) while only single layers of adsorbate are formed during 

chemisorption. This single adsorbate layer is attached by strong covalent bonds in 

the case of chemisorption and the enthalpy of adsorption is high (Bansal & Goyal, 

2005; Lowell & Shields, 2013; Somorjai & Li, 2010).  

To evaluate the adsorption capacity of an adsorbent for a particular type of 

contaminant molecule, adsorption isotherms are used. The shape of the isotherm 

provides information on the type of adsorption phenomenon (Lyklema, 1993). 

Several adsorption isotherms models have been used to describe the adsorption 

capacity, with Langmuir and Freundlich isotherms being the most commonly used 

(Sahu & Singh, 2019).  

The Langmuir adsorption isotherm model is used to explain both physisorption 

and chemisorption. It is based on the assumptions that adsorbate molecules are 

adsorbed on well-defined localized sites, the energy of the adsorption sites are the 

same, adsorbed molecules do not interact with their neighbouring molecules, and 
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only one adsorbate molecule adheres to each active site (Langmuir, 1916). In the 

Langmuir isotherm model, adsorption and desorption are proportional to the 

adsorbent surface fractions that are open and covered, respectively (Günay, 

Arslankaya, & Tosun, 2007). The linear and non-linear forms of the Langmuir isotherm 

model are expressed by equations 

  (1) 

and 

 𝑞 ,  (2) 

where Ce is the concentration of the adsorbate at equilibrium (mgg-1), qe is the 

adsorption at equilibrium, qm is the maximum adsorption capacity and Ke is the 

equilibrium constant. A dimensionless constant called the separation factor (RL) 

explains the characteristics of the Langmuir isotherm by equation 

 𝑅 , (3) 

where Co is the initial concentration of the adsorbate (mgg-1) and KL is the Langmuir 

constant (mgg-1) related to adsorption capacity. When RL>1, adsorption is not 

favourable and when 0<RL<1 adsorption is favourable (Ayawei, Ebelegi, & 

Wankasi, 2017).  

The Freundlich isotherm model, expressed in linear and non-linear forms by 

equations  

 log𝑞 log𝐾 log𝐶  (4) 

and 

 𝑞 𝐾 𝐶 ,  (5) 

where KF is the adsorption capacity (Lmg-1) and 1/n the adsorption intensity 

respectively (Allen, Mckay, & Porter, 2004;  Ayawei et al., 2017; Joseph, Heo, Park, 

Flora, & Yoon 2011; Limousin et al., 2007). The model explains adsorption that 

occurs on heterogenous surfaces, and it describes the adsorption of solids from a 

liquid onto a solid surface in terms of adsorbate concentration.  

The kinetics (rate at which the adsorbate is adsorbed) of the adsorption process 

is influenced by the transport of the adsorbate to the solid-solution interface and 

the physiochemical adsorption rate at the surface (Kavitha & Namasivayam, 2007). 

Several mathematical models have been used to describe adsorption kinetics, with 
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the pseudo-first-order (PFO) and pseudo-second-order (PSO) models commonly 

used for the adsorption of organic compounds (Salman & Hameed, 2010). The 

linear and non-linear forms of the PFO model is expressed by equations  

 𝑑𝑞 𝐾 𝑞 𝑞 , (6) 

and 

 𝑞 𝑄 1 𝑒 , (7) 

and the linear and non linear forms of the PSO model is expressed by equations 

 𝐾 𝑞 𝑞 , (8) 

and 

 𝑞 , (9) 

where qt and qe are the amounts of adsorbed adsorbate (mgg-1) at any time (t) and 

at equilibrium respectively. K1 (min-1) and K2 (gmg-1min-1) are the PFO and PSO 

constants, respectively (Salman & Hameed, 2010). 

Several factors influence the adsorption process, amongst which are the 

temperature at which adsorption takes place, the solution chemistry and the 

characteristics of the adsorbent and adsorptive. The molecular size, pKa and 

solubility of the adsorptive are determining factors in the adsorption process. The 

pKa controls the adsorptive dissociation, the molecular size its accessibility to the 

adsorbent pores, and the solubility determines the hydrophobic interactions 

(Moreno-Castilla, 2004). The pore structure, surface area, mineral matter content 

and surface chemistry of the adsorbent also influence the adsorption process. The 

types of pores determine the kind of molecules that can be adsorbed. For example, 

small molecules are adsorbed on micropores (<2 nm), larger molecules (>50 nm) 

on macropores and intermediate molecules on mesopores (2‒50 nm) (Ariga, Vinu, 

Yamauchi, Ji, & Hill 2012; Moreno-Castilla, 2004). In addition to the pore structure, 

the specific surface area of the adsorbent is important. Adsorption is a surface 

phenomenon, thus the larger the surface area, the higher the adsorption. The surface 

functional groups, especially the oxygen-containing functional groups, determine 

the hydrophobicity and surface charge of the adsorbent (Kose, 2010; Radovic, 

Moreno-Castilla, & Rivera-Utrilla, 2000). The mineral matter content of an 

adsorbent has an adverse effect on the adsorption process. It blocks the pores, is 

hydrophilic and could in turn adsorb water instead of the contaminant (Moreno-

Castilla, 2004). 
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As earlier mentioned, adsorption is a spontaneous process, so it is expected that 

an increase in temperature will decrease adsorption. However, Terzyk et al. (2003) 

reported the reverse, when they observed an increase in paracetamol sorption with 

an increase in temperature. Regarding the solution chemistry, the pH and ionic 

strength significantly influence the adsorption of organic weak electrolytes. The pH 

of the solution determines the protonation or dissociation of the electrolytes and the 

surface charge of the adsorbent. When the solution pH<pHPZC (pHPZC is the pH at 

which the surface has a net zero charge), the total adsorbent surface charge is 

positive and it is negative when pH>pHPZC. Depending on the solution pH, 

electrolytes dissociate based on their pKa values, for example, at pH>pKa, acidic 

electrolytes will be dissociated (Moreno-Castilla, Rivera-Utrilla, López-Ramón; & 

Carrasco-Marín, 1995; Rivera-Utrilla, Utrera-Hidalgo, Ferro-Garcia, & Moreno-

Castilla, 1991; Yang, Chun, Sheng, & Huang, 2004). Electrostatic interactions are 

controlled by the ionic strength of the solution. When the electrostatic interaction 

between the adsorptive and adsorbent surface is attractive, an increase in ionic 

strength will decrease adsorption and when it is repulsive, adsorption will be 

increased (Bautista-Toledo, Ferro-García, Rivera-Utrilla, Moreno-Castilla, & 

Vegas Fernández 2005; Newcombe & Drikas, 1997). 

Different types of materials have been studied for the adsorption of emerging 

contaminants. The most commonly used adsorption material is activated carbon. 

Activated carbon is the general name for carbon-based adsorbents with a large 

specific surface area and porous structure. Due to this large specific surface area, 

they are used very often for the adsorption of ECs. Removal of contaminants of 

higher than 90% is possible with activated carbons (Baccar, Sarrà, Bouzid, Feki, & 

Blánquez 2012; Grover, Zhou, Frickers, & Readman, 2011; Henning & von Kienle, 

2010; Martins et al., 2015; Rivera-Utrilla, Sánchez-Polo, Ferro-García, Prados-

Joya, & Ocampo-Pérez 2013; Sotelo et al., 2012; Torres-Pérez, Gérente, & Andrès, 

2012). The source of the raw material used in the preparation of activated carbon 

is important as several studies have shown different removal rates achieved in case 

of different raw materials. This can be attributed to the difference in the carbon 

structure of the raw materials and the different preparation methods (Al-Othman et 

al, Ali, & Naushad, 2012; Rivera-Utrilla et al., 2013; Smets et al., 2016). 

Another type of material is biochar, which is similar to activated carbon. 

Biochar is a charcoal-based material made from bio-based materials. It differs from 

activated carbon mainly in its application as it is mostly used for soil amendment. 

Several studies, however, have been carried out using biochars directly for the 

treatment of ECs (Ji, Wan, Zheng, & Zhu, 2011; Jia et al., 2013; Liu et al., 2012; 
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Nguyen et al., 2019; Teixidó, Pignatello, Beltrán, Granados, & Peccia, 2011). The 

typical preparation method for biochar is pyrolysis (Ambaye et al., 2020). The 

preparation temperature of the biochar influences its hydrophobic-hydrophilic and 

acid-base properties, which have a marked influence on the biochar adsorption 

capacity (Zheng, Wang, Zhao, Herbert, & Xing 2013). 

Hydrochars are solid residues formed when lignocellulose materials are heated 

in sub-critical liquid water (Sevilla & Fuertes, 2009). They differ from biochars and 

activated carbon in that water is used during their preparation. Treatment of ECs 

has been carried out with the use of unmodified (Delgado-Moreno et al, 2021; 

Zhang et al., 2020) and modified/activated (Fernandez, Ledesma, Román, Bonelli, 

& Cukierman 2015; Publication I) hydrochars. The main factors influencing the 

performance and type of hydrochars produced is discussed in detail in Chapter 3. 

Carbon nanotubes, which are carbon allotropes with graphite-like structures, 

have been used as adsorption materials for ECs (Cho, Huang, & Schwab, 2011; Ji 

et al., 2010; Mohammadi, Kazemipour, Ranjbar, Walker, & Ansari 2014). There are 

two types, namely single- (~1 nm diameter) and multi-walled (several tubes) 

nanotubes (Gupta, Agarwal, & Saleh, 2011; Kim, Hwang, & Sharma, 2014; Ren, 

Chen, Nagatsu, & Wang, 2011). The surface area of the nanotubes and the method 

used for their synthesis greatly influence their performance, as observed by Ji et al. 

(2010). Graphene materials are also carbon allotropes used as adsorption materials 

for ECs. They are known to have active functional groups on their surfaces that 

favour the adsorption of ECs (Jauris et al., 2016; Santhosh et al., 2016). 

Clay is an inorganic material that has been used for the adsorption of ECs. It 

has a high surface area, porosity and is readily available. The performance of clay 

is dependent on its source and characteristics such as nitrogen and iron content 

(Behera, Oh, & Park, 2010; Li, Chang, Jean, Jiang, & Wang 2010; Srinivasan, 2011; 

Wu, Li, & Hong, 2012; Wu, Li, Hong, Yin, & Tie 2010; Zhao, Gu, Gao, Geng, & 

Wang 2012). Although clay is readily available, its long-term use may be 

unsustainable as it is globally used for other purposes, especially for construction 

(Rodriguez-Narvaez et al., 2017). 

Other adsorbents include zeolites (meso- and micro-porous, naturally 

occurring minerals that have high adsorption capacity), resins and metal oxides 

(Ahmed et al, 2015; Lazarova, 2012). Chen and Huang (2010), Chu et al. (2014), 

and Song and Jhung (2017) have studied the use of these materials in the adsorption 

of ECs. The composition of these materials greatly affects their efficiency. Liu et 

al. (2012) developed an Fe-Mn binary oxide for the removal of tetracycline. More 

than 98% was removed with material having a 1:1 Fe: Mn ratio, while with FeOOH 
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and 1:7 Fe:Mn, only 30% and 35% removal was achieved, respectively. The 

sustainable production of these other adsorbents is a source of concern compared 

to bio-based carbon adsorbents that can be made from waste biomass sources. As 

earlier mentioned, the efficiencies of these other adsorbents vary greatly depending 

on the composition, amount and type of materials as well (Rodriguez-Narvaez et 

al., 2017). 

In Chapter 3, the different methods used in the preparation of carbon 

adsorbents as well as some factors that influence the methods are considered. 

Emphasis will be laid on the methods that were used in this thesis work. 
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3 Preparation of adsorbents 

3.1 Raw material 

Biomass refers to all organic matter, both plants and animals, including their waste 

form. It has been used over time to produce chemicals and solid products of high 

value. This reduces the amount of waste that is landfilled (De Wit & Faaji, 2010; 

Demirbaş, 2001). Biomass is classified under various groups. These include forest 

residues, agricultural crop residues, municipal solid waste, wet waste, dedicated 

energy crops and algae (Bedia, Peñas-Garzón, Gómez-Avilés, Rodriguez, & Belver 

2018). Forest residues are obtained after the felling of trees that were cultivated for 

biomass collection, whereas municipal solid waste refers to waste from urban areas 

including household wastes (Cheng & Hu, 2010; Dessbesell, Xu, Pulkki, Leitch, & 

Mahmood 2017). Agricultural crop residues are materials that are left after 

harvesting, for example barley, wheat and rye residues, to name a few (Monforti, 

Bódis, Scarlat, & Dallemand, 2013; Scarlat, Martinov, & Dallemand, 2010). Wet 

wastes come mainly from industrial processes. They can also be called 

contaminated biomass as they may contain different organic residues from various 

industrial waste streams (Albert et al., 2016; Nizamuddin et al., 2017). Hardwood 

trees that grow rapidly, such as the poplar tree and grasses that are harvested 

annually, are classified under dedicated energy crops while algae consist of biomass 

that grows in aquatic environments (Bhatngar, Chinnasamy, Singh, &, Das, 2011; 

Blanco-Canqui, 2016; Glithero, Wilson, & Ramsden, 2015; Ward, Lewis, & Green, 

2014).  

A significant portion of forestry and agriculture residues is made up of 

lignocellulose biomass (Han, Guo, Liu, Xia, & Wang 2019). Several authors have 

reported the synthesis of adsorbents from these biomass types. Karakaş et al. (2017) 

and Kula et al. (2008) reported the synthesis of adsorbents from olive stones, Chen 

et al. (2011) and Lin et al. (2013) from rice husks, Wu et al. (2017) from coconut 

husks and Yang et al. (2018) from bamboo to give a few examples. These 

adsorbents are prepared using different methods, which are discussed further in 

Section 3.2. 
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3.2 Synthesis of carbon adsorbents 

In this section, the different synthesis methods are classified based on the products 

formed. Adsorbents formed from one-step synthesis (microwave heating and 

carbonization) will be called biochar, materials originating from one-step 

hydrothermal carbonization are named hydrochar, while those formed from two-

step synthesis will be referred to as activated carbon. Pyrolysis and hydrothermal 

carbonization use thermal energy, whereas microwave heating makes use of 

microwave energy - a form of electromagnetic radiation. Figure 2 shows the 

different methods used in the preparation of adsorbents. 

 

Fig. 2. Preparation of adsorbents from biomass. 

Bio- and hydrochars have lower porosity and specific surface area and higher solid 

yield compared to activated carbons. Generally, the composition of the biomass 

used, and the operating conditions of each method have a vital role to play in the 

development of pores and surface chemistry of the adsorbent produced (Ahmad et 

al., 2014; Bedia et al., 2018).  

3.2.1 Pyrolysis 

In a single-step pyrolysis process, the biomass is dried and heated in a chemically 

inactive atmosphere at temperatures between 500 °C and 800 °C. The temperature 

is maintained for the required time, after which the biochar obtained is allowed to 

cool to room temperature. The porosity of the biochar is strongly dependent on the 

carbonization temperature (Bedia et al., 2018; Uzi, Shen, Kawi, Levy, & Wang 

2019). 

At temperatures <400 °C, Chen et al. (2017) reported that there was negligible 

development of pores in biochars from several biomass sources. Jimenez-Cordero 

et al. (2013) explained that this is attributed to the incomplete removal of volatile 
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matter at such low temperatures. Wafiq et al. (2016) reported a large increase in the 

surface area and porosity of biomass carbonized at up to 900 °C, since most of the 

volatile matter is removed at this temperature. However, at temperatures higher 

than 900 °C, the ashes from the biomass melt and fuse, thus blocking the pores. 

Reordering of the carbon structure occurs and this in turn decreases the surface area 

(Fu et al., 2009). Surface oxygen functional groups, beneficial for the adsorption 

of organic pollutants, are also lost at such high temperatures (Chen, Yang, Wang, 

Zhang, & Chen 2012; Publication III). 

Emerging contaminants have been removed from aqueous solution by biochars 

prepared from different biomass feedstocks. Pig manure has been used for the 

removal of diclofenac, pine wood and rice straw for the removal of ibuprofen, 

bagasse for the removal of 17-ß estradiol, corn straw for the removal of pesticide 

atrazine and spent coffee grounds for the removal of sulfonamide antibiotics (Dong 

et al., 2018; Essandoh, Kunwar, Pittman, Mohan, &, Mlsna 2015; Lonappan, 

Rouissi, Kaur Brar, Verma, & Surampalli 2018; Salem & Yakoot, 2016; Zhang et 

al., 2020; Zhao et al., 2013). 

3.2.2 Microwave heating 

Microwave technology has attracted attention over the years due to its short 

processing time (Yuen & Hameed, 2009). Most previous works report the use of 

microwave heating simultaneously with the activation (impregnation) of the 

activating agent in the biomass (see also Section 3.3) (Ao et al., 2018; Chayid & 

Ahmed, 2015; Samsuri, Sadegh-Zadeh, & Seh-Bardan, 2014; Yang, Li, An, Gao, 

& Fu 2010). During microwave heating, from room temperature to <120 °C, drying 

of biomass and evaporation of water takes place, followed by low temperature 

pyrolysis and finally carbonization (Lin, Cheng, & Chen, 2012).  

Lin et al. (2012) developed sludge-based adsorbents using microwave energy 

generated by 800 W power and 2.45 GHz frequency. Irradiation time was between 

100 and 130 minutes. As in the case of pyrolysis, they reported that temperature 

plays a vital role in the porosity of the adsorbent produced. At high temperatures of 

about 700 °C, there is a decrease in the surface polar functional groups, surface area 

and pore volume (Lin et al., 2012). 

Other factors influencing microwave heating is the microwave power, radiation 

time and activating agent. The higher the microwave power, the higher the heating 

rate and, subsequently, the greater the loss of the biomass precursor. A decrease in 
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yield is observed when radiation time is increased and when activating agents are 

added (Lin et al., 2012; Zhang, Ji, & Fan, 2008). 

Microwave-assisted activated carbons have been prepared for the removal of 

emerging contaminants previously, e.g. Chayid and Ahmed (2015) for the removal 

of amoxillin using dried giant reeds, Saucier et al. (2015) for the removal of DCF 

by cocoa shells and Reza et al. (2014) for the removal of ibuprofen by bamboo 

waste. 

3.2.3 Hydrothermal carbonization 

In 1913, Bergius and Specht first introduced hydrothermal carbonization (HTC), 

the main method under focus in this thesis. They converted cellulose material in 

the presence of water, in a closed vessel at temperatures between 250 °C‒310 °C 

(Nizamuddin et al., 2017). Schmidt and Bert made some modifications to the 

process while studying the conversion of different saccharides at temperatures 

between 150 °C and 350 °C (Jamari & Howse, 2012). 

HTC is a thermochemical conversion process where biomass is heated in a 

closed vessel, under autogenous pressure and sub-critical water conditions (Wang, 

Chang, & Li, 2019). Water speeds up the carbonization of the biomass and acts as 

both a reactant and reacting medium (Ramsurn & Gupta, 2012). The advantage 

HTC has over other methods is the absence of the drying step of the biomass raw 

material. As a result, energy and operation costs are reduced (Hu et al., 2010; 

Sevilla & Fuertes, 2009). HTC can be carried out with or without the presence of a 

catalyst such as citric acid, ethanol, sodium hydroxide, potassium hydroxide or 

sodium carbonate, for example (Çağlar & Demirbaş, 2001; Karagöz, Bhaskar, 

Muto, & Sakata, 2006; Nizamuddin et al., 2017; Xu et al., 2013). HTC proceeds 

through two main routes, as presented in Figure 3. 
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Fig. 3. Hydrothermal carbonization process. 

Hydrothermal carbonization proceeds via hydrolysis of cellulose to glucose, 

dehydration of glucose to furfural and finally, furfural is aromatized to a carbonized 

structure. The second possible route is the decarboxylation and further 

condensation of cellulose to form an aromatic carbonized material (Titirici, Thomas, 

Yu, Müller, & Antonietti 2007). Solid, liquid and gaseous products are formed 

during HTC, which are dependent on the processing conditions (Liu, Quek, Kent 

Hoekman, & Balasubramanian, 2013). The solid product formed is called 

hydrochar. It is known to be non-toxic and contain oxygen functional groups, which 

have high affinity for both polar and non-polar functional groups (Guo, Dong, Wu, 

& Zhu, 2016; Publication I; Tasca et al., 2019). As a result of this, hydrochar has 

gained interest as an adsorbent (Delgado-Moreno et al., 2021; Zbair et al., 2018) 

and precursor material for activated carbon (Publication I; Zhang et al., 2020). 

The parameters affecting the HTC process are the temperature, reaction time, 

pressure, biomass type, catalyst and biomass to water ratio (Berge et al., 2011; 

Heilmann et al., 2011; Hoekman, Broch, & Robbins, 2011; Krylova & Zaichenko, 

2018). As in the previous methods, temperature plays an important role in the HTC 

process also. Heating provides the energy that is required to break the bonds of the 

biomass, so an increase in temperature will favour the process (Akhtar & Amin, 
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2012). Liu et al. (2013), Sugano et al. (2008), and Sun et al. (2010) all reported that 

hydrochar production is favoured at temperatures up to 200 °C, liquid product 

between 200 °C and 350 °C and gas product >350 °C. The biomass feedstocks used 

were paper industry waste, coconut fibres and eucalyptus trees, and paulownia, 

respectively. 

The effect of the reaction time is dependent on the reaction temperature. 

Generally, the longer the reaction time, the higher the hydrochar yield, the better 

the pore structure and the higher the surface area. Higher temperatures would 

decrease the presence of surface functional groups. However, HTC is carried out in 

sub-critical conditions, which retains the surface oxygen and functional groups 

(Karagöz, Bhaskar, Muto, Sakata, & Uddin 2004; Nizamuddin et al., 2017; 

Publication III; Zhang, von Keitz, & Valentas, 2009). Regarding pressure, the rate 

at which biomass is broken down is increased when the pressure increases, which 

favours the production of hydrochar. Pressure can be increased by using fluids that 

have a high density such as nitrogen or by increasing the temperature (Akhtar & 

Amin, 2011; Funke & Ziegler, 2010; Nizamuddin et al., 2017). 

Lignocellulose biomass is made up of three main components: lignin (10‒25%), 

cellulose (40‒60%) and hemicellulose (20‒40%) (Han et al., 2019). These 

components vary with biomass type, are affected differently by temperature and 

influence the porosity of the hydrochar produced (Funke & Ziegler, 2010). The 

higher the lignin content, the higher the hydrochar yield. This is because lignin is 

not easily degraded so it remains as part of the hydrochar (Peterson et al., 2008). 

Yang et al. (2007) reported that about 80% of hemicellulose was lost at 268 °C, 95% 

cellulose at 400 °C and 54% lignin at 900 °C. As mentioned above, water acts as 

both the reactant and reacting medium. The biomass to water ratio is an important 

parameter influencing the HTC process as it affects the penetration of the reactant 

into the material. If water is not uniformly distributed over the biomass, the external 

surface is decomposed, while the internal surface is untouched (Cullis, Saddler, & 

Mansfield, 2004). This raises the issue of the particle size of the feedstock. 

Brownell et al. (1986) mentioned that large particle sizes will prevent the 

penetration of water to the inner granules, causing the external surface to be 

carbonized and the inner granules unchanged. However, Mosier et al. (2005) 

contradicted this and explained that the biomass breaks down spontaneously during 

HTC, so the particle size has a negligible effect. 

During catalytic HTC, the catalyst (e.g. NaOH, KOH, Na2CO3, ethanol) can 

help break down lignin and cellulose to hydrochar. Acid catalysts enhance 

hydrochar formation as they favour the hydrolysis process while basic catalysts do 
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not. The choice of catalyst with respect to its thermal stability, cost and selectivity 

is important (Karagöz et al., 2006; Wang, 2011; Westermann, Jørgensen, Lange, 

Ahring, & Christensen, 2007). 

To improve on the surface area and porosity of the biochars and hydrochars, 

physical and/or chemical activation is carried out. This is discussed in detail in the 

next section. 

3.3 Activation of bio- and hydrochars 

Physical and/or chemical activation of the chars received from pyrolysis and HTC 

leads to the formation of activated carbons. Activated carbons are known for their 

well-developed porosity and high surface area, which can reach up to 3000 m2g-1 

(Bedia et al., 2018). 

During physical activation, steam, CO2, N2 or air are used as the activating 

agents. The char is subjected to a flow of one gas or a mixture of these at high 

temperatures (>900 °C) (Bouchelta, Medjram, Bertrand, & Bellat, 2008; 

Publication I; Yang & Lua, 2003). During char formation, the volatile elements are 

removed, while during activation, the reactive carbon is removed leading to the 

formation of a highly porous carbon material. The porosity and the surface area of 

the activated carbon increases with the activation temperature as in the case of 

carbonization. CO2 and steam activation lead to the formation of activated carbons 

with wider pores (mesopores 2‒50 nm and macropores >50 nm) (Bedia et al., 2018).  

A variety of chemicals can be used for chemical activation, such as NaOH 

(Jang, Yoo, Choi, Park, & Kan 2018), KOH (Ahmed & Theydan, 2013), H3PO4 

(Rosas, Bedia, Rodríguez-Mirasol, & Cordero, 2009), H2SO4 (Martin, Artola, 

Balaguer, & Rigola, 2003), FeCl3 (Rufford, Hulicova-Jurcakova, Zhu, & Lu, 2010) 

and ZnCl2 (Deng, Yang, Tao, & Dai, 2009). In the first step, the precursor biomass 

is mixed with the activating agent. When strong bases like KOH and NaOH are 

used, impregnating the base into the biomass is preferred to prevent direct oxidation 

of the biomass during mixing. After mixing and/or impregnation, the material is 

kept at room temperature or at elevated temperatures up to about 800 °C. After this, 

the activated carbon produced is washed repeatedly to remove the activating agent 

and reaction products from its pores (Bedia et al., 2018; Publication I; Samsuri et 

al., 2014). 

The activation temperature, activating agent and mass ratio between the 

biomass precursor and activating agent affect the porosity and surface area of the 

activated carbon formed. An increase in activation temperature leads to an increase 



44 

in porosity, as mentioned above. A low mass ratio of activating agent to biomass 

precursor leads to the formation of micropores (<2 nm) and a higher ratio leads to 

meso- and macropores. Strong bases typically form activated carbons with 

micropores (Bedia et al., 2018; Fernandez-Ruiz et al., 2018).  

The advantages of chemical activation over physical activation are the lower 

activation temperature, shorter activation time and formation of activated carbon 

with higher porosity (Publication I). Williams and Reed (2006) achieved a specific 

surface area of 2400 m2g-1 and 840 m2g-1 from biomass flax fiber activated by zinc 

chloride (450 °C) and steam (800 °C), respectively. Moroccan oil shale activated 

with H3PO4 had a specific surface area of about 587 m2g-1 compared to 84 m2g-1 of 

that activated with steam (Oumam et al., 2020). 

Chemical activation is also known to produce activated carbons with a higher 

number of functional groups than physical activation. Leather waste chemically 

activated with H4P2O7 had more functional groups - carboxyl and phenolic groups 

- than that which was activated with steam (Kong et al., 2013). However, washing 

the chemically activated carbon at the end may cause secondary pollution related 

to the chemical contaminated water (Wang et al., 2016; Yorgun, Yildiz, & Şimşek, 

2016). Table 2 lists some previous work carried out on the removal of emerging 

contaminants by activated bio- and hydrochars. 

Table 2. Activated carbon in the removal of emerging contaminants from water. 

Biomass source Contaminant pH Specific 

surface area 

(m2g-1) 

Activating 

agent 

Reference 

Macauba palm 

waste 

Amoxicillin 3 907 ZnCl2 Moura et al., 2018 

Ethinylestradiol 5.5    

Palm kernel shells Ethinylestradiol 3 320 Steam Publication II 

Olive waste cakes Ibuprofen Diclofenac 4.12 793 H3PO4 Baccar et al., 2012 

 Naproxen     

 Ketoprofen     

Macadamia nuts Tetracycline 3 1524 NaOH Martins et al., 2015 

Waste newspaper Glyphosphate 2.5 535 KOH Nourouzi et al, 2010 

Bamboo biomass Sulfathiazole 3.5    

 Sulfamethozazole 3.25 1.12 H3PO4 Ahmed et al., 2017 

 Sulfamethazine 4..5    

Brewer´s spent 

grain 

Acetaminophen ~7‒8 1512.83 KOH De Araújo et al., 2020 

Grape seeds Sulfamethoxazole ~4‒6 321‒2200 KOH Diaz et al., 2019 

Tea waste Sulfamethazine 3 576.09 Steam Rajapaksha et al., 2014 
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4 Adsorbent regeneration 

Adsorption of contaminants on the adsorbent surface leads over time to a decrease 

in adsorption capacity until adsorption is no longer efficient. The exhausted 

adsorbents are landfilled or burnt, which has adverse economic and environmental 

effects. The adsorbed contaminants on the landfilled spent adsorbents could further 

contaminate soil and ground water (Noguera-Oviedo & Aga, 2016). To curb these 

disadvantages, regeneration has been an option, as it removes the pollutants and 

allows the adsorbent to be reused, which further minimizes the contamination that 

comes from end-of-cycle adsorbents. The conventional regeneration methods that 

have been studied are thermal, microbial and chemical regeneration. Important 

aspects to consider during regeneration are the porous structure and mass loss of 

the adsorbents (Salvador, Martin-Sanchez, Sanchez-Hernandez, Sanchez- Montero 

& Izquierdo 2015a, 2015b). 

4.1 Microbial regeneration 

Microbial regeneration is divided into two main types: biodegradation and 

bioregeneration. Microbial regeneration is typically used for the biodegradation of 

organic contaminants. The main concept behind biodegradation is the injection of 

microorganisms into the adsorbent before the adsorption stage. In this case, the 

pollutants are alimentary substrates for the microorganisms. The setback with this 

is the blocking of the pores by these microorganisms, which in turn affects the 

adsorption activity. Bioregeneration is similar to biodegradation, but in 

bioregeneration, microorganisms whose metabolic activity degrades the 

contaminants are put in contact with the spent adsorbent (DeWalle & Chian, 1977; 

Ha, Vinitnantharat, & Ozaki, 2000; He, Lü, Cui, Wu, & Liao 2012; Salvador et al., 

2015b; Toh, Lim, Seng, & Adnan, 2013). 

The microorganisms are said to produce exoenzymes that get into the pores of 

the adsorbent, since the microorganisms themselves are too large to penetrate the 

pores (Rodman, 1973). However, several studies have reported that the 

exoenzymes are equally too large to penetrate the pores. It has been proposed 

alternatively that the contaminants must be desorbed and diffused into the 

microorganism-coenzyme bulk solution before they are degraded (Al-Amrani, Lim, 

Seng, & Wan Ngah, 2012; Toh et al., 2013). 
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4.2 Thermal regeneration 

During thermal regeneration, the contaminants are removed from the saturated 

adsorbents using different heating techniques, of which heating with hot gas is the 

most commonly used method (Guo & Du, 2012). Thermal regeneration is typically 

used for both organic and inorganic loaded adsorbents. When regenerating 

adsorbents loaded with inorganic pollutants, for example calcium, special care 

needs to be taken. This is because calcium could catalyse the gasification process, 

enhancing the destruction of the adsorbent (Chestnutt Jr, Bach, & Mazyck, 2007; 

Mackenzie, Tennant, & Mazyck, 2005; Mazyck & Cannon, 2002; Moore et al., 

2001). Thermal regeneration is carried out on the basis that there are compounds 

that can be removed in their original form by desorption and others that cannot be 

removed by desorption alone. In the case of the latter, part of the adsorbent is 

decomposed leaving behind a residue of char on the adsorbent. The accumulation 

of this char residue gradually decreases the adsorbent activity. Based on this, 

thermal regeneration is thus subdivided into three types: 1) thermal desorption, 2) 

thermal desorption together with decomposition and 3) thermal reactions. All these 

methods include purging with hot inert gas (Pinilla et al., 2007; Salvador et al., 

2015a). 

During simple thermal desorption, the used adsorbent is purged with hot gas 

(for example thermal swing adsorption) at temperatures ≤300 °C. Temperatures 

≤200 °C are used in the case of steam (steaming). The disadvantage of using water- 

derived steam over other inert gases is that it is retained on the surface of the 

adsorbent during desorption and may end up competing with the contaminants to 

be adsorbed after regeneration (Gu & Bart, 2005; Kim, Lee, Kim, Lee, & Lee, 2007; 

Yun, Choi, & Moon, 2000). 

Thermal desorption and decomposition treament is carried out at temperatures 

higher than that used for simple desorption (700‒800 °C). This regeneration can be 

carried out using microwaves with frequencies between 300 MHz and 30 GHz. The 

setback with the use of microwaves is that regeneration takes place alongside 

activation, leading to a mass loss of the adsorbent. Despite the mass loss, this 

method is fast, and all parts of the adsorbent are heated at the same time (Zhang, 

Jiang, Ma , & Yong, 2012). Another way to carry out thermal desorption and 

decomposition treatment is by impregnating metals with catalytic properties on the 

surface of the adsorbent. This facilitates the degradation of the contaminants and 

their removal from the adsorbent (Maroto-Valer, Dranca, Lupascu, & Nastas, 2004; 

Maroto-Valer et al., 2006). As mentioned previously, char residue formed during 
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thermal regeneration is a major problem, and thus mild oxidants like H2O and CO2 

at high temperatures are used to remove the char residue (Urano, Yamamoto, & 

Takeda, 1982). 

4.3 Chemical regeneration 

Chemical regeneration removes the contaminant from the adsorbent surface using 

different reagents (solvents, liquid water, NaOH, etc.). The regeneration can also 

be carried out in supercritical, electrochemical and oxidative conditions. The 

mechanisms that control the regeneration could be the same for different reagents 

(Salvador et al., 2015b). Chemical regeneration can be used to regenerate 

adsorbents loaded with both organic and inorganic pollutants (Bhuvaneshwari, 

Sruthi, Sivasubramanian, & Kanthimathy, 2012; Brown, Robert, Garforth, & Dryfe, 

2004; Kulkarni & Kaware, 2014). 

In chemical regeneration, the exhausted adsorbents are put in contact with 

organic solvents to remove the contaminants. The organic solvent molecules 

physically extract the adsorbate molecules from the adsorbent surface. Though this 

method causes no damage to the porous structure of the adsorbent nor does it cause 

any mass loss, the use of organic solvents is expensive and they may be toxic to the 

environment (Guo, Shi, He, & Yuan, 2011; Lu, Lin, Yu, & Chern, 2011; Martin & 

Ng, 1987). Acetone, methanol and ethanol are the most commonly used solvents in 

regeneration (da Silva & Miranda, 2013; Luz, Ulson de Souza, da Luz, Rezende, 

& Ulson de Souza 2013; Rauthula & Srivastava, 2011). If adsorption is exothermic 

in nature, higher temperatures favour desorption, and thus it should favour 

extraction in this case. However, at high temperatures, endothermic chemical 

adsorption reactions may occur preventing extraction and regeneration of the 

adsorbent. A decrease in solubility may appear in certain cases when adsorbent is 

loaded with gaseous pollutants (Guo et al., 2011; Lu et al., 2011). It is therefore 

safe to say that the effect of temperature on extraction is dependent on the 

contaminants and the adsorbent materials. 

At atmospheric pressure and temperature, liquid water is used as a solvent to 

extract adsorbates from spent adsorbents. Water is a poor solvent for organic 

contaminants and therefore the removal efficiency decreases with subsequent 

adsorption-regeneration cycles (Adib, Bagreev, & Bandosz, 2000; Bagreev, 

Rahman, & Bandosz, 2000; Salvador et al., 2015b). Increasing the temperature 

while using water as a solvent increases the regeneration efficiency as it increases 

the solubility of the organic contaminants and heats the adsorbent. In this case, 
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thermal desorption and extraction occur simultaneously. Ledesma et al. (2014) used 

this method at temperatures <200 °C. 

Another reagent used for chemical regeneration is NaOH. It entails the use of 

mild regeneration conditions and is economic. However, a long treatment time is 

required and the removal efficiency is low (Mugisidi, Ranaldo, Soedarsono, & 

Hikam, 2007). Contaminants on the surface of the adsorbent that do not react with 

NaOH are removed when the adsorbent surface pH increases. The concentration of 

NaOH plays a vital role (Mugisidi et al., 2007). 

When the concentration of NaOH is high, OH- groups are retained on the active 

adsorbent sites, which prevents adsorption after regeneration (Lu et al., 2011; 

Martin & Ng, 1984). The effect of temperature differs in this case depending on the 

contaminant adsorbed on the spent adsorbent. Kuo (2008) has reported the higher 

regeneration efficiency of carbon nanotubes loaded with red dyes at high 

temperatures, whereas Rinkus et al. (1997) have reported that low temperatures 

favour the regeneration of granular activated carbon loaded with phenol using 

NaOH. While some studies have reported the adsorption of phenol to be exothermic 

(Mojoudi et al., 2019), others have found it to be endothermic (Aliakbarian, 

Casazza, & Perego, 2015). This shows that high temperatures will not extract 

phenol from the adsorbent if the adsorption process is favoured at high 

temperatures. 

Supercritical regeneration entails the use of fluids like carbon dioxide and 

water which are less costly and less toxic than organic solvents (Salvador et al., 

2015b). Supercritical water can extract contaminants from the surface of used 

adsorbents similarly to sub-critical water. An advantage of this method lies in the 

fact that supercritical water cleans and opens the pores of the spent adsorbent, 

which slightly increases its specific surface area (Salvador, Martin-Sanchez, 

Sanchez-Montero, Montero, & Izquierdo 2013; Salvador et al., 2015b; Sánchez-

Montero, Salvador-Palacios, Palacios, & Rodriguez, 2006). The temperature effect 

varies based on the pressure. At pressures >90 bar, regeneration efficiency 

decreases, while at pressures from 125 to 250 bar an increase in efficiency is 

observed (Ryu, Kim, & Lee, 2000; Tan & Lee, 2008; Tan & Liou, 1989). 

In electrochemical regeneration, the spent adsorbent is put in an 

electrochemical cell. An electrical current is passed through the used adsorbents 

and the heat produced by the electrical current desorbs the adsorbed contaminants. 

The setback of this method is the cost of maintaining high current intensities and 

the long regeneration time, as only a small amount of adsorbents can be regenerated 

during each cycle (Salvador et al., 2015b). 
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Oxidative regeneration is impressive in that it regenerates the spent adsorbent 

while simultaneously degrading the contaminant. It can be divided into two main 

groups according to whether oxygen is used as the oxidant or not. Oxygen is used 

as the oxidant in both thermal and catalytic oxidative regeneration. The former is 

used mainly to gasify the char residue produced after thermal desorption and 

decomposition, while in the latter, the contaminants are desorbed and then oxidized 

(Harriott & Cheng, 1988; Nwankwo & Turk, 1975). An oxygen-ozone mixture is 

used likewise although ozone is mostly preferred, because it oxidizes the pollutants 

at room temperature (Salvador et al., 2015b). 

Oxygen is not used as an oxidative agent in persulphate, Fenton and H2O2 

regeneration. In persulphate regeneration, persulphate salts dissociate to the 

persulphate anion S2O8
2-, which is further degraded to SO4

2-. SO4
2- is a strong 

oxidizing agent that degrades a large number of contaminants (Hutson, Ko, & 

Huling, 2012; Liang & Chen, 2010). H2O2 produces ·OH radicals, whereas in 

Fenton regeneration, ·OH radicals are formed from the reaction between the ferrous 

ions and H2O2. The hydroxyl radical is able to degrade a wide range of organic 

compounds (Horng & Tseng, 2008; Muranaka, Julcour, Wilhelm, Delmas, & 

Nascimento, 2010). 

Regeneration by photocatalytic oxidation, the method used in this thesis, is 

used to regenerate spent carbon adsorbents containing TiO2 and activated carbon. 

These spent adsorbents are put in water and irradiated with UV light (Liu, Sun, & 

Zhang, 2004). The photocatalytic process mechanism, factors affecting 

photocatalysis, modification of the photocatalyst and possible limitations of this 

method are discussed in more detail in Section 4.3.1.  

4.3.1 Photocatalytic oxidation 

Photocatalytic oxidation is an advanced oxidation process that is effective for 

removing contaminants from water. Photocatalysts are semiconducting materials, 

for example metal compounds or single metals combined with carbon-based 

materials. They function based on their ability to absorb light and produce reactive 

species that degrade contaminants. Titanium dioxide is the most widely used 

photocatalyst because of its low cost and chemical stability (Fernandez-Castro, 

Vallejo, San Román, & Ortiz, 2015; Gao & Wen, 2016; Zhao et al., 2018). 

In a photocatalytic process, when the surface of the photocatalyst is irradiated 

with light energy that is greater than the band gap energy of the photocatalyst, 

electrons on the valence band (VB) become excited and jump to the conduction 
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band (CB). This creates an electron-hole pair, which precedes the redox reactions 

that degrade the pollutants. The electrons react with O2 adsorbed on the 

photocatalyst surface to produce the superoxide anion O2
− radical while the holes 

interact with water to form H2 gas and the hydroxyl radical ·OH. These radicals are 

strong oxidizing agents (Schneider et al., 2014; Yang et al., 2010). The mechanism 

of the photocatalytic process is shown in Figure 4.  

Fig. 4. Representation of the photocatalytic process. 

Hydroxyl radicals are known to be the main reactants in photocatalysis. During 

photocatalytic regeneration, they attack and degrade the contaminant, which is then 

reacted to form CO2, H2O and mineral acids (Liu et al., 2004; Nosaka & Nosaka, 

2016). Superoxides in their protonated or deprotonated form and nitrate radicals 

from nitrate ions are some examples of radicals that are also known to degrade 

contaminants photocatalytically (Parrino, Livraghi, Giamello, Ceccato, & 

Palmisano 2020). 

Several parameters influence the photocatalytic process and regeneration, 

including temperature, light intensity, the presence of oxidants and the pH of the 

solution. An increase in temperature favours the desorption of pollutants in spent 

carbon-based photocatalyst adsorbents and the subsequent oxidation of the 

desorbed contaminants (Yap & Lim, 2012). The light wavelength and intensity are 

directly proportional to the rate of photocatalytic reaction (Hermann, 1995). 
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The presence of oxidants prevents electron-hole recombination as they enhance 

the formation of the ·OH radicals that favour the photocatalytic process. However, 

excessive oxidants, as in the case of H2O2, act as holes trapping the ·OH radical. 

They then react with TiO2 to form peroxide, which is not beneficial for 

photocatalytic degradation (Kaniou, Pitarakis, Barlagianni, & Poulios, 2005; 

Zúñiga-Benítez, Aristizábal-Ciro, & Peñuela, 2016). 

As in adsorption, the pH influences the surface charge of the photocatalyst and 

the substrate ionic form. At pH>pHPZC (point of zero charge), the particles of the 

photocatalyst are negatively charged while at pH<pHPZC, they are positively 

charged. The pH can also change the morphology of the semiconductor 

photocatalyst and the contaminant (Elmollaa & Chaudhuri, 2010; Zúñiga-Benítez 

et al., 2016). 

An environmental concern that arises from photocatalysis is the production of 

intermediate compounds that have the potential to be more toxic and stable than 

the original parent contaminant. This is typical in the case of diclofenac 

photodegradation, where phenol derivatives are known for their toxicity 

(Banaschik, Jablonowski, Bednarski, & Kolb, 2018; Yang, Yu, & Ray, 2009). Some 

photocatalysts, such as metallic silver and zinc oxide nanoparticles, are known to 

be unstable in water in certain cases, and the ions produced when they dissolve in 

water could have adverse environmental effects as well (Li, Zhu, & Lin, 2011; 

Misra, Dybowska, Berhanu, Luoma, & Valsami-Jones 2012). 

Semiconductor photocatalysts such as TiO2 have a large band gap energy of 

3.2 eV. A lot of energy is required to overcome this band gap and to excite the 

electrons of the valence band. This increases the costs of the treatment, as more 

power is needed for the lamps used for the photocatalytic process (Alvarez, Chan, 

Elimelech, Halas, & Villagrán 2018; Dong et al., 2015; Hermann, 1999). In line 

with this large band gap, the charge carrier transfer rate also limits photocatalytic 

efficiency (Zhang, Surampalli, Lai, Tyagi, & Lo, 2009). To overcome these 

limitations, several modifications are made to the photocatalytic materials, 

especially for TiO2. 

TiO2 can be doped with metals (Co, Fe, Sn) and non-metals (C, S, N) to 

improve its activity. The dopants are known to decrease the band gap of TiO2 from 

UV to visible light. The dopants introduce intermediate impurity energy levels in 

TiO2, making it easier for electrons to jump from the intermediate energy levels to 

the conduction band (Dong et al., 2015; Le, Akhtar, Park, Lee, & Yang 2012; Shi, 

Chen, Xu, Wu, & Huo 2011; Su, Liu, Abbasi, Wei, &, Wang 2020; Wang, Blackford, 

Prince, & Caruso, 2012; Xu, Da, Wu, Zhao, & Zheng 2012). Another approach is 
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to combine TiO2 with other semiconductors that have a lower band gap energy, 

such as WO3. This coupling effect will help to separate photogenerated electron 

hole pairs and extend the lifetime of the charge carriers, thus improving the 

photocatalytic activity of TiO2 (Cho et al, 2013; Yan, Zhou, Gao, & Gao, 2012). 

The deposition of precious metals onto TiO2 can also improve its photocatalytic 

activity. Precious metals have different Fermi energy levels compared to TiO2. 

When they are deposited onto TiO2, during photocatalysis, electrons move from the 

Fermi energy level of TiO2 to that of the precious metal. This prevents  

electron-hole recombination, which in turn increases the lifetime of the charge 

carriers and improves photocatalytic activity (Zhao et al., 2018). 

To limit the environmental effects caused by the leaching of photocatalytic 

materials, stabilizing agents (natural or chemical) can be used to produce composite 

photocatalysts that are more stable (Basnet, Inakhunbi Chanu, Samanta, & 

Chatterjee, 2018; Mohassel et al., 2020; Vadlapudi, 2015). Polyacrylic acid and 

ammonium polymethacrylate have been used previously to stabilize TiO2 

nanoparticles (Othman, Abdul Rashid, Mohd Ghazi, & Abdullah, 2012). Generally, 

the use of photocatalysis in the treatment of emerging contaminants irrespective of 

the light source is also becoming more interesting on large scale, even though the 

applications so far have been few. The interesting possibility of using solar-light 

activation may decrease the energy costs of the treatment and give an advantage 

for photocatalysis as a regeneration method over conventional regeneration 

(Fanourakis, Peña-Bahamonde, Bandara, & Rodrigues, 2020). 
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5 Materials and methods 

5.1 Material preparation 

Palm kernel shells were used as the raw materials for adsorbent preparation in 

Publications I and II and for the preparation of the composites and hybrids 

presented in Publications III and IV. The palm kernel shells were collected from the 

North West and South West regions of Cameroon. They were washed to remove the 

fibres, sun dried at temperatures of about 32 °C, and then ground and sieved to 

particle sizes of <0.84 mm. The main carbonization technique used in this thesis 

was hydrothermal carbonization (HTC). HTC processing of raw materials was 

done in a high-pressure Parr reactor. A schematic representation of the HTC reactor 

is shown in Figure 5. 

Fig. 5. Schematic representation of the HTC reactor (Adapted under CC BY 4.0 license 

from Publication III © 2021 Authors). 

5.1.1 HTC-carbonized and steam-activated adsorbents 

During the HTC treatment, the palm kernel shells were put in a resistant glass 

container with ultrapure water, keeping an air space of about 30% and a biomass to 

water ratio of 1:5. The temperature was maintained at 200 °C for four hours while 

the pressure remained between 15 and 18 bars. The reactor was then left to cool, 

the liquid phase was filtered out, and the hydrochar was dried at 80 °C for 12 hours. 

In Publication I, the hydrochar was activated in an inert nitrogen flow of 60 mL 

min-1 at 400 °C for four hours, while in Publication II, the hydrochar was steam-

activated at 500 °C for three hours. The heating rate used was 40 °C min-1 in both 
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HTC and activation for the carbon adsorbents (Publications I and II), and 10 °C 

min-1 for the composites (Publication III) and hybrids (Publication IV). 

5.1.2 Photocatalytic adsorbents 

Composite and hybrid adsorbents with photocatalytic regeneration ability were 

prepared to study the possibility of adsorbent regeneration using light irradiation. 

The composite adsorbents were prepared from palm kernel shells, commercial 

titanium dioxide P25 (Evonik Industries) and tungsten (metal, Alpha Resources 

LLC). The weight percent of carbon was approximately 50%, titanium 25% and 

tungsten 2‒5%, adapted from (Ferjani & Boudali et al., 2014; Maletic et al., 2019). 

The HTC treatment conditions were the same in the composite adsorbent 

preparation as those described in Section 5.1.1. 

The hybrid adsorbents were prepared from palm kernel shells, 97% purity 

titanium butoxide (Sigma Aldrich Ltd) and tungsten metal (Alpha Resources LLC). 

Titanium butoxide was dissolved in 95% ethanol (Química Contemporânea Ltda) 

and added to the palm kernel shell-water mixture during HTC. The pressure 

achieved in this case was 20‒22 bars, whereas all the other HTC conditions 

remained the same as before.  

Tungsten metal was dissolved in 35% hydrogen peroxide (Alphatec Industries) 

at 80 °C for four hours to obtain the tungsten solution used in the preparation of the 

tungsten-containing hybrid and composite materials. The composite and hybrid 

materials were oven-dried after HTC at 105 °C for six hours. Activation of both 

hybrid materials and composites was carried out under 60 mL min-1 nitrogen flow 

at 400 °C for four hours. 

5.2 Material characterization 

Several characterization methods were used to study the properties of the prepared 

materials. Material characterization provides detailed information on the structure, 

texture and composition of the materials. This information can be linked to their 

performance. 

X-ray diffraction (XRD) was used to obtain the composition and crystallinity 

pattern of the prepared materials. A Lab X 6000 Shimadzu (Kyoto, Japan) X-ray 

diffractometer using copper Kα X-ray radiation and operating at 40 kV voltage and 

30 mA was used in connection with Publications III and IV. Scanning was 

performed at a 2θ range of 10–90°. In situ XRD was carried out with a Bruker D8 
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(Ettlingen, Germany) using a copper Kα anode operating at 40 kV and 40 mA. The 

temperature chamber was operated at a heating rate of 5 °C min−1 from 200 °C to 

450 °C under nitrogen atmosphere and measurement was performed at a 2θ range 

of 4‒90°. The in-situ XRD was used to obtain more information on the phase 

changes that occurred during the composite preparation (Publication III). XRD 

diffractograms for the hydrochar-derived and steam-activated adsorbents (in 

Publications I and II) were obtained from a Rikagu SmartLab XRD device using a 

9 kW rotating Cu anode X-ray generator, with scanning done at a 2θ range of  

5‒130° using a step size of 0.02°. 

Scanning electron microscopy (SEM) was used to study the structure and 

morphology of the hydrochar-derived and steam-activated adsorbents (Publications 

I and II). This was done using a Jeol JSM-IT300 with an Oxford Instruments X-

MaxN X-ray detector attached to it. The microscope was operated in vacuum with 

an electron acceleration voltage of 15 kV in backscattered electron mode. High 

magnification imaging and elemental mapping of the composites and hybrids 

(Publications III and IV) were done using a Zeiss Ultra Plus field electron scanning 

microscope (FESEM) equipped with an energy dispersive X-ray spectrometer 

(EDS) detector. The materials were coated with platinum before FESEM analysis. 

Elemental analysis was used to determine the weight percentage of the 

different elements present in the materials. The carbon, hydrogen, nitrogen and 

oxygen weight percentages were measured with a Flash 2000 analyser from 

ThermoScientific. Exact elemental analyses were carried out with a Bruker AXS 

S4 pioneer XRF with loose powder or pressed pellet sample preparation methods. 

Nitrogen physisorption was used to study the textural properties of the 

materials. The specific surface area, average pore volumes and sizes of the prepared 

materials were determined using the Micrometrics ASAP 2020 surface analyser via 

N2-adsorption at −195 °C. The specific surface area SBET (m2g-1) was evaluated 

according to the classical Brunauer-Emmett-Teller (BET) method while the 

average pore volumes were obtained using the Barrett-Joyner-Halenda (BJH) 

method (Baret et al., 1951). The samples were evacuated at 200 °C for 30 minutes 

before analysis.  

Structural analyses were carried out using Fourier Transform Infrared 

Spectroscopy (FTIR), X-ray photoelectron spectroscopy (XPS) and Raman 

spectroscopy. To identify the different types of functional groups on the surface of 

the adsorbents before and after the adsorption experiments (Publications I and II), 

a Fourier transform infrared spectrometer (FTIR) (Perkin Elmer Spectrum 400) 

with an attenuated total reflectance (ATR) accessory was used. The FTIR analyses 
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of the composite and hybrid materials (Publications III and IV) were obtained using 

a Bruker Hyperion 3000 FTIR microscope equipped with a 20× ATR objective and 

with a compact tabletop Bruker Alpha-P FTIR device.  

To obtain information on the composition and chemical structure of the 

materials, a time-gated Pico Raman spectrometer from Timegate Instruments Ltd 

was used. The measurements were carried out in a wave number range of  

100‒2100 cm-1, using a 532 nm pulsed laser with a shot length of 150 ps and 

frequency of 40‒100 kHz. The samples were rotated during the measurements. In 

certain cases, a water droplet was used to minimize the effect of the laser on the 

sample. Raman spectra of activated carbons usually show two vibrational and 

rotational modes around 1580 cm-1 (G band) and 1360 cm-1 (D band). These bands 

correspond to the graphitic structure and disorder in the carbon structure, 

respectively. The ratio of the D band intensity to the G band intensity (ID/IG) is 

associated with structural defects in the material (Publication III) and provides 

information on the materials structure. In Publications I‒IV, the Raman data was 

normalized, and Gaussian fitting was done using Origin software. The integrated 

peak areas of the D and G bands were then used to calculate the ID/IG ratios. 

X-ray photoelectron spectroscopy was used to determine the oxidation states 

of the elements present on the surface of the prepared composite and hybrid 

materials. This was done using the Thermo Fisher Scientific ESCALAB 250Xi X-

ray photoelectron spectroscopy system. An Al Kα radiation source was used with a 

pass energy of 20 eV. ThermoAvantage software was used to analyse the data and 

the Gaussian-Lorenzian function was used to fit the signals. A C1s line at 284.5 eV 

was used to correct the binding energy scale. 

Thermogravimetric and differential thermal analyses (TGA-DTA) were used 

to determine the thermal stability of the hydrochar for Publications I and II. This 

analysis was done using a Shimadzu DTG-60H. During the analysis, the hydrochar 

samples were heated at a heating rate of 10 °C min-1 from 25 °C to 700 °C in a 70 

µL platinum crucible under a nitrogen flow of 100 mL min-1. The thermal analysis 

described in Publications III and IV was carried out with a Netzsch STA 409 PC 

Luxx device, using a heating rate of 10 °C min-1 and a nitrogen flow of  

60 mL min-1. 

As discussed in Section 2, pH plays a vital role in the adsorption of emerging 

contaminants. The surface charge analyses of the adsorbents were done by 

determining their point of zero charge (pHPZC) using the acid-base titration method. 

In this method, 0.01 M solution of NaCl was prepared and 50 mL aliquots of this 

solution were transferred to different flasks. 0.1 M HCl and NaOH solutions were 
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used to adjust the pH of the NaCl solutions in airtight flasks. When the pH was 

adjusted, 150 mg of adsorbent was put in the solutions, and the mixtures were kept 

on a mechanical shaker for 24 hours, after which the pH of the solutions was 

measured again. The point where the pHfinal versus pHinitial curve crosses the  

pHfinal = pHinitial line gives the pHPZC value of the material. 

5.3 Adsorption experiments 

In Publications I and II, batch adsorption experiments were carried out to evaluate 

the adsorption of diclofenac sodium and ethinylestradiol (EE2) on hydrochar-

derived and steam-activated palm kernel shells in aqueous solutions. These 

experiments were carried out at several pollutant concentrations, adsorbent doses, 

contact times, pH and temperatures.  

In Publication I, pH 2 was used as the optimised pH based on previous work 

(Jodeh et al., 2016) with DCF concentrations ranging from 5 mgL-1 to 50 mgL-1 

and an adsorbent dose of 0.25 g to 1.5 g. In each experiment, 100 mL of DCF 

solution was put in a 250 Erlenmeyer flask on a SI-300R incubator shaker (Nova 

Analitica Ltda) operated at a speed of 200 rpm. Aliquot samples were collected at 

10-, 15- and 30-minute intervals. The DCF concentrations were analysed using an 

Ultraviolet-visible (UV-Vis) spectrometer (UV-M51) at a wavelength of 276 nm. 

In Publication II, the effect of concentration (2‒10 mgL-1), adsorbent mass 

(0.05 g to 0.2 g), pH (3‒8) and temperature (25 °C, 35 °C, 45 °C) was studied.  

20 mL of EE2 solution was put in a 50 mL Erlenmeyer flask under the desired 

adsorption conditions. The solution was put in an isothermal incubator shaker 

(Heidolph Unimax 1010) and the duration of the experiments was three hours. 

Aliquots were taken at 10-, 15- and 30-minute intervals and filtered using 

Polytetrafluoroethylene (PTFE) syringe filters (0.7 µm Millipore filter). The 

samples were analysed by High-performance liquid chromatography (HPLC) 

(particle size 5 µm, mobile phase of acetonitrile and ultrapure water in a 1:1 

volumetric ratio, 1.0 mLmin-1 mobile phase flow, temperature 25 °C and column 

C8 250 x 4.6 mm) using an Ultraviolet-visible (UV-Vis) detector at a wavelength 

of 285 nm.  

The removal percentage of the adsorbates at a given time t was calculated by 

using equation  

 Removal % 100. (10) 
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The adsorbed amounts per unit mass (mgg-1) at any given time and at equilibrium 

were calculated by using equations 

 𝑞𝑡
𝐶0 𝐶𝑡

𝑚
𝑉 (11) 

and 

 𝑞𝑒
𝐶0 𝐶𝑒

𝑚
𝑉.     (12) 

In Equations 10‒12, C0 is the initial concentration of the adsorbate, Ct is the 

concentration of the adsorbate at a given time, m is the mass of the adsorbent, V is 

the volume of the solution in litres and Ce is the concentration of the adsorbate in 

equilibrium. In both Publications I and II, the Langmuir and Freundlich adsorption 

models were used to evaluate the maximum adsorption capacity Qmax of the 

hydrochar-derived and steam-activated adsorbents for DCF and EE2 removal. To 

fit the kinetic data of adsorption, the pseudo-first-order (PFO) and pseudo-second-

order (PSO) models were used.  

5.4 Photocatalytic experiments 

Photocatalytic experiments were carried out to verify whether the prepared 

composites and hybrids were active under light irradiation. These experiments were 

carried out under visible light (Osram, Dulux L, 36 W, Cool daylight), UV-A 

(Philips, PL-L, 36 W, Cleo Pink) and UV-B light (Philips, UVB, 36 W, Medical). 

The target pollutant in Publication III was DCF (Henan Dongtai industries Ltd), 

and in Publication IV DCF and amoxicillin (Acros Organics). The amount of 

composite and/or hybrid material used was 100 mgL-1, with a pollutant 

concentration of 15 mgL-1 and the total duration of the experiment was six hours. 

At the beginning of the experiments, the pollutant-composite/hybrid material 

mixture was kept in the dark for 30 minutes to allow for adsorption of the pollutant, 

after which the light was switched on and the mixture was stirred throughout the 

experiment with the use of a magnetic stirrer. Air was bubbled into the mixture and 

cooling water was passed through the cooling coil to minimize the heating caused 

by the lamp during the experiment. 
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The photocatalytic reactor used was an annular-type vertical Teflon reactor 

with a steel coil through which cooling water was passed to maintain the 

temperature of the solution at 25 °C. A Delta Ohm HD 2128.1 thermocouple was 

used to monitor the temperature in the reactor. A schematic representation of the 

photocatalytic reactor is shown in Figure 6.  

Fig. 6. Schematic representation of the photocatalytic reactor. 

During the photocatalytic experiments, samples were taken at time intervals of 10, 

15, 30 minutes and one hour. The samples were analysed using a Shidmazu UV-

2600 UV-Vis spectrometer at 276 nm for DCF and 230 nm for amoxicillin. After 

the photocatalytic activity of the materials had been determined, adsorption-

regeneration experiments were carried out.  

Analysis of the intermediate compounds formed during photocatalysis of DCF 

under UV-B irradiation was carried out using a Waters Synapt G2 HDMS Q-TOF 

LC-MS operated in negative ESI mode. A mass range scan from 50 to 600 m/z was 

used in the analysis. The LC was equipped with a UPLC column and the mobile 

phase eluents used were (A) 10 mM ammonium acetate and (B) methanol and a 

Waters BEH (2.1 × 100 mm, 1.7 µm). The hold period was seven minutes and the 

flow rate 0.3 mL min−1. 
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5.5 Regeneration experiments 

The regeneration of carbon adsorbents was carried out using ethanol (Publications 

I and II). Spent carbon adsorbents were put in a 20 mL ethanol solution and placed 

on a shaker for 4 hours, after which they were washed with distilled water and dried 

at 80 °C for 12 hours. The adsorbents were used and regenerated for five cycles. 

The regeneration of composite (Publication III) and hybrid (Publication IV) 

adsorbents was carried out using a photocatalytic treatment. The used composite 

and hybrid adsorbents were separated from the pollutant solution and put in 

distilled water. The regeneration was performed under UV-B irradiation for 180 

minutes. After regeneration, the adsorbents were separated from the distilled water 

and suspended in a new batch of 15 mgL-1 pollutant solution and the adsorption 

experiments were repeated. At the end of the repeated cycles, the adsorbents were 

saved for further analysis.  
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6 Results and discussion 

6.1 Water treatment - Adsorption 

Two adsorbents were prepared from palm kernel shells using the HTC process. In 

Publication I, the hydrochar was further carbonized at 400 °C in a nitrogen 

atmosphere while in Publication II, steam activation was used. The adsorption 

capacities of the materials were evaluated in the removal of diclofenac sodium 

(DCF) and ethinylestradiol (EE2). In this chapter the characterization of the 

adsorbents and the results regarding the removal of the pollutants will be discussed.  

6.1.1 Characterization of adsorbents 

The characterization of the palm kernel shells (PKS), hydrochar (PKH) and 

adsorbents was carried out to find information on their structure, texture and 

composition. This also provided information on the changes that occur in the 

materials after each treatment. The SEM micrographs of the raw palm kernel shells 

(PKS), hydrochar (PKH), carbonized (PKC) at 2000x and steam-activated 

adsorbents (SAH) at 1000x magnification are shown in Figures 7a‒d, respectively. 

From the images, it can be seen that the pores of the raw material are evenly 

distributed and its surface is more or less smooth. HTC treatment widens the pores, 

and this is related to the removal of the organic and some inorganic components of 

the biomass. The sub-critical conditions during HTC decrease the density and 

viscosity of water causing the widening of the pores (Smith et al., 2016). After 

activation with nitrogen and steam, the pores shrink due to the release of the volatile 

compounds (Hamza et al., 2015). In the micrograph of the carbonized adsorbent, 

however, an interesting pattern of small pores found in between larger pore cavities 

can be observed. The surface of PKC is less smooth than that of PKH, while that 

of the steam-activated adsorbent is rough with unevenly distributed pores. The 

SEM images reflect their specific surface areas. Nitrogen physisorption analysis 

showed that the specific surface area of PKS and PKH was about 22 m2g-1, 

indicating that the specific surface area is not markedly affected by the HTC 

treatment. Hydrochars typically have low specific surface areas. Fuertes et al. (2010) 

observed a specific surface area of 4 m2g-1 from corn stover hydrochar and Liu et 

al. (2010) observed 21 m2g-1 from pine wood hydrochar. 
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Fig. 7. SEM micrographs of a) palm kernel shells (PKS), b) hydrochar (PKH), c) 

carbonized (PKC) (2000x) and d) steam-activated adsorbent (SAH) (1000x) (Figures 7a 

and b adapted under CC BY 4.0 license from Publication I © 2021 Authors). 

BET-BJH pore analysis showed that the average pore width was about 7 nm and 15 

nm in PKS and PKH, respectively. This agrees with the SEM micrographs showing 

the widening of the pores after HTC. The total pore volume of PKS was  

0.04 cm3g-1 and 0.1 cm3g-1 in PKH. The specific surface area of PKC was found to 

be 131 m2g-1 and that of SAH 320 m2g-1, with total pore volumes of about  

0.1 cm3g-1 and 0.2 cm3g-1, respectively. The adsorbents are predominantly 

mesoporous although they have quite small average pore widths of about 2 nm. The 

Hovarth-Kawazoe plot showed the presence of micropores in both adsorbents as 

well. From these results, it can be seen that the activation of the hydrochar modifies 

the porous structure and increases its specific surface area, as expected. 

Thermogravimetric analyses were carried out from 20‒700 °C on the hydrochar to 

study the effect of temperature change on the material (Figure 8). A 13% mass loss 

was observed up to 310 °C, which is attributed to the loss of volatile compounds 
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and water. This is an endothermic process and is indicated by the endothermic peak 

of DTA around 45 °C. The 24% mass loss between 320 °C and 420 °C is related to 

the loss of less stable functional groups and decomposition of hemicellulose and 

cellulose, whereas the possible decomposition of lignin occurs between 420 °C and 

700 °C, accounting for the 38% mass loss in this temperature range. The exothermic 

peaks at approximately 390 °C and 420 °C indicate that decomposition is an 

exothermic process (Bazan, Nowicki, Półrolniczak, & Pietrzak, 2016). 

 

Fig. 8. TGA-DTA of palm kernel hydrochar (PKH) (Adapted under CC BY 4.0 license from 

Publication I © 2021 Authors). 

X-ray diffraction XRD (Figure 9) was used to study the crystallinity of the PKC 

and SAH adsorbents. Broad peaks were observed in the XRD diffractograms of 

both adsorbents at 15°, and at 27° and 50° related to graphite oxide and disordered 

graphite, respectively. In SAH, a peak was observed at 71° that was also related to 

disorder in the material structure. It is visible from the diffractograms that the 

materials are not well crystalline in structure. Similar diffractograms have 

previously been observed for biowaste-derived carbon materials (Johra, Lee, & 

Jung, 2014; Penki, Shanmughasundaram, Kishore, & Munichandraiah, 2014; 

Ramesh, Rajalakshmi, & Dhathathreyan, 2017; Zhang, Zhang, & Wang, 2013). 
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Fig. 9. XRD diffractogram of steam-activated (SAH) and carbonized adsorbents (PKC) 

(Adapted, with permission, from Publication II © 2021 Authors and under CC BY 4.0 

license from Publication I © 2021 Authors). 

Raman spectra of PKS, PKH, PKC and SAH were obtained (Figures 10 a and b) to 

study the change in structure of the palm kernel shells (PKS) and the formation of 

graphite structures through the HTC process and activation. 

 

Fig. 10. Raman spectra of a) palm kernel shells (PKS) and hydrochar (PKH) and b) 

carbonized (PKC) and steam-activated (SAH) adsorbents (Adapted, with permission, 

from Publication II © 2021 Authors and under CC BY 4.0 license from Publication I © 

2021 Authors). 

a) b) 
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The Raman spectra show that activation modifies the structure of the raw material. 

In the PKS and PKH spectra, peaks are observed below 900 cm-1 (hydrogen-bonded 

to aromatic carbons), around 1000 cm-1 (cellulose and hemicellulose components), 

1056 cm-1 (hemicellulose and cellulose C-O stretch) and 1098 cm-1 (crystalline 

cellulose) (Nanda et al., 2012; Pardanaud, Cartry, Lajaunie, Arenal, & Buijnsters 

2019). These peaks are greatly reduced in the PKC and SAH spectra, which is in 

line with the TGA results. The adsorbents have well-defined D bands (~1350 cm-1) 

associated with defects in the graphitic structures and G bands (~1597 cm-1) related 

to the sp2 hybridised graphitic carbon atoms (Chaika, Savin, Savina, Osadchy, & 

Rybin 2019; Majdoub, Essamlali, Amadine, Ganetri, & Zahouily 2019). The D 

band to G band intensity of the carbonized adsorbent is about 0.5 while that of the 

steam-activated is 2.2. This indicates that more defects were formed in SAH and 

they may also be visible in the higher specific surface area of SAH, being  

320m2g-1 compared to 131 m2g-1 in the case of PKC. Steam activation of the 

hydrochar prepared from palm kernel shells seems to result in material having more 

properties that are beneficial for adsorption. The XRD results affirm the Raman 

observations. 

The carbon, hydrogen, oxygen and nitrogen content (CHON) analyses of the 

raw material, (PKS), hydrochar (PKH), carbonized (PKC) and steam-activated 

(SAH) adsorbents are shown in Table 3. The inorganic content of the materials is 

found in Table 4. 

Table 3. C, H, O, N analysis of palm kernel shells (PKS), hydrochar (PKH), carbonized 

(PKC) and steam-activated (SAH) adsorbents (Publications I and II). 

Sample C (mass%) H (mass%) O (mass%) N (mass%) 

Palm kernel shells 51.2 6.5 31.5 0.8 

Hydrochar 66.7 4.9 19.9 0.9 

Carbonized adsorbent 79.5 3.9 8.4 1.1 

Steam-activated adsorbent 84.3 2.2 5.8 1.0 

The carbon-sulphur (C-S) analysis showed that sulphur was present in insignificant 

amounts in the raw material and adsorbents. The elemental analysis showed an 

approximate two percentage point decrease during HTC and four to five percentage 

point decrease in the hydrogen content of the material after carbonization and 

activation. This could be attributed to the release of hydrogen gas during HTC and 

activation (Sekirifa et al., 2013). An approximate 15% and 29‒33% increase in the 

relative carbon content after HTC and activation as well as a decrease of about  
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24‒33% in the relative oxygen content of the end product were observed, as 

expected. During activation, the volatile compounds containing oxygen functional 

groups are removed from the structure of the biomass. The smaller decrease (12%) 

in relative oxygen content observed after HTC compared to activation could be 

related to the sub-critical conditions used in HTC, which retains the oxygen 

functional groups (Publication III).  

These tie in with the TGA results discussed earlier. To retain some of the oxygen 

functional groups that are known to take part in the adsorption of pollutants on the 

adsorbents, lower activation temperatures were used (400 °C and 500 °C) (Hamza, 

Nasri, Amin, Mohammed, & Zain 2015; Hidayu & Muda, 2016). 

Table 4. Inorganic content analysis of palm kernel shells (PKS), hydrochar (PKH), 

carbonized (PKC) and steam-activated (SAH) adsorbents (Publication II). 

Element PKS (mass%) PKH (mass%) PKC (mass%) SAH (mass%) 

Na 0.00 0.00 0.00 0.49 

Mg 1.40 0.34 0.18 0.14 

Al 0.83 1.13 0.89 0.55 

Si 7.31 7.75 5.89 4.69 

P 5.40 3.00 1.53 1.10 

Cl 1.07 0.41 0.21 0.14 

K 3.12 0.1 0.1 0.13 

Ca 5.43 1.22 0.69 0.62 

Ti 0.33 0.26 0.18 0.14 

Cr 0.19 0.14 0.11 0.06 

Mn 0.15 0.00 0.00 0.00 

Fe 2.50 1.60 1.67 0.62 

Ni 0.11 0.1 0.11 0.00 

Cu 0.33 0.29 0.15 0.00 

Zn 0.21 0.00 0.1 0.00 

Sr 0.1 0.00 0.00 0.00 

Pb 0.12 0.00 0.03 0.00 

Ba 0.13 0.00 0.00 0.00 

Si (5‒7 mass%), P (1‒5 mass%) and Fe (1‒3 mass%) were the other elements 

present in the materials in amounts greater than 1 mass%. Mg, K, Cl and Ca were 

equally present in greater amounts than 1 mass% in PKS and their percentage 

composition decreased to an insignificant level with further treatment of the raw 

material (PKS). These elements have been reported to be common in 

lignocellulosic biomass. Si, Fe, Ti and Al have low solubility in hydrothermal 
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conditions at temperatures up to 200 °C and this could explain why their amounts 

in PKS and PKH are more or less the same. At higher temperatures (during 

activation at 400‒500°C), there was a decrease in the amount of Si (PKC & SAH), 

which may be due to the removal of loose dirt and some lignin, which is in line 

with the thermal analysis earlier reported. Ca, Na, K and P are usually found in the 

lignocellulose biomass in their ionic form, which is removed when increasing the 

temperature of the treatment. PKC and SAH have lower amounts of these elements. 

Na is usually present in the biomass in its ionic form and also tends to decrease 

with temperature (Kong, Loh, Bachmann, Zainal, & Cheong 2019; Reza, Lynam, 

Uddin, & Coronella, 2013; Smith, Sing, & Ross, 2016). 

Figures 11a and b show the FTIR spectra of the raw material (PKS), hydrochar 

(PKH) and PKC and SAH adsorbents. In all four spectra the C=C aromatic ring 

stretching vibrations (1636 cm-1), C-H stretching vibrations (2852‒2923 cm-1) and 

–OH stretching vibrations (3300‒3700 cm-1) can be observed. The C-O and C=O 

are unstable groups, removed at higher carbonization/activation temperatures, 

which is the reason why they are present in significant amounts only in the raw 

material and the hydrochar (Siipola et al., 2018; Ulfah, Raharjo, Hastuti, & 

Darmadji, 2016; Zbair et al., 2018). 

 

Fig. 11. FTIR spectra of a) raw material (PKS) and hydrochar (PKH), b) carbonized 

adsorbent (PKC) and steam-activated adsorbent (SAH) (Data from Publications I and II). 

The FTIR results tie in with the elemental analysis discussed earlier. The C-H 

vibration at around 1450 cm-1 is present only in the raw material and the hydrochar, 

b) a) 
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and it is related to the deformation of lignin in lignocellulose raw materials and 

hydrochars (Hamza et al., 2015; Hidayu et al., 2019). 

To be able to explain certain adsorption-related phenomena, the pHPZC of the 

materials was determined (Yang et al., 2004). The pHPZC, that is the pH at which 

the surface has a net zero charge, was found to be about 5.7 for PKC and 5.13 for 

SAH. This means that if the pH of the solution is below these pH values, its surface 

charge becomes positive and vice versa.  

6.1.2 Adsorption results 

 The adsorption of diclofenac (DCF) on N2-activated palm kernel hydrochar (PKC) 

was studied using batch experiments. The effects of several parameters (adsorbent 

dose, pH and concentration of DCF) on the adsorption were studied. A DCF 

removal of 95% was achieved at pH 2, at an adsorbent dose of 15 gL-1 and DCF 

concentration of 50 mgL-1. The removal of DCF and the adsorption capacity of the 

adsorbent PKC at different contact times are shown in Figure 12. 

 

Fig. 12. Percentage removal of 50 mgL-1 of DCF (pH=2) and amount of DCF adsorbed 

(initial concentration 10 mgL-1) per mass unit (qt) at different contact times on 

carbonized adsorbent (PKC). Mass of PKC=1.5g, liquid volume=100 mL (Data from 

Publication I). 
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As mentioned above, the pHPZC of PKC was 5.7. DCF is a weak acid with pKa~4.2. 

At pH<pHPZC, the surface of the adsorbent is positively charged and vice versa at 

pH>pHPZC, whereas at pH=4.2, DCF is 50% protonated and 50% deprotonated. 

When the pH is greater than the pKa and pHPZC, DCF solubility in water increases 

and it is more likely to be in the deprotonated form while the PKC surface is 

negative, causing repulsion between DCF and PKC. To avoid repulsion, pH=2 was 

used in the experiments (Jodeh, Abdelwahab, Jaradat, Warad, & Jodeh 2016). The 

maximum adsorption capacity (Qmax) of diclofenac was 13.16 mgg-1, which was 

higher than that achieved with several other adsorbents prepared from 

lignocellulose raw materials. For example, Fernandez et al. (2015) achieved 

adsorption capacities of 5.73 mgg-1 and 1.91 mgg-1 with air and CO2-activated 

orange peel, respectively; Tomul et al. (2019) achieved 5.60 mgg-1 with K2CO3-

activated orange peel; De Luna et al. (2017) achieved 5 mgg-1 with H2SO4-activated 

cocoa pods husks; and Larous & Meniai (2016) achieved 11 mgg-1 with H2SO4-

activated olive stones. 

Pseudo-first-order (PFO) and pseudo-second-order (PSO) kinetic models were 

used to study the adsorption kinetics of DCF on PKC. In the application of the PFO, 

it is assumed that the amount of solute uptake and the change in saturation 

concentration are directly proportional to the rate of change of solute uptake with 

time. In the PSO model it is assumed that the adsorption is irreversible and not 

controlled by diffusion. The concentration of the adsorbate in the liquid is assumed 

to stay essentially constant (Saha & Grappe, 2017; Xiao, Azaiez, & Hill, 2018). 

 

Fig. 13. a) PSO model fitting of DCF adsorption kinetic data at 10 mgL-1 and b) Fitting 

experimental data against Langmuir adsorption model (pH=2, mass of PKC=1.5 g, liquid 

volume=100 mL, initial concentration 0‒50 mgL-1, contact time 90 min and temperature 

25 °C) (Adapted under CC BY 4.0 license from Publication I © 2021 Authors). 

a) b) 
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The experimental data at room temperature was better explained by the  

pseudo-second-order kinetic model (PSO) with a correlation coefficient R2 of 0.993 

(Figure 13a). The experimental (0.376 mgg-1) and theoretical (0.391 mgg-1) values 

of equilibrium adsorption were found to be consistent. 

The Langmuir and Freundlich adsorption models were used to fit the data at 

equilibrium. The Langmuir model assumes that adsorption occurs as a monolayer 

on homogeneous surfaces with a fixed number of sites, while the Freundlich model 

assumes that adsorption occurs on heterogeneous surfaces (Allen et al., 2004; 

Ayawei et al., 2017; Langmuir, 1916; Limousin et al., 2007). The Langmuir model 

(Figure 13b) was found to fit better with R2~0.98, showing that DCF adsorption 

should take place on well-defined localized sites on PKC and adsorbed DCF 

molecules should not interact with neighbouring molecules. The FTIR of the 

carbonized adsorbent after adsorption (named PKA hereinafter) is shown in Figure 

14. 

Fig. 14. FTIR spectra of carbonized adsorbent before (PKC) and after adsorption (PKA) 

(Adapted under CC BY 4.0 license from Publication I © 2021 Authors). 

The peaks observed around 605 cm-1, 1454 cm-1, 1617 cm-1 are related to the DCF 

molecule. The increase in the –OH vibration intensity in PKA could also be related 

to DCF as DCF peaks occur in that range as well (Pal, Paul, & Sa, 2011; Swain, 

Nagamani, & Panda, 2015). However, it may also result from the water used in the 

experiment. The PKA was dried at 80 °C for 12 hours before taking the spectrum. 
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The functional groups present on the surface of PKC may have a role in its 

adsorption performance via hydrogen bonding between the DCF carboxylic acid 

groups and the phenolic groups on the surface of the adsorbent. In addition, 

adsorption may occur through aromatic π–π stacking between the non-polar DCF 

aromatic rings. These bonds are intermolecular attractive bonds which are easily 

formed and broken (Chen, Duan, & Zhu, 2007; Mao, Huang, & Shuai, 2019; 

Schames et al., 2004). Since no significant disappearance of the vibrations of 

functional groups was observed after diclofenac adsorption, it is also possible that 

the removal of the pollutant occurs via precipitation. According to the calculated 

activation energy of adsorption, which was Ea=22.4 KJmol-1 (<40 KJmol-1 (Nollet, 

Roels, Lutgen, Van der Meeren, & Verstraete 2003)) in this case, the adsorption 

was physical in nature. This result adds some doubt on the validity of the PSO 

kinetic model which assumes irreversible adsorption. It has been earlier observed 

that PSO kinetic model may give high R2 values for the case where precipitation 

occurs (Bhargava & Sheldarkar, 1993). 

The adsorption capacity of steam-activated hydrochar (SAH) was evaluated in 

the adsorption of ethinylestradiol (EE2). Approximately 83% of EE2 was removed 

from 4 mgL-1 aqueous solution at pH=3 using an adsorbate dose of 2.5 gL-1 at 25 °C. 

The pHPZC of SAH was determined to be 5.13. The pH=3 was found to be optimal 

for the adsorption based on the pKa of EE2 (10.4) and pHPZC of SAH. Between pH 

2 and 12, EE2 exists in two forms, as an ion and as a molecule. When the pH>pHPZC, 

an anionic form of EE2 dominates while the surface of SAH is negatively charged. 

At this point, repulsion between EE2 and SAH hinders adsorption (Eskandarpour, 

Sassa, Bando, Okido, & Asai, 2006; Sousa et al., 2019; Wang, Hu, Wang, Lu & Li 

2014; Zhou, Tang, & Wang, 2005). 

Figures 15a and b show the effect of the adsorbent mass and temperature on 

the adsorption of EE2. An increase in adsorbent mass from 0.05 g to 0.1 g led to a 

decrease in adsorption of EE2. This decrease in removal with increasing mass could 

be explained by the agglomeration of SAH particles, which eventually led to a 

decrease in effective adsorption sites. Similar observations have been made by 

Elouahli et al. (2018). Higher temperatures (Figure 15b) did not favour the 

adsorption of EE2 as the increase in temperature moves the adsorption-desorption 

equilibrium to a lower level. It also implies that the adsorption process is 

exothermic (Zbair et al., 2018). 
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Fig. 15. a) Effect of adsorbent mass on the removal of ethinylestradiol (EE2) 

(temperature 25 °C). b) Effect of temperature on the removal of EE2 (pH=3, mass of 

SAH=0.05g, 4 mgL-1 EE2, liquid volume=20 mL) (Data from Publication II). 

The pseudo-second-order kinetic model (Figure 16a) described the adsorption 

kinetics of EE2 onto SAH relatively better, with a correlation coefficient of 0.99, 

compared to 0.97 with the pseudo-first-order model. The Langmuir adsorption 

model (Figure 16b) gave a better fit for the equilibrium data with a correlation 

coefficient of 0.99, as opposed to 0.88 for the Freundich model. The better fit with 

the Langmuir model indicates that the adsorption probably occurs through the 

monolayer interaction of EE2 with the surface of SAH. The activation energy for 

the adsorption was calculated using the PSO model, and it was found to be  

60.4 KJmol-1, indicating that the adsorption occurred mainly via chemical bonds 

(chemisorption) (Cantu et al., 2014; Nollet et al., 2003). Since PSO model has been 

criticized for resulting in high R2 values even in the cases where model assumptions 

are not valid, the residuals of the PSO model were evaluated according to 

suggestions of Xiao et al. (2018). The residuals were observed to be close to zero 

and unevenly distributed confirnming the validity of the model in the case of EE2 

adsorption. 

 

a) b) 
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Fig. 16. a) PSO model fitting of EE2 adsorption kinetic data at 4 mgL-1 and b) Fitting of 

experimental data against Langmuir adsorption model (pH=3, mass of SAH=0.05g, 

liquid volume=20 mL, Initial concentration 0‒10 mgL-1, contact time 180 min and 

temperature 25 °C) (Data from Publication II). 

EE2 has a log Kow value of 3.67, suggesting that hydrophobic interactions between 

SAH and EE2 molecules are favoured. In addition, there could be a possible 

interaction between the π-electrons on the benzene ring of EE2 and the positive 

charge on the carbonyl atom of SAH (Felebuegu, Lester, Churchley, & Cartmell, 

2006). The chemical bonding between the adsorbent and adsorbate may lead to 

difficulties with regeneration. 

In the FTIR of the steam-activated adsorbent, no peak related distinctively to 

EE2 was observed (Figure 17). However, some EE2 vibrations occurred around 

1636 cm-1 and 3450 cm-1. This could explain the increase in intensity of the –OH 

and C=C peaks in SAA compared to SAH (Lim, Morad, Lalung, Chan, & Bakar 

2016). 

 

a) b) 
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Fig. 17. FTIR spectra of steam-activated adsorbent before (SAH) and after (SAA) 

adsorption (Adapted, with permission, from Publication II © 2021 Authors). 

Maximum adsorption capacity for steam-activated hydrochar in EE2 adsorption 

was found to be 1.7 mgg-1 which was higher than that observed by Kumar and 

Mohan (2012) of 0.12 mgg-1 where they used multiwalled carbon nanotubes, 0.53 

mgg-1 (activated carbon in aginate biopolymer) by Abdel-Gawad and Abdel-Aziz 

(2019) and 0.47 mgg-1 (multiwalled carbon nanotubes agitated in acetone) by Al-

Khateeb et al. (2014). 

6.1.3 Chemical regeneration of carbonized and steam-activated 

adsorbents 

To evaluate the possibility of re-using the adsorbents, PKC and SAH were 

subjected to five adsorption-desorption cycles. After the adsorption step, the 

adsorbents were put into 95% ethanol solution on a shaker for four hours. The N2-

carbonized adsorbent (PKC) maintained its adsorption capacity after all of the 

adsorption-regeneration cycles. The adsorption efficiency of steam-activated 

adsorbent (SAH), however, decreased from 83% to about 32% on the fifth cycle. 

This is most probably due to the strong chemisorption of EE2 on SAH, as suggested 

by the value of the activation energy for adsorption.  

As mentioned in Chapter 3, regeneration leads to the release of the pollutants 

back to a liquid phase which requires further treatment and leads to a secondary 

pollution problem. Chemisorbed molecules are not removed easily since they are 

attached to the adsorbent surface via strong chemical bonds. Increasing the 
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regeneration temperature could break the bonds, thus improving the regeneration 

of SAH and increasing its practical lifetime in the pollutant removal application. 

With this in mind, the aim of this thesis work was to find alternative ways for 

regeneration. To reach this aim, composite and hybrid carbon adsorbents were 

developed with a photocatalytic regeneration ability. The advantage of such 

adsorbents is the simultaneous photodegradation of the pollutant alongside the 

regeneration of the adsorbent. The photocatalytic activity of the developed 

materials was evaluated before the adsorption-regeneration cycles were carried out. 

In Section 6.2, the activity of the hybrid and composite materials in the photo-

degradation of diclofenac and amoxicillin is discussed. The materials were 

thoroughly characterized to obtain a better understanding of their performance. 

6.2 Photocatalytic activity of composite and hybrid adsorbents 

To include photoactivity in the materials, two carbon composites containing palm 

kernel shells and commercial P25 were prepared. Tungsten was incorporated into 

one of the composites aiming at extending activity towards the visible light region 

(Cho et al., 2013). Furthermore, four hybrid materials were prepared using titanium 

butoxide, palm kernel shells and metallic tungsten as the raw materials. 

Photocatalytic experiments were done to determine the photoactivity of these 

materials using different light sources (UV-A, UV-B and visible light), which is 

vital for their use as adsorbents that can be regenerated by light. In Publication III, 

the photoactivity of the composite materials was evaluated in the degradation of 

diclofenac (DCF). In Publication IV, four hybrid materials were studied. One 

contained only titanium butoxide and palm kernel shells, while tungsten was 

incorporated into the other three. The HTC processing time and amount of tungsten 

in the materials were varied. The efficiency of the materials was evaluated in the 

removal of diclofenac and amoxicillin (AMX). Regeneration experiments were 

carried out using one composite, HC P25, and one hybrid, HC butox W. All the 

materials were thoroughly characterized to understand their performance better. In 

this chapter, the characterization of the materials that had the highest efficiency 

(HC P25 composite and HC butox W hybrid) is presented, after which their 

photocatalytic activity is discussed. 
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6.2.1 Characterization of HC P25 and HC butox W 

Several characterization techniques were used to study the structure, texture and 

chemical composition of the prepared materials. The FESEM-EDS images (Figure 

18) show the structure and morphology of the materials. 

Fig. 18. Field emission scanning electron microscopy and EDS images for a) HC P25 

and b) HC butox W (Adapted under CC BY 4.0 license from Publication III © 2021 Authors, 

and, with permission, from Publication IV © 2021 Authors). 
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In the HC P25 composite (Figure 18a), titanium, carbon and oxygen are evenly 

distributed across the material. Oxygen is found close to titanium, confirming the 

presence of titanium dioxide, which was used in the preparation. In the HC butox 

W hybrid, the elements are less evenly distributed across the material with titanium 

and tungsten found in patches around the same location. 

Visually, the material surface of HC P25 looks rough while HC butox W is 

smoother. This difference is also visible in the specific surface areas, which were 

determined by nitrogen adsorption as 160 m2g-1 for HC P25 and 10 m2g-1 for HC 

butox W. The total pore volume of HC P25 was 0.05 cm3g-1 while that of HC butox 

W was 0.02 cm3g-1. The larger surface area should be beneficial, since it will 

provide more active sites for adsorption and photocatalysis to take place (Morales-

Torres & Pastrana-Martinez, 2014). XRF analysis showed that HC P25 contained 

57% carbon and 25% Ti, whereas HC butox W had about 49% C, 27% Ti and 2% 

W. The percentage of tungsten in HC butox W was quite low; however, Raman 

analysis gave an indication of WO3-related vibrations. In addition, it is to be 

expected that some of the inorganic elements observed in the raw material analysis 

(see Section 6.1.1) are present in hybrids and composites. Approximately 0.4‒0.5% 

Si, 0.2‒0.4% P and 0.2% Ca were observed in HCP25 and HC butox W. 

To understand better the changes that occur in the material during the activation 

step, TGA-DSC analysis (Figure 19) was carried out for the non-activated hybrid 

and composite materials after HTC processing. This was done at a temperature 

range of 20‒900 °C in a nitrogen atmosphere, the same as that used during 

activation. Two main thermal degradation steps were observed in HC P25 (Figure 

19a), between 320 °C and 380 °C and between 380 °C and 730 °C. At 

approximately 100 °C, a small endothermic peak can be observed in the DSC curve, 

related to the evaporation of water and possible other low-boiling volatile 

compounds. Between 320 °C and 380 °C, the 22% mass loss corresponds mainly 

to the decomposition of cellulose fractions and less stable oxygen functional groups. 

The large mass loss of 58% between 380 °C and 730 °C is related to the loss of 

skeletal carbon and more stable compounds like lignin (González-Garcia, 2018; 

Nainani & Thakur, 2016; Tan et al., 2015; Wang, Yin, & Liu, 2014; Zbair et al., 

2020). 
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Fig. 19. TGA-DSC for a) HC P25 and b) HC butox W (Adapted under CC BY 4.0 license 

from Publication III © 2021 Authors, and, with permission, from Publication IV © 2021 

Authors). 

For HC butox W (Figure 19b), three thermal degradation stages can be observed. 

The mass decrease below 310 °C (8%) is mainly related to the loss of adsorbed 

moisture and that at 315‒360 °C (11%) to the loss of volatile compounds, residual 

moisture, other less stable oxygen-containing functional groups and cellulose 

fractions. The 54% linear mass loss between 360 °C and 660 °C can be attributed 

to the decomposition of more stable compounds like lignin and skeletal carbon 

(González-Garcia, 2018; Kharrazi, Mirghaffari, Dastgerdi, & Soleimani, 2020; 

Protásio et al., 2017; Shibagaki & Motojima, 2001). In both thermograms, 

exothermic peaks are observed within the range 360‒600 °C, which are in line with 

the decomposition taking place within this temperature range. After 700 °C in HC 

P25 and 660 °C in HC butox W, no further mass loss is observed. In practice, the 

increase in activation temperature (up to a certain point) leads to an increase in the 

specific surface area of the materials, and loss of oxygen functional groups 

(Publication III). The aim was to retain some of the oxygen functional groups, since 

they are beneficial for the adsorption of pollutants. For this reason, the activation 

temperature was maintained at 400 °C. 

The XRD diffractograms of HC P25 and HC butox W are shown in Figure 20. 

Peaks corresponding to both the anatase and rutile phases of TiO2 are visible in the 

HC P25 diffractogram, while in the HC butox W hybrid diffractogram only the 

anatase phase peaks of TiO2 are visible. 

 

a) b) 
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Fig. 20. XRD diffractogram of HC P25 and HC butox W (Data from Publications III and 

IV). 

In the HC P25 composite, the peaks at 2θ=27.8° (001), 38.2° (021) and 54.8° (211) 

correspond to the rutile phase, while 25.4° (101), 48.02° (200), 55.1° (105) are 

related to the anatase phase (Singh et al., 2016; Wang et al., 2017). The graphene 

(002) peak occurs at a similar position to the (101) TiO2 diffraction peak, so it is 

difficult to separate the graphene peak from the TiO2 peak (Ullah et al., 2015). 

Analysis of the titanium dioxide phases was done using PDXL2 software with 

integrated access to the ICDD PDF-4+2021 database, which showed that HC P25 

contained 35% rutile and 65% anatase. The commercial P25 used in the preparation 

of HC P25 initially contained 20% rutile and 80% anatase, which showed that a 

change in the TiO2 phase composition took place. To study this, in situ XRD 

analysis was carried out under nitrogen atmosphere starting from 200 °C (see 

Publication III). It became clear that most of the change occurred after 250 °C, 

which is above the temperature where the HTC process took place. Carbon is 

known to promote the transformation of anatase to rutile, which may explain the 

low phase change temperature in this case too (Hanaor & Sorell, 2011).  

Materials that are synthesized from titanium butoxide and carbon are expected 

to contain mainly the anatase phase of TiO2 (Oh & Chen, 2008). This was also the 

case with the HC butox W hybrid, where anatase TiO2 XRD peaks were observed 

at 25.4° (101), 37.8° (004), 48.1° (200) and 54.19° (105) (Warkhade et al., 2017). 



80 

Raman analysis was performed to provide more information on the chemical 

structure and composition of the materials. The Raman spectra of HC P25 and HC 

butox W are presented in Figure 21.  

Fig. 21. Raman spectra of HC P25 and HC butox W (Adapted under CC BY 4.0 license 

from Publication III © 2021 Authors, and, with permission, from Publication IV © 2021 

Authors). 

Raman analysis showed peaks related to the anatase phase of TiO2 for both the 

materials at ~150 cm-1 (strongest Eg mode) and around 400 cm-1 (B1g). In HC P25, 

another anatase peak was observed at 638 cm-1 (Eg) and in HC butox W at  

202 cm-1 (Alamelu, Raja, Shiamala, & Jaffar Ali, 2018; Al-Taweel & Saud, 2016; 

Arsov, Kormann, & Plieth, 1991; Castro-Beltrán et al., 2018; Challagulla, Tarafder, 

Ganesan, & Roy, 2017; Lu et al., 2014; Periyat et al., 2010; Qian, Du, Yang, &, Jin, 

2005; Taziwa, Meyer, & Takata, 2017). Raman vibrations related to the rutile phase 

of TiO2 were observed at 248 cm-1 (Eg) in HC P25, showing the biphasic nature of 

the material, and at 612 cm-1 (A1g) in HC butox W, even though no rutile phase of 

TiO2 was observed in the XRD measurements of HC butox W. When the Raman 

spectrum of HC butox W was zoomed, small peaks were observed at approximately 

720 cm-1 and 810 cm-1, which can be attributed to O-W-O stretching (Alamelu et 

al., 2018; Challagulla et al., 2017; Qin, Jing, Tian, Qu, & Feng, 2009; Stagi, 

Carbonaro, Corpino, Chiriu, & Ricci 2014; Xu, Yin & Liu, 2014). The peak 

corresponding to the deformation of WO3 usually occurs at around 250 cm-1 

(Djaoued, Balaji, Brüning, 2012). The widening of the spectrum in that region 

could indicate the presence of WO3 in the material. 

The G bands typical of graphite structures (~1560 cm-1) and D bands  

(~1360 cm-1) related to the defects in the graphite structure are slightly visible in 
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HC P25, but almost insignificant in the case of HC butox W. The ratio of the D 

band intensity to the G band intensity (ID/IG) gives an indication of the defects in 

the graphite structure - the higher the value, the higher the amount of defects. A 

higher number of defects typically means better performance of the material in 

surface reactions (Bokobza, Bruneel, & Couzi, 2015; Chaika et al., 2019; 

Hodkiewciz, 2010; Marton et al., 2013; Nainani & Thakur, 2016; Shen et al., 2011; 

Stankovich et al., 2007; Wan et al., 2008). The ID/IG ratio of HC P25 is about 9.6 

and that of HC butox W is 0.9, indicating that HC P25 has a higher number of 

defects. From the FESEM and Raman results, it was clear that material that had a 

higher specific surface area and seemed to have a rougher surface also contained 

more graphene defects. 

The functional groups of HC P25 and HC butox W were studied using FTIR 

spectroscopy. The results are shown in Figure 22. In both materials, the rather wide 

spectral feature around 641 cm-1 for HC P25 and 700 cm-1 for HC butox W are 

related to the Ti-O stretching bonds. This peak is more intense in HC P25. The Ti-

O vibration in HC butox W at around 700 cm-1 could have shielded the W-O bond 

of WO3, which typically occurs around that area (Gopal, Chun, & Doble, 2016; 

Saleh & Gupta, 2012). The broad peaks around 1100‒1450 cm-1 and 1580‒1620 

cm-1 are attributed to C-O bond stretching vibration and C=C double bonds, 

respectively. The shoulder of the C=C bond at around 1705 cm-1 corresponds to the 

C=O bond while the two peaks between 2340‒2360 cm-1 are attributed to gaseous 

carbon dioxide from air. Peaks around 2909 cm-1 and 2940 cm-1 are present only in 

the HC P25 spectrum and are attributed to the –CH2 and –CH3 stretching vibrations  

(Tan et al., 2015, Wang et al., 2014). The –OH groups are observed at around 3700 

cm-1 (Benito et al., 2014; Oancea et al., 2012; Saleh & Gupta, 2011; Yang et al., 

2012). 
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Fig. 22. FTIR spectra of HC P25 and HC butox W (Data from Publication II and IV). 

The surface structure and functional groups of the materials were also analysed 

using X-ray photoelectron spectroscopy (XPS) (Figures 23‒26). 

 

Fig. 23. C1s XPS spectra for a) HC P25 and b) HC butox W (Adapted under CC BY 4.0 

license from Publication III © 2021 Authors, and, with permission, from Publication IV © 

2021 Authors). 

a) b) 
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After deconvolution of the C1s core-level spectra, three peaks could be observed 

for HC P25 and four peaks for HC butox W. The peaks observed at 284.6 eV for 

both materials correspond to the C=C, and C-C sp2 and sp3 hybridised carbon bonds, 

respectively. The peak at 284.6 eV could also be attributed to the CHx bond in the 

case of HC P25. The peak at 285.5 eV in HC P25 and 286.0 eV in HC butox W 

could be related to the C-O and C-OH bonds (Chen et al., 2014; Donar, Çağlar, & 

Sınağ, 2016; Okpalugo, Papakonstantinou, Murphy, McLaughlin, & Brown 2005). 

In HC butox W, another peak was observed at 288.3 eV corresponding to the carbon 

in C=O group, at a slightly higher value than the typical value of 287.6 eV, which 

is usually ±3 eV higher than C-C values (Silversmit, Depla, Poelman, Marin, & De 

Gryse 2004). In HC P25, the peak at 288.9 eV and in HC butox W, the peak at 291.2 

eV are related to carbonates (Chen et al., 2014; Donar et al., 2016; Latham, Jambu, 

Joseph, & Donne, 2014; Silversmit et al., 2004; Zarrin, Higgins, Jun, Chen, & 

Fowler  2011). The slight shifts to the higher binding energies of the chemical bonds 

in the case of HC butox W could be due to the presence of tungsten, suggesting the 

possible presence of W-C interaction (Luthin & Linsmeier, 2000). 

The O1s spectra of HC P25 and HC butox W (Figure 24) were deconvoluted 

into three peaks. 

 

 

Fig. 24. O1s XPS spectra for a) HC P25 and b) HC butox W (Adapted under CC BY 4.0 

license from Publication III © 2021 Authors, and, with permission, from Publication IV © 

2021 Authors). 

The peaks at 530.0 eV and 530.4 eV in HC P25 and HC butox W correspond to the 

Ti-O bond and, additionally, the W-O bond in the latter. The peak at 531.1 eV in 

a) b) 



84 

HC butox W could be related to the -OH bond from water that was probably 

adsorbed on the surface of TiO2. The chemisorbed OH- groups on the surface of 

TiO2 can improve the photoactivity of the material (Donar et al., 2016; Dupin, 

Gonbeau, Vinatier, & Levasseur, 2000; Foo & Hameed, 2010; Sui et al., 2014). The 

C=O bond is typically observed at a binding energy value of around 531.3 eV, 

therefore the widening of the peak at 531 eV in the case of HC P25 could be related 

to this bond. The 531.8 eV peak in HC butox W is attributed to the C=O bond. In 

both spectra, the third peaks at binding energies 533.3 eV and 533.4 eV are related 

to the C-OH and C-O bonds (Chen et al., 2017; Okpalugo et al., 2005; Thörgersen, 

Selj, & Marstein, 2012; Yang et al., 2019). 

In the Ti2p spectra of both materials (Figure 25), three peaks were observed. 

The first peaks at 458.8 eV in HC P25 and 458.9 eV in HC butox W are related to 

the Ti2p3/2 TiO2 core levels, while the peaks at 464.5 eV and 464.4 eV correspond 

to the Ti2p1/2 core levels of TiO2. The peaks at 471.9 eV and 472.2 eV binding 

energies are shake-ups between the TiO2 core levels (Chenari, Seibel, Hauschild, 

Reinert, & Abdollahian 2016; Das, 2015; Jiang et al., 2008; Okpalugo et al., 2005; 

Wang et al.,2018; Xia, Zhang, Oyler, & Chen, 2013; Xiao, Shi, Xu, & Sun, 2012; 

Yang et al., 2019). 

 

 

Fig. 25. Ti2p XPS spectra for a) HC P25 and b) HC butox W (Adapted under CC BY 4.0 

license from Publication III © 2021 Authors, and, with permission, from Publication IV © 

2021 Authors). 

The W4f XPS spectra of HC butox W were deconvoluted into two peaks, as shown 

in Figure 26. W4f5/2 and W4f7/2 at binding energies 37.6 eV and 35.78 eV, 

respectively, are attributed to the W6+ oxidation state in WO3 (Bhosale, Mali, Hong, 

a) b) 
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& Kadam, 2017). This confirms the result related to the possible presence of WO3 

in the material suggested by the Raman analysis. 

 

Fig. 26. W4f XPS spectrum for HC butox W (Reprinted, with permission, from 

Publication IV © 2021 Authors). 

6.2.2 Photocatalytic experiments 

The photoactivity of HC P25 and HC butox W were evaluated in the photocatalytic 

degradation of diclofenac (DCF) in aqueous solution. As earlier mentioned, three 

different light sources were used (UV-A, UV-B and visible light) with UV-B 

leading to the highest degrees of removal. At the beginning of the experiments, the 

diclofenac solution was first irradiated under UV-B light without the materials to 

evaluate the impact of direct photolysis during the removal process. The photolysis 

and photocatalytic results related to DCF degradation using HC P25 and HC butox 

W are shown in Figure 27. Before the photocatalytic experiments, the suspension 

was kept in the dark for 30 minutes to achieve adsorption equilibrium. The results 

shown were carried out in non-adjusted pH~5 at a 15 mgL-1 initial concentration of 

diclofenac and duration of 6 hours. Diclofenac concentrations at different time 

intervals were measured using UV-Vis spectroscopy at a wavelength of 276 nm. 
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Fig. 27. Diclofenac (DCF) removal using HC P25 and HC butox W at non-adjusted pH ~5, 

and amoxicillin (AMX) removal using HC butox W at different pH and loading of hybrid 

material. The loading of HC P25 and HC butox W was 100 mgL-1, unless indicated 

otherwise. (C=concentration at given time, Co=initial concentration 15 mgL-1). Light 

source: UV-B (Data from Publication III and IV). 

Approximately 13‒15% photodegradation (photolysis) of DCF occurred under UV-

B light irradiation. In Publication III, the results for both composites (with and 

without tungsten) are presented, and an approximate 73% degradation in the 

presence of HC P25 was observed with 10% adsorption during the 30-minute dark 

period. TiO2 has a band gap of 3.2 eV and is active under UV light, so this was 

expected (Cho et al., 2013; Farooq et al., 2019). While the results of HC P25 are 

mainly presented here, it is worthwhile mentioning that an area of only about  

3 m2g-1 resulted in practically the same removal under UV-B irradiation. This 

showed that the specific surface area played only a minor role in this case 

(Publications III and IV). However, because a higher surface area is important for 

good adsorption, the author proceeded with regeneration experiments using HC 

P25, which had a higher specific surface area of 160 m2g-1. The regeneration is 

discussed in Section 6.3. 

During the experiments (both photolysis and photocatalysis), the presence of 

intermediary degradation products was observed, appearing about five minutes 
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after starting the light irradiation. The coloured cabarzole dimer was found to be 

the main intermediary product based on Liquid chromatography-mass spectrometry 

(LC-MS) analysis. A carbazole dimer is a stable compound that is not easily 

degraded further. Some reports have shown practically insignificant degradation of 

carbazole (Iovino, Chianese, Canzano, Prisciandaro, & Musmarra 2017; Poirier-

Larabie, Segura, & Gagnon, 2016). In the presence of HC P25 and HC butox W, 

about 58% and 63% removal of this dimer was obtained, which can be considered 

a good result. 

As shown in Publication IV, about 74% diclofenac degradation under UV-B 

light irradiation with the HC butox W hybrid was observed despite its low specific 

surface area of ~10 m2g-1. In the same publication, more details are presented on 

the photocatalytic phenomenon as well as the experimental conditions during 

photocatalysis. For example, an interaction between carbon, tungsten and TiO2 was 

suggested by the XPS analysis, which can be expected to enhance the separation of 

photo-generated electron-hole pairs in the material. When light is irradiated on the 

hybrid material, photogenerated electrons are transferred from the conduction band 

of TiO2 to that of WO3 while the holes are transferred from the valence band of 

WO3 to that of TiO2. The electrons are trapped by tungsten, thus increasing their 

lifetime and availability for photocatalytic activity. During this time, water reacts 

with the holes in tungsten and titanium to form OH• radicals. It is also possible that 

adsorbed oxygen, reduced to superoxide radicals O⁻₂, reacts with protons and 

electrons to form HO2
•, which improves the photocatalytic efficiency of HC butox 

W (Cordero-Garcia, Guzmán-Mar, Hinojosa-Reyes, Ruiz-Ruiz, & Hernández- 

Ramırez 2016; Lai & Sreekantan, 2012). This may also explain why the composite 

containing tungsten (HC P25 W) and having a very low specific surface area of ~3 

m2g-1 worked equally well with HC P25 in diclofenac removal (~74% removal) 

under UV-B irradiation, as presented in Publication III. 

Even though the hybrid materials with double the amount of tungsten 

(Publication IV) had higher specific surface areas (96 m2g-1) than HC butox W, they 

resulted in lower diclofenac photocatalytic removal. The hybrid material treated for 

eight hours in HTC conditions achieved 65% removal, whereas the hybrid material 

treated for four hours achieved a diclofenac photocatalytic degradation of only 4%. 

When the amount of tungsten is doubled, tungsten grows and becomes an 

independent entity, adsorbing a greater portion of the light and hindering 

photocatalysis from taking place (Benoit, Paramasivam, Nah, Roy, & Schmuki 

2009; Lai & Sreekantan, 2012). The better efficiency of the hybrid with a longer 
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HTC processing time could be because a longer processing time minimizes the 

growth of tungsten into a separate entity (Pan et al., 2020). 

The effect of pH on the performance of the hybrid was studied with HC butox 

W. The pH of the DCF solution was adjusted to 9 and 3 using sodium hydroxide 

and hydrochloric acid, respectively. A 7% removal of DCF at pH=9 after six hours 

was observed. This could be explained by the pHPZC of TiO2 (~6.1), that of HC 

butox W (between 5.7 and 6.1) and the pKa of diclofenac (~4.2). At pH=9, 

diclofenac is deprotonated while the HC butox W surface is negatively charged. 

This causes repulsion between the diclofenac and HC butox W, preventing 

photocatalysis from taking place efficiently. In a basic pH, the formation of the OH• 

radical responsible for the attack and breaking down of the diclofenac molecule is 

also prevented by the excess of OH- (Liu et al., 2019; Surenjan, Sambandam, 

Pradeep, & Philip, 2017).  

At pH=3, a removal of 80% after as little as 60 minutes (74% after six hours) 

was observed. As DCF degradation proceeds, the degradation products cause the 

solution to become acidic during the course of the experiments. This, combined 

with the HCl used to adjust the pH to 3, would increase the presence of chloride 

ions in water. These chloride ions attack the OH• radicals and could be the reason 

why the DCF removal decreased to 74% after six hours (Senthilnathan & Philip, 

2009). 

The photocatalytic degradation of amoxicillin (AMX) was studied using the 

HC butox W hybrid under UV-B light irradiation at different pH values and 

amounts of hybrid material. Around 19% degradation of amoxicillin occurred 

during photolysis, 20% adsorbed onto HC butox W during the 30-minute dark 

period and about 45% degradation was reached at a non-adjusted pH of ~6.2. 

Although the removal of AMX remained low with HC butox W, the material is 

active towards AMX photodegradation as the removal percentage was almost 2.5 

times higher compared to the non-catalytic photolysis.  

At pH=9, AMX removal increased until 200 minutes was reached, after which 

it started to decrease (see Figure 27). Basha et al. (2011) reported a slightly higher 

removal level at pH=9 with carbon-TiO2 material than at pH=3, as observed during 

the first 200 minutes of experiments in this case. However, after six hours of 

adsorption with an initial pH of 3, a removal level was achieved that was about 18% 

higher than that observed at pH=9 (22%). Amoxicillin has three pKa values  

(pKa1= 2.68 carboxyl, pKa2= 7.49 amine, pKa3= 8.49 phenol), implying that its 

form changes depending on the pH of the solution. From its pKa1 of 2.68, AMX 

starts deprotonation of its carboxyl groups while the surface of HC butox W is 
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positively charged. Based on its pKa of 7.49, at non-adjusted pH of about 6.2, the 

deprotonation of AMX amine groups and of the carboxyl groups takes place while 

the surface of HC butox W is negatively charged. Hence, at both pH=3 and  

non-adjusted pH, there is an attraction between the AMX molecule and the hybrid 

material HC butox W. At pH=9, based on the third pKa=8.49, both the AMX 

molecule and HC butox W are negatively charged, causing a repulsion between 

them. The solubility of AMX is also improved in an excess of OH-, negatively 

affecting the attraction between AMX and the hybrid surface (Bezerra, Chiavone-

Filho, & Mattedi, 2013; Putra, pranowo, Sunarso, Indraswati, & Ismadji 2009). The 

difference between the removal at pH=3 and pH=6.2 - near neutral - is not very 

significant. This has been also observed in the research of Dimitrakopoulou et al. 

(2012). 

Generally, increasing photocatalyst loading above the optimum decreases the 

photocatalytic efficiency. In this case, increasing the HC butox W loading from  

100 mgL-1 to 200 mgL-1 did not change the results. Only about 20% AMX was 

removed at the higher loading, which was due to the agglomeration of HC butox 

W causing turbidity and further leading to the screening of light (Basha et al., 2011; 

Stamatis, Antonopoulou, Hela, & Konstantinou, 2014). Since HC butox W hybrid 

proved to be more efficient in the photocatalytic degradation of diclofenac, 

regeneration experiments were carried out using diclofenac. 

According to these results, using the hybrid (HC butox W) leads to better 

removal of the intermediary carbazole dimer. The hybrid has a higher amount of 

carbon-oxygen functional groups with respect of Ti- or W-bonded oxygen in its 

structure compared to the composite (HC P25). Tungsten did not markedly improve 

the activity of the materials towards visible light, but it improved the removal of 

the intermediate degradation product of DCF, leading to better removal of DCF. 

The hybrid material seemed to be more disordered and have less of a graphitic 

structure compared to the composite. In addition, the hybrid material contained 

only the anatase phase of titanium dioxide, whereas the composite contained both 

anatase and rutile phases. There seems to be better interaction between Ti, W and 

C in the structure of HC butox W, as suggested by the XRD and XPS analyses. This 

may have an influence on the activity of the hybrid. 

6.3 Light regeneration experiments 

To study the regeneration of the HC P25 composite and HC butox W hybrid under 

UV-B light irradiation, adsorption experiments were first of all carried out in the 
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dark for 180 minutes, after which the materials were separated from the solution 

using a centrifuge. To regenerate the materials, they were put in distilled water, the 

UV-B lamp was turned on for 180 minutes, after which the materials were 

recovered and re-used for adsorption. The initial diclofenac concentration was 15 

mgL-1 and the composite/hybrid loading 100 mgL-1. In Publication III, adsorption 

conditions were not adjusted, whereas in Publication IV pH=3 was used for DCF 

removal. The degradation of desorbed diclofenac was measured during the 

regeneration process. The removal of DCF in the presence of fresh and used HC 

P25 and the degradation of the desorbed DCF are shown in Figure 28. 

 

Fig. 28. a) Diclofenac removal on fresh HC P25 (Adsorption 1) and regenerated HC P25 

(Adsorption 2). b) Degradation of desorbed diclofenac during regeneration in distilled 

water (pH~7) under UV-B light irradiation (Under CC BY 4.0 license from Publication III 

© 2021 Authors). 

In the figure, one can see that although the removal of diclofenac was low at ~10 %, 

(attributed to the non-adjusted adsorption conditions used in this case), the 

adsorption capacity of HC P25 had fully recovered. In addition, during regeneration, 

86% of the desorbed diclofenac released to the liquid phase was removed. As these 

first results proved feasible, the pH was adjusted to 3 for the  

HC butox W adsorption experiments. The results are shown in Figure 29. 
  

a) b) 
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Fig. 29. a) Diclofenac removal on fresh HC butox W (Removal 1) and regenerated HC 

butox W (removal 2) at pH=3. b) Degradation of desorbed diclofenac during 

regeneration in distilled water (pH~7) under UV-B light irradiation (Reprinted, with 

permission, from Publication IV © 2021 Authors). 

The HC butox W regeneration results show that about 93% of diclofenac was 

removed by the fresh and regenerated HC butox W at pH=3. This proves that the 

regeneration treatment was efficient. In addition, approx. 93% of the desorbed 

diclofenac in the regeneration liquid was degraded. This shows that adsorbents with 

photocatalytic regeneration ability are promising for curbing the effects of 

secondary pollution. 

Guhmann et al. (2013) had earlier shown that, at low pH, the solubility of 

diclofenac decreases. He explained that diclofenac salts are protonated at acidic pH, 

and they may crystallize and precipitate. To study the effect of precipitation in DCF 

removal, an additional experiment was carried out. For this purpose, diclofenac 

solution adjusted to pH=3 was put on a shaker at 200 rpm, at room temperature 

(25 °C) without any adsorbent. After two hours approx. 54% removal was observed. 

This means that the removal of DCF from the solution resulted from both 

adsorption and the formation of solid diclofenac on the surface of the materials. 

However, the removal mechanism does not affect the regeneration, since whether 

DCF is adsorbed or crystallized on the surface it is dissolved or desorbed in the 

regeneration liquid, where it can be degraded with the help of light irradiation. 

To summarize the results, it was observed that HTC and low temperature 

activation can produce adsorbents with good adsorption capacity for the treatment 

of emerging organic pollutants. It was also realised that combining photocatalytic 

a) b) 
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species and carbon can lead to materials which are promising for solving the 

problem of secondary pollution in the case of adsorbent regeneration, as 

degradation occurs simultaneously with regeneration.  
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7 Conclusions and perspectives  

The presence of emerging contaminants, such as pharmaceuticals and hormones, 

and the possible adverse effects they cause even at very low concentration levels, 

is an increasing global problem. The problem is significant, since the emerging 

contaminants are not completely removed by the wastewater treatment plants 

currently used. The emerging pollutants also tend to persist in the environment, 

causing harm to plants, aquatic organisms and soil as well as to humans. To find a 

way to resolve the situation, the European Union periodically publishes a list of 

emerging contaminants to look out for, and attention is being drawn to possible 

novel treatment methods.  

From this perspective, the first and second objectives of this thesis related to a 

study on the applicability of organic waste material as a precursor for the 

development of adsorbents, composites and hybrid materials to discover new 

value-based products from waste. Palm kernel shells collected from Cameroon 

were used as the biomass precursor for the preparation of all the materials used. 

Hydrothermal carbonization (HTC) was the basic processing method used in the 

preparation. The adsorbents were activated after HTC either by nitrogen or steam. 

Approximately 95% removal of diclofenac (DCF) was achieved with the  

N2-activated adsorbent in 90 minutes and 83% removal of ethinylestradiol (EE2) 

was achieved with the steam-activated adsorbent in 20 minutes. 

The third objective of this work was to study the regeneration of the prepared 

adsorbent materials, first with chemical treatment and then aiming at the 

regeneration of composite and hybrid materials under light irradiation. The carbon 

adsorbents were regenerated using ethanol and subjected to five adsorption-

regeneration cycles. The N2-activated adsorbent was able to keep the removal at a 

high level (95%) after five cycles, while with the steam-activated adsorbent the 

ethinylestradiol removal decreased from about 83% to 32% in the fifth cycle. This 

was most likely a result of the strong chemisorption of the pollutant on the steam- 

activated adsorbent. 

In an attempt to curb the secondary pollution problem that arises from chemical 

regeneration, semiconductor titanium dioxide and tungsten were incorporated into 

the adsorbents during the HTC processing. A composite material was prepared 

using a commercial P25 photocatalyst and a hybrid material was prepared using 

titanium butoxide. The aim was to introduce photocatalytic activity to carbon 

adsorbents to enable their photocatalytic regeneration. A further idea was to study 

whether the composite or hybrid structure would be beneficial for the intended 
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application. To verify the photocatalytic activity of the composites and hybrids, 

experiments were carried out in different conditions using diclofenac and 

amoxicillin as the model pollutants. Photocatalytic experiments proved that the 

prepared materials were active under UV-B light irradiation, with the highest 

removal efficiencies being ~73% for the degradation of diclofenac. Lower levels 

of removal were observed using UV-A and visible light irradiation, as shown in 

Publications III and IV. Complete recovery of the adsorption capability of the 

composite (HC P25) and hybrid material (HC butox W) that showed the highest 

removal efficiencies during the DCF photocatalytic experiments were obtained 

during regeneration. It was shown that the degradation of DCF occurred 

simultaneously with the regeneration of the materials in distilled water under UV-

B light. About 86% of the desorbed diclofenac was degraded during composite HC 

P25 regeneration and about 93% during hybrid HC butox W regeneration. 

Furthermore, 63% removal of carbazole dimer was observed when using HC butox 

W. It seems that tungsten improves the activity of the material to achieve the 

complete degradation of DCF. These results show that the development of 

composite and hybrid materials that could be regenerated by light irradiation is a 

potential way to prevent the secondary pollution from chemical regeneration. 

The fourth objective of the thesis was to characterize the developed materials 

thoroughly to understand better their performance in the removal of emerging 

contaminants from aqueous solution. Several characterization techniques (TGA-

DSC, nitrogen physisorption, XRD, Raman, FESEM, XPS, FTIR and XRF) were 

used to discover the structure and composition of the prepared materials. It was 

found that the prepared materials were not well-structured. They all contained 

graphitic carbon and the materials with a higher specific surface area seemed to 

have more defects in their graphite structure. Longer HTC processing and steam 

activation led to higher graphitic content. However, for the materials studied, it 

seems that the presence of beneficial surface functional groups in the material is 

more important than the actual specific surface area. A higher activation 

temperature leads to a decrease in the functional groups, and therefore a maximum 

temperature of 500 °C was used during the activation of carbons, hybrids and 

composites. Tungsten was originally added to the materials with the aim of 

improving the visible light activity. Although this improvement was not achieved, 

instead tungsten improved the complete degradation of the diclofenac. The effect 

of tungsten was especially visible in the hybrid material. A closer interaction 

between tungsten, titanium and carbon is possible in the hybrid than in the 
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composite. The hybrid also contained only the anatase phase of titanium dioxide 

while the composite also contained the rutile phase. 

To summarize the results of the thesis on a general level, from the results 

presented in Publications I and II, it was realised that highly active and selective 

carbon adsorbents could be produced from bio-waste (palm kernel shells) using the 

HTC process and activation procedure. In Publications III and IV, regeneration 

using light irradiation proved to be a potential way to solve the secondary pollution 

caused by conventional regeneration of ‘end-of-cycle’ carbon adsorbents. 

In addition to the results presented above, the studies carried out during this 

thesis also showed some limitations in the efficiency of the developed materials. 

For example, an adequate level of amoxicillin removal was not achieved. The 

parameters used in the preparation of the materials, adsorption and photocatalytic 

experiments play vital roles in their performance. Generally, more work is needed 

to increase the performance of the photoactive adsorbents and efficiency of the 

process towards solar light regeneration. It was also realised that the removal of 

diclofenac partly originated from precipitation when a low pH was used. Thus, 

future work is needed to determine the phenomena involved more precisely. 

Overall, this thesis provides important information and new insights into the 

development of novel, value-based adsorbents that can be regenerated by light 

irradiation. This is an advantage since potentially the pollutants can be completely 

degraded during regeneration instead of being released into the regeneration media. 

This contributes to preventing the secondary pollution problem from end-of-cycle 

adsorbents. More importantly, the information provided in this thesis also 

highlights a possible way to remove emerging contaminants from water. 
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