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ABSTRACT 

Up-flow anaerobic sludge blanket (UASB) reactors are largely utilised as an 

anaerobic reactor configuration to efficiently treat various wastewater streams. 

However, previous UASB operations for the removal of pharmaceutical compounds 

at low hydraulic retention time (HRT) resulted in poor chemical oxygen demand 

(COD) and removal efficiencies for the investigated compounds. Anaerobic process 

performance has also been found to be vulnerable towards pharmaceutical compounds 

at high concentration levels but there is no evidence to indicate if the same effects will 

be induced when other compounds are present at trace concentration levels. This 

research aims to establish the relationship between pharmaceutical compound 

removal, influencing parameters, and anaerobic process performance. In this research, 

caffeine, gliclazide, and prazosin were selected based on their environmental 

occurrences, persistency, and toxicity. The compounds were investigated as a mixture 

to simulate their concurrent occurrences in the same actual wastewater stream.  The 

first part of the research investigated the biodegradability of the three compounds in 

an anaerobic batch experiment. Synthetic wastewater and inoculum mixture were 

spiked with 1 mg/L of mixed pharmaceutical compounds and incubated at mesophilic 

condition (37°C) for 90 days. All compounds achieved removal through 

biotransformation between 44 - 99% by the end of the incubation period. The second 

part of the research was commenced by running five experimental phases in an 

acclimatised laboratory-scale UASB reactor. Phases I - V were carried out to assess 

the effect of pharmaceutical concentrations (0.1 – 1 mg/L), HRT (36 – 48 hours) and 

different reducing conditions (predominant methanogenic and simultaneously 

reducing conditions) to the removal of pharmaceutical compounds and UASB process 

performance. Overall, biotransformation remained the predominant removal pathway 

in the laboratory-scale experiments despite the changes in pharmaceutical 

concentrations and HRT. Only gliclazide recorded an improvement of 

biotransformation up to 99% under simultaneous reducing conditions compared to that 

in predominant methanogenic conditions. The UASB reactor was also operating in a 

stable condition (COD removal efficiency of 93 ± 2%) but fluctuations were recorded 

in the production of individual volatile fatty acids (VFAs) and biogas. Microbial 

assessment through 16s rRNA sequencing justified the changes in VFAs production 

based on the effect of the pharmaceutical compounds towards the growth of hydrolytic 

and fermentative bacteria. The compounds also shifted the composition of 

methanogenic archaea by favouring hydrogenotrophic methanogens (59 - 72%) over 

acetoclastic methanogens (15 - 31%) under predominant methanogenic conditions. 
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ABSTRAK 

 Reaktor enapcemar anaerobik aliran atas (UASB) digunakan sebagai 

konfigurasi reaktor anaerobik secara meluas untuk merawat pelbagai aliran air sisa 

dengan cekap. Walau bagaimanapun, operasi UASB untuk penyingkiran sebatian 

farmaseutikal sebelum ini pada masa pengekalan hidraulik (HRT) yang rendah 

menyebabkan penyingkiran permintaan oksigen kimia (COD) dan sebatian 

farmaseutikal yang rendah. Prestasi proses anaerobik juga didapati terjejas disebabkan 

oleh kehadiran sebatian farmaseutikal pada tahap kepekatan tinggi tetapi tiada bukti 

jika kesan yang sama akan terhasil sekiranya sebatian lain hadir pada tahap kepekatan 

yang rendah. Matlamat penyelidikan ini adalah untuk mengesahkan hubungan antara 

penyingkiran sebatian farmaseutikal, pengaruh parameter dan prestasi proses 

anaerobik. Kafein, glikazida dan prazosin dipilih untuk penyelidikan ini berdasarkan 

pengesanan di alam sekitar secara berterusan dan ketoksikannya. Sebatian-sebatian ini 

telah disiasat sebagai campuran untuk mensimulasikan kejadian mereka dalam aliran 

air sisa sebenar. Bahagian pertama penyelidikan ini telah menyiasat 

kebolehbiodegradan ketiga-tiga sebatian dalam eksperimen kelompok anaerobik. Air 

sisa sintetik dan campuran inokulum telah dicampurkan dengan 1 mg/L campuran 

sebatian farmaseutikal dan diinkubasi pada keadaan mesofilik (37°C) selama 90 hari. 

Semua sebatian mencapai penyingkiran melalui biotransformasi antara 44 - 99% pada 

akhir tempoh inkubasi. Bahagian kedua penyelidikan dijalankan melalui lima fasa 

eksperimen dalam reaktor UASB skala makmal yang telah diaklimatasi. Fasa I - V 

telah dilaksanakan untuk menilai kesan kepekatan farmaseutikal (0.1 – 1 mg/L), HRT 

(36 – 48 jam) dan keadaan reduktasi yang berbeza (keadaan metanogenik dan keadaan 

reduktasi bercampur) kepada penyingkiran sebatian farmaseutikal dan prestasi proses 

UASB. Secara keseluruhannya, biotransformasi kekal sebagai laluan penyingkiran 

utama dalam eksperimen berskala makmal walaupun kepekatan farmaseutikal dan 

HRT telah diubah. Hanya glikazida mencatatkan peningkatan biotransformasi 

sehingga 99% di bawah keadaan reduktasi bercampur berbanding dengan keadaan 

metanogenik yang dominan. Reaktor UASB juga beroperasi dalam keadaan yang 

stabil (penyingkiran COD pada takat 93 ± 2%) tetapi turun naik telah direkodkan bagi 

penghasilan asid lemak meruap (VFA) individu dan biogas. Penilaian mikrob melalui 

16s rRNA sequencing membuktikan perubahan pengeluaran VFA berdasarkan kesan 

sebatian farmaseutikal terhadap pertumbuhan bakteria hidrolitik dan fermentatif. 

Sebatian-sebatian itu juga mengalihkan komposisi arkaea metanogenik dengan 

pertumbuhan metanogen hidrogenotropik (59 - 72%) yang lebih tinggi berbanding 

metanogen asetoklastik (15 - 31%) di bawah keadaan metanogenik yang dominan. 
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INTRODUCTION 

1.1 Problem Background 

Pharmaceutical compounds are currently among the compounds of emerging 

concerns due to their detections in the global water environment. Malaysia is not 

excluded from these occurrences as similar detections have been recorded at 

concentrations between nanogram per liter (ng/L) to micrograms per liter (µg/L) 

(Praveena et al., 2020). Numerous compounds were found within the same water and 

wastewater samples which included psychostimulant caffeine, anti-diabetic drug 

gliclazide and anti-hypertensive drug prazosin. From the literature, the detections of 

caffeine were recorded at maximum concentration of 20.6 µg/L, gliclazide up to 99.2 

ng/L, and prazosin up to 117 ng/L within the same wastewater effluent and river 

tributaries (Hashim et al., 2021). The occurrences of the three compounds correlated 

with their high consumption in Malaysia (Al-Qaim et al., 2018d; Ministry of Health 

Malaysia, 2020). These compounds may enter the wastewater stream through direct or 

indirect discharge at point source, namely sewage, sullage and leachate. 

Previous occurrence studies discovered that existing conventional wastewater 

treatment processes (WWTPs) have varying removal efficiencies for caffeine, 

gliclazide and prazosin, from poor to more than 90% removal (Al-Qaim et al., 2015; 

Tahrim et al., 2018). These conventional WWTPs incorporated two-stage treatment 

whereby physical process is applied for primary treatment and combination of 

chemical and biological processes for secondary treatment (Grady Jr. et al., 2011). 

Common conventional practices also operate activated sludge for aerobic process in 

the biological treatment (Grady Jr. et al., 2011). These WWTPs were initially built to 

achieve the acceptable limit of discharge for the parameters specified for treated 

effluent which do not include the limit for pharmaceutical compounds. The original 
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design did not include the need to treat pharmaceutical compounds and could not 

achieve an effective removal for the compounds present in the wastewater stream.   

Concerns arose as trace pharmaceutical compounds are continuously 

discharged to the environment to the extent that they can potentially harm directly 

impacted species especially aquatic species when ingested over a long period of 

exposure (U.S. EPA, 2022). Some of the observed impacts by these three compounds 

included stunted fish hatchling growth (Lee and Wang, 2015), hormonal disruptions 

(Kubacka et al., 2021) and behavioural changes (Mei et al., 2021), despite being at 

much lower concentration than their lethal toxicity concentration level. Furthermore, 

the compounds were persistent in the water cycle as they were present in drinking 

water (Praveena et al., 2020) and transferable to agricultural soils via recycled water 

and biosolids (Mrozik and Stefanska, 2014).  

The treatment of caffeine, gliclazide and prazosin can result into formation of 

multiple by-products. Caffeine can be metabolised into other methylxanthine 

derivatives like paraxanthine, theobromine and theophylline (Wishart et al., 2018). 

Biological treatment was found to hydrolyse gliclazide to form hydroxyl and carboxyl 

by-products (Mrozik and Stefanska, 2014), while prazosin can transform to piperazine 

and quinazoline by-products (Mohd Mohsi et al., 2019). Their ability to transform 

emphasised that biotransformation is a possible removal pathway for these compounds 

if complete biodegradation is not achieved. 

Researchers studied on different biological treatment methods to improve the 

removal of caffeine, gliclazide and prazosin. Only caffeine was actively studied in 

anaerobic treatment out of these three compounds. Anaerobic process achieved nearly 

complete removal for caffeine in a mesophilic (35°C) batch experiment (He et al., 

2018), and good removal performance in mesophilic (Phan et al., 2018) and 

thermophilic (55°C) (Chen et al., 2018a) anaerobic reactors. Gliclazide has low 

removal efficiencies of below 40% in constructed wetlands (Petrie et al., 2018) and 

aerobic sequencing batch reactor (SBR) (Mat Zaini, 2020). Prazosin was also poorly 

removed in aerobic SBR (Mat Zaini, 2020). Comparatively, anaerobic digestion has a 
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good record in removing recalcitrant compounds through biotransformation (Harb et 

al., 2019) and served as an attractive approach to treat these three compounds. 

Anaerobic digestion operates in the absence of oxygen and consists of four 

intermediate stages which are hydrolysis, fermentation (acidogenesis and 

acetogenesis) and methanogenesis. Anaerobic process showed capability in treating 

various wastewater streams such as sewage sludge (Hanum et al., 2019), 

pharmaceutical wastewater (Afridi et al., 2018), palm oil mill effluent (Halim and 

Yong, 2018), and wastewater from livestock and farming (Marzuki et al., 2021). The 

basic operation of anaerobic process consumes minimal energy and has biogas 

production potential for energy recovery (Grady Jr. et al., 2011). Up-flow anaerobic 

sludge blanket (UASB) is among the frequently applied anaerobic process 

configuration. According to the literature, UASB displayed capability in 

accomplishing more than 90% of chemical oxygen demand (COD) removal 

efficiencies for different types of wastewaters (Ma et al., 2018; Wu et al., 2018; 

Jiraprasertwong et al., 2019).  

Biotransformation of pharmaceutical compounds in anaerobic digestion may 

unlikely be achieved through direct metabolism. This is because the compounds are 

often detected at low concentration which is insufficient to be the main substrate for 

redox reaction. Instead, co-metabolism may drive the biotransformation process. 

Metabolic reactions between microorganisms and the main substrates in the 

wastewater produce enzymes which may be utilised for biotransformation of 

pharmaceutical compounds (Tran et al., 2018).  These substrates contain electron 

acceptors which induce reducing conditions in anaerobic reactors. The nature of each 

compound having different functional groups in its chemical structure may favour 

specific electron acceptors for the biotransformation process (Gonzalez-Gil et al., 

2018a). Thus, this emphasised that physico-chemical characteristics of a compound 

and reducing conditions are the prominent factors influencing the removal of the 

compounds. Other factors that can affect the removal of pharmaceutical compounds in 

anaerobic digestion are process acclimatisation (Butkovskyi et al., 2015), operational 

pH (Li et al., 2021), sludge characteristics (Carballa et al., 2007), adsorption (Zhu et 
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al., 2018), hydraulic retention time (HRT) (Boonnorat et al., 2019), and temperature 

(Taboada-Santos et al., 2019).  

The potential of anaerobic digestion in treating pharmaceutical compounds 

may come at a cost. Anaerobic experiments at mesophilic condition found that 

pharmaceutical compounds can disturb the process stability mainly by inhibiting 

methane production (Mai et al., 2018) and cause over-fermentation due to 

accumulation of volatile fatty acids (VFAs) (Cetecioglu and Orhon, 2018). These 

effects were the outcome from the changes of microbial communities triggered by the 

presence of pharmaceutical compounds. 

1.2 Problem Statement 

Removal pathway of caffeine in anaerobic digestion was well-defined whereby 

the compound achieved its removal mainly through biotransformation (Phan et al., 

2018; Song et al., 2018b). There is limited information on the removal behaviour of 

gliclazide and prazosin in anaerobic digestion as they were not examined in previous 

anaerobic research. Other biological treatment studies involving these two compounds 

only defined their occurrences (Al-Qaim et al., 2018a), removal efficiencies (Mat 

Zaini, 2020) and transformation by-products (Mohd Mohsi et al., 2019). These studies 

did not consider the possibility of removal pathway via sorption as no sorption 

assessment was conducted for gliclazide and prazosin. It is essential to define the 

removal pathways of the compounds to understand and relate their removal with the 

influencing factors in anaerobic process.  

In the application of UASB reactors at ambient temperature and HRT up to 12 

h and organic loading rate (OLR) between 1.1 – 2.4 kg COD/m3.d, the investigated 

compounds were removed only between 10 – 53% (Reyes-Contreras et al., 2011; 

Brandt et al., 2013) and achieved low COD removal efficiency (Reyes-Contreras et 

al., 2011). In comparison, UASB operation by Butkovskyi et al. (2015) at mesophilic 

condition and HRT of 35 d provided up to 99.9% removal of pharmaceutical 

compounds. These outcomes revealed operating temperature and HRT are important 



 

5 

operational parameters in treating pharmaceutical compounds, in addition to the 

chemical structure of the compounds and reducing conditions. The poor COD and 

pharmaceutical removal performance may also suggest the dependency of 

pharmaceutical removal performance with overall treatment performance in anaerobic 

reactors. The connection between these two variables were not clearly defined as 

research usually focus on only the removal efficiencies attained for the investigated 

compounds.  

The relationship between pharmaceutical removal and anaerobic performance 

is also complex based on the effect of the compounds towards the overall treatment 

stability. Nevertheless, previous mesophilic studies were biased towards antibiotics 

(Cetecioglu and Orhon, 2018; Huang et al., 2019) which are known to exhibit 

antimicrobial characteristics (Tran et al., 2013). The effects were observed when 

examined beyond trace level concentration at concentration range of 0.5 – 1000 mg/L 

(Cetecioglu and Orhon, 2018; Mai et al., 2018) which do not reflect the general 

occurrences of other pharmaceutical compounds. These studies were also conducted 

in batch experiments whereby substrate limitation may not demonstrate a realistic 

outcome as continuous operating anaerobic reactors. 

Based on these issues, the removal of pharmaceutical compounds is more than 

just assessing the removal efficiencies. The treatment of pharmaceutical compounds 

in anaerobic digestion is not a one-way solution. The interconnection between the 

removal of contaminants, microorganisms and treatment environment may be unique 

according to the investigated compounds, the presence of diverse microorganisms and 

the type of process implemented for the removal of the compounds. 

1.3 Research Questions 

The problem statements led to the following research questions: 
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(a) What is the relationship between the removal of selected pharmaceutical 

compounds (caffeine, gliclazide and prazosin) and anaerobic process 

performance?  

(b) Do the selected pharmaceutical compounds been studied in anaerobic 

treatment, and how do the individual compounds behave under anaerobic 

condition?  

(c) How does the removal of pharmaceutical compounds perform under different 

operational conditions? 

(d) What is the relationship between anaerobic performance and the removal of 

pharmaceutical compounds? 

(e) Do the pharmaceutical compounds affect the diversity of microorganisms in 

anaerobic treatment?  

1.4 Research Objectives 

The research questions derived the aim of this research which was to establish 

the relationship between the removal of selected pharmaceutical compounds and 

anaerobic process performance. To achieve this aim, the objectives of this research are 

listed as the following. 

(a) To determine the biodegradability of caffeine, gliclazide and prazosin through 

anaerobic incubation under mesophilic condition in batch experiment. 

(b) To examine biotransformation performance of the selected compounds in a 

laboratory-scale UASB reactor by altering the concentration of pharmaceutical 

compounds, HRT, and biological condition through nitrate addition. 

(c) To investigate the effect of pharmaceutical compounds, HRT and nitrate 

addition towards anaerobic performance parameters including COD removal 

efficiency, VFA production, and biogas generation in the UASB reactor. 
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(d) To assess the influence of pharmaceutical compounds, HRT, and biological 

condition towards microbial diversity during the UASB operation through 16s 

rRNA sequencing. 

1.5 Scope of Research 

To achieve the listed objectives, the scope of this research was limited as 

described. Caffeine, gliclazide and prazosin were the pharmaceutical compounds 

selected for this research based on their environmental occurrences in Malaysia, their 

adverse effects, and different physico-chemical characteristics. Caffeine, gliclazide 

and prazosin were prepared and added in the same wastewater mixture to represent 

their simultaneous presence as found in previous studies. The compounds were 

assessed as a mixture following the common procedure for anaerobic treatment of 

pharmaceutical compounds such as stated by (Gonzalez-Gil et al., 2018b) and (Phan 

et al., 2018).  

The removal of the compounds in anaerobic digestion was studied in batch and 

laboratory-scale experiments. The experiments utilised anaerobic sludge as inoculum 

and synthetic wastewater as feed to simulate the removal behaviour. All experiments 

were conducted under mesophilic condition (35 - 37°C) based on the original operating 

temperature of anaerobic digester sampled for anaerobic digested sludge and the 

agreeable performance of mesophilic temperature as reported in the literature. 

For objective 1, biodegradability of caffeine, gliclazide and prazosin under 

anaerobic condition was examined through a 90 d incubation in a batch experiment. 

The incubation period was determined from the duration of 10 weeks in a batch 

experiment by He et al. (2018) and extended further to verify the persistency or 

retransformation behaviour of the compounds. 

Objectives 2 – 4 were achieved by assessing the removals in a laboratory-scale 

UASB reactor. Initially, the UASB reactor was start-up until reaching acclimatisation 

before commencement of the experiments. To accomplish objective 2 and 3, 
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pharmaceutical compounds was introduced in the UASB reactor and varied in the 

concentration range of 100 – 1000 µg/L. This range was determined based on the 

limitation of analytical instrument while not exceeding the microgram level to avoid 

major disruption to the reactor performance. The concentration range also 

corresponded with the concentration applied by Gonzalez-Gil et al. (2018b) at 100 

µg/L and up to 1000 µg/L as implemented by Cetecioglu and Orhon (2018) and 

Fáberová et al. (2019) to observe possible effect to the anaerobic process. 

The UASB reactor operated within HRT of 36 – 48 h based on the stable 

performance of the reactor in treating sewage sludge prior to this research and maintain 

OLR up to 1.0 kg COD/m3.d. The role of reducing conditions were also compared by 

conducting the experiments under predominant methanogenic condition and 

simultaneously reducing conditions. Simultaneously reducing conditions (nitrate and 

sulfate reducing conditions) were established by supplementing potassium nitrate 

KNO3 as nitrate source in the wastewater. Sulfate was present in the whole experiment. 

Pharmaceutical compounds in the UASB reactor were monitored periodically 

in both treated effluent and sludge. The results from the analysis were further 

investigated for the removal pathways and kinetics under each experimental condition. 

At the same time, the UASB reactor performance was monitored for physical, 

chemical, and biological parameters which included COD concentration, VFAs, other 

nutrients, biogas production rate and compositions. The results were analysed and 

consolidated to acquire the relationship between pharmaceutical compounds removal 

and anaerobic process performance, as well as the factors which drive the removal of 

the selected compounds in this research.  

Lastly, objective 4 was achieved by assessing microbial composition in the 

sludge at each experimental condition through 16s rRNA sequencing. Microbial 

assessment was carried out to verify the anaerobic reducing conditions in the UASB 

reactor as well as identify the changes in diversity caused by the reducing conditions 

throughout the UASB operation. 
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1.6 Significance of the Research 

The significance of this research is listed as stated below. 

(a) The potential of anaerobic process in treating gliclazide and prazosin can be 

proven, which are currently scarcely reported.  

(b) This research can also show the potential of UASB reactor in treating trace 

pharmaceutical compounds as an enhancement for the existing conventional 

WWTPs when operated at the right operational condition. 

(c) The relationship between trace pharmaceutical compounds and anaerobic 

process performance can also be confirmed. By means, if the removal of the 

compounds is dependent on anaerobic parameters only, or the compounds are 

also able to affect the anaerobic process performance. 

(d) This research can ascertain the impact of caffeine, gliclazide and prazosin at 

trace concentration towards process parameters and microbial diversity in an 

anaerobic reactor operation. 
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